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ABSTRACT

Background: Accumulating evidence suggests puberty is ocegrearlier today than
ever before. Pubertal timing may be a harbingeabmormal metabolic health. Thus,
identifying its upstream determinants and downstrezetabolic health consequences
may provide an avenue to primordial prevention. @bgctive of this dissertation was to
investigate pubertal timing in relation to typeidliktes (T2D), adipose depots, non-
alcoholic fatty liver disease (NAFLD), and earlfelnutrition.

Methods: This dissertation includes three separate batedlresearch manuscripts. The
first aimed to investigate pubertal timing and Ti2Ca Brazilian adult population (35-
74y) who were born and came of age before theofisgerweight and obesity in Brazil.
The second examined pubertal timing in relation NBFRand fat depots in a biracial
cohort of young adults (18-30 years at entry, 43«&&s at measurement of NAFLD)
from the Coronary Artery Risk Development In Youhdults (CARDIA) study. Finally,
the third paper determined the role of diet quadity risk of early pubertal timing in a
biracial sample of girls (9-10 years) from the Natl Heart, Lung, and Blood Institute
Growth and Health Study (NGHS). Multivariable lineagression was used for
continuous outcomes (glucose homeostasis measuipsse depots, liver attenuation,
and age at menarche) and Poisson regression tcatepeevalence ratios (PR) and
relative risks (RR) for dichotomous outcomes (TRIAFLD, and early menarche). In

the last project, a diet quality score, derivedsbynming standard deviation scores for the



densities of nutrients/chemicals indicative of mmdor Western dietary patterns, was
analyzed in relation to incident early menarche.

Results: In thefirst paper: early menarche [<11 years vs. 13-14 years (reéeg was
associated with 22% (95% confidence interval: 3-#B¥gher prevalence of T2D in
Brazilian adults, adjusted for confounders and Bitihge 20 years. In the same model, a
1-standard deviation higher relative leg lengthI(Rla marker of early life growth and
maturation, was associated with a 10% (5-15%) dfd [7-15%) lower prevalence of
T2D in women and men, respectively. The associdiegiween RLL and T2D was
stronger among females with earlier menarghi®i( interaction on multiplicative scale =
0.02), and among adults who were overweight or®béage 20 yearp {or interaction

on multiplicative scale 0.02) or 35-74 year® for interaction on multiplicative scate
0.03).In the second paper: in CARDIA, a 1-year increment in age at menansfas
associated with 10% (2-18%) lower prevalence of NBFand inversely associated with
visceral, subcutaneous, and intra-abdominal mdatlafter adjusting for confounders
and BMI measured at 18-30 years. RLL was also &socwith these measures, but was
attenuated after control for BMI. Lastiy\ the third paper: a better diet quality was
associated with lower risk of early menarche (<é&arg) after adjustment for
confounders and % body fat from skinfolds (1-SDrémaent in diet quality score,
RR=0.77; 95% CI: 0.66-0.90).

Conclusions: These results indicate that early menarche iscagsd with higher

prevalence of diabetes in an adult Brazilian paparethat underwent nutritional



transition after coming of age, and non-alcohddittyf liver disease in a biracial U.S.
population, after adjusting for potential earlyelidonfounders and early adulthood BMI.
Relative leg length, while only loosely associatthvage at menarche, was inversely
associated with T2D but not NAFLD. Age at menarahd relative leg length did not
appear to be preferentially related to specifipade depots. These markers likely
represent unique aspects of early-life growth aatunation, and depend on the context
of the population under study. The results of thalfresearch paper suggest that risk for
early menarche may be reduced through dietary meatldn, independent of fatness. In
light of the secular trend toward earlier age diquty in the U.S. and abroad, it is
important that future research continues in theharunder the realm of primordial
prevention. Continued research is needed to daterthe extent to which early-life
modifiable lifestyle factors, such as dietary patseand physical activity, can influence

long-term health and disease through effects oemaltiming.
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PREFACE

This proposal is organized into nine chapt@sapter 1 presents an overview of
the gaps in the literature this dissertation wdldlieess. The second chapter provides an
overview of puberty, its physiology, secular trendisterminants, and it summarizes the
role of diet in the etiology of pubertal timing. &lthird chapter focuses on type 2
diabetes, its natural history, pathogenesis, amteapology, with a focus on Brazil. Risk
factors are described with particular attentiorttenrole of early-life markers of growth
and developmenChapter 4 focuses on non-alcoholic fatty liver diseasendtural
history, pathogenesis, epidemiology, and risk fis;thighlighting the role of markers of
pubertal timing from etiologic perspectives. Thhfichapter describes the populations,
design, and data collection for the three cohadiss included in this dissertation.
Chapter 6 provides background, methods, results, and digmu$sr manuscript 1 of the
dissertation: the investigation of age at menagsiterelative leg length, as markers of
pubertal timing and early-life growth, respectivatyrelation to type 2 diabetes in a
cohort of Brazilian adultChapter 7 provides background, methods, results, and
discussion for manuscript 2: the investigation gé¢ at menarche and relative leg length
in relation to non-alcoholic fatty liver diseasaldat depots in a biracial cohort of young
adults from the U.SChapter 8 provides background, methods, results, and digou$sr
manuscript 3: the prospective investigation ofatgiquality in relation to early

menarche in a biracial U.S. cohort of girls. Theafichapter summarizes implications of



the findings in this dissertation, highlighting htlwese results should inform future
research directions in this arena and be leveramggdide primordial prevention in the

U.S. and abroad.



CHAPTER 1: INTRODUCTION

Puberty represents a developmental window of rapaiprofound change. The
timing of puberty has physiologic variation betweleand 5 years in human populations,
and understanding the implications of this timirag lbeen identified as a public health
priority.! Beyond its importance to public health, the edimiScience recently labeled
“What triggers puberty?” as one of the 100 most gelimg questions facing science in
the next centur$.This topic has drawn scientific intrigue due te thitherto unexplained
etiology contributing to the recent downward sectriend in age at pubertal
development, and the long-term health traject@agsociated with early pubertal timing.

It is now widely accepted that girls reach puleartdestones (e.g., breast budding
and age at menarche) earlier today than ever b&éforecent study suggested boys are
also reaching puberty earliéhut the factors driving the trend in boys may bfecent
than those for girls. In the Neolithic times, paderogical evidence suggests females
reached puberty at an early age, and this was phyngigiven by the evolutionary
advantage of reaching reproductive capacity rapitly shortened lifesparHowever, as
humans neared the Industrial Revolution, and hygaateriorated with increasing
population density, it is believed that menarclaep, the most distinguishable pubertal
landmark in females, became delayétet, from the Industrial Revolution to the mid-
1900s, the best available evidence suggests thancteeal timing again embarked on a
secular trend toward earlier puberty, likely duem@rovements in environmental living

conditions, reductions in infectious diseases, lzetter access to foodSince the 1950s,



the downward secular trend in age at menarche appehave continued, but less
markedly and with distinct underlying drivers thanevious shifts in pubertal timirig.

In 1970, Frisch et al. hypothesized that a ciifocaly fat threshold had to be
achieved before menarche could occur in §iBénce then, several investigators have
posited that recent shifts in pubertal timing argély due to increases in childhood
overweight and obesity? Yet, mechanistic pathways underlying Frisch’sticail
weight’ hypothesis are debat&tand, in many countries, including most European
countries;**®recent trends in pubertal age do not align wighdis in childhood obesity.
Therefore, other environmental or lifestyle faci@sg., diet and physical activity, may
play a role in timing of maturation independentadiposity. The role of childhood
nutrition in pubertal timing will be discussed@hapter 2, and novel insights on diet
quality will be examined itChapter 8 of this dissertation.

In many countries, secular trends in pubertal tgromer the last several decades closely
align with epidemics of type 2 diabetes and nomfabdic fatty liver disease (NAFLD).
These metabolic diseases share etiopathologic pgthwand their prevention holds
potential for reducing nutrition-related morbidéapd mortality. Several studies have
investigated the role of pubertal timing, as meedury age at menarche in girls, in the
development of type 2 diabetes in Western popuiafit® and prosperous Asian
populations$*?* These studies offer conflicting evidence as totiwaiefatness explains
the age at menarche—diabetes association, or whatbmative physiologic mechanisms
are implicated. They also highlight the concept tha role of body fat in the association
between timing of puberty and diabetes may vargdas the population being studied.

More studies are needed from less prosperous pgamgan which the potential
4



confounding structure (i.e., underlying causesudfgrtal timing and diabetes) for the
association between pubertal timing and developmokdiabetes differs.

No studies to date have examined the associa¢itwelen markers of pubertal
timing and NAFLD. Fraser et al. found that relatigg length, a marker for early-life
growth and developmerft*°was inversely associated with adult liver enzymes,
implying that early life nutrition may play an imgant role in the development of liver
diseasé’ These authors concluded with a call for furtheesech on factors related to
leg length that may influence adult liver functidxccording to the cephalocaudal
gradient of growth, and empirical supptht earlier onset of puberty is associated with
shorter legs relative to total stature. Estrogemctvpeaks at puberty, is the dominant
factor controlling cessation of long bone, i.eg, lgrowtH® through its effects on growth
plate epiphysié? Early puberty is associated with less linear grolgfore puberty,
when the legs experience rapid gains, and morarigewth during and shortly after
puberty, when torso elongation predominates; hestum? legs relative to statute.

Recently, the Framingham Health Study investigatgelat menarche and other
reproductive factors in relation to adipose depasitThe main finding of their study was
that age at menarche was associated with subcutsia@a visceral fat depots, but that
these associations were no longer significant afigrsting for concurrently measured
BMI.>? The authors concluded that age at menarche igdeia overall body fat and not
preferential to one fat depot over another. Accuatiaih of fat in the liver, which can
lead to NAFLD and more advanced states of hepidttiodis, has a different etiology and
risk profile than visceral fat and deposition dfifaother regiond>** Thus, while the

findings from the Framingham study are intriguitiggir conclusion that menarche age is
5



associated with overall, but not depot-specificdi@es not extend to hepatic fat
accumulation. As fatty liver disease is an undegyiisk factor for many cardiometabolic
diseases (discussed@mapter 4), many of which have been associated with early
puberty, it is of biologic and public health inter¢o investigate whether markers of early
pubertal timing (e.g., early age at menarche aadhgps, shorter leg length relative to
stature) are positively associated with NAFLD.

Many of the upstream nutritional determinants dadnstream metabolic
consequences of altered pubertal timing are paortierstood. Their discovery may
facilitate primordial prevention of population hiafisks. Beyond its conjectural
association with type 2 diabetes and NAFLD, ead@enty is of public health poignancy
for myriad reasons. Children who advance throudhepy early have been shown to be
at higher risk of adult obesify,metabolic syndrom¥, cardiovascular diseade>®**
several cancef€;**and incidence of adolescent risk behaviors (sulpstance abuse,
cigarette smoking, multiple sexual partners, condisorder)**®In light of the
purported downstream health consequences of puberiag, the triggers of puberty are
a topical matter of scientific inquiry. Genetic fas'’ and some modifiable exposures,
such as pre- and postnatal nutritfdchildhood dief?® childhood adiposit{y,endocrine
disruptors’® and stres2’ may play roles. As these psychosocial, behaviaral,
metabolic processes manifest around puberty, asidgethem at this critical period may
present opportunities for targeted public healtarirentions to prevent disease risk

factors (i.e., primordial prevention).



THEORETICAL FRAMEWORK

Despite the well-accepted importance of earlydifwironment in the etiology of adult
disease, relatively little is known about how pudktiming influences long-term
metabolic disease risk. The goal of this dissemais to develop, explore, and address
important gaps in the literature on modifiable rignal determinants and metabolic
consequences of early pubertal timing. Because thgpears to be a sexual dimorphism
in the etiology of puberty, and the reproductivatggy of the two sexes is quite distinct,
the preponderance of this dissertation will focngte female, in whom early puberty
may have greater consequence on long-term health.

One literature gap in this field is how early pritaedevelopment relates to type 2
diabetes in a Latin American population undergaeqgd nutritional transition. Another,
yet unexplored, area of research related to tipi€ is the relation of early puberty and
non-alcoholic fatty liver disease. The final litenee gap to be investigated in this
dissertation is the influence of diet quality omlg@aubertal timing. Before discussing
how this dissertation will address these gaps, kewaet is important to review several
issues related to pubert@tfapter 2), type 2 diabete<Chapter 3), and non-alcoholic fatty
liver (Chapter 4) disease that provide contextual background fisrwlork. Figure 1.1
depicts a general theoretical framework throughcWigarly life environment might
influence pubertal development, and early puberty mfluence body composition,

hepatic fat, and type 2 diabetes.
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CHAPTER 2: PUBERTY

OVERVIEW
Puberty is the developmental process by which deprive capability is attained. This
lifecourse milestone results from a complex savfawolecular and physiological events,
expressed in physical, behavioral, and hormonaigés In girls, puberty begins with
pulsatile secretion of gonadotropin-releasing haren(GnRH) from the GnRH neurons
of the hypothalamu¥ GnRH release stimulates primary gonadotrophsdese
luteinizing hormone (LH) and follicle-stimulatingphmone (FSH). Once released, LH
and FSH induce steroidogenesis and gametogendsis gonads, resulting in the
dynamic physical changes characteristic of pub&tgpulous still is the understanding of
the factors underlying these pathways responsisléhe variation in pubertal timing that
is characteristic of human populations. Elucidatimg etiology, particularly modifiable
factors, such as nutrition, has biologic and pubgalth allure.

This chapter will briefly discusk) physiology of the reproductive axis and the
associated signals and pathways that affect pyt#ngcent trends in pubertal timing,
and3) factors, with a focus on diet, that may influeptsysiologic variation in timing of

puberty.

PHYSIOLOGY OF PUBERTAL TIMING
Physiologic changes involved in puberty are higidive during the pre- and perinatal

(i.e., fetal), postnatal (i.e., infancy), and chibdd periods of lifeKigure 2-1).
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Figure 2-1: Hypothalamic-pituitary axis developmentuntil puberty (modified from DiVall et al.*®)
Abbreviations—GnRH: Gonadotropin Releasing Hormone;LH: Luteinizing hormone; FSH: Follicle

Stimulating Hormone; T: Testosterone; E: Estrogen

The first traces of GnRH neurons are found in tifectory pit of the fetus around
week six in gestatiort. By week nine the neurons have already travelathe forebrain
to the hypothalamus. Here, in week 12, the pityibagins to secrete LH and FSH into
the fetal circulatiori? Hypothalamic-pituitary axis activity increasesitip thereafter,
and in weeks 20-24 LH and FSH reach levels capzttentributing to ovarian
development? By late gestation, placental estrogen providesgative feedback to the
axis, causing LH and FSH levels to decredsks a result of this negative feedback, LH
and FSH levels are low at birth. In the first mant life, as placental estrogens are
removed, LH and FSH again begin to rise, peakiograat one year of age. Yet, by two

years of age LH and FSH again fall to nearly unctatde levels.
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From around two years of age through mid-childhtiedactivity of the
hypothalamic-pituitary axis remains relatively damh However, at this time in
development the axis ramps up hormonal activitygvadenced by outward physical
changes. These patterns of hormonal and physiealgehfollow a sexual dimorphism
most easily discussed with reference to Tannerrsjagor females, this is based on
breast maturation and the appearance of pubiqfigiure 2-2).>° Tanner stage 1
represents pre-puberty. Rapid linear growth, age at take off, and development of
breast tissue, usually appearing in Tanner stageezhe earliest outward signs of
gonadarche in gir® Menarche is achieved near the end of Tanner stagféed nearly a
yearlong rise in estradiol outptitlt is at this point in time that estradiol exhgbi
negative feedback on the hypothalamic-pituitarg agisuppress its release, thereby
leading to cyclic rise in estrogen levels and memgton>’

In parallel to the rise in estradiol productiontbhg gonad during puberty, the
adrenal glands begin to secrete androgens. Adieaatte process by which the
hypothalamic-pituitary-adrenal axis matures, giugs to pubic hair growth, acne, body
odor, and increases in growth velocitubic hair usually appears during Tanner stage
2. Although androgen production by the adrenal @jlamd estradiol production by the

ovary coincide, they are independently regulatet@sses.

