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ABSTRACT

The goal of this dissertation was to investigate the utility of telomere length (TL) as a
biomarker of neurodevelopment and neuropsychological performance for minoritized
populations. Telomeres are the DNA and protein cap structure found at the end of all eukaryotic
chromosomes which protect linear DNA from damage and preserve chromosome stability. The
progressive shortening of the telomeric DNA sequence of 5’-TTAGGG-3’ repeats occurs in
dividing cells because of incomplete lagging-strand DNA synthesis, DNA damage, and other
factors. Previous research has associated TL with various exposures, biological processes, and
health outcomes. In this dissertation, the history, precision, and reliability of TL is first
investigated. Following the examination of TL measurement, this dissertation applies TL as a
biomarker of neurodevelopment for the diverse population sample in the Caribbean Consortium
for Research in Environmental and Occupational Health Cohort in Suriname. This dissertation
then applies TL as a biomarker of neuropsychological performance in American Indians / Alaska
Natives and African Americans in the Wisconsin Alzheimer’s Disease Research Center studies.
The outcomes of this dissertation include reporting recommendations for quantitative polymerase
chain reaction-based TL measurement, increasing the reproducibility of multiplex monochrome
quantitative polymerase chain reaction TL measurements via visual explanation, confirmation
that TL measurements within an individual from different tissues meta-analytically correlate
with one another, the association of infant TL and prenatal environmental exposures with
neurodevelopmental performance, an initial correlation of TL from DNA of cerebrospinal fluid
to DNA of whole blood, and the first report on TL predicting neuropsychological performance in
American Indians / Alaska Natives and African Americans. This dissertation expands on current

literature of precision measurement of TL, TL as a biomarker of neurodevelopment, and TL as a

il



biomarker for neuropsychological aging. Taken together, these dissertation experiments
investigate neuroscience inquires across the lifespan for minoritized populations. This
dissertation expands on the sparse neuroscience literature available for these minoritized
populations who are underrepresented in scientific research enrollment, retention, and
consideration. In conclusion, TL can be utilized as a biomarker of neurodevelopment and
neuropsychological performance across the lifespan, with inclusion of minoritized populations a

priority in future work.
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INTRODUCTION TO THE DISSERTATION

Throughout an organism’s lifespan, cells rely on telomeres to ensure genome stability
throughout the life cycle of the cell. Telomeres are the vital ends of chromosomes that protect
linear DNA from damage and preserve the stability of the chromosome. The repetitive DNA
sequence of 5°-TTAGGG-3’ telomere repeats are highly conserved across eukaryotic species.!
This sequence progressively shortens across an organism’s lifespan with each cell replication due
to incomplete lagging-strand DNA synthesis, DNA damage, and other factors, until a certain
limit, then cellular arrest and senescence, genomic instability, or cellular death can occur.?
Telomeres also serve important roles in creating heterochromatin at chromosomal ends and the
position of the repetitive DNA sequence which loops on itself has regulatory effects on other
gene expression within a cell.>3

A functional telomere distinguishes the chromosome end from random chromosomal
breaks to ensure that DNA damage checkpoint signaling is not activated, as well as prevents
chromosomal ends from fusing with one another or other strands of DNA. Telomere sequences
are maintained at the ends of chromosomes through telomerase, an essential enzyme in this
cellular maintenance system.? Telomerase is an intracellular ribonucleoprotein that can maintain
or elongate telomere sequences for specific purposes. Example purposes are often seen in an
organism’s germ cells, for instance, spermatogonia possess high levels of telomerase to ensure
continual production of sperm across an adult male’s life.*

Telomeres are also vital to any dividing human tissue to mitigate disease and increase
longevity, as an unfunctional telomere and telomerase system can be a molecular prelude to
cancer and age-related diseases. For example, the length of human telomeres in red bone marrow

cells, which proliferate across the lifespan to produce blood cells, are maintained by telomerase



to ensure enough 5°-TTAGGG-3’ repeats for blood production.’ Conversely, decreased levels of
telomerase and shortened telomeres in hematopoietic stem cells can results in aplastic anemias
and other disease syndromes. Furthermore, with the increased aging population, the public is
concerned with aging-related diseases like Alzheimer’s disease and related dementias (ADRD).6
While a diverse set of disease pathologies, multiple hypotheses of ADRD etiology include
dysregulation of environmental and genetic factor effects on neurological aging. Telomeres are a
part of regulating environmental and genetic factors within cells and are therefore hypothesized
to be involved in ADRD etiology. In support of this hypothesis, recent meta-analytical findings
show shorter telomeres are associated with ADRD diagnosis.’

Given the important role of telomeres in the cell cycle and various diseases, many have
hypothesized hijacking the telomere and telomerase system to live forever. Unfortunately, now is
not the time of telomeric intervention given the probability of oncogenic side-effects. However,
measuring telomere length (TL) as an indicator of the aging process is a step toward influencing
the telomere and telomerase system. Studies have measured TL in relation to various age-related
diseases, with conflicting findings. Given the inconsistency in findings later in the lifespan, the
causes of age-related disease are hypothesized to be detectable at conception, infancy, or early in
the lifespan. Therefore, a lifespan perspective on TL is necessary to fully understand the role of
telomeres in age-related diseases.

The lifespan perspective posits that significant changes occur as a continuous process,
such that “development” to “aging” is one mechanism where biological modifications are always
occurring within an individual from conception to death. Across a lifespan, many factors

influence health outcomes that are often observed at one point in the lifespan. However,



investigating a health outcome while considering the entire lifespan allows for integration of
early exposures which are demonstrated to create health risks later in life.

Remarkably, studies across the human lifespan report TL as a biological indicator of
development and aging. As a biomarker of aging, TL differentiates individuals of the same
chronological age but different biological ages, while having a high correlation with
chronological age at the population level. Biological aging, underpinned by changes in molecular
pathways within organisms resulting in functional decline, is a profound risk factor for most
aging-related diseases.

Leveraging TL as a biomarker of age-related disease could aide scientists in narrowing
the research scope to a specific biological facet that explains the biological processes behind
aging or aging-related diseases. Meta-analytic evidence of TL associated with overall mortality,
cardiovascular disease, diabetes, and others positions TL to be applied in other research
settings.®!! When applied in neuroscience research, associations with TL have been inconsistent.
Furthermore, TL neuroscience research has been conducted with mostly homogenous non-
Hispanic White populations in the United States, making the findings difficult to extrapolate
upon for other populations. Therefore, the findings of this dissertation, when shown together,
aimed to identify the utility of TL, with precision measurement, as a neuroscience biomarker in a
lifespan perspective approach.

The following dissertation research contains three distinct groups of projects with seven
chapters that examine the utility of TL as a biomarker in neuroscience. In this dissertation
research, TL is investigated as a biomarker of neurodevelopment and of neuropsychological

aging to identify the role of telomere biology in these aging processes. The following



experiments provide unprecedented information on TL, particularly for minoritized populations
often underrepresented in research studies.

The first chapter evaluates studies comparing polymerase chain reaction (PCR)-based TL
measurements and a different methodology and indicates the need for methodologic reporting
and awareness of reporting recommendations for PCR-based TL measurements to ensure assay
precision and reliability. The hypothesis for this first chapter was that studies comparing TL
measurements from different methods have variability in correlations between methods, in part
due to a lack of methodologic information to allow comparison of PCR-based TL measurements.
The second chapter comprehensively meta-analyzes correlations of TL measured from multiple
healthy human tissues within an individual. This chapter expands on available literature of the
ability to infer TL of one tissue measured from another tissue within individuals. The hypothesis
for the second chapter was that cross-tissue TL measurements would be positively correlated,
which increases the ability to infer TL of neurological tissues from non-neurological tissues. The
third chapter investigates the effect of separate DNA extractions from peripheral blood
mononuclear cells on the repeatability of TL measurement and provides visual and written
information on the monochrome multiplex quantitative polymerase chain reaction (MMqPCR)-
based TL measurement protocol. The hypothesis for the third chapter was that the repeatability
of TL measurement would not significantly differ between DNA extractions.

The fourth and fifth chapters provide unprecedented information on the long-term effects
of prenatal neurotoxicant exposures on infant neurodevelopmental performance and the utility of
TL in this context in the diverse Surinamese population. The fourth chapter, given that the
cultural context differs between Suriname, the United States, and the Netherlands, aimed to 1)

determine if any cultural adaptations of the neurodevelopmental assessment were needed for



Surinamese infants and 2) to evaluate its psychometric properties. The hypothesis for this chapter
was that the neurodevelopmental assessment would be a valid measure for this population with
adequate validity and reliability following cultural adaptation. The fifth chapter discerns the
effect of prenatal neurotoxicant exposures and infant TL on infant neurodevelopmental
performance. The hypothesis for this chapter was that greater prenatal neurotoxicant mixture
concentrations and shorter TLs would be associated with worse neurodevelopmental
performance in Surinamese infants, which may have long term impacts on neurological age-
related disease risk for this population.

The sixth and seventh chapters provide information on neuropsychological performance
and the utility TL to capture aging-related decline performance for American Indian / Alaska
Native and African American / Black populations, as well as the first measurement of TL from
cerebrospinal fluid DNA. The sixth chapter aimed to identify of the association between TL and
neuropsychological performance in minoritized populations, where the hypothesis was that the
Rey Auditory Verbal Learning Test (RAVLT) and the Trail Making Test (TMT), which both
capture subtle cognitive changes associated with aging and ADRD, are associated with TL
measured from peripheral white blood cells for a middle to old-age population. The seventh
chapter defines the correlation of TL measured from peripheral blood to that measured from
cerebrospinal fluid. The hypothesis for this chapter was that peripheral blood TL and
cerebrospinal fluid TL would be significantly and positively correlated.

Taken together, these dissertation experiments investigate neuroscience inquires across
the lifespan for minoritized populations. In this dissertation, TL is investigated as an indicator of
biological aging across the lifespan, specifically as a biomarker of neurodevelopment and

neuropsychological performance conducted with detailed scientific rigor. This dissertation



expands on the sparse neuroscience literature available for these minoritized populations who are
underrepresented in scientific research enrollment, retention, and consideration, as well as

defines the utility of TL as a biomarker in future neuroscience research.



CHAPTER 1
Comparison studies of telomere length measurement using PCR approaches: A critical
appraisal of the literature
Background:

Telomeres, the protective nucleic acid and protein cap found at the end of all eukaryotic
chromosomes, have captured the attention of scientists, medical and public health professionals,
biotechnology companies, and the media over the last two decades. In 1973, Olovnikov proposed
his theory of marginotomy, which reasoned that during DNA replication, DNA polymerase
would not be able to completely copy the first DNA segment and, to prevent the loss of critical
DNA sequences in genes, a noncoding set of DNA nucleotides would be required to act as a
buffer protecting the loss of important, gene-encoding, sequences [1]. Subsequently in 1978,
Blackburn et al. first reported the actual DNA sequences of telomeres in yeast [2], followed by
the first sequencing of the human telomere in 1988 [3]. The sequencing of telomeric DNA paved
the way for the development of methods that measured the length of telomeres, beginning with
the first report of telomere length measurement using the Southern blot method for mammalian
chromosomes in 1988 [4]. Since then, thousands of papers assessing telomere length (TL) in
human cells have been published across a myriad of different scientific fields (Fig 1). As a result
of the broad scientific interest in both the role of TL in disease processes and the influence of
environmental factors on TL dynamics, the number of studies evaluating TL in human cells
continues to increase, in part facilitated by the regular development of new methods and

modifications of existing assays.



Currently, over two dozen assays have been developed to measure TL (Fig 2) [4-35].
These assays are classifiable into four broad categories: hybridization-based, polymerase chain
reaction (PCR)-based, sequence-based, and mixed methods (e.g. hybridization/PCR
combination). These assays vary in the information they yield on TL. While most focus on the
measurement of the average TL within the sample, assays also measure chromosome-specific TL
[6, 17], the complete distribution of TL in a cell population [33], or the shortest TL [26]. The
shortest TL has received considerable attention, given evidence from in vitro and preclinical
models suggesting that the shortest TL is most predictive of cellular senescence [36, 37]. Several
recent reviews have discussed the overall advantages and disadvantages of each method [38-40]
focusing on cost, scalability, constraints of starting biological samples (e.g. living cells, amount
of DNA, etc.) and, to some extent, inter and intra-lab precision as specific challenges facing the
field, including the use of coefficient of variation (CV) compared to intraclass correlation

coefficients (ICC) [41]. While studies of basic telomere biology continue to explore the complex
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Figure 1. Telomere publications from 1988-2019. All publications mentioning
telomere length of human DNA from 1988 to 2019 obtained by searching “telomere,”
“length,” and “human” in PubMed. Search was completed on May 25, 2020.




role that telomeres play in cellular and organismal function, studies testing TL as markers of
disease risk or environmental exposure must balance biological relevance, methodologic
precision, and experimental practicality, similar to other epigenetic markers such as DNA
methylation [42].

Over the last decade, debates have arisen over the utility and measurement of TL,

particularly with regards to qPCR-based methods. This debate is partially fueled by concerns
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Figure 2. Novel telomere methods developed from 1988 to 2020. Data were obtained
by literature search and through references of telomere review papers and method
comparison papers.
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related to the reproducibility and replicability of TL measurements across studies, methods, and
laboratories, and is accentuated by new method development and adaptations of existing
protocols without sufficient consensus on the required quality control as more laboratories begin
to perform TL assays independently. In response to this debate, several studies have attempted to
compare TL measured across different assay methods or laboratories. Some of these method

comparison studies examined the direct correlation of TL measurement in the same sample using



different assay methods and/or tested the repeatability of TL with the same method (e.g. the
amount of within assay variation) [43, 44]. Others tested the relative correlation of the TL
measured by different assays with an expected phenotype (e.g. aging, parent-offspring
correlation) [45], or examined the relative ability of different assays of TL to predict a specific
disease or health outcome [46, 47]. Each of these approaches requires a different analytic
strategy and study design and comparison of outcomes is not straightforward. To date, the
existing evidence remains insufficient to answer key methodologic questions related to
differences in reproducibility and replicability across measurement assays and laboratories, and
how/whether these differences affect the ability of TL to serve as a biological indicator of
exposure or a predictor of disease or health risk [48]. Beyond these concerns, there remains a
lack of consensus as to which, if any, methodology is the “gold standard,” as even the classic
Southern blot method is challenged by its inability to capture potentially critical metrics (e.g. full
distribution, shortest telomere length, inclusion of the subtelomeric region). To ensure reliability
in the widespread utilization of TL as a biomarker of environmental exposure and/or a predictor
of a disease, measured by any method that is applicable to population studies, it is critical to
systematically test fundamental issues related to assay reproducibility and replicability [49].

As part of a joint National Institute of Aging and National Institute of Environmental
Health Science initiative that funded a U24 cooperative award and four separate UO1 awards, a
Telomere Research Network (TRN) was established in 2019 (trn.tulane.edu). The TRN is
coordinating cross-method comparison studies with the long-term goal of developing
methodological guidelines and recommendations for telomere research applicable to population-
based studies. As a first step towards the goals of this network, we undertook a systematic

literature review of published studies that directly compared TL measured using at least one
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PCR-based method and another approach to determine how these studies might inform the field,
with particular attention to assay precision and accuracy of different measurement assays and
what research gaps remain.

As defined by the Committee on Reproducibility and Replicability in Science, precision
is the closeness of agreement between measured quantities obtained by replicate measurements,
while accuracy is the closeness of agreement between a measured quantity and a true value [49].
Reproducibility is defined as precision in measurement under conditions that involve different
locations or different measurement procedures, while repeatability is defined as precision in
measurements that include the same procedures/locations. Beginning from this perspective, this
systematic review evaluated the existing literature related to cross-method comparisons. This
review focuses on PCR-based methodologies due to their increasing use in population-based
studies, their central role in the debate related to assay precision, and the existence of two
reporting guidelines - one created through the TRN (Supplemental Table 1), and a second one
created by a separate group in a recently published manuscript [50]. The majority of PCR-based
methods are derived from two seminal methodologic papers by Richard Cawthon, the first
describing a monoplex based assay (qPCR) and the second describing a multiplex assay
(MMgPCR) [14, 19].

Our review focuses specifically on the comprehensiveness of methodologic reporting,
correlation between TL measured by different assays, assay repeatability and reproducibility, and
overall scientific design of methodological comparisons. Finally, we suggest areas of needed
scientific examination and provide some guidance related to study design, necessary sample size,

and analytic approach, to address key remaining questions: (1) What is known about the
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relationship between TL measured using PCR-based methods and other assays? (2) What is
known about the reproducibility and repeatability of PCR-based methods and how does this
relate to other TL measurement techniques? (3) What are the implications of methodologic
precision for sample size and power? (4) What are appropriate guidelines to systematically
evaluate the precision of both existing and future TL assays? Addressing these important
questions is a requisite step in advancing our understanding of the ability of TL, measured by
any approach, to serve as a sentinel of psychosocial and environmental exposures and a predictor
of future disease.
Methodology:
Manuscript search

To identify relevant papers that reported on cross method comparisons of any qPCR-based
method (qPCR, absolute TL (aTL), and MMqPCR) and another method of TL assessment (PCR-
based or otherwise) or the same PCR-based method conducted in separate laboratories, we
conducted a critical review beginning with a literature search (Fig 3). The following key terms

29 ¢

“telomere,” “telomere length,” and “human” were searched in PubMed and Web of Science.
From these initial results, a second search included the keyword “PCR” to identify the initial
titles for screening. Search criteria included papers published since January 1, 2002 (the year the
first method to measure TL by qPCR was published) through May 10, 2020. The references of
selected papers were also reviewed to identify any additional papers. A list of identified papers
was presented to the TRN Steering Committee, who also suggested additional papers. Initial

review of papers for inclusion was accomplished through evaluation of both the abstract and

methods section, as some manuscripts were not directly focused on methodological comparison
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and instead only reported the cross-method comparison on a subset of samples. Final inclusion in
this review met the following baseline requirements:

1. Article published in a peer-reviewed journal (abstracts and pre-prints not included).

2. Article was not presenting the initial development of a new method or a substantial
refinement of an existing methodology. This type of study was excluded due to the
expectation that these new methodologic manuscripts were utilizing cross method
comparison as a measure of external validity for the methodologic design. As we did not
find any papers describing the failed development of a new method for TL measurement,
and would not expect that to be readily publishable, to avoid any potential intrinsic bias
in these highly specialized reports we opted to exclude them.

3. Included a direct comparison of TL using the same biological sample measured with two
distinct TL assays or the same assay in two or more separate laboratories.

At least one of the methods used to measure TL was solely qPCR-based. TeSLA and STELA
were not considered due to the additional hybridization component of the assay.
Reporting review:

Included papers were evaluated for quality of methodologic reporting using two different
indices of reporting guidelines for PCR-based telomere studies. The first was created through
consensus of the initial participants in the TRN (S1 Table). The second was derived from
recommendations published by Morinha et al. 2020 (S2 Table) [50]. We included both
guidelines for two reasons. First, there is not empirical data to distinguish between the two
guidelines in terms of ensuring rigor and reproducibility for the field. Second, as several of the
papers reviewed were authored by participants involved in the creation of the TRN guidelines,

the inclusion of both guidelines provided some degree of impartiality. Both guidelines contain
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overlap with the MIQE guidelines and include characterization of the importance of each
recommendation [51]. In terms of specific differences, the Morinha recommendations included
several pre-analytic considerations not included in the TRN guidelines (e.g. volume of sample
processed, robotic instrumentation vs manual), while storage buffer and the percentage of
samples tested for DNA integrity were included in the TRN guidelines but not in the Morinha
guidelines. The latter also required greater detail for qPCR validation such as the standard curve
and calibration samples, as well as a requirement for the melt curve and Ct of the negative
control, which were not included in the TRN guidelines. Both guidelines assess the
comprehensiveness of the information describing the PCR assay itself as well as analytic
considerations for final TL determination. A grading rubric for each set of guidelines was
developed to reduce subjective reviewer interpretation (S3 Table). A composite assessment for
each index was divided into three subcategories for the TRN guidelines and five subcategories
for the Morinha guidelines. These broadly encompassed sample collection and processing, DNA
quality metrics and storage; PCR assay components and quality control; and data analysis. Two
of three reviewers independently assessed each article for fulfillment of reporting guidelines
(ARL, LWYM, and SSD). The scores for each individual item were compared and discrepancies
resolved by the third reviewer.

Additional characteristics assessed included sample blinding prior to analyses, single lab
or multi-lab testing, conversion/transformation of raw TL measurement prior to comparison, and
whether the study design evaluated repeatability and/or reproducibility. Lastly, when available,
sample size, means and standard deviation of TL measurement are included to assess study
power. Although several studies included means and SD of the entire sample, only a subset

reported the means and SD of the samples utilized in the method comparison analyses. This
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review only included method comparisons that involved at least one PCR-based method as
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Figure 3. PRISMA flow diagram of literature search and article
selection for inclusion. Date range searched was between Jan 1
2002 to May 10 2020. Other sources of article identification
included suggestions from participants of the TRN and review of
reference lists of selected papers.

currently reporting guidelines are only available for PCR-based methods. As the majority of
PCR-based measurements of TL are relative, and no current assays measure the true TL, it was
not possible to address accuracy.

Correlation between methods was assessed by using Pearson’s r or r? values where
provided. Weighted average correlation coefficients were determined for each type of
comparison by converting reported Pearson’s r values (or the square root of reported r? values) to

Fisher’s z values, and weighting by sample size. A forest plot was generated from the weighted r
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average, total sample size for that correlation, and 95% confidence interval (CI) range using
DistillerSR Forest Plot Generator from Evidence Partners
(https://www.evidencepartners.com/resources/forest-plot-generator/).

ICC calculation:

Given established analytic shortcomings related to the use of the CV as a metric of
testing the repeatability of TL, or the correlation of TL measurement between assays, raw data
from cross method comparison studies was used to calculate ICCs for comparison between
methods where available [41,52,53]. ICCs for one study were also calculated using a two-way,
single measurement, absolute agreement, random effects model, known as ICC(A,1) and for
average measurements ICC(A k) in McGraw & Wong’s (1996) terminology [54]. The R script
used for calculating ICC and associated instructions can be found in the Supporting Methods.
To provide guidance for future study design, we present several different power analyses
outlining the relation between sample size, ICC, and ability to detect group differences. These
calculations assumed a realistic (true) standard deviation of 650 base pairs (bp), an estimate
routinely found in adult studies [55,56], and N is the combined n of the two groups to be
compared and was assumed to be equally distributed among the two groups. We acknowledge
that not all TL estimates produce base pair (bp) measurements, as such the graphs are provided
based on ICC and sample size to ensure guidance to research studies utilizing TL assays that
generate both relative and bp based estimates of TL. Power analysis for cross-sectional
comparisons was done using G*Power [57], while power of longitudinal comparisons was
estimated through simulations. To examine the impact of variation in ICC on longitudinal TL
studies, the statistical power to detect a significant change (paired-t-test) in telomere length of 25

bp/year for sample sizes of 25, 50 and 100 individuals, and an interval of § years between
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baseline and follow-up (i.e. on average 200 bp in total), as a function of measurement
repeatability (e.g. reliability) expressed as the ICC. Measurement error was simulated by adding
a random number from a normal distribution to the true TL, with the error set at different levels
to generate variation in ICC between simulations. Population SD of telomere length was
assumed to be 650 bp at both time points and telomere shortening was simulated assuming a
Poisson distribution with mean/variance of 25bp/year. This is close to the mean shortening rate
typically observed in adults in studies where the age-dependent SD is estimated to be close to
650 bp, and thus the scaling of shortening rate to the overall variance is realistic. Furthermore,
power of comparisons using data with another SD can be read from the graphs after rescaling the
data to have an SD of 650.

Results:

The initial search revealed 5427 articles and the inclusion of “PCR” as a search term
limited the results to 767 articles, whose abstracts and methods were read (Fig 3). An additional
30 articles were identified through assessment of the references of method validation papers and
other included cross-method validation studies. A review of these 797 abstracts identified 70
articles for assessment of the full text and supplemental information to determine inclusion in
this review. Twenty-six articles were determined to be novel method validation and excluded.
Eighteen articles were excluded as they were either reviews or did not include direct method
comparisons. One article was excluded due to the determination that the DNA samples used for
cross-method comparison were obtained at different time points. We also included nine papers
that, while not specifically designed as a cross method comparison, included sufficient details
comparing TL measurement using different assays. This resulted in a total of 25 articles included

in this review (Table 1).
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Paper Characteristics

Table 1. Characteristics of Included Papers.
Study Year Methods Multi- Sample Type Sample Age Range TL Mean + SD
lab? Size (years)
Martin-Ruiz* [58] 2004 qPCR x TRF cell lines 22 N/A NR
Gardner* [59] 2007 qPCR x TRF kidney 32 0.1-71.4 NR
Hunt* [60] 2008 qPCR x TRF blood 72,162 19-93 T/S=2.71 £ 0.08 (n=36); 2.71
+£0.05 (n=81); 3.01 £ 0.10
(n=36); 3.05 % 0.06 (n=81)
Salpea* [61] 2008 qPCR x TRF Yes blood 32 24-54 T/S = 1.38 (1.31-1.44) (n=765)
Ehrlenbach*{ [62] 2009 | qPCR x TRF blood 56 51-81 T/S = 1.31 (0.95-1.90) (n=669)
Pavesi* [63] 2009 qPCR x TRF blood, cord blood 28 0-97 NR
Aviv [43] 2011 qPCR x TRF Yes blood 50 41-70 NR
Imam* [64] 2012 qPCR x FlowFISH blood, cord blood, DBS 29 0 T/S =6.23 + 1.54 (n=35); 5.64
+1.54 (n=51)
Zanet [65] 2013 qPCR x MMg@PCR blood 32 2-59 NR
Gutierrez-Rodrigues [47] 2014 qPCR x FlowFISH x TRF blood, cord blood 70, 51 0-88 NR
Martin-Ruiz [44] 2015 qPCR x MM@PCR x TRF Yes cell lines, placenta 12 N/A NR
x STELA
Eisenberg [45] 2015 MMqPCR x TRF Yes blood 190 NR NR
Jodeyzyk* [66] 2015 qPCR x TRF blood 20 0-35/50 T/S=1.184 +0.371 (n=677);
1.104 £ 0.153 (n=351)
Panero* [67] 2015 aTL x TRF bone marrow cells 102 30-87 7.2 +0.46 kb (n=48); 6.15
0.41 kb (n=54)
Hsieh [68] 2016 qpCR x MM@PCR x TRF blood, cord blood, DBS, 33-84 NR NR
x flowFISH placenta, cell lines
Lynch*7 [69] 2016 qPCR x TRF Yes blood 101, 111 53-63, 26-43 6.4 kb (4.3-8.3) (n=101); 6.3
kb (5.1-7.9) (n=111)
Wand [70] 2016 qPCR x TRF x FlowFISH blood 11 24-69 NR
Behrens [71] 2017 qPCR x FlowFISH x T/C- blood, cord blood 83-99 0-81 NR
FISH x TRF
Khinchat [72] 2017 | qPCR x TRF x FlowFISH blood 35,53 3-69 T/S = 0.50 (0.21-1.48) (n=35);
0.91 (0.45-1.27) (n=53)
Lee [73] 2017 qPCR x TRF x WGS cell lines 20 N/A NR
Tarik [74] 2018 MMqPCR x TRF blood 94 NR T/S=1.02+0.32
Wang [75] 2018 qPCR x FlowFISH blood 181 19-53 NR
Gadalla* [46] 2018 qPCR x qPCR Yes blood 100 NR NR
Ventura Ferreira [76] 2019 MMgPCR x FlowFISH blood 105 24-66 NR
Ropio [77] 2020 qPCR x TRF x aTL cell lines 20 N/A 4.324+0.143 kb
Sample size reflects the n used for method comparisons. If the TL mean and standard deviation
(SD) reflects reported values for the entire sample size, the n is included in parentheses.
* Papers not specifically intended to compare correlation of methods.
1 TL median and range were provided in lieu of mean and SD.
N/A: not applicable to this sample type.
NR: not reported
DBS: dried blood spot

The most common methods comparison among the 25 papers evaluated in this review
was monoplex quantitative PCR (qPCR) and the telomere restriction fragment (TRF) method by
Southern blot (n=17). Four studies compared multiplex gPCR (MMqPCR) with TRF. Seven

studies compared qPCR with the flow-FISH method, and two studies compared MMqPCR with
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flow-FISH. Three studies involved comparisons of MMqPCR and qPCR, and two studies
involved direct comparisons of qPCR methods or separate laboratories. Other methods examined
included STELA (compared with qgPCR, MMgPCR, and TRF in one study) [44], and absolute
TL (two studies, one comparing aTL to TRF and one comparing to aTL to qPCR) [67,78]. T/C-
FISH was also examined in one study as it related to qPCR [71]. Additionally, one paper
compared the correlation of several whole genome sequencing (WGS) platforms to qPCR-based

measurement [73]. Note some studies compared more than two methods [44, 47, 68, 70-73, 75,

78].
Table 2. Results of reporting guidelines analysis for
TRN and Morinha reporting guidelines.
Category Average
Score
TRN Sample 37%
Reporting qPCR assay 75%
Guidelines Data analysis 39%
Total 52%
Morinha Sample 46%
Reporting DNA extraction 32%
Guidelines qPCR validation 14%
qPCR protocol 66%
Data analysis 78%
Total 50%
Average of Both 51%
Average score reflects the average score across all papers
for each reporting category. Total scores reflect the
average score across all papers from all reporting items.

Whole blood was the most common sample type used (n=19), but cord blood (n=5),
peripheral blood mononuclear cells (PBMCs) (n=4), and cell lines (n=5) were also utilized as
well as a range of other sample types. Several studies reported on more than one sample type.
The reported sample size for the cross-method comparisons ranged from 12 to 181 and only 7

papers had a total sample size greater than 100. Five studies reported the means and standard
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deviations and two reported the median and range of TL measurements for the study. Two

studies provided the raw values of the PCR-based TL measurements.

Table 3. Item-specific reporting results of the TRN Reporting

Guidelines.
Category Reporting Item # Papers Reported
Sample type, storage, DNA Sample type 25
extraction and integrity
Sample storage temperature 5
Sample storage time before extraction 2
Sample storage buffer 6
DNA extraction method 20
DNA storage conditions 4
DNA freeze-thaw cycles 4

Method of documenting DNA quality/integrity 8

% of samples tested for DNA quality/integrity 6

qPCR assay State type of PCR method 25
PCR machine 21
Source of master mix & reagents 22
Final reaction volume 19
Telomere primer sequences 21
Telomere primer concentration 21
Single copy gene name 25
Single gene primer sequence 22
Singe gene primer concentration 20
Full PCR program 18
PCR efficiency of both primers 3
Source of control samples 14
Concentration of DNA standard 13

Data analysis Mean and standard deviation/median and range 13
of TL
Number of sample replicates 24
Level of independence of replicates 14
Analytic method to determine final TL 23
Method of accounting for variation between 11
replicates
Method of accounting for well position effects 5

Method of accounting for between-plate effects 12

% of samples repeated as a result of failed QC 3
% of samples excluded from analysis 3
Acceptable range of PCR efficiency for primers 6
ICCs of sample/study groups 2
T/S ratio transformed to Z score prior to analysis | 2

Overall quality of reporting of PCR assay methodology
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Of the 25 studies included in this systematic review, the average completion score across
both reporting guidelines was 51%, with an average of 52% for the TRN guidelines and 50% for
the Morinha guidelines (Table 2). Overall, papers included between 26-75% and 29-78% of the
recommended reporting metrics for the TRN and Morinha guidelines, respectively. Some metrics
were consistently reported in nearly all papers, including the sample type, single copy gene
name, and type of PCR method utilized. However, only about 10% of the included papers
reported on sample storage, PCR efficiencies, or the number of samples excluded due to quality
concerns with the assay.

DNA Processing

For both the TRN guidelines and Morinha guidelines, reporting of sample type, storage,
DNA extraction, and DNA quality/integrity was poor, with an average of 37% for the TRN
Sample/DNA category, 46% for the Morinha Sample category, and 32% for the DNA category
of the Morinha guidelines. Storage conditions for both the biological samples and extracted DNA
were poorly reported, with 24% or less of studies providing this information (Table 3). Fewer
than half of the studies reported on metrics related to DNA integrity.

PCR Assay

Reporting on PCR assay conditions and quality control varied. While many metrics of the
PCR assay were well-reported, only 18 of 25 studies reported the full cycling conditions. The
lowest reporting metric related to PCR was experimental efficiency, with only 12% reporting
actual PCR efficiencies. Additionally, just over half (56%) of studies reported the source of their
control samples.

Analytic Approaches
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Several key reporting gaps were noted in relation to assay quality control and analytic
approaches to determining final TL. As with any biologic assay, there is the potential that a
specific sample will fail quality control metrics and need to be repeated. Only six papers reported
on the number of samples repeated and/or the number of samples that failed quality control.
While all but one study reported the numbers of sample replicates, surprisingly, only 14 studies
reported on the level of independence of sample replicates (e.g. replicates run on the same plate
or on different plates/different times) and only half of the studies reported the means and
standard deviations (or median and range) of the T/S ratio.

Cross-Laboratory Studies

Only six studies compared analyses across more than one laboratory (Table 1) [43-46].
Of these studies, three described how samples were blinded before analyses. Further, of these
cross-laboratory studies, only three studies included the same assay performed in different
laboratories [44, 46, 69].

Reproducibility

Reproducibility, a critical criterion for biologic assays, refers to the relation between
measurements using the same assay in different locations or the comparison of values generated
using different measurement procedures. This systematic review attempted to assess the relative
reproducibility of PCR-based measure of TL in different laboratories as well as the
reproducibility precision, e.g. the closeness of two or more measurements, in TL measurement
using different methods.

Relative Reproducibility
The current literature does not provide sufficient data to address the relative

reproducibility, as, to date, only three studies have tested this directly by performing the same
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assay in different laboratories or settings. In one study that blinded comparison samples before

Reported Correlations of PCR-based TL Measurement

Study Name R LCL ucL
qPCR x TRF . 0.79 0.77 0.82
qPCR x Flow-FISH . 0.7 0.65 0.74
MMgPCR x TRF B 0.8 0.76 0.84
qPCR x MMgPCR » 0.81 0.74 0.86
MMgPCR x Flow-FISH = 0.7 0.6 0.78
qPCR x WGS = 0.96 0.9 0.98
qPCR x aTL = 0.94 0.85 0.98
qPCR x qPCR = 0.7 0.58 0.79
aTL x TRF = 0.84 0.77 0.89
0.5 0.75 1
NaN
Pearson's r, weighted

1

Figure 4. Weighted average correlation (Pearson’s r) and 95% CI for each method
compared with qPCR, MMqPCR, or aTL. LCL: lower confidence limit. UCL: upper
confidence limit. The point sizes for each comparison are weighted by the number of
individual papers with that comparison.

they were sent to the external laboratories, the median CV across laboratories for gPCR was
18.3%, while the median CV for STELA/TRF based TL measurement was 9.2% [44]. However
given the dependence of CVs on the y-intercept, the interpretation of these CVs remains
challenging [41]. In the second study, where samples were not blinded before being assayed, the
reported within-lab CVs for replicate qPCR measurements were 2.5% and 8.6% [46]. As the
laboratories involved utilized different PCR primers, and slightly different methods, it was not
possible to directly compare cross-laboratory reproducibility. The third study found inter-assay

CVs of 12.0 and 1.2% in two participating labs performing qPCR, but an additional laboratory’s
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results were excluded from analysis due to an extremely high CV of 27%. Correlation between
each laboratory and TRF results were calculated, but no correlation results were provided for the
two qPCR assays, and ICC estimates were not reported.

Reproducibility Precision

Reproducibility precision, i.e. the closeness of two or more measurements using different
techniques, was addressed to some extent in 19 of the 25 studies reviewed. However, only six
studies involved assays performed in different laboratories. The correlation of TL measurement
with qPCR-based assays to other assays was, for the most part, reported as linear regression and
correlation coefficients (Fig 4). Other papers reported Bland-Altman analyses or did not report a
measure of correlation at all. One paper reported mean LTL values for both TRF and qPCR but
did not report a measure of correlation [69]. When examining these results, it should be kept in
mind that these methodological studies were generally done in laboratories with extensive
experience in the focal technique, and as such are unlikely to be representative of the field at
large.

As qPCR and TRF were the most common methods compared, these studies typically
reported high correlation, with a weighted correlation coefficient for all studies around 0.75.
Correlation of other methods with qPCR or MMgPCR were more variable. No studies have
compared MM@PCR to aTL, or whole genome sequencing (WGS). Only one paper each
compared qPCR and qPCR (in separate labs), aTL and TRF, qPCR and aTL, or qPCR with
WGS. To our knowledge no studies have compared WGS data with aTL, although studies have
compared TRF and WGS [24].

In five of the papers in this review, linear regression was used to extrapolate TL into

kilobases (kb) from the T/S ratio using TRF values. One paper converted T/S ratio to kb before
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analysis of the correlation between methods [47]. In two cases, T/S ratio were converted to kb
prior to TL comparison utilizing Bland-Altman analysis [71,76]. In two of the five papers, the
conversion of the T/S ratio to bp was based on analyses extrapolated from different data or
measured on a different sample type, raising substantial concerns on the true measurement with
uncertain implications for the r value [47,76]. Beyond concerns related to the source of the data
utilized for conversion from T/S to bp before comparison across methods, this analytic approach
likely to leads to inaccurate reporting [47]. Only two studies utilized the TRN-recommended
procedure of transformation to z-score before comparison [44,69]. When comparing relative TL
estimates such as the T/S ratio generated from qPCR, transformation of these values to z-scores
will yield more informative results and improve ability to compare results between laboratories
or assays [79].

Repeatability
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Figure 5. The sample size required to test effect sizes of 150, 200 and 300 bp with
a t-test with a power of 0.9, as a function of measurement error as expressed in
the ICC. Calculations assumed a realistic (true) standard deviation of 650 bp and
power analysis was done using G*Power [57]. N is the combined n of the two groups
to be compared and was assumed to be equally distributed among the two groups.

Repeatability, the precision in measurements that include the same procedure/locations,

revealed the greatest variation in both lab and assay specific precision and between methods. In
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these studies, the number of replicates for a specific DNA sample ranged from 1 replicate (i.e.
sample analyzed twice) to five replicates (each sample analyzed six different times).
Additionally, only four reviewed studies reported the number of samples that were repeated due
to within replicate variance, despite clear acknowledgement in the field that a proportion of all
studies will ultimately require repeated assays of telomere length as a result of between-replicate
variance. While of limited utility in confirming precision, the intra-assay reported CVs for PCR-
based methods (QPCR, MM@PCR) in this review ranged from 2.5 to 12%, and the inter-assay
CVs ranged from 3.97 to 15.9%. Inter-assay CVs for TRF ranged from 1.25 to 6.3%, with intra-
assay CV reported in only one paper as 1.20%. Inter-assay CVs for flow-FISH were reported as
9.3% and 10.8% in two papers, with only one reporting an intra-assay CV of 9.6%. One paper
examining the aTL assay reported its inter-assay CV as 6.7% and intra-assay CV as 2.5%. We
emphasize, however, that there are analytic concerns related to the use of CVs for cross
laboratory comparisons [41,53], and directly converting CVs to ICC values is not possible.
Only two studies utilized ICC analyses to examine the repeatability of replicates,
reporting ICCs of 0.89 and 0.92 for PCR-based measurement [72, 74]. To expand data on the
repeatability of PCR-based and other TL methods, raw data was obtained from authors of a
subset of these papers, and ICCs independently calculated. Calculated/reported ICC for TRF
methods ranged from 0.92- 0.99 in the studies included in this review and are consistent with the
ICCs reported in existing studies utilizing the TRF (0.95 to 0.99). However, it is of note that
these ICCs were almost entirely the result of TRF measurement in one laboratory. The ICCs for
qPCR-based methods in reviewed papers ranged from 0.89-0.92, including the two reported in
manuscripts and an additional ICC calculated from raw data (ICC = 0.915, SE = 0.023, 95%

confidence interval: [0.860, 0. 946], P<0.001; reported CV 6.5%) [41,80]. ICCs for MMqPCR
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(triplicates on the same plate) from one study were run separately based on year of analyses. In
one set (n=873) run across different PCR plates in initial and duplicate runs, the ICCs were
ICC(A,1) = 0.82 (95% C1 0.79-0.84) and ICC(A,k)=0.90 (95% CI 0.88-0.91). Because these
samples were re-run due to initially high intra-assay CVs, this is possibly an under-estimate of
the true ICC value. For these same samples, TRF ICCs were calculated from duplicate gels on a
subset (n=159) and the inter-gel ICC = 0.96 (95% CI 0.94-0.97). However, we note that these
TRF analyses were conducted by a trainee which likely decreased repeatability compared to
what is typical of experienced technicians. Given the significant variation in methodologic and
raw data reporting, and the wide variability in published CVs, it is likely that the majority of
existing TL studies not specifically comparing methods would have significantly lower ICCs.

Determination of effects of ICC variability on sample size and study power
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Figure 6. Power to detect a 33% change of telomere shortening rate, up or down,
with p<0.05 relative to a baseline shortening rate of 25 bp/year. D. Four-year
follow-up period. E. Eight-year follow-up period. Power was calculated for sample
sizes as shown (200 — 2800), equally divided over the two levels of telomere
shortening rate. Baseline telomere shortening was simulated assuming a Poisson
distribution with mean/variance of 25, and population SD of telomere length was
maintained at 0.65 kb at both time points.
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Our systematic review revealed wide variation in TL measurement repeatability. No
biologic assay is perfect, and laboratories measuring any biologic substrate vary in their own
internal quality control and repeatability. To provide general guidance for investigators, we
therefore conducted analyses to evaluate the impact on power and sample size across a range of
ICCs.

In Fig 5, we present the sample size required to test effect sizes of 150, 200, and 300 bp
with a t-test with a power of 0.9, as a function of measurement error as expressed in the ICC. To
contextualize the differences: 150 bp is the approximate difference found between the sexes, and
300 bp is the approximate difference observed between individuals with and without
atherosclerotic cardiovascular disease [81]. As directly converting bp to T/S ratios is not feasible
in this analysis and the analyses below, we suggest that investigators using T/S or other relative
TL measurements use standard deviation (SD) differences to estimate power. For example. a
difference of 150 bp is equal to 150 / 650 = 0.23 SD, which can be converted to a T/S difference
when the SD of the T/S measurements is known. Estimates of potential difference can be
extracted from existing literature related to their exposure or outcome of interest when
considering study design and sample size.

Finally, we present the statistical power of different sample sizes to detect a significant
difference in telomere shortening rate of 33% using longitudinal data, as a function of
measurement reliability expressed as ICC (Fig 6). This analysis revealed that even with a high
ICC (>0.9), large sample sizes are required to yield sufficient statistical power to detect
differences in telomere shortening rate, in particular when the follow-up period is short. This is

due to the mean rate of telomere shortening being low (here 25 bp/year) compared to the TL
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variation between individuals (here an SD of 650 bp). The rate of base pair loss in infants and
children is likely significantly different and, but as of yet is poorly characterized (but see [82]).
Discussion:

This systematic review found a total of 25 papers documenting comparison between TL
measured using a PCR-based methodology and another TL assay. Until recently, no publication
reporting guidelines existed for gPCR-based TL measurement. Our review focused on method
comparison studies with the expectation that critical assay parameters and methodologic
description would be more detailed and specific. Our review, using two separately developed
reporting guidelines, found that, on average, only half of the recommended factors were
documented, indicating the need for increased methodologic reporting and wider awareness of
reporting recommendations. The lowest reporting was related to information about the validation
of PCR-based assays outlined in the Morinha guidelines, with only seven papers including any of
the recommended factors. PCR efficiencies, a key reporting requirement in both guidelines and
the MIQE guidelines, was absent from the majority of papers with only six mentioning the PCR
efficiency parameters and only three documenting the actual PCR efficiencies. Given that all
PCR-based methods either assume or specifically calculate the PCR efficiency when determining
the T/S ratio, and that, in general, the determination of the T/S ratio assumes similar efficiencies
for the single gene and the telomeric primers, the absence of this key metric is concerning. Fewer
than half of studies failed to comment on key pre-analytic factors, specifically sample storage
time and conditions, freeze-thaw cycles, and evaluation of DNA quality and integrity, all
potential sources of assay variability for both PCR and non-PCR-based TL assays that may
contribute to current debates in the field about the utility of TL [77,83,84]. Lastly, the reporting

of the number of samples failing initial quality control, repeated, or unable to be assayed was
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low. In laboratories routinely performing TL measurement using any assay, a certain percentage
of samples for each study will require repeating and regularly a small subset may be
unanalyzable for various reasons. While it is possible that these factors were considered and
monitored, the lack of reporting for this metric heightens the need for increased attention to the
proposed reporting recommendations. Moving forward, the widespread dissemination of these
qPCR reporting guidelines to study sections, peer reviewers, and scientists represents an
important next step in enhancing the scientific rigor of the field.