PUBERTAL ASSESSMENT
Pubertal timing can be assessed using a varietgradEmporaneous (during a clinic visit)
and retrospective (by the participant) modalitiesaner staging, which uses a scale of 1-

5 for breast development and pubic hair in gifig@re 2.2) and testicular volume and
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pubic hair for boys, is the most widely employedmoé for clinical assessment of
puberty® Tanner stage 2 indicates first pubertal developmeryirls, pubertal timing

can also be ascertained by age at menarche. Tki®dis attractive for researchers
because it is more objective than clinical evabratf breast and pubic hair
development, and self-recall of age at menarchelieble on repeat questioning
(intraclass correlation = 0.99In boys, puberty can be assessed contemporandnusly
the clinicvia orchidometry, the gold standard for measuringdelstr volume, and
retrospectively by recall of age at voice break agd at first nocturnal emission.
However, these latter strategies may have lesabitiy.* Alternatively, for boys and
girls, markers of growth and development can bel iseassessment of pubertal timing.
These include, age at take off, i.e., age at tlsetoof the adolescent growth spurt, age at
peak height velocity, i.e., the timing of the maxmm adolescent growth, and relative leg
length, i.e., the ratio of leg length-to-sittingdife or total stature. The heterogeneity in
methods by which pubertal timing is assessed mgab@lly responsible for the

discrepancies in reported trends and etiologic@aasons to be discussed later.

Figure 2-2: Female Tanner stages
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SECULAR TREND IN PUBERTAL MARKERS

The onset of puberty in humans occurs over a wigerange. In the 1980s, James
Tanner, through a series of longitudinal studieantl that the mean age at menarche, the
most distinguishable pubertal event in girls, ia thS. was 12.7 with a 1.3 year standard
deviation; the mean age of breast budding (i.elatbhe) was 10.7+1.0 yearsThe age

at onset of these and other pubertal landmarksruged to change over time.

The best available data suggest that there hasebdewnward secular trend in
average age at menarche from the late 1800s td &@6s in the U.8 Since the mid-
1900s there has been disagreement among researchassfield®* % but an expert
panel convened in 2003 concluded that the averggatonset of menarche and breast
development, but not other pubertal markers, fds gn the U.S. decreased throughout
the second half of the 2@entury Figure 2.4).3 A key finding influencing this decision
was from a study conducted by the American Acad&miPediatrics, which reported
that girls were developing a year earlier than jonesly reported® Other data from the
U.S. indicate that the median age at menarche assidemodestly but significantly from
12.8 to 12.5 years in girls between the 1960s arlg 899052 Age at onset of
thelarche seems to have also declined, perhapsdrasgcally than menarche during the
last two decades. Before the 1980s, the mean abelatche was ~11 years of age in the
U.S2 Yet findings from NHANES 11, conducted betweer88%nd 1994, indicate a
mean age at thelarche below 10 yé&érs.

The trends toward earlier age at onset of thelaacillemenarche in the US are
driven by an entire shift in the age-at-pubertadeirdistribution, with African American

girls having experienced greater decreases thana8mns®®’ These findings have led
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to revised guidelines, which propose that blackwhide girls showing breast
development or pubic hair before age 6 and 7 yeespectively, should be evaluated for
precocious pubert}? Secular trends in age at puberty in girls havenlpeealleled by
trends in the incidence and prevalence of precsgiberty’® although this may be an

artifact of higher referral rates rather than & increase.
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Figure 2-3: Secular changes in age at menarche inuntries without consistent decline.

Figure reproduced from Cheng et al.*®
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Figure 2-3: Secular changes in age at menarche inuntries with consistent decline.

Figure reproduced from Cheng et al.®

In boys it has been harder to document seculargdsadue to the absence of an
easy determined marker, such as menarche. Visbalral (Tanner) staging is also more
difficult in boys than girlS®> Orchidometry, i.e., measuring of testicular volyisean
intrusive procedure that is not a routine partlwfical exams. Nevertheless, a recent
study inPediatrics’ reported that boys are reaching puberty, as as$ésstesticular
volume and achievement of Tanner stages 2-5, oyearearlier today than boys 40
years agd? This study needs to be replicated before inferemceends in pubertal age
in boys can be made.

Research on factors driving the trend toward eapuberty is inconclusive. Many
scientists in the field believe that earlier onsgbuberty is a byproduct of the global rise
in childhood obesity, citing studies that found eribal development related to body fat

accumulatiorf:”*"*But there are other possibilities, which are rexd later in this
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chapter, including direct effects of diet and phgbactivity, psychological and social
stressors that might alter reproductive hormoned the presence of environmental
chemicals that can mimic the biological propertoésstrogen. Many of these factors
may be co-varying with trends in fatness over tiifteerefore, the secular trend toward
earlier age at menarche may have a multi-etiolbggis. Here, | review potential genetic

and environmental factors and mechanisms underlyirgrtal timing.

GENETIC AND PHYSIOLOGIC FACTORS IN PUBERTAL TIMING

Pubertal timing is believed to be largely herital@@nome-wide association studies have
identified single-nucleotide polymorphisms at 42i lihat influence age at menarche in
European ancestry.However, although the genetic composition of papohs changes
over time, due to migration and genetic drift, theserved secular trend in pubertal
timing cannot be due to such small changes in gefrejuency. Rather, changes in
pubertal timing are likely driven by non-geneticttars, or, in the broadest sense, the
environment. In this light, the remaining reviewfattors related to pubertal timing
focuses orl) physiologic processes that can be modified byetheronment, an@)
exposures that may be varying over time, inclugihgsical activity, diet, psychosocial

stress, and environmental adulterants (e.g., emdodisrupting agents).

Physiologic Processes

A full discussion of the molecular factors involviednduction of puberty in females is
beyond the scope of this dissertation, but the m@Agyers are reviewed by DiVall and
Radovick® Here, the foci of discussion are physiologic faestiat may comprise the

common etiologic soil between altered pubertalngrand adult metabolic disease risk.
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Growth Factors

The insulin-like growth factor 1 (IGF-1) axis hasem implicated by several lines of
evidence as a primary player in the physiologyudgrtal timing. Reduced activity in
this axis, due to rare human disorders, has besstiased with delayed puberyIGF-1
gene polymorphisms have been linked to earlier meéxed’ and a recent epidemiologic
study in children found IGF-1 levels were an indeent predictor of early menarcHe.
In experimental rodent models, intraventriculaugibn of IGF-1 induced puberfy,
while IGF-1 antibodies delayed pubeffyAdding to the picturen vitro models have
demonstrated that IGF-1 increases expression oH3Rhese data suggest that the
integration of growth, nutrition, and puberty magcor at the level of the GnRH neuron.
Alternatively, as a function of its endocrine andazrine actions, IGF-1 may stimulate

the reproductive axis through effects on the hyalaiinus, pituitary, and/or ovari&s.

Insulin

Hyperinsulinemia, resulting from insulin resistankas also been proposed to play a role
in the regulation of pubertal timin§.Starting in early puberty there is a transient
increase in insulin concentration. Around mid-ptd@eransition, insulin peaks then
typically declines by late puberty in the absencexzess adiposity’ # Insulin

resistance may suppress IGF binding protein-1 ardhermone binding globulin,

leading to greater bioavailability of IGF-1 and sgeroids, respectivef:® In addition

to observational evidence, a randomized contrdtietifound that metformin reduced

insulin concentrations in addition to preventing\epaubertal onset and menarciie’
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Body Fat and Related Hormones

A large body of literature supports the conjectina nutritional status at critical periods
of growth and development plays an important mltéhe timing of puberty. Children
with chronic malnutrition and infection have deldymubertal onset: and prolonged
fasting in females has been linked to hypogonadfdvoreover, a study in sheep found
that GnRH pulse frequency was significantly redudedng food deprivatior® These
findings suggest caloric restriction during critipariods of growth in childhood may
inhibit pubertal onsetia action in the hypothalamus.

In developed societies, overnutrition likely playtarger role than undernutrition
in determining the timing of puberty. In 1970, [Ehgosited the ‘critical weight’
hypothesis, whereby a threshold of fatness mustthied before menarche can octur.
Others have called adiposity the ‘gatekeeper oepyb’* This notion makes
evolutionary sense. For females, if energy angtfaies are limited, the body is not
equipped to support a healthy fetus. Once a ¢ddy has enough fat for the energy
demands of reproduction, hormonal signals cleantdnefor sexual reproduction. While
salient in theory, the mechanistic pathways undgglyhis hypothesis have yet to be fully
elucidated.

How body fat triggers pubertal development is atemaif ongoing investigation.
Since the discovery of leptin, and its role asgaai of energy regulation to the
hypothalamug? several studies have investigated, with mixedltgsine effect of leptin
on GnRH neuronal activity and puberty. Leptin Isvi@lcrease gradually through
childhood and the pubertal progressioit and leptin has been shown to exert direct

effects on gonadotropin secretitnBut, patients with lipoatrophic diabetes who
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experience leptin deficiency experience normalrigrof puberty’® In rodents, some
studies found that leptin induced pubetty’°whereas others have not found such an
effect’®>%?|n primates, leptin concentrations were shownaeeha null effect on
pubertal onset?® Taken collectively, these findings suggest thatitemay not have a
primary role in pubertal timing.

The epidemiologic literature, spanning ecologiossrsectional, and longitudinal
data are mostly consistent with the notion thatytfati plays a role in the nutritional
regulation of puberty. For children 6-11 and 12yg@rs of age living in the U.S. there
has been a 3- to 6-fold increase in the prevalehogesity since the 1970 Today,
about 17% of U.S. children and adolescents areeafi&She timing of the childhood
obesity epidemic roughly corresponds with receoligerved drops in age of pubertal
onset in the U.S. and other countriegy(rre 2.4),°° but not in most European countries
(Figure 2.3.18%The simultaneous trends for fatness and pubémilg in some
societies but not others implies that adiposity finaye a permissive role, while other
time-varying exposures such as diet, physical @gtistress, or environmental toxins
(e.g., endocrine disruptors) that differ by geograpegion have a primary role in
determining the timing of puberty. And while sevesmdies show strong associatidris,
3 and even a common genetic underpintfidnetween childhood fatness and pubertal
onset, others indicate that adiposity does not detmly explain pubertal timin&*°°An
important study on this issue showed associatiehsden age at menarche and adult
BMI remained significant after adjustment for BMlage 5 yeary’’ suggesting that

menarcheal timing is related to adult body fat petedent of prepubertal fatness.
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Prenatal and Postnatal Growth

Early life factors might also influence pubertahitng. The predictive-adaptive response
paradign®® posits that reduced fetal nutrition may resukanlier pubertal onset when
constraints on postnatal growth, in an obesoganic@ment, are minimal.
Investigations into the association between biith,sas a measure of prenatal growth,
and puberty have offered divergent results. Stulaes prosperod§®**°and less
prosperous®*#?populations have reported an association betweeerlbirth weight

and earlier menarche. Yet, some of these assausatiecame ndft* or reversed*® after

controlling for postnatal growth. Other studiesriore'#**2°

and less economically
develope®**°populations have reported no association betwi#nweight and
pubertal timing, suggesting that the prenatal tiatripubertal timing association could
be contextually specific rather than biologicalbskd.

Rapid early weight gain has also been linked tbezarnset of puberty?>*29133
These associations may be mediated by insulin cdrate®ns, sex steroid concentrations,
IGF-1, adiposity, and leptin, as these factors Hmen associated with rapid growth and
implicated in promoting GnRH activity’’ To the best of our knowledge, no studies to
date have examined whether the predictive-adaptisigonse paradigm extends to
restricted growth during the first years of lifeupted with an unrestricted obesogenic
environment later in life. Epidemiologic investigen in a large cohort studies, that has

markers of restricted early life growth and nubmi@l status later in life, would be a

valuable first step in the exploration of this @& question.
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LIFESTYLE AND ENVIRONMENTAL FACTORS IN PUBERTAL TIM  ING

Diet

Beyond early life growth and body weight, dietanatity and quantity in the years
preceding onset of puberty have been implicate¢dertiming of pubertal development.
Germane to the aims of this dissertation, a nurabprospective observational studies
have investigated the association of mid-childhdied and pubertal timing. These are
summarized below, with focus on studies in females.

Energy intake

Based on the premise that excess body fat ariseslbng-term energy imbalance,
several epidemiologic studies have tested the Igstd that higher energy intake is
associated with earlier pubertal timing. A studyCanadian girls aged 9-12 years ditts
found that higher energy intake was associated edther age at menarche. However, a
large number of other studies have reported cdimffjdindings'*>**°suggesting energy
intake is not related to timing of menarche or btekevelopment. Methodological issues
associated with self-reported diet assessment, asisbcial-desirability bias, are most
pronounced for capturing total energy intake. Tlung's ability to make causal inference
regarding this literature is limited. Future resdain this area should focus on objective
measures of energy intake.

Dietary fiber

Two prospective cohort studies have reported aocéon between higher consumption

of dietary fiber and later onset of menarche. la study, Canadian girls whose fiber

intake at 6-14 years of age was in the highesttidgi&»25.5 g/day) had 46% reduced risk
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of early menarche compared to those in the lowesttile £18.2 g/day)*® In a smalll
study of Dutch girls, those with higher intake odigs at 10 years of age had later age at
menarche and breast developméhtn this same study, intake of grains was inversely
associated with plasma concentrations of gonadimisagmnd estradiol. Fiber may
influence pubertal timing through an insulin-meddpathway or directly by reducing
available estrogeti***Yet, Moisan et al. did not find an associationizsn fiber
intake (at 10-13 years of age) and age at menamdBanadian girl$3* Similarly, Cheng
et al. did not observe a fiber-pubertal timing asstion in the DONALD study?* These
findings may have been null due to measurement erresidual confounding of other
whole-grain elements. More studies looking at tifeces fiber, and fiber-rich dietary
patterns, in relation to pubertal timing are watean
Dietary isoflavones
Only one study to date has explored the influerigsaflavones on the timing of puberty.
Investigators in the DONALD study reported thateafidjustment for prepubertal BMI
and fiber intake, girls whose dietary isoflavongke was in the highest tertile
experienced peak height velocity approximately sewenths later and Tanner stage 2
for breast development approximately eight mondterIthan girls whose intake was in
the lowest tertilé** Dietary isoflavones were not associated with piath&iming markers
in boys. The lack of other observational researdbliphed on this topic suggests that
negative publication bias may be an issue.

Nevertheless, there is biologic rationale behirdisoflavone-pubertal
development association. Beyond having structunalarity to estradiol, which may

result in biologic interaction with estrogen reaepf* isoflavones have been shown to
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inhibit the activity of aromatase, the rate-limgiatep in the conversion of
androstenedione to testosterone and estrone smEsf*® Soy phytoestrogens may also
inhibit 173-hydroxysteroid dehydrogenase, which catalyzesomeersion of 1f#-keto
steroids to active Bzhydroxyl sex steroids'’ Nevertheless, despite biologic plausibility
and provocative findings from one longitudinal stuchore observational and
experimental research is needed before a caugaliassn can be speculated.

Dietary fat

Several observational studies have investigatedsbeciation between consumption of
dietary fat in relation to age at menarche. Mangists on this topic found no evidence
for an association between overall dietary fat pmidertal markers in girfg®141-148149
Other studies reported that polyunsaturated faketduring various prepubertal periods,
was associated with earlier onset of puberty its gir*3"13814Conversely, higher intake
of saturated fat has been linked to later onsetafarche in some studi&8:**"The
incongruent findings on this topic, and lack ofazlenechanistic rationale, imply that
reported associations may be due to residual codfag, or publication bias influenced
by the surge in nutritional epidemiologic investiga on dietary fats that took place in
the 1990s. Thus, based on the best available diatary fat does not appear to be
directly related to the timing of puberty.

Dietary protein

The observation that animal protein stimulates IG$ecretiofr® led to the hypothesis
that high animal protein consumption during childties related to earlier pubertal onset.
In the DONALD study, Gunther et al. found that baysl girls in the highest animal-

protein-intake tertile had age at menarche, voiealy take off, and peak height velocity
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approximately seven months earlier than thosedridivest tertilé> Berkey et al.
observed that, in three to five year old girlsheig/day (one standard deviation) higher
animal protein intake was associated with seventimearlier onset of age at
menarché® In British girls, a 1 standard deviation increminanimal protein (1.1
g/day) was associated with a 17% higher risk eamienarche occurrenc® Remer et

al. also observed that higher animal protein intake associated with earlier age at take
off, peak height velocity, menarche, and voice kréa

A few studies have investigated the associatiawdxen animal protein food
groups and pubertal timing in females. Gunthel.dband that children five to six years
of age in the highest tertile of cow milk and daimtake experienced age at take off
approximately five months earlier than those inldveest tertile">* Mechanistically
topical to this finding, intake of animal proternoin dairy sources has been implicated in
regulation of the IGF-1 axiS® Rogers and colleagu@8reported that higher meat intake
in childhood was strongly associated with earlge at menarche. This aligns with a
study by Kissinger and Sanchez, which found U.@s @1 the highest quartile for animal
protein reached menarche 6 months earlier thasigithe lowest quartil&'?

The role of plant protein in pubertal developmiesis also been investigated.
Berkey et al. found that in girls aged 3-5 years,standard deviation higher intake of
vegetable protein was associated with 10 month tatset of menarch&> Consistent
with this study, de Ridder et al. reported an assion of higher vegetable protein intake
with later onset of breast developmé&HtMost recently, Gunther et al. observed that
children three to four years of age whose vegetatdtein was in the highest tertile

reached their age at takeoff, age at peak heidbtiyg and menarche/voice break
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approximately six months later than those whosakimivas in the lowest tertite As a
whole, this literature suggests that animal probteaty advance pubertal development
while plant-based protein may delay its onset.
Dietary quality
The majority of studies on this topic have examipatertal development in relation to
single nutrients or foods. Although these invesigges are valuable, the single nutrient or
single food approach to nutritional epidemiologyyrba too reductionist to account for
the complicated nature of nutrient and food intBoas that take place within the dietary
patterns in which they are consumétiPeople eat meals comprised of correlated nutrient
and non-nutrient structures. Thus, to better undedsthe role of diet in pubertal timing,
it is important to combine foods or nutrients intpens with which they are consumed.
To this end, one study has investigated overathady quality in relation to
pubertal timing. The DONALD study was conducte@#? children (119 girls 103
boys), and found that a higher dietary quality samas associated with later age at take
off in boys and girls, independent of prepubertadypcompositiort>® Overall dietary
guality in this study was defined by amriori dietary index that was informed by the
literature. A higher dietary quality in this studsas one with lower intake of total fat and
higher intake of carbohydrates, fiber, and micraeuats. However, one key limitation to
this study was the absence of analysis in reldb@age at menarche, the pubertal marker
most robustly associated with chronic diseasedhEuprospective studies examining
dietary quality, using nutrient- and food-basedaiigindices, e.g., prudent vs. Western,

in relation to age at menarche and other landmairksibertal timing is needed to
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determine if modification of dietary patterns hlas potential to prevent early age at

menarche, and thereby reduce incidence of menagdeelated chronic diseases.

Physical Activity

There are limited, if any, data on how timing obptty is influenced by high levels of
sedentary activity, which is an increasing pubkelth problem in Western societies.
However, several lines of evidence support the thggis that intensive exercise during
mid-childhood delays pubertal developm&fitDelayed pubertal onset has been observed
in highly trained runnefd’**®and elite gymnastsS® A recent cross-sectional study in
Colombia found that menarche was delayed in womem pvacticed physical activity2
hours/day'®° Physical activity increases energy expenditurecamimprove body
composition. As such, the effects of physical atticnay be mediated by adiposity and
related hormones (e.g., leptifif.It has also been demonstrated that elite childhood
athletes usually have increased glucocorticoidl$eneluced by chronic activation of the
hypothalamic-pituitary-adrenal axis"**®Glucocorticoids in excess can inhibit growth
hormone secretiotf* skeletal maturatio®? and suppress hypothalamic-pituitary GnRH
pulsatile exertiort>® Thus, while literature on sedentary activity (esgreen time) is
lacking, there is evidence, and biologic mechanjsmsuggest moderate and vigorous

activity during childhood is related to later oneépuberty.

Other Environmental Factors
Socioeconomic factors, such as urban/rural reseldamily size, family income, and
level of parental education may also influencedhset of puberty. On average, girls

from families with a high socioeconomic status eig&e menarche at an earlier age
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than girls from families with lower socioeconomtatsis'®****Higher parental education
has been associated with earlier timing of pub®ftj?>Absence of a biological father is
associated with earlier menarcti®whereas the presence of older sisters in the
household while growing up is associated with latenarché®’ It is also well
documented that girls living in a rural environméate later menarche than those living
in an urban setting®

Girls adopted into a developed country from a tigMag country experience
earlier menarche than their native-born countesg&tCumulative level of childhood
social hardships has also been associated withdgeeat menarché® Moreover,
psychosocial stressof&%"1"11"4cute/chronic illnesY?® and war conditiort$* have all
been linked to delayed onset of puberty. Thessstrelated exposures may influence
pubertal timing through suppression the hypothatapituitary gonadal axi§™> Stress-
related exposures may also influence pubertal grmdirectly through effects on
lifestyle choices, such as level of physical atyivsleep, and diet.

An emerging body of literature (reviewed by Ozealé"™) suggests that
endocrine-disrupting chemicals play a role in &dtegpubertal timing. Endocrine
disrupting agents are used in plastics (e.g., leisphA), plasticizers (e.g., phthalates),
industrial solvents/lubricants (polychlorinated igmyls, and dioxins), pesticides (e.g.,
DDT), fungicides (e.qg., vinclozolin), and pharmatteal agents (e.qg.,
diethylstilbestrol):’® Several endocrine disruptors have structural aiiityl to estrogen
and thus likely influence pubertal timing throughian on estrogen receptors. Others,
such as fungicides, likely interact with the andnogeceptot’ Endocrine disruptors

have also been shown to inhibit steroidogenesignatase activity, and modulate
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controls in the central nervous syst&fhin sum, available evidence indicates that
endocrine-disrupting agents play a role in pubentaihg. Yet, the extent to which these
exposures are responsible for the declining traraje at menarche, independent of

childhood body fatness, has yet to be determined.

SUMMARY

The best available evidence indicates that theagestiming and progression of puberty
in girls, and perhaps boys, has probably advanteaainy populations over the last half-
century. The influences driving this trend are fivotly established, although it is likely
that changes in non-genetic factors, such as baiyhty diet, physical activity,
psychosocial stress, and other environmental adnli® play significant roles in
modulating the physiologic triggers of puberty.

Identifying modifiable factors involved in puber@dvelopment provides a
window of opportunity for ameliorating the adultaith consequences of altered pubertal
timing. As dietary habits are formed in adolescepc®r to and during puberty,
identifying beneficial and pernicious dietary compats and patterns during this time
has value for long-term improvement of public healthe literature on diet and pubertal
timing and progression is still relatively smalbrBe evidence suggests that a diet rich in
fiber, a proxy for a prudent diet vegetable baset & related to later onset of puberty.
Other nutrient markers of a prudent diet that atated to obesity and metabolic risk,
such as Mg, K, vitamin C, and vitamin E have narbthoroughly investigated.
Furthermore, no studies have investigated theafoteitrient proxies for a Western diet,

or calorically sweetened beverages, which may émte pubertal timing through insulin-
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mediated pathways, in advanced pubertal developr@sty one study, using a dietary
guality score, has investigated overall diet imtieh to pubertal timing, however, this
study was limited in sample size and did not exandiet quality in association with
early age at menarche. As suchCimapter 8 of this dissertation, | will examine the role
of diet quality, as indicated by the density ofriarits and food elements characteristic of
a prudent vs. Western diet, in relation to incidesntly age at menarche.

Before this, however, | will provide an overviewtgpe 2 diabetesGhapter 3)
and non-alcoholic fatty liver diseaseh@pter 4)—diseases that may constitute an
important part of the long-term morbidity and métyaassociated with early puberty. In
doing so, | will establish clear rationale for istigating pubertal timing in relation to

these metabolic disease endpoint€hapter 6 andChapter 7 of this dissertation.
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CHAPTER 3: TYPE 2 DIABETES

OVERVIEW

Type 2 diabetes is a major cause of mortality andbidity worldwide!’"*®and its
prevalence has risen to epidemic proportions intipags of the world in the last two
decades’® Disability and complications associated with diaiseput a major burden on

health systems in both the developed and develapartgis'’**' As such, prevention of

type 2 diabetes is a major priority for health eyss worldwide.

NATURAL HISTORY OF TYPE 2 DIABETES
The natural history of diabetes has been desciibathny populations and eloquently
reviewed by DeFronz8? Type 2 diabetes etiology comprises a complex jitegrof
genes and environment. Glucose homeostasis isvachikrough a coordinated effort of
tissues and hormones that regulate glucose uptakestease. The homeostatic controls
of glucose metabolism commensurate with the oldiga¢tabolic needs of the human
body in the fasting and postprandial glycemic state

Individuals with type 2 diabetes are more likelgrtitheir non-diabetic
counterparts to have inherited a set of geneatllie their tissues susceptible to insulin
resistance®® Ultimately, however, it is the environment thaggers the defect in insulin
action that underlies insulin resistance. Over tigemeralized insulin resistance

perpetuates a state of hyperinsulinemia, impaihedoge tolerance, and, consequentially,
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overt type 2 diabetes, in which production of ims@ilom the pancreatig-cell is

insufficient to overcome insulin insensitivity iegpheral tissues.

Insulin Resistance, f-cell Function, and Type 2 Diabetes

In individuals with type 2 diabetes, insulin sendy in the liver and muscle is severely
reduced or nonexisteff? To understand this pathogenesis, it is impor@uifferentiate
between insulin resistance in the fasting vs. pasifial state. In muscle, insulin
resistance manifests by impaired glucose uptakevolg ingestion of a carbohydrate-
rich meal and results in postprandial hyperglycefffid®*Hepatic insulin resistance, on
the other hand, is characterized by overprodudafayiucose during the fasting state
despite elevated concentrations of fasting instifiand impaired suppression of hepatic
glucose production in response to insdffhas normally occurs following a me&f,

The brain has an obligate need for glucose; itde@n shown that it is responsible
for nearly 50% of glycemic utilization under fagiinonditions:®* Glucose demand, in
the fasting state, is met primarily by glucose picitbn in the liver (~85%) and to a
smaller extent the kidneys (~15%8).In type 2 diabetics, the rate of hepatic glucose
production continues to rise in light of increasliagels of fasting plasma glucose. This
overproduction of glucose in the liver occurs ia firesence of fasting plasma insulin
concentrations that can be increased nearly thceefwlicating significant resistance to
the suppressive effect of insulin on hepatic glequ®duction®® As such, measures of
fasting insulin are most reflective of hepatic ilsuesistance.

Although the origins of insulin resistance canfaeed to geneticS? the

epidemic of diabetes in economically prosperougesies is driven by an increasingly
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obesogenic environmeHt?**This environment engenders an insulin-resistae shat
places major stress on pancrefticells to augment secretion of insulin to offsefiedes
in insulin action"*? Normal glucose homeostasis is maintained so lsifigcells are able
to boost their insulin secretion to compensatedduced insulin sensitivityf? Yet, over
time, more rapidly in an environment of nutritiomaicessp-cells fatigue, exhaust, or
dedifferentiaté? thereby leading to a rise in postprandial, follaviy fasting, glucose
levels!® The resulting hyperglycemic state and poor metafointrol may cause further
decline in insulin sensitivity, but degeneratiorpeatells ultimately determines the rate of
disease progressidff

The plasma insulin response to the developmemtsoflin resistance is generally
increased during the natural history of diabété3his does not imply, however, that the
B-cell is functioning normally®® An increase in fasting and postprandial plasmaliins
concentrations can be interpreted as an adaptsp®nse of th@-cells to counter lack of
insulin sensitivity in the tissues and preserveghe homeostast&® As severity of
insulin resistance progress@s;ell mass and function becomes compromised, and
insulin secretion is no longer sufficient to overma generalized state of insulin
insensitivity. Around this time, hepatic glucosedguction, the main source of glucose in
fasting conditions, begins to rise abnormaff}The increase in glucose production from
the liver is explained almost entirely by an inse&n hepatic gluconeogene¥is.

In addition to insulin resistance in the liver, etliactors contribute to the
accelerated rate of hepatic glucose productions&neclude an increase in circulating
glucagon levels, enhanced hepatic sensitivity scagon, lipotoxicity leading to

increased expression of phosphoenolpyruvate cal@exynd pyruvate carboxylase, and
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glucotoxicity, which may result in increased exgien of glucose-6-phosphatase, the
rate-limiting enzyme for hepatic glucose producti$rhis increased release of glucose
from the liver exacerbates the hyperglycemic sfatgher limiting the ability of the
pancreati@-cell to respond. If this state is not remediatbchugh environment or
therapy, blood glucose will increase beyond a nérarage.

Insulin concentrations remain elevated in the prsgion from normal to
abnormal glucose homeostasis. Between normoglycengiananifestation of overt
diabetes lies a state of impaired fasting gluctisé), characterized by a fasting blood
glucose concentration of 100 to 125 mg/dt The intermediate state of postprandial
glucose metabolism is known as impaired glucosraoke (IGT), and diagnosed by
blood glucose concentrations between 140 and 198lLmmgeasured 2 hours after a 75-
gram bolus of glucos€? As an individual progresses from IFG to IGT ttgicell loses
ability to maintain glucose homeostasis in respaase/perglycemia. Insulin secretion
declines due to decreasgaell function, dysfunction, and/or apoptosispi€ell function
continues to degenerate, an individual progressésitk diabetes, as indicated by
fasting glucose 126 mg/dL, 2-hour postprandial glucas@00 mg/dL, or glycated

hemoglobin (A1C)} 6.5%%

DIAGNOSIS OF TYPE 2 DIABETES
Diabetes mellitus is diagnosed through clinicakpica, which relies on measurement of
blood glucose levels (whole blood or plasma). Diabés a heterogeneous metabolic

disease, thus, diagnosis may be made with or wittheupresence of hyperglycemic
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symptoms. The early stages of diabetes often hayenatom-free insidious onset. Thus
one third or more of cases, depending on the ptpolanay be undiagnoséetf '

The gold standard criterion for diagnosis of diakas postprandial plasma
glucose concentration 8200 mg/dL (11.1 mmol/L), which is measured 2-hafter
ingestion of a 75-gram glucose solution [i.e., glatose tolerance test (OGTTf. This
cut point was chosen for clinical diagnosis becatgeedicted risk of diabetic
retinopathy better than other cut off8 This cut point is also thought to be the infleatio
point at which insulin secretion starts to decfitfe.

A fasting plasma glucose value>f26 mg/dL (7.0 mmol/L) is also used to
diagnose diabetés? The fasting glucose test has lower reliabilityrtitae 2-hour plasma
glucose from OGTT. As such, it is recommended #habsitive finding be repeated on a
different day unless there is unequivocal hypemgiy@ with corroborating evidence
from other metabolic symptom¥:

Most recently, the World Health Organization (WH&) the American Diabetes
Association (ADA) have recommended the use of dggthemoglobin (A1C} 6.5%
for the diagnosis of diabeté¥'**While A1C tests may be less sensitive than the@-h
plasma glucose from OGTT and fasting plasma glydbgerelative ease of taking A1C
(e.g., patient does not have to be fasted) makesthattractive, if not the preferred,
diagnostic measure for clinicians. Fasting plasinaasge, 2-hour plasma glucose, and
A1C may not always be in accordance, and have fle@nn to vary with age, sex, race,
and ethnicity:**?%As such, the choice of diagnostic criteria forbdiges may have
important implications for overall- and sub-popidatprevalence of diabetes and,

consequentially, the devotion of research and healte resources.
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EPIDEMIOLOGY OF TYPE 2 DIABETES
In the late 20 and early 2% centuries it has been suggested, based on limited
surveillance data, that an epidemic of type 2 dedbbegan taking hold in many parts of
the world®*® Today, the global burden of diabetes appears tisivgy as developing
populations’ age, urbanize, and adopt lifestylesratterized by increased sedentary
activity and consumption of calorie dense, nutrgodr diets. The International Diabetes
Federation (IDF) estimated that in the year 2088, @illion adults had diabetes. This
prevalence is expected to swell to 552 million B@?* At this growth rate, the
epidemic of type 2 diabetes promises to challeregdti-care systems across the globe.
Diabetes prevalence rates vary markedly by geograpbion. These differences
are likely due to a confluence of factors, inclugdgenetics, lifestyle, urbanization, and
age structure. By region, the Middle East and N#iftica have the highest rates of
diabetes in the world, with an adjusted prevalesfcE2.5% in 2011, and the rest of
Africa has the lowest, at 5% in 203 The most recent estimates from the U.S. suggest
that approximately 9.3% of adults 20-79 years & laave diabeteS? ranking the U.S.
third for the number of people with diabetes in 26¥ Diabetes prevalence increases
with age, reaching 21.6% for thos@5 years in the US> While diagnosed diabetes
rates appear to be similar by sex, more men thanemcave undiagnosed diabe't&s.
There are also differences by race/ethnicity. Caegb#o non-Hispanic whites,
diagnosed diabetes prevalence was twice as higanirHispanic blacks and Mexican
Americans; the prevalence of undiagnosed diabatd®iU.S. was similar by

race/ethnicity:*®
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Type 2 Diabetes in Brazl

Brazil has one of the most rapidly growing popuwlas in the world, and its inhabitants
have high prevalence of type 2 diabetes at low bodys index®?*Thus, studies
identifying markers of growth and development—ott@mn body mass index—that
predict future development of diabetes have paéfdr facilitating primordial
prevention in this population. In Brazil, the IDEtienated 10.2% of adults had diabetes
in 2011 and 12.3% will have diabetes in 26%tHowever, these prevalence estimates
are based on self-reported diabetes from two sfutli@ nation-wide survey in 2068
that did not take into account undiagnosed diabeta$?) a study of urban adults in
1986 to 1988 that did not reflect epidemiologic amndfitional changes that have
occurred in Brazil over the last two and a halfaiis.>® As such, current estimates of
diabetes prevalence in Br&2ithat are based on these studies may be grossly
understated. In addition to examining markers offydde growth and development in
relation to type 2 diabetes in Brazilian adulthapter 6 of this dissertation provides
contemporary estimates of diagnosed and undiagribabdtes prevalence in Brazil
among an occupational cohort of adults. These astsnwill help demonstrate the
burden of diabetes in Brazil and inform public tle&@apacity building for diabetes

prevention and management.