At this time, evaluation of the existing literature fails to provide sufficient evidence of the
relative or precision reproducibility of different TL assays. Our review identified only six studies
that included cross laboratory comparisons and, of these, only three evaluated PCR-based assays
performed in more than one lab. As the number of laboratories performing TL studies using PCR
and other methods continue to increase, the lack of clear data about cross-laboratory
reproducibility and the absence of existing DNA standards or other methods to account for cross-
laboratory variation substantially limits the ability to characterize relative reproducibility. In
terms of reproducibility across different methods (e.g. PCR and TRF, or PCR and FISH), the
current variability in findings, particularly when coupled with limited methodologic reporting,
highlights the need for additional rigorous and blinded cross laboratory studies that are
adequately powered to accurately determine how TL in a population measured using different
assays truly relates. Although 17 studies evaluated the relationship between qPCR and TRF, due
to the wide range in reported correlations between TL measurements, the relatively small
samples sizes, and the insufficient analytic and assay blinding, there is currently insufficient data
to draw firm conclusions on the general correlation between TL measured with different assays.

The analytic consequences of using CVs to test the relationship between TL measured using
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different assays has been discussed previously, as has the issues caused by the use of analytic
strategies such as conversion to base pairs instead of z scores, especially when extrapolating
from data produced in different laboratories or using different samples [41,52]. In this review,
we utilized existing raw data from 3 included studies to provide preliminary data about precision
reproducibility for PCR and TRF studies. The wide range of ICCs calculated from these few
studies, particularly for PCR-based methods, and the low reporting of ICCs in the papers
included in this review highlights the need to increase attention to the importance of reporting
ICC statistics. For many of the existing studies, the small sample size and the lack of reporting of
the means and standard deviations of TL prevents objective determination of whether any of the
current studies were adequately powered. Beyond these concerns, the over-representation of data
from specialized laboratories, particularly for TRF, the applicability of much of the existing data
to the wider telomere field is uncertain. For aTL and MMqPCR-based TL measurements, the
current paucity of published cross method comparisons limits the ability to form an opinion of
how TL measured with these assays relates to other methods.

Measurement precision is critical, in particular for longitudinal studies. Methodologies
that are low cost, practical, and simple to implement with standard laboratory equipment,
especially when they are innovative or high impact, are often rapidly implemented across
laboratories with various levels of expertise in the new methodology. Invariably this results in
diverse protocols, analyses, and methodologic reporting — consequences that are even more
problematic when there is an absence of consensus on best practices [51]. As with many other
biologic assays, the development of reporting guidelines for TL measurement has lagged behind
the broad implementation of the methods themselves [85-89]. The lack of consolidated guidance

about factors, both pre-analytic and within the assay itself, that contribute to measurement error
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when combined with the wide popularity of PCR-based TL measurement undoubtedly
contributed to discrepancies in the existing literature and failed study replications. Similar to the
MIQE guidelines, the reporting guidelines presented and tested in this systematic review for
PCR-based TL assays are meant as minimal reporting recommendations focused on enhancing
the reliability of results, consistency between different laboratories performing the same assay,
and increased experimental transparency and accuracy [51]. To assist investigators and reviewers
we highlight the overlapping recommendations with the MIQE guidelines, indicate whether a
particular requirement is desirable or essential, and provide references that support the selection
of the particular reporting requirement. Over the course of the next four years, the TRN expects
to develop similar reporting recommendations for other types of TL assays while conducting
adequately powered and scientifically rigorous studies to support these reporting guidelines,
recognizing that individual recommendations have varying levels of initial empirical support
[90].

Despite the strengths of this review, there are several limitations. First, this review only
focused on assays applicable to population-based studies in humans. It does not address issues in
other species or assays that may have clinical utility but for which the requirements for sample
types (e.g. fresh tissue and/or live cells) or the cost/labor/expertise requirements (e.g. TeSLA,
STELA) limit utilization in population based studies. A second limitation is that we utilized
reporting guidelines for gPCR-based assays only. To date, specific protocol recommendations
and reporting guidelines have not been published for other TL assays (e.g. TRF, FISH) although
detailed methodologic protocols do exist [91]. Additionally, it is possible that additional articles
comparing TL assays may be available in other databases or pre-print servers. However, many of

the articles included in this review were not specifically designed solely to compare TL

32



measurement methods and would not be found through standardized database searches. Further,
it is unlikely that additional articles would change the general picture emerging from this review.
Finally, we note that while this article focused on precision and reproducibility, accuracy of
measurement is as important. Precisely inaccurate measures will be of limited use to the
scientific field, a factor that becomes more problematic when using relative estimates and not
true values as is the case in many TL assays. In the absence of a clear gold standard
measurement technique, accuracy is difficult to discern.
Conclusions

After careful examination of the existing literature, it is apparent that rigorous cross
laboratory and methodological studies must be an immediate priority for the field. To assist the
field moving forward, we include reporting guidelines for PCR-based TL assays and indicate
specific scientific papers that support these recommendations originally developed through
consensus of the initial TRN members and consultants. These guidelines do not outline a specific
PCR methodology and, at this time, we do not believe there is sufficient data to provide guidance
on specific assay approaches or components. Rather, these guidelines are provided to ensure
reviewers and readers can adequately assess the methodology and consider the implications of
these factors for each study’s findings. The consistency in results across reporting guidelines
(TRN, Morinha, MIQE) related to the integrity and quality of both the initial biological sample
and the DNA itself support the critical nature of this reporting metric. In terms of assay
reporting, increased attention of investigators and reviewers to ensuring complete reporting of
assay reagents and PCR efficiencies is also expected to enhance the rigor of the field. TRN
investigators are currently testing the impact of different pre-analytic factors, DNA integrity, and

PCR conditions to provide evidence of the importance of these parameters in relation to
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precision and reproducibility. We recommend that studies be required to report ICCs in lieu of
CVs, as well as either the median or mean and standard deviation of TL. We also provide
specific guidance related to sample size and power that is contingent upon the ICC given the
substantial impact of differences in assay precision on the ability to determine true relationships
and with the expectation that this will be of use for investigators as they embark on new research
studies. It is important to balance assay cost, in terms of both time and reagents, with the needed
sample size and statistical power. Moving forward, investigators should carefully consider study
design from this perspective, recognizing that there is currently no “ideal” approach. Telomere
research offers significant potential across a diverse range of scientific fields with potential
mechanistic insight into overlapping biological pathways contributing to many of the leading
causes of morbidity and mortality. Ensuring the highest scientific rigor and precision, through
accurate methodological reporting and rigorous testing of the factors that contribute to assay
variability, are requisite steps to ensuring that potential is achieved.
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Supplemental Table 1. Telomere Research Network Reporting Guidelines

Reporting items of the TRN Guidelines by category, with assigned importance for each item and
comparison with the related assigned importance of the MIQE guidelines. E: essential
information, should be submitted with the manuscript. D: desired information, should be

submitted if available.

Category Reporting Item Importance | MIQE
(score) Importance
Sample type, | Sample type E E
storage, Sample storage temperature E E
DNA Sampl ime bef i D E
extraction ample storage time before extraction
and integrity | Sample storage buffer D E
(score out of | DNA extraction method E E
9 or 10) DNA storage conditions E N/A

DNA freeze-thaw cycles E N/A
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Method of documenting DNA quality/integrity D E
% of samples tested for DNA quality/integrity D N/A
*For studies with repeated measures design report the E N/A
above for all time points

gPCR assay | State type of PCR method E N/A

(score out of  "pCR machine D E

13 or 15) -
Source of master mix & reagents E E
Final reaction volume E E
Telomere primer sequences E E
Telomere primer concentration E N/A
Single copy gene name D N/A
Single gene primer sequence E E
Singe gene primer concentration E N/A
Full PCR program description including temperature, times, | E E
and cycle numbers
PCR efficiency of single copy gene and telomere primers E E
Source of control samples E N/A
Concentration of DNA standard E N/A
For aTL PCR measurement only: sequence of oligo E E
Standards
For aTL PCR measurement only: concentration of oligo E N/A
Standards

Data analysis | Mean and standard deviation or median and range of D N/A

(score out of | telomere lengths

12 or 13) Number of sample replicates E E
Level of independence of the replicates (plate vs day vs E E
extraction)
Analytic method, considering replicate measurements, to E N/A
determine final TL
Method of accounting for variation between sample E N/A
replicates
Method of accounting for well position effects E N/A
Method of accounting for between-plate effects E N/A
% of samples repeated due to failed QC D E
% of samples excluded from analysis due to failed QC E E
Acceptable range of PCR efficiency for primers D N/A
ICCs of sample/study groups E N/A
T/S ratio transformed to Z score prior to analysis D N/A
For studies with family samples or repeated measures E N/A

design: analytic method to account for this

Supplemental Table 2. Morinha Reporting Guidelines
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Reporting items of the guidelines developed by Morinha et al. by category, with assigned

importance for each item and comparison with the related assigned importance of the MIQE

guidelines. A: very important. B: somewhat important. C: somewhat important, should be

submitted if available. E: essential information, should be submitted with the manuscript. D:

desired information, should be submitted if available.

Category | Reporting Item Significance | MIQE
(score) Importance
Sample Experimental and control groups characteristics A E
(score out | Tigsye sampled A E
of 3) Volume/mass of sample processed B D
Storage conditions in the field and lab (including freeze-thaw cycles) | A E
Storage time before DNA extraction B E
DNA Name of kit and details of any modifications A E
extraction | procedure and/or instrumentation A E
E)S;;);‘ ¢ out Extraction method of the calibrator sample (if applicable) A N/A
DNA quantification method B E
DNA quality and purity (integrity, yield, 260/280 and 260/230 ratios) | A D
Storage conditions A N/A
Freeze-thaw cycles before gPCR B N/A
gqPCR Calibration curves with slope and y-intercept A E
validation | "R of calibration curve A E
E)sfc%r e out gPCR efficiencies (telomere and reference genes) A E
Cq of the NTC B E
Linear dynamic range B E
Specificity (e.g. gel, sequence, melt) A E
Amplification and melting curve plots B N/A
gPCR Primer sequences A E
protocol  'pPCR Master mix (manufacturer and name of the products used in the | A E
(score out assay)
of 120r  "Complete reaction conditions (dNTP, MG2+, primer and polymerase | A E
13) concentrations, DNA amount, other components, reaction volume
Additives (SYBR Green I, ROX, DMSO, etc.) A E
Calibrator sample used (e.g. synthetic, pool) A N/A
Singleplex or multiplex A N/A
If singleplex, were both reactions run on the same plate or not A N/A
Number of replicates (technical and biological) A E
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Were different groups (age/sex/etc.) run on the same plates or
randomized

>

N/A

Manufacturer of plates/tubes and catalog number

Complete thermocycling parameters

Reaction setup (manual/robotic)

gPCR instrument

Data
analysis
(score out
of 13)

Quality control steps for data

Analysis program (source, version)

Method used in the data analysis

Choice of reference genes

esilesiNesiNesiNesiRwiNesiNw!

Concentrations of the calibrator sample used to create standard
curves

N/A

Normalization and adjustment methods

Repeatability (intra-assay variation)

Reproducibility (inter-assay variation statistics)

Acceptance and rejection criteria

esillwiNesiles!

How was telomere length calculated?

N/A

Statistical methods for results significance

™

Software used for statistical analysis (source, version)

™

Cq or raw data submission

el g g g g g ivg B g il g g g g el g Ne!

Supplemental Table 3. Reporting guidelines rubric
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For all reporting
guidelines:

Record information as reported only if it is provided directly in the paper itself or
in the 1* order of references cited (with exceptions related to Cawthon papers — see
below). Do not include information that extends beyond one previous citation. For
example, if the methods section states that the detailed methods are described in a
previous paper, report only the information from that cited paper. If the referenced
paper itself has an additional reference for methods, mark this information as not
provided.

o Applies for both methods and sample demographics (i.e. if further analysis

is done on samples from a previously published study)

Methods sections that state “followed Cawthon 2002 and/or 2009 and failing to
provide any additional information about the specific assay performed are not
counted as reporting assay parameters and conditions
If sample demographics for the overall population in the study are provided, and
only a subset of samples were involved in cross method analyses, reviewer can
consider the demographic characteristics as present for the cross-method sample
Information in supplemental material or supplemental methods is reported as
present.
qPCR efficiencies in qPCR assay/validation section: this refers to actual
efficiencies of the assays performed

TRN reporting
guidelines:

Studies without repeated measures design: do not include “for studies with
repeated measures....” in score for sample type, storage, extraction, and integrity
(mark N/A) or “method of accounting for within-family samples or repeated
measures design” if it does not apply (mark N/A, exclude from score)

Studies without aTL measurement: mark N/A for “for aTL PCR measurement...”
and do not include in score

DNA quality and integrity: report as yes if methods section describe how DNA
quality was assessed; actual DNA values not required (note this differs from the
Morinha requirement)

Acceptable range of PCR efficiency: Note this differs from actual PCR efficiency
values in the experiment, and should express the lab’s typical
acceptability/exclusion criteria for PCR assay efficiency

Morinha reporting
guidelines:

Experimental and control group characteristics: if cross-method analysis is
performed on only a subset of samples, report this as present only if characteristics
are provided specifically for the subset of samples (not just the entire experiment)
DNA quality and purity: report yes only if actual DNA integrity, yield, 260/280,
260/230 ratios are provided (ranges/mean are acceptable)

Choice of reference genes: Name of single-copy gene

Supplemental Table 4. Individual paper results of reporting guidelines
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Scores for each category are provided as a percentage of items in that category sufficiently

reported. A total score for each set of reporting guidelines are calculated from all items as well as

an average overall score between the two reporting guidelines.

Category

TRN Reporting Guidelines Morinha Reporting Guidelines Average
Author Overall
Grade
Sample | qPCR | Data Overall | Sample | DNA qPCR qPCR Data Overall
assay | analysis Grade extraction | validation | protocol | analysis | grade
Hsieh 44% 92% 58% 68% 40% 71% 71% 85% 92% 78% 73%
Eisenberg 67% 85% 58% 71% 40% 86% 29% 83% 85% 70% 1%
Zanet 56% 92% 50% 68% 80% 29% 43% 77% 92% 69% 68%
Martin-Ruiz (b) | 50% 92% 77% 75% 40% 57% 0% 62% 100% 60% 68%
Tarik 56% 92% 58% 71% 40% 29% 71% 75% 77% 64% 67%
Jodcyzk 67% 92% 58% 74% 40% 43% 0% 69% 77% 53% 63%
Gutierrez- 78% 77% 42% 65% 60% 57% 0% 77% 77% 60% 62%
Rodrigues
Ropio 67% 67% 33% 56% 80% 71% 0% 69% 85% 64% 60%
Imam 33% 77% 33% 50% 80% 29% 14% 77% 69% 58% 54%
Ehrlenbach 30% 46% 69% 53% 20% 43% 0% 62% 83% 49% 51%
Aviv 33% 85% 25% 50% 40% 14% 0% 69% 69% 47% 48%
Gadalla 56% 69% 25% 50% 60% 29% 0% 54% 54% 42% 46%
Khincha 22% 69% 42% 47% 40% 14% 0% 54% 69% 42% 45%
Wang 22% 69% 42% 47% 40% 14% 0% 46% 54% 36% 41%
Panero 11% 73% 18% 40% 40% 0% 43% 77% 31% 42% 41%
Behrens 33% 62% 33% 44% 40% 29% 0% 38% 62% 38% 41%
Lee 11% 69% 17% 35% 40% 0% 0% 69% 38% 36% 35%
Pavesi 11% 77% 8% 35% 40% 0% 0% 54% 46% 33% 34%
Wand 11% 46% 25% 29% 40% 29% 0% 38% 54% 36% 32%
Ventura 22% 31% 25% 26% 40% 29% 0% 25% 46% 29% 28%
Ferreira
Gardner 44% 92% 25% 56% 40% 43% 0% 77% 77% 56% 56%
Hunt 11% 92% 33% 50% 40% 0% 0% 85% 85% 53% 52%
Martin-Ruiz (a) | 22% 85% 33% 50% 20% 33% 0% 69% 31% 36% 43%
Salpea 22% 92% 50% 56% 40% 29% 71% 69% 85% 60% 58%
Lynch 33% 46% 42% 41% 80% 29% 0% 78% 69% 49% 45%
Average per 37% 75% 39% 52% 46% 32% 14% 66% 68% 50% 51%

Supplemental Methods. Calculation of the repeatability (ICC) of telomere length measures:

Calculation of the repeatability (ICC) of telomere length measures

Dan Eisenberg (dtac@uw.edu), Daniel Nettle (daniel.nettle@newcastle.ac.uk), and Simon
Verhulst (s.verhulst@rug.nl)
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Measurement repeatability is a critical component of assessing whether any measurement is
reliable and for discerning statistical power to detect associations with TL (Nettle et al, 2019). In
the past, TL measurement repeatability has typically been assessed using the coefficient of
variation (standard deviation divided by the mean). However, for multiple reasons, the coefficient
of variation (CV) is an invalid statistic for TL measurement and should not be used (Verhulst et
al., 2015; Eisenberg, 2016; Verhulst ef al., 2016). Instead, we urge the use of the repeatability,
also known as intra-class correlation coefficient (ICC) for discerning assay repeatability. To this
end, we provide detailed instructions how to calculate the ICC using R, which is freely available,
and an example data set.

Note that measurement validity is determined by both precision (the closeness of measurements
to each other) and accuracy (the closeness of measurements to a specific ‘true’ value). The ICC
is informative on precision, but provides no information on the accuracy.

Unlike the CV statistics, the ICC cannot be calculated for each biological sample individually, but
instead is calculated for a set of biological samples. Thus, to be able to calculate the repeatability,
(a subset of) samples should be re-measured one or more times in an identical fashion as TL is
typically measured in one’s laboratory. Two important considerations when selecting these
samples are the following. Firstly, variation in TL measurement can arise at any point between
sample collection and arrival at your TL estimate. Therefore, the ICC will be overestimated when,
for example, the ICC is estimated over repeated measurements of extracted DNA relative to
measurements where the DNA extraction is also repeated (but by how much is not known). Thus,
the ICC you estimate from the data will be closer to the true ICC when more of the measurement
process is repeated independently in the successive measurements. Secondly, the TL of the subset
of samples needs to be representative of the complete set of samples that is analysed. This is true
in particular for the range of TL in the sample — having a larger range in the subset than in the
ultimate sample will overestimate the ‘true’ ICC, while having a smaller range in the subset than
in the ultimate sample will result in underestimation of the ICC.

The ICC can be calculated in different ways, depending on how variation between batches is
accounted for (i.e. not at all, as random effect, or as fixed effect), where ‘batches’ can be thought
of as different plates, or gels, or measurement sessions that differ in any respect (e.g. day, person,
equipment, laboratory). The best way to account for batch in the ICC calculation is to use the same
approach as in the ultimate analyses in which hypotheses are tested.

The text below is an R script, mixing instructions with the actual script. When a line is precede
by '#, this indicates it is a comment — and it will not be executed. It is left in the text here to
make it possible to copy all text below (up to the References) to an R-script — see instructions
below.

# R script to calculate the ICC (IntraClass Correlation), also known as 'repeatability’.
# The text below assumes you are new to R....

# '#' before text indicates it is a comment - will not be executed

# The other lines need to be 'run' and results will show in the console window.

# Before you start

# 1. it is advisable to do the analysis in Rstudio (freely downloadable and works on

# multiple platforms), which serves as a 'shell' to R, and copy this text to a new R-script.
# 2. A useful introduction by the authors of the package used in this script to calculate
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# the ICC is recommended reading:

# https://cran.r-project.org/web/packages/rptR/vignettes/rptR.html

# The text below is only enough to get you started

# 3. Data format

# The data need to be in the 'long' format. This implies ALL the telomere estimates are

# in one column, with sample identity in another column. Data may have been collected in
# different 'batches' (plates, gels, days, labs) and batch identity is coded in a separate

# column.

# When your data is in wide format, this can easily be changed to a long format in Excel.
# So the data file usually has a minimum of three columns (with variable names in brackets):
# sample identity (id), telomere estimate (TL), batch (batch) [when you use different

# variable names, the names in the code below need to be replaced with those names].

# The packages listed below are needed and you will probably need to install them first.
# At the top of the bottom right panel in RStudio there is a tab 'packages' you can use.
library(readxl) #for when your data are in Excel format

library(MASS)

library(Ime4)

library(rptR)

# To clear lists of objects — useful to run whenever you start an analysis:
rm(list=Is())
rm(list = Is(all = TRUE))

# Reading in the data.
# In the example below, the data were stored in Excel, but Rstudio reads many formats.
# Other formats may require loading another package - Rstudio will tell you this.

# Note that the first bit of the code below, 'd <-', you can read as 'd becomes'.
# We here arbitrarily name the data set 'd' (commands / names in R are case sensitive!).

# You can get the import code for your file location and correct command for your file format
# using the 'import dataset' tab in RStudio (above the top right frame on a mac).

# When you import a data set using RStudio, the dataset will have a name different from
# what is in the script below. I recommend copying the code you see after the "<-" to the
# script just before actually importing the data and copy this below after the text "d <-".
# Alternatively, you replace 'd' in the code with the name you have given your data set.

d <-read_excel("FILE LOCATION/example.xIs") #importing the example data from Excel file
# The file 'example.xls' is available on the telomere network site.

# Calculating the ICC

# The ICC can be calculated in different ways, depending on how variation between

# batches is accounted for (i.e. not at all, as random effect, or as fixed effect).

# The best way to account for batch in the ICC calculation is to use the same approach
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# as in the analysis for which the data were collected.
# Below is the code for different ways to include 'batch' in the analysis.

# When running the scripts below, depending on details,
# there may be 'Singularity' issues that are reported as errors.
# You can safely ignore these (see information on rptR package for details.)

# 1. No correction for batch

# Including 'id' only - i.e. batch is not in the model

# Note that the (1|something) codes for a random intercept for levels of 'something'
rpt(TL ~ (1[id), grname = "id", data=d, datatype = "Gaussian", nboot = 1000, npermut=0)

# 2. Including 'batch' as random effect
rpt(TL ~ (1[id) + (1|batch), grname = "id", data=d, datatype = "Gaussian", nboot = 1000,
npermut=0)

# 3. Including 'batch' as fixed effect
rpt(TL ~ batch + (1]id), grname = "id", data=d, datatype = "Gaussian", nboot = 1000, npermut=0)

# Note that these models can be extended with other factors and covariates.

# See example below that includes age (as fixed effect)

rpt(TL ~ age + (1]id) + (1|batch), grname = "id", data=d, datatype = "Gaussian", nboot = 1000,
npermut=0)

# When running the model including age, the ICC is likely to become lower. The new (lower)
# ICC estimate is the more relevant estimate. This is so, because you will probably

# take age into account in your statistical analyses also. The remaining variation in the

# data will decrease as a consequence, and the ICC is calculated over the remaining variation.
# Adding other factors to the model, e.g. batch identity or procedure characteristics

# that you also include in the model with which you test hypotheses can also be added as

# factors to the model, and may increase the ICC.

# The script above assumes the TL measurements are normally distributed, but the
# rptR package can handle other distributions.

# Extrapolated repeatability — an important extension!

# Suppose your protocol includes rTL measurement in duplicate, using for example two plates

# with samples in triplicate on each plate, and you use the average of the two plates in

# the data analysis. You can then calculate the ICC over the two plates, but this will

# underestimate the ICC of the average of the two plates, which is based on more measurements.
# However, the ICC of the mean of the two plates can be calculated with a simple equation

# once the ICC over the two plates is known: when r is your repeatability (ICC) estimate,

# and n is the number of replicate measurements then the extrapolated repeatability (re):
#re=r/(rt1/n*(1-r))

# This is equation 37 in: Nakagawa, S. & Schielzeth 2010, Biological Reviews 85, 935-956.
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CHAPTER 2
A review and meta-analysis: Cross-tissue telomere length correlations in healthy humans
Background:

Over the last four decades there has been an increasing interest in the role of telomeres in
human health outcomes (Lindrose et al., 2021). Telomeres were first identified in 1938, with the
first telomere sequenced in Tetrahymena in 1978, and the human telomere sequenced in 1988
(Muller, 1938; Blackburn et al., 1978; Moyzis et al., 1988). Telomeres are the protective nucleic
acid and protein cap at the end of all eukaryotic chromosomes. The telomeric DNA sequence of
5’-TTAGGG-3’ repeats are highly conserved across eukaryotic species and the telomere protects
linear DNA from damage and preserves chromosome stability. Progressive shortening of the
telomere sequence occurs in dividing cells as a result of incomplete lagging-strand DNA
synthesis, DNA damage, and other factors. Since 1988, measuring the length of human telomeres
has been of interest throughout diverse scientific disciplines.

Telomere length (TL) has been associated with various exposures, biological processes,
and health outcomes. Studies across the human lifespan report TL as a biomarker of aging, and
TL is increasingly recognized as a biomarker of environmental exposures and stress.
Additionally, TL is a predictor of aging-related health outcomes including obesity,
cardiovascular disease, and overall mortality (Mundstock et al., 2015; Khosravaniardakani et al.,
2022; Haycock et al., 2014; Zhan and Hagg, 2019; De Meyer et al., 2018; Wang et al., 2018;
Schneider et al., 2022). While there is significant convergence of these findings, conflicting
reports exist and are hypothesized to result from key variances in study design, including age, TL
measurement methodology, sample size, and tissue source. Information on the effects of the age

of participants on TL associations can be found in other publications (Steenstrup et al., 2017,

51



Dorado-Correa et al., 2018). Similarly, information on the effects of TL measurement
methodology is summarized elsewhere (Horn et al., 2010; Haussmann et al., 2011; Lin et al.,
2019). For guidelines regarding sample size in TL association studies refer to Lindrose et al.,
2021. The focus of this meta-analysis is to examine the influence of tissue selected for TL
measurement as a source of variation in cross-study findings.

As TL is measurable from any cell containing DNA, published studies have varied in the
source tissue for TL measurement. Studies of small to moderate size often focused on individual
health outcomes, such as case-control studies, usually select source tissues specific to the health
outcome of interest, such as biopsy samples. In contrast, population-based studies, such as large
observational cohorts, tend to use minimally invasive tissues, such as peripheral blood, saliva,
and / or buccal epithelial cells given practical constraints. Using TL measured from one tissue as
a proxy for the tissue of interest assumes similarities of telomere dynamics across tissues.
However, certain differences in telomere dynamics are necessary for specific tissues to function,
for example TL differences between somatic and germ cells, meaning not all proxy tissues may
be equally appropriate for TL measurement (Rollings et al., 2019).

An illustration of the effect of source tissue selection is seen in a meta-analysis on the
association of TL and depression (Ridout et al., 2016). In this meta-analysis, 35 studies measured
TL in a peripherally available tissue, specifically leukocytes or saliva, while the remaining 3
studies measured TL in various brain tissues. Overall, this meta-analysis reported tissue type as a
significant moderator of the association between depression and TL. For example, in a case-
control study included in the meta-analysis, shorter TL measured in leukocytes was associated

with diagnosed major depressive disorder (Garcia-Rizo et al., 2013). However, a study utilizing
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post-mortem occipital cortex tissue failed to detect an association between shorter TL and
depression (Teyssier et al., 2011; Ridout et al., 2016).

While the effects of depression on biological aging was detectable in peripheral tissues,
this is not consistent for other outcomes or exposures. In a meta-analysis on the association
between TL and prostate cancer, utilization of different human tissues across studies also
contributed to variability in results (Hu et al., 2019). In this meta-analysis, studies of small size
(less than 100 participants) utilized biopsy samples of prostate stromal and epithelial cells, while
larger (more than 100 participants) studies selected peripheral blood for TL measurement.
However, the opposite trend in relation to source tissue and health outcome was observed.
Specifically, meta-analytic findings supported a predictive relation between TL measured in
stromal and epithelial cells and prostate cancer, however this association was not present when
TL was measured from peripheral blood, even though these studies had more participants. Bias
to publish significant effects seen in the smaller studies was not reported in the meta-analysis,
suggesting that the more disease-relevant tissue source (e.g., prostate tissue) was more critical for
the association than sample size.

A more recent study reported on the relative TL for multiple post-mortem tissues within
952 humans providing the largest study to date of TL measured across tissues (Demanelis et al.,
2020). In this study, the correlation of TL measured from prostate tissue and whole blood (n=138
healthy individuals) was 0.29 (p=0.0016), suggesting that although TL is correlated between
prostate tissue and whole blood, the correlation could be stronger (Demanelis et al., 2020).
Defining the relation of TL measured in normal tissues is a needed first step before
extrapolations to diseased tissues can occur. As such, this meta-analytic review is focused on the

correlations between TL measured in different tissues in healthy human subjects. The results of
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this meta-analysis are expected to provide guidance on the ability to rely on measurement of TL
in one tissue to infer TL from another tissue to inform designs of future TL studies. The
importance of reporting sample size, TL measurement methods, and demographics of
participants in future TL studies are also discussed.

To qualitatively and meta-analytically review literature examining correlations of TL
measured from multiple tissues from the same individual. Secondary analyses of meta-
correlations by sample size, quality assessment, telomere measurement methodology, age group
of participants, and sex of participants were performed to identify the role of these
methodological factors on the correlation of TL measured in different tissues within an
individual.

Methodology:
Study Inclusion Criteria:
Inclusion criteria for studies included in the systematic review consisted of the following:

1) The study was published after 1987 or before 2023 in English;

2) The study collected more than one tissue from the same individual;

3) TL was measured in more than one tissue within the same individual using the same

TL assay;

4) The tissues were not in a known disease state defined as (a) obtained from a healthy

control, (b) presumed healthy living individual, or (c) presumed healthy at time of death

prior to sample collection, according to WHO definition; and

5) The study reported statistical and demographic information like sample size and

sample age range, sex, and racial demographics.
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If the study met the above inclusion criteria and 6) the study reported a quantitative correlation of
TL for more than one tissue, the study was included in the meta-analysis. If the study met
inclusion criteria one through five, but did not include a quantitative correlation, corresponding
authors were contacted via email for this additional information. If the corresponding author
responded and provided the correlation, the data was included. If the study did not report a
quantitative cross-tissue TL correlation, the study was included in the qualitative review only.
Information Retrieval:

A scientific librarian (RPH) constructed a search strategy and performed a computerized
bibliographic search of PubMed (see Appendix A). This search strategy was adapted to search
Embase and Web of Science. The searches were completed on November 21%, 2020. Searches
were restricted to English results in humans from January 1%, 1988 to December 31%, 2022. The
following keywords were employed: “telomere length” and “tissues” or “tissue.” Appendix A
describes all terms included in the PubMed, Embase, and Web of Science searches. All full text
studies were eligible to enter the meta-analytic workflow, including studies available online, in
print, in press, or ahead of publication.

Study Selection Procedures:

All screening and selection of studies were performed in duplicate by two authors
(LWYMD, PE, LAK, NAM, JTS, SD, RIT, and / or CVM). Abstract, title, and screening of the
methodology sections identified papers containing TL measurements of multiple healthy human
tissues. During full text screening, the studies were selected for extraction if they met the above
listed inclusion criteria. Any discrepancies were settled by consensus for two or more authors.

Following identification of studies for extraction, duplications of studies were defaulted to the
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PubMed result and non-duplicate studies reporting any data from the same cohort were
minimized to one study with the largest sample size.
Data Extraction:

Information from the included studies was recorded in a prespecified data abstraction
spreadsheet in duplicate, see Appendix B. The information from each study was extracted
independently by two reviewers and compared for discrepancies which were settled by
consensus. In studies where the correlation data for TL measured in different tissues was not
reported, the corresponding authors were contacted for data. Final data extracted for included
studies encompassed: title; authors; year of publication; sample size; sample demographics
including race, sex, age, and country of study; tissue samples analyzed; sample collection
conditions; sample storage conditions; TL measurement methodology (e.g., qPCR, TRF, FISH,
etc.); statistical methodology of TL correlations; and reported TL correlations between tissues
(see Appendix B).

Data Coding and Qualitative Analysis:

Qualitative review of studies emphasized country of origin, sample demographics,
telomere measurement methodology, and quality of methodology reporting. Coding for sample
size was conducted by categorizing individual pairwise correlations of two tissues within studies.
A correlation with an n of 4 to 75 as small, correlations with an n of 76 to 258 were categorized
as medium, and correlations with an n greater than 258 were categorized as /arge in alignment
with the histogram distribution of study sample sizes. For the quality assessment, the number of
completed items recommended in the TRN Telomere Length Data Quality Assurance Checklist
for each study was completed by consensus by a minimum of two reviewers (Lindrose et al.,

2021). As some studies did not have all quality assessment criteria apply, e.g. DNA was not
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extracted for FISH analysis studies, the number of possible completed criteria in the checklist
was adjusted and the quality assessment score was subsequently converted into a percentage
value for all studies to permit cross-study comparisons (Appendix C).

Telomere measurement methodology was categorized from the following methods
utilized in the studies included in the meta-analysis: quantitative polymerase chain reaction
(qPCR), absolute telomere length qPCR (aTL), monochrome multiplex gPCR (MMQPCR), dot
blot, flow cytometry fluorescence in situ hybridization (flow-FISH), hybridization protection
assay, interphase quantitative fluorescence in situ hybridization (Q-FISH), metaphase Q-FISH,
Luminex, Southern Blot / Telomere Restriction Fragment (TRF), single telomere length analysis
(STELA), and studies that utilized multiple methods. These various assays were subsequently
categorized based on underlying methodology into the following four categories for moderator
analysis: FISH analyses (Q-FISH, Flow-FISH, interphase Q-FISH, metaphase Q-FISH),
Hybridization analyses (dot blot, hybridization protection assay, Southern Blot / TRF), Luminex
analyses, and PCR analyses (aTL qPCR, MMQPCR, qPCR). For studies that included cross-
tissue TL correlations across multiple assays, individual pairwise correlations were placed into
the category corresponding to the specific method for that unique pairwise correlation.

For age group of participants, categories were /ifespan if the reported age range of
participants was greater than a 30-year span, adult if the reported median or mean age of
participants included 50-years of age, young adult if the reported age median or mean age of
participants was less than 50-years of age and a minimum age of participants of 18 years,
neonatal if the reported age of participants was less than 5-years of age, and unknown/other if
not stated in the study demographics or did not fit into the aforementioned categories. For sex of

participants, correlations from all female participants were categorized as 100% female,
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correlations from mixed female and male participants were categorized as mixed, correlations
from all male participants were categorized as /00% male, and correlations from participants of
unknown sex were categorized as unknown. Coding correlations based on the sample types in the
pairwise correlation was conducted for sensitivity analysis.

Meta-Analysis and Statistical Approach:

For the primary objective, the correlations, including Pearson product-moment
correlation coefficient, Kendall tau rank correlation, and Spearman rank correlation, for each
tissue pairwise comparison were collected or computed and analyzed following Fisher’s z-
transformation by LWYMD and WJH. Correlations with an n of 3 or less were unable to be z
scored and were excluded from analysis. To examine effects by moderator variables, the coded
variables for the moderators were used in the Assink and Wibbelink approach for sample size,
quality assessment, telomere measurement methodology, age group of participants, and sex of
participants (Assink and Wibbelink, 2016).

The meta-analytic dataset contained multiple effect sizes within studies making the
effects interdependent and requiring a three-level nesting model to cluster the results of
individual, participant-level effects in each study (level 1) into effect sizes within studies (level
2) and between studies (level 3). R Studio program was used for all analyses. A multi-level
random-effects meta-analysis was utilized to account for dependency in effect sizes and enable
the meta-analysis of all eligible effect sizes. Multi-level models were then compared to a
traditional random effect model using the ANOVA function to determine best fit. The {metafor}
package was used to fit the three-level meta-analysis model, and the {dmetar} and {meta}
packages were used for the forest plot and tests for heterogeneity and publication bias. The

overall correlation for all tissue TLs was reported as an r value which was converted from the
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overall estimated effect. The overall model was fitted using the restricted maximum likelihood
estimation method and Knapp and Hartung’s adjustment (Rover et al., 2015). A forest plot was
constructed from the weighted effect estimates and 95% confidence intervals (CIs).

Moderator Analyses

Moderator analyses were conducted using a three-level mixed-effects model to assess
potential moderators of the overall effect. Moderators included sample size (3 categories),
quality assessment (continuous variable), telomere measurement methodology (4 categories), the
age group of participants (4 categories), and the sex of participants (4 categories). In multi-level
moderator analyses with multiple categories (i.e., 3 sample size categories), one category
functions as the reference category, and the other categories are compared against the reference
category. Large sample size was tested as the reference category for sample size, FISH analyses
as the reference category for telomere measurement methodology, neonatal as the reference
category for age group, and 100% female as the reference for sex.

Sensitivity Analyses

Two post hoc sensitivity analyses were conducted to investigate the effect of the tissues
in which TLs were measured in the meta-correlation. First, pairwise correlations were separated
into three categories by the types of samples in the pairwise correlation: a pairwise correlation
where the samples were both a type of or found within blood (e.g. B Cells, CD34+CD38- Cells,
Cord Blood, etc.), a pairwise correlation where one sample was a type of or found within blood
and the other sample was not (e.g. Buccal Epithelium, Cerebellum, Kidney, etc.), or a pairwise
correlations where both samples were not a type of or found within blood. In the second post hoc
sensitivity analysis, pairwise correlations were separated into three categories based on the

availability of a sample given collection measures. The three categories were: both samples

59



)
_E Records identified from
§ PubMed (4,251), Embase Duplicate records removed
= (5,240), and Web of before screening
s Science (6,341) (n=17,976)
= (total n = 15,832)
— ¢
M
l})ecords screened by title, Records excluded by
abstract, and methodology relevance
section -
(n = 7.856) (n=17,595)
) -
£ Reports screened by full- Repprts excluded (n =41)
g text for eligibility * Tissues were unhealthy
5] (n=261) according to WHO
Z definition (n = 24)
¢ e Tissues were not from the
same individual (n = 10)
L . e TL measurements were
Studies included in done with the same
qualitative synthesis methodology (n = 2)
(n=220) e Duplicate cohorts (n = 5)
— ‘
M
E Studies included in Cross-tissue correlations
% quantitative synthesis — | included in meta-analysis
= (n=155) (n=463)
—

Figure 1. PRISMA Flow Diagram. Template taken from The PRISMA 2020 statement (Page
et al., 2020).

being peripherally accessible (e.g. Buccal Epithelium, Peripheral Blood Mononuclear Cells,
Skin, etc.), a peripherally accessible sample to a surgically obtainable sample (Bone Marrow,
Small Intestine, Spleen, etc.), and a surgically obtainable sample to another surgically obtainable
sample. The assigned groups in the sensitivity analyses by sample are listed in Appendix D.
Additional post hoc sensitivity analyses were conducted for the sample size within each
category of sample size and TL measurement methodology pairwise correlations following the
moderator analyses of sample size and TL measurement methodology. Individual pairwise

correlations were categorized as described previously. Three models were completed to assess
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the effect of correlations with small, medium, or large sample sizes on the overall effect.
Similarly, four models were completed to assess the effect of correlations with only FISH
analyses, hybridization analyses, PCR analyses, or Luminex analyses on the overall effect.
Assessment of Publication Bias and Heterogeneity:

Assessment for publication bias was carried out by assessing funnel plot asymmetry
using data points derived from estimates and standard errors from individual studies in relation to
the pooled effect estimate. In addition to visual inspection of the funnel plot for asymmetry,
Egger’s test was applied to statistically test for publication bias where a p-value of <0.1 was
considered to represent significant asymmetry. Assessment of heterogeneity of effect sizes
within the meta-analysis was calculated using the Higgins & Thompson’s ° statistic using a
random effects model, where a value of more than 75% indicates high heterogeneity.

Results
Qualitative Review

A total of 15,832 studies were identified (Figure 1). After removal of 7,976 duplicates,
reviewers screened the abstracts and methods of 7,856 studies for inclusion and exclusion
resulting in the removal of 7,595 articles. Examples of removed studies included meeting
abstracts, review articles, animal studies, and studies where TL was measured in only one tissue.
Two hundred and sixty-one articles underwent full-text review (Figure 1). From those, 5 studies
were condensed to one study as the data was from the same cohort, where individual pairwise
correlations were only taken from one study if applicable; another 36 studies which were screen
by full-text review were excluded for not meeting inclusion criteria.

A total of 220 articles were included in the qualitative analysis. The studies in the

qualitative review were conducted in 37 countries (Table 1). The reporting quality of the TL
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measurement methodology ranged from 12.50% to 100% with a mean of 75.04%. The 220
studies in the review used one of four different categories of telomere measurement
methodologies. Seventy-five studies (34.09%) utilized a qPCR analysis, 61 studies (27.73%)
utilized a hybridization-based analysis, 83 studies (37.73%) utilized a FISH analysis, and 1 study
(0.45%) utilized Luminex analysis.

The reporting of demographics differed by study, for example, 3 studies did not report the
sample size of the study. The majority of studies (n = 169, 76.82%) had a small sample size (n <
75). Thirty-eight studies (17.27%) had a medium sample size (76 to 258) and ten studies (4.55%)
had a large sample size (n > 258). For reporting the age of participants in the study, 20 studies
(9.09%) did not report on the age of participants or the age grouping fell outside of the defined
categories in this review. Seventeen studies (7.73%) were from neonatal populations, 52 studies
(23.64%) had young adult participants, 46 studies (20.91%) had adult participants, and 85 studies
(38.63%) had participants across the lifespan.

Over a third of studies (n = 75, 34.09%) in this review did not report the sex of
participants in their study. One hundred and three studies had a mix of female and male
participants, ranging from 4.17% female to 94.12% female participants. Twenty studies had only
female participants and twenty-two studies had only male participants. No studies reported non-
binary sex of study participants (Table 1).

Lastly, the reporting of racial /ethnic demographics was only done in 16.82% of the
studies. Of the studies (n = 37) that reported racial / ethnic demographics, 10 studies reported
only White participants, 2 studies had all Asian participants, 1 study had all Lebanese
participants, 4 studies reported a mix White and Other participants, 3 studies reported a mix of

Black and White participants, 4 studies reported a mix of Black, White, and Other participants, 1
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study reported a mix of Black, White, and Asian participants, 1 study reported a mix of Black,
White, and Latino participants, 1 study reported a mix of White, Asian, and American Indian /
Alaska Native participants, and the remaining 9 studies reported a mix of participants from four
to seven racial / ethnic categories (Black, White, White Latino, Latino, Non-Latino, Asian, Asian
or Pacific Islander, American Indian / Alaska Native, Native Hawaiian / Other Pacific Islander,
or Other).

Comparison of Studies Only in the Qualitative Review versus Studies Included in the Meta-
Analysis

Only 55 studies provided correlations for the meta-analysis from 102 individual tissue
types. While all authors not reporting correlations were contacted for cross-tissue TL
correlations, only five authors were able to provide a correlation as many authors had moved
labs, disposed of data, and / or only retained data that is unmatched between sample types since
1996. From these 55 studies, there were 463 individual pairwise correlations reported from 4,324
unique individuals. Included studies were published since 1996 and were conducted in 20
different countries.

The average quality assessment score for the studies included in the meta-analysis
(84.97%) was higher than the average for studies only in the qualitative review (75.73%; Table
2). The 55 studies used one of four different types of telomere measurement methodologies:
FISH based analyses, hybridization-based analyses, qPCR based analyses, or Luminex analysis.
The 165 studies in the qualitative review used FISH based analyses, hybridization-based
analyses, qPCR based analyses, but no Luminex analysis (Table 2).

Three studies in the qualitative review did not report the sample size of their study, while

all of the studies in the meta-analysis included sample size. Of the 55 studies in the meta-
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analysis, the study sample sizes ranged from 2 to 381 (Table 1). Sixty-seven-point-twenty-seven
percent of studies in the meta-analysis had sample sizes less than 75 participants, while 80.00%
of studies only in the qualitative review had small sample sizes. Twenty-seven-point-twenty-
seven percent of studies in the meta-analysis had a medium sample size (75 to 258) of
participants compared to 13.94% of studies in the qualitative review had a medium sample size.
Only 4.24% of studies in the qualitative review had a large sample size (n > 258) while 5.46% of
studies in the meta-analysis had a large sample size.

More studies in the meta-analysis reported age of participants than studies only included
in the qualitative review (Table 2). Similarly, more studies in the meta-analysis reported sex of
participants compared to studies only in the qualitative review. Furthermore, more studies in the
meta-analysis reported racial / ethnic demographics of participants and reported more racial /
ethnic categories.

Overall Models

The overall association for between-tissue TLs was significant (t(416) = 10.71, p <
0.0001) with a meta-analytic estimate of z = 0.66 (95% CI: 0.54, 0.78; Figure 2). The estimate
equated to a correlation coefficient is r = 0.58. The estimated variance of effect sizes measured
between studies at the third level of the model was 87.48%, while the estimated variance
between effect sizes within studies was negligible (5.31%) despite significant study publication
bias (Figure 3).

Moderator Analyses
Sample Size
The study sample size was investigated as a moderator of the overall association between

all tissue TLs because the sample size affects the statistical power to detect an association with
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TL, particularly given variability in TL assay precision (Lindrose et al., 2021). The overall
association between all tissue TLs was moderated by sample size (i.e., large vs. not large),
F(1,415)=14.73, p < 0.001. After accounting for sample size, significant residual heterogeneity
remained, QE =2266.79, p < 0.001 (Table 3). As seen in the funnel plot, there was an increased
number of studies published with small sample sizes in this meta-analysis, which is reproduced
in the subgroup analysis by sample size (Table 4). While all models across sample sizes were
significant (p < 0.0001), the small group had the largest number of correlations (n = 253) and the
highest estimate z = 0.75 (95% CI: 0.59, 0.91). The correlations of medium sample size had n =
146 and the overall effect was significant, z = 0.49 (95% CI: 0.31, 0.67). The pairwise
correlations of /arge sample size had the least number of correlations in this meta-analysis (n =
17) with an overall significant effect of z = 0.45 (95% CI: 0.30, 0.60).

TRN Quality Assessment

The study quality assessment score was investigated as a moderator of the overall
association between all tissue TLs as reported methodological differences between studies within
and between methods have moderated meta-analytically associations between TL and health
outcomes (Ridout et al., 2016; Hu et al., 2019). The overall association between all tissue TLs
was not moderated by the quality assessment of methods in studies, F(1,415) = 0.28, p =0.59;
there was significant residual heterogeneity after accounting for quality assessment score, QE =
2080.66, p < 0.001.

Telomere Measurement Methodology

There is a body of evidence that the precision of TL measurement differs by
methodology, and studies using methods with greater precision present different effects in meta-

analyses and may show differences in cross-tissue correlations compared to methods with lesser
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Figure 2. Forest Plot of Correlation Coefficients Between All Tissue Telomere Lengths by
Study and Year of Publication. Numbers after the year of publication indicate the number of
that correlation collected within the study, i.e. Effros et al. (1996) 6 indicates the sixth
correlation collected from this study.




precision (Horn et al., 2010; Haussmann et al., 2011; Lin et al., 2019). In line with previous
results, the overall association between all tissue TLs was moderated by telomere measurement
methodology when comparing across the four assay categories: FISH vs. hybridization vs. PCR
vs. Luminex assays, F(1,415) =7.58, p = 0.0062. After accounting for telomere measurement
methodology, significant residual heterogeneity remained, QE = 2180.61, p < 0.001 (Table 4).
All models across telomere measurement methodology categories were significant (p < 0.0001;
Table 4). While the Luminex analyses had the largest number of correlations (n = 186), it had the
smallest overall effect, z=0.25 (95% CI: 0.23, 0.27) and narrowest confidence interval. The
correlations from hybridization analyses had the second largest sample size (n = 113) and the
greatest overall effect, z = 0.86 (95% CI: 0.63, 1.10). The PCR analyses had a sample size of 98
with a significant estimate of 0.51 (95% CI:0.37, 0.65), and the FISH analyses had the smallest
number of correlations (n = 20) with a significant estimate of 0.77 and the widest confidence
interval (95% CI: 0.39, 1.14). Despite difference in the magnitude of the effect as a function of
each methodology, meta-analytic findings were still significant when each method was analyzed
independently (Table 4).

Age Group of Participants

Given the evidence of age-related decline in TL and that factors contributing to TL
shortening (e.g. cellular division, DNA damage, etc.) occur differently across tissues, the age of
participants was investigated as a moderator of the overall association between all tissue TLs
(Steenstrup et al., 2017; Dorado-Correa et al., 2018). The overall association between all tissue
TLs was not moderated by the age group of participants F(1,398) = 3.10, p = 0.08; there was
significant residual heterogeneity after account for the age group of participants QE = 1790.33, p

<0.001.
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Sex of Participants

The sex of participants was investigated as a moderator of the overall association
between all tissue TLs as sex has been observed to moderate meta-analytic findings of TL
associated with health outcomes, and sex is meta-analytically associated with TL (Wang et al.,
2018; Gardner et al., 2014). The overall association between all tissue TLs was not moderated by
the sex of participants F(1,307) = 0.75, p = 0.39; there was significant residual heterogeneity
after account for sex of participants, QE = 1945.05, p < 0.001.

Sensitivity Analyses

To provide insight on the correlation across different cellular components of blood as
well as the ability of TL measured in a blood sample to inform TL derived from a non-blood
tissue source, sensitivity analysis was performed (Table 5). For the model only including
correlations between cell types and samples derived from whole blood (n = 76), z=0.93, (95%
CI: 0.74, 1.12), the association between cross-tissue TLs correlations was significant with the
largest effect (p < 0.0001). For the model only including correlations between non-blood samples
and a blood sample (n = 67), z=0.47, (95% CI: 0.31, 0.63), the association between cross-tissue
TLs correlations was significant (p < 0.0001) with the smallest effect. Lastly, for the model only
including correlations between non-blood and non-blood samples (n =274), z=0.74, (95% CI:
0.51, 0.98), the association between cross-tissue TLs correlations was also significant (p <
0.0001).

Additionally, sensitivity analysis was conducted to evaluate the correlation between
peripherally available and surgically obtainable samples. The sensitivity analysis tested the
correlation between two different peripherally available samples, the correlation between a

peripherally available and surgically obtainable samples, and the correlation between two
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Figure 3. Funnel Plot of Effect Sizes for Correlations. Funnel plot for the included studies
reporting the calculated effect sizes (observed outcome) in relation to the calculated standard
error.

surgically obtainable samples (Table 6). For all models in this sensitivity analysis, the
association between cross-tissue TLs correlations was significant (p < 0.0001). For the model
with correlations between different surgically obtainable samples (n = 214), the overall effect
was z = 0.65 (95% CI: 0.41, 0.88); for the model with correlations between surgically obtainable
samples and peripherally available samples (n = 100), the overall effect was lower than for

between surgically obtainable samples z = 0.47 (95% CI: 0.26, 0.68); while the highest estimate
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was for the model of correlations between different peripherally available tissues (n = 103),
where the overall effect was z=0.76 (95% CI: 0.59, 0.93).
Publication Bias and Heterogeneity

Evaluation of the funnel plot both visually and via Egger’s regression test indicated
evidence of significant asymmetry in the funnel plot with an intercept of 0.26 (95% CI: 0.23,
0.28) suggesting the presence of publication bias. Specifically, the results suggest increased
propensity to publish studies with positive correlations, t(415) =4.61, p = <0.0001 (Figure 3).
The 12 statistic was 81.69%, indicating high heterogeneity and a need for random effects models
to be utilized.

Discussion:

The current qualitative review and meta-analysis were conducted to provide guidance on
the correlation of TL measurements from different source tissues in healthy individuals across
the lifespan. In the 165 studies only included in the qualitative review, most studies (88.49%) did
not report on race and ethnicity of participants, more than a third (37.58%) did not report on sex
of participants, and 8.33% did not report on details of age of participants. However, studies
included in the meta-analysis reported more information on demographics of participants on
average compared to studies included in the qualitative review which did not provide a cross-
tissue TL correlation. For example, all 55 studies included in the meta-analysis reported the
sample size, while 3 studies in the qualitative review did not report sample size.

The meta-analysis conducted here included over four hundred correlations from 4,324 unique
individuals across 102 different tissues and demonstrated a significant overall meta-correlation
coefficient of 0.58. Furthermore, these results report a significant positive association of cross-

tissue TL correlations across the lifespan for both males and females, as age and sex of
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participants were not significant moderators of this meta-correlation. In contrast, study level
factors, specifically sample size and telomere measurement methodology, were significant
moderators of the overall effect estimate.

Consistent with other meta-analyses on TL associations, sample size was a significant
moderator of this meta-correlation (Ridout et al., 2016). However, studies with a smaller number
of participants had an overall larger estimate than correlations with a larger number of
participants. This may be a result of the fact that 54.64% of the correlations in the meta-analysis
had small sample sizes. In other words, studies investigating a higher number of pairwise
correlations between individuals tended to be those with the smallest number of unique
individuals, likely resulting from the increased time and cost of collecting multiple tissue types
from each individual participant. The higher effect size may be due to an inadequate adjustment
for the multiple pairwise correlations assessed within an individual, thereby overestimating the
true cross-tissue correlation. To ensure appropriate estimation of TL association in studies with
minimally acceptable sample sizes, future studies should follow TRN guidelines on sample sizes
for cross-sectional or longitudinal study designs. Studies with a sample size of 75 are unlikely to
be powered to provide reproducible associations with health outcomes and exposures, due to
factors like assay precision (Lindrose et al., 2021). However, recent literature shows the sample
size needed to detect a TL cross-tissue correlation may be as small as 12, in line with sample
sizes of this meta-analysis (Hastings et al., 2021).

Assay methodology was a significant moderator of the cross-tissue TL meta-correlation.
The hybridization analyses, e.g. Southern blot, produced the highest correlated TL measurements
between tissues, followed by FISH analyses, then qPCR analyses, and finally correlations from

Luminex analyses. The qPCR analyses were the most highly represented methodology in this
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meta-analysis, followed by hybridization analyses, with only 8 studies using a FISH analysis,
and only one study using Luminex analysis. It is a limitation of this work that only one study
used Luminex analysis for TL measurement, however this study produced many correlations as
the first concerted effort to identify cross-tissue TL correlations for over 25 tissues (Demanelis et
al., 2020). These findings on the significant effect of TL measurement methodology are
consistent with other meta-analyses which reported a significant influence of the measurement
methodology on the overall associations (Wang et al., 2018). Given the significant effect of
methodology on the meta-correlation of TL between tissues within an individual, future research
should ensure extremely detailed protocols of the utilized TL measurement methodology are
included in each publication to increase the reproducibility of findings across measurement
methodologies (Lindrose et al., 2021).

The moderating effect of racial and ethnic demographics on the overall model was unable
to be tested given the low reporting of these demographics in the studies included in this
qualitative review and meta-analysis. While more of the studies included in the meta-analysis
(32.73%) reported racial / ethnic demographics compared to studies included only in the
qualitative review (11.51%) and reported more racial and ethnic categories — 7 categories in the
meta-correlation studies to 5 categories in the review studies — most studies did not report these
essential demographics of the study participants. Given evidence of differential associations
between TL and health outcomes by race and ethnicity, to provide meaningful results, studies
conducting human telomere research must report racial and ethnicity. The sex of participants was
not reported for 37.58% of studies in the qualitative review, while only 23.64% of the studies in
the meta-correlation did not report this demographic. None of the 220 studies reported inclusion

of any non-cissexual or transgender participant. Studies included in the meta-correlation had a
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more balanced representation of the neonatal, young adult, adult, and lifespan age groups
compared to studies only included the qualitative review. Only one study from 1996 did not
report age of participants that was included in this meta-correlation, whereas 8.33% of studies in
the review that did not report on this fundamental demographic for telomere research studies.
Future studies should include detailed demographics of participants in order to identify the
effects of demographic differences on TL associations and increase equitable research findings.

The average score on the TRN quality assessment of methodology reporting criteria was
greater (84.97%) in studies in the meta-analysis compared to studies in the review (75.73%). The
increased quality of studies included in the meta-analysis is not surprising, however, given that
studies have reported cross-tissue correlations as an indicator of study assay validity, meaning
that the same studies reporting these correlations would be likely to also report demographics of
participants and other methodological features present on the TRN Telomere Length Data
Quality Assurance Checklist. Even so, the TRN identified these criteria to ensure reproducibility
of telomere research findings across studies, and only half of the studies in the meta-analysis (n =
32; 58.18%) reported 100.00% of the criteria. It is important to note that the TRN Telomere
Length Data Quality Assurance Checklist reflects the details presented in a publication and not
the quality of the assay itself. Previous work highlights the wide variability in the reporting of
assay conditions, as well as actual assay precision, assay replicability within the same assay type,
and this meta-analysis displays the need to increase the rigor of methodological reporting in TL
research across assay types (Morinha et al., 2020; Lindrose et al., 2021).

For comparability across sample types, multiple studies reported on the correlation of TL
within individuals from within or across blood samples (e.g. B cells or dried blood spots) with

findings ranging from a perfect negative correlation (-1) to perfect positive correlations (1). The
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findings of the sensitivity analyses support a proposed biological model of coupled TL
shortening across tissue types of different replicative histories, in which samples of hemopoietic
origin are more closely correlated compared to samples of non-hemopoietic origin (Rollings et
al., 2019). The overall effect of correlations of TL between non-blood samples and blood
samples was of z = 0.47, which, given that blood to blood and non-blood to non-blood
correlations were greater, investigators can consider these meta-analytic relationships when
deciding a proxy tissue where samples peripherally available may not be the best selection for
TL measurement. Future research should select samples for TL measurement that are, or reflect,
the sample of biological consequence in the study to detect TL findings.

Coupling of TL shortening across tissues is further demonstrated by the differences in
overall effect seen in the sensitivity analysis comparing samples peripherally available to
samples surgically obtainable. As seen in the blood and non-blood correlation, the overall effect
(z = 0.47) for correlations of TL between peripherally available and surgically obtainable
samples is lower than correlations of samples that are both peripherally available (z = 0.76) or
both surgically obtainable (z = 0.65). Future research should consider these correlations when
choosing a surgically obtainable or peripherally available sample for TL measurement and the
relationship of this sample source on the biological mechanisms of the outcome of interest,
perhaps conducting small pilot studies to identify the potential of a sample source prior to study
design.

Peripherally available samples may be appropriate when an exposure or outcome is
expected to exert systemic effects. For example, the meta-analysis on the association of TL and
depression reported a larger association of TL with depression in samples from peripherally

available samples. This is consistent with a biological model of depression where the effects of
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the disease go beyond neurological tissue to a systemic impact of depression, which is reflected
in evidence of physiologic and immune consequences of depression (Branchi et al., 2021; Lee
and Giuliani, 2019). In other words, if the predictor variable in a study affects the biology of
peripheral mononuclear blood cells, or the outcome of interest is based in these cells, then
selecting this sample for TL measurement is sound. However, in other research queries, such as
prostate cancer, selecting a peripheral sample is less advisable as the disease may or may not
initiate systemic effects. Therefore, sample source selection for future TL studies requires an
advanced comprehension of the outcome of interest on individual samples and may still require
further work to understand how the correlations of cross-tissue TLs differ in non-healthy
samples.

Despite the significant strengths of this meta-analysis and qualitative review, there are
limitations. First, while the focus of this meta-analysis was to evaluate correlations in healthy
individuals or presumed healthy at time of death prior to sample collection according to WHO
definition, individuals may have been included who had unrecognized illnesses or conditions,
such as cytomegalovirus (re)infection (van de Berg et al., 2010). Even within these criteria,
because the primary focus of the majority of these studies was not a cross-tissue TL correlation
in healthy individuals there may be exposures or confounding factors that influence the
correlations that are included in this meta-analysis. Further, there are known effects of
degradation of tissues post-mortem on TLs that are not addressed in this work. These results are
limited to TL correlations in healthy individuals and how different disease states influence the
cross-tissue TL meta-correlation is a critical next step which will likely vary based on the disease
or exposure. Despite this limitation, this meta-correlation provides a reference for researchers

aiming to understand the pathological effects of a disease on the biological aging of an affected
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tissue sampled in concert with a non-affected tissue for TL measurement. Future work should
identify how specific exposures, biological processes, and health outcomes alter this cross-tissue
TL meta-correlation.

An additional limitation to this work is that a significant number of studies could not be
included in the meta-correlation due to a lack of reporting of correlations and inability to receive
correlations from 165 corresponding authors for various reasons. To address this limitation, a
qualitative review of studies without correlations was conducted to report on the difference of
quality of studies with and without correlations included in this work. Studies included in the
meta-analysis that did provide correlations, either through the original publication or by request,
were of greater quality than studies only included in the review. For example, the age
distribution was more equitable in the meta-analysis studies resulting in a cross-tissue TL meta-
correlation that is applicable across the lifespan. Moreover, studies which provided correlations
also provided a greater number of racial and ethnic groups and possessed higher TRN quality
assessment scores than studies in the qualitative review. Thus, there is reason to believe that the
meta-correlation derived from these higher quality studies is more reliable than one derived from
studies of lower quality. This meta-analysis included correlations from 4,324 unique individuals
which greatly increases the sample size of any previously published cross-tissue TL correlation.
Conclusions

In conclusion, these results support, across age groups, biological sex, measurement
methodologies, and sample sizes, that TL measured in one tissue correlates with TL measured in
other tissues within healthy individuals. Future TL research needs to be intentional about study
design and the specific exposure or outcome that is being investigated to ensure the sample

selected for TL is biologically relevant. The reader is also directed to supplementary material
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that provides correlations by each of the 102 sample types included in this meta-correlation to

identify samples that may be utilized when a biologically relevant tissue is unavailable for a

given research project. Previous research may not have shown a correlation between TL and an

outcome or exposure due to the tissue selected for the TL assay. These findings, or lack thereof,

warrant critical appraisal of existing literature and how different source tissues could better

inform the role of TL in a disease pathology or effects of exposures on biological aging.

Furthermore, these findings identify the need for more rigorous methodologic reporting and

reporting of demographics for human research participants in future TL studies. In conclusion,

there is a robust correlation of TL across healthy human tissues. Future work should focus on

defining how biological processes and pathologies affect the relationship between TL of different

tissues within individuals.

Table 1. Characteristics of Studies in the Qualitative Review

Study
Participants
or TL
Author and Correlation | Race & | Measurement Age Sex of Quality
Year Country Sample Size | Ethnicity | Methodology Group | Participants | Rating
27.59%
Sweden and qPCR Female, o
Ahmad 2012 Finland 58 unknown analysis adult 72.41% 100.00%
Male
Ahmed 2016 Unlted 7 unknown hybrldlzgtlon lifespan unknown 50.00%
Kingdom analysis
42.85%
. FISH . Female, o
Aida 2008 Japan 21 unknown analysis lifespan 57.15% 85.71%
Male
50.00%
Aida 2011 Japan 24 unknown | FISH analysis | lifespan 1;81831;’ 85.71%
. (V]
Male
41.17%
Aida 2012 Japan 17 unknown | FISH analysis | lifespan lggnégl(;, 87.50%
. (V]
Male
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4.17%
Female,

Aida 2015 Japan 68 unknown | FISH analysis | lifespan 95 83% 75.00%
. (V]
Male
40.00%
. hybridization . Female, o
Akhtar 2013 India 50 unknown analysis lifespan 60.00% 75.00%
Male
Albuguerque Portugal unknown unknown | FISH analysis unknown unknown 62.50%
2017 / other '
36.45%
B, 53.65%
United 38.00% . . Female, o
Alder 2018 States 192 W, FISH analysis lifespan 46.35% 87.50%
25.55% Male
A
hybridization .
Allsopp 1995 Canada 61 unknown . lifespan unknown 62.50%
analysis
Allsopp 2007 United 10 unknown hybrldlzgtlon neonatal unknown 62.50%
States analysis
. Saudi . young 100% o
Alrefaei 2019 Arabia 48 unknown | qPCR analysis adult Female 50.00%
87.50%
. . . Female,
Armengol 2008 Spain 48 unknown | FISH analysis | lifespan 12.50% 57.14%
Male
14.60%
B,
. 77.10% cye .
Aston 2012 g;‘;:i‘: 135 W, hy';;‘:l‘;:its“’“ lifespan | 100% Male | 50.00%
2.10% L,
4.20% A,
2.10% O
Aubert 2012 Canada 835 unknown | FISH analysis | lifespan unknown 75.00%
30.00%
. . Female,
Azevedo 2013 Portugal 10 unknown | FISH analysis | lifespan 70.00% 85.71%
. (V]
Male
Ba;réggher Canada 5 unknown | FISH analysis | lifespan unknown 85.71%
Baerlocher . 100% o
2004 Canada 1 unknown | FISH analysis adult Female 28.57%
54.55%
Bacrlocher | g ii/erland 44 known | FISH analysis | lif Female, | 65 50%
2009 witzerlan unknown analysis ifespan 45 .45 .50%
Male
Ball 1998 Unlted 60 unknown hybrldlzgtlon lifespan unknown 87.50%
Kingdom analysis
Bastos 2020 Brazil 7 unknown | FISH analysis adult 100% Male | 62.50%
Batliwalla 2000 United 8 unknown | FISH analysis unknown unknown 57.14%
States / other
Beier 2007 Germany 20 unknown | FISH analysis };(ELI;? unknown 85.71%
Beier 2015 Germany 104 unknown | FISH analysis | lifespan unknown 50.00%
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46.88%

Benetos 2018 |  France 259 unknown | NyPridization |4 | Female, ) ggo,
analysis 53.12%
Male
Bestilny 2000 Canada 27 unknown hybrldlzgtlon unknown unknown 87.50%
analysis / other
36.11%
Betjes 2011 The 144 kn FISH analysi dult Female, | 75 00v
etjes Netherlands unknown analysis adu 63.89% .00%
Male
39.02%
Bhattacharya . hybridization Female, o
2019 India 41 unknown analysis neonatal 60.98% 50.00%
Male
49.46%
. . . young Female, o
Bijnens 2017 Belgium 184 unknown | qPCR analysis adult 50.54% 100.00%
Male
Biron-Shental .
2015 Israel 16 unknown | FISH analysis | neonatal unknown 100.00%
0,
Boeck 2018 Germany 21 unknown | FISH analysis adult 100% 75.00%
Female
0,
Boeck 2018 Germany 15 100% W | FISH analysis | Yoo 100% 87.50%
adult Female
Brummendorf . young o
2001 Canada 4 unknown | FISH analysis adult unknown 12.50%
Burns 2000 United 5 unknown hybrldlzgtlon lifespan unknown 87.50%
States analysis
37.50%
United o hybridization . Female, o
Butler 1998 States 8 100% W analysis lifespan 62.50% 75.00%
Male
. FISH
Cafueri 2012 Italy 6 to 20 unknown . adult unknown | 100.00%
analysis
5.71%
. 100% hybridization Female, N
Chahine 2019 Lebanon 35 Lebanese analysis adult 94.29% 100.00%
Male
50.00%
. . young Female, o
Chen 2019 China 20 unknown | FISH analysis adult 50.00% 87.50%
Male
o
22';0 % 41.45%
Cohen 2013 United 111to 138 | 71.70% qPCR lifespan | Lomale, | gg 5004
States W analysis 58.55%
5.90% O Male
Colonna- . . 0
Romano 2009 Italy 88 unknown | FISH analysis | lifespan unknown 71.43%
Costa del Amo United . . 0
2018 Kingdom 5 unknown | qPCR analysis | lifespan unknown 100.00%
Craig 2003 United 32t088 | unknown | MYPridization | 4 | unknown | 100.00%
Kingdom analysis
United . young 47.83% o
Cross 2009 Kingdom 23 unknown | FISH analysis adult Female, 62.50%
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52.17%

Male
73.17%
Damjanovic United hybridization Female, o
2007 States 82 unknown analysis adult 26.83% 87.50%
Male
United . .
Damle 2004 States 15 unknown | FISH analysis | lifespan unknown 100.00%
40.20%
B,
59.80% 70.11%
- United W, hybridization . Female, o
Daniali 2013 States 87 37.90% analysis lifespan 29.89% 62.50%
L, Male
21.80%
NL
Darmishonnejad . young o o
2019 Iran 10 unknown | qPCR analysis adult 100% Male | 100.00%
Davy 2009 United 36 unknown hybrldlzgtlon neonatal unknown 87.50%
States analysis
5.00% B,
78.00%
. W, o
deBaca2017 | United 129 | 700%L,| 9PCR young 100% 1 400.00%
States 9.00% A analysis adult Female
1.00%
AIAN
40.00%
. . Female,
de Beer 2015 Switzerland 5 unknown | FISH analysis adult 60.00% 75.00%
. 0
Male
De Pauw 2002 The 10 unknown hybrldlzgtlon young unknown 62.50%
Netherlands analysis adult
43.60%
. . young Female, o
De Vusser 2015 Belgium 30 unknown | qPCR analysis adult 56.40% 100.00%
Male
(1)
12'];0 % 67.00%
Demanelis United ’ o Luminex . Male, N
2020 States 18 to 381 84.‘)9‘9 ) analysis lifespan 33.00% 100.00%
2.40% O Female
27.50%
. o qPCR young Female, N
Denham 2017 Australia 79 100% W analysis adult 72.50% 100.00%
Male
De;%alréner Canada 52 unknown | qPCR analysis | lifespan unknown 100.00%
47.62%
Czech qPCR . Female, o
Dlouha 2014 Republic 7 to 12 unknown analysis lifespan 52.38% 100.00%
Male
United . | unknown o
Domogala 2017 Kingdom 6 unknown | qPCR analysis / other unknown 75.00%
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United

hybridization

unknown

Effros 1996 5 unknown . unknown 87.50%
States analysis / other
Engelhardt United hybridization . o
2000 States 207 unknown analysis lifespan unknown 62.50%
46.55%
United B, 50% qPCR young 100% N
Etzel 2020 States >8 W, analysis adult Female 100.00%
3.45% L
23.08%
. . . Female,
Everaerts 2018 Belgium 13 unknown | qPCR analysis | lifespan 76.929% 100.00%
. (V]
Male
Fali 2019 France 271029 | 100% W qPCR | unknown |, own | 100.00%
analysis / other
Ferlin 2013 Ttaly 81 unknown |  9PCR young | 500 Male | 87.50%
analysis adult
51.89%
Fernandez- United . . Female, o
Rozadilla 2018 Kingdom 109 unknown | qPCR analysis | lifespan 48.11% 87.50%
Male
T 5
Ferraris 2005 Italy 13 unknown hybrldlzgtlon lifespan 100% 25.00%
analysis Female
66.00%
. . young Female, o
Fessler 2016 Austria 50 unknown | qPCR analysis adult 34.00% 75.00%
Male
68.97%
Finnicum 2017 The 1892 nknown | qPCR analysis | lifespan | LomalS | g7 50%
fhnieum Netherlands unkno 4 Y P 31.03% e
Male
60.00%
. United . Female, o
Fritsch 2005 States 5 unknown | FISH analysis adult 40.00% 75.00%
Male
Fukunaga 2007 Japan 15 unknown | FISH analysis | lifespan unknown 87.50%
75.60% 47.21%
United W, . young Female, o
Gadalla 2018 States 197 24.40% FISH analysis adult 52 799, 71.43%
0) Male
o
Garcia-Martin United 42 92£5 4 hybridizgtion young 100% 100.00%
2017 Kingdom 715% O analysis adult Female
Gardner 2007 United 12 unknown hybrldlzgtlon lifespan unknown 100.00%
States analysis
Garrett- United 0 . 0 0
Bakelman 2019 States 1 100% W | FISH analysis adult 100% Male | 37.50%
81.82%
. . . Female,
Gemetzi 2012 Greece 15 unknown | qPCR analysis | lifespan 18.18% 100.00%
. (V]
Male
. o
Goldman 2018 | United 34 unknown | 4PCR ) unknown |- 100% 44 440,
States analysis / other Female
o . young 100% o
Grady 2016 Germany 15 100% W | FISH analysis adult Female 87.50%
Hagman 2020 Denmark 140 unknown | qPCR analysis | lifespan 100% Male | 100.00%
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67.16%

Halaschek- . Female, o
Wiener 2008 Canada 181 unknown | FISH analysis adult 32 849 87.50%
Male
28.07%
United . Female, o
Harley 2011 States 114 unknown | FISH analysis adult 71.939% 50.00%
Male
Hastie 1990 Unlted 1 unknown hybrldlzgtlon neonatal unknown 37.50%
Kingdom analysis
Hearps 2012 Australia unknown unknown | FISH analysis | lifespan 100% Male | 100.00%
Herndier-
Brandstetter Austria 9 unknown | FISH analysis | lifespan unknown 71.43%
2008
Hiam 2020 | Australia 93 unknown | APCR —junknown 1000 pohe 1 100.00%
analysis / other
Hills 2009 Canada 1210 unknown | FISH analysis | neonatal unknown 87.50%
Hills 2009 Canada 2to5 unknown hybrldlza.tlon neonatal | unknown | 100.00%
analysis
49.22%
. . . Female,
Hiraishi 2018 Japan 128 unknown | FISH analysis | lifespan 50.78% 87.50%
. (V]
Male
48.78%
United . young Female, o
Hoare 2010 Kingdom 41 unknown | FISH analysis adult 51.229% 71.43%
Male
47.29%
Hoffmann 2009 |  United 129 unknown | FISH analysis | Yoo Female, 169 00%
Kingdom y adult 52.71% e
Male
54.55%
Huang 2016 The 44 nknown | FISH analysis |  adult Female, | 1) 86%
uang Netherlands unkno ysts U 45.45% R
Male
hybridization
Hug 2003 Germany 20 unknown . adult unknown 62.50%
analysis
63.63%
W, 43.18%
22.73% . young Female, o
Imam 2012 Canada 39 A gPCR analysis adult 56.82% 100.00%
13.64% Male
AIAN
43.08%
. hybridization . Female, o
Ishikawa 2012 Japan 65 unknown analysis lifespan 56.92% 87.50%
Male
Jebaraj 2019 Germany 20 unknown | qPCR analysis ur/ll;{(l}(:;;ln unknown 75.00%
United .
Jones 2014 . 7 unknown | qPCR analysis | neonatal unknown 100.00%
Kingdom
56.70% 43.30%
United B, qPCR Female, o
Jones 2019 States 67 29.80% analysis neonatal 56.70% 100.00%
W, Male
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13.50%

[0)
Jorgensen 2013 Denmark 12 unknown | FISH analysis | lifespan 100% Male | 75.00%
Kapoor 2009 United unknown unknown | FISH analysis unknown unknown 85.71%
States / other
— o
Karazbgl I Zlakls Germany 50 unknown | FISH analysis adult Fle?gzﬁ)e 62.50%
Karlsson 2008 Sweden 19 unknown | qPCR analysis | lifespan unknown 100.00%
Kawano 2011 ggzg 19 unknown | qPCR analysis | lifespan unknown 87.50%
12.50%
B,
75.00% 25.00%
Kimura 2010 g;‘;:zg 8 s 5‘};]04; " hyl;;‘:l‘;:its“’“ neonatal 5;‘33},2 42.86%
NL, Male
12.50%
[0)
. qPCR o
Kolyada 2016 Ukraine 34 unknown . adult unknown 37.50%
analysis
94.12%
Kurosaka 2006 Japan 17 unknown | FISH analysis | lifespan Female, 42.86%
5.88% Male
United . | unknown
Lakota 2019 192 unknown | FISH analysis unknown 42.86%
States / other
52.58%
. . Female,
Lakowa 2015 Germany 97 100% W | gPCR analysis | lifespan 47.429% 100.00%
Male
Laurentino Germany 179 unknown qPCR. lifespan | 100% Male | 87.50%
2020 analysis
12.50%
Laye 2012 Denmark 8 unknown | qPCR analysis };%ILI;? 1;311513102 87.50%
Male
57.14%
Lee 2020 South Korea 21 unknown | FISH analysis ur/ll;{(l}(:;;ln Zgnézl;; 100.00%
Male
4.60% B,
83.10%
W,
1.50% L,
98.50% 47.20%
Lin 2010 g;‘;:i‘: Btoso | 0116’,, " a‘lllzggs adult g;‘;‘g‘f,j) 100.00%
A, Male
10.80%
AIAN,
10.80%
NHOPI
Lin 2015 United 143 unknown | MYPridization | o1 100% 0 009
States analysis Female
. United 3.30% B, PCR 100%
Lin 2016 States 39 77.60% a(lllalysis adult Female 100.00%
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W

7.70% L,
92.30%
NL,
10.80%
A,
10.80%
AIAN,
10.80%
NHOPI
32.73%
. hybridization Female, o
Liu 2019 Japan 55 unknown analysis adult 67.27% 50.00%
Male
Mackey 2016 | Denmark 29 unknown | [bridization | young |00 npre |75 0004
analysis adult
47.83%
United qPCR Female, o
Mahady 2020 States 23 unknown analysis adult 52.17% 100.00%
Male
Maini 1999 Unlted 8 unknown hybrldlzgtlon younsg unknown 37.50%
Kingdom analysis adult
30.00%
Mamdani 2015 United 10 unknown | qPCR analysis young Female, 62.50%
States 4 Y adult 70.00% e
Male
Mariani 2003 Ttaly 47 unknown FISH — | unknown |, own | 57.14%
analysis / other
0,
Martens 2000 Germany 1 unknown | FISH analysis young 100% 71.43%
adult Female
Martens 2002 Germany 3 unknown FISH. young unknown 25.00%
analysis adult
o
Martens 2016 Belgium 743 unknown qPCR. young 100% 100.00%
analysis adult Female
88.50% 49.61%
. W, . Female, o
Martens 2017 Belgium 641 11.50% qPCR analysis | neonatal 50.39% 87.50%
o Male
48.65%
. . Female,
Martens 2020 Belgium 1258 unknown | qPCR analysis | neonatal 51359 100.00%
. (V]
Male
12.40%
B,
61.50%
United W, . young 100% o
Mason 2018 States 162 12.40% gPCR analysis adult Female 100.00%
L, 8.70%
API,
5.00% O
70.59%
Mathioudakis United . young Female, o
2000 States 17 unknown | FISH analysis adult 29.41% 42.86%
Male
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Mathur 2013

United
States

32

unknown

FISH analysis

adult

40.63%

Female,

59.37%
Male

25.00%

Matsuda 2015

Japan

183

unknown

FISH analysis

unknown
/ other

unknown

42.86%

Meijers 2012

The
Netherlands

120

unknown

FISH analysis

lifespan

56.67%

Female,

43.33%
Male

42.86%

Meijers 2015

The
Netherlands

22

unknown

FISH analysis

adult

unknown

25.00%

Melk 2000

Canada

24

unknown

hybridization
analysis

lifespan

45.83%

Female,

54.17%
Male

50.00%

Menon 2012

United
States

18

50.00%
B’
50.00%
\Y

qPCR analysis

neonatal

unknown

100.00%

Najarro 2015

United
States

22

unknown

qPCR analysis

adult

36.36%

Female,

63.64%
Male

37.50%

Nakamura
2002

Japan

21 to 41

unknown

hybridization
analysis

lifespan

44.44%

Female,

55.56%
Male

50.00%

Nakamura
2007

Japan

72

unknown

hybridization
analysis

lifespan

64.52%

Female,

35.48%
Male

100.00%

Nemtsova 2020

Ukraine

22

unknown

qPCR analysis

adult

60.26%

Female,

39.74%
Male

50.00%

Neuber 2003

Germany

22

unknown

FISH analysis

young
adult

56.95%

Female,

43.05%
Male

85.71%

Ngom 2011

Gambia

60

unknown

qPCR analysis

young
adult

100% Male

87.50%

Novakovic
2016

Australia

unknown

qPCR analysis

neonatal

71.43%

Female,

28.57%
Male

87.50%

O'Callaghan
2011

Australia

91

unknown

qPCR analysis

lifespan

52.75%

Female,

47.25%
Male

100.00%

Okuda 2000

United
States

51

27.45%
B’
72.55%
\Y

hybridization
analysis

lifespan

54.90%

Female,

45.10%
Male

50.00%
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51.20%
B

2o 49.40%
United 28.60% hybridization Female
Okuda 2002 23 to 158 W, . neonatal o) 100.00%
States 17.30% analysis 50.60%
ey Male
L, 2.90%
0)
55.00%
Olivieri 2013 Italy 40 unknown | qPCR analysis adult Zgn(;gl;’ 87.50%
. 0
Male
Ong 2018 Singapore 3 unknown | FISH analysis | lifespan unknown 71.43%
28.57%
. . Female,
Ouyang 2007 Canada 7 unknown | FISH analysis | lifespan 71 43% 75.00%
. 0
Male
Palmer 1997 United 6 unknown hybrldlzgtlon young unknown 25.00%
States analysis adult
Panczyszyn . young 100% o
2020 Poland 11 unknown | qPCR analysis adult Female 75.00%
26.67%
. United hybridization Female, o
Panossian 2003 States 15 unknown analysis adult 73 339 87.50%
Male
22.86%
. . Female,
Pavanello 2020 Italy 34 unknown | qPCR analysis | lifespan 77 14% 100.00%
. 0
Male
86.76%
. . . Female,
Pavlaki 2012 Greece 68 unknown | qPCR analysis | lifespan 13.04% 87.50%
. 0
Male
62.80% 82.76%
United W, . young Female, o
Prather 2015 States 87 37.20% gPCR analysis adult 17.24% 87.50%
0) Male
52.00%
ian 2016 China 4 unknown PCR analysis adult Female, 87.50%
Q 4 Y 48.00%
. 0
Male
Rej 2020 United 15t019 | unknown | 9PCR young | known | 37.50%
States analysis adult
Renault 2002 France and 10 unknown hybrldlzgtlon lifespan 100% Male | 87.50%
Sweden analysis
Richardson United hybridization | unknown o
2000 States 35 unknown analysis / other unknown 30.00%
United
Riddell 2015 Klz%l(éom 11 unknown | FISH analysis | lifespan unknown 85.71%
Singapore
43.64%
Rigolin 2004 Italy 55 unknown | FISH analysis adult 1;2113121;’ 71.43%
. 0
Male
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United

young

61.02%
Female,

. . 0
Risques 2008 States 14 unknown | qPCR analysis adult 38.98% 100.00%
Male
Robertson 2000 Unlted 70 unknown hybrldlzgtlon lifespan unknown 87.50%
Kingdom analysis
Robertson 2001 Unlted 36 unknown hybrldlzgtlon lifespan unknown 87.50%
Kingdom analysis
Rufer 1998 Canada 10 unknown | FISH analysis ur/ﬂ;{(l}(:;;fn unknown 87.50%
Rufer 1999 Canada 472 unknown | FISH analysis | lifespan unknown 85.71%
Rufer 2001 Switzerland 4 unknown | FISH analysis ur/ll;{(l}(:;;ln unknown 71.43%
36.84%
Sakoff2002 | Australia | 14t017 | unknown | MYPridization | e oan | Female, | g7 500,
analysis 63.16%
Male
United .
Sampson 2006 Kingdom 28 100% W | FISH analysis adult 100% Male | 85.71%
40.91%
Sanderson 2017 United 22 nknown | qPCR analysi lifespan Female, 87.50%
erso Kingdom unknown 1 -q ysis | Hiesp 59.09% DU
Male
Sarzotti-Kelsoe United . young o
2011 States 1 unknown | FISH analysis adult unknown 25.00%
0,
3;;76/;‘;3 ’ 40.00%
United 770 . Female,
Shao 2007 65 W, FISH analysis adult o 85.71%
States 769% L 60.00%
1.55% A Male
Shlush 2011 Israel 15 unknown | FISH analysis Ya‘a‘ﬁtg 100% Male | 100.00%
o
Sillanpaa 2017 |  Finland 20 unknown |  9PCR adult 100% | 25 00
analysis Female
Silva 2016 Brazil 15 unknown | FISH analysis adult unknown 37.50%
. United . young o o
Simpson 2010 States 9 unknown | qPCR analysis adult 100% Male | 50.00%
Son 2000 ggzg 121 unknown | FISH analysis | lifespan unknown 85.71%
Son 2003 ggzg 53 unknown | FISH analysis | lifespan unknown 100.00%
12.50%
Sondergaard hybridization young Female, o
2002 Denmark 8 unknown analysis adult 87.50% 87.50%
Male
50.00%
Spyridopoulos FISH young Female, N
2008 Germany 67 unknown | - alysis adult 50.00% | 100-00%
Male
Sp yrlzcl)o(%oulos Germany 17 unknown | FISH analysis | lifespan 100% Male | 100.00%
Srinivasa 2014 United 91 unknown | qPCR analysis unknown unknown 100.00%
States / other
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62.50%

W, 50.00%
United 25.00% qPCR young Female, N
Stout 2017 States 24 L,8.30% | analysis adult 50.00% | 100-00%
A, 4.20% Male
[0)
7.14%
. United . Female, o
Szebeni 2014 States 14 unknown | qPCR analysis adult 92 86% 50.00%
Male
Tahamtan Tran 38 unknown |  9PCR adult | 100% Male | 62.50%
2019 analysis
62.00%
. hybridization young Female
0, > 0,
Takahashi 2004 Japan 7 100% A analysis adult 38.00% 87.50%
Male
50.00%
hybridization . Female, o
Takubo 2002 Japan 137 to 168 | unknown analysis lifespan 50.00% 87.50%
Male
42.42%
. . Female,
Takubo 2010 Japan 33 unknown | FISH analysis | lifespan 57 589, 71.43%
Male
47.90%
Tchakmakjian United B, hybridization . o o
2004 States 108 52.10% analysis lifespan | 100% Male | 100.00%
W
. United . :
Tefferi 2015 States 16 unknown | qPCR analysis | lifespan unknown 75.00%
Terasaki 2002 Japan 35 unknown hybrldlzgtlon lifespan unknown 87.50%
analysis
25.00%
Thibeault 2006 |  United 12 nknown | qPCR analysis | adult | Lomale | g7 500,
cau States iown | 4 YIS Y 75.00% e
Male
53.57%
. . . Female,
Thomas 2008 Australia 56 unknown | qPCR analysis | lifespan 46.43% 87.50%
. (V]
Male
36.00%
. FISH unknown Female, o
Tomita 2018 Japan 25 unknown analysis / other 64.00% 62.50%
Male
Tucker 2000 Unlted 8 unknown hybrldlzgtlon adult unknown 87.50%
Kingdom analysis
45.45%
United hybridization . Female, o
Tucker 2004 Kingdom 11 unknown analysis lifespan 54,550, 87.50%
Male
o
Vahter 2020 Argentina 98 unknown qPCR. neonatal 100% 100.00%
analysis Female
. United qPCR young 100% N
Valentijn 2015 Kingdom 53 unknown analysis adult Female 100.00%
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37.50%

Valls-Bautista . hybridization Female, o
2015 Spain 40 unknown analysis adult 62.50% 100.00%
Male
van de Berg The FISH o
2010 Netherlands 10 unknown analysis adult unknown | 100.00%
54.55%
van Mierlo The . Female, o
2017 Netherlands 11 unknown | qPCR analysis adult 45.45% 87.50%
Male
42.86%
Van Ziffle FISH . Female, N
2003 Canada 2t0 6 unknown analysis lifespan 57.14% 100.00%
Male
9.09%
Vazirpanah The . young Female, o
2017 Netherlands 1 unknown | qPCR analysis |7, 90.91% | >0-00%
Male
. qPCR young o o
Vecoli 2017 Italy 112 unknown . 100% Male | 62.50%
analysis adult
47.95%
United . . Female, o
Verma 2012 Kingdom 73 unknown | FISH analysis | lifespan 52 05% 100.00%
Male
. young
Verma 2017 Germany 6 unknown | qPCR analysis adult unknown 75.00%
38.09%
B,
. 0 S
Walters 2014 United 12 28:57% | hybridization | young | 5000 Npale | 87.50%
States W, analysis adult
33.34%
o
50.00%
Wang 2018 China 25 unknown | FISH analysis | lifespan lg(e)n(;gl;; 85.71%
Male
Weng 1995 United 30 unknown hybrldlzgtlon lifespan unknown 75.00%
States analysis
Werner 2015 Germany 66 unknown | FISH analysis | lifespan unknown 85.71%
65.71%
. Female,
Werner 2019 Germany 35 unknown | FISH analysis adult 34299, 50.00%
Male
Widmann 2007 Germany 40 100% W | FISH analysis adult unknown 87.50%
41.67%
. United qPCR Female, o
Wilson 2008 Kingdom 32 unknown analysis adult 58.33% 75.00%
Male
Wolf 2006 Austria 17 unknown | FISH analysis adult unknown 87.50%
Wolthers 1996 The 9 unknown | [ybridization unknown 500 nra1e | 62.50%
Netherlands analysis / other
The . . 40.82% o
Wong 2011 Netherlands 49 unknown | qPCR analysis | lifespan Female, 87.50%
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59.18%
Male
50.00%
hybridization . Female, o
Wu 2000 Denmark 30 unknown analysis lifespan 50.00% 37.50%
Male
45.45%
hybridization . Female, o
Wu 2001 Denmark 11 unknown analysis lifespan 54559 50.00%
Male
Wu 2003 United 7 unknown hybrldlzgtlon young unknown 75.00%
States analysis adult
Wu 2007 Taiwan 26 100% A | hybridization | e o on | unknown | 100.00%
analysis
Yamada 1995 Japan 5 unknown hybrldlzgtlon lifespan unknown 75.00%
analysis
Youngren 1998 United 2t0 10 unknown hybrldlza.tlon neonatal unknown | 100.00%
States analysis
Zanet 2013 Canada 12 unknown qPCR. young unknown | 100.00%
analysis adult
17.40%
. . . Female,
Ziegler 2017 Germany 311 unknown | FISH analysis | lifespan 82 60% 87.50%
. (V]
Male
52.78%
. Czech . young Female, o
Zinkova 2017 Republic 36 unknown | qPCR analysis adult 47229, 62.50%
Male
71.70%
. hybridization . Female, o
Zole 2019 Latvia 53 unknown analysis lifespan 28.30% 75.00%
Male

Table 1 Legend: Bolded studies are included in the meta-analysis. Study participants applies for
studies in the qualitative review only, while correlation sample size applies to studies included in
the meta-analysis. B = Black, W = White, WL = White Latino, L = Latino, NL = Non-Latino, A
= Asian, API = Asian or Pacific Islander, AIAN = American Indian / Alaska Native, NAOPI =
Native Hawaiian / Other Pacific Islander, O = Other; unknown / other = not reported or not
within the other age group categories, neonatal = under 1, young adult = range or mean of age
does not include 50, adult = range or mean of age includes 50, lifespan = range of ages is greater

than 30 years.