LIFESTYLE AND TYPE 2 DIABETES
The purported increase in type 2 diabetes ovelatdwo to three decades implies that
environment, not genetics, is primarily responsiblethe epidemic. Galvanizing this

notion are findings from several randomized coigrbktudies that examined the effect
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of physical activity, smoking cessation, and heattlet on the incidence of type 2
diabetes in high-risk participants. Collectivelyese trials reported about a 50%
reduction in the incidence of type 2 diabetes alteaverage three years intensive
lifestyle modificatior?****°Much about the role of lifestyle in diabetes et can also
be gleaned from epidemiologic studies. Danaei.ats@d the parametric g-formula to
estimate 24-year risk of diabetes in healthy migdjed women under hypothetical
lifestyle interventions, including: smoking ceseatilosing weight by 5% every 2 years
if overweight/obese, exercising at least 30 min/a@ajing less than 3 servings/week of
red meat, eating at least 2 servings/day of whidengdrinking 2 or more cups of
coffee/day, drinking 5 or more grams of alcohol/dayd drinking less than 1
serving/week of sodZ’ These hypothetical interventions were informed by
observation&f***and experiment&®#’data. The 24-year risk when all interventions
were imposed was 55% lower than baseline. The gffesttive interventions were
weight loss (24% lower risk), physical activity g9, and moderate alcohol use (19%).
These findings largely align with the epidemiolotiierature base on relative importance
of lifestyle risk factors for diabetes prevention.

Therefore, through a most optimistic lens that assuperfect long-term
participant adherence, approximately half of diebetases could be prevented through
lifestyle intervention. However, as evidenced imauous trials, efforts to lose weight
and reduce risk for diabetes and its complicattbnsugh lifestyle changes later in life
pose tremendous challendé$?*°As suchprimordial prevention of obesity and insulin
resistance, through identification of their earfg-bintecedents, should be a global

priority.
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PLASTICITY AND EARLY LIFE ANTECEDENTS

Plasticity implies that the development of an organism’s phygre reflects variations in
the quality and quantity of environmental exposueggiired for life**° Here, we use this
to mean that during periods of critical growth aleyelopment tissues can grow to
various sizes, and maturation can occur at varyming and tempo. Plasticity of human
growth is at an all time high in the prenatal pdyiearly infancy, and childhood through
puberty. After puberty, the preponderance of hugrawth and development has
occurred. From the perspective of developmentattisity, birth weight/size/body
composition, growth in recumbent length and wedyiing the first two years, relative
leg length, and age at puberty/menarche are irate&br prenatal, postnatal, childhood,
and pubertal growth and maturation, respectively.

During times of plasticity, growth is especialBnsitive to shortage/surplus of
nutrition, infection, parasites, psychosocial fogs, and other adverse environmental
conditions?®! Together these factors can be thought afeasutrition.** In the simplest
case, tissues and organs compete for scarce rigfréamd the organs, i.e., brain, with
obligate nutrient needs, get priority over othssties, i.e., long bones, and organs, i.e.,
liver and pancreas. In this context of developmigsitesticity lay more complex theories,
including the ‘thrifty phenotype’ hypothesi& ‘fetal programming’ hypothesfs: and
‘predictive adaptive response’ hypotheSisin general, each of these hypotheses predicts
that the vital organs of the head, thorax, and atmoare protected from adversity at the
expense of less vital tissues, e.g., limbs, ana@éfalar machinery for hormonal and
metabolic regulation. Here, | review several edifgymarkers of net nutrition during

these times of developmental plasticity, and theation to type 2 diabetes.
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Fetal Origins

Hales et al. pioneered the notion that fetal gromais related to development of type 2
diabetes through the observation that, among 6#4gldanen born in the UK, those born
with the lowest birth weight were six times moliely to have type 2 diabetes than men
with higher birth weight$*® These findings led to the thrifty phenotype hypsis, i.e.,
poor intrauterine nutrition causes metabolic adapia in the developing fetus that
would support its survival in conditions of contatupostnatal deprivation, but would be
disadvantaged metabolically in conditions of pothand later life nutritional exce§¥
This hypothesis is one possible explanation for vapydly developing countries, such as
those in Latin America, Asia, and the Middle Easatbgreater burden of diabetes at
lower body weight than Europids. In Brazil, ruralurban migration, and rapid
Westernization, has set the stage for metabolittigeEtions that can result from early-
life undernutrition followed by overnutrition later life.

Famine studies have provided direct evidenceherole of intrauterine nutrient
deprivation in the development of type 2 diabeledividuals exposed to the Dutch
faminein utero had higher postprandial glucose and insulin commagans at age 50
compared to those born the year before the fafifr@imilar results emerged from a
study of adults prenatally exposed to the Chinasarfe (1950-1960), in whidim utero
famine exposure was associated with increasefialult obesity and
hyperglycemi&®’ Yet, in some populations, individuals with higténth weight had
increased risk of type 2 diabetes; this associatiag be explained by maternal fatness

and gestational diabet&¥:24°
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Sibling-pair studies in the Pima Indian populatgyovide evidence for a direct
association of gestational diabetes on risk of &/jgeabetes in offspring. Participants
born to diabetic mothers had increased risk ofetiedbcompared to their siblings born
when their mothers had normal glycerfitawhile some have suggested that the
maternal-offspring association may be explainedhmred familial (environment and
genetic) risk factors rather than by intrauteringi®nment?*?in the Pima Indian
population, increased risk of developing diabetesfispring was specific to the maternal
diabetes (no association for paternal diabét&sy°These findings suggest a causal role
for intrauterine exposure to gestational diabetekrask of offspring type 2 diabetes.

Intrauterine exposure to maternal obesity, inddpahof gestational diabetes
status, has also been found to be associatedmsitiin resistance and diabetes in
offspring. Using maternal umbilical cord blood, astady found that fetuses of obese
mothers had greater insulin resistance than fetusesto non-obese mothéfs.
Furthermore, at age 11, children with obese motiwaiswere born large for gestational
age were at nearly twice the risk of developingahelic syndrome than children who

were born to non-obese mothéts.

Postnatal Origins

A rapidly emerging literature base has identified e€arly postnatal period as another
important window during which glucose-insulin medhdm can be programmed in a
manner predisposing or protecting individuals frd@velopment of type 2 diabetes and

other metabolic complications. Specifically, it HBeen hypothesized that the
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metabolically pernicious effects of poor intrauternutrition are exacerbated if followed
by a period of accelerated postnatal weight gagn, catch-up growth.

Several epidemiologic studies support the catcigroprith hypothesis. At one
year of age, small for gestational age childremh gmalerwent catch-up weight gain had
higher insulin concentrations than those who expeed normal weight gafif>
However, those children who were small-for-gestai@age and had accelerated gains in
height did not have increased insulin concentratf8hA meta-analysis on this topic,
which included 57 studies of birth weight and pasahgrowth, concluded that low birth
weight followed by catch-up growth is indeed asatai with insulin resistanéé®
Moreover, in the Helinski birth cohort, children avhad low birth weight and high BMI
at age 11 had the greatest odds of developingxypabetes later in lif&’’

Breastfeeding has been linked to slower postnagadhvt gain and more favorable
body composition during childhood and adolesceagen after control for maternal
obesity**® Yet, it is still debated whether breastfeedingssociated with long-term
improved insulin sensitivity and lower risk of detbs. Previous studies have suggested
inverse associations of breastfeeding with insidgistance in childhoé® and
adulthood?®® as well as with risk of diabetéd.These associations have not been
observed in other populatiofi€.A meta-analysis of observational studies found tha
compared to formula feeding, breastfeeding wascestsnl with ~40% lower risk of adult
type 2 diabete&> However, only few studies were eligible for inéarsin the meta-
analysis, and residual confounding by socioeconateierminants of breastfeeding is a

validity threat to the estimates obtained in thierture.
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As a whole, the above evidence suggests that ptepastnatal periods are
important for programming of glucose-insulin meti#d, and environmental conditions

of malnutrition during these periods predisposestorrisk of adult diabetes.

Childhood Origins

While a large body of literature has investigateel iole of birth weight and early catch-

up growth in relation to metabolic disorders, thare relatively few studies on markers

of prepubertal nutrition and pubertal timing inatébn to development of type 2 diabetes.
Onset of puberty represents an important evenhdumuman growth and it is

influenced by myriad factors including geneticeinetity, environmental conditions, and

nutrition** Early age at menarche is a marker for childhooavt, adiposity, and

related hormonal and metabolic changé®Relative leg length may reflect prepubertal

net nutrition, i.e., the combination of nutritionaput and the demands of disease, stress,

and physical activity®* Leg growth is most sensitive to environmental dtiowls

between 0 and 2 years, but because its growth slad®ventually discontinues during

and after puberty relative leg length has beengseg as a proxy for pubertal timing

(discussed in next section). Shorter relative leg length has been found tassmciated

258

>?®peak height velocity,” and age at menarche:

with earlier pubertal onsé
Unlike leg length, sitting height continues elonggtthrough puberty, and thus has not
been found to be related to pubertal timifiglere, | review the literature on leg length,
as marker of prepubertal growth and developmeimtamge at menarche, as indicator of

pubertal timing, in relation to development of typdiabetes.
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Relative leg length

Leitch was the first to propose that leg lengtlatiee to stature could be a good indicator
of early-life nutrition®° In reviewing the literature (pre-1950), Leitch falithat
improved nutrition during infancy and childhoodulted in greater increase in leg length
than in total height, suggesting leg length as ekaeraof better constitution. These
observations aligned with the ‘reserve capacitydthesis—an individual with greater
leg length likely exceeded their minimal requirertseior sustaining life, with reserve
capacity that can result in greater growth, bétesith, and slower rates of senescéfite.

Several authors have suggested that relativestegth (i.e., leg length relative to
sitting height or total stature) is a crude maidegpubertal timing and peak height
velocity %" According to the cephalocaudal principle, priottte pubertal growth
spurt, growth is more rapid in the legs, whereasduand after the pubertal growth
spurt, growth is more rapid in the truffkAs such, relative leg length increases until
around the age of peak height velocity in both maled females and then begins to
decline® An estrogen surge in the early stages of pubdetaélopment is the dominant
factor controlling peak height velocity and fusioithe epiphysis growth platé This
latter phenomenon results in cessation of long pbaenot torso, growth. Thus, one
would expect earlier puberty or peak height velototresult in lower relative leg length
in fully-grown adults.

Due to the growing recognition of the importanceafly-life conditions in long-
term health, several epidemiologic studies havenexed relative leg length, as proxy of
the plasticity of the human body to early-life eaviment and pubertal timing, in relation

to a number of chronic disease outcomes.
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A few studies have investigated the associatiowden relative leg length and
type 2 diabetes. In the National Health and Nuatnittxamination Survey (NHANES) llI,
leg length and leg length-to-stature were inversslociated with prevalence of type 2
diabetes. This association persisted after adjugtfoe potential confounders, such as
parental history of diabetes, socioeconomic statnd,adult BME® In the
Atherosclerosis Risk In Communities study, Weitzreaal. found that in white men and
women, both leg length and leg length-to-heighbratere inversely associated with risk
of type 2 diabetes after adjustment for potentafounders and BMI at age 25. The risk
for diabetes per standard deviation (5-cm) incrdnreleg length was 15% lower in
white men and 21% lower in white women. Similaroasations were observed for leg
length-to-stature ratio. However, associations vmatesignificant in African American
adults?®? In a cross-sectional study carried out on 428@igmgvomen of age 60-79
years, a standard deviation (4.3 cm) incremerggriéngth was associated with 13%
lower odds of diabetes after full adjustment fonfoanders and adult measures of
adiposity, blood pressure, and lipids. Similar asgmns were observed for leg length-
to-sitting height ratig®®

From non-Western populations there has been ordystudy on the association
between relative leg length and diabetes. In tren§hai Health Study, a one standard
deviation increment in leg length-to-sitting heigatio was associated with a 9%
decreased risk of diabetes in women and a 12% asedaisk of diabetes in men. These
associations were attenuated after adjustmentidt BMI.2** However, adjustment for
BMI in late adulthood as a potential confoundemas appropriate, as it constitutes an

intermediate variable on the causal pathway frotvepial timing to diabetes.
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Thus, gleaning from studies in Western and non-#&/agtopulations, it appears
that relative leg length, as proxy of early childdoutrition and development, is
associated with type 2 diabetes risk later in Bat, whether this association is driven by
the quality of early life nutrition or the timindg puberty is still unclear. Moreover, it is
still unknown whether the association is indepenhadéearly-life indicators of adiposity,
or modified by measures of nutritional status latdife (e.g., BMI), as one might
hypothesize under the predictive adaptive resppasadign’>>?**More research is

warranted in these areas.

Age at menarche

The first cohort studies to investigate age at mereand type 2 diabetes did not find a
statistically significant associatiGh?®°However, these studies were potentially
underpowered and focused on older postmenopausaéwaviore recently, larger cohort
studies of pre- and postmenopausal women have ssdte¢he question of whether
earlier age at menarche is associated with highlefar type 2 diabetes.

In an investigation of the Nurses Health Studydnven with menarchgll years
(vs. 13 years) had an 18% increased risk of dialadfter adjustment for multiple
confounderg? In the Nurses Health Study Il, a younger cohdsk for diabetes among
women with menarchell years was 98% higher than those who had menatdge
years®® After adjustment for adult BMI, measured at baeelrisk for diabetes was
attenuated to 40%. In the EPIC-Norfolk study, tddfor diabetes diagnosed at baseline
or within 8-years of follow up were 10% lower faaah 1 year later age at menaréhe.

This association was no longer significant aftgusitinent for BMI measured at baseline
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between 40 and 75 years of age. In a cross-setstudy of 1,503 German women, aged
32-81 years, a 1-year lower age at menarche wasiag=d with a 11% reduced
prevalence of pre-diabetes or diabetes, after adgrg for potential confounding
variables including BMI (measured at 32-81 ye&fs).

In the light of these findings from predominantiite cohorts studies, Dreyfus
et al. examined the association between age atnotenand type 2 diabetes in a biracial
sample of women from the Atherosclerosis Risk im@uanity (ARIC) study who were
followed prospectively (on average 9 years) fobdias>’ In this study, the authors
observed increased odds of diabetes at baselidenareased risk of diabetes over
follow-up among white women who reported menaroftsvben 8-11 years, before
adjusting for adult BMI. There was no associatieheen age at menarche and diabetes
among African American women.

In perhaps the most informative study on this tpBierce and Hardy examined
the association between age at menarche and tgade&tes using data from a British
birth cohort study of women born in 1946, with eamporaneous recording of age at
menarche, BMI at age 2, 7, 15 and 20-53 yearsdaizbtes status to 53 years his
study design allowed for control of body weighttbbefore and after menarche, a
limitation of previous studies on this topic. Theteors found a significant association
between later age at menarche and type 2 diabske@7% lower risk per 1-year
increment in age at menarchpe0.02). This association was attenuated by adjustifoe
adult BMI (15% lower risk per year older age at arehe;p=0.2). However, the
association was not markedly attenuated by adjudtioe BMI at age 2, or at age 7. This

study provides evidence that the age at menardisetlis associationmst confounded
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by prepubertal BMI, implying that age at menarcleeyoe a clinically useful tool for
identifying women at risk for type 2 diabetes eanlyife.

Collectively, studies from Western populations sgjghat age at menarche is
associated with type 2 diabetes, independent ofymatential confounders, including
prepubertal and early-life BMI. However, these agsitons may vary by population, due
to contextually unique influences on pubertal tighand diabetes.