Table 2. Characteristic Differences Between Studies in the Qualitative Review versus

Studies in the Meta-Analysis

Characteristic Studies in the Qualitative Studies Included in the Meta-
Review Only Analysis
Number of Studies
Included 165 33
Country of Study 32 countries 20 countries
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Study Sample Size

98.18% reported; 80.00% small,
13.94% medium, 4.24% large

100.00% reported; 67.27% small,
27.27% medium, 5.46% large

Race & Ethnicity

11.51% reported; 5 categories
reported

32.73% reported; 7 categories reported

TL Measurement

45.45% FISH analyses, 24.85%
hybridization analyses, 29.70%

14.55% FISH analyses, 36.36%
hybridization analyses, 47.27% qPCR

Methodology qPCR analyses analyses, 1.82% Luminex analyses
91.52% reported; 6.06% 98.18% reported; 12.73% neonatal,
Age Group neonatal, 24.24% young adult, 21.82% young adult, 27.27% adult,
18.79% adult, 42.42% lifespan 27.27% lifespan
Sex of Participants 62.42% reported 76.36% reported
. . 75.73% average, range 12.50% to 84.97% average, range 25.00% to
Quality Rating 100.00% 100.00%

Table 3. Subgroup Analysis of Correlations by Sample Size Grouping

Subgroup Analysis estimate | p-value | 95% LB 95% UB
Large 0.45 <0.01 |030 0.60
n=17

Medium

0= 146 0.49 <0.01 0.31 0.67
Small

n=253 0.75 <0.01 0.59 0.91

Table 4. Subgroup Analysis of Correlations by TL Measurement Methodology

Subgroup Analysis estimate | p-value | 95% LB | 95% UB
FI_SH analyses 0.77 <0.01 0.39 1.14
n=20

h)i:)rldlzatlon analyses 0.86 <0.01 0.63 1.10
n=113

PC_R analyses 0.51 <0.01 0.37 0.65

n =98

Llirnmex analyses 0.25 <0.01 0.23 027
n=186

Table S. Sensitivity Analysis of Correlations by Blood versus Non-Blood Sample Sources

Sensitivity Analyses estimate | p-value | 95% LB | 95% UB
Ngn—blood and Non-blood 0.74 <0.01 0.51 0.98
n=274

Non-blood and Blood 0.47 <0.01 0.31 0.63
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n==67
Blood and Blood
n=76

0.93 <0.01 0.74 1.12

Table 6. Sensitivity Analysis of Correlations by Peripherally Available versus Surgically

Obtainable Sample Sources

Sensitivity Analyses estimate | p-value | 95% LB | 95% UB
Surgically Obtainable and
Surgically Obtainable 0.65 <0.01 0.41 0.88
n=214

Peripherally Available and
Surgically Obtainable 0.47 <0.01 0.26 0.68
n=100

Peripherally Available and
Peripherally Available 0.76 <0.01 0.59 0.93
n=103
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Appendix A. PubMed Search Strategy

PubMed Search Strategy

Terms:

1 (tissues OR tissue) (tw)

2 (Epithelium OR epithelial) (tw)
3 “Epithelial Cells” (mesh)

4 Leukocytes (tw)

5 (Bone OR bones) (tw)

6 (Endothelium OR endothelial) (tw)
7 (Epidermis OR Skin) (tw)

8 (membrane OR membranes) (tw)
9 (Muscle OR muscles) (tw)

10 (“Lymph nodes” OR Lymphoid) (tw)
11 blood (tw)

12 liver (tw)

13 (Cortex OR “Cerebral Cortex’’) (mesh)
14 (neurons OR neuron) (tw)

15 heart (tw)

16 (lungs OR lung) (tw)

17 (Intestines OR intestine) (tw)

18 thyroid (tw)

19 hair (tw)

20 (brain OR brains) (tw)

21 (“Spinal Cord” (mesh) OR “spinal cord”) (tw)
22 eyes (tw)

23 ears (tw)

24 mouth (tw)

25 larynx (tw)
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(“Umbilical Cord” (mesh) OR “Umbilical Cord” OR “Umbilical Cords”) (tw)

placenta (tw)

Chorion (tw)
AND (human (filter)) AND (1988:2022 (pdat)) AND (english (Filter))

(Testicles OR testicle OR testes OR testis) (tw)

(breast OR breasts) (tw)

(ovary OR ovaries) (tw)
NOT (animals (mesh) NOT humans (mesh))

“telomere length” (tw)

48 AND 49

(Fibroblasts OR fibroblast) (tw)

(Intestine OR intestines) (tw)
1-47 (OR)

(artery OR arteries) (tw)
(vein OR veins) (tw)
fat (tw)

medulla (tw)

tonsils (tw)
plasma (tw)
Granulocytes (tw)
buccal (tw)

saliva (tw)
Foreskin (tw)
Coronary (tw)
colon (tw)

serum (tw)
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Appendix B. Example Data Abstraction Spreadsheet
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Appendix C. Telomere Research Network Telomere Length Data Quality Assurance

Checklist

Study Criteria

Yes

[No [Other (CD = cannot determine; NA
= not applicable; NR = not reported)

Was the sample type identified?

Were the sample storage temperature, time
before extraction, or storage buffer stated?

'Was the DNA extraction method, storage
conditions, or DNA quality / integrity stated?

Was the assay protocol outlined or reference?

Were sample replicates described?

Was the source of the calibrator / control sample
identified?

Were quality control steps for telomere length
data stated?

Were indications of assay precision identified
(repeatability / intra-assay variation,
reproducibility / inter-assay variation, intraclass
correlation coefficients, etc.)?

Appendix D. List of Tissue Types Included in the Meta-Analysis

# Sample / Tissue Identifier Categories for Sensitivity Analyses

1 Abdominal Fat non-blood surgically obtainable sample

2 Adrenal Cortex non-blood surgically obtainable sample

3 Adrenal Medulla non-blood surgically obtainable sample

4 Amnion non-blood surgically obtainable sample

5 Aorta non-blood surgically obtainable sample

6 B Cells blood peripherally available sample
7 Basal Cells non-blood peripherally available sample
8 Bone Marrow non-blood surgically obtainable sample

9 Brain non-blood surgically obtainable sample

10 | Buccal Epithelium non-blood peripherally available sample
11 | Buffy Coat blood peripherally available sample
12 | CD15/66b+ Cells blood peripherally available sample
13 | CD16+ NK Lymphocytes blood peripherally available sample
14 | CD19/20+ Cells blood peripherally available sample
15 | CD19+ Cells blood peripherally available sample
16 | CD19+27- Cells blood peripherally available sample
17 | CD19+27+ Cells blood peripherally available sample
18 | CD3+ Cells blood peripherally available sample
19 | CD3+CD4+ Cells blood peripherally available sample
20 | CD34+ Cells blood peripherally available sample
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21 | CD34+38-Rho- Cells blood peripherally available sample
22 | CD34+38-Rho+ Cells blood peripherally available sample
23 | CD34+CD38- Cells blood peripherally available sample
24 | CD34+CD38+ Cells blood peripherally available sample
25 | CD4+ Cells blood peripherally available sample
26 | CD4+RA- Naive Cells blood peripherally available sample
27 | CD44+RO- Memory Cells blood peripherally available sample
28 | CD56+ Cells blood peripherally available sample
29 | CD56b NK Cells blood peripherally available sample
30 | CD8&+ Cells blood peripherally available sample
31 | CD8+CD28- Cells blood peripherally available sample
32 | CD8+CD28+ Cells blood peripherally available sample
33 | CD8+RA- Naive Cells blood peripherally available sample
34 | CD8+RO- Memory Cells blood peripherally available sample
35 | Cerebellum non-blood surgically obtainable sample
36 | Chorion non-blood surgically obtainable sample
37 | Colon non-blood surgically obtainable sample
38 | Cord non-blood surgically obtainable sample
39 | Cord Blood blood peripherally available sample
40 | Dried Blood Spots blood peripherally available sample
41 | Duodenum non-blood surgically obtainable sample
42 | Endometrial non-blood surgically obtainable sample
43 | Esophagus Gastric Junction non-blood surgically obtainable sample
44 | Esophagus Mucosa non-blood surgically obtainable sample
45 | Fibroblasts non-blood peripherally available sample
46 | Frontal Cortex non-blood surgically obtainable sample
47 | Gamma Delta2- Naive T Cells blood peripherally available sample
48 | Gamma Delta2+ Naive T Cells blood peripherally available sample
49 | Gastric non-blood surgically obtainable sample
50 | Glial Gray Matter non-blood surgically obtainable sample
51 | Glial White Matter non-blood surgically obtainable sample
52 | Granulocytes blood peripherally available sample
53 | Gray Brain Matter non-blood surgically obtainable sample
54 | Heart non-blood surgically obtainable sample
55 | Hippocampus non-blood surgically obtainable sample
56 | Inferior Temporal Gyrus non-blood surgically obtainable sample
57 | Kidney non-blood surgically obtainable sample
58 | Leukocytes blood peripherally available sample
59 | Lingual Epithelium non-blood peripherally available sample
60 | Liver non-blood surgically obtainable sample
61 | Lung non-blood surgically obtainable sample
62 | Lymphocytes blood peripherally available sample
63 | Monocytes blood peripherally available sample
64 | Muscle non-blood surgically obtainable sample
65 | Myeloid Bone Marrow Cells non-blood surgically obtainable sample
66 | Neuron Gray Matter non-blood surgically obtainable sample
67 | NKG2A+2C- NK Cells blood peripherally available sample
68 | Ovary non-blood surgically obtainable sample
69 | Pancreas non-blood surgically obtainable sample
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70 | Parabasal Cells non-blood peripherally available sample
71 | Peripheral Blood Mononuclear Cells | blood peripherally available sample
72 | Placental non-blood surgically obtainable sample
73 | Polymorphonuclear Neutrophils blood peripherally available sample
74 | Posterior Cingulate Gyrus non-blood surgically obtainable sample
75 | Precuneus non-blood surgically obtainable sample
76 | Prickle Cells non-blood peripherally available sample
77 | Prostate non-blood surgically obtainable sample
78 | Renal Cortex non-blood surgically obtainable sample
79 | Renal Medulla non-blood surgically obtainable sample
80 | Saliva non-blood peripherally available sample
81 | Side Population Cells blood peripherally available sample
82 | Sigmoid Colon non-blood surgically obtainable sample
83 | Skin non-blood peripherally available sample
84 | Skin Exposed non-blood peripherally available sample
85 | Skin Unexposed non-blood peripherally available sample
86 | Small Intestine non-blood surgically obtainable sample
87 | Sperm non-blood peripherally available sample
88 | Spleen non-blood surgically obtainable sample
89 | Stomach non-blood surgically obtainable sample
90 | Subcutaneous Fat non-blood surgically obtainable sample
91 | TCells blood peripherally available sample
92 | Testis non-blood surgically obtainable sample
93 | Thyroid non-blood surgically obtainable sample
94 | Tibial Nerve non-blood surgically obtainable sample
95 | Transverse Colon non-blood surgically obtainable sample
96 | Triceps non-blood surgically obtainable sample
97 | Umbilical Artery non-blood surgically obtainable sample
98 | Vagina non-blood surgically obtainable sample
99 | Villus non-blood surgically obtainable sample
100 | Visual Cortex non-blood surgically obtainable sample
101 | White Brain Matter non-blood surgically obtainable sample
102 | Whole Blood blood peripherally available sample
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CHAPTER 3
Precision MM@PCR Telomere Length Measurement Methodology
Background:

Telomeres are ribonucleoprotein structures at the ends of all eukaryotic chromosomes.
The repetitive human telomeric DNA sequence of 5’-TTAGGG-3’ is highly conserved across
eukaryotic species. The telomere critically protects the integrity of linear DNA and genetic
information by preserving chromosome stability. Progressive shortening of telomeres occurs in
dividing cells as a result of incomplete lagging-strand DNA synthesis, DNA damage, and other
factors (Hemann et al., 2001; Xu et al., 2013). Measuring the length of telomeres has been of
increasing scientific interest as studies have reported telomere length (TL) is a biomarker of
aging and age-related diseases across the human lifespan.

Meta-associations of TL with overall mortality, environmental exposures, and health
outcomes, including cancer, cardiovascular disease, diabetes have been reported (Haycock et al.,
2014; Mundstock et al., 2015; Ridout et al., 2016; Astuti et al., 2017; Wang et al., 2018; Hu et
al., 2019). These meta-associations derive from studies utilizing one of over two dozen different
TL measurement methodologies. Selecting the best TL measurement method for a research study
is crucial step to ensuring accurate results, as each method possess its own advantages and
disadvantages compared to other methods. The quantitative polymerase chain reaction (QPCR)
based method of TL measurement is a widely accepted method for epidemiological studies
described in meta-analyses. The qPCR method of TL measurement is less costly than other
methods, requires a lower amount of DNA than other methods, and produces more TL
measurements per assay than other methods. However, the gPCR method reports an indirect

measurement of TL per DNA sample, as it is based on signals from both a telomere sequence
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amplicon and single copy gene amplicon. The qPCR method reports the ratio of telomere (T) to
single copy gene (S) signals, which is a relative measure within a cohort or experiment unless the
T/S ratio is transformed into a Z-score for comparison between studies.

The qPCR method was improved when Richard Cawthon minimized the variation of T/S
ratios, increased the throughput, and reduced costs with creation of the monochrome multiplex
gPCR (MMqgPCR) assay (Cawthon, 2009). The MMqPCR assay possesses the benefits of the
gqPCR assay, with additional advantages of measuring T and S signals within the same qPCR
plate using one reporting fluorophore with results being produced within one business day
(Figures 1 and 2). The MMqPCR method for measuring TL is highly reproducible, with expected
better precision than qPCR due to the single well design, and higher intraclass correlation
coefficients (ICCs) on average due to the telomere and single copy genes being measured within
the same well on the same plate. This method is also more efficient, requiring 50% less DNA per
sample relative to qPCR, which itself requires less DNA than most TL methods (Axelrad et al.,
2013). Furthermore, this multiplex method lowers costs and enhances throughput by processing

double the number of samples per assay in the same amount of time as the singleplex qPCR
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HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW DEVELOPER ACROBAT |»
14 v fe | s v
A B C D E F G H 1 (<]
1
2 csi.icc.tel.pk csi.icc.tel.pbmc.09.29.2021.p2A_CT039205
3 |Maestro ID |P1Average|P2Average|T/S Ratiolstd DevlCV |sample telomere length
4 209 1.01828271 0.94618326 0.982233 0.03605 0.036702 209 0.982232985
Ll “Sample ID 9" 472 1.17878542 1.26388887 1.221337 0.04255 0.03484 472 1.221337143
(| “Sample ID 17" 181 0.86687734 0.84071459 0.853796 0.01308 0.015321 181 0.853795961
[l “Sample ID 2" 308 1.03950097 1.06961782 1.054559 0.01506 0.014279 308 1.054559393
-} “Sample ID 10” 305 0.73122508 0.80133136 0.766278 0.03505 0.045745 305 0.766278221
Ll “Sample ID 18" 56 0.89945478 0.89682362 0.898139 0.00132 0.001465 56 0.898139201
] “Sample ID 3" 378 1.35346076 1.27850068 1.315981 0.03748 0.028481 378| 1.315980722
bl “Sample ID 11" 499 0.74374803 0.82752723 0.785638 0.04189 0.053319 499 0.78563763
ir4 “Sample ID 19" 348 0.96079999 0.9375293 0.949165 0.01164 0.012259 348 0.949164642
13 374 0.94025283 0.88691571 0.913584 0.02667 0.029191 374 0.913584273
4Ly “Sample ID 12" 340 1.23804324 1.34623513 1.292139 0.0541 0.041865 340 1.292139185
i) “Sample ID 20" 331 0.94102071 0.93475508 0.937888 0.00313 0.00334 331 0.937887891
L[] “Sample ID 5" 298 1.29159971 1.35805986 1.32483 0.03323 0.025083 298 1.324829784
L4 “Sample ID 13" 52 1.26634157 1.40782929 1.337085 0.07074 0.052909 52 1.337085431
1] “Sample ID 21" 47 0.95613045 1.0022658 0.979198 0.02307 0.023558 47| 0.979198125
-] “Sample ID 6” 432 1.13968927 1.14915545 1.144422 0.00473 0.004136 432 1.144422363
20 420 1.2660801 1.5180582 1.392069 0.12599 0.090505 420 1.392069148
P4l “Sample ID 22" 441 0.93806705 0.91187814 0.924973 0.01309 0.014157 441 0.924972597
22 282 0.78417491 0.68679349 0.735484 0.04869 0.066202 282 0.735484195
Px} “Sample ID 15" 410 1.50229655 1.41591726 1.459107 0.04319  0.0296 410| 1.459106907
24 72 1.09163036 1.18559634 1.138613 0.04698 0.041263 72 1.138613348
25 352 1.13753458 1.24123458 1.189385 0.05185 0.043594 352 1.18938458
P{3 “Sample ID 16" 435 1.50815524 1.49898652 1.503571 0.00458 0.003049 435 1.503570876
PI4 “Sample ID 24" 284 1.08702043 1.09173167 1.089376 0.00236 0.002162 284 1.089376052
28
29 Inter Plate Variation:  0.01909
30 Without Invalid CVs: 0.014083
31 -
» MMQ-PCR Set Up Standard P1 Sample ... B : [«] »
AVERAGE: 1.091202111 COUNT: 24  SUM: 26.18885065 H M o -— %
Figure 2. Example of Telomere Length Data Produced in the MMqPCR Assay.

Given the advantages of MMgPCR TL measurement, this method is well-suited for
population-level studies of TL associations with exposures, health outcomes, and biological
process. However, many researchers find commencing the MMqPCR method in a laboratory
setting to be demanding given the challenges of setting up the protocol. Here, we describe the TL
measurement methodology utilized in our laboratory. Taking advantage of the MMqPCR’s
repeatability, efficiency, and cost-effectiveness and we describe the detailed steps for conducting
this method to increase assay precision and accuracy of the MMqPCR TL measurement

methodology for TL researchers.
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This article further outlines steps for cleaning data and obtaining a high ICC from

MMgPCR TL measurement using duplicate DNA extractions from the same source samples to

demonstrate the repeatability of TL measurements generated with this method. Importantly, this

article identifies quality control steps conducted that increase comparative information on TL

associations across studies. This repeatability, combined with the efficiency and cost-

effectiveness of this method, make the MMgPCR TL measurement described here opportune for

epidemiological TL research.
Protocol:

1. Stock Reagent, Storage Conditions, and Reagent Preparation

1.1 All stock reagents and materials used in this protocol are listed in Table 1. [Place Table 1

here.]
Table 1. Table of Specific Materials and Equipment.

. Storage
Mat.erlal / Company Catalog Comments / Description Temperature
Equipment Number .

and Conditions
Nucleic Acid Workstation
with HEPA Filtration, Room
PCR Hood USA Scientific | 4263-2588 AirClean Systems temperature
Combination PCR p
Workstation
Renl t High-Efficiency Particulate R
HEPA Filter USA Scientific cpraceent Air Filter for AirClean oom
Filters . temperature
Workstations
UV Light USA Scientific | 4288-2540 | v Lght Bulbfor Room
Workstations temperature
Pre-Hood Filter USA Scientific | 4235-3724 Prefilter for A1rCl§an Room
Systems Workstations temperature
Absolute Ethanol, 200 Room
Ethanol Thermo Fisher T038181000 Proof, Molecular Biology
temperature
Grade
1x TE Buffer, Molecular Room
TE Buffer Thermo Fisher J75893.AE Biology Grade, Ultrapure,
temperature
100mL
. . Room
Sodium Acetate Thermo Fisher | J63560.EQE 3M NaOAc pH 5.2
temperature
. . Eppendorf PCR Cooler for
Ice Plates Millipore Sigma | 2606634 96 Well plates -200C

104




BD Luer-Lok Disposable

Syringes Thermo Fisher 148232A Syringes without Needles, Room
temperature
10mL
Tisch Scientific Nylon
Svrinee Filt Th Fish NC1766920 Syringe Filters, Sum, Room
yrnge riters ermo Fisher 25mm, Luer-Lok / Luer temperature
Slip, Sterile
Research . .
DTT Products D11000-5.0 | Pl-Pithiothreitol, -200C
) Cleland’s Reagent, 5 grams
International
Seal-Rite 0.5mL Room
0.5mL Tubes USA Scientific 1605-0099 Microcentrifuge Tubes,
. temperature
Sterile
Seal-Rite 1.5mL Room
1.5mL Tubes USA Scientific 1615-5599 Microcentrifuge Tubes,
. temperature
Sterile
Argos Technologies Room
SmL Tubes Thermo Fisher 3391276 Microcentrifuge Tubes —
temperature
SmL
Corning 352196 Falcon Room
15mL Tubes Thermo Fisher 14-959-53A 15mL Conical Centrifuge
temperature
Tubes
PCR Strips Thermo Fisher ABO0776 Low Proﬁle Tubes and Flat | Room
Caps, Strips of 8 temperature
Kimberly-Clark
Kimwipes Thermo Fisher 06666A Prqfesswngl K}mtech . Room
Science Kimwipes Delicate | temperature
Task Wipers, 1-Ply
Loading Trough Thermo Fisher 14387069 Thermo Sc1ent1ﬁ§ Matrix Room
Reagent Reservoirs temperature
Microseal “B” PCR Plate Room
Plate Sealing Film Bio-Rad MSB1001 Sealing Film, Adhesive,
. temperature
Optical
Hard-Shell 96-Well PCR Room
96 Well Plate Bio-Rad HSP9601 Plates, Low Profile, Thin temperature
Wall, Skirted, White / Clear p
Fisherbrand Sterile Room
Weigh Boat Thermo Fisher 01-549-752 Hexagonal Weighing Boat,
temperature
10mL
Stainless Steel Bel-Art SP Scienceware Room
amniess Stee Thermo Fisher 3990240 Stainless-Steel Sampling
Spatula temperature
Spoon and Spatula
OHAUS 30430060 PR Room
Scale Thermo Fisher 01-922-329 Series Analytical Balance,
. temperature
62g Capacity
. Genesee Poseidon 31-500B Mini Room
Popspin Scientific 31-5008 Centrifuge, Blue Lid temperature
. . Fisherbrand Mini Plate Room
Plate Spinner Thermo Fisher 14-100-141 Spinner Centrifuge, 230 V| temperature
. Fisherbrand Mini Vortex Room
Vortex Thermo Fisher 14-955-151 Mixer, 115V, 50/60 Hz temperature
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. . Brush Twin Permanent Room
Sharpies Sharpie 2151734 Markers, Black temperature
Reynolds Wrap Standard Room
Aluminum Foil Office Depot 3489072 Aluminum Foil Roll, 12" x
Vo temperature
75', Silver
Office Depot Brand Room
Scissors Office Depot 458612 Scissors, 8”, Straight, temperature
Black, Pack of 2
10pL Graduated TipOne
1181-3850 RPT Filter Tips
1180-1850 ZQuL B.eveled TipOne RPT
Pipette Tips (Single oy Filter Tips . Room
Channel) USA Scientific 1111-0880 200uL Natural TipOne temperature
Pipette Tips in Racks
1000uL Natural Graduated
1111-2890 TipOne Pipette Tips in
Racks
Gilson Pipetman Classic
F144802G Pipets, 1 to 10uL.
Gilson Pipetman Classic
Pipettors (Single . F123600 Pipets, 2 to 20uL Room
Thermo Fisher . . .
Channel) F123601 Gilson Pipetman Classic temperature
Pipets, 20 to 200uL
Gilson Pipetman Classic
F123602 Pipets, 200 to 1000pL
Pipette Tips . Pipette Tips SR LTS 20uL. | Room
(I\/F[)ultichaﬁnel) Ranin 17005860 F 960A/5, 20uL Maximum | temperature
Pipet-Lite Multi Pipette L8-
Pipettors Ranin 17013802 10XLS, 0.5 to 10pL Room
(Multichannel) 17013803 Pipet-Lite Multi Pipette L8- | temperature
20LS+, 2 to 20uL
Big Tube Rack Thermo Fisher 344817 Fisherbrand 4-Way Tube Room
Rack temperature
PCR Tube Rack Thermo Fisher 344820 Fisherbrand 96-Well PCR Room
Tube Rack temperature
Thermo Fisher 8601 Room
Small Tube Rack Thermo Fisher 21-402-17 Reversible Microtube temperature
Racks with Lid
SYBR Green I Nucleic -200C, away
SYBR Green Thermo Fisher S7563 Acid Gel Stain — 10,000X from li:ght
Concentrate in DMSO
AmpliTaq Gold DNA
. . Polymerase with Gold
AmpliTaq Gold Kit
— P(?lymeciase and Thermo Fisher 4311806 Buffer apq MgCl> (MgCl, -200C
Buffer in this kit is not used), 10X
Gold Buffer, 2.5U
AmpliTaq Gold Polymerase
Biotang Inc 1M MgCl> IM
IM MgCl, Thermo Fisher 50152107 Magnesium Chloride 40C
Solution, Prepared in 18.2
Megohms Water and
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Filtered through 0.22
Micron Filter

25mM dNTPs NF:W England NO446S Deoxynucleotide Solution 200C
BioLabs Set
Betaine, 5SM Solution,
Betaine Thermo Fisher | AAJ77507AB | Molecular Biology Grade, -200C
Ultrapure, 10mL
PCR Grade H;0 | Thermo Fisher | AM9937 At s
1x Gold Buffer In House Not Applicable \17&/(51(1 ggl}g gg‘gzrg;lgted -200C
Made with stock DTT,
100mM DTT In House Not Applicable | diluted sodium acetate, and | -200C
PCR Grade H,O
Telomere Forward Integrated DNA Custom See separate table -200C when
Primer Technologies hydrolized
Telomere Reverse Integrated DNA Custom See separate table -200C when
Primer Technologies hydrolized
Single Copy Gene Integrated DNA -200C when
For%vard Ppr?mer Tecﬁnologies Custom See separate table hydrolized
Single Copy Gene Integrated DNA -200C when
Revgerse Plrji}r]ner Tecﬁnologies Custom See separate table hydrolized
CFX96 Optical
Reaction Module for .
Real-Time PCR Bio-Rad 1845096 96-1‘}?11 O%[écﬁl module for Foom ‘
Systems with Starter real-time emperature
Package
Software for real-time PCR
CFX Maestro Bio-Rad 12004110 plat.e s:etup, data col}ection, Room
Software statistics, and graphing of temperature
results
Microsoft Excel Microsoft Not Applicable Microsoft 365 packe.lge,. Room
Excel software application | temperature
The R Project Room
R Software for Statistical Not Applicable | R version 4.2.2
. temperature
Computing

1.2 Store 1X TE in SmL tube aliquots at room temperature for up to two years.

1.3 Store SYBR Green in 3puL aliquots in individual PCR strip tubes at -20 °C for up to two

years away from light; ensure complete thawing before aliquoting and wrap aliquots in

aluminum foil after using a part of the aliquot in master mix preparation.

1.4 Store AmpliTaq Gold DNA Polymerase in original tubes and 10X Gold Buffer in 1.5mL

tubes in 660uL aliquots at -20 °C for up to one year; ensure complete thawing before aliquoting.
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1.4.1 Make 1X Gold Buffer by adding 9.9uL of 10X Gold Buffer to 89.1uL. PCR grade H20 in
0.5mL tubes; label the tubes and store at -20 °C for up to one year.

1.5 Store Betaine in SmL tubes in 1,280uL aliquots at -20 °C away from light for up to two
years; ensure complete thawing before aliquoting.

1.6 Store MgCI2 in 0.5mL tubes in 70uL aliquots at 4 °C away from light for up to one year.

1.7 Store telomere and single copy gene oligonucleotide lyophilized primers at room
temperature. Make telomere and single copy gene oligonucleotide primers by ordering the
custom standard DNA oligos from Integrated DNA Technologies as defined in Table 2, and
place them in the PCR hood (here, the single copy gene is Albumin; if choosing a different single
copy gene, the master mix amounts may need to be adjusted to ensure acceptable PCR

efficiency).

Table 2. Telomere and Single Copy Gene Oligonucleotide Primer Sequences.

According to Cawthon 2002: [Custom Ordered Sequence:
Primer specifications include: quantity of XX
Telomere Forward Primer (telg) 5 —ACA CTAAGGTITGGG TTITGGG TTT GGG TTT GGG TTAGTGT-3
Telomere Reverse Primer (telc) 5 — TGT TAG GTATCC CTATCC CTATCC CTATCC CTATCC CTAACA-3
Single Copy Gene Forward Primer (albd2) |5 — GCG GGC CCG CGT GGC GGA GCG AGG CCG GAA AAG CATGGTCGC CTGT-3
Single Copy Gene Reverse Primer (albu2) 5 —GCC TCG CTC CGG GAG CGC CGC GCG GCC AAATGC TGC ACAGAATCC TIG-3’

1.7.1 Obtain 1X TE buffer and PCR tube strips and place in PCR hood.

1.7.2 Check each individual oligo tube for nmol concentration ([nmol]= alpha), then vortex each
oligo tube for 10 seconds, place tubes in popspin for 5 seconds, and observe where the
dehydrated oligo is in the tube to ensure the oligo is at the bottom of the tube before adding 1X
TE.

1.7.3 Rehydrate each oligo tube by adding 1X TE equal to 10 times the alpha (e.g., if the nmol
concentration on the tube reads 24.6nmol, then add 246uL 1X TE for up to one year in the oligo

tube) to create a 100uM solution of each primer.
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1.7.4 Label PCR strip tubes with “telg”, “telc”, “albd2” or “albu2” and month and year and fill
with the respective oligo.

1.7.5 For “telg” and “telc”, aliquot 16puL volumes then close tubes and cut between PCR tubes
and closed tops with scissors.

1.7.6 For “albd2” and ““albu2”, aliquot 11uL volumes then close tubes and cut between PCR
tubes and closed tops with scissors.

1.7.7 Store all oligos at -20 °C.

1.8 Obtain the dNTPs, stored at -20 °C for up to one year, a SmL tube, and 0.5mL tubes and
place in hood.

1.8.1 Vortex each ANTP tube for 10 seconds after thawing and popspin for 5 seconds.

1.8.2 In the SmL tube, add equal parts of each of the four ANTPs, approximately 225uL from
each tube, then vortex the SmL tube well and wait for the ANTP mix to be at the bottom of the
tube fore aliquoting in 210pl amounts in 0.5mL tubes and store at -20 °C for up to one year.
1.9 Obtain sodium acetate, DTT, PCR grade H20, two 15mL tubes, 0.5mL tubes, a spatula,
weigh boat, a loading trough, a 10mL syringe, and a syringe filter and place items in PCR hood
(CAUTION: DTT is a hazardous reagent, it is harmful if swallowed, causes skin irritation, and
causes serious eye damage; wash thoroughly after handling, do not eat, drink, or smoke when
using DTT, wear protective gloves, eye protection, and face protection when handling, avoid
breathing DTT vapors, and avoid prolonged or repeated exposure).

1.9.1 Make 10mL 0.01M sodium acetate by adding 33.33ul 3M sodium acetate and 9,967ul PCR
grade H20 into a 15mL tube and vortex well.

1.9.2 Measure out 0.1545g DTT in a weigh boat on the scale using the stainless-steel spatula,

then scoop this into the 15mL tube of 0.01M sodium acetate and wash the weigh boat with the

109



solution using the pipettes, vortexing the tube once all the DTT is in the solution until the powder
dissolves fully.

1.9.3 Pour the 15mL tube into the loading trough, suck the entire solution into a plastic syringe
from a corner of the loading trough.

1.9.4 Attach the syringe filter to the end of the filled syringe and slowly drip the solution through
a clean 15mL tube by lightly pushing the syringe plunger down and solution dripping through
the filter, ensuring the solution is dripped into the 15mL tube.

1.9.5 Aliquot a reasonable amount of this solution in 200puL volumes into 0.5mL tubes, label
tubes with date and store at -20 °C for up to two months.

2. Genomic DNA Extraction and Sample Preparation

2.1 Perform a genomic DNA extraction for samples in accordance with manufacturer’s
guidelines using kits or established methods within the laboratory; here, DNA from peripheral
blood mononuclear cells (PBMCs) were extracted using the QITAmp DNA Blood Mini Kit
(QIAGEN; Hilden, Germany) per manufacturer guidelines.

2.1.1 Check the DNA sample quality by spectrophotometer and Qubit assay, using the High
Sensitivity or Broad Range dsDNA Qubit kit according to manufacturer guidelines (Thermo
Fisher; Waltham, Massachusetts); samples with unacceptable 260/280 and 260/230 ratios and
concentrations of dsDNA below Qubit detection should not be analyzed for telomere length
(Wilfinger et al., 1997; Boesenberg-Smith et al., 2012).

2.1.2 Dilute the samples with PCR grade H2O to be at the appropriate amount for MMqPCR as
required; where the total sample amount is 15 divided by a (diluted if necessary) Qubit
concentration of double-stranded DNA, and the water amount added to tubes in a PCR strip is

75uL minus the total sample amount; a sample MMq@PCR template for identifying the correct
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dilution factor is available on the Telomere Research Network webpage (MMqPCR Set Up
Sheet, Column Q).

2.1.3 Put samples into PCR strips with Samples A1-8 in PCR strip A, repeat for PCR strips B
and C, as detailed in the MMgPCR Set Up Sheet and depicted in Table 5 with appropriate
sample amounts (MMgPCR Set Up Sheet, Column S) and PCR grade H20 amounts (MMqPCR
Set Up Sheet, Column T); place these completed sample PCR strips into a PCR strip rack until
ready to prepare the plates; samples in PCR strips can be stored overnight at 4 °C to be plated the
next day.

2.2 Perform a genomic DNA extraction on a control sample of the same sample type as the
samples being assayed for a given project, using the same DNA extraction procedure that was
used for that project. For example, if the samples to be analyzed are all blood, create a control
sample by extracting DNA from control blood. Here, a control PBMC DNA sample was created
using the same DNA extraction protocol utilized for the sample DNA extractions.

2.2.1 Check the control DNA sample quality by spectrophotometer and Qubit assay, using the
High Sensitivity or Broad Range dsDNA Qubit kit according to manufacturer guidelines
(Thermo Fisher; Waltham, Massachusetts); the control sample should not have unacceptable
260/280 and 260/230 ratios and concentrations of dsDNA below Qubit detection (Wilfinger et
al., 1997; Boesenberg-Smith et al., 2012).

2.2.2 One control DNA sample stock should be utilized for samples from the same cohort or
research question, to ensure comparability between telomere length assays; aliquot control DNA
at a concentration of 2ng/pL in 150puL amounts in 0.5mL tubes, labeled with the sample type and

date and stored at -20 °C for up to 5 years.
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2.2.3 Prepare a control standard curve by taking an individual control DNA sample, and after
thawing if needed, vortex for 30 seconds, popspin for 5 seconds, and aspirate the control into the
first tube in a PCR tube strip.

2.2.4 Pipette 70uL of PCR grade H2O into the second through eighth tubes of the PCR tube
strip. Then aspirate 70uL of the control DNA sample in the first tube and move this to the second
PCR tube, wait 30 seconds, and then resuspend the solution in the second PCR tube, aspirate
70uL of this and move to the third PCR tube. Repeat this for tubes three though six for a 2-fold
serial dilution of 7 standards, then place this completed control standard PCR strip into the PCR
strip rack until ready to prepare the plates; the control standard serial dilution can be stored
overnight at 4 °C to be plated the next day.

3. MM@PCR Master Mix Preparation

3.1 Gather the reagent aliquots to make the master mix for the MMqPCR assay as listed in Table

3. [Insert Table 3 here.]

Table 3. Final Volumes and Concentrations of Reagents.

Reagent Volume per | Concentration in Volume of Reagent
Well Master Mix Aliquots

telg oligo 0.05626uL 0.9uM l16uL

telc oligo 0.05626uL 0.9uM l16uL

albd2 oligo 0.0375uL 0.6uM 11uL

albu2 oligo 0.0375uL 0.6uM 11uL

SYBR Green 0.1875uL 0.75X 3ul

Gold Buffer (1X and 99uL (1X) and 660uL

o) ( 2.5uL 1X (1(§LX)( ) b

dNTPs 0.8uL 0.8mM 210uL

MgCl, 0.25uL 10mM 70uL

DTT 0.75uL 3mM 200pL

Betaine SuL IM 1,280uL

AmpliTaq Gold 0.5uL 2.5U/uL 200pL

PCR Grade H>O 4.2625uL Not applicable 4,000uL
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3.1.1 Obtain a Betaine aliquot, PCR grade H20, a 10X Gold Buffer aliquot, a 1X Gold Buffer
aliquot, a SYBR Green aliquot, a MgCI2 aliquot, a DTT aliquot, a dNTP aliquot, and aliquots of
each of the four oligos and place in the PCR hood.

3.1.2 After each aliquot is thawed at room temperature, vortexed and popspinned, take
1,235.2uL of PCR grade H20 and place it into the SmL tube holding the Betaine (now the
master mix tube); take 640uL of the 10X Gold Buffer and add it to the master mix; take 64puL of
the MgCI2 and add it to the master mix; take 192uL of the DTT and add it to the master mix;
take 204.8uL of the ANTPs and add it to the master mix; take 14.4uL of each Telomere primer
and slowly add each to the master mix; and take 9.6uL of each Single Copy Gene primer and
slowly add each to the master mix.

3.1.3 Take 1uL of the SYBR Green aliquot and add it to the 1X Gold Buffer aliquot; vortex this
for 10 seconds then popspin; add 48uL of this SYBR Green / 1X Gold Buffer aliquot to the
master mix.

3.1.4 Take the AmpliTaq Gold DNA Polymerase out of -20°C storage and take 128uL of this
and slowly add it to the master mix, then vortex the SmL master mix tube for 30 seconds and set
back into big tube rack; move AmpliTaq Gold DNA Polymerase immediate back to -20 °C
storage.

4. 96-Well Plate Preparation

4.1 Get the ice plate holders from the freezer and place in PCR hood.

4.2 Get two 96-well plates and place in PCR hood inside ice plate holders, which will run
simultaneously on two different thermocyclers.

4.2.1 Label each plate with technician initials, plate number (1 or 2), and date on the bottom edge

of each plate, see Figure 3.
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Figure 3. Example Labelling for P1 and P2 Plates.

4.3 Get two Ranin pipette tip boxes and remove plastic packaging before placing boxes into the
PCR hood.

4.4 Get a loading trough and place in PCR hood.

4.4.1 Pour the vortexed master mix into the loading trough.

4.4.2 Use a 200uL. DNA pipette tip to push remaining master mix to the bottom of the tube then
aspirate into the loading trough.

4.5 Get the 2 to 20uL DNA multichannel pipette, set the pipette to 15uL, open a Ranin pipette
tip box and load tips onto multichannel, pushing at the base of each pipette tip to ensure a tight
seal.

4.5.1 Make sure that the tips do not have any filter within the region where the master mix will
be aspirated; if there is a piece of filter then replace the tip.

4.6 Swirl the loading trough before aspirating 15uL into the multichannel pipette tips, making
sure the tips fill at the same time with the same volume in each tip.

4.6.1 Expel the master mix into each column of both plates in the following scheme:
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4.6.2 Turn the P1 plate 180 degrees so the numbers of the columns are closest to the technician.
4.6.3 Choose odds or even numbers, and start with the column with the odd or even number from
left to right, expelling the solution into one plate that has the first number in the chosen series,
then moving to the other plate with the number that has the next odd or even number (whichever
was chosen to fill first, i.e. if the technician choses odds and started with 1 on the P2 plate then
fill 11 on the P1 plate); after the technician has filled all of the wells of the series (odd or even)
do the other series (odd or even) of columns in the same fashion. See Table 4 for a flow chart of

this process. [Insert Table 4 here]

Table 4. Process for Filling Plates.

if you select odds first, you'll startin P1 A1, then go to P2 H11, efc., until you have completed all odd columns in both plates ending in P2 A1
Plate P1 1 2 3 4 5 6 7 8 9 10 11 12

UTTUTHT T T

I|eo(m|m|ojo|wm|>

Plate P2

>PWOOMTMOI

when all odd columns are completed, start the even columns with P2 H12, then P1 A2, then P2 H10, then P1 A4, etc., until all columns are filled
if you select evens first, you'll startin P2 H12, then P1 A2, then P2 H10, then P1 A4, etc., until all even columns are filled

Option 2
Plate P1

I|o|m|m|ofo|wm|>

Plate P2

>WOO0OMmMTOI

4.6.4 When expelling master mix into a column, dispense a third at the bottom of the well, then
pull the pipette up the well while pressing the tip against the wall of the well, then expel the rest
halfway up the well making sure there are no bubbles created, and lastly flick the tips out of the

well.
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4.6.5 Remove the tips and get new pipette tips for each column of both plates using 1 Ranin
pipette tip box in total, then throw out the loading trough when all 96-wells in both plates are
filled with 15uL of master mix.

4.7 Once the master mix has been dispensed, vortex then popspin for 5 seconds the four closed
PCR strips containing the samples and standard curve.

4.7.1 Line up the PCR strips in the PCR tube rack in the order they will be place in the plate,
here the first 3 columns are samples (PCR strip A), columns 4-6 are the standard (PCR strip SC),
columns 7-9 are samples (PCR strip B), and columns 10-12 are samples (PCR strip C) as seen in

Table 5. [Insert Table 5 here.]

Table 5. Organization of Samples and Control Standard in Plates.

Example PCR strip A Control Standard PCR strip B PCR strip C

Organization 1 B B 4 I5 Ie 7 B B 10 T11 [12
A Sample A1 Standard at 2.0 Sample B1 Sample C1
B Sample A2 Standard at 1.0 Sample B2 Sample C2
(% Sample A3 Standard at 0.5 Sample B3 Sample C3
D Sample A4 Standard at 0.25 Sample B4 Sample C4
E Sample A5 Standard at 0.125 Sample B5 Sample C5
F Sample A6 Standard at 0.0625 Sample B6 Sample C6
G Sample A7 Standard at 0.03125 Sample B7 Sample C7
H Sample A8 Negative Control Sample B8 Sample C8

4.8 Turn both plates 180 degrees so the numbers of the columns are flipped in relation to the
technician for each plate (if the technician saw the label for P2 previously, now they will see the
label for P1 on the plate edges).

4.9 Get the 0.5 to 10uL DNA multichannel pipette, set the pipette to 10uL, open a Ranin pipette
tip box and load tips onto multichannel, pushing at the base of each pipette tip to ensure a tight
seal.

4.9.1 Make sure that the tips do not have any filter within the region where the samples or
control standard will be aspirated; if there is a piece of filter then replace the tip.

4.9.2 Aspirate and dispense 10puL of the samples and standard curve solutions using the

multichannel pipette, starting with the leftmost PCR strip in the PCR strip rack.
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4.9.3 Open the PCR strip and fill the first 3 columns of each plate by alternating the columns in a
similar fashion as the master mix was placed in the plate.

4.9.4 Remove the tips and get new pipette tips for each column of both plates using 1 Ranin
pipette tip box in total, then throw out the PCR strips when all 96-wells in both plates are filled
with the appropriate samples or control standard.

4.10 Once the plates are filled with master mix and samples or control standard, remove the 96-
well plates from the ice plates and obtain 2 plate sealing films.

4.10.1 Tap the plates gently on the bench and cover with sealing films, using fingernails to seal
the edges and Kimwipes to run over each well to ensure a good seal with the film.

4.10.2 Mix the plates by swirling the plates on the hood top for 15 seconds, then place the sealed
plates into the plate spinner for 2 minutes with the well openings facing the center of the plate
spinner.

4.10.3 Once the 2 minutes in the plate spinner has passed, place the plates in a thermocycler with
the numbers of the columns at the top of each plate in legible order, wiping a Kimwipe on the top
of each plate before closing the thermocycler top.

5. MM@PCR Thermocylcing

5.1 While the plates are spinning, turn on the computer and the thermocyclers.

5.1.1 Open the thermocycler software; here the CFX Maestro software is used.

5.2 Create the telomere length multiplex protocol in accordance with Cawthon’s original

multiplex thermocycling protocol (Cawthon, 2009) as depicted in Figure 4:
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Figure 4. Thermocycling Profile of the MMqPCR Assay.

5.2.1 Add an incubation step to activate the AmpliTaq Gold DNA Polymerase, 95 oC for 15
minutes.

5.2.2 To avoid primer-dimer binding, run two cycles of 94 oC for 15 seconds, 49 oC for 1
minute, then three cycles of 94 oC for 15 seconds, 59 oC for 15 seconds.

5.2.4 For telomere amplification, twenty-seven cycles of 85 oC for 15 seconds, 74 oC for 30
seconds, then signal acquisition.

5.2.5 For single copy gene amplification, thirty-one cycles of 94 oC for 15 seconds, 84 oC for 30
seconds, then signal acquisition.

5.2.6 As a best practice, include a melt curve from 59 oC to 95 oC at 5 seconds intervals for each
increasing degree in the thermal cycling protocol.

5.3 Click “Start Run” for both thermocyclers.
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5.4 Lastly, name the analysis file including the following: cohort or experiment name, type of
tissue, plate number (respective to which plate is in each thermocycler), date, and machine
number of the thermocycler for that plate.

6. Telomere Length Data Analysis

6.1 Once the thermocycling is complete, analyze the data in the following manner to produce
telomere length values for the samples ran:

6.2 In the software (here CFX Maestro is used), select the “Plate Setup” feature to identify where
the standard control serial dilution is located on each plate.

6.2.1 Highlight all wells and select “Select Fluorophores” then check the box labeled “SYBR”
and uncheck all other boxes, then click “OK.”

6.2.2 While all wells are still highlighted, under the word “Load”, check the box next to
“SYBR”. Now all the wells should have “SYBR” written on them.

6.2.3 Next, highlight the three non-template control wells at the bottom of the standard control
serial dilution and select “NTC” from the sample type menu on the right. The three wells should
be yellow and be called NTC.

6.2.4 Highlight the twenty-one wells of the standard control serial dilution and select “Standard”
from the sample type menu. These well should be green. While these wells are still highlighted,
select “Replicate Series,” select “3” from the “Replicate Size” drop down menu, select
“horizontal” then select “Apply.” These wells should be labeled in sets of three from Std-1
though Std7.

6.2.5 While the standard is still highlighted select “Dilution Series,” in the “Dilution Factor”
field, type “2” then enter the dilution starting concentration and directionality according to the

plate number as follows:
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6.2.6 For the P1 plate, enter “2.00E-3” in the “Starting Concentration” field, and check the box
for “Decreasing” then select “Apply.” The values in the twenty-one wells should have the
concentration values written in each well ranging from 2.00E-03 to 3.13E-05 top to bottom.
6.2.7 For the P2 plate, enter “3.13E-5" in the “Starting Concentration” field, and check the box
for “Increasing” then select “Apply.” The values in the twenty-one wells should have the
concentration values written in each well ranging from 3.13E-05 to 2.00E-03 top to bottom.

6.3 For the samples, highlight the columns for PCR strip A, select “Unknown” from the sample
type menu, then select “Replicate Series,” select “3” from the “Replicate Size” drop down menu,
then select “Horizontal” and select “Apply.” The wells for these columns should be blue and
labeled in by row in sets of 3 from Unk-1 to Unk-8.

6.3.1 Repeat step 6.3 for columns for PCR strip B, and they should be labeled Unk-9 through
Unk-16.

6.3.2 Repeat step 6.3 for columns for PCR strip C, and they should be labeled Unk-17 through
Unk-24.

6.4 Select “OK” at the bottom right of the “Plate Editor” window.

6.5 For quality control of the PCR assay, ensure that curves in the “Quantification” tab are
appropriate, e.g., no inverted amplification curves, for both “Step 9” and “Step 12” which are the
telomere and single copy gene amplicons respectively and are accessed by the drop down menu
on the middle right side of the software window.

6.5.1 Ensure that the PCR efficiencies reported on both “Step 9 and “Step 12” are between 90%
and 110% and these two efficiencies do not differ from each other more than 10%, 1.e. 92.4% for
“Step 9” and 98% for “Step 12” is appropriate but 92.4% for “Step 9” and 108% for “Step 12” is

not appropriate, and that the NTCs do not have amplification.
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6.5.2 These quality control steps should be met before analyzing data for individual samples for
both P1 and P2 plates.

6.6 Following the sample MMqPCR template from the Telomere Research Network website,
select the twenty-one wells in the P1 analysis file that correspond to the standard control serial
dilution. Ensure “Step 9” is selected. Highlight these “Cq” values in the lower right corner of the
software window, right click and select “Copy.” Paste these values into the Standard 1 Sheet,
column B. Select “Step 12” then right click and select “Copy” for these “Cq” values. Paste these
values into the Standard 1 Sheet, column I.

6.6.1 Identify the slope value in “Step 9 and type this into cell C4 in the Standard 1 Sheet.
Identify the slope value in “Step 12” and type this into cell J4 in the Standard 1 Sheet.

6.6.2 Ensure that the coefficient of variation (CV) for each dilution triplicate is less than 0.1. To
correct this, up to three individual wells of the twenty-one standard control serial dilution wells
may be excluded from the analysis while the above quality control steps are met, step 6.6 is
repeated with each exclusion executed, and the sample readings fall within the standard points in
the “Quantification” graphs for “Step 9” and “Step 12.”

6.6.3 Repeat steps 6.6 — 6.6.2 for the P2 analysis file and corresponding Standard 2 Sheet.

6.6.4 When both Standard 1 and Standard 2 Sheets are completed with acceptable CVs,
individual sample data may be collected from the analysis files. Ensure quality control
adjustments are reported in the P1 v P2 Sheet column L, e.g., in cell L22 number how many
wells were excluded in the P1 analysis file.

6.7 Select the seventy-two wells in the P1 analysis file “Quantification” tab, ensuring “Step 9” is
selected. Highlight these “Cq” and “SQ” values in the lower right corner of the software

window, right click and select “Copy.” Paste these values into the Samples P1 Sheet, starting in
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cell D3. Select “Step 12” then right click and select “Copy” for these “Cq” and “SQ” values, the
paste these values into the Samples P1 Sheet, starting in cell F3.

6.7.1 Repeat step 6.7 for the samples in the P2 analysis file and corresponding Samples P2 Sheet.
6.7.2 With the automatically calculated telomere to single copy gene (T/S) ratios (column H),
average T/S ratios (column I), standard deviations (column J), and CVs (column K) in Samples
P1 and Samples P2 Sheets, ensure that the CVs for each sample triplicate are less than 0.1. To
correct any CVs greater than 0.1, one T/S ratio from the six measurements per sample may be
deleted, e.g., one T/S ratio from either the Samples P1 Sheet or the Samples P2 Sheet may be
deleted per individual sample. Only samples passing this quality control may be included in final
telomere length results, otherwise the sample should be repeated and deleted from P1 v P2 and
ICC Data Sheets for this run.

6.7.3 For quality control, check the individual sample interplate CVs in the P1 v P2 Sheet,
column G. These should be less than 0.05; to correct any CVs greater than 0.05, perform the
exclusion of one T/S ration from the six measurements per sample across Sheets, as described in
6.7.2, e.g., if one of the six has already been excluded and the interplate CV is too high, then this
sample should be repeated and data from this run should be removed from final telomere length
results.

6.7.4 For quality control, check the intraplate variation at the bottom of Samples P1 and Samples
P2 Sheets, which should be less than 0.05 (5%).

6.7.5 For quality control, check the overall interplate variation in P1 v P2 sheet, cell G29, which
should be less than 0.06 (6%). Ensure that samples that did not pass quality control are removed

from the interplate CV calculation in cell G30.
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6.7.6 Take final TL data for each sample that passed quality control (P1 v P2 Sheet, column I)
and place in the separate overall cohort or experiment data file; similarly, take the data for
intraclass correlation coefficient (ICC) calculations for each sample that passed quality control
(ICC Data Sheet, columns E through K) and place in a separate data file for ICC calculation.
Lastly, take final assay run quality control data from P1 v P2 Sheet (columns J through L), and
place in a separate quality control data file for the overall cohort or experiment.

6.8 To calculate ICCs for the overall cohort or experiment, follow directions listed on the
Telomere Research Network website, Resources for Study Design & Analysis tab, “Calculating
repeatability of TL measures using ICC” resource.

6.9. Lastly, to improve comparability between TL studies, transform the final TL data for each
sample in the separate overall cohort or experiment data file into Z-scores as follows:

6.9.1 Calculate the mean of all the TLs in the data file; calculate the absolute value of the
standard deviation of the TL data file.

6.9.2 Subtract the mean value from each sample TL and place this value into a new column;
divide this new value by the standard deviation and place this Z-score into a new column. Utilize
these Z-scored TLs for future data analyses.

7. MM@PCR Data Reporting

7.1 When using the TL data created from the MMgPCR assay to answer any research questions,
report that the MMgPCR assay was conducted and the following items in alignment with the
Telomere Research Network Minimum Reporting Guidelines (Lindrose and Drury, 2020):

7.1.1 State the sample type utilized in the cohort or experiment, as extracted and prepared in Step

2. Include storage conditions (temperature, duration, buffer, etc.) of the samples.
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7.1.2 Identify the DNA extraction method used. Include DNA storage conditions, like freeze-
thaw cycles. Also include the number of DNA samples assessed for quality and integrity, the
average of the DNA quality and integrity measurements, and method of documentation (e.g.,
spectrophotometer and Qubit assay) as identified in Step 2.1.1., as well as the number of samples
not assayed due to poor sample quality.

7.1.3 Identify the standard control sample source and the concentrations of the serial dilutions as
defined in Step 2 and Table 5.

7.1.3 Identify the machine used for MMqPCR, here it is the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories; Hercules, California).

7.1.4 Define the sources of the master mix reagents as outlined in Table 1 and report the final
reaction volume of 25uL.

7.1.5 Define the sequences and names of the telomere and singe copy gene primers and the final
primer concentrations in the reaction mixture as outlined in Tables 2 and 3. Report the average
efficiencies of both amplicons as collected in the separate quality control data file for the overall
cohort or experiment.

7.1.6 Report the thermocycling protocol as defined in Step 5.

7.2 Report the methods within the sample MMgPCR template excel for calculating CVs between
sample replicates, interplate CVs, intraplate CV, and sample T/S ratios. Report all CVs.

7.2.1 Report the ICC for the overall cohort or experiment as conducted in Step 6.8; identify the
level of independence of replicates as by plate, e.g., P1 versus P2. Calculate the average number

of replicates per sample from the separate ICC sheet and report this as well.
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7.2.2 Report the mean, standard deviation, range, and Z-scores of TLs in the overall cohort or
experiment using the separate overall cohort or experiment data file as described in Steps 6.7.6
and 6.9.2.

7.2.3 Lastly, report the number of samples that did not pass quality control and the amount that
were repeated on the MMqPCR assay or excluded from final analysis.

7.3 Cite this protocol and other Telomere Research Network guidelines and resources where
appropriate.

Representative Results:

The results presented here offer an example of highly repeatable TL measurements
obtained by following the above protocol. Venous blood samples from consented adults were
collected in Becton, Dickinson and Company Vacutainer Orange Top Rapid Serum Separator
tubes and stored at -20 °C for less than twenty-four hours prior to separation into PBMCs and
DNA extraction. For these results, PBMCs from thirty-six individuals were separated into two
aliquots prior to DNA extraction, creating two DNA samples per participant. Samples were
assigned random numbers so that the MMqPCR technician was blinded from sample linkage
prior to DNA quantification and quality checks and MMq@PCR TL analysis. All DNA samples
were checked for quality via spectrophotometer and Qubit assay; the average DNA metrics are
presented below [Insert (Table 6) here]. The DNA samples underwent up to three freeze-thaw
cycles prior to MMqPCR TL analysis.

The independent standard curves created for both step 9 (telomere amplicon) and step 12
(single copy gene amplicon, albumin here) are presented below, where the sequences and
concentrations are as outlined in in Tables 2 and 3 [insert (Figures 5 and 6) here]. The standard

curve was created using a DNA sample from pooled extractions of PBMCs from one individual,
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Table 6. Spectrophotometer and Qubit DNA Quality Metrics for Sample Results.
PBMC Sample Number & Actual ID_|Blinded ID_|Extraction Date [iniial Volume (uL) _|Sample Amount (uL) 280 Raw [230 Raw 230] 2607280 2601230 [fotal [DNA] ] Qubit dS[DNA]
1 298| 7141202 0.106) 044] 2.524] 110.3] 120
[CS10136-01 378, 7/14/202 0.1225] .047] 2.542] 120.1 140
2| 472 7/14/202 0.093 .033] 2.6105 86.55| 99.3]
[CSI0137-01 352, 71141202 0.096} 038 2.5225 5.7] 114]
3 499 7/14/202 0.1305 0.0255 967] 6.6 94.7]
[CS10138-01 305 7/14/202 086 0.03] 582 78.35] 98]
4 7/15/202 065 0.0095) 985 8.5) 34.2]
[CSI0124-01 7/15/202 076 0.01 854 29.25| 341
5| 7/15/202 099 00375' 2.4085 0.9} 117]
[CS10124-02 7/15/202 089 0.03] 2.4715] 4.4 94.7]
6 7/15/202 0.0755 0.022] 2.6885 5
[CSH0125-01 7/15/202: 0.0755] 0.026] 2279
7] 7/15/202 0.1185 0.0535) 2.462|
[CSI0130-01 7/15/202: 0.111 0.05] 2.5065]
8 7/16/202 0.074] 0.017] 2.7015]
[CSK0127-01 7/16/202 0.1025 0.013] 3.339)
9 7/16/202 0.072] 0.016} 2.739)
[CSI0127-02 7/16/202 0.0955 0.0155 3.0525
7/16/202 106 0.034} 2.6515
[CS10129-01 7/16/202 0.043] 2.403)
11 7/16/202: 0.021
[CS0131-01 7/16/202 0.022]
12 7/29/202: 0.026]
[CS10005-03 47] 7/29/202 0. 5| 0.021
13| 7/29/202 0.0035)
[CS10006-02 7/29/202 0.0015]
14] 7/29/202 ). 17
[CS10010-02 7/29/202 .016)
19
[CSI0015-03 24
16/202 0.0285)
[CSH0016-03 16/202 0.031
17] 16/202 0.0195
[CSI0017-03 16/202 0.0305)
16/202 .055
[CS10018-03 16/202 066
16/202 025
[CS10019-02 16/202 048]
16/202 023]
[CS10021-03 16/202 024]
16/202 0.0085)
[CS10022-03 16/202 0.0075
16/202 0.0155
[CS10023-03 16/202 0.016
16/202 0.023]
[CSH0031-02 16/202 0.023
/171202 0.023]
[CS10031-03 /17/202 0.0255
/17/202 43|
[CS10032-02 _17/202 47|
/17202 13]
[CS10032-03 _17/202 .017]
/17/202 0.0035)
[CS10035-02 /171202 0.003]
_17/202 0.029
[CS10039-03 /171202 0.0295)
_17/202 0.024
[CS10049-02 17/202 0.025
18/202 0.029
[CS10050-02 18/202 0.042]
18/202 0.0325
[CSI0107-01 18/202 0.033
18/202 0.014]
[CS10108-01 18/202 0.029
18/202 0.022]
[CSH0109-01 18/202 0.024
18/202 0.014]
[CS10118-01 18/202 0.015
18/202 0.02]
[CSI0122-01 18/202 .087] )44 044 0.022] 0.015
18/202 0.0775] )42 0.0235 0.013] 0.0045
[CSH0055-03 181202 0.08] .042] 0.027] 0.015 0.008

with a seven-point serial dilution from 0.0313ng to 2ng of DNA, and all reagents in the
MM@PCR analysis are as described in Table 1 with a final reaction volume of 25uL. The
average telomere efficiency was 94.40% and the average albumin efficiency was 100.74%, with
an average of 0.75 points removed from the standard curves, which meets the quality control
criteria of this protocol. The assays were run on the CFX96 Touch Real-Time PCR Detection
System which created this below example melt curve that shows the individual amplicon
products being produced at distinct temperatures [insert Figure 7 here]. Identifying two peaks in
the melt curve ensures that the PCR was correctly executed in this multiplex assay. The two

peaks created in the melt curve at the end of the thermal cycling show individual products, the
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first peak at 85 oC represents the telomere amplicon while the peak at 94 oC represents the

albumin amplicon.
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Figure 5. Example Standard Curve for the Telomere Amplicon in P1 Plate.
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Figure 6. Example Standard Curve for the Single Copy Gene Amplicon in P2 Plate.
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Approximately 9 samples were repeated on the assay with all DNA samples passing
quality control, an average interplate CV of 3.22% and an average intraplate CV of 1.98%. The
average TLs and ICC for samples from both extractions with a batch effect of individual plates
were calculated and presented below (Table 7 and Figures 2 and 8). The mean was 1.05, the
standard deviation was 0.24, the range was 0.59 to 1.51, and Z-scores are listed in Table 7 per
sample. Average TLs for both DNA extractions were well correlated within individuals and the
ICC was high across DNA extractions (Figures 8 and 9). Average TLs across DNA extractions
had a significant Pearson correlation coefficient of 0.967 with a p-value less than 0.001. The ICC
0f 0.967 [CI: 0.939, 0.984] indicates the high reproducibility of TL results from the same

biological sample.
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Table 7. Mean T/S Ratios and Z-scored Telomere Length for Sample Results.

PBMC Sample Number & Actual ID  |Blinded ID JAverage T/S Ratio  |Batch (plate date) |Z-Scored TL
1 298| 1.32482978383103 1] 1.171940815110040
CSI0136-01 378] 1.31598072188481 1] 1.134377843448000
2 472] 1.19269963682172 4] 0.611067696809703
CSH0137-01 352| 1.23646086924910 4] 0.796827717878023
3 499] 0.78563763036647 1] -1.116850890051980
CSI0138-01 305| 0.76627822118413 1] -1.199028746069850
4 72| 1.13924497065764 4] 0.384160469520845
CSI0124-01 284] 1.08690003038346 4] 0.161963866070778
5 432] 1.14442236297730 1] 0.406137741481225
CS0124-02 340] 1.29213918524268 1] 1.033174012950470
6 420] 1.34978015292748 4] 1.277851476943220
CS0125-01 52| 1.27805544289262 4] 0.973390589802854
7 209| 1.09947106747839 4] 0.215326077006699
CSI0130-01 308] 0.98158593560291 4] -0.285079038803779
8 331] 0.93788789109457 1] -0.470570836412168
CS0127-01 56| 0.89813920076806 1] -0.639298204059880
9 348| 0.94916464212225 1] -0.422702680231696
CSI0127-02 181]| 0.85379596136197 1] -0.827528759494591
10 282| 0.86040779160071 4] -0.799462508698608
CS0129-01 374] 0.89598320526685 4] -0.648450089130568
11 410] 1.45910690724685 1] 1.741927533745310
CSH0131-01 435] 1.50357087553639 1] 1.930670565604650
12 441] 0.92497259718564 1] -0.525394367093292
CSI0005-03 47| 0.97919812485863 1] -0.295214945622690
13 437] 1.29064754029847 2| 1.026842198673500
CSI-0006-02 152] 1.22525943340468 2| 0.749279263617574
14 14] 1.04586231106607 2| -0.012235240813246
CSI0010-02 300] 1.00701895305223 2| -0.177119605415842
15 59| 1.30993007647374 2| 1.108693740037490
CSI0015-03 488] 1.39837652082493 2| 1.484135939782670
16 314| 1.16733772798847 4] 0.503410109080270
CSI0016-03 310] 1.18406114901023 4] 0.574398581502591
17 227| 1.20754944350479 2| 0.674102950830144
CSI0017-03 427] 1.15900941927628 2| 0.468057658611567
18 67| 0.64924145835314 2| -1.695832659564100
CSI-0018-03 228] 0.58980739491533 2| -1.948121552357610
19 274] 0.92309371056511 2| -0.533369965559247
CSI0019-02 24| 0.95582436407984 2| -0.394433136104860
20 458] 0.90172686243838 2| -0.624069105826179
CS0021-03 494] 0.89732143597661 2| -0.642769495805160
21 187| 0.86768477913814 4] -0.768572762608618
CS0022-03 242| 0.73467248235489 4] -1.333190477473140
22 401] 1.04986958098321 2] 0.004775032959763
CSI-0023-03 547] 0.92423227400975 2| -0.528536930524954
23 43| 0.78458437454612 2| -1.121321806717840
CS0031-02 268| 0.76600065718457 2| -1.200206964587590
24 407] 0.75755060813164 2| -1.236076184969020
CS0031-03 345| 0.77186349728122 2| -1.175320067225140
25 61| 1.41874867476499 3] 1.570612748940010
CS0032-02 22| 1.38616940881843 3] 1.432318537535740
26 134] 1.21709895161064 3] 0.714639213831400
CS|0032-03 500] 1.24325288802095 3] 0.825658842601251
27 95| 0.90526273917431 3] -0.609059827052953
CSI-0035-02 418] 0.90726607685668 3] -0.600555952060384
28 463] 0.89717555985310 3| -0.643388718580043
CSI0039-03 280] 0.91156155434411 3| -0.582322279371025
29 125| 0.82094530051955 4] -0.966975002475136
CS0049-02 354| 0.84466460101840 4] -0.866290046499433
30 124] 1.45622843256179 3] 1.729708830375170
CSI0050-02 490] 1.45111821145193 3] 1.708016690360440
31 468] 0.93404241358913 3] -0.486894325098518
CSI0107-01 459] 0.91788296230929 3] -0.555488828582341
32 40] 1.13670587672656 3] 0.373382387735425
CSI0108-01 102] 1.21651217654587 3| 0.712148439638137
33 476] 0.83559487194366 3| -0.904789717796475
CSL0109-01 402] 0.82117967037248 3] -0.965980136782308
34 171] 1.49415288024327 3] 1.890692555228140
CSI0118-01 471] 1.50483793699360 3] 1.936049055878590
35 129] 0.79855660232104 3] -1.062011746605880
CS0122-01 192]| 0.80931895919997 3] -1.016327118233230
36 13] 0.82920308819828 4] -0.931921903462805
CSI0055-03 423] 0.92789797665863 4] -0.512976559769515
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H ©- ¢ 11~ = iccmastersheet - Excel (Product Acti... ? EH - O X
FILE HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW »

H30 - J v
A B ¢ D E F /[]

1 |sample real ID duplicate ID  id TL batch

2 1 CSI-0136-01 CSI-0136-01A 298 1.255287752 1

3 1 CSI-0136-01 CSI-0136-01A 298 1.374481328 1

4 1 CSI-0136-01 CSI-0136-01A 298 1.245030051 1

5 1 CSI-0136-01 CSI-0136-01A 298 1.378745054 2

6 1 CSI-0136-01 CSI-0136-01A 298 1.467029643 2

7 1 CSI-0136-01 CSI-0136-01A 298 1.228404875 2

8 1 CSI-0136-01 CSI-0136-01B 378 1.235200846 1

9 1 CSI-0136-01 CSI-0136-01B 378 1.387276786 1

10 1 CSI-0136-01 CSI-0136-01B 378 1.43790465 1

1 1 CSI-0136-01 CSI-0136-01B 378 1.357798165 2

12 1 CSI-0136-01 CSI-0136-01B 378 1.323983973 2

13 1 CSI-0136-01 CSI-0136-01B 378 1.153719912 2

26 3 CSI-0138-01 CSI-0138-01A 499  0.75026738 1

27 3 CSI-0138-01 CSI-0138-01A 499 0.737911025 1

28 3 CSI-0138-01 CSI-0138-01A 499 0.743065693 1

29 3 CSI-0138-01 CSI-0138-01A 499 0.791094008 2

30 3 CSI-0138-01 CSI-0138-01A 499 0.818658892 2

31 3 CSI-0138-01 CSI-0138-01A 499 0.872828784 2

32 3 CSI-0138-01 CSI-0138-01B 305 0.714564053 1

33 3 CSI-0138-01 CSI-0138-01B 305 0.789903846 1

34 3 CSI-0138-01 CSI-0138-01B 305 0.689207344 1

35 3 CSI-0138-01 CSI-0138-01B 305 0.83935743 2

36 3 CSI-0138-01 CSI-0138-01B 305 0.783224401 2

37 3 CSI-0138-01 CSI-0138-01B 305 0.781412253 2 v

data ©) <] >

Console  Terminal =T

‘R R4.2.2 . ~/Desktop/

> # To clear lists of objects — useful to run whenever you start an analysis:

> rm(list=1sQ)

> rm(list = 1s(all = TRUE))

> # Reading in the data.

> # In the example below, the data were stored in Excel, but Rstudio reads many formats

> # Other formats may require loading another package - Rstudio will tell you this.

> # Note that the first bit of the code below, 'd <-', you can read as 'd becomes'.

> # We here arbitrarily name the data set 'd' (commands / names in R are case sensitivel!).

> # You can get the import code for your file location and correct command for your file format
> # using the 'import dataset' tab in RStudio (above the top right frame on a mac).

> # When you import a data set using RStudio, the dataset will have a name different from

> # what is in the script below. I recommend copying the code you see after the "<-" to the
> # script just before actually importing the data and copy this below after the text "d <-".
> # Alternatively, you replace 'd' in the code with the name you have given your data set.

> d <- read_excel(file.choose()) #importing the example data from Excel file

> # The file 'example.xls' is available on the telomere network site

> # Calculating the ICC

> # The ICC can be calculated in different ways, depending on how variation between

> # batches is accounted for (i.e. not at all, as random effect, or as fixed effect).

> # The best way to account for batch in the ICC calculation is to use the same approach

> # as in the analysis for which the data were collected.

> # Below is the code for different ways to include 'batch' in the analysis

> # When running the scripts below, depending on details

> # there may be 'Singularity' issues that are reported as errors.

> # You can safely ignore these (see information on rptR package for details.)

> # 1. No correction for batch

> # Including 'id' only - i.e. batch is not in the model

> # 3. Including 'batch' as fixed effect

> rpt(TL ~ batch + (11id), grname = "id", data=d, datatype = "Gaussian", nboot = 1000,

+ npermut=0)

Bootstrap Progress:
|

| 100% elapsed=11s

Repeatability estimation using the 1mm method

Repeatability for id
R =0.967

SE = 0.011
CI = [0.939, 0.984]
P = 4.28e-23 [LRT]

NA [Permutation]

Figure 8. Example Intraclass Correlation Coefficient Sheet and Calculation.
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200, Correlation of Telomere Lengths by Duplicate DNA Extraction of PBMC Samples

1.80 |

s

[

v 160

~

e

=

& 140

c

K y = -0.02 + 1.02*x
g 120}

g RA2 Linear = 0.935
% -~ Pearson Correlation Coefficient = 0.967
2 100

& p < 0.001
5 .80 |

<

c

£ 60|

¥

e

1

g a0

-

£

'™

.00 20 40 60 .80 1.00 1.20 1.40 1.60 1.80 2.00
Second Extraction Average Telomere Length (T/S ratio)

Figure 9. Correlation of Telomere Lengths Across DNA Extractions for Sample Results. Each
cyan star represents one sample (n = 36) that was extracted twice.

Discussion:

The MM@PCR TL measurement provides repeatable TL findings, as seen in the results
from duplicate DNA extractions for PBMC samples. Furthermore, this method maximizes
efficiency with both the telomere and single copy gene amplicons on the same PCR plate, and
minimizes costs compared to other methods. However, there are limitations to the method. For
example, given that two thermocyclers are utilized in this protocol this method requires large
purchases in advance if access to core facilities is not feasible. The throughput of this assay
decreases if only one thermocycler is available, similar to the throughput of singleplex PCR, but
with enhanced precision and reproducibility with have duplicate triplicates for sample reads.
While the minimal amount of DNA needed for the MMqPCR assay is advantageous, the assay is
limited to the quality of DNA used for control standards and samples analyzed. Measuring the
quality of all DNA samples by purity of nucleic acids with 260/280 ratio between 1.7 to 2.0 and

lack of unwanted organic compounds with 260/230 ratio between 2.0 and 2.2. via
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spectrophotometer, as well as accurate assessment of double-stranded DNA via Qubit assay are
critical steps in this protocol to obtaining repeatable TL data.

Other critical steps in this protocol include the creation of reagents and appropriate
storage times. For example, if both the telomere and single copy gene have low efficiencies, the
DTT aliquot is a likely cause, and new aliquots of DTT should be made according to this
protocol. Conversely, if only one of the telomere or single copy gene amplicons has a low
efficiency, consider making a new aliquot of this primer. If this does not increase the
efficiencies, then the ANTP aliquot may be the issue and new aliquots of dNTPs should be made
from stock dNTPs not older than one calendar year. An important clause of troubleshooting this
protocol is to only adjust one reagent at a time to determine the cause of plates not passing the
quality control criteria.

A critical quality control step is to ensure that all six no template control wells across
plates do not amplify above the threshold fluorescence level. Changing out PCR grade H20
stocks regularly and aliquoting PCR grade H20 sub-stocks for each pair of plates run will
minimize sources of contamination and no template control amplification. Practicing sterile
technique when in the PCR hood and decontaminating with ultra-violet light after each use of the
PCR hood will aid in passing this quality control step as well. Two other critical quality control
steps are the coefficient of variation cutoffs for sample triplicates and between plate sample
variation. If the coefficient of variations for samples are above the maximum values, vortexing
samples, their dilutions, and the PCR strips more vigorously at their respective vortexing steps is
recommended when rerunning the samples.

While particular to DNA quality and technician experience, the MMgPCR method is best

situated for large population-based studies investigating TL because it requires small amounts of
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DNA, is more efficient than singleplex PCR, and is more affordable in reagents and technician
time than other methods. For decades, the most popular method of TL measurement was terminal
restriction fragment (TRF) analysis using Southern hybridization. However, the MMgPCR assay
described here provides repeatable results with less DNA and time than TRF. The MMqPCR
method has been utilized in epidemiological studies of 300 or more participants to define the
relationship of TL with environment, disease pathology, and genetic biomarkers to date (Maasen
et al., 2020; Zochmeister et al., 2018; Hsieh et al., 2020). These reports and this protocol show
the reliability of the MM@PCR method for collecting TL in population-based studies.
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CHAPTER 4
Validity, Reliability, and Transcultural Adaptations of the Bayley Scales of Infant and
Toddler Development (BSID-III-NL) for Children in Suriname
Background:

The Republic of Suriname is a demographically diverse country defined by the World
Bank Group as a middle-income country (MIC) located on the northeastern edge of South
America. The country was named after the indigenous Surinen tribe [1]. As a consequence of
multiple forced movements of slaves and hegiras of immigrants during Dutch colonization of
Suriname, the population is highly diverse and includes Hindustani, Tribal (formerly Maroons),
Creoles, Javanese, Indigenous (formerly Amerindian), Caucasian, and individuals of mixed
descent [2]. Across ethnic groups, Suriname has high perinatal mortality of 40/1000 live and still
births, where approximately 1 in 5 pregnancies end in at least one negative birth outcome, and
neonatal deaths account for 50% of all perinatal deaths [3,4]. Contributing factors to negative
birth outcomes in Suriname include neurotoxicant exposures during pregnancy, especially for
Indigenous Surinamese [5].

In an effort to understand the etiology of poor birth outcomes and the impact on
neurodevelopmental trajectories of infants and toddlers, a large epidemiologic cohort of pregnant
women was initiated by the Caribbean Consortium for Research in Environmental and
Occupational Health (CCREOH) [6]. CCREOH is exploring regional differences in known
neurotoxicants measured in pregnant women from the capital city of Suriname, Paramaribo,
where the majority of the country's population resides, the coastal city of Nickerie, which
produces the majority of agricultural exports for Suriname, as well as the colloquially known

Interior region that mainly consists of dense tropical rainforest [4, 6, 7, 8, 9]. Findings from the
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CCREOH cohort to date report internationally unacceptable levels of neurotoxicants in maternal
blood during pregnancy [8]. For example, an average of 10 times the U.S. Environmental
Protection Agency’s (EPA) action level for methylmercury (Hg), a known neurotoxicant, was
measured in blood from pregnant Surinamese women in the Interior region [9].

The German Human-Biomonitoring research studies report that Hg levels of 5
micrograms per liter in blood or greater have negative impacts on health, and a suggested action
level for intervention is 3.5 micrograms per liter [10]. Exposure to Hg places the subject at
elevated risk to adverse functional outcomes in multiple organ systems across the lifespan, as Hg
is a heavy metal that is toxic to neurons at the cellular, molecular, and behavioral levels [11]. Hg
exposure in adults is detrimental to overall health, especially the nervous system, through various
cellular mechanisms including oxidative stress [12]. Hg exposure to pregnant females affects the
offspring’s nervous system and behavior in early development and across the lifespan, as Hg and
other neurotoxicants cross the placenta and concentrate in the fetus during pregnancy [13-16].

Two well-known studies comparable to the CCREOH cohort in size and longitudinal
design that assessed the effects of Hg exposure in utero on infant neurodevelopment—the
Seychelles Child Development Study and the Faroe Islands Study—have reported contradictory
results, in part due to ethnic differences in study populations [13]. The Seychelles Child
Development Study, in a primarily African-descent cohort, has not reported negative
associations of Hg exposure and child neurodevelopment [17]. However, in the primarily
Scandinavian-descent cohort of the Faroe Islands Study, negative associations of Hg exposure
and child neurodevelopment have been reported, leading to discussions on the vulnerability to
prenatal Hg exposure being enhanced or attenuated by genetic factors or cultural differences

[13,18]. In adulthood, exposure to Hg in utero has negative associations with cognitive functions
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at 22 years of age in the Faroe cohort, but not in the Seychelles cohort of the same age on
identical cognitive assessments [17,18] While these island populations were chosen for study on
the long-term effects of prenatal Hg exposure due to shared staple foods containing bio-available
Hg, the coastal country of Suriname faces extreme exposure to elevated Hg levels from
contamination through artisanal, subsistence, small-scale gold mining, especially in areas
populated by minority ethnic groups like the Interior region [9].

Pregnant Surinamese women in the Interior region also had mean lead (Pb) levels above
the U.S. EPA action level, and while each neurotoxicant works through different or shared
molecular mechanisms to affect neuronal development, the combination effects of Hg, Pb, and
other neurotoxicants on health outcomes are under-studied [19-21]. Multiple reports show
individual in utero neurotoxicant exposure is shown to negatively affect longitudinal infant
neurodevelopment, but few studies report interactive effects of multiple in utero neurotoxicant
exposures on infant neurodevelopment [22-24]. Despite the role of prenatal neurotoxicant
exposures in negative birth outcomes reported in Suriname, there is a gap in the current literature
on the neurodevelopmental trajectories of Surinamese infants.

As a first step in understanding the impact of these neurotoxicant exposures in utero on
Surinamese infant neurodevelopmental trajectories, I conducted an experiment to evaluate the
content validity and psychometric properties of a well-established and internationally validated
measure of overall neurodevelopment in infants and toddlers, the Bayley Scales of Infant and
Toddler Development. The creation and validation of neurodevelopmental assessments has
typically occurred only in high-income counties (HICs) such as the United States and the
Netherlands with subsequent utilization of these same assessments in low and middle-income

countries (LMICs) [1,25]. The utilization of neurodevelopmental assessments in new countries
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and cultures has occurred with varying amounts of consideration for cultural adaptation. One
infant assessment measure that has been utilized internationally to assess the
neurodevelopmental impact of in utero exposures and poor birth outcomes is the Bayley Scales
of Infant and Toddler Development, 3rd Edition (BSID-III) [27,28].

The BSID-III has 5 subscales that directly assess language (receptive and expressive),
motor (gross and fine), and cognitive function [26,28]. Age-specific start points were established
in each subscale to ensure that 95% of participants in that group completed three consecutive
items [29]. The BSID-III is individually administered and applicable to infants from 1-month to
42-months of age with existing normative data on 1,700 infants in 17 age groups from the United
States [28-30].The adapted Dutch version, the BSID-III-NL, has separate normative data
[31].Despite widespread use of the BSID-III in low, middle, and high-income countries,
adaptation and validation of the scale has been inconsistent and rarely completed in accordance
with the International Test Commission's (ITC) recommendations.

In response to the use of educational and psychological assessments, like the BSID-III,
being applied to international samples, the ITC created guidelines for adaptation in new cultural
contexts [32].These guidelines outline recommendations for adaptation of assessment to other
cultures and include recommendations related to pre-condition (decisions prior to test
adaptation), test development, confirmation, administration, score scales and interpretation, and
documentation steps for proper adaptation [32]. Insufficient consideration and cultural adaptation
of the BSID-III, or inadequate assessment of content validity and reliability, similar to other
neurodevelopmental assessments, can result in apparent developmental differences across
cultures that are the result of differences in the early environment, rather than true differences in

neurodevelopmental trajectories and risk. One example of this was found in a study of Australian

139



toddlers where the authors reported significant differences in motor development scores of
Australian toddlers compared to United States norms. In discussion of how significant
differences occurred, the authors note that these differences were most likely the result of
cultural differences in the physical context, i.e. the more frequent presence of bouncing
apparatuses in Australia, rather than indicative of developmental risk [33]. Beyond initial cultural
adaptation of the test content, the ITC also recommends validity and reliability analyses before
the implementation of assessments for clinical and intervention purposes [32].

My study assessed the need for cultural adaptation of the BSID-III-NL through
consultation with Surinamese pediatric neuropsychologists and pediatricians. In accordance with
ITC guidelines, the BSID-III-NL booklets were purchased from the publisher, and Surinamese
pediatricians were consulted on the constructs, imagery, culture, and language appropriateness of
the BSID-III-NL before administration [26,32]. Following the recommendations of Surinamese
medical professionals, only minor adaptations to the booklet imagery were made to ensure
culturally appropriateness. Next, construct validity and reliability were analyzed of the adapted
BSID-III-NL in a representative sample of Surinamese infants utilizing the BSID-III
administration manual.

Building upon the validation of the BSID-III-NL to measure neurodevelopment of
Surinamese infants, I further aim to leverage this neurodevelopmental measure and investigate
the overall cumulative effects of varying levels of Hg, Pb, aluminum (Al), manganese (Mn),
selenium (Se), cadmium (Cd), and tin (Sn) on Surinamese neurodevelopmental trajectories.
Recent advances in statistics will allow a more detailed analysis of the CCREOH data on
multiple in utero exposures on infant neurodevelopment than is reported in current literature

[24,34]. In addition, the effects of cumulative prenatal exposure to multiple neurotoxicants are
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known to negatively affect the biological development of infants, as indexed by shortening of
telomeres [35].

Telomeres are the protective nucleic acid and protein cap at the end of all eukaryotic
chromosomes, and telomere length (TL) is a biomarker of aging, associated with age-related
disease risk where TL decreases across the lifespan and critically short TL initiates cellular death
[36]. Studies have reported that greater cumulative prenatal neurotoxicant exposures are
associated with shorter TL of newborns [37,38]. However, reports from the current literature are
inconsistent on the direction of relationships between prenatal neurotoxicant exposures, infant
neurodevelopment, and TL [18,39]. The proposed study addresses a gap in the current literature
specific to Suriname by leveraging the existing CCREOH cohort database, which contains
prenatal neurotoxicant concentrations of Hg, Pb, Al, Mn, Se, Cd, and Sn, and
neurodevelopmental performances of Surinamese infants. The proposed research additionally
contributes to the CCREOH cohort database through measurement of infant TL and investigation
of the long-term effects of in utero neurotoxicant exposures on infant neurodevelopment and
biological aging.

Methodology:
Caribbean Consortium for Research in Environmental and Occupational Health

As part of the CCREOH/Meki Tamara research program, pregnant women and their
offspring were recruited from three geographic locations in Suriname as previously described,
including Paramaribo, Nickerie, and the Interior region of Suriname [4]. The overall goal of this
research is to assess psychosocial and environmental exposures in pregnant Surinamese women,
and their relation with perinatal and neurodevelopmental outcomes in offspring. Mothers

between the ages of 16 and 45 years-old were invited to participate in the study at prenatal
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clinics and midwife facilities. Recruitment for this study began in December 2016 and completed
in July 2019. Following informed consent, demographic information on parity, maternal age,
education, income, ethnicity, marital status, prenatal occupational exposures, and dietary choices
were obtained at multiple time points during pregnancy after mothers were consented. A trained
research assistant conducted study interviews and questionnaires in Dutch. All participants were
singleton births and brought to one of seven centers between the ages of 10 months and 30
months of age for neurodevelopmental assessment.
Participants

The raw BSID-III-NL scores from a subset of 299 participants from the larger CCREOH
study were utilized for analyses of content validity, construct validity, convergent validity, and
internal subscale reliability. Participants for this analysis were collected between May 2018 and
July 2019 with 57.90% recruited from Paramaribo, 26.80% recruited from Nickerie, and 15.40%
recruited from the Interior region. Demographic and regional characteristics of this subset do not

significantly differ from the larger cohort [4]. The 299 participants of this study were evaluated

Table 1. Demographics of Study Participants. Percentages of females, males, participants in Paramaribo, Nickerie, or

the Interior, and participant number are reported by age group with number and percentages displayed for all 299
participants. The lower age limit and upper age limit in months and days for each age group are also displayed.

Age Age Age Age Age Group Age Age Age Age
Group 1: Group 2: Group 3: Group 4: 5: Group 6: Group 7: Group 8: Group 9: Overall:
Sex of Participant
Female:  63.20% 57.90%  58.50% 37.10% 35.30% 54.30% 48.80%  38.60%  30.00% 140 (46.80%)
Male: 36.80% 42.10% 41.50%  62.90% 64.70% 45.70% 51.20% 61.40%  70.00% 159 (53.20%)
Location of Participant
Paramaribo:  57.90%  57.90% 78.00%  65.70% 100.00%  71.70% 41.50%  25.00% 5.00% 173 (57.90%)
Nickerie:  31.60%  31.60%  22.00%  22.90% 0.00% 19.60% 41.50% 34.10%  50.00% 80 (26.80%)
Interior:  10.50%  10.50% 0.00%  11.40% 0.00% 8.70% 17.10% 40.90%  45.00% 46 (15.40%)
Number of Participants
19 19 41 35 34 46 41 44 20 n=299
Group Age Limits
Lower dge: et et et e 1m0 1Gmet el Vet 3o
Upper dge: BTGNS Mfame NSime vame o awe o iSdwe  isawe 1dmsisdme
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once between the ages of 10 months and 16 days and 26 months and 15 days. Eight participants
included in this subset were born premature, specifically one participant in Age Group 3, one
participant in Age Group 5, one participant in Age Group 6, four participants in Age Group 8,
and one participant in Age Group 9 (Table 1).
Materials and Setting

The BSID-III was translated and adapted for Dutch speaking infants in the Netherlands
[14]. The BSID-III was translated into Dutch, adapted for Dutch culture, assessed for content
validity, item sequence suitability, and the appropriateness of age group start points before a
normed sample of 1,912 participants was created for the Netherlands [17-19]. Following this
multi-stage validation process, the BSID-III-NL is considered an accurate assessment of
neurodevelopment for Dutch infants. The BSID-III-NL was utilized in Suriname given that
Dutch is the national language in Suriname and the historical ties between the two countries. All
ten of the medical personnel and research assistants who conducted the BSID-III-NL in
Suriname were trained and received feedback on administration of the BSID-III-NL by a single
licensed clinical psychologist (MM). The subscales included in this study were the receptive
communication which had 49 items, expressive communication which had 46 items, gross motor
which had 72 items, fine motor which had 66 items, and the cognitive subscales which had 91
items. The administration of each subscale began at a specific starting point based on the age of
the participant in accordance with the BSID-III manual as outlined in Supplementary Table 1.
The participant was required to complete successfully the first three consecutive items from the
respective start point. If the participant failed to complete the first three consecutive items, the
administrator went back to a previous start point to begin task administration until the infant

completed three consecutive items that initiated from a specified start point. Full credit was
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given for items prior to the start point for each participant. The administration of the BSID-III-
NL then continued until the participant had five consecutive incorrect responses. For this study,
results from the BSID-III-NL administered between May 2018 and July 2019 in Paramaribo,
Nickerie, and the Interior region of Suriname were utilized.
Statistical Analyses

A total of 96,876 correct or incorrect responses were entered into a database from 324
items for each of the 299 participants. Responses from participants were split by participant’s
age into 9 different age groups determined by Normative Tables available in the BSID-III
Administration Manual [20]. The age groups started at 10 months and 16 days of age and went
through 26 months and 15 days. The 9 age groups encompassed somewhere between 15 days to
4 months as outlined in Table 1. Descriptive analytic statistics were calculated and carried out
using IBM SPSS version 26.0 and SAS version 9.4 [21,22]. K-Modes cluster analysis was
conducted using R [23]. A p-value of 0.010 was used to determine statistical significance.
Construct Validity

Construct validity was assessed by convergence of age of participant and the BSID-III-
NL score. This convergent validity was assessed by comparison of mean raw scores across age
groups. The raw score for each subscale in each age group was compared by repeated pairwise
analysis of variance with Bonferroni post-hoc corrections for multiple pairwise comparisons.
Further construct validity was additionally conducted by two statistical methods. First, pairwise
tetrachoric correlation coefficients indicating the strength and direction of associations between
each of the 324 items with themselves were computed to create the correlation matrix for all
participant responses. The correlation matrix was planned to be used for an exploratory factor

analysis of the scale construct validity. Second, cluster analysis using K-Modes clustering was
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conducted by age group for each subscale to maximize the similarly within clusters and
maximize the dissimilarly between clusters. Extraction of number of clusters was determined by
the percent of variance explained, with a minimum amount of 80% of variance explained. Two
clusters of responses were produced for each age group across all subscales, where the first
cluster of responses at the beginning of the subscale are correct responses to items in the subscale
for each age group. Inversely, the second cluster of responses at the end of the subscale are
incorrect responses to items in the subscale for each age group.
Reliability

The reliability of each subscale was estimated through calculation of Cronbach’s alpha
coefficient for internal consistency of items assessing the expected neurodevelopmental domain
separately in each subscale. The domains of receptive communication, expressive
communication, gross motor, fine motor, and cognition were assessed across all age groups.
Ethics Statement

The study was conducted according to the principles of the Declaration of Helsinki and
the International Conference on Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use, Good Clinical Practice guidelines (ICH-GCP). The study
protocol was reviewed and approved by the Central Committee on Research Involving Human
Subjects, the Medical Ethical Committee of the Ministry of Health in Suriname (VG 023-14),
and the Institutional Review Board of Tulane University’s School of Public Health and Tropical
Medicine, New Orleans, LA, USA.
Results:

Demographics of Participants
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Table 1 outlines demographic information of the subset of CCREOH / Meki Tamara
participants in the study (n = 299). Participants were grouped by age into 9 Age Groups based on
the normative aged data in the BSID-III manual. Participants were predominantly from
Paramaribo and approximately equivalent proportions of males and females. Demographics of
the 299 participants used in this validation study did not differ from the larger CCREOH study
cohort by percentage of males and females or region of participants.