To date, there have been only two studies that baamined the association
between age at menarche and diabetes in non-Westputations, both of which were
from Asia. In the Singapore Chinese Health Stuéter adjustment for potential
confounders and adult BMI (measured between 45ea4syof age), we observed 18%
increased prevalence of diabetes among women vwetlarche<12 years (vs. 13-14
years). In addition, women who reported menarchedmn 15-16 years axl7 years
(vs. 13-14 years) had 17% lower prevalence of des5&® In an analysis of the Shanghai
Women’s Health Study, Conway et al. reported 258ticed risk of diabetes in women
who were in the highest (vs. lowest) quintile oéag menarche, after adjustment for
birth cohort, education, and incorffé This association was attenuated to 12%, with
confidence intervals including the null, after atjog for BMI at age 20 and baseline.
Yet, as noted above, adjusting for BMI in late #dobd as a confounder may be over
adjustment as it is on the causal pathway betwgeraamenarche and diabetes. Thus,
the findings from Asian populations are largely sistent with those from Western
populations in suggesting that earlier age at nadr@ais associated with higher risk of

type 2 diabetes. More research on this topic isiegdérom less prosperous populations,

a7



where potential confounding structures to the dgeemarche-type 2 diabetes association

may differ.

SUMMARY

Type 2 diabetes continues to increase in prevalencklwide. Current lifestyle
recommendations, including weight loss, improvest,dind increased physical activity
remain first in line for prevention of type 2 diabg. However, successes in sustained
adherence and compliance to long-term lifestylengka are few and far betwe@f,
and, alone, will not suffice in averting a diabgbesmdemic.

Primordial prevention, loosely defined as prevemtime risk factors before they
develop, is an ideal approach for reducing diabiet@dence across diverse populations,
especially those from low- and middle-income coiestiho lack resources and capacity
to deal with the burden of type 2 diabetes. Brigzilne such country where the
prevalence of diabetes is believed to be increasingsponse to an aging and
increasingly urbanized population. Few studiesriazB have investigated markers of
early-life growth and development in relation tpe&y? diabetes. Such studies are
paramount for identifying potential periods of inention, when it’'s not too late to
promote healthful lifestyle habits and alter heal#jectories. In Manuscript 1 of this
dissertation Chapter 6) we will address these research gaps by invesimage at

menarche and relative leg length in relation toetigment of type 2 diabetes.
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CHAPTER 4: NON-ALCOHOLIC FATTY LIVER DISEASE

OVERVIEW

Non-alcoholic fatty liver disease (NAFLD) comprissespectrum of liver disease from
hepatic steatosis to steatohepatiig(re 4.1).%°° Simple hepatic steatosis is defined as
the presence of cytoplasm triglyceride dropletore than 5% of hepatocytes and can
be self-limiting but often progresses to non-aldiwhsteatohepatitis (NASHY° NASH is
distinguished from simple steatosis by the preseftepatocyte injury (e.g., hepatocyte
ballooning and cell death), inflammatory infiltratend/or collagen deposition
(fibrosis)?™* In patients with NAFLD, approximately 30% with lated steatosis will
progress to NASH’? Of those individuals with NASH, roughly 20% develcirrhosis,
and of those with cirrhosis, 30-40% decompensatesancumb to liver related death

within 10 years."?

p
|

: \
Normal Liver Simple |

/ steatosis |
. . Hepatocellular
P Cirrhosis carcinoma
A |
(o iy
; / v w
-/

Figure 4-1: Progression from normal liver functionto hepatocellular carcinoma.

NAFLD has risen to epidemic proportions in acrosswnparts of the world. In
the U.S. an estimated 30% are afflicted with treed$é’® As well as being a leading

cause of chronic liver disease in North Amefia\AFLD is associated with significant
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long-termnon-liver related morbidity and mortaliyf> The characterization of NAFLD
as a disease is relatively recent, and the goftiatd used for clinical diagnosis, biopsy,
is invasive and not suitable for population-bagediss. Therefore, most studies have
used elevated levels of serum aminotransferagesliver enzymes, as a proxy for fatty
liver disease. A review of using alanine aminotfarase (ALT) and aspartate
aminotransferase (AST) screening for chronic Idieeases indicated this type of
screening has moderate specificity and sensitfoityletecting liver diseasé&’ The
spectrum of NAFLD seems to encompass a wider rahgabjects than those identified
by elevated serum liver chemistries, and it is fids$o have NAFLD without elevated
ALT or AST.

Non-invasive radiological modalities, including ma&gic resonance imaging and
ultrasonography have also been used, but nut &gnaisis of NAFLD or grading of
steatosi$/” Liver attenuation, assessed by unenhanced commutezhraphy, has been
shown to be an effective predictor of hepatic fattent [suggested cut point for NAFLD
< 48 HU]?"®?"and the best measure of liver steatosis in lapigeeiologic studies.
While work on establishing an effective non-invasyet widely available tool to
diagnose steatosis severity continues, there heae éfforts to coalesce existing

estimates of NAFLD prevalence to describe its apidégy.

EPIDEMIOLOGY OF NAFLD
The majority of studies on NAFLD from U.S., whicltedased on cryptogenic abnormal
liver function test results, autopsy samples, atitand, and magnetic resonance

spectroscopy have reported a prevalence range-85%4¥ '3 A population-based
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estimate from National Health and Nutrition Exantioa Study-11l reported 19% of U.S.
adults had NAFLD, as diagnosed by ultrasotfidNAFLD is not unique to the U.S.;
estimates from diverse populations in other pdarte@world indicate a range of 6-35%
and a median of 20%? Estimates of NAFLD prevalence still lack precisiture to the
heterogeneous modalities used to measure NAFLIdelsas marked differences that
have been observed across diverse populations.

A growing number of studies suggest NAFLD ratdgedby race and
ethnicity?”*?®'In a large cohort study from the U.S. that usedme#ic resonance
spectroscopy, one-third of the population was foumklave hepatic steatosis. This
prevalence varied markedly by race and ethnic®yp4f Hispanics, 33% of Caucasians
and 24% of African Americans were affect&The notion that NAFLD rates vary by
ethnicity is supported by another study that fohigher prevalence of NALFD in
Hispanics compared to non-Hispanics, after corniiplior measures of fatne$s.

The prevalence of NAFLD and NAFLD-related fibrokes been reported to
increase with ag&2 Furthermore, in a study of biopsy-proven NAFLD ks{uFrith et al.
showed that degree of fibrosis increased with*&t@ther studies have found older
NAFLD patients have higher probability of diseasegpession and mortality than their
younger counterpart8>?*°Yet, in an analysis of NHANES by Dunn et al., @sfound
thatyounger adults (aged 45-54 years) who had suspected NABkDetermined by
liver enzymes, were at increased risk of all-cars# cardiovascular disease morality, but
older adults (aged 55-85 years) were7i6t.

Pediatric NAFLD also exists. Although the patholaggtill poorly understood, it

is believed to be distinct from the correspondidglecondition. A review by Patton et
51



al. highlights important pathologic differencesvee¢n pediatric NAFLD and adult
NAFLD, and notes that there are no data to supgheréxtrapolation of pediatric studies
to the adult population in this fiefd® The scope of our investigation in this dissertatio
(Manuscript 2; Chapter 7) is limited to development of NAFLD in adults.

The preponderance of literature suggests that &tARLD is more common
among males than females. Compared to femalessyimoven NAFLD males were
found to have higher aminotransferase levels, peeca of histological NASH, hepatic
fibrosis, and overall mortalit§?>***Differences by sex has led some to suggest teat th
threshold for normal alanine aminotransferase imew should be reduced from an
upper normal limit ok 30 U/L to< 19 U/L2®® However, prevalence of ‘lean NAFLD’
phenotype appears to be higher in fem&leand risk of liver steatosis has been shown to
increase markedly after menopadSe.

Beyond predisposing demographical factors, itdeen shown that NAFLD is
more prevalent in persons with cardiometabolic @mtk. Excess adiposity is the
strongest risk factor for NAFLD. The prevalenceN&FLD was as high as 57% in
overweight and 98% in non-diabetic obese adulendihg outpatient clinics’ Insulin
resistance is also centrally involved in NAFLD &dgy. In one study, ~70% of type 2
diabetes patients were found to have NAFLD, asrdeted by ultrasoun&’ NAFLD is
also associated with hypertension and hypertrigigeeia®®® The association between
NAFLD and this constellation of metabolic risk faxg has led some to name it the

hepatic manifestation of the metabolic syndrdiie.
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PATHOGENESIS OF NAFLD

Much headway has been made in elucidating therneshanisms underlying the
progression from steatosis to more advanced Inflammation, fibrosis, and
steatohepatitis. The current pathogenic understgnufi NAFLD is discussed below,
with the anticipation that such knowledge will infoa conceptual model relating
pubertal timing to development of liver steatosis.

A ‘two-hit" mechanism was originally proposed tosddbe the pathogenesis of
NAFLD.?** The primary hit, known as steatosis, occurs wlaeisfdeposited. This is
attributed tol) elevatedde novo lipogenesis an@l) accumulation and re-esterification of
nonesterified fatty acids. Steatosis itself isisight to trigger inflammatory responses
and induce hepatic insulin resistariteYet, a more pernicious result of fat sequestration
in the liver is increased hepatocyte vulnerabtiiitysecondary hits from circulating
inflammatory cytokines, mitochondrial dysfuncti@md oxidative stresS® Together,
these events are believed to exacerbate hepdaoimfatory responses in NAFLD and
thereby advance steatosis to steatohepatitisslals® been posited that hepatic fat
deposition, inflammatory response, and insulinstasice are involved in a latent cycle
that leads to development of steatohepdiitié>®

The two-hit model of NAFLD pathogenesis was regerglised in the
recognition that free fatty acids (FFAs) play atcairole in promoting liver injury®’
FFAs arise froml) lipolysis (the hydrolysis of FFA and glycerol fnotriglyceride)
within adipose tissue) dietary sources, arg) de novo lipogenesis$®® Once in the liver,
FFAs mayl) be usedia -oxidation;2) be packaged and exported out of the liver as

very low-density lipoprotein; a8) undergo glycerol esterification to form triglyabss
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that are stored as lipid droplets (i.e., steatofis)such, steatosis can occur as a result of
decreased fat oxidation, decreased fat exporteasad fat synthesis, and/or increased fat
delivery?®® Furthermore, FFAs may directly cause hepatic foxhy increasing

oxidative stress and activating pathways of inflaation®*® Triglyceride formation may
actually be a mechanism to prevent the toxic effe€honesterified FFAS?

Inadequate hepatocyte proliferation has been pegpas a potential ‘third-hit’ in
NAFLD pathogenesig” In a healthy state of the liver, hepatic apoptesisulates
replication of mature hepatocytes, which resultannncreased number of hepatic
progenitor cellS® Progenitor cells can differentiate into hepatodike cells. It has been
observed that progenitor cells and hepatocytedéiks are strongly correlated with
fibrosis stage, suggesting that hepatocyte lossiptes accumulation and differentiation
of progenitor cells into hepatocyt®8 When individuals are in states of chronic fibrosis
or cirrhosis they depend on efficient hepatocyteneration. Thus, impaired
proliferation of hepatocyte progenitor cells mayleriie the third hit of NAFLD

pathogenesid*

Insulin Resistance

Insulin sensitivity plays an instrumental role e tpathology of NAFLD. In insulin-
sensitive individuals, the process by which insbiimds to its receptors leads to
phosphorylation of several substrates, includirogpgor substrates (IRS)-1, -2, -3, and -
4, which propagate the insulin sigi&l*°*The stimulation of IRS-1 and IRS-2 by insulin
activates intracellular phosphoinositide 3-kinaseé protein kinase B (PKB) pathways,

which are centrally involved in mediating metabaféects of insulirf® Activation of
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the PKB pathway leads to translocation of vesiclagtaining glucose transporter type 4
to the plasma membraA®.In addition to facilitating glucose uptake, thiascade of
events leads to increased expression of key ligoggmes with a concomitant decrease
in glycogenic gene expressigia regulation of the fork head transcription factor
activity.?%®

Circulating insulin is a potent suppressor of adgtissue lipolysis. During a
state of insulin resistance this insulin-dependeppression is impaired, leading to
increased efflux of FFA from adipocyt&S.The hyperinsulinemia that results from
insulin resistance cal) upregulate of the transcription factor sterolulagpry element
binding protein 1-c, which regulates genes involirede novo lipogenesis®* and?)
inhibit p-oxidation of FFA, thereby promoting accumulatidifai in hepatocyte&®

Many metabolic abnormalities associated with NAFRtdhtribute to insulin
resistance by interfering with the insulin-signglicascade. NAFLD is associated with
FFAs, tumor necrosis factor-alpha (TNJ;-and nuclear factor kappa B (NdB), among
other metabolic factors involved in insulin-sigmgf® Increased production of lipid
metabolites, such as diacylglycerol, has also lseemwn to interfere with insulin
signalingvia inhibition of insulin receptor activity and modtitn of IRS-2

phosphorylatiorf®® Similar interference of the insulin-signaling cages in skeletal

muscles may also occur, leading to a more ubigsigbate of insulin resistance.

GENETICS AND NAFLD
The genetic study of NAFLD was motivated by theeslation that some individuals

with healthy metabolic profiles develop NAFLD, wkas others with many metabolic
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risk factors do not?®*%"More specific motivation for this line of researdime from a
case series showing familial clustering of NAFPand the racial and ethnic differences
in the prevalence of NAFLB??***Moreover, among patients of comparable weight and
insulin resistance, fatty liver disease was moexalent in Latin American children
descent than in African American childréfi.

An important step in determining whether a diseadeait may have genetic
origins is examining the phenotypic heritabilitg.j the fraction of the total phenotypic
variation from one person to the next that is duertderlying genetic or familial factors.
Until recently, estimates of the heritability of IRAD were lacking because of the
methodological challenge of accurately determiiiAd_FD phenotype.

In 2009, to test the hypothesis that NAFLD is dathble condition, Schwimmer
et al. conducted a family study using MRI to as$esmtic steatosis in 33 children with
NAFLD and 11 overweight controls without NAFLE" Depending on whether hepatic
steatosis was modeled continuously or dichotomofusiyng a cut off of >5% lipid
concentration of lipid droplets in the hepatocyt#isg heritability estimates ranged from
40% to 100%, after adjusting for age, gender, rand,BMI. This study confirmed what
was observed in previous studies: NAFLD runs inifi@sand is more common in
certain ethnic groups. Yet, it left open the questf whether familial and ethnic
clustering is due to genetics, environment (whaifies and ethnic groups share), or
both.

PNPLAZ3 variants
Accumulating evidence now links individual genetariants to NAFLD. In 2008,

Romeo and colleagues with the Dallas-Heart Studfppeed a genome wide association
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study (GWAS) to identify single nucleotide polymbigms (SNPs) associated with
NAFLD. The authors found rs738409 G allele of adiptoin [patatin-like phospholipase
domain containing 3 (PNPLA3)] was significantly esisted with NAFLD** The G
allele variation of PNPLA3 was significantly assateid with liver fat content in all
ethnicities in the study independent of BMI, diasetalcohol consumption, and ancestry.
Hepatic fat accumulation was two-fold greater foal@@le homozygotes than for non-
carriers of this allele. Furthermore, consisterthweithnic differences in prevalent
NAFLD, the SNP rs738409 was most frequent in Latjriollowed by Caucasians, then
African Americans. GWAS from several ethnic cohdrase since corroborated the
PNPLA3 variant association with hepatic fat, indegent of age, gender, BMI, and
insulin resistanc&->**These findings provide compelling evidence forAFRND
genotype.

APOC3 variants

While genetic association studies linking PNPLABaat (SNP rs738409) with hepatic
fat suggest development of NAFLD is independenhsilin resistance, other studies
show a strong relationship among NAFLD and hepasalin resistancé:>3’

To better understand the genetic basis of thdimeesistance-NAFLD
pathology, Peterson et al. studied a cohort of&fthy Asian Indian meft’ They
sequenced two SNPs (rs2854116 and rs2854117) epthigooprotein C3 (APOC3)
allele known to be associated with hypertriglycenla. They also sequenced the SNP
rs738409 within PNPLA3. The APOC3 variants wereasdged with 30% higher fasting
apolipoprotein C3 concentration, 60% higher fasptagma triglyceride concentration,

and a two-fold higher postprandial plasma triglydemland retinyl fatty acid ester
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concentrations. Moreover, 38% of the Asian Indisanwith APOC3 variants had
NAFLD compared to 0% in the APOC3 wild-type homoatggroup. Men with APOC3
variants and NAFLD had significantly higher levefansulin resistance compared to
their wild-type homozygote counterparts. The PNPlaM8le was also associated with
NAFLD, but it was not reported whether subjectdwtite PNPLA3 variant and NAFLD
were more insulin resistant than those withoutvéigant. These findings in Asian Indian
men were confirmed in non-Asian Indian men; thevglence of APOC3 variants was
similar among Asian and non-Asian Indian ni&h.