Modifications of the BSID-III-NL for Validity in Suriname

The BSID-III-NL utilizes various toys or image materials. Two types of items in the
BSID-III-NL kit were altered for administration in Suriname following multiple focus group
discussions with Surinamese BSID-III-NL administrators, pediatricians, and neuropsychologists
about the different environmental and cultural exposures for Surinamese infants compared to the
Netherlands. The content validity was assessed through discussions with assessment
administrators and pediatric neuropsychologists in Suriname.

Picture Book

Items in the picture book were changed to be more culturally relevant to Suriname.
Specifically, images of dogs were replaced with images of birds, images of cats were replaced
with images of monkeys, images of Western washing machines were replaced with images of
Surinamese people washing clothes in a natural water source, and similar images of Western
objects and actions were replaced with images of Surinamese settings depicting Surinamese
people as seen in Supplementary Table 2.

Puzzles
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Two-piece symmetrical puzzles of a dog and an ice cream cone were changed to images
of a monkey and a boat, respectively (Supplementary Table 2). Dogs and ice cream cones are
uncommon objects in the Interior region of Suriname.

Construct Validity: Exploratory Factor Analysis

Pairwise tetrachoric correlation coefficients were created from the binary results of items
in the BSID-III-NL to create the correlation matrix (Supplementary Table 3). As credit was
given to participants for all items before their start points in each subscale and participants were
administered items until five consecutive incorrect responses occurred, pairwise correlations
were unable to be computed for 28.26% of the expressive communication subscale, 38.78% of
the receptive communication subscale, 53.03% of the fine motor subscale, 40.28% of the gross
motor subscale, and 24.18% of the cognitive subscale because at least one of the pairs had more
than two missing values. Given the percentage of missing correlations, exploratory factor
analysis could not be utilized for construct validation. K-Modes cluster analysis was then used to
assess the factor structure of the BSID-III-NL raw scores for infants in Suriname.

Receptive Communication Construct Validity
Convergent Validity

The maximum potential raw score in the receptive communication subscale was 49. In
this sample, the mean raw score for the receptive communication subscale was 17.95 + 3.94.
When comparing mean raw scores by age group, the following significant differences were
observed: Age Group 1 was significantly different than Groups 6, 7, 8, and 9; Age Group 2 was
different than Groups 8 and 9; Age Groups 3, 4, 5, 6, 7, and 8 were different than Age Group 9
as indicated by blue significance bars (Figure 1a). All significant differences were present at a p-

value of 0.010.
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Cluster Analysis

Cluster analysis grouped responses to items into two specific clusters, one cluster for item
numbers in the first cluster of correct responses in age group color, and item numbers in the
second cluster for incorrect responses in gray (Figure 1b). These two clusters explained a
minimum of 85.80% to a maximum of 90.90% of all variability of responses across the age
groups in the receptive communication subscale. The last item grouped into the correct responses
cluster for all age groups was number 14, and the last item grouped into the correct responses

cluster for any age group was number 25. Descriptions of items 14 to 26 are available

(Supplementary Table 4).
Receptive Communication Subscale Mean Scores Receptive Communication Subscale Clusters
48 T |
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Item Number

Variance Explained: 88.73% 90.90% 90.58% 88.51% 89.16% 90.22% 88.37% 88.00% 85.80%
mAge Group1 mAge Group 2 Age Group 3 Age Group4 wAge Group5 mAgeGroup6 mAgeGroup7 mAge Group8 mAge Group9

Figure 1. Mean raw score and item clusters of the receptive communication subscale
increase with age. Age Group 1 is represented in dark red, Age Group 2 is represented in
light red, Age Group 3 is represented in orange, Age Group 4 is represented in yellow, Age
Group 5 is represented in light green, Age Group 6 is represented in dark green, Age Group 7
is represented in light blue, Age Group 8 is represented in dark blue, and Age Group 9 is
represented in purple. (Left) Mean raw scores in the receptive communication subscale with
one standard deviation black bar above and below the observed mean for each age group by
item number with significant differences represented in blue bars for between age group
comparisons. (Right) Receptive communication subscale item numbers in the first cluster of
correct responses in age group color and item numbers in the second cluster of incorrect
responses with the overall response variance explained below by age group.

148



Expressive Communication Construct Validity
Convergent Validity

The maximum potential raw score in the expressive communication subscale was 46. In
this sample, the mean raw score for the expressive communication subscale was 18.96 £ 4.67.
When comparing mean raw scores by age group, the following significant differences were
observed: Age Group 1 was significantly different than Groups 5, 6, 7, 8, and 9; Age Group 2
was different than Groups 6, 7, 8, and 9; Age Group 3 was different than Groups 6, 8, and 9; Age
Groups 4, 5, 6, 7, and 8 were different than Age Group 9 as indicated by blue significance bars

(Figure 2a). All significant differences were present at a p-value of 0.010.

Expressive Communication Subscale Mean Scores Expressive Communication Subscale Clusters
T
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Variance Explained: ~86.31%  88.29%  86.62% B486%  88.03%  87.36% 88A5%  87.84% 8B.12%

mAgeGroup 1 mAge Group 2 Age Group 3 Age Group 4 AgeGroup5 mAgeGroup6 mAgeGroup7 mAgeGroup8 mAgeGroup9
Figure 2. Mean raw score and item clusters of the expressive communication subscale
increase with age. Age Group 1 is represented in dark red, Age Group 2 is represented in
light red, Age Group 3 is represented in orange, Age Group 4 is represented in yellow, Age
Group 5 is represented in light green, Age Group 6 is represented in dark green, Age Group 7
is represented in light blue, Age Group 8 is represented in dark blue, and Age Group 9 is
represented in purple. (Left) Mean raw scores in the expressive communication subscale with
one standard deviation black bar above and below the observed mean for each age group by
item number with significant differences represented in blue bars for between age group
comparisons. (Right) Expressive communication subscale item numbers in the first cluster of
correct responses in age group color and item numbers in the second cluster of incorrect
responses with the overall response variance explained below by age group.
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Cluster Analysis

Cluster analysis grouped responses to items into two specific clusters, one cluster for item
numbers in the first cluster of correct responses in age group color, and item numbers in the
second cluster for incorrect responses in gray (Figure 2b). These two clusters explained a
minimum of 84.86% to a maximum of 88.72% of all variability of responses across the age
groups in the expressive communication subscale. The last item grouped into the correct
responses cluster for all age groups was number 12, and the last item grouped into the correct
responses cluster for any age group was number 27. Descriptions of items 12 to 28 are available
(Supplementary Table 4). Item 22, which requires participants, from a picture book, to name one
image of a cookie, a bottle, shoes, a car, a bird, a balloon, a bed, a kitten, a ball, a spoon, an
apple, or a book from a picture book was clustered with incorrect responses for Age Groups 5, 6,
7, and 8, although the previous items were clustered with correct responses for these same age
groups.
Gross Motor Construct Validity
Convergent Validity

The maximum potential raw score in the gross motor subscale was 72. In this sample, the
mean raw score for the gross motor subscale was 49.33 £+ 5.04. When comparing mean raw
scores by age group, the following significant differences were observed: Age Group 1 was
significantly different than Groups 3, 4, 5, 6, 7, 8, and 9; Age Group 2 was different than Groups
6, 8, and 9; Age Group 3 was different than Groups 8 and 9; Age Groups 4, 5, 6, and 7 were
different than Age Group 9 as indicated by blue significance bars (Figure 3a). All significant
differences were present at a p-value of 0.010.

Cluster Analysis
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Cluster analysis grouped responses to items into two specific clusters, one cluster for item
numbers in the first cluster of correct responses in age group color, and item numbers in the
second cluster for incorrect responses in gray (Figure 3b). These two clusters explained a

minimum of 85.61% to a maximum of 90.02% of all variability of responses across the age
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Variance Explained: 87.67% 89.58% 88.78% 89.17% 90.02% 86.81% 87.94% 87.71% 85.61%
mAge Group1 mAge Group 2 Age Group 3 Age Group4 wAgeGroup5 mAge Group6 mAgeGroup7 mAge Group8 mAge Group9

Figure 3. Mean raw score and item clusters of the gross motor subscale increase with
age. Age Group 1 is represented in dark red, Age Group 2 is represented in light red, Age
Group 3 is represented in orange, Age Group 4 is represented in yellow, Age Group 5 is
represented in light green, Age Group 6 is represented in dark green, Age Group 7 is
represented in light blue, Age Group 8 is represented in dark blue, and Age Group 9 is
represented in purple. (Left) Mean raw scores in the gross motor subscale with one standard
deviation black bar above and below the observed mean for each age group by item number
with significant differences represented in blue bars for between age group comparisons.
(Right) Gross motor subscale item numbers in the first cluster of correct responses in age
group color and item numbers in the second cluster of incorrect responses with the overall
response variance explained below by age group.
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groups in the gross motor subscale. The last item grouped into the correct responses cluster for
all age groups was number 37, and the last item grouped into the correct responses cluster for
any age group was number 56. Descriptions of items 37 to 57 are available (Supplementary
Table 4).

Fine Motor Construct Validity
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Convergent Validity

The maximum potential raw score in the fine motor subscale was 66. In this sample, the
mean raw score for the fine motor subscale was 33.77 + 3.22. When comparing mean raw scores
by age group, the following significant differences were observed: Age Group 1 was
significantly different than Groups 3, 4, 5, 6, 7, 8, and 9; Age Group 2 was different than Groups
8 and 9; Age Group 3 was different than Groups 7, 8, and 9; Age Groups 4 and 5 were different
than Groups 8 and 9; Age Groups 6 and 7 were different than Age Group 9 as indicated by blue

significance bars (Figure 4a). All significant differences were present at a p-value of 0.010.
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Variance Explained: 89.53%  90.75%  90.64%  90.02% 91.50% 91.41% 90.52% 91.22% 91.68%

mAgeGroup 1 mAge Group 2 Age Group 3 AgeGroup4 wmAgeGroup5 mAgeGroup6 mAgeGroup7 mAgeGroup8 mAgeGroup9
Figure 4. Mean raw score and item clusters of the fine motor subscale increase with age.
Age Group 1 is represented in dark red, Age Group 2 is represented in light red, Age Group 3
is represented in orange, Age Group 4 is represented in yellow, Age Group 5 is represented in
light green, Age Group 6 is represented in dark green, Age Group 7 is represented in light
blue, Age Group 8 is represented in dark blue, and Age Group 9 is represented in purple.
(Left) Mean raw scores in the fine motor subscale with one standard deviation black bar above
and below the observed mean for each age group by item number with significant differences
represented in blue bars for between age group comparisons. (Right) Fine motor subscale item
numbers in the first cluster of correct responses in age group color and item numbers in the
second cluster of incorrect responses with the overall response variance explained below by
age group.

Cluster Analysis
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Cluster analysis grouped responses to items into two specific clusters, one cluster for item
numbers in the first cluster of correct responses in age group color, and item numbers in the
second cluster for incorrect responses in gray (Figure 4b). These two clusters explained a
minimum of 89.53% to a maximum of 91.68% of all variability of responses across the age
groups in the fine motor subscale. The last item grouped into the correct responses cluster for all
age groups was number 30, and the last item grouped into the correct responses cluster for any
age group was number 39. Descriptions of items 30 to 40 are available (Supplementary Table 4).
Item 34, which requires participants to imitate a written line on paper with a pencil by holding
the pencil in a partial tripod or quadrapod thumb position was clustered with incorrect responses
for Age Groups 3, 4, 5, 6, and 7. However, the items following 34, such as item 35, which
requires participants to place three coins into a piggybank slot, were clustered with correct
responses for these age groups.

Cognitive Construct Validity
Convergent Validity

The maximum potential raw score in the cognitive subscale was 91. In this sample, the
mean raw score for the cognitive subscale was 52.88 = 7.05. When comparing mean raw scores
by age group, the following significant differences were observed: Age Group 1 was
significantly different than Groups 4, 5, 6, 7, 8, and 9; Age Group 2 was different than Groups 7,
8, and 9; Age Group 3 was different than Groups 6, 7, 8, and 9; Age Groups 4 and 5 were
different than Groups 8 and 9; Age Groups 6, 7, and 8 were different than Age Group 9 as
indicated by blue significance bars (Figure 5a). All significant differences were present at a p-
value of 0.010.

Cluster Analysis
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Cluster analysis grouped responses to items into two specific clusters, one cluster for item

Cognitive Subscale Mean Scores Cognitive Subscale Clusters

Item Number
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Variance Explained: 87.32% 87.93% 85.16% 83.75% 85.90% 85.40% 85.79% 87.01% 81.58%
mAge Group1 mAge Group 2 Age Group 3 Age Group4 wAge Group5 mAgeGroup6 mAgeGroup7 mAge Group8 mAge Group9

Figure 5. Mean raw score and item clusters of the cognitive subscale increase with age.
Age Group 1 is represented in dark red, Age Group 2 is represented in light red, Age Group 3
is represented in orange, Age Group 4 is represented in yellow, Age Group 5 is represented in
light green, Age Group 6 is represented in dark green, Age Group 7 is represented in light
blue, Age Group 8 is represented in dark blue, and Age Group 9 is represented in purple.
(Left) Mean raw scores in the cognitive subscale with one standard deviation black bar above
and below the observed mean for each age group by item number with significant differences
represented in blue bars for between age group comparisons. (Right) Cognitive subscale item
numbers in the first cluster of correct responses in age group color and item numbers in the
second cluster of incorrect responses with the overall response variance explained below by
age group.

numbers in the first cluster of correct responses in age group color, and item numbers in the
second cluster for incorrect responses in gray (Figure 5b). These two clusters explained a
minimum of 81.58% to a maximum of 87.93% of all variability of responses across the age
groups in the cognitive subscale. The last item grouped into the correct responses cluster for all
age groups was number 40, and the last item grouped into the correct responses cluster for any
age group was number 64. Descriptions of items 40 to 65 are available (Supplementary Table 4).
Item 48, which requires participants to initiate relational play between objects and her- or

himself, and item 53, which requires participants to initiate relational play while using objects as

154



they are intended to be used with others, were clustered with correct responses for all 9 Age
Groups.
Reliability

For each of the Bayley subscales, the Cronbach’s alpha was used to measure the internal
consistency, that is, how closely related a set of items are as a group and how every item reliably
measures the same construct [24]. Table 2 reports the internal consistency for each subscale
across all 299 participants. The higher the Cronbach’s alpha the greater the reliability of the
subscales in testing the desired construct. The Cronbach’s alpha for the subscales ranged
between 0.77 and 0.91 with all scales indicating a greater internal consistency than the standard

cut off of reliability set at 0.70 [25].

Table 1. Reliability of Each Subscale.
Cronbach’s Receptive Expressive Gross Fine
Alpha Communication Communication Motor Motor Cognitive
Coefficient Subscale Subscale Subscale Subscale Subscale
Questions
Relating to 0.8590 0.8870 0.8870 0.7750 0.9060
Subscale
Discussion:

The present study demonstrated the construct validity and reliability of the BSID-III-NL
for Surinamese infants. The BSID-III-NL was created for the ethnically homogenous population
of the Netherlands. However, although cultural and historical ties between the Netherlands and
Suriname exist, early development in Suriname is characterized by different childcare practices
and differential exposures to games, books, and toys compared to the Netherlands requiring
adaptations to prevent cultural differences impacting scores of Surinamese infants on the BSID-
ITII-NL. Before adaptation, the extent to which the content of items in the scale were appropriate
for Surinamese infants was assessed by Surinamese pediatricians and neuropsychologists. Visual

adaptations to the picture book and puzzles were similar to those reported in other studies with
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respect to their study populations’ cultural exposures [26,27]. Consideration of cultural
differences in the early environment and evaluation of the relevance of photos and pictures in the
BSID-III-NL prior to the implementation of testing likely enhanced the content validity of the
BSID in this population. The findings of this study confirm the content validity of the culturally
adapted BSID-III-NL for use in Suriname.

Construct validity, or the extent to which items of the BSID-III-NL measured language,
motor, and cognitive functioning, was confirmed through the convergent increases of age and
subscale raw scores. The BSID-III-NL captured a large proportion of significant differences
between age groups, where 87 out of 180 possible pairwise comparisons between age groups
across the five subscales were significantly different. These age-related increases in performance
were similar to results by previous studies assessing the construct validity of culturally adapted
BSID-III in different countries [26,27]. The sensitivity of the BSID-III in detecting age-related
increases in performance is consistent with our findings of content validity. Without cultural
adaptations, a previous study in a LMIC, failed to find significant evidence of convergent
validity associated with age-related increases in performance [28]. Alternatively, with
appropriate consideration of cultural differences, the significant age-related increases found
across all age groups, and in each subscale, in the present study provide strong evidence of the
convergent validity in this adaptation of the BSID-III-NL [27]. Taken together, these results
support the utilization of the ITC’s recommendations for cultural adaptation of educational and
psychological assessments in new populations.

In addition to demonstrating high content and construct validity, this study reports the
extent to which items in the subscales were reliably intercorrelated, or the internal consistency, in

accordance with ten of the fifteen requirements described in the Guidelines for Reporting
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Reliability and Agreement Studies (GRRAS) and consistent with ITC guidelines [15,29].
Overall, the internal consistency of each subscale was above 0.77. The Cronbach’s alphas for
this study were similar to previous Cronbach’s alpha estimates for the culturally adapted BSID-
III in studies conducted with Iranian, Malaysian, Ethiopian, and Vietnamese infants, and the
mean estimate across all subscales is higher than those previously reported [27,30-32]. Notably,
the lowest Cronbach’s alpha reported for any subscale in this sample was higher than that
reported for younger age groups in the original BSID-III scale construction and validation (0.71),
providing further evidence of the internal consistency of the five subscales across three distinct
geographical regions and the ethnically diverse Surinamese population [12].

Construct validity was also demonstrated through cluster analysis. Due to the binary
nature of raw scores from participants, and the utilization of the strict procedural guidelines for
administration, construct validity testing through exploratory factor analysis was not feasible. As
an alternative, cluster analysis revealed that at least 81.56% of all variability, across age groups,
was explained by a two-cluster model of correct and incorrect responses for all subscales. The
variance explained by the two clusters supports the item sequence of the BSID-III-NL and the
ability of the scale to capture developmental trajectories. Further investigation by the authors of
alternative cluster analyses without items 22 in the Expressive Communication, 34 in the Fine
Motor, and 48 and 53 in the Cognitive subscales (e.g. picture identification, quadrapod grasp,
and relational play respectively) did not increase the amount of variance explained by the two-
cluster model, making the removal or repositioning of those items unnecessary. Beyond the
significant amount of construct validity, there were additional notable observations within and

between subscales.
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The increasing size of the correct response cluster with age groups seen in Receptive
Communication, Expressive Communication, Gross Motor, and the Cognitive subscales was less
pronounced in the Fine Motor subscale. Multiple items of interest identified by cluster analysis
in the Fine Motor subscale were items that involved holding a pencil. Early in life, Surinamese
infants, particularly in the Interior Region, are not commonly exposed to written styles of
communication or pencils. While items involving the pencils were clustered in the incorrect
response cluster for most participants, the youngest infants were able to complete advanced Fine
Motor items. This is displayed in the end of the correct response cluster of the youngest age
group, around 10 months of age, corresponding to the Fine Motor item 30, which required the
infant to deliberately draw on paper.

Similar observations occurred in the Receptive Communication and Gross Motor
subscales, where the end of the correct response clusters of the youngest age group corresponded
to the start points of the oldest age groups. The youngest age group’s correct response cluster had
two items in the Cognitive subscale that were past the oldest age groups’ start point. These were
items 48 and 53, which assessed the infants’ ability to demonstrate relational play with
themselves and with BSID-III-NL objects, i.e. feeding a stuffed animal with a spoon. These
results in the Cognitive subscale may reflect advanced imaginative play or performance of
domestic activities in Surinamese infants.

Despite the evidence of content and construct validity in this initial study, there are
limitations. First, this study evaluated only part of the complete validated age range of the BSID
[12,13]. Analysis of the BSID-III-NL for other age groups in this population has not been
completed, and caution should be utilized when administering this scale without further

evaluation of validity and reliability. Second, although Dutch is the official language of
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Suriname and the BSID-III-NL is written in Dutch, there are 25 recognized languages in
Suriname [33]. Discrimination between language difference and developmental delay is a
challenge in multilinguistic infants and continues to be a hurdle when assessing
neurodevelopment in diverse populations. Despite the evidence in this study of high construct
validity in both the Receptive and Expressive Communication domains, the BSID-III may
underestimate language development in infants exposed to multiple languages even when
considering cultural adaptations, and further studies are needed to assess the degree, if any, of
underestimation [34,35]. Third, as only eight infants in this subset of participants were born
premature, additional analysis of the validity and reliability of the BSID-III-NL in preterm
infants, as well as the ability of the BSID-III-NL to capture developmental differences in preterm
infants compared to full term infants as needed. Lastly, this populations sample of Surinamese
infants is a subset of participants in the CCREOH study with known risk factors for
developmental delay, including exposure to environmental toxicants in utero. As such, future
studies are needed to address the ability of the BSID-III-NL to capture neurodevelopmental
consequences of prenatal exposures and to provide guidance on the clinical utility of the BSID-
III-NL, which this initial analysis was not designed to address.

In conclusion, this internationally utilized developmental measure, with minor cultural
adaptations, was found to be reliable and valid for infants from 10 months to 26 months of age
across three unique geographical and cultural regions in Suriname. The overall validity and
reliability of the scale will be further addressed in the larger CCREOH cohort and will include
additional considerations of differences by District and ethnic background in the larger
population. As BSID-III-NL testing continues in Suriname, the creation of population-based

norms and comparison to Dutch norms and United States norms may be feasible. Creation of
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Surinamese norms will advance the clinical utility of the BSID-III-NL in Suriname. The
establishment of the validity and reliability of the BSID-III-NL in Surinamese children was a
critical first step in determining the neurodevelopmental impact of maternal exposure to the wide
range of psychosocial stressors and environmental neurotoxicants found in Suriname.
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Supplementary Table 1. Item numbers of starting points for each age group by subscale

Receptive Expressive
Communication | Communication | Gross Motor | Fine Motor | Cognitive
Subscale Subscale Subscale Subscale | Subscale
Age Group 1 Item 6 Item 3 Item 19 Item 19 Item 25
Age Group 2 Item 8 Item 7 Item 22 Item 22 Item 31
Age Group 3 Item 8 Item 7 Item 22 Item 22 Item 31
Age Group 4 Item 10 Item 10 Item 35 Item 26 Item 34
Age Group 5 Item 13 Item 14 Item 39 Item 28 Item 34
Age Group 6 Item 13 Item 14 Item 39 Item 28 Item 34
Age Group 7 Item 13 Item 17 Item 42 Item 28 Item 40
Age Group 8 Item 15 Item 20 Item 45 Item 31 Item 45
Age Group 9 Item 15 Item 20 Item 45 Item 31 Item 45

Supplementary Table 2. Examples of image replacements in the BSID-III-NL picture book

and puzzles

BSID-III-NL Depiction Culturally Adapted
for the Interior Region
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Puzzle 3

Supplementary Table 3. Tetrachoric correlations of BSID-III-NL subscale items within

each subscale in correlation heat map format

Receptive Communication Subscale Tetrachoric Correlations by Question
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Expressive Communication Subscale Tetrachoric Correlations by Question
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Gross Motor Subscale Tetrachoric Correlations by Question
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Fine Motor Subscale Tetrachoric Correlations by Question
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Cognitive Subscale Tetrachoric Correlations by Question
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Supplementary Table 4. Range of items of interest from cluster analysis by subscale

Receptive Communication Subscale

Item Description of Scoring Criteria in Dutch and English
Number
14 Kind reageert op juistet manier op ten minste 1 sociaal verzoek
Child responds in an appropriate manner to at least one spoken request
15 Kind identificeert ten minste 1 voorwerp als antwoord op de vraag
Child correctly identifies at least one object
16 Kind identificeert het voorwerp dat u benoemt
Chidl correctly identifies object you name
17 Kind identificeert ten minste 1 plaatje van de testitems
Child correctly identifies at least one test item picture
18 Kind stopt een ogenblik als reactie op corrigerende woorden tijdens spel
Child pauses in response to inhibitory words during a play routine
19 Kind identificeert ten minste 3 voorwerpen als antwoord op vraag
Child correctly identifies at least three objects
20 Kind reageert met pop or beer op ten minste 2 verzoeken op juiste manier
Child correctly responds to at least two directions with the doll or bear
21 Kind identificeert ten minste 3 plaatjes van de testitems
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Child correctly identifies at least three test item pictures

22 Kind identificeert ten minste 3 genoemde kledingstukken
Child correctly identifies at least three clothing items
23 Kind identificeert ten minste 1 plaatje
Child correctly identifies at least one picture
24 Kind wijst ten minste 5 lichaamsdelen aan
Child corretly points to at least five body parts
25 Kind voert ten minste 1 van de tweevoudige opdrachten in zijn geheel uit
Child correctly follows at least one two-part diection in its entirety
26 Kind identificeert ten minste 3 plaatjes
Child correctly identifies at least three pictures
Expressive Communication Subscale
Item Description of Scoring Criteria in Dutch and English
Number
12 Kind produceert ten minste 1 vocalisatie met een expressieve stembuiging
Child produces at least one vocalization that contains inflections and is expressive
13 Kind imiteert ten minste 4 herhaalde medeklinker-klinker combinaties
Child imitates at least four different repetitive consonant-vowel combinations
14 Kind produceert ten minste 1 woord
Child produces at least 1 one-word approximation
15 Kind wijst naar of laat u of de ouder ten minste 1 voorwerp zien
Child points to or shows you at least one object
16 Kind imiteert ten minste 1 woord, ook al imiteert kind alleen klinnkerklanken
Child imitates at least one word, even if imitation consists of vowels only
17 Kind neemt ten minste 1 keer initiatief tijdens spel
Child initiates at least one interaction for play
18 Kind gebruikt ten minste 2 juiste woorden
Child uses at least two different words appropriately
19 Kind gebruikt ten minste 1 woord om verlangens kenbaar te maken
Child uses at least one word to make wants known
20 Kind benoemt ten minste 1 voorwerp juist
Child correctly names at least one object
21 Kind combineert ten minste 1 woord en gebaar
Child uses at least one word and gesture combination
22 Kind benoemt ten minste 1 plaatje juist
Child correctly names at least one picture
23 Kind gebruikt ten minste 8 woorden juist
Child uses at least eight different words appropriately
24 Kind gerbruikt ja of nee in ten minste 2 reacties juist
Child uses yes or no appropriately in at least two responses
25 Kind imiteert 2-woord zin
Child imitates a two-word or multiple-word utterance
26 Kind doet ten minste 1 uitspraak die uit minimal 2 woorden bestaat die beiden iets

anders betekenen

Child produces at least one utterance that includes two or more words, each of
which denotes a different concept
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27 Kind benoemt ten minste 3 voorwerpen juist
Child correctly names at least three objects

28 Kind benoemt ten minste 5 plaatjes juist
Child correctly names at least five pictures

Gross Motor Subscale

Item Description of Scoring Criteria in Dutch and English

Number

37 Kind zet gecodrdineerde en alternerende stappen, het kind mag hierbij 1 of allebei
uw handen ter ondersteuning gebruiken
Child walks by making coordinated, alternating stepping movements

38 Kind loopt zijwaarts terwijl het zich vasthoudt aan onder- steunend voorwerp
Child walks sideways while holding onto furniture for support and balance

39 Kind zakt doelbewust en gecontroleerd om van staande houding naar zittende
houding te komen
Child purposely lowers from a standing to a sitting position in a controlled manner

40 Kind staat gedurende ten minste 3 seconden alleen nadat u zign/haar handen heft
losgelaten
Child stands alone for at least 3 seconds after you release his or her hands

41 Kind gaat staan door eerst op buik te draaien of door op handen en voeten te gaan
staan zonder ondersteuning
Child comes to a standing position, rolling first to a prone or quadruped position,
without using any support

42 Kind zet ten minste 3 stappen zonder hulp ook al oogt de looppas nog stijf en
onvast
Child takes at least three steps without support, even if gait is stiff-legged and
wobbly

43 Kind zet ten minste 5 stappen alleen en laat daarbij codrdinatie en balans zien
Child takes at least five steps independently, displaying coordination and balance

44 Kind gooit bal doelbewust naar voren met onder- of boven-handse beweging
Child purposely throws ball forward

45 Kind beweegt zonder steun van staande houding naar hurkende houding en weer
terug en bewaart daarbij het evenwicht
Child moves from standing to squatting to standing while maintaining blance
without using any support

46 Kind rolt naar sijligging en staat op zonder hulp
Child rolls to one side and stands without using any support

47 Kind loopt ten minste 3 traptreden omhoog en zet beide voeten op elke traptrede;
kind mag gebruik maken van de muur of de trapleuning als ondersteuning
Child walks up at least three steps, using wall or handrail for support; child places
both feet on each step before stepping up to the next

48 Kind loopt zonder hulp ten minste 2 stappen achteruit
Child takes at least two steps backward unassisted

49 Kind loopt ten minste 3 traptreden omlaag en zet beide voeten op elke traptrede;

kind mag gebruik maken van de muur of de trapleuning als ondersteuning

178




Child walks down at least three steps, using wall or handrail for support; child
places both feet on each step before stepping down to the next

50 Kind rent met goede codrdinatie
Child runs with good coordination
51 Kind balanceert op rechtervoet terwijl u 1 van zijn/haar handen vashoudt
Child balances on right foot while you hold one of his or her hands
52 Kind balanceert op linkervoet terwijl u 1 van zijn/haar handen vasthoudt
Child balances on left food while you hold one of his or her hands
53 Kind loopt ten minste 2 stappen zijwaarts zonder hulp
Child takes at least two steps sideways without support
54 Kind springt vanaf onderste traptrede naar grond
Child jumps to floor
55 Kind behoudt evenwicht tijdens voorwaarts schoppen tegen bal over ten minste 60
cm
Child maintains balance while kicking ball in a forward direction at least 2 feet
56 Kind houdt tijdens lopen ten minste 1 voet op looplijn over ten minste 1,5 meter
Child walks with at least one foot (i.e., left foot or right foot) on path for at least 5
feet
57 Kind loopt ten minste 3 traptreden omhoog zonder gebruik te maken van muur of
leuning en zet beide voeten op elke traptrede
Child walks up three steps without using wall or handrail for support; child places
both feet on each step before stepping up to the next
Fine Motor Subscale
Item Description of Scoring Criteria in Dutch and English
Number
30 Kind tekent of krast spontaan en doelbewust op papier
Child spontaneously and purposely scribbles on the paper
31 Kind stapelt ten minste 2 blokjes in 1 van de pogingen
Child stacks at least 2 blocks
32 Kind tekent streep in willekeurige richting
Child produces a stroke in any direction
33 Kind doet 10 graanringetjes 1 voor 1 in flesje binnen 60 seconden
Child places 10 cereal pieces in bottle in 60 seconds or less, one pellet at a time
34 Kind houdt krijtje of potlood vast en gebruikt vingers in parti€éle duimoppositie om
streep op papier te zetten
Child grasps crayon or pencil using fingers and partial thumb opposition while
making a mark on the paper
35 Kind doet minstens 3 munten in spaarpot
Child places at least three coins into slot
36 Kind halt alle blokken uit elkaar
Child takes all the blocks apart
37 Kind houdt krijtje of potlood met driepunts- of vierpuntsgreep vast en zet krassen

op papier

Child grasps crayon or pencil using a static tripod (thumb and two fingers) or
quadrupod (thumb and three fingers) grasp while making a mark on the paper
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38 Kind stapelt ten minste 6 blokjes in 1 van de pogingen
Child stacks at least six blocks

39 Kind houdt papier vast met 1 hand terwijl het met andere hand tekent of schrijft
Child holds paper in place with one hand while he or she scribbles or draws with
the other

40 Kind tekent horizontale streep (maximal ongeveer 30° afwijkend van uw
horizontale streep)
Child imitates horizontal stroke on paper within approximately 30 degrees of your
horizontal line

Cognitive Subscale

Item Description of Scoring Criteria in Dutch and English

Number

40 Kind vindt armband door eerst onder juiste doekje te kijken zowel aan linker- als
aan rechterkant (niet noodzakelijk in dezelfde poging)
Child finds bracelet by looking first under correct washcloth when hidden on both
left and right sides

41 Kind pakt ring op en laat deze aan touwtje hangen zonder dat ring tafeloppervlak
raakt
Child obtains ring and suspends it by string without the ring touching the table

42 Kind halt graanringetje doelbewust uit flesje door zekere inspanning te leveren
Child purposely removes cereal piece from bottle using some form of direct effort

43 Kind bemachtigt voorwerp via open voorkant binnen 20 seconden
Child retrieves object through open end of box within 20 seconds

44 Kind probeert in piepbeest te knijpen om geluid te maken
Child attempts to squeeze toy to make the sound

45 Kind vindt armband door eerst onder juiste doekje te kijken zowel aan linker- als
rechterkant (niet noodzakelijk in dezelfde poging)
Child finds bracelet by looking first under correct washcloth when hidden on both
left and right sides

46 Kind draait dop helemaal van flesje af
Child unscrews lid until it comes off

47 Kind plaatst minstens 1 staafje meerdere keren in hetzelfde of in eer ander gat, of
het kind plaatst 2 of meerdere staafjes in het pennenbord binnen 70 seconden; geek
ook 1 punt wanneer na 2 succesvolle uitvoeringen, 1 of meerdere staafjes worden
verwijderd
Child places at least one peg two or more times in the same or different hole(s)

48 Kind laat relationeel spel zien door met voorwerpen te spelen zoals bedoeld: naar
zichzelf gericht
Child demonstrates relational play with him- or herself

49 Kind plaatst ten minste 1 schijf correct in puzzelbord binnen 180 seconden
Child correctly places at least one piece within 180 seconds

50 Kind vindt armband door direct onder juiste doekje te kijken zowel aan linker- als

rechterkant (niet noodzakelijk in dezelfde poging)

Child finds bracelet by looking first under correct washcloth when hidden on both
left and right sides
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51

Kind plaatst ten minste 1 schijf correct in puzzelbord binnen 150 seconden

Child correctly places at least one piece within 150 seconds

52

Kind bemachtigt binnen 20 seconden per kant voorwerp via open kant van bakje,
zowel met opening Iniks als rechts

Child retrieves object through open end of box when presented on both left and
right sides

53

Kind laat relationeel spel zien door tweede person in spel te betrekken met
voorwerpen zoals bedoeld

Child demonstrates relational play, using objects for how they are intended, with
others

54

Kind doet alle 9 blokjes in beker in 1 poging

Child places all nine blocks inside cup at one time

55

King plaast alle 6 staafjes in pennenbord binnen 70 seconden

Child places all six pegs in pegboard within 70 seconds

56

Kind plaatst alle 3 de schijven correct in puzzelbord binnen 180 seconden

Child correctly places all three pieces within 180 seconds

57

Kind maakt vegende beweging met potlood om eend te bemachtigen ook al lukt dit
niet

Child uses pencil to attempt to obtain duck

58

Kind plaatst ten minste 4 schijven juist in puzzelbord binnen 150 seconden

Child correctly places at least four pieces within 150 seconds

59

Kind heft aandacht voor ten minste 15 pagina’s (helft van het hele verhaal)

Child attends to entire story

60

Kind plaatst alle 3 de schijven juist in gedraaid puzzelbord

Child correctly places all three pieces while board is in rotated position

61

Kind legt puzzel op juiste manier binnen 90 seconden

Child correctly assembles object within 90 seconds in either trial

62

Kind plaatst alle 6 staafjes in pennenbord binnen 25 seconden; alle 6 de staafjes
moeten tegelijkertijd in het pennenbord staan

Child places all six pegs in pegboard within 25 seconds

63

Kind legt puzzel op juiste manier binnen 90 seconden in 1 van de pogingen

Child correctly assembles object within 90 seconds in either trial

64

Kind wijst naar juiste Plaatje op alle 3 de pagina’s

Child correctly identifies matching picture on at least three pages

65

Kind pakt voorwerp en doet alsof het iets anders is

Child takes an object and pretends it is something else
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CHAPTER 5
Prenatal Environmental Exposures and Cellular Aging Impact the Social-Emotional
Development of Surinamese Infants
Background:

Individuals are exposed to a mixture of metals at a given point in time, in possibly toxic
concentrations, because metals co-exist in the environment. Some metals, like mercury (Hg),
lead (Pb), cadmium (Cd), and manganese (Mn), have been studied for their toxic effects on the
human nervous system. Previous research has found even low levels of Hg, Pb, Cd, and Mn to be
individually toxic to neurons, but exposure of these components as a mixture is less understood
where the toxic effects of individual components may depend on interactions with other
neurotoxicants (Herndndez et al., 2020; Tsentsevitsky and Petrov, 2021; The World Health
Organization, 2023a; The World Health Organization, 2023b).

Exposure of neurotoxicant mixtures on the developing nervous system occurs during
pregnancy as some neurotoxic metals cross the placental barrier through passive diffusion
(Caserta et al., 2013). During a pregnancy, exposure to neurotoxicants can results in delayed
cellular and global neurodevelopment for the offspring (Entringer et al., 2011; Valeri et al.,
2017). The individual effects of neurotoxicants on an infant’s nervous system have been
previously reported, but the mixture of Hg, Pb, Cd, and Mn has not been reported to date.

Cellular responses to neurotoxicant exposure at the molecular level have long-term
consequences across organism development. For example, the shortening or lengthening of
telomeres has been reported in response to metal exposures (Zhang et al., 2013; Louzon et al.,
2019). Telomeres are repetitive, non-coding DNA sequences, responsible for protecting linear

chromosomes from genotoxic stressors like Hg, Pb, Cd, and Mn exposure (Cebulska-Wasilewska
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et al., 2005; Cheng et al., 2007; Huang et al., 2010; Nicolai et al., 2021; Nagaraju et al., 2022).
Altered telomere maintenance in the prenatal period is predictive of accelerated cellular
dysfunction and disease susceptibility across the lifespan (Entringer et al., 2011).

Measuring telomere length (TL) as a biological marker of exposure to various
neurotoxicants across the lifespan has been investigated in multiple cohorts, where the direction
of TL response is dependent upon the type of neurotoxicant exposure (Zhang et al., 2013;
Whiteman et al., 2017). Some neurotoxicants shorten TL, increasing susceptibility to aging-
related diseases, while others lengthen TL through activation of telomerase and other
mechanisms promoting tumorigenesis. Meta-analytic evidence shows that TL is also a biomarker
of neurodevelopment and neurological aging (Casavant et al., 2019; Gampawar et al., 2022).
However, few studies have utilized advanced statistical methods, such as Bayesian kernel
machine regression (BKMR), to investigate telomeres and neurotoxicant effects individually on
neurodevelopment (Shah-Kulkarni et al., 2020). Furthermore, there is no study to date which has
investigated the combined contributions of telomere biology and neurotoxicants on
neurodevelopment, despite the ability to account and control for multiple interactive pathways
with recent statistical advances.

Global neurodevelopment of infants is impacted by many prenatal factors, including
preterm birth and exposure to Hg, Pb, Cd, and Mn (Martin and Dombrowski, 2008; Tang et al.,
2008; Mora et al., 2018; Kim et al., 2020). The development of social and emotional behaviors in
infants is especially impacted by prenatal neurotoxicant exposure (Hubbs-Tait et al., 2005;
Brucker-Davis et al., 2015; Torche, 2018; Liu et al., 2021). Higher prenatal exposure to Mn
alters the functional connectivity of emotional areas of infant brains and higher concentrations of

Cd have been associated with broad emotional problems in infants (Sioen et al., 2013; de Water
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et al., 2018). Increased prenatal Pb concentrations are associated with neurobehavioral problems
in children, including increased emotional reactivity, anxiety, and attention difficulties (Burns et
al., 1999; Plusquellec et al., 2010; Liu et al., 2014; Fruh et al., 2019). Furthermore, higher Hg
concentrations in pregnancy are associated with neurodevelopmental deficits in infants in
prospective population-based studies (Steuerwald et al., 2000; Oken et al., 2005; Jedrychowski et

al., 2006; Suzuki et al., 2010; Llop et al., 2012).

/ Excluded: 321 \

» Withdrawal: 122
e Adverse Birth
Outcome: 93
* Loss to Follow Up: 44
* Moved Abroad: 18
¢ Invalid Neurotoxicant

\ Measurements: 44 /

\
Excluded: 36
» Invalid BSID-III-NL
Assessment: 34
e Other: 2
N\ J
\
Excluded: 131
* Missing TL
Assessment: 128
e Outliers: 3
/

Figure 1. Caribbean Cohort for Research in Environmental and Occupational Health Flow
Diagram for the Current Study. The Bayley Scales of Infant and Toddler Development, Third
Edition, Dutch Version, represented by “BSID-III-NL” and Telomere Length by “TL”.

The Caribbean Consortium for Research in Environmental and Occupational Health
(CCREOH)’s prospective environmental population-based birth cohort study was established in

the Republic of Suriname, in part, to assess the longitudinal effects of prenatal neurotoxicant
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Maternal Demographics (n =709) |

average age of 28.02 years old (o = 6.24 years) H

average BMI of 26.85 (o = 5.90; missing 4.65%) |

Region of Suriname .
58.39% Paramaribo (n = 414) !

22.57% Nickerie (n = 160) '

19.04% Interior (n = 135) I

Matemal Parity to Gravidity Ratio i
41.89% complete parity/gravidity ratio (n = 297) '

32.44% incomplete parity/gravidity ratio (n = 230) i

43.33% 1 or 2 living children (n = 307) F

22.28% 3 or more living children (n = 158) |

25.39% nulliparous (n = 180) H

0.28% unknown (n = 2) |

Matemal Educational Achievement H
4.94% not educated (n = 35) |

17.49% primary education (n = 124) ;

14.95% lower vocational education (n = 106) !

0.85% upper vocational education (n = 6) i

16.64% lower secondary education (n = 118) .

29.48% upper secondary education (n = 209) i

15.51% tertiary education (n = 110) '

0.14% unknown education (n = 1) i

Matemal Ethnicity H
18.90% Tribal (n = 134) |

20.73% Creole (n = 147) H

12.00% Indigenous (n = 85) |

20.73% Mixed (n = 147) .

6.77% Javanese (n = 48) !

20.73% Hindustani (n = 147) .

0.14% unknown (n = 1) I

Annual Household Income i
4.37% <400 SUR annual household income (n = 31) '

11.85% 400 to 799 SUR annual household income (n = 84) l

19.18% 800 to 1499 SUR annual household income (n = 136) H

28.21% 1500 to 2999 SUR annual household income (n = 200) |

21.86% 3000 to 4999 SUR annual household income (n = 155) H

8.04% 5000 to 9999 SUR annual household income (n = 57) |

2.54% 10000 to 14999 SUR annual household income (n = 18) .

0.85% >15000 SUR annual household income (n = 6) !