In summary, the heritability of NAFLD makes it@og candidate for genetic
linkage and association studies. Genetic studi®A®iLD have already led to new
etiologic insights. More studies are warrantedisgcaver new SNPs associated with
NAFLD, better use the current SNPs to elucidateptitbology of NAFLD, and
determine how genetic variation might account &mial and ethnic differences in the

propensity to accumulate hepatic fat.

LIFESTYLE AND NAFLD

While the genetic studies are provocative, theaoporary global increase in NAFLD
prevalence suggests that environmental, not geriatitors play the central role in
NAFLD etiology. The prevailing lifestyle recommernidas for NAFLD patients, i.e.,
secondary prevention, are to lose weight and isergaysical activity. However,
primary prevention of NAFLD through lifestyle moition is also important. Here, we
review lifestyle risk factors for NAFLD, emphasigistudies of nutrition and physical

activity.
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Diet

As this dissertation focuses on early growth angeibgment and pubertal timing in
relation to NAFLD, a comprehensive synthesis oflifeeature relating diet and NAFLD
is beyond the scope of this review. In brief, ting@ted evidence on this topic stems from
small case-control and cross-sectional studiesrotfdd sample size and poor
methodological rigor. These studies have reportedstive association between
NAFLD/NASH and consumption of fructose and sugaestened beveragé¥;3%°

319

meat>'® saturated fat and cholestetd!**>Conversely, higher consumption of fiFét,

fish or omega-3 fatty acids?***PUFA 32 some vitamind?! coffee®** and moderate
consumption of alcohdf* have been associated with lower rates of NAFLDe €dy
investigated dietary patterns and NAFLD in adoleszdinding that a Western dietary
pattern was associated with greater odds of NARd, a ‘healthy’ dietary pattern was

associated with lower odds of NAFLE® Future research on the role of diet in NAFLD,

including prospective cohort studies and experigdmiman trials, is warranted.

Physical Activity

The literature on physical activity and sedentafdviors in association with measures
of liver fat is sparse and limited to small crosst®nal studies. In one study, patients
with NAFLD reported engaging in less physical aityivof any sort, than their non-
NALFD counterparts, after adjustment for insulisistance, adiponectin, and dfét.
Another study showed an inverse association betwbgsical fithness and NAFLD,
independent of BMf?’ These findings have been corroborated by a bispsiy of 37

NAFLD patients, in which there was a lower cardgmieatory fitness among NAFLD
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patients with a higher NAFLD activity scoté. Thus, while increased physical activity
and decreased sedentary activity are importartHonic disease prevention in general,
there is limited evidence to infer a causal roletfiese factors in the prevention or
therapy of NAFLD.

In summary, the majority of findings on diet and/gical activity in relation to
fatty liver disease are from small cross-secti@nalase-control studies that may be
prone to temporal or selection bias, respectividbwever, the limited evidence provided
by these studies does indeed suggest nutritiorplaysical activity may play important
roles in the prevention and amelioration of NAFLI®. provide stronger evidence for
causal inference on this topic, large prospectiudies and clinical trials are need to
determine whether these modifiable risk factorsmawvent or reduce the occurrence of
NAFLD.

Even if weight change, dietary restriction/modifioa, and physical activity are
causally related to development of NAFLD, long-terhanges to these lifestyle factors,
once they are established, are rarely maintainéukifong ternf?® Moreover, there is
limited evidence for the efficacy of long-term Btgle modifications in the prevention or
remediation of NAFLD*?® Therefore, primordial prevention of NAFLD sholdd a
public health priority. The first step in primortl@revention is identifying antecedents of
disease that provide early-life windows of oppottyifor establishing healthful lifestyle

behaviors before disease risk factor onset.

60



EARLY LIFE ANTECEDENTS OF NAFLD

Understanding the antecedents of adult NAFLD issa $tep toward primordial
prevention of liver and non-liver related morbidégd mortality. In addition to
progressing to severe steatohepatitis, cirrhos$ hepatocellular carcinoma, NAFLD
independently increases risk for developing typka®etes and cardiovascular disease in
adults. The literature base on the early-life oxsgof liver function and NAFLD is still in
its infancy. A reviewon the topic has concluded that more studies ardateto shed

light on early-life antecedents of hepatic fat anatation and overt NAFLD and NASH.

339 Here, we summarize the literature on the developaherigins of NAFLD.

Fetal and Postnatal Origins
According to the ‘fetal programming’ hypothesisepatal undernutrition in mid- and
late-gestation results in brain maintenance aexpense of the growth of other organs,
including the live?**33'Such allocation of scarce resources may resalbitrormal liver
function later in life>*2

Support for this hypothesis comes from both huarashanimal studies. In rats, a
low-protein diet during gestation resulted in regitiver size of the offspring, but no
alteration in growth of the brain or the he&tin addition to reduced liver size, maternal
low-protein diets in rats have been shown to peenty alter hepatic structure and
function in offspring®>* Magee et al. showed that intrauterine growth iest rats

displayed down regulation of peroxisome proliferatotivated receptor (PPAR)andy

and up regulation of sterol regulatory element-lsiggrotein-1 and fatty acid
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synthasé> These proteins are involved in the pathogenesi$AGFLD via regulation of
lipid metabolism and lipid-related inflammatory pesse®*®

Human studies offer further support for the f@r@gramming hypothesis. In a
hospital-based case-control study, Nobili et ainft that the prevalence of small-for-
gestational-age was 4 times higher in 90 ltaliafdodn admitted with biopsy-proven
NAFLD compared to a control group selected fromglereral pediatric population in
the hospitaf*® In another study of 50 human infants matched atagienal age, those
born small-for-gestational-age had reduced livel ladney dimensions, but not spleen
dimensions>"**®Direct evidence for the hypothesis comes fronrgel§h=10,7533)
Danish prospective linkage study, in which thergfigst association between measures of
birth weight/length and cause-specific mortalitysvedbserved for deaths attributed to
liver cirrhosis [Hazard ratio for a 5009 increasdirth weight was 0.73 (95% CI: 0.58,
0.91) and for a 5 cm increase in length was 0.554€1: 0.36, 0.85)73° Perhaps the
strongest evidence implicating intrauterine growtkhe etiology of adult liver disease
comes from the British Women’s Heart and Healtrd$tun this study of 2,101 British
women aged 60-79, increasing birth weight was aatatwith decreases in ALT and
gamma glutamyl transferase (GGt The birth size-liver enzyme associations were
attenuated by adjustment for components of the boétasyndrome. This suggests that
the associations with elevated liver enzymes weayeertikely due to NAFLD—i.e., the

hepatic manifestation of the metabolic syndrome-r-tbiher liver disease.

62



Childhood Origins

Childhood growth and maturational development Haaen linked to adult obesity,
metabolic syndrome, and type 2 diabetes (review&thapter 3). Despite the

interrelated nature of hepatic steatosis and dteatditis with these cardiometabolic
diseases, no epidemiologic studies have investigapubertal nutrition and pubertal
timing in relation to NAFLD or NASH. An incipientap in exploring early-life
conditions and long-term health and disease isiseeof markers of childhood nutritional
status and developmental timing that can be aseedan adults. Two markers shown to

serve well in this regard are relative leg lengtll age at menarche.

Relative leg length

Relative leg length has been shown to be a proxgrigpubertal living conditions,
including quality of childhood nutritiof®* and timing to pubertal ons&t2>"2%83%4n
addition to a crude proxy for pubertal timing, dhegs relative to height may indicate
adverse nutrition during the first years of fifé Poor nutrition during in the first years of
life alters the metabolic programming of vital angasuch as the pancreas and liver, in
ways that may increase metabolic disease risk iladée.?*® In this light, Fraser et al.
investigated leg length in relation to liver enzyme British women, and found that leg
length was inversely associated with levels of AGIGT, and ALP, after adjusting for
childhood and adulthood social class, physicavagtismoking, alcohol consumption,
waist-to-hip ratio, and trunk heigftThese findings suggest that quality of childhood

nutrition and/or pubertal timing may play a roletle early origins of liver dysfunction.
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Age at menarche

Hyperinsulinemia, resulting from insulin resistamté¢he hepatic and systemic level, is
thought be a driver of early menarci&Higher insulin concentrations have been shown
to increase genetic expression of lipogenic enzyemelsdecrease expression of fatty acid
oxidation, thereby engendering hepatic steafd3fS°Despite this mechanistic support,
no studies have examined the association betweeatagenarche and NAFLD.
Tangentially, a few studies have investigated dgeemarche in relation to
hepatocellular cancer. A case-control study founad & 1-year increment in age at
menarche was associated with 21% lower odds oftbegléular carcinoma, although this
association did not reach statistical significafpsed.10). Cases of liver cancer in this
study also had higher levels of testosterone andheemone binding protein and reduced
levels of IGF-1 and its binding proteiff In a case-control study in Taiwan, age at
menarche was inversely associated with odds oftbegidular carcinoma (odds ratio for
age at menarchel2 vs.>16 years was 2.65 (95% ClI: 1.27, 5.52) after maitable
adjustmentf** These studies provide evidence that age at memaack the steroid
hormones involved in its regulation, may be involwe the pathogenesis of liver disease.
More direct evidence for the association betweely @@enarche and hepatic
steatosis comes from human trials. Ibanez andagplies conducted a series of highly
informative randomized trials in girls with low Hirweight (birth weight <-1.5 standard
deviation score for gestational age) and eithdy gauberty (stage 2 breast development
at age 8-9 years) or precocious puberty (pubic4fayears). In one trial, 38 low-birth-
weight, precocious-puberty girls, 8 years of agerenrandomized to either metformin or

no treatment for 4 years, and followed until 2 ggaast menarche. After the trial, the age
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at menarche was 11.4 (standard deviation 0.1) yeanstreated girls and 12.5 (standard
deviation 0.2) years in metformin treated giffsin measurements taken after onset of
menarche, the metformin-treated girls were tallgh Vess visceral and hepatic fat, and
had more favorable levels of circulating insulindeogens, and lipids than the untreated
girls. In another trial from this same group ofligsk girls, early (8-12 years)
metformin treatment was superior to late (13-14gemetformin treatment for
preventing or delaying the onset of hirutism, agéroexcess, oligomehorrhea, and
PCOS??In a separate trial of low birth weight girls witarly puberty (i.e., stage 2
breast development at age 8-9 years), metformmaplyfor 36 months delayed onset of
menarche, augmented attained height, and was atswevith lower levels of insulin,
IGF-1, and leptin and higher levels of SHBG and {GBinding proteir Collectively,
these findings demonstrate that metformin, an insénsitizing drug, taken pre-
menarche can delay menarcheal onset, increaseestana reduce hepatic fat deposition.
Moreover, they provide evidence for biologic infespbetween menarcheal onset,

insulin resistance, and hepatic steatosis.

SUMMARY

NAFLD is increasing in prevalence worldwide and n&tands as the leading cause of
chronic liver disease in the U?%Its association with fatness, insulin resistance,
hypertension, and hypertriglyceridemia have ledestocall NAFLD the hepatic
manifestation of the metabolic syndroAi&Perhaps most poignant is the significant

long-term liver and non-liver related morbidity amertality associated with NAFLEY>
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In addition to 5-10% weight loss, modification déstyle, including increased
physical activity and a prudent diet, has beenmenended for remediation of
NAFLD.?** Yet, maintaining successful long-term change @séhprogrammed lifestyle
habits once metabolic conditions manifest is a biehal-health challeng&® Even if
achieved, such therapy will not stem the growtthefNAFLD epidemic at the societal
level. Detecting the etiologic antecedents of NARtdh circumvent such futile
secondary-prevention lifestyle change efforts, #nedeby provide a path to primordial
prevention of NAFLD and its liver- and non-livelated sequelae.

Identifying markers of early-life growth and deveioent that predict
development of NAFLD should thus be a public hephbrity. In addition to being
associated with NAFLD-related metabolic conditiomge at menarche has been linked to
the development of hepatocellular carcincthia**Relative leg length, a marker of early-
life net nutrition and pubertal timing, has als@bdinked to liver function in
adulthood®* Furthermore, experimental data indicates that atnation of metformin
delays age at menarche, increases stature, ancesetiver inflammatiofi®9°29234%As g
whole, these studies provide theoretical supparthife hypothesis that earlier age at
menarche and shorter legs relative to staturessecated with increased risk of
NAFLD. Large cohort studies with measures of litarare now needed to test whether
direct associations between age at menarche velaty length, and NAFLD indeed

exist.
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CHAPTER 5: STUDY DESIGNS AND DATA COLLECTION

OVERVIEW

This dissertation relies on data from three distoohort studies: Manuscript 1, Estudo
Longitudinal de Saude do Adulto (ELSA)-Brasil (j.€he Brazilian Longitudinal Study
of Adult Health); Manuscript 2, Coronary Artery RiBevelopment in Young Adults
(CARDIA) study; and Manuscript 3, National Heartirlg, And Blood Institute (NHLBI)
Growth and Health Study (NGHS). Here, | descrilesénhstudies’ populations, design,

aims, and data collection methods.
ESTUDO LONGITUDINAL DE SAUDE DO ADULTO (ELSA)-BRASI L

Study Design and Population
ELSA-Brasil is a cohort study of 15,105 civil semt&from 5 universities and 1 research
institute located in different regions of Brazhetfederal universities of Bahia, Espirito
Santo, Minas Gerais, and Rio Grande do Sul; thedssity of Sdo Paulo; and the
Oswaldo Cruz Foundatioft® The main study objectives of ELSA-Brasil were to
investigate the incidence and progression of desbahd cardiovascular diseases and
their biologic, behavioral, environmental, occupaél, psychological, and social factors.
Active or retired employees, aged 35-74 yearth@b institutions were eligible
for the study. Exclusion criteria were current@cent € 4 months prior to the first
interview) pregnancy, intention to quit workingthae institution in the near future, severe
cognitive or communication impairment, and, if red, residence outside of a study

center’s corresponding metropolitan area.
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There were two phases to participant recruitmerthe first recruitment phase,
lasting approximately one hour, informed consers wlatained and an initial interview
was conducted at the participant’s job site. Tlomsd phase, consisting of additional
interviews and exams, lasted approximately six fiamd was conducted at a study
clinic. To be considered a participant, an indiabonust have completed the initial
interview, an electrocardiogram, fasting blood ediiion, and blood pressure
measurement.

The final ELSA sample included volunteers (76%haf final sample) and
actively recruited participants (24%), the lattemg recruited from listings of civil
servants. The research protocol was approved bgthies committee of each institution
and also by Brazil's National Research Ethics Cotte®i In addition to the usual
informed consent, participants were also aske@dmsent to the storage of biologic
samples.

Data for the current analysis comes from the {lbaiseline) exam, carried out
from 2008 through 2010. At baseline, detailed infation about health status was
collected, including clinical exams. The cohortisrently being followed annually to
verify general health status. At three-year inteyarticipants will return to the ELSA

Investigation Centers to complete detailed evabmatiincluding clinical exams.

Data Collection
Independent variables for this analysis includeageaenarche and relative leg length
(i.e., leg length-to-sitting height ratio). Womeens asked at baseline exam, “At what

age did you have your first menses?” This infororatvas used to derive age at
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menarche. Adult retrospective reports of menarcagalare highly correlated (r = 0.79)
with original adolescent report&’ Leg length is the difference between stature and
sitting height. In ELSA-Brasil, sitting height waseasured from the vertex of the head to
the seated buttockSde Figure 5.1 adapted from NHANES anthropometric manual).
Anatomically, leg length is defined as the sumhef lengths of the femur and tibia. It
assumes that in the seated position the proximdhtark is the hip joint, which can be
difficult to locate. In ELSA-Brasil, as in otheridpmiological studies in which ease of
measurement was considered, leg length comprisesutin of lengths of the femur, tibia,
and foot (tibia-talus to the ground). Relative leggth is calculated as height — sitting
height / height, and constitutes the proportiototd! stature composed by the legs.
Depending on the setting, relative leg length heentshown to refledf) net nutritional
status during prepubertal physical growth (in morpoverished populations), ajl

time until peak height velocity or pubertal timitig more affluent population$§:

Figure 5-2: Sitting height measurement
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Laboratory measures

A 2-hour 75-g oral glucose tolerance test (OGTT$ wdministered to all participants
without known diabetes. Glucose was measured by the heasxdiglucose-6-phosphate
dehydrogenase method (Roche Diagnostics). Glydaatbglobin (A1C) was measured

using a Tinaquant Il immunoassay method (Rochemaisiics, Basel, Switzerland).

Assessment of Diabetes

A participant was considered to have diagnosedetishif they responded in the
affirmative to eithed) “Have you been previously told by a physician y@u had
diabetes (sugar in the blood)?”2)r‘Have you used medication for diabetes in thd fas
weeks?” Individuals without diagnosed diabetes vieea classified as having
undiagnosed diabetes if they exceeded the threslfamldasting plasma glucosd 26

mg/dL or2-hour plasma glucos€00 orA1C >6.5%. Total diabetes was calculated as a

sum of diagnosed and undiagnosed diabetes.
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CORONARY ARTERY RISK DEVELOPMENT IN YOUNG ADULTS (C ARDIA)

STUDY

Study Design and Population

CARDIA is an ongoing multi-center, longitudinal,mmmunity-based study funded by the
National Heart, Lung, and Blood Institute. CARDIAasvundertaken to study the
evolution of coronary heart disease risk factoosnfyoung adulthood onward. Young
adults were recruited mostly by phone from Birmiagih Alabama; Chicago, lllinois;
Minneapolis, Minnesota; and Oakland, Californiao@mphically based recruitment
stratification was used (a list of Kaiser-Permaadrgalth plan members was used in
Oakland) to obtain nearly equal numbers of Afridéanericans and Caucasians, younger
(18-24 years) and older (25-30 years) individuaig] those with more<( 2 years) and
less (>12 years) educatidH.A decision to select only one person per househals
made to ensure each participant was statisticadlgpendent.

In total, there were 5,115 black and white menwaodhen, aged 18-30 examined
in 1985-1986. Participants have now been followe®b years, including 8 clinic exams
conducted in 1985/6 (baseline, or exam year 0)7Mgear 2), 1990/1 (year 5), 1992/3
(year 7), 1995/6 (year 10), 2000/1 (year 15), 26@peéar 20), and 2010/11 (year 25).
Informed consent was obtained from all participatteach exam, and the institutional
review board at each of the clinical centers apgdoadl protocols.

Data Collection
Information on several potential risk factors fohRIRLD was collected in CARDIA.

Starting at baseline, the following variables raleivto our analyses were measured: age,
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sex, race, height, weight, educational level (ye&schooling), past physical activity
(before high school, during high school), curremggcal activity (The CARDIA
Physical Activity History Questionnait®) graded exercise test, cigarette smoking
history (current, former, or never), alcohol congtion, and dietary history (focused on
past month and based on modified Burke methdand medical history. Time-
dependent variables were collected at each examafmenarche was ascertained from
the open-ended question at year 0 and repeatashin?y'How old where you when you
began menstruating?" Sitting height was directlasueed at the year 2 exam.
Anthropometric assessment was made after partisgdranged into light
clothing and removed shoes. Trained and certietiriicians made all measurements,
and regular quality control checks were made thnougthe exam cycle. Standing height
was measured with the participant standing ere¢heriloor with his or her back against
a vertical-mounted centimeter ruler, looking sthiighead with his or her head in the
Frankfort horizontal plane (the plane that inclutteslower margin of the bony orbit and
the upper margin of the external auditory meatglastic triangle was placed on the
top of the head, and the participant's height waasured to the nearest 0.5 cm. Sitting
height was measured with the participant seateah ierect position on a stool with a
horizontal surface, and the participant's bacloimtact with the wall-mounted metal ruler
at both the scapula and buttocks and the headrélé Frankfort horizontal plane.
Measurement was then made to the nearest 0.5 o aiglastic triangle placed snugly
on the top of the participant's head. Leg length walculated as standing height minus
sitting height. Body mass index was calculated egit in kilograms divided by the

square of the height in meters.
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Clinical and laboratory measures

Clinic measurements were standardized for all foeldters at the year 25 visit and have
been consistent across examinations. Blood wasndbgwenipuncture after a 12 hour
fast. Glucose was measured as hexokinase couptgddose-6-phosphate
dehydrogenase (Millipore, Inc, Bellerica, MA), aimdulin was quantified using an
Elecsys sandwich immunoassay (Roche Diagnosticgdtation, Indianapolis, IN).
Liver Attenuation and Fat Depots

A unique feature of CARDIA is the computed tomodmagCT) taken at year 25 exam.
Women who were pregnant or potential pregnancy wectuded from the CT exam.
Individuals weighing greater than the CT couchti(@DO Ibs) or unable to fit within the
CT gantry were excluded. CT images acquired afi¢hd: centers were electronically
transmitted to the central CT reading center latatéVNake Forest University School of
Medicine, Winston-Salem, NC, USA.

Liver attenuation

Liver attenuation was measured on non-contrastn@ges of the upper abdomen
acquired in an axial scan mode. A total of 9 regiohinterest were measured on three
slices spaced at 5 mm a part along the z-axiseop#ient (head-to-foot). The 9 regions
were averaged to provide mean hepatic attenuatibtounsfield Units (HU). Analysts
performing the measurements were trained to avaicng regions of interest such that
they included hepatic vasculature or common hepegions (cysts and hemangiomas).
Adipose tissue depots

CT scans of the abdomen were reconstructed intmSihees with the maximum 50 cm

field-of-view to include the whole abdomen for bamhmposition. Total and adipose
73



tissues were measured volumetrically from two 5 comtiguous slices located at the
level of the lumbar disk between th8 and 8" vertebra. Tissues with attenuation
between -190 to -30 Hounsfield units were defineddipose tissue. Experienced
analysts used the Medical Image Processing, Arslgsid Visualization (MIPAV--

http://mipav.cit.nih.gov/index.ph@pplication to segment the images based on amatom

boundaries (skin, subcutaneous fat-muscle intedadeperitoneum) into the entire
abdomen, abdominal wall and intra-abdominal conmpants. In each compartment, total
abdominal volume, total abdominal adipose tissul¢staneous adipose tissue and

visceral adipose tissue contained within the 10shce located at L4-5 were quantified.

74



THE NATIONAL HEART, LUNG, AND BLOOD INSTITUTE GROWT H AND

HEALTH STUDY (NGHS)

Study Design and Population

The NGHS cohort was formed in 1987-1988 to inveséigacial differences in diet,
physical activity, and familial and psychosociaittas in relation to obesity. The study
enrolled 2,379 African American and Caucasian giged 9 and 10 from three clinical
centers: University of California at Berkeley, Uarsity of Cincinnati/Cincinnati
Children's Hospital Medical Center, and Westat,/{Boup Health Association in
Rockville, Maryland. The Maryland Medical Reseahastitute in Baltimore is the
Coordinating Center, and The Johns Hopkins UnitieBepartment of Lipid Research is
the Central Lipid Laboratory.

Girls were eligible for enrollment in NGHS if) they declared themselves as
being either black or whit&) they were within 2 weeks of age 9 or 10 at theetof the
first clinical visit; 3) they had parents or guardians who identified $edaes as the same
race as the child}) their parents or guardians completed a houseateitbgraphic

information form and gave consent.

Data Collection

Participants were seen annually for 10 visits,udslg data from age 9 to 19. Trained
study staff using standardized assessment protatelsch examination measured height
and weight. Almost 90% of the girls originally ehieal in the cohort participated through
year 10. The institutional review boards of eacttipipating institution approved the

study protocol, and an independent monitoring bpaodided study oversight.
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Demographic information was collected at studyyefitsm girls and their parents
(or guardians). Race (black or white) was defing@dif-report, by using US Census
categories. Participants’ age was recorded asdlgeiat last birthday. BMI (weight in
kilograms divided by height in meters squared) ealsulated annually on the basis of

the research staff's measures of girls’ height\aaajht.

Diet Assessment

During each of 8 exam years dietary data were cteitbusing 3-day diet records, which
comprised 2 weekdays and 1 weekend day. Studytiootsts trained participants to
record detailed dietary information using standasdsehold measuring instruments for
the estimation of portion sizes. The researchtdietexcluded diet records considered
unreliable.

Dietary data were entered into the Nutrition Dagat&mn of the University of
Minnesota, Minneapolis, to estimate the intakeotdltcalories, macronutrients, and
micronutrients:*® The Nutrition Data System also outputs food cddegach food and
each ingredient from composite foods. The Nutrifdata System food code data were
combined with the US Department of Agriculture’sva&y food code database, the Food
and Nutrient Database for Dietary Studies, ver&@n By matching these food codes,
the child’s average daily intake was derived inheaicthe 5 major food groups and in all
the subgroups as defined by Nutrition and Your Hedietary Guidelines for
Americans by the US Department of Agriculture (Widn and Your Health: Dietary
Guidelines for Americans. 5th ed. Washington, DCG&&ernment Printing Office.

2000).
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Anthropometric assessment

Anthropometry in this study included height, weidtp and waist circumferences, and
triceps, subscapular, and suprailiac skin folds nddasurements were taken twice, with a
third measurement if the first two differed markedtor skin folds this difference
criterion was 1.0 mm, and for circumference measergs, 1.0 cm. When three
measurements were taken, the closest two weregegrdo ensure anthropometric
procedure consistency across study sites, a ma#ieopometric trainer was designated
to train local trainers, who then provided traintodield staff in each study site, with
recertification annually. The NGHS anthropometeichiniques have been described in

detail elsewher&>®

Pubertal Assessment

Participants were queried annually regarding ookstenstruation to determine the date
of menarche. At each annual visit, trained femaba@ners assessed breast development
and pubic hair stage (Tanner stages 1-5), usitgrieriestablished by Marshall and

Tanner>® Participants were examined in standard measuregoevris.

SUMMARY OF STUDY DESIGNS AND DATA COLLECTION

This dissertation uses three distinct cohort stitheanswer unique questions related to
childhood nutrition, pubertal timing, and metabalisease risk. The aim of first of these
studies is to investigate how relative leg lengtt age at menarche, markers of early-life
nutrition and pubertal timing, associate with tleeelopment of diabetes in an adult
Brazilian population undergoing rapid epidemiologrd nutritional transitions. While
these markers have been shown to predict diabei&®&stern and prosperous Asian
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populations, there have been no investigationfigrtopic in Latin American
populations. The rich data from ELSA-Brasil affdhé opportunity to study age at
menarche and relative leg length in relation teet@pdiabetes after accounting for
potential confounding by factors, e.g., paternai@@conomic status, paternal diabetes,
birth weight, and body mass index at 20 years ef ag a proxy for childhood BMI.
Moreover, the large sample size allows for evatuatf effect modification on these
associations by measures of nutritional statusutjirout the lifecourse. Discovery of
early-life antecedents of diabetes in this popafatepresents an important step toward
primordial prevention in Brazil.

Manuscript 2 Chapter 7) of this dissertation represents the first stuagxplore
the association between markers of pubertal timmmdyNAFLD. This paper will also
shed light on the association between pubertahtirand specific fat depots in
adulthood. The CARDIA Study is uniquely apt to aesthe question of whether earlier
age at menarche and shorter relative leg lengthsseciated with higher prevalence of
non-alcoholic fatty liver. In addition to havingvast array of demographic, lifestyle,
psychosocial, and physiologic variables that caadsessed as potential confounding,
mediating, or modifying factors, the CARDIA studgdha large sample of subjects with
CT-derived intra-abdominal fat measures and livesnaiation. This is rare in the field of
epidemiology. Assessing liver steatosis in a langeber of subjects requires a
significant research investment, which is why tremefew large studies with data on
hepatic steatosis and NAFLD. As such, the CARDIfadzet can be viewed as an
invaluable resource for determining for the first¢ whether pubertal timing is

associated with specific fat deposition, and theettgment of NAFLD.
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The objective of the third manuscript of this drsaton Chapter 8) is to explore
the prospective association between diet qualityesarly menarche in a biracial cohort
of girls from the U.S. To achieve this aim, we tls& NGHS, a longitudinal dataset that
includes detailed assessment of dietary behavidyaseline and 7 other time points
throughout the 10-year study follow-up period. ¢fddion to having excellent measures
of diet and pubertal assessment throughout they stiked NGHS dataset provides a
comprehensive array of demographic, lifestyle, psgocial, and physiologic variables
to control for potential confounding. Further, (R&HS has collected skin-fold
measurements that allow for careful control of ég®in these analyses. In sum, the
NGHS dataset affords an exceptional opportuniigéatify the role of diet quality in the

timing of puberty.
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CHAPTER 6: MANUSCRIPT 1—AGE AT MENARCHE, RELATIVE

LEG LENGTH, AND TYPE 2 DIABETES IN BRAZILIAN ADULTS

Background: Early puberty has been linked to higher ratetyjpé¢ 2 diabetes in
prosperous societies, yet whether markers of paktaring are associated with diabetes
in developing countries, where the etiology of piypand diabetes may differ, is
unknown. In a population-based cross-sectional gaofBrazilian adults (34-75y) we
tested the hypothesis that age at menarche aritvedieg length, as markers of pubertal
timing and growth and development, are associatddpresence of type 2 diabetes,
independent of demographic and lifestyle factongl, iadicators of early-life fatness.
Methods: Participants (8032 women; 6736 men) from the Bieaziongitudinal Study

of Adult Health (ELSA-Brasil) with complete inforrtian on age at menarche, height
components, and variables used to diagnosis typab2tes (i.e., self-reported diagnosis,
medication use, and laboratory values) were induBeisson regression with robust
variance was used to generate prevalence ratigsaiitR95% confidence intervals (Cl).
Results Early menarche [8-11 years vs. 13-14 years (@efe)] was associated with
higher prevalence of type 2 diabetes (PR=1.22; €%%4.03-1.45) after control for
potential early-life demographic and lifestyle coufiders, and BMI at age 20 years. In
the same model, greater relative leg length wascesgted with lower prevalence of type
2 diabetes in women (PR for 1 SD increment in nadeg length=0.90; 95% CI: 0.85-

0.95). The association was of similar magnitudsen (PR for 1 SD increment=0.89;
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95% CI: 0.85-0.93). The association between reddtg length and diabetes was
stronger among females with earlier menarghe(ltiplicative interaction=0.02), and
among adults overweight or obese at agepdftéraction=0.02) or at baseling (
interaction=0.03).

Conclusion: These findings support the hypothesis that ageeaiarche and relative leg

length are independently associated with presehtype 2 diabetes in Brazilian adults.
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BACKGROUND

Type 2 diabetes has emerged over the past two égeasda major priority in the health
agenda of the underdeveloped wdrti*"°Developing countries, while still suffering
nutritional burdens of scarcity and infection, taeed with the challenge of managing
type 2 diabetes and micro- and macro-vascular sieseesulting from
hyperglycemid’”*"®In most low- and middle-income countries, typeabetes is now a
leading cause of mortality and morbidity, due slang duration and devastating
consequences with respect to quality of life anmhemic burden. In Brazil, this
phenomenon has been documented by routine suncsliand periodic surveys on
chronic diseases and their risk factors collectethb Ministry of Healtt?>*

The rise of type 2 diabetes in Brazil is multitfagal in origin. In addition to the
aging Brazilian population, there has been a regdiel of migration from rural to urban
environments>? Social, behavioral, nutritional, and environmentsnges
accompanying this transition are believed to unelénkcreases in fatness, insulin
resistance, and ultimately type 2 diabéfé©nce obesity and diabetes manifest, their
remediation through behavior change poses tremencitallenge$?®??°And even if
weight-loss through intensive lifestyle intervemtis achieved in diabetics, it may be too
late to reduce incidence of cardiovascular evéfitBhis emphasizes the need for
prevention before type 2 diabetes and its riskofgatlevelop (i.e., primordial prevention).