3.10% unknown SUR annual household income (n = 22) .
Household Size !
0.70% 1 in household (n = 5) i

10.16% 2 in household (n = 72) '

20.31% 3 in household (n = 144) i

68.55% 4 or more in household (n = 486) '

0.28% unknown (n = 2) |

Matemal Relationship Status H
88.43% married or living with partner (n = 627) |

11.43% not marmied or living with partner (n = 81) .

0.14% unknown status (n = 1) |

Matemal Smoking :
7.05% smoked within 2 years of pregnancy (n = 50) !

88.29% did not smoke within 2 years of pregnancy (n = 626) i

4.65% unknown smoking within 2 years of pregnancy (n = 33) H

Matemal Drinking i
53.17% consumed alcohol within 2 years of pregnancy (n = 377) .

42.18% did not consume alcohol within 2 years of pregnancy (n = 299) i

: —4:65% unknown alcohol consumption within 2 years of pregnancy (n =33) _}

P = - - —m

Table 1. Maternal Demographics. Standard deviation represented by “o” and body mass index
by “BMI”.

exposures on Surinamese infant development (Zijlmans et al., 2020). The Republic of Suriname
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is a middle-income country (MIC) in northeastern South America named after the Indigenous
Surinen tribe (World Bank, 2019). Due to multiple forced movements of slaves and hegiras of
immigrants since Dutch colonization in the 17" century, the population of Suriname is highly
diverse and includes Tribal, Creole, Indigenous, Javanese, Hindustani, and individuals of mixed
descent (Hassankhan et al., 2016).

The majority of the Surinamese economy exists of gold mining and agriculture, in
addition to crude oil drilling, fisheries, forestry, and ecotourism (General Bureau of Statistics,
2020). A consequence of these economic activities is unregulated environmental pollution and
exposures to occupational hazards (Strategic Environmental Advice / Tropenbos International
Suriname, 2017). These include the contamination of water and fish sources due to runoff Hg
from gold mining and application of pesticides and herbicides containing Mn and Pb for
increased agricultural yields of bananas, rice, and cassava (Gullino et al., 2010; Abdoel Wahid et
al., 2017; Rimbaud et al., 2017; Ouboter et al., 2018; Ministry of Agriculture. Animal Husbandry
and Fisheries Mancozeb Import Statistics, 2019; Ohiagu et al., 2020; Wickliffe et al., 2021).
Subsequently, there are unacceptably high Hg concentrations in popularly consumed fish and Pb
levels in the national drinking water distribution system (Ouboter et al., 2012; Ouboter et al.,
2018; Suriname Water Company, 2019).

The presence of these neurotoxicants in the food and water consumed by pregnant
Surinamese women has negative effects for both mother and offspring (Kort et al., 2022;
Koendjbiharie et al., 2023). However, the majority previous research on the effects Hg, Pb, Cd,
and Mn exposures on neurodevelopment has been conducted with cross-sectional analyses of
single exposure-response relationships and few analyses have also assessed the concurrent role

of TL in neurodevelopmental outcomes. This study capitalizes on the comprehensive data
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collected from the CCREOH cohort to investigate the effects of the prenatal Hg, Pb, Cd, and Mn
exposure mixture and infant TL on infant neurodevelopment.
Methodology:
Caribbean Cohort for Research in Environmental and Occupational Health

The prospective epidemiologic Caribbean Consortium for Research in Environmental and
Occupational Health (CCREOH) cohort study recruited pregnant women and their offspring
from three geographic locations in Suriname as previously described, including Paramaribo,
Nickerie, and the Interior region of Suriname (Zijlmans et al., 2020). Mothers between the ages
of 18 and 45 years-old were invited to participate in the study at prenatal clinics and midwife
facilities. Recruitment for the study began in December 2016 and completed in July 2019, where
the first birth was on February 4", 2017, and the last birth was on December 4%, 2019. Following
informed consent, demographic information on parity and gravidity, maternal age, educational
attainment, household income, household size, ethnicity, relationship status, body mass index
(BMI), smoking and drinking behaviors, and expected due date were obtained for 1,200
participants (Figure 1; Table 1). A trained research assistant conducted study interviews and
questionnaires in Dutch. Whole blood was collected from mothers during pregnancy in trace
element vacutainers with potassium EDTA via venipuncture by trained research assistants for
assessment of neurotoxicant concentrations which was completed for 873 participants (Figure 1).
All participants had singleton births with infant sex, birth weight, length, head circumference and
prematurity (less than thirty-seven weeks gestation) recorded at birth. By the third year of the
CCREOH study, all infants were brought into one of the research centers between the ages of ten
months and forty-one months of age to obtain a buccal swab and assess neurodevelopment which

was successful for 837 participants (Figure 1). All study procedures were conducted according to
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the principles of the Declaration of Helsinki and the International Conference on Harmonization
of Technical Requirements for Registration of Pharmaceuticals for Human Use, Good Clinical
Practice guidelines. The study protocol was reviewed and approved by the Central Committee on

Research Involving Human Subjects, the Medical Ethical Committee of the Ministry of Health in

i Infant Demographics (n = 709)

H 48.70% female infants (n = 345)

: 51.30% male infants (364)

IPrematurity |
1 8.60% premature (less than 37 weeks gestation) birth (n = 61) 1
H 91.40% non-premature birth (n = 648)
IInfant Birth Statistics

! average weight of 3,120.02 grams (o = 484.84 grams) |
1 5.79% low (less than 2,500 grams) birth weight (n = 41) i
H average length of 48.49 centimeters (o = 2.29 centimeters)

average head circumference of 32.88 centimeters (o = 2.29 centimeters)
IInfant Age at Bayley Assessment |
i average age of 18.66 months old (o = 5.14 years) i
H minimum of 10.45, maximum of 41.43 months old

-—

!Bayley Assessment Percentile Scores '
! average of 34.46% in Socioemotional (o = 26.49%) !
i average of 62.83% in Cognitive (o = 26.44%) H
average of 39.86% in Language (o = 25.12%)
average of 56.98% in Motor (o = 26.40%)
IInfant Telomere Length |
i average telomere length of 2.09 (¢ = 0.72) i
H minimum of 0.39, maximum of 14.73
!Prenatal Neurotoxicant Metal Concentrations

! average cadmium level of 0.22 (¢ = 0.13 micrograms per deciliter) |
i minimum of 0.02, maximum of 0.97 micrograms per deciliter 1
average manganese level of 15.14 (¢ = 5.62 micrograms per deciliter)
minimum of 4.81, maximum of 39.80 micrograms per deciliter :
! average mercury level of 6.06 (o = 8.69 micrograms per deciliter) |
i minimum of 0.18, maximum of 73.40 micrograms per deciliter i
average lead level of 3.36 (¢ = 3.90 micrograms per deciliter)
. minimum of 0.39, maximum of 33.88 micrograms per deciliter  ____ __.:
Table 2. Infant Demographics. Standard deviation represented by “o”. The United Sates
Environmental Protection Agency action level for blood lead levels is Sug/dL. The suggested

action for blood mercury levels is 3.5pg/dL.

Suriname (VG 023-14), and the Institutional Review Board of Tulane University’s School of
Public Health and Tropical Medicine (83-093), New Orleans, Louisiana, USA.
Prenatal Neurotoxicant Concentrations

Maternal whole blood samples were processed and stored frozen at -80°C in the Clinical
Chemistry Laboratory, Academic Hospital, Paramaribo, Suriname. Samples were shipped frozen

on dry ice to the Wisconsin State Laboratory of Hygiene Trace Element Research Laboratory
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(Madison, Wisconsin, USA) or the Wadsworth Center Trace Elements Laboratory Core (Albany,
New York, USA) using a formal chain-of-custody process. Concentrations of Hg, Pb, Cd, and
Mn were determined using magnetic sector inductively coupled plasma mass spectrometry.
Standard reference materials, matrix spikes, and method duplicates were used for quality
assurance and quality checking. Interlaboratory comparisons were performed to ensure no
significant differences in concentrations of Hg, Pb, Cd, and Mn for 30 duplicate samples sent to
both laboratories. All internal and external quality control criteria were acceptable. Differences
between mean concentrations within individuals where samples were collected across trimesters
did not vary, so sample method duplicates were averaged to provide single value concentrations
for each neurotoxicant per participant prior to statistical analysis.
Bayley Scales of Infant and Toddler Development, Third Edition, Dutch Version

The Bayley Scales of Infant and Toddler Development, Third Edition, Dutch Version
(BSID-III-NL) was administered by trained research staff, including pediatric
neuropsychologists, to infants around eighteen months of age, with an age range of BSID-III-NL
assessment of ten months to forty-one months of age (Table 2). The cognitive, language, motor,
and social-emotional domain assessments of the BSID-III-NL were administered, with validity
and reliability of most of these assessments previously reported in this population (McLester-
Davis et al., 2021). Primary outcomes utilized in statistical analyses were the composite scores
which are standardized to a mean score of 100 and a standard deviation of 15. Each composite
score calculation was double-check and confirmed between a minimum of two research
personnel.

Social-Emotional Development
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The social-emotional domain of the BSID-III-NL was originally developed by child
psychiatrist Stanley Greenspan, Ph.D., and adapted to the BSID-III-NL with scoring comparable
to the cognitive, language, and motor domains with translation into Dutch (Greenspan, 2004;
Bayley, 2006; Van Baar et al., 2014). The social-emotional domain assesses an individual
infant’s or toddler’s “interest in the world, self-regulation, engagement in relationships,
interactive and playful emotions, emotional signals or gestures in communication or problem
solving, use of ideas to convey feelings, wishes, or intentions, and connection of emotions to
ideas logically” as previously described (Breinbauer et al., 2010; Pearson, 2019). The social-
emotional BSID-III-NL domain was administered to the primary caregiver via questionnaire
format by research personnel where all participants started with the first item and proceeded to
the stop point determined by the infant’s chronological age with adjustment for premature birth.
Each item was a declarative statement and responses were provided to a 6-point Likert scale
ranging from “cannot tell if a behavior is displayed” to “the behavior is displayed all of the
time.” A raw score was created from adding the responses to each applicable item (0 to 6 points
per item), then the raw score was converted into a scaled score that created comparable scores
across age groups, and then converted into a composite score that is standardized to a Gaussian
distribution as previously described, hereby referred to as Social-Emotional Development
(Breinbauer et al., 2010).

Telomere Length Measurement

Immediately following administration of the BSID-III-NL assessment, trained research
personnel swabbed both interior sides of an infant’s mouth using an Isohelix SK1 buccal swab
(Cell Projects, Kent, United Kingdom). Swabs were stored with a desiccant at 4°C for up to one

year in the Clinical Chemistry Laboratory, Academic Hospital, Paramaribo, Suriname. Samples
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were sent to Tulane University at room temperature for DNA extraction and TL analysis. DNA

was extracted using the QIAamp DNA Mini Kit protocol (Qiagen, Valencia, CA). Concentration

of extracted DNA was quantified with a Qubit dSSDNA HS or BR Assay Kit (Invitrogen,

Carlsbad, CA) and purity of the DNA was determined using a NanoDrop 1000

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). DNA was stored at —80°C

following quality check and thawed at room temperature prior to TL analysis.

The average relative buccal cell TL was determined from the telomere repeat copy

number to single gene (albumin) copy number (T/S) ratio using an adapted monochrome

ANOVA CCREOH Region Mean
Summary Component Comparison Difference 95% CI p-value
F(2,646) = Interior to
299.71 Mercury Paramaribo 151 [1.38,1.64] <0.001
p <0.001 Interior to Nickerie 1.60 [1.45,1.75] <0.001
F(2,646) = Interior to
265.51 Lead Paramaribo 137 [1.25,1.49] <0.001
p <0.001 Interior to Nickerie 1.37 [1.22,1.51] <0.001
Paramaribo to
F(2,646) = Nickerie 0.12 [0.01, 0.23] 0.037
68.49 Cadmium Paramaribo to
p<0.001 Interior 0.67 [0.55,0.78] <0.001
Nickerie to Interior 0.55 [0.41, 0.68] <0.001
F(2,646) = o
68.49 Manganese Nickerie to 0.10 [0.03,0.17] | 0.004
= Paramaribo
p=0.015
F(2,646) = Telomere Paramaribo to 0.15 [0.05,025] | 0.003
68.49 Lenoth Nickerie
p <0.001 g Interior to Nickerie 0.21 [0.09, 0.33] <0.001
Table 3. Significant Differences of Mean Component Levels by CCREOH Region. One-way
analysis of variance (ANOVA) significant results with least significant differences post-hoc
analyses comparing each component’s mean by Caribbean Consortium for Research in
Environmental and Occupational Health region for prenatal mercury, lead, cadmium
manganese, and infant telomere length. Confidence intervals are listed as “CI”.

multiplex quantitative real-time polymerase chain reaction (MMqPCR) via a BioRad CFX96 as

previously described (Cawthon, 2009; Drury et al., 2014). All samples were performed in

triplicate, with a 7-point standard curve (0.0313-2 ng) using pooled control buccal DNA.
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Triplicate plates were repeated with all samples in a different well position. Thus, 6 replicates
were available for each infant. Buccal TL ratio was determined by the average of the triplicates
from both plates. Further information on the TL analysis is available in the Supplemental
Methods.
Covariates

For statistical analyses, maternal age, body mass index, household income, household
size, infant birth weight, length, head circumference, and chronological age at BSID-III-NL
assessment were modeled as continuous variables to adjust for confounding. Furthermore,
maternal education (not educated, primary, lower vocational, upper vocational, lower secondary,
upper secondary, or tertiary), ethnicity (Tribal, Creole, Indigenous, Mixed, Javanese, or
Hindustani), smoking (smoked within 2 years or not), CCREOH region (Paramaribo, Nickerie,
or Interior), and infant sex (female or male) were modeled as categorical variables to adjust for
confounding. The 4.65% of missing covariate data is assumed to be missing at random (Tables 1
and 2).
Statistical Analyses

Concentrations of Hg, Pb, Cd, and Mn and TL were modeled as natural log-transformed
and centered continuous variables to achieve a common scale and account for skewedness. A
ratio of maternal parity and gravidity was created by dividing the number of living children by
number of total pregnancies for descriptive statistics. Distributional plots and descriptive
statistics were examined for concentrations of Hg, Pb, Cd, and Mn and TL by CCREOH region
and maternal ethnicity, with one-way analysis of variance (ANOVA) with least significant
differences (LSD) post-hoc analyses conducted using IBM Corp’s Statistical Package for the

Social Sciences (SPSS) version 27.0. The ANOVA of TL means by ethnicity was conducted
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after removal of TL outliers (n = 3; Figure 1). Multivariable linear regression analysis predicting
Social-Emotional Development was also conducted in SPSS. A probability value (p-value) of
0.05 was used to determine statistical significance. All BKMR analyses were conducted in R
Core Team’s R version 4.0.3. BKMR was conducted as previously described (Valeri et al., 2017)
to assess synergistic and nonlinear effects among the components (concentrations of Hg, Pb, Cd,
and Mn, and infant TL). The BSID-III-NL composite scores for cognitive, language, motor, and
Socio-Emotional Development were assessed as outcomes using the Gaussian kernel while
accounting for multiple-testing penalty (Scott & Berger, 2010).
Results:
Study Population Characteristics

Demographic characteristics of mothers are presented in Table 1. The mean age of
mothers was 28 years, with equal Creole, Hindustani, and Mixed ethnicity (20.73%). A majority
of mothers had secondary or higher educational attainment (61.63%) as defined in Suriname
(UNICEF, 2019). A majority had previous pregnancies (74.61%) with a third of those mothers
having lost an offspring in a previous pregnancy (32.44%). The household size was larger than
four or more individuals for most pregnant mothers at the time of study enrollment (68.55%)
with most married or living with their partner (88.43%) and an average annual income of 1,500
to 2,999 SUR ($47 to $93 USD as of 2023) or more. Only half reported alcohol consumption
within 2 years of getting pregnant, while only 78.05% reported smoking cigarettes (Table 1).

Demographic and assessment characteristics of infants are presented in Table 2. There
were an approximate equal number of females to males with 8.60% of all infants born premature.
At birth, the average weight of infants was 3,120 grams with 5.79% of all infants born

underweight. The average length of infants at birth was 48.49 centimeters with an average head
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circumference of 32.88 centimeters. Infants were 18 months old on average at BSID-III-NL

assessment and had an average 34.46 percentile ranking on Social-Emotional Development. The
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average TL was 2.09 (standard deviation of 0.72) with a range from 0.39 to 14.73 including
outliers. The non-natural log-transformed values for each neurotoxicant are also listed in Table 2.
Metal Concentrations Vary by Caribbean Consortium for Research in Environmental and
Occupational Health Region

Following examination of distributional plots for Hg, Pb, Cd, and Mn concentrations by
CCREOH region, a one-way analysis of variance was performed to identify if components of
interest were significantly different by CCREOH region in Suriname. The Interior prenatal levels
of Hg and Pb were significantly higher than Paramaribo and Nickerie with LSD post-hoc
analysis (Table 3). Prenatal levels of Cd were significantly higher in Paramaribo than Nickerie
and the Interior and Cd prenatal levels were significantly higher in Nickerie than the Interior.
Nickerie had significantly higher Mn prenatal levels than Paramaribo. Infant TL did significantly
differ by CCREOH region, where Nickerie had shorter TLs on average than Paramaribo or the
Interior.
Telomere Length Varies by Ethnicity and Age

Following examination of TL by maternal ethnicity, a one-way analysis of variance was
performed to discern significant differences between ethnicity categories for infant TL. Figure 2
top shows box plots of TL by ethnicity from longest (left) to shortest TL (right) on average.
Average Tribal TL was significantly longer than Mixed, Javanese, and Hindustani average TL.
Average Creole TL was significantly longer than Mixed average TL. Average Hindustani TL
was significantly shorter than Creole, Indigenous, and Mixed average TL. Given the differences

in age group sample sizes, there is not sufficient evidence to determine how age relates to TL
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across this early period of life from this sample as seen in the bottom of Figure 2.

Model Outcome Variable Predictor B p-value
Summary
prenatal mercury* -0.176 0.015
prenatal lead -0.057 0.418
prenatal cadmium -0.024 0.665
prenatal manganese 0.024 0.610
infant telomere length -0.044 0.320
, CCREOH region* 0.172 0.008
R*=0.033 infant age* 20.135 | 0.003
. . infant sex -0.014 0.750
5F0196’494) N SO}SL%E;EEI;IEM infant birth weight -0.025 | 0.693
infant birth length 0.007 0.901
p=0.008 infant birth head 0.086 0.090
circumference
maternal age 0.048 0.326
maternal ethnicity -0.063 0.163
maternal education -0.004 0.941
maternal smoking 0.040 0.368
maternal body mass index 0.040 0.392
Table 4. Multivariable Linear Regression Results. Caribbean Consortium for Research in
Environmental and Occupational Health represented by “CCREOH”. Beta values represent
the adjusted values.

Multivariable Linear Regression Analysis

Table 4 presents the effect of components of interest and covariates on the Social-
Emotional Development of Surinamese infants using multivariable linear regression. Only
prenatal levels of Hg, not Pb, Cd, Mn or infant TL, had a significant negative effect on Social-
Emotional Development (p = 0.015). The CCREOH region (p = 0.008) and the age of the infant
(p = 0.003) were also significant predictors where increased age decreased Social-Emotional
Development.
Bayesian Kernel Machine Regression Analysis

Without the assumption of linearity used in the multivariable linear regression analysis,
the BKMR analysis yielded an estimate of the exposure-response function for the mixture of Hg,

Pb, Cd, and Mn concentrations and infant biological age as indexed by TL on Social-Emotional
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Figure 3. Overall Effect of the Mixture and Individual Components at Different Quantiles on
Social-Emotional Development. Quantiles represented by “q”, telomere length by “TL”,
mercury by “Hg”, lead by “Pb”, cadmium by “Cd”, and manganese by “Mn”.

Development. The cumulative effect of this mixture estimated by the expected change in Social-
Emotional Development with concurrent changes in all mixture components from their median
level is seen in the left portion of Figure 3. The cumulative effect of the mixture when
components were at 70 quantile or higher significantly decreased Social-Emotional
Development. In the right portion of Figure 3, the differences in interquartile range of Hg show
significant negative effects of greater Hg prenatal levels (median and 75" percentile) on Social-
Emotional Development.

Figure 4 shows the lack of interactive effect between the mixture components, and the
non-linear effects of Hg on Social-Emotional Development. Furthermore, Figure 4 shows dose-
response relationships of each mixture component and lack of interactions with components on

Social-Emotional Development when all other components are at the median, 25, or 751

197



percentile. These results show that Hg prenatal levels are driving the overall effects of the
mixture. The findings in Figure 4 suggest that the overall effect may be changed in a non-linear
fashion for Hg and TL, Hg and Pb, and Hg and Mn when all other components are at the median.
BKMR analyses were also performed for the BSID-III-NL cognitive, language, and motor
domains and these non-significant results are available in the Supplemental Findings.
Discussion:

These findings show evidence of neurotoxicity given the mixture of prenatal Hg, Pb, Cd,
Mn, and infant TL. Maternal exposure to high Hg concentrations during pregnancy has adverse
effects on Social-Emotional Development for Surinamese infants. While not significant, lower
amounts of the mixture showed an increase in Social-Emotional Development indicating a need
to address exposure to Hg, Pb, Cd, and Mn for pregnant Surinamese individuals to protect
offspring neurodevelopment. These findings align with previous research reporting the single
prenatal exposures of Hg, Pb, Cd, or Mn on infant neurodevelopment (Burns et al., 1999;
Steuerwald et al., 2000; Oken et al., 2005; Jedrychowski et al., 2006; Llop et al., 2012; Sioen et
al., 2013; Liu et al., 2014; de Water et al., 2018; Fruh et al., 2019). Few studies have reported
mixture effects of any combination of these components, and none have assessed the concurrent
role of TL as a part of the causal pathway on neurodevelopment (Plusquellec et al., 2010; Suzuki
et al., 2010). Given the significant differences in Hg, Pb, Cd, and Mn prenatal concentrations by
CCREOH regions and differences in TL by ethnicity, future research should identify the
sensitivity of these models by region and ethnicities in Suriname. While the multivariable
regression model provided information on the significance of Hg in this mixture, it is important

to note the benefit of BKMR analysis in complex neurotoxicant exposures as seen in this
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Estimate of Social-Emotional Development

Figure 4. Lack of Interactive Effects Between Individual Components on Social-Emotional
Development. Top left: Individual interactive effects by exposure. Top Right: Single-
exposure effects on social-emotional development when other components are at the median.
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Surinamese cohort, where Hg does not exhibit a completely linear relationship with Social
Emotional Development.
Limitations

There are limitations to this work, including the measurement methodologies and
components included in the analyses. First, in order to decrease the burden on the participant and
the financial constraints of the study, prenatal blood was collected only once for most
participants for assessment of Hg, Pb, Cd, and Mn concentrations. The ability to identify
differences in neurodevelopmental outcomes by mixture concentrations of different trimesters of
pregnancy, as reported in other studies, is limited with only one time point for neurotoxicant
concentration measurement (Shah-Kulkarni et al., 2020). However, a small subset of pregnant
participants provided multiple blood samples across trimesters. While differences by trimester
have previously reported, no significant differences in neurotoxicant concentrations were found
by trimester in the CCREOH participants who provided samples from multiple trimesters
(unpublished). Therefore, it is unlikely that the observations found here would be altered if
multiple blood samples across trimesters were collected per individual, but it is more likely that a
higher dropout or withdrawal rate would be observed in the cohort due to the increased burden of
research participation (Lingler et al., 2014). Second, DNA extracted from buccal swabs was
utilized for TL measurement, which is not the tissue of direct interest for neurodevelopmental
outcomes. However, as brain tissue is not ethically or feasibly obtainable for living participants,
TL is meta-analytically correlated across tissues within individuals, and epithelial cells collected
by buccal swabs derive from the same embryonic origins of brain tissue, it is likely that the TL
measurements from buccal swabs are representative of brain tissue TL (McLester-Davis et al.,

2023). Lastly, other genetic factors, micronutrients, and non-metal elemental exposures during
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pregnancy have shown interactive effects with neurotoxicants that were not included in this
study. For example, Apolipoprotein E genotype modifies the impact of prenatal Hg exposure on
behavioral problems (Ng et al., 2013). Analysis of iodine and selenium concentrations in the
mixture also minimizes the impact of neurotoxicants on infant development (Brucker-Davis et
al., 2015; Liu et al., 2021). Furthermore, folic acid supplements are protective of the effects of
Hg on Social-Emotional Development (Kim et al., 2020; Steenweg-de Graaff et al., 2012;
Schlotz et al., 2010; Julvez et al., 2009). Therefore, these component and others should be
considered in future research assessing the impacts of prenatal neurotoxicant mixtures on infant
neurodevelopment.
Strengths

There are several strengths to this study, including analysis methodology, novel findings,
and utility for the Republic of Suriname. These findings provide robust information on the
effects of the mixture through BKMR analysis which is supported by the multivariable linear
regression results. Application of BKMR allows for elucidation of any significant interactions
and non-linear effects as seen in research for other populations (Valeri et al., 2017; Shah-
Kulkarni et al., 2020). These findings show that Hg exposure during pregnancy is a primary
target of intervention for the Republic of Suriname given the significant negative impact on
Social-Emotional Development of Surinamese infants. Additionally, these findings are the first
to provide information on the mixture effects of prenatal Hg, Pb, Cd, Mn exposure and infant TL
on neurodevelopment. These findings further add to the existing literature of these
neurotoxicants and cellular development and aging associations with neurodevelopment (Martin
and Dombrowski, 2008; Tang et al., 2008; Mora et al., 2018; Kim et al., 2020). Furthermore,

these findings provide scientific evidence for Surinamese policymakers of the multigenerational
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impacts of environmental and occupational exposures to neurotoxicants specific to the Republic
of Suriname.
Implications

The high concentrations of neurotoxicants present in pregnancy and subsequent negative
effects on Social-Emotional Development of infants is important for Surinamese health
professionals to consider when looking for developmental delays in this population so
appropriate interventions can be identified and implemented in a timely manner. Furthermore,
Surinamese policymakers should identify and implement limitations on environmental release
and occupational exposures to Hg and other neurotoxicant given these findings (Hubbs-Tait et
al., 2005; Heemskerk et al., 2016). Additionally, programs should be created in a region-specific
manner to address prenatal dietary supplement needs, such as folic acid, that minimize the
impact of neurotoxicant exposures for Surinamese infants (Baldewsingh et al., 2021).
Conclusions

In conclusion, these findings contribute to current literature on mixtures of neurotoxicants
present in the prenatal period and long-term outcomes in infants. This study shows the
neurotoxic effects of the mixture of prenatal Hg, Pb, Cd, Mn, and infant TL. Specifically,
maternal exposure to high Hg concentrations during pregnancy has adverse effects on Social-
Emotional Development for Surinamese infants. Policy and health interventions are next steps to
prevent future neurodevelopmental delays for the Surinamese population.
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Supplemental Methods. Telomere Length Methods

ITEM DESCRIPTION

Sample Type, Storage, Extraction, and Integrity

Sample type | DNA extracted from buccal swabs.
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ITEM

DESCRIPTION

Sample The maximum time between sample collection and DNA extraction was 1 year. Swabs
storage were stored at 4°C with a desiccant prior to DNA extraction.

conditions

DNA

extraction DNA was extracted using the QIAamp DNA Mini Kit according to the manufacturer’s
method instructions.

DNA storage | DNA was stored at -80°C prior to telomere length analysis for up to six months. On
conditions, average there were 3 freeze-thaws for DNA samples between extraction and the
including MMgPCR assay.

freeze-thaw

cycles

Method of 260/280 and 260/230 ratios were quantified via spectrophotometer for all samples.
documenting | dsDNA concentration and quality were quantified for all samples with the Qubit assay.
DNA quality | No exclusionary criteria were imposed prior to assays.

and integrity

Percentage of

All samples were subjected to quality control via evaluation of 260/280 ratio, 260/230

samples ratio, and quantity of dsDNA.

specifically

tested for

DNA quality

and integrity

MMgPCR Assay

Method MMgPCR assays to calculate relative telomere length were structured such that each

(qPCR, paired sample (DNA samples from the same individual rom whole blood and from

MMgPCR, cerebrospinal fluid) was analyzed on the sample plate. Each plate quantified telomere

aTL, etc.) content (T) and single copy gene content (S) using the single copy gene Al/bumin. The
ratio of T to S replicates was used to assess relative telomere length. Each run hosted
triplicate reactions of 24 samples, 1 standard, and 1 no template control on 96 well
plates. A total of 49 MMqPCR assays were performed from September of 2020 to
August of 2022 for analysis of all samples.

PCR machine

type CFX96 Touch Real-Time PCR Detection System with 96-well Bio-Rad PCR plates

Source of The final reaction mix contains 0.75x SYBR Green (Thermo Fisher), 0.9uM forward-

master mix reverse telomere primer pair (Integrated DNA Technologies), 0.6uM forward-reverse

and reagents, | single copy gene primer pair (Integrated DNA Technologies), 1-10x Gold Buffer

and final (Thermo Fisher), 0.8mM dNTPs, 10mM MgCl, (Thermo Fisher), 3mM DTT

reaction (Research Product International), 1M Betaine (Thermo Fisher), 2.5U/uL. AmpliTaq

volume Gold (Thermo Fisher), 1235.2uL PCR grade H,0 (Thermo Fisher), and DNA samples

in a 25ul reaction.
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ITEM

DESCRIPTION

Telomere and

According to Cawthon 2002:

[Custom Ordered Sequence:

Primer specifications include: quantity of XX

single copy Telomere Forward Primer (ielg) 5 _ ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T 3
gene name, Telomere Reverse Primer (telc) 5 — TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTAACA -3
primer Single Copy Gene Forward Primer (albd2) 5’ — GCG GGC CCG CGT GGC GGA GCG AGG CCG GAA AAG CAT GGT CGC CT|
Single Copy Gene Reverse Primer (albu2) |5 — GCC TCG CTC CGG GAG CGC CGC GCG GCC AAA TGC TGC ACA GAA TC
sequences
and Albumin
concentration
Full PCR (. Data Analysis - csi.cc.telpbmc.09.29.2021.p2A_CTO41270.perd - o x
program File View Settings Export Tools & plate setup - | B ||Fluorophore || 2
des cripti on [ Quartiicatin [/ Guantficaion Data N et Curve 3 et Curve Data ] Gene Expression 23] End Pont $8% Custom Data View & ac 5] Run nfomation
inc luding Protocol: MMQPCR_TEL assay.01.04.2020.prc! Notes:
1 2 = 4 5 6 7 8 9 10 n 12 13 14
temperature,
times, and
950 C | | | 950 C
CyCIG 15:00 3412 £ ,:AWS—C 850 C "m—c 840 C 05 ¢ 1D/Bar Code:
numbers OB o c o0 |
Other:
: Esso ci g o @ S S o c Run Started - 09/29/2021 103553
e 7 Ll 7 7 |om e
1:00 o o 0 0 Plate File: QuickPlate_96 wells_All Channels pitd
|Sample Vol : 25
Lid Temp : 105
Optical Head Serial Number : 785BR20466
Base Serial Number : CT041270
ICFX Maestro Version : 4.1.2433.1219.
2 5 8 n
1 x 3 27 x 31 x
1 95.0 C for 15:00
|—> 2 940 C for 0:15
3 490 C for 1:00
L 4 Goto 2 1_more times
> 5 940 C for 0:15
| 6 530 C for 0:15
L7 GoTto 5 3 _more times
> 8 850 C for 0:15
| 9 740 C for 030
| + Plate Read
=10 GOTO 8. 27 moretimes
1 940 C for 0:15
| 12 840 C for 0:30
[ + Plate Read
13 GoTo 11 31_more times
14 MeltCurve 590 to 950 C.increment 05 C.
for 0:05 + Plate Read v
Completed Scan Mode: All Channels | Plate Type: BR Clear | Baseline Setting: Baseline Subtracted Curve Fit
PCR Telomere: R* = 0.999; Efficiency = 93.65%
efficiency of . .
\ y Albumin: R? = 0.996; Efficiency = 95.16%
single copy
gene and
telomere
primers
Source and The control sample was comprised of pooled DNA extracted from buccal swabs. The
concentration | standard curve was run in triplicate in each duplicate plate and consisted of a 2-fold
of control serial dilution of this control sample, ranging from 2e-3 ng/uL to 3.13e-5 ng/uL of
samples and | DNA across 7 standards, with a no template control.
standard
curve
Data Analysis
Mean and Average of 2.08, standard deviation of 0.69, and median of 2.07.
standard

deviation or
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ITEM

DESCRIPTION

median range

of telomere
lengths
Number of Each sample was assessed for T and S during a single run across two PCR plates, with
sample three replicates within each plate for a total of 6 measurements. If the sample did not
replicates pass quality control criteria described below it was run up to 3 times.
Level of Replicates were drawn from the same DNA aliquot (i.e., the same tube), with
independence | duplicates run in a different well position on a second plate.
of replicates
Analytic Each plate quantified telomere content (T) and single copy gene content (S) using the
method, single copy gene A/bumin. The ratio of T to S replicates was used to assess relative
considering telomere length.
replicate
measurement
s, to
determine
final length
Method of When the coefficient of variation across triplicate estimates of telomere content or
accounting genome copy number was greater than 10%, up to one replicate was removed to
for variation | increase the reproducibility of the data. If 5 replicates could not be obtained for a
between sample, the sample was rerun.
replicates . iy e -
Coefficients of variations were 3.79% for within triplicate variation on average and
2.09% for between duplicate plate variation on average.
Method of Replicates were drawn from the same DNA aliquot (i.e., the same tube), with
accounting duplicates run in a different well position on a second plate.
for well
position

effects within
plates

Method of
accounting
for between
plate effects

Coefficients of variations were 3.79% for within triplicate variation on average and
2.09% for between duplicate plate variation on average.

% of samples
repeated and
% of samples
failing QC
and excluding
from further
analyses

Only 20% of samples were repeated once for a minimum of 5 replicates with passing
quality control criteria.

Acceptable
range of PCR
efficiency for
single copy
gene and

90% — 110% (within 10% variation of each other)
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ITEM DESCRIPTION

telomere
primers

ICCs of The intra-class correlation (ICC) for all samples passing quality control criteria was
samples/study | calculated as 0.959 (CI: 0.955, 0.963) in accordance with previously described
groups to computations (Verhulst, 2020).

address
variability

T/S ratio Not applicable. No comparison across studies was conducted.
transformed
to a z-score
prior before
comparison
across
methods/studi
es

How samples | Samples from the same individual were run on the same plate.
nested within
families were
accounted for

Supplemental Findings. Bavesian Kernel Machine Regression Analyses with BSID-IT1-NL

Cognitive, Language, and Motor Composite Scores
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CHAPTER 6
Telomere length predicts neuropsychological performance in middle-aged and older
participants of underrepresented populations from the University of Wisconsin
Alzheimer’s Disease Research Center
Background:

Telomeres are the protective DNA and protein structures at the ends of human chromosomes
which maintain genomic stability. The shortening of telomeres, due to lagging strand synthesis,
exposures to genotoxins, and other mechanisms, is an intrinsic part of aging. As such, the
measurement of telomere length (TL) is an increasingly popular biomarker of aging. Many
biomarkers have been assessed for their ability to predict Alzheimer’s disease and related
dementias (ADRD) diagnosis and prognosis, including amyloid and levels in cerebrospinal fluid.
Unfortunately, no one biomarker to date has been able to comprehensibly capture the abnormal
aging in cognitive, memory, visuo-spatial, and verbal domains seen in ADRD (Burns et al.,
2002; Mattson, 2004).

The most significant predictor of ADRD is chronological age, where the risk of developing
ADRD increases as a person becomes older. While chronological age is not modifiable,
biological age can be influenced, as biological age considers environmental exposures,
socioeconomic status, and other factors that contribute to the functional decline observed in
aging. Behavioral interventions to slow biological aging, as indexed by changes in TL, have
proven successful in short term analysis (Buttet et al., 2022). Altering one’s biological age,
therefore, is a potential therapeutic yet to be investigated longitudinally for prevention of ADRD.

Advanced biological age compared to chronological age has been reported in historically

underrepresented populations in research, including American Indian(s) / Alaska Native(s)
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(AI/AN) and Black(s) / African American(s) (B/AA; Geronimus, 1992; Elliott et al., 2021).
Despite their increased risk for developing ADRD compared to Whites in the United States and
their accelerated biological age, AI/AN and B/AA are not proportionately represented in
Alzheimer’s Disease Research Center (ADRC) cohorts (Mayeda et al., 2016; National Institute
on Aging, 2022). The gap in ADRD research from ADRC studies for AI/AN and B/AA is
partially fueled by the combination of inadequate representation in both clinical trials and
longitudinal prospective studies as well as inadequate culturally responsive educational outreach
and engagement (Olson & Albensi, 2020; Gilmore-Bykovskyi et al., 2019). While racial
minorities are less likely to participate in research on prevention of cognitive decline, the
University of Wisconsin ADRC has dedicated efforts to enrolling individuals from historically
unrepresented populations in ADRD research (Zhou et al., 2017; Gleason et al., 2019).

There is a growing interest in biomarkers as predictors of cognitive decline and ADRD
that extend beyond parental history and specific genetic markers. For example, a University of
Wisconsin ADRC study found that Apolipoprotein E (APOE) &4 allele positivity was not
associated with cognitive decline, but elevations in CSF biomarkers, specifically amyloid and
tau, were predicted of cognitive decline (Johnson et al., 2018; Byun et al., 2020). Multiple lines
of research support consideration of TL as a measurable predictor of cognitive decline
progressing to ADRD. When measured from peripheral blood, TL has been associated with mild
cognitive impairment (MCI) and dementia, with meta-analytic associations to Alzheimer’s
disease (Insel et al., 2012; Grodstein et al., 2008; Kume et al., 2012; Hochstrasser et al., 2012;
Liu et al., 2016; Forero et al., 2016; Scarabino et al., 2017; Scarabino et al., 2020). However,

discrepancies exist with specific need for additional research with inclusion of AI/AN and B/AA

217



populations (Thomas et al., 2008; Lukens et al., 2009; Movérare-Skrtic et al., 2012; Mahoney et

al., 2019).
Participant Demographics n | Percent Mean | Standard Deviation
Race and Ethnicity n = 188; 0 missing
AI/AN | 24 12.77%
B/AA | 149 79.26%
B/AA and White and Asian 1 0.53%
AI/AN and B/AA | 3 1.59%
AI/AN and White | 8 4.26%
AI/AN and B/AA and White | 2 1.06%
AI/AN and White and Hispanic | 1 0.53%
APOE Genotype n = 155; 33 missing
APOE €2 and €2 1 0.65%
APOEg2ande3 | 20 12.90%
APOE g3 ande3 | 64 41.29%
APOEg2ande4 | 4 2.58%
APOE g3 and g4 | 61 39.35%
APOEg4anded | S 3.23%
Sex n = 188; 0 missing
Female | 141 75.00%
Male | 47 25.00%
Age n = 188; 0 missing 60.88 yrs 9.06 yrs
Height n = 188; 0 missing 166.40 cm 8.74 cm
Weight n = 188; 0 missing 91.02 kg 21.89kg
Systolic Blood Pressure n=188; 0 missing | 199.12 mmHg 206.04 mmHg
Diastolic Blood Pressure n = 188; 0 missing 155.61 mmHg 221.13 mmHg
Hypertension Diagnosis n = 188; 0 missing
Normal Blood Pressure | 23 12.23%
Elevated Blood Pressure | 43 22.87%
High Blood Pressure (Stage 1) | 63 33.51%
High Blood Pressure (Stage 2) | 59 31.39%
Pulse n = 109; 79 missing 71.17 bpm 11.72 bpm
Blood Glucose n=101; 87 missing | 112.90 mg/dL 42.46 mg/dL
Blood Total Cholesterol n = 188; 0 missing 186.78 mg/dL 38.03 mg/dL
Hypercholesterolemia Diagnosis n = 188; 0 missing
Normal Total Cholesterol Level | 125 66.49%
Borderline High Total Cholesterol | 41 21.81%
Level
High Total Cholesterol Level | 22 11.70%
Blood Triglycerides n=108; 80 missing | 110.05 mg/dL | 68.49 mg/dL
Hypertriglyceridemia Diagnosis n = 108; 80 missing
Normal Triglycerides | 89 82.41%
Borderline High Triglycerides | 10 9.26%
High Triglycerides | 9 8.33%
Blood High-Density Lipoprotein n = 108; 80 missing 58.44 mg/dL 17.69 mg/dL
Cholesterol
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Blood Low-Density Lipoprotein n=108; 80 missing | 106.50 mg/dL 32.51 mg/dL
Cholesterol
Waist Circumference n=117; 71 missing 103.51 cm 19.52 cm
Hip Circumference n=117; 71 missing 112.90 cm 18.19 cm
Waist to Hip Ratio n=117; 71 missing 0.92 0.09
Cognitive Status n = 188; 0 missing
Normal Cognitive Status | 170 90.43%
Impaired Cognitive Status | 12 6.38%
Mild Cognitive Impairment | 6 3.19%
Family History of Dementia n=157; 31 missing
Diagnosis
Lack of Family History (no) | 55 35.03%
Family History Present (yes) | 102 64.97%
Years of Formal Education n = 188; 0 missing 11.60 yrs 4.07 yrs
Handedness n = 188; 0 missing
Left Hand Dominant | 20 10.64%
Ambidextrous 1 0.53%
Right Hand Dominant | 167 88.83%
Rey Auditory Verbal Learning Test n = 188; 0 missing 44.19 9.25
Sum of Trials 1-5
Trail Making Test Trail A Time n = 188; 0 missing 33.68 sec 12.61 sec
Trail Making Test Trail B Time n = 188; 0 missing 104.36 sec 59.26 sec
Table 1. Participant Demographics. Abbreviations correspond to the following: AI/AN = American
Indian / Alaska Native; B/AA = Black / African American; APOE = Apolipoprotein E; yrs = years; cm
= centimeters; kg = kilograms; mmHg = millimeters of mercury; bpm = beats per minute; mg/dL =
milligrams per deciliter; sec = seconds.

Previous research has associated longer TL with better scores on an assessment of
executive function, the Trail Making Test (TMT) B, in a mixed sample of healthy White and
B/AA individuals (Leibel et al., 2020). However, in an Asian population, shorter TL was
associated with better memory functioning on the Rey Auditory Verbal Learning Test (RAVLT)
in individuals with MCI (Yu et al., 2020). Research studies assessing the utility of TL to predict
cognitive performance on neuropsychological assessments like the TMT and RAVLT have not
assessed the relationship for AI/AN populations. Given the need for an enhanced understanding
of the relation between neuropsychological performance, ADRD, and TL in historically
underrepresented populations, this study assessed the correlation between TL and executive
functioning and verbal learning, tasks involving brain regions affected by ADRD, in University

of Wisconsin ADRC middle-aged and older AI/AN and B/AA participants.
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Methods:
Participants and Study Descriptions

Data were collected from two longitudinal cohort studies of the University of Wisconsin
ADRC: 1) the Wisconsin Registry for Alzheimer's Prevention (WRAP) study and 2) the
University of Wisconsin ADRC clinical core. The WRAP is a longitudinal observational study of
middle-aged adults who were cognitively normal at study entry, and approximately 70% of the
cohort has a parental history of ADRD (Clark et al., 2018). The University of Wisconsin ADRC
clinical core comprises participants at various ADRD stages ranging from cognitively
asymptomatic to having ADRD. In sum, the present investigation included 188 participants who
provided whole blood, concurrently completed RAVLT and TMT assessments, and provided
relevant covariates including sex, race and ethnicity, age, years of formal education, height,
weight, handedness, hypertension, hypercholesterolemia, diabetes, family history of ADRD,
APOE genotype, and cognitive status. The full demographics are reported in Table 1. The
University of Wisconsin Institutional Review Board approved all study procedures, each
participant provided signed informed consent before participation, and all research was
completed in accordance with the Helsinki Declaration as previously described (Johnson et al.,
2018). The data that support these findings were provided by the University of Wisconsin in a
de-identified dataset except for the TL results.
DNA Extraction and TL Measurement

Whole blood samples were collected in 10mL EDTA tubes, mixed by rocking for 5
minutes, and aliquoted into SmL tubes before being stored at -200C. Samples were thawed and
genomic DNA was extracted at the University of Wisconsin using the Gentra Puregene Blood

Kit following the manufacturer’s protocol (Qiagen). Approximately 200ng of DNA per sample
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was aliquoted, labeled with a de-identified subject ID, and sent to Tulane University on dry ice
overnight for DNA quality assessment and TL analysis. Tulane University’s Institutional Review
Board assess the TL measurement for these de-identified DNA samples and deemed the research
exempt.

Integrity and purity of genomic DNA samples was assessed via BioTek Epoch
Microplate Spectrophotometer and with the Invitrogen Qubit dsDNA Broad Range Assay Kit.
The average 260/280 ratio for all DNA samples was 1.91, the average 260/230 ratio was 0.99,
and the average double-stranded DNA concentration was 149.16 nanogram per microliter
(ng/pl). The average relative TL was determined from the telomere repeat copy number to single
gene (albumin) copy number (T/S) ratio using an adapted monochrome multiplex quantitate real-
time polymerase chain reaction (MMQ-PCR) via a BioRad CFX96 as previously described
(Cawthon, 2009; Drury et al., 2014). Samples were performed in triplicate with different well
positions on the duplicate plate, using a 7-point standard curve from a peripheral white blood cell
DNA standard ranging from 0.0313ng to 2ng, with an average of 1.25 replicates of the standard
removed per plate. The average efficiencies of telomere and sing copy gene primers were
94.34% and 95.52% respectively, with an average R? of 0.99 for telomere and single copy gene
standard replicates. All efficiencies were between 90-110% and between 10% of each other to
eliminate plate to plate variability. The average slope and y-intercept for the telomere standard
curve were -3.47 and 4.93, respectively. The average slope and y-intercept for the single copy
gene standard curve were -3.44 and 12.88, respectively. Coefficients of variations were 4.10%
for within triplicate variation on average and 1.90% for between duplicate plate variation on
average. Only 13% of samples were repeated once for a minimum of 5 replicates with passing

quality control criteria. The intra-class correlation (ICC) for all samples passing quality control

221



criteria was calculated as 0.887 (CI: 0.862, 0.908) in accordance with previously described
computations (Verhulst, 2020).
Neuropsychological Assessments

At WRAP and University of Wisconsin ADRC clinical core visits, both TMT Trials A
and B and the RAVLT were administered. TMT Trails A and B consist of 25 circles on paper
containing numbers (1-25 in A) or numbers and letters (1-13 and A-L in B). Individuals were
instructed to connect the numbers in ascending order in A, and in an ascending pattern
alternating numbers and letters in B starting with numbers. The TMT A is an attentional task,
while the TMT B is an executive functioning task, with both measured in the amount of time the
individual takes to complete the test (Corrigan & Hinkeldey, 1987). While the normative time
cutoff for the TMT B is 300 seconds, the cutoff was extended to 600 seconds to allow for greater
variability in task performance (Strauss et al., 2006). The RAVLT evaluates verbal learning
where individuals were presented with a list of 15 unrelated words to learn and immediately
recall aloud over 5 learning trials. After each word list presentation, participants were instructed
to recall as many words as possible with each correctly recalled word counting for one point.
Data Analysis

Statistical analyses were conducted with IBM Corp’s Statistical Package for the Social

Sciences (SPSS) version 27.0 and R Core Team’s R version 4.0.3. Bivariate correlations of TL
and RAVLT of Trials 1-5, TMT A time, and TMT B time were conducted with Pearson’s R.
Multivariable regression analyses examined main effects and multivariable interactions of TL,
RAVLT of Trials 1-5, TMT A time, and TMT B time. All analyses investigated main effects and

covariates including race and ethnicity, age, sex, dominant handedness, height, weight,
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hypertension, hypercholesteremia, and cognitive status. The significance level was set to a
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Figure 1. Box plot of telomere length for each race and ethnicity category (A) and the
distribution of telomere length for the sample (B).

probability value less than 0.05 for all analyses.
Results:
Description of Participants Demographics and TL Distribution
The sample was majority female (75%) with an average age of 60.88 years (¢ = 9.06 years).
Less than 8% of participants reported more than one racial and ethnic identity, with 12.77%

reporting only AI/AN and the remaining 79.26% reporting only B/AA. The average height was
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Correlation of Rey Auditory Verbal Learning Test and Telomere Length
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Figure 2. Scatter plots with linear fit lines of telomere length with the Rey Auditory Verbal
Learning Test sum of Trials 1-5 (A), the Trails Making Test Trails A time (B) and the Trails
Making Test Trails B time (C). Larger data points represent low frequency racial and ethnic
categories.




166.40 centimeters (cm; ¢ = 8.74 cm), the average weight was 91.02 kilograms (kg; 6 =21.89
kg), and the average waist to hip ratio was 0.92 (¢ = 0.09). The majority of participants had
elevated (22.87%) or high blood pressure (64.89%), with an average pulse of 71.17 beats per
minute (bpm; 6 = 11.72 bpm). The average blood glucose level was 112.90 milligrams per
deciliter (mg/dL; o = 42.46 mg/dL), the majority of participants had normal total cholesterol
blood levels (66.49%), and normal triglycerides blood levels (82.41%). The majority genotype
for Apolipoprotein E was two €3 alleles, followed by one €3 allele and one €4 allele, where
45.16% of the total sample has at least one €4 allele. However, the majority of participants had a
positive family history of dementia (64.97%). Few were diagnosed with MCI (3.19%) at the time
of neuropsychological assessment, with 90.43% presenting cognitively normal. The majority of
participants were right-handed (88.83%) with an average of 11.60 years (¢ = 4.07 years) of
formal education. The average number of words recalled across RAVLT Trials 1-5 was 44.19 (o
= 9.25). The average time of participants for completing the TMT Trail A was 33.68 seconds (o
=12.61 seconds) and for the TMT Trail B the average time to completion was 104.36 seconds (o
= 59.26 seconds).

There were no significant differences between race and ethnic groups for overall mean TL
per category, though some categories only contained one individual (Figure 1A). The distribution
of TL for the sample resembled a normal Gaussian distribution (Figure 1B) with a skewness of
0.71 and a kurtosis of 2.89. The average TL was 1.04 (¢ = 0.21) with a minimum of 0.50 to a
maximum of 2.06.

Neuropsychological Assessment and TL Correlations
The RAVLT sum of Trials 1-5 was significantly positively correlated with TL, where

increases in the number of words recalled across RAVLT Trials 1-5 correlated to longer
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telomeres (Figure 1A). Furthermore, the TMT was significantly correlated with TL for both
Trails A and B times (Figure 1B and 1C). Less time spent on completing both Trails A and B

was correlated with longer telomeres.

Model Summary Outcome Variable Predictor B p-value
R*=0.120 Rey Auditory Verbal Telomere length 0.210 0.005
F(10,177) = 3.540 Learning Test Sum of Sex -0.240 0.016
p <0.001 Trials 1-5 Cognitive status -0.207 0.004
R*=0.113 Trail Making Test Telomere length -0.158 0.033
F(10,177)=3.3777 Trail A Time Weight -0.155 0.037
p <0.001 (seconds) Cognitive status 0.188 0.009
R*=0.042 Trail Making Test
F(7,180)=2.157 Trail B Time Telomere length -0.175 0.017
p =0.040 (seconds)

Race, sex, weight, height, and cognitive status included in all models
Table 2. Multivariable Linear Regression Models with Significant Predictors’ Betas and
Probability Values. The coefficients of determination listed are adjusted values for the total
variables included in the model.

Regression Analysis

Multivariable linear regression was used to test if telomere length, race and ethnicity, age,
sex, dominant handedness, height, weight, hypertension, hypercholesteremia, and cognitive
status significantly predicted the RAVLT sum score of Trials 1-5 (Table 2). The overall
regression was statistically significant (R? = 0.120, F(10, 177) = 3.540, p < 0.001) and telomere
length significantly predicted RAVLT sum score of Trials 1-5 (§ = 0.210, p = 0.005). Race and
ethnicity, age, height, weight, hypertension, and hypercholesteremia did not significantly predict
RAVLT sum score of Trials 1-5 (p > 0.05). However, sex (B =-0.240, p = 0.016), dominant
handedness (B = 0.155, p = 0.027), and cognitive status ( =-0.207, p = 0.004) also significantly
predicted RAVLT sum score of Trials 1-5.

Additionally, multiple linear regression was used to test if telomere length, race and
ethnicity, age, sex, dominant handedness, height, weight, hypertension, hypercholesteremia, and

cognitive status significantly predicted the TMT Trails A time (Table 2). The overall regression
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was statistically significant (R> = 0.113, F(10, 177) = 3.3777, p < 0.001) and telomere length
significantly predicted TMT Trails A time (B =-0.158, p = 0.033). Race and ethnicity, age, sex,
dominant handedness, height, hypertension, and hypercholesteremia did not significantly predict
TMT Trails A time (p > 0.05). However, weight (f =-0.155, p = 0.037) and cognitive status (f =
0.188, p =0.009) also significantly predicted TMT Trails A time.

Furthermore, multiple linear regression was used to test if telomere length, race and ethnicity,
sex, dominant handedness, height, weight, and cognitive status significantly predicted the TMT
Trails B time (Table 2). The overall regression was statistically significant (R? = 0.042, F(7, 180)
=2.157, p = 0.040) and telomere length significantly predicted TMT Trails B time (p =-0.175, p
=0.017). Race and ethnicity, sex, dominant handedness, height, weight, and cognitive status did
not significantly predict TMT Trails B time (p > 0.05).

Cognitive Status, Genotype, and TL

Lastly, there were no significant differences in overall mean TL by cognitive status group
(Figure 3A). Similarly, there were no significant difference for the 153 participants with APOE
genotype data for overall mean TL by allelic category (Figure 3B). The data for the 33
participants missing APOE genotype is not random, as samples from these participants are
currently being genotyped in accordance with Wisconsin ADRC procedures (Johnson et al.,
2018).

Discussion:

These findings suggest that TL is a strong predictor of cognitive performance for
historically underrepresented populations. Here, TL significantly predicted TMT Trails A and B
time in this sample of historically underrepresented populations in ADRD research, consistent

with previous findings with different racial and ethnic characteristics (Leibel et al., 2020). The
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average times to complete the TMT Trails A and B were longer here than previously reported for
a younger B/AA and White sample, which confirms the ability of the TMT to detect age-related
changes in executive functioning. While performance on the RAVLT is affected by conditions
like ADRD and RAVLT scores have been significantly associated with TL before, here TL also
significantly predicted performance on the RAVLT regardless of cognitive status (Mitrushina et
al., 1989; Yu et al., 2020). As the first report to elucidate the relation of TL and executive
function and memory for AI/AN, our findings here are specific for middle-aged and older adults.
Future research on this relationship across the life course is warranted, especially if longitudinal
analysis of interventions to slow biological aging and prevent ADRD are implemented at
different life stages.

At birth, significant differences in average TL are seen between B/AA and White
newborns given disparities in prenatal exposures, where B/AA female infants are born with the
longest telomeres (McLester-Davis et al., 2019). However, TL did not differ across race and
ethnicity categories for this middle-aged and older adult population. These findings align with
results supporting the weathering hypothesis, where the rate of TL shortening is accelerated in
historically underrepresented populations in research because of environmental and
socioeconomic exposures specific to the structural disadvantages faced by these populations in
the United States (Geronimus, 1992; Elliot et al., 2021). Therefore, the lack of differences in TL
by race and ethnicity category reported here is expected given the age of this sample (mean of
60.88 years) where social determinants of health throughout the lifespan have eliminated
differences in TL across racial and ethnic identities. These findings align with previous reports
on the utility of TL to indirectly capture cumulative life experiences contributing to aging and

age-related diseases like ADRD (Leibel et al., 2020; Chen et al., 2022). These findings also
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suggest that the success of interventions to slow biological aging may be dependent on the life

stage of participants, such as before ADRD pathology begins or following exposures that

accelerate biological aging early in life (Buttet et al., 2022). Future research should therefore

identify differences in these behavioral and socioeconomic interventions by age group.
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Figure 3. Box plots of telomere length for each cognitive status (A) and Apolipoprotein E

Similarly, future corroboration of these findings for males is warranted given the

unequitable male population analyzed here (25%). It is unsurprising that this sample is majority

female as women are more likely to participate in ADRD research, in part because women live
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longer on average than men and are therefore more likely to develop ADRD (Martinkova et al.,
2021; Olson & Albensi, 2020). However, the equitable utility of interventions to slow biological
aging and prevent ADRD should be assessed for all sex and gender identities (Buttet et al.,
2022).

While previous cross-sectional reports have identified differences in TL and cognitive
status, where those with cognitive impairment have shorter TLs, no significant difference in
mean TL based on cognitive status was found in the present study possibly due to differences in
the racial composition of this sample (Honig et al., 2006; Scarabino et al., 2017). Alternatively,
this is perhaps due to most participants in this sample having normal cognitive status, and future
research should clarify the relationship of TL and cognitive status with longitudinal analysis of
those progressing to ADRD. Similarly, there were no significant differences in TL given APOE
genotype despite previous positive reports (Honig et al., 2006; Takata et al., 2012; Mahoney et
al., 2019). While one of these studies involved B/AA participants, previous TL comparisons by
APOE genotype have not included AI/AN participants. Importantly, the association of APOE
genotype with ADRD risk in AI/AN populations is not as significant as reported in non-Hispanic
White populations (Henderson et al., 2002). Therefore, if TL is truly capturing cognitive decline
and risk for developing ADRD, previously reported associations with APOE genotype may not
hold true in diverse populations samples like the one in this report.

These novel findings are the first to provide information for AI/AN on the relationship of
biological aging and neuropsychological performance specific to their population. The inclusion
of AI/AN participants was possible through culturally appropriate community-based research
practices of the University of Wisconsin ADRC’s Native American Outreach team (Gleason et

al., 2019). Future ADRC research should hire AI/AN to the research team, identify culturally
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appropriate community-based research practices for the AI/AN communities in the ADRC area,
and increase the ethical representation of AI/AN participants, communities, and Tribal Nations in
ADRD research especially at the investigator level.
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CHAPTER 7
The correlation of telomere length from whole blood and cerebrospinal fluid circulating
white blood cells from participants of the University of Wisconsin Alzheimer’s Disease
Research Center

Short Communication:

Identification of individuals at increased risk for Alzheimer’s disease and related
dementias (ADRD) through biological measurements has been challenging as there are no
biomarkers available that provide 100% predictive insight for disease progression. Telomere
length (TL) is an increasingly popular biomarker in ADRD research with recent meta-analytic
associations of shorter TL and Alzheimer’s disease diagnosis (Forero et al., 2016). As a widely
recognized aging biomarker, TL shortens with each cell division, decreases with chronological
age, and captures genetic, environmental, psychosocial, and lifestyle factors impacting cellular
aging (Zhu and van der Harst, 2014). Unfortunately, associations of TL and ADRD identification
and prognosis are inconsistent, where some reports show longer TL associated with ADRD for
certain tissue samples selected for TL measurement (Franco et al., 2006; Thomas et al., 2008;
Lukens et al., 2009; Mahady et al., 2021).

Cerebrospinal fluid (CSF) has been utilized as a biomarker sample source for ADRD
research with crucial results aiding in diagnosis and predicting ADRD progression (Kester et al.,
2009; Wallin et al., 2010; Dhiman et al., 2019). CSF is a dynamic mixture containing multiple
cell types which provide immune functions, aid in elimination of cellular waste for the central
nervous system, and cushion neurons from potential impacts with the skull (Frans et al., 1981;
Ransohoff and Engelhardt, 2012). To date, TL, while a biomarker of aging and associated with

ADRD, has not been assessed in the cells of CSF. T cells, B cells, monocytes, and dendritic cells
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in CSF are naturally positioned to interact more intricately with brain aging and ADRD
pathogenesis than their peripheral counterparts, such as those found in whole blood (Pashenkov
et al., 2001; de Graaf et al., 2011; Ransohoff and Engelhardt, 2012). Understanding the
relationship between TL measured from CSF and TL measured from a peripherally obtainable
sample provides information for future study designs researching TL as a ADRD biomarker. In
addition to measuring TL from CSF, comparison of CSF biomarkers to peripherally obtainable
samples is prioritized in ADRD research given that participants are more likely to consent to
whole blood draw than lumbar puncture (LP), the cost of LPs is unreasonable for large
population-based studies, and CSF analysis in resource-limited settings is not always feasible
(Karlawish et al., 2009; Blazel et al., 2020). With these considerations, this study defines, within
an individual, the correlation of TL from whole blood and TL from CSF from participants at the
University of Wisconsin Alzheimer’s Disease Research Center (ADRC).

The University of Wisconsin ADRC studies concurrently collected CSF via LP and
whole blood with participant consent and approval from the University of Wisconsin
Institutional Review Board as previously described (Madrid et al., 2018; Clark et al., 2018). The
ADRC extracted DNA from CSF and whole blood samples and shipped the de-identified DNA
samples on dry ice overnight to Tulane University for telomere analysis. Integrity and purity of
DNA samples were assessed via 260/280 and 260/230 ratios and concentration of double-
stranded DNA. The average relative TL was determined from the telomere repeat copy number
to single gene (albumin) copy number (T/S) ratio using an adapted monochrome multiplex
quantitate real-time polymerase chain reaction via a BioRad CFX96 as previously described
(Cawthon, 2009; Drury et al., 2014; McLester-Davis et al., 2023a). All samples were performed

in triplicate with different well positions on the duplicate plate, using a 7-point standard curve
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Correlation of Within Individual Telomere Lengths

DNA from Cerebrospinal Fluid Average
Telomere Length (T/S ratio)

.00 .50 1.00 1.50 2.00 250 3.00 3.50

DNA from Whole Blood Average Telomere Length (T/S ratio)

Figure 1. Positive correlation of cerebrospinal fluid telomere length and whole blood
telomere length within individuals. Each triangle represents one participant (n = 60) with a
solid linear best fit trendline and dashed 95% confidence intervals.

from a peripheral blood mononuclear cell DNA standard ranging from 0.0313ng to 2ng and
average efficiencies of telomere and single copy gene primers 93.32% and 98.24%, respectively,
with further details of the assay available in Supplementary Table 1. Coefficients of variations
were 3.97% for within triplicate variation and 2.88% for between duplicate plate variation. The
computed intraclass correlation coefficient for all samples was 0.954 [CI: 0.940, 0.965] as
previously described (Verhulst, 2020). Pearson correlations, paired sample T-test, and
descriptive statistics for participant demographics were conducted with IBM Corp’s SPSS
version 27.0 and R Core Team’s R version 4.0.3. Significance was set at o = 0.05. The ADRC
provided a de-identified dataset containing participant sex, race and ethnicity, chronological age,
cognitive diagnosis, family history of ADRD, years of formal education, and Apolipoprotein E

genotype matching the DNA samples assayed.
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There were 60 participants from which CSF and whole blood TLs were measured. This

Correlation of Telomere Length and Age is Tissue Specific for this Sample
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Figure 2. Negative correlation of whole blood telomere length and chronological age. Each
diamond represents one participant (n = 60) with a solid linear best fit trendline and dashed
95% confidence intervals.

sample was majority female (61.70%), majority White (96.70%; 3.3% Black), and most were
cognitively normal (98.30%; 1.70% Mild Cognitive Impairment). At least 40% had one or more
¢4 allele and the majority had a positive family history of ADRD (58.30%). The average age was
56.28 years (6=0.99 years; range: 41-75) and the average number of formal education years was
11.13 (0=0.53 years). The whole blood TL values ranged from a minimum of 0.51 to a
maximum of 1.59, while the CSF TL values ranged from a minimum of 0.61 to a maximum of
3.32. The paired sample T-test indicated a significant difference between the whole blood TL
(mean=1.00, =0.03) and CSF TL (mean=1.41, 6=0.08) means (t(59)=|5.771|, p<0.001).
However, whole blood TL and CSF TL within an individual was significantly correlated
(Pearson’s r=0.402, p=0.001) as seen in Figure 1 with 95% confidence intervals of the

correlation. While this moderate correlation between the two tissues suggests either TL
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measurement can be inferred from the other TL measurement, chronological age of the
participant was only significantly correlated with whole blood TL (Pearson’s r=-0.257, p=0.048)
and not CSF TL (Pearson’s r=-0.119, p=0.364) in this sample of middle-aged and older
participants as seen in Figure 2 with 95% confidence intervals of the correlation.

Similar to other TL tissue correlation reports, these results show that TL measured from
CSF can be inferred from TL measured from whole blood for the same individual (Demanelis et
al., 2020; McLester-Davis et al., 2023b). However, these findings suggest that there are potential
confounding factors producing differences in mean TL for each sample type. For example, the
populations of T cells, B cells, and monocytes recruited to the CSF may differ in their replicative
history and metabolic activity than their counterparts present in whole blood, which would lead
to differences in TL (de Graaf et al., 2011; Croese et al., 2021). Furthermore, CSF has increased
numbers of monocytes, neutrophils, and granulocytes when the brain is experiencing an
inflammatory process like aging or ADRD, which may be occurring in individuals at risk of
ADRD prior to diagnosis, such as this middle-aged and older sample with €4 alleles and positive
family history (Stalder et al., 2005; Lunnon et al., 2012; Ransohoff and Engelhardt, 2012;
Roostaei et al., 2021). These changes in cell populations of the CSF would also contribute to
differences in mean TL by sample source. Given these limitations of the current study, future
research should identify the role of different cell populations in CSF on the correlation between
TL measurements in a larger sample size and conduct analysis of this correlation for a sample
with majority ADRD diagnosis and the relationship to other CSF biomarkers. Additionally, these
results support the use of whole blood TL to capture systematic changes associated with aging
and ADRD as peripheral blood cells are exposed to more varied environmental, psychosocial,

and lifestyle factors that are captured with TL than those cells specifically recruited to the CSF

239



(Ayub et al., 2021; Andreu-Sanchez et al., 2022). Overall, TL measured from peripherally
obtainable whole blood is reflective of the sample germane to ADRD research, CSF, and these
findings support use of peripheral measurements of TL as a biomarker of protective and risk
factors in future ADRD studies.
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Supplementary Table 1. Telomere Length Measurement Methodology Summary

ITEM | DESCRIPTION

Sample Type, Storage, Extraction, and Integrity

Sample type | DNA extracted from whole blood samples and cerebrospinal fluid samples were
obtained from the University of Wisconsin Alzheimer’s Disease Research Center.

Sample The time between sample collection and DNA extraction was 1 year. Blood samples

storage and cerebrospinal fluid pellets were stored at -20°C prior to DNA extraction.

conditions

DNA

extraction DNA was extracted from whole blood using the Gentra Puregene Blood Kit according

method to the manufacturer’s protocol.

DNA storage | DNA was stored at -80°C and shipped on dry ice overnight to Tulane University for

conditions, telomere length analysis in 3 shipments. On average there were 2 freeze-thaws for

including DNA samples between extraction and the MMqPCR assay. The first thaw was

freeze-thaw | conducted to confirm receipt, reorganize samples, and quantify DNA with

cycles spectrophotometer and Qubit dsDNA assay upon arrival at Tulane University. The
second thaw was done to dilute the sample if necessary and aliquot into the MMqPCR
assay. No samples were not rerun on the MMgPCR assay. DNA samples were stored
at -20°C for an average of 2 months between DNA quantification and the MMqPCR
assay.

Method of 260/280 and 260/230 ratios were quantified via spectrophotometer for all samples.

documenting | dsDNA concentration and quality were quantified for all samples with the Qubit assay.

DNA quality | No exclusionary criteria were imposed prior to assays.

and integrity

Percentage of | All samples were subjected to quality control via evaluation of 260/280 ratio, 260/230

samples ratio, and quantity of dsDNA.

specifically

tested for

DNA quality

and integrity

MMqPCR Assay
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ITEM

DESCRIPTION

Method
(qPCR,
MMgqPCR,
aTL, etc.)

MMgPCR assays to calculate relative telomere length were structured such that each
paired sample (DNA samples from the same individual rom whole blood and from
cerebrospinal fluid) was analyzed on the sample plate. Each plate quantified telomere
content (T) and single copy gene content (S) using the single copy gene Albumin. The
ratio of T to S replicates was used to assess relative telomere length. Each run hosted
triplicate reactions of 24 samples, 1 standard, and 1 no template control on 96 well
plates. A total of 14 MMqgPCR assays were performed from 6/20/2022 to 1/16/2023 for
analysis of all samples.

PCR machine
type

CFX96 Touch Real-Time PCR Detection System with 96-well Bio-Rad PCR plates

Source of
master mix
and reagents,
and final
reaction
volume

The final reaction mix contains 0.75x SYBR Green (Thermo Fisher), 0.9uM forward-
reverse telomere primer pair (Integrated DNA Technologies), 0.6uM forward-reverse
single copy gene primer pair (Integrated DNA Technologies), 1-10x Gold Buffer
(Thermo Fisher), 0.8mM dNTPs, 10mM MgCl, (Thermo Fisher), 3mM DTT
(Research Product International), 1M Betaine (Thermo Fisher), 2.5U/ul. AmpliTaq
Gold (Thermo Fisher), 1235.2uL PCR grade H,0 (Thermo Fisher), and DNA samples
in a 25ul reaction.

Telomere and According to Cawthon 2002: |Custom Ordered Sequence:
inel Primer specifications include: quantity of XX
sigle copy Telomere Forward Primer (ielg) 5 _ ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T 3
gene name, Telomere Reverse Primer (telc) 5 — TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTATCC CTAACA-3’
1 ingle Co ene Forward Primer (a -
primer Single Copy G F d Pri (albd2) 5 — GCG GGC CCG CGT GGC GGA GCG AGG CCG GAA AAG CAT GGT CGC CT|
sequences Single Copy Gene Reverse Primer (albu2) 5'— GCC TCG CTC CGG GAG CGC CGC GCG GCC AAA TGC TGC ACA GAA TC
q Albumin
and
concentration
Full PCR (. Data Analysis - csi.icc.tel.pbmc.09.29.2021.p2A_CTO41270.perd - o x
program File View Settings Export Tools %gme Setup ~ | (3 | |Fluorophore v || 2
ot Quantification [/ Quantification Data W\ Mett Curve W, Mekt Curve Data Gene Expression End Point §®3 Custom Data View QC =] Run Information
description 2 & % ul = @ a @
in c hl dlIl g Protocol: MMQPCR_TEL assay.01.04.2020.prcl Notes
" tu 1 2 3 4 5 3 7 8 9 10 1 12 13 14
cempcerature,
times, and
950 C | 940 C 940 C 940 C 950 C
CyCle [1500 |05 015 850 C [075 has0 ¢ |08 ¢ D/Bar Code:
CE 030 |
numbers ) ! ) ol ) | o
0 I& o 0 0 M Run Started : 09/29/2021 10:35:53
woc| 7 G ;i v o= e
1.00 o 0 o 0 Plate File: QuickPlate_96 wells_Al Channels pitd
Sample Vol : 25
Lid Temp : 105
(Optical Head Serial Number : 785BR20466
Base Serial Number : CT041270
ICFX Maestro Version : 4.1.2433.1219
2 5 8 11
T x 3 x 7 x AT x
1950 C for 1500 A
= 2 940 C for 0:15
|3 430 C for 1:00
L4 Goto 2 1_more times
= 5 940 C for 015
|6 590 C for 0:15
L7 Goto 5 3 more times
— 8 850 C for 0.15
|9 740 C for 0:30
+ Plate Rea
L 10 531‘3 sd 27_more times
= 11940 C for 0:15
| 12 840 C for 030
+ Plate Read
L 13 GOTO 11 . 31 moretimes
14 MeltCurve 590 to 950 C.increment 05 C.
for 005+ Plate Read v
Completed Scan Mode: All Channels | Plate Type: BR Clear | Baseline Setting: Baseline Subtracted Curve Fit
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ITEM

DESCRIPTION

PCR Telomere: R? = 0.99; Efficiency = 94.34%

efficiency of | Albumin: R2=0.99; Efficiency = 95.52%

single copy

gene and

telomere

primers

Source and The control sample was comprised of pooled DNA extracted peripheral blood
concentration | mononuclear cell. The standard curve was run in triplicate in each duplicate plate and
of control consisted of a 2-fold serial dilution of this control sample, ranging from 2e-3 ng/uL to
samples and | 3.13e-5 ng/ul. of DNA across 7 standards, with a no template control.

standard

curve

Data Analysis

Mean and Average of 1.04, standard deviation of 0.21, minimum of 0.50 and maximum of 2.06.
standard

deviation or
median range

of telomere

lengths

Number of Each sample was assessed for T and S during a single run across two PCR plates, with

sample three replicates within each plate for a total of 6 measurements. If the sample did not

replicates pass quality control criteria described below it was run up to 3 times.

Level of Replicates were drawn from the same DNA aliquot (i.e., the same tube), with

independence | duplicates run in a different well position on a second plate.

of replicates

Analytic Each plate quantified telomere content (T) and single copy gene content (S) using the

method, single copy gene Al/bumin. The ratio of T to S replicates was used to assess relative

considering telomere length.

replicate

measurement

s, to

determine

final length

Method of When the coefficient of variation across triplicate estimates of telomere content or

accounting genome copy number was greater than 10%, up to one replicate was removed to

for variation | increase the reproducibility of the data. If 5 replicates could not be obtained for a

between sample, the sample was rerun.

replicates Coefficients of variations were 4.10% for within triplicate variation on average and
1.90% for between duplicate plate variation on average. Only 13% of samples were
repeated once for a minimum of 5 replicates with passing quality control criteria.

Method of Replicates were drawn from the same DNA aliquot (i.e., the same tube), with

accounting duplicates run in a different well position on a second plate.

for well

position

effects within
plates
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ITEM

DESCRIPTION

Method of
accounting
for between
plate effects

Coefficients of variations were 4.10% for within triplicate variation on average and
1.90% for between duplicate plate variation on average.

% of samples
repeated and
% of samples
failing QC
and excluding
from further
analyses

Only 13% of samples were repeated once for a minimum of 5 replicates with passing
quality control criteria.

Acceptable
range of PCR
efficiency for
single copy
gene and
telomere
primers

90% — 110% (within 10% variation of each other)

ICCs of
samples/study
groups to
address
variability

The intra-class correlation (ICC) for all samples passing quality control criteria was
calculated as 0.887 (CI: 0.862, 0.908) in accordance with previously described
computations (Verhulst, 2020).

T/S ratio
transformed
to a z-score
prior before
comparison
across
methods/studi
es

Not applicable. No comparison across studies was conducted.

How samples
nested within
families were
accounted for

Samples from the same individual were run on the same plate.
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DISCUSSION OF THE DISSERTATION

This dissertation investigated the utility of telomere length (TL), with precision
measurement, as a biomarker of neurodevelopment and neuropsychological performance for
minoritized populations. The first three chapters address limitations of TL measurement
methodology, specifically quantitative polymerase chain reaction (QPCR) based measurement.
From these chapters, there is guidance on reporting minimums of qPCR methodology,
instructions for conducting the monochrome multiplex gPCR (MMgPCR) method utilized in this
dissertation, and the strong ability to infer TL across tissues within an individual with the
supplemental correlations for 102 different tissue types. The middle two chapters assess TL as a
biomarker of neurodevelopment in the diverse population found in the Caribbean Consortium for
Research in Environmental and Occupational Health (CCREOH) Cohort. These chapters provide
a valid, reliable, and culturally appropriate measurement of infant and toddler neurodevelopment
for Suriname and evidence of neurotoxic effects of prenatal environmental and occupational
exposures with TL as a putative biomarker of neurodevelopment. The last two chapters assess
TL as a biomarker of neuropsychological performance in minoritized participants of the
Wisconsin Alzheimer’s Disease Research Center (WADRC) studies. These chapters support the
use of peripherally measured TL to capture systemic changes, such as chronological and
biological age, and changes of interest for diseases hallmarked by cognitive decline, such as
Alzheimer’s disease and related dementias (ADRD). Taken together, these novel results
contribute to the existing literature and address knowledge gaps in the utility of TL for
neuroscience research across the lifespan for minoritized populations.
Precision Measurement of Telomere Length: From Methodology to Meta-Analytic

Findings
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The first chapter defines the importance of precision, reproducibility, sample size
considerations, and overall scientific rigor when measuring TL from human DNA. Adherence to
these reporting guidelines and considerations of scientific rigor are seen in the subsequent
chapters of the dissertation with intraclass correlation coefficients (ICCs) for TL measurements
in the high 0.9s. As a measure of repeatability in the assay, the rigor and reporting metrics used
in this dissertation allow the same findings to be obtained by another technician with access to
the same samples for TL measurement. To increase the ability for other technicians with the
MMqgPCR method and TL research laboratories interested in measuring TL with the MMgPCR
method, the third chapter identifies the quality control steps and tips necessary to achieve high
ICC:s for duplicate DNA samples extracted from the same biologic source. As source tissue
influences the utility of TL as a biomarker for many diseases and exposures of interest, the
second chapter elucidates tissue specific sources of variation within individuals and provides
recommendations for researchers selecting a tissue for TL measurement. These first three
chapters enhance the scientific rigor of the TL research field, through recommendations,
examples of best practices, and data supportive of critical thought prior to TL measurement to
reduce spurious findings in the field.

While qPCR reporting recommendations existed previously, the new reporting
recommendations put forth in the first chapter are specific to TL research and therefore
intrinsically succeed in improving TL research findings when applied.!! Similarly, the second
chapter is not the first to report a correlation of TL between tissues within the same healthy
individual.'? However, the second chapter originally reports the first meta-correlation of TL
across 102 tissues within healthy individuals, providing robust evidence of the positive

correlation and clarifying reasons for conflicting prior reports. The third chapter also provides
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written and visual protocol steps for TL measurement as previously reported by other
laboratories; however, the third chapter is the first methodological report of best practices for
conducting the MMqPCR TL measurement.'3 These first three chapters contribute greatly to the
broad TL research field, where TL is applied as a biomarker for more disciplines than
neuroscience.
Telomere Length as a Biomarker of Neurodevelopment in the Diverse Population of the
CCREOH Cohort

However, as a neuroscience dissertation, this work naturally led to investigating the
utility of TL in neurodevelopment. The fourth chapter of this dissertation created a culturally
appropriate neurodevelopmental assessment for Surinamese infants and was applied in the
CCREOH cohort study. While the Bayley Scales of Infant and Toddler Development have been
utilized in global settings, many items relied on exposures to settings, such as roadways with
taxicabs and domesticated cats, that Surinamese infants born and raised in the Amazon rainforest
do not have exposure to in their upbringing, making cultural adaptations necessary prior to
neurodevelopmental assessment of Surinamese infants.'* Circling back to investigating TL as a
biomarker of neurodevelopment, the fifth chapter defines the role of an infant’s biological age, as
indexed by TL, in conjunction with a neurotoxicant mixture on the global neurodevelopment of
Surinamese infants. The fifth chapter is the first work to investigate TL and exposures on
neurodevelopment using Bayesian kernel machine regression analysis. While the overall mixture
had a significant negative effect on neurodevelopment, TL may not have a significant role in the
casual pathway for neurodevelopment at this age as TL was not driving the mixture’s effects.

As this is a diverse cohort, the associations of infant TL with ancestral ethnicity support

the weathering hypothesis.!> The weathering hypothesis has been reported and developed within
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the historical context of the United States, however, these findings expand the weathering
hypothesis to a different colonialized country. These findings of the fifth chapter show the
historically and chronically disadvantaged ethnic groups of Suriname having longer TLs at one
year of age than their counterparts regardless of region of the country. While the diverse ethnic
groups of Suriname have multiple complex histories, interactions, and disadvantages given by
colonialism, the ethnic groups with the oldest contact with colonialism, the descendants of
enslaved Africans, have the longest TLs at birth in this cohort.

These findings that expand the weathering hypothesis to a non-United States context, can
also be applied to underlying causes of the neurotoxicant effects seen in the findings of chapter
five. Primarily, prenatal care for Tribal and Indigenous mothers residing in the Interior region
and Amazon rainforest sections of Suriname are economically disadvantaged and rely on small-
scale artisanal gold mining using mercury to amalgamate the gold for sale as a primary economic
income, despite the occupational hazards and pollutive impacts on their local environment.
Furthermore, Tribal and Indigenous mothers often are at a disadvantage for their prenatal care, as
health practitioners lack the means to reach them throughout their pregnancy and provide dietary
supplements like iodine and folic acid that would decrease the negative effects of their
neurotoxicant exposures on their infant’s neurodevelopment.

Therefore, in addition to chapter four providing a culturally appropriate measurement of
neurodevelopment for Surinamese health practitioners, chapter five provides Surinamese
policymakers with scientific evidence of the longitudinal and multigenerational negative effects
of mercury, lead, cadmium, and manganese exposure. This evidence should be leveraged to
identify programs to prevent future decreases in social and emotional health of infants through

increased national prenatal care and policies preventing environmental and occupational
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exposures to these neurotoxicants. However, there are significant limitations to the fifth chapter
which shall be addressed here, in the larger context of the work.

While TL is a putative biomarker of neurodevelopment, with a few publications for both
associations with neurotoxicant exposures in the prenatal period and postnatal TL measurement,
and associations with infant, toddler, and adolescent chronological age, TL was a not a
significant predictor in the fifth chapter of this work.!6-!® However, TL did play a role in creating
the significant decrease in a domain of neurodevelopment as part of a larger mixture with non-
linear observations. Interestingly, longer TLs were predictive of lower neurodevelopmental
scores in this population, which can be interpreted by a few different theories. Firstly, longer TLs
may represent a lack of biological adaptation to neurotoxicant exposure. Here, the appropriate
adaptation to the neurotoxicant mixture exposure in the prenatal period that longitudinally
protects neurodevelopment could be cellular attrition with shortening of TL to clear the
neurotoxicants from the infant’s cells. In this first hypothesis, TL is capturing biological
adaptations, or lack thereof, in response to environmental exposures. Alternatively, the higher
levels of the neurotoxicant mixture exposure could be directly lengthening telomeres in a
tumorigenesis pathway as previously reported for other heavy metals. Concurrently, in this
second hypothesis, the neurotoxicant mixture is directly negatively affecting global
neurodevelopment and TL is a capturing a unique pathway of the mixture where the infants are
at increased susceptibility to cancer and other diseases in their lifetimes. A third hypothesis that
is a likely explanation is that the finding of longer TLs associated with lower
neurodevelopmental scores is that the Bayesian kernel machine regression (BKMR) results are
spurious. While these statistical analyses are inherently designed to protect against the risk of

multiple comparisons, the BKMR analysis was conducted for four different neurodevelopmental
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assessment outcomes which increases the likelihood of spurious findings.!” However, the BKMR
results show an overall effect of the mixture which supports the need to address high mercury
levels as the effects of mercury are significant in the closer to real world scenario simulated with
BKMR where multiple components were simultaneously analyzed.

In order to confirm one of these hypotheses, further longitudinal research for the
CCREOH cohort is needed. In fact, some infants have a second later buccal swab collection, on
or after the third year of life, that could be leveraged to assess longitudinal changes in infant TL
and clarify the findings in the fifth chapter of this dissertation. Such a future analysis would
greatly contribute to the parse literature on the rate of TL shortening in the early years of life.

Furthermore, it is possible that TL was not a significant predictor of neurodevelopment at
this age because adaption to the environmental neurotoxicant stressors included increased
presence of telomerase and maintenance of TL at a potential cost of later life TL. This results in
TL being a better predictor of later life neurological function when considering the contributions
of all factors in a lifespan perspective. While TL was not as a robust biomarker of
neurodevelopment in the CCREOH cohort as reported in other studies, the findings from the
sixth and seventh chapters suggest that TL is a valuable biomarker for neuroscience at the
opposite end of the lifespan.

Telomere Length as a Biomarker of Neuropsychological Performance in Minoritized
Participants of the WADRC Studies

Given that neurodevelopment is only one, albeit large, section of neuroscience research, a
more comprehensive assessment of the utility of TL in neuroscience research would include
other research areas, so naturally this dissertation led to the investigation of the most researched

neuroscience topic — Alzheimer’s disease and related dementias (ADRD). While a personally
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important research topic, ADRD is also under researched for minoritized populations in the
United States and the utility of TL in ADRD is not well understood.?> However, the seventh
chapter reaffirms findings of the second chapter in a novel application to ADRD research and the
sixth chapter confirms TL as an adequate biomarker for brain aging in African Americans and
American Indians / Alaska Natives in middle to old age.

The sixth chapter is the first study to measure TL from DNA extracted from
cerebrospinal fluid. This novel contribution further aligns with the previous meta-analysis in
chapter two on cross-tissue TL correlations that lacked analysis of cerebrospinal fluid TL. This
sixth chapter shows cerebrospinal fluid TL was significantly positively correlated with whole
blood TL from the same individual. However, future research should elucidate any differences in
this correlation across the lifespan in a longitudinal manner, given the mid-life average age of the
sample studied, and future work should identify any discrepancies of the correlation within
individuals of different cognitive statuses. The chapter seven results further support the use of
TL in future ADRD research and provide central nervous system relevance to the results of
chapter six.

In a trend of novel contributions, the sixth chapter of this dissertation provides the first
report of TL for middle to old-aged American Indians / Alaska Natives in relation to
neuropsychological aging. These results, in the opposite finding from the fifth chapter, also
contribute to the literature supporting the weathering hypothesis. Here, there were no significant
differences in average TL by ethnic group. This is aligned with the weathering hypothesis where
exposures to social and economic disadvantages during the lifespan have eliminated any TL
differences present at birth which is an adaptation to the weathering expected during the lifespan

of minoritized populations.!> This, in combination with the significant TL differences across
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ethnic groups in chapter five, supports the utility of TL as a biomarker of weathering which is
often investigated and alluded to in neuroscience research.

It is important to note that the populations studied here, diverse Surinamese infants and
American Indian / Alaska Native and African American / Black United States older adults,
cannot be equated to one another for their obvious differences in race and ethnicity definitions
and histories. However, while different, these groups do have shared facets of history including
experienced structural racism and colonization. In Suriname, the process and subsequent effects
of colonization include minimal presence of Surinen descendants from which the country takes
its name, the abolishment of slavery years prior to the United States’ equivalent action, and
socioeconomic reliance on transactions that often put the health of Suriname’s population
secondary to immediate financial needs. Minoritized populations cannot be grouped together
given their different actions of survivance as non-dominant groups, but they often share
environmental and psychosocial risk factors due to their steps of resilience in the face of
structural racism and exclusion. Given these shared risk factors which predict worse health
outcomes, the evidence in this dissertation collaboratively demonstrates the utility of TL in
describing weathering for these distinct minoritized populations.

Furthermore, the sixth chapter shows the predictive utility of TL as a biomarker of
neuropsychological decline with advancing age. These findings uniquely position TL as an
adequate biomarker for the large minoritized population advancing in age to identify and slow
the progression of their biological aging to preserve their cognitive functioning in later life.
Therefore, TL is a valuable biomarker in neuroscience research especially at the later life stages.
With precision measurement and reproducibility of findings across laboratories, TL could be

implemented in the future in clinical testing to identify those with advanced biological aging

254



compared to their chronological age and intervene with behavioral changes to slow biological
aging.
Future Research Directions Given These Findings

Taken together, these dissertation chapters successfully investigated the utility of TL as a
biomarker for neurodevelopment and neuropsychological performance with mixed findings, as
similarly seen across TL research. Importantly, while both ends of the lifespan were investigated,
longitudinal analysis following prenatal exposures of infants, their neurodevelopment,
subsequent social and environmental exposures, to neurocognitive decline in old age have not
been conducted with scientifically rigorous TL measurement. Hence, identifying the role of early
life exposures hypothesized to contribute to risk of ADRD, and the utility of TL in capturing this,
still alludes the scientific literature. For example, there is sparse literature on the ability of
educational attainment in the United States to predict ADRD later in life for minoritized
populations, for whom cognitive function associated with school years is often actually obtained
outside of the classroom.?* Similarly, APOE genotype status and the relationship with ADRD
pathogenesis has mixed findings for minoritized populations, in part due to differences in the
frequency of alleles present.?* Given that not all APOE genotypes were available at the time of
completion of this dissertation, future work on the role of APOE genotype in the relationship
between TL and neuropsychological performance is warranted and future ADRD research must
include minoritized populations. Both educational attainment and APOE genotype status are two
examples of future research directions which should be investigated for their effects biological
effects on TL via cellular mechanisms. As a biomarker, TL offers a great opportunity for future
researchers to deduce cellular pathways, utilizing cell cultures, animal models, etc., that produce

the neurodevelopment and neuropsychological performance findings reported here.
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This dissertation provides evidence of TL as a valuable biomarker for consideration in
future neuroscience human research when measured with precision and scientific rigor, with
validity in minoritized populations. As seen in the meta-analysis in this dissertation, race and
ethnicity are regularly overlooked in TL research, despite the science rooted in humanity and
aimed to benefit human health outcomes for all. It is vital to validate TL findings for minoritized
populations going forward, and report sample demographics as all doctorates have been trained
to do, given the continued existence of disparities in health outcomes. Risks for negative health
outcomes are known to differ by race and ethnicity in the United States, given the effects of
colonization and racism that continue to operate as designed today, and researchers who research
for humans must decolonize their science to center these complex systems in the future if the
work aims to better health outcomes for humans. Future research should investigate the utility of
TL for other neuroscience research areas, given the promising preliminary findings in other
neurodegenerative diseases and developmental disorders. Furthermore, both the CCREOH and
the WADRC are longitudinal cohort studies, and future research should attempt to replicate these
findings at a later time point as well as provide insight into the TL changes observed across time
for these cohorts. In conclusion, TL is a useful biomarker for neuroscience research given the
findings of this dissertation, with implications of these findings stretching across the lifespan and

applicable to diverse populations.
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