Identifying valid markers of pubertal timing coyddve the lifecourse avenue to
primordial prevention of type 2 diabetes and & fiactors at the preclinical stage.
Pubertal timing is influenced by genetic and enwinental factors, including childhood

nutrition and obesity?*16>167188.2%¢4 famales, menarche is the most distinguishable
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pubertal marker. There is evidence for a trend tde/aarlier menarche in Brazil over the
last several decad@¥,and this is not explained by childhood obedifiRelative leg
length (i.e., leg length-to-sitting height rati@dshbeen proposed as a crude but objective
marker of pubertal timing that can be used in tsetkes™ It is sensitive to prepubertal
growth rate and duratiofi?**®and greater relative leg length has been assdaiétk
better early-life nutritiorf>> earlier menarch&? and earlier peak height velocfy?®’
Studies from more prosperous Western and Asianlpbpns have reported that
earlier age at menarctig! 232642672681 q |ower relative leg lengtt?°***“are associated
with increased type 2 diabetes risk. No studieglesamined these associations in a
economically and nutritionally transitioning Lat#merican population where contextual
influences on age at menarche and relative leghengrelation to body fat and type 2
diabetes, may differ in important ways. Furtherstudies have examined whether these
associations are modified by measures of nutritistadus later in life. According to the
thrifty phenotype and predictive-adaptive respdmgeotheses, mismatch between early-
and late-life nutrition may interact synergistigaih increase diabetes rié%2%
Considering the current gaps in knowledge, thedithis manuscript was to
examine age at menarche and relative leg lengtlation to type 2 diabetes in Brazilian
adults. Specifically, we will test the hypothesesttl) earlier age at menarche is
associated with higher prevalence of diabetes 2agdeater relative leg length is
associated with lower prevalence of diabetes. Wifuvther evaluate whether markers
of nutritional status throughout the lifecoursey(eage at menarche or relative leg length,

BMI in early adulthood, and BMI in later adulthoadpdify these associations.
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METHODS

Study participants

The Brazilian Longitudinal Study of Adult Healthl(EA-Brasil) is a prospective cohort
study designed to identify risk factors for dialsesed cardiovascular disease. The details
of the study, including design, eligibility critarisources and methods of recruitment,
have been described in detailGhapter 5 of this dissertation and elsewhéfeBriefly,

the cohort comprises 15,105 civil servants (82h&4les), aged 35 to 74 years at baseline
(2008-2010), who were sampled from 5 universities$ A research institute located in
different regions of Brazil: the University of SRaulo (=5061); the federal universities
of Minas Geraisri=3115), Rio Grande do Sui£2069), Bahiar{=2029), and Espirito
Santo (=1055); and the Oswaldo Cruz Foundationl(784). All data for the current
analyses were collected during initial interview& four) and the baseline clinic visit

(~5 hours). The ELSA-Brasil sample included volurdd@6% of the final sample) and
actively recruited participants (24%); the latteiry recruited from listings of civil
servants. The ethics committee of each institugijgproved the research protocol. In
addition to the usual informed consent, participamére also asked to consent to the
storage of biologic samples and to follow up inievws and hospital chart review.

For the current analyses, participants were exdufithey were missing lab
information on all three measures of glycemia (fasglucose, A1C, and 2-hour glucose)
used to ascertain diabetes status in participaitii®ut a history of diabetes at baseline
(n=5). We additionally excluded women with missing & menarchen€37), and all

participants with missing height£6), or sitting heightr{=3). We also excluded females
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who reported age at menarche <8 year§) or >18 yearsnE11) as we were interested
in studying women within a normal range of menaatlage. To reduce influence from
extreme values that were likely data entry ernmesexcluded participants with sitting
height 6=37) or heighti{=39) greater than three standard deviations (S0gs) the sex-
specific mean (i.e., male height > 193.5 cm or 8.6%m, female height >178.4 cm or <
139.6 cm; male sitting height >102.6 cm or <79.Q famale sitting height > 95.9 cm or
< 73.7 cm). We further excluded participants wheoenmissing race/colong172). We
created a dummy variable for participants missimtp bveight (~14%). Study
exclusions/inclusions did not materially alter désuOur final analytic sample comprised

8032 women and 6736 men.

Data collection

Exposure assessment

All variables used in the current cross-sectiotad g were collected at baseline
examination that was carried out from 2008 thro2@hO. Age at menarche was assessed
by the open-ended question, “At what age did yoreheur first menses?” Adult
retrospective reports of menarcheal age have amaiaiie high (r = 0.79) correlation

with original adolescent report&® Height and sitting height (vertex of the headh®e t
seated buttocks) were measured according to sthedaipment and techniques. Leg
length was determined by taking total height misitting height. Relative leg length

(i.e., leg length-to-sitting height ratio) was edited by taking leg length divided by

sitting height. Sex- and race-specific quintilesealative leg length were calculated.
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Outcome assessment

Diabetes status was assessed at the baselinellsothglucose measurements and self-
reported information about diabetes. A participgas considered to have previously
diagnosed diabetes if they answered, “yes” to eitHave you been previously told by a
physician that you had diabetes (sugar in the hoar “Have you used medication for
diabetes in the past 2 weeks?” We excluded paattgpwhose self-reported age of
diabetes diagnosis was earlier than 30 years t@dee the chance of including type 1
diabetes cases.

If individuals answered “no” to both aforementidndiabetes questions they were
evaluated for undiagnosed diabetes based on #imrdtory values for glucose. A 12-
hour fasting blood sample was drawn by venipuncsoan after the patient arrived at the
baseline clinic visit. A 2-hour 75-g oral glucoséetance test (OGTT) was administered
only to participants without known diabetes. Glueass measured by the hexokinase
method (ADVIA Chemistry; Siemens, Deerfield, lllish Glycated hemoglobin (A1C)
was measured using a high pressure liquid chromegbg (Bio-Rad Laboratories,
Hercules, California), and insulin using an immumognatic assay (ELISA) (Siemens).
Participants without previously diagnosed diabetere considered to have diabetes if
they exceeded the thresholds for fasting plasmeogkr126 mg/dL, 2-hour plasma
glucose>200 mg/dL, or A1C>6.5%. Total type 2 diabetes was the sum of prelyous
diagnosed and newly classified diabetes.

Covariate assessment
A comprehensive set of questionnaires, tests, aasarements was carried out to

control for co-varying parameters. Age at baselisé (years), race/skin color,
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educational achievement of the participant and theither, parental history of diabetes,
birth weight, polycystic ovary syndrome, menopaysgity, oral contraceptive use,
hormone therapy, smoking status, alcohol use, palactivity, and diet were

ascertained by questionnaire. Body mass index (B¥H calculated as weight divided
by height squared. Participants were asked tolrést weight at age 20 years to
determine their young adult BMI. Hip circumfereneas measured at the maximal
protrusion of the hips and waist circumference massured at the midpoint between the
iliac crest and lower costal border along the midHzary line with the participant

standing erect.

Statistical analysis
All analyses were performed using SAS 9.2 (SAStutst, Cary, NC). We summarized
the characteristics of the cohort using unadjustedns and standard deviations for
continuous variables and percentages for categmacebles according to menarcheal
age categories (<11, 11-12, 13-14, 15-16, and 1y)a8d relative leg length quintiles.
To determine whether age at menarche was unigelkeied to specific height
dimensions, we used multivariable linear regresticgstimate adjusted means for
components of height (total, sitting, leg) in redatto a 1-year increment in menarcheal
age before and after adjustment for age at enralimace/ethnicity, education, and birth
weight. We then stratified these analyses by birtight and educational level, to
evaluate whether the associations occur at diftdesels of intrauterine growth and
socioeconomic status indicators. Evidence for depafrom linearity was determined by

examining the means of height components acrosatagenarche categories.
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To address the main hypotheses of our study,sed multivariable Poisson
regression with robust variant®.This allowed us to estimate prevalence ratios JPRs
and 95% confidence intervals (CIs) for prevaleabétes at study enrollment according
to categories of menarcheal age and quintilesivelég length. Multivariable models
were contrasted in a series beginning with an &getexrview (years) adjusted model
(Model 1), followed by adjustment for potential émuanders. Model 2 included further
adjustment for study center, race/skin color, paidmnstory of diabetes (yes/no),
maternal education (no formal education, less thghth grade, completed eighth grade
but not high school, completed high school but oltege, some college), and birth
weight (<2500 grams, 2500-4000 grams, >4000 gramssing). As we were interested
in potential confounding by BMI, we further adjustielodel 2 for BMI at age 20 years
(the earliest measure of this variable) (ModeNM8g consider this a proxy for BMI prior
to puberty, as BMI has been shown to track frontdtisiod to young adulthoot?

Lastly, in models that included only females, wdetirelative leg length (age at
menarche analyses) or age at menarche (relatiderigth analyses) to determine if these
two markers of growth and development were indepetdf each other (Model 4).
Further inclusion of participant education levelsg than high school, completed high
school but not college, completed college but ramlgate school, graduate school plus),
smoking status (never, former, current), alcohel (y&s/no), leisure time physical
activity (light, moderate, hard), polycystic ovayndrome (yes/no; menarche analyses
only), postmenopausal (yes/no; menarche analydgl and parity (0, 1-2, 3-4, 5+;

menarche analyses only) did not materially alterrdsults. As these factors are likely on

88



the exposure-outcome causal pathway (i.e., megigtiey were not retained in the final
model.

We evaluated effect measure modification in thalimodel by including cross-
product terms between our exposures and age atiewe(median split; <55 v&55
years), race/skin color (black vs. white), mateedcation (<high school vshigh
school), birth weight (< 2500 v5.2500 grams), age at menarcké? vs. >12), BMI at
20 years (25kg/fvs.>25 kg/nf), and BMI at baseline visit (25kgfas. >25 kg/nf).

In supplemental analyses, we used multivariabkesli regression to assess age at
menarche categories and relative leg length gasiil relation to continuous outcome
measures for glucose and insulin. For these armlyeeexcluded participants with
known diabetes at study enroliment so as to rebdiaefrom diabetes diagnosis-related
medication use or changes in lifestyle. All statadttests were two-sided and

significance was defined pt< 0.05.

RESULTS

Study cohort

The mean (SD) age at menarche for the 8,032 wolligghle for this analysis was 12.7
(1.7) years of age. Participant characteristiceting to categories of age at menarche
are presented ihable 1 Earlier menarche was associated with youngeaage
enrollment into the study, lower grandmultiparity (births), higher maternal and
participant educational attainment, and higherrpalediabetes. In addition, earlier

menarche was associated with shorter leg lengtin@iusitting height), higher BMI at
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age 20 and baseline visit, and higher hip and veaisimference measured at baseline
(Table 1).

The mean (SD) leg length-to-sitting height ratie.( relative leg length) in men
and womenr{=14,768) was 0.88 (0.05). In both men and womesatgr relative leg
length was associated with older age at enrollnmtatstudy, lower educational
achievement, and lower prevalence of paternal tksb&elative leg length was also
inversely associated with BMI at age 20 and BMI sugad at baseline exam, and hip
and waist circumference measured at baseline eXabiq 2).

Age at menarche and height components

After adjusting for age, race, education, and baréight, later age at menarche was
associated with greater leg length, but was naaated with sitting height. These
associations persisted across categories of gmatiteducational achievement and birth
weight (Table 3). There was modest statistical evidence that $se@ation between age
at menarche and leg length was stronger in thogehagher educational achievemept (
for multiplicative interaction = 0.05).

Age at menarche and type 2 diabetes

Approximately 19.5% of Brazilian adults aged 35+@4rs at interview in 2008 through
2010 had diabetes (10.0% were diagnosed befordirmaad 9.5% were newly
classified at baseline). The association betweerahghenarche and total diabetes after
multiple levels of covariate adjustment is showit able 4. Age at menarche <11 years
[vs. 13-14 years (referent)] was associated widvalent diabetes after adjusting for
potential early-life confounders (Model 2, PR=1.96% CI: 1.10, 1.53). This

association was modestly attenuated after furttgisement for BMI at age 20 years
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(Model 3, PR=1.22; 95% CI: 1.03, 1.45), and watsaxplained by relative leg length
(Model 4, PR = 1.20; 95% CI: 1.01, 1.41). There wasssociation between later
categories of age at menarche and prevalent defe&tble 4). In additional
multivariable-adjusted analyses among those witd@agnosed diabetes at baseline
(n=7265), age at menarche was associated with AliGydil2-hour glucose, fasting
glucose, or insulin concentratiohgble 6).

Relative leg length and type 2 diabetes

In both men and women, relative leg length wasrselg associated with prevalence of
type 2 diabetes. After adjustment for potentialyelfie confounders and BMI at age 20
years (Model 2), a 1-SD (0.05) increment in relalieg length was associated with 10%
(95% CI: 5-15%) and 11% (7-15%) lower risk of didsein women and men,
respectively Table 5). In women, the strength of the inverse associahdhe upper
quintiles was modestly weakened by further adjustrfee age at menarche (Model 4).
In additional multivariable analyses among thostheut diagnosed diabetes at baseline
(n=7265 for womenn=5863 for men), relative leg length was inversayaxiated with

all glucose homeostasis and fasting insulin measarboth women and mefdble 7).
Further adjustment for hip or waist circumferencesasured at study enrollment did not
explain the observed associations (not shown).

In the evaluation of effect measure modificationtto& multiplicative scale, we
observed evidence that the association betweetiveelag length and type 2 diabetes
was modified by menarche agel years vs. >12 yearngfor interaction = 0.02), BMI at
20 years of age (<25 kgfmus.>25 kg/nf; p for interaction = 0.02), and BMI measured at

baseline exam (<25 kgfmws.>25 kg/nf; p for interaction = 0.03Figure 1). The
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association was stronger among women with earleararche, and men and women who
were overweight or obese at age 20 years andd stuoliment (35 to 74 years). There
was no evidence of effect measure modificationib bveight, age at enroliment,
education, or smoking on the relative leg lengtti diabetes association, nor was there
evidence of effect measure modification by thesasuees on the age at menarche and

diabetes association.

DISCUSSION

In this large cohort of adult Brazilian men and vamwho were born and came-of-age
before the economic and epidemiologic transitioBriazil, early menarche (<11 years)
was associated with higher prevalence of diab&t@s.association remained after
adjustment for potential confounders, includingeranaternal education, parental
diabetes, birth weight, and BMI at age 20 yearsatRe leg length, which had a positive
but weak association with age at menarche, wasseleassociated with diabetes in men
and women after full adjustment for potential canfders. The association between
relative leg length and diabetes was stronger ultswvho were overweight or obese at
20 years of age and at baseline, and in females@gwted earlier menarche onset.

Our findings on age at menarche and diabetes asstent with the literature on
this topic from populations that, similar to ounsderwent rapid epidemiologic and
nutritional transition after coming of age. Conwetyal. found that in 69,385 middle-aged
adult Chinese women from the Shanghai Women’s Hé&dlidy, later age at menarche
was associated with lower risk of diabetes, b #sisociation was attenuated upon

adjustment for BMI measured at age 40 to 70 y&drsthe Singapore Chinese Health
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Study we found that earlier menarche was assocvwatedncreased prevalence of
diabetes even after adjustment for BMI, which wal&eported at baseline when the
participants were aged 45-74 ye#trs.

Studies from countries with longer-standing ecoreopnosperity have also
reported an association between earlier menarathéareased risk of diabeté%?31921:22
Yet, similar to more recently transitioning popigas, evidence from developed
societies on whether this association is attenuated adjustment for BMI is discordant.
Findings from our study suggest that the associdigiween early age at menarche and
diabetes is not explained by BMI measured at 20syebage (the earliest measure of
BMI in our cohort). These results are consisterthwhose from the ARIC stuéyand a
British birth cohort® which found that BMI measured at age 25 and prearehe,
respectively, did not explain the age at menaradhbeles association. Moreover, our
study was the first to examine and find that agaearche was associated with diabetes
independent of relative leg length, implying tHagéde two markers represent unique
aspects of early-life growth and development.

Our findings on relative leg length and diabetegdly agree with previous
studies on this topic. In middle-aged adults (woraged 40-70 and men aged 40-74
years at baseline) from the Shanghai Health Stdigtive leg length was inversely
associated with diabetes risk after adjustmenbiith cohort, education, and income, but
this association was attenuated after adjustmem®Nt at baseliné’ The authors did
not provide a parameter estimate from a parsimannoodel, restricted to potential
confounders and early-life BMI, so we cannot detaamwhether BMI measured around

the time of puberty explained this association., 6#ter studies from Western
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populations have reported an association betwdativeleg length and diabetes that is
independent of BMI measured at 25 years of*4bas well as BMi** and weight and
waist-to-hip ratié®® measured later in adulthood at the time of diabaseertainment.
Studies that adjust for adulthood BMI and other sneas of adiposity, which are on the
causal pathway from puberty to diabetes, do somuheepresupposition that all potential
confounders of the exposure-outcome and mediattmeme are controlled for. They
must also assume no effect modification of the exp®-outcome by the mediator—an
assumption that does not hold true in our studglation of these assumptions, which is
common in the literature on this topic, may leathitsed estimates and a
misunderstanding of the mechanisms driving sucbcassons.

The observation in our study that age at menanthenales was related to leg
length, but not sitting height, aligns with obséiwas from other populatiori§?2°¢28
The biologic mechanism most likely governing thesaciation is the cephalocaudal
gradient of growth, which posits that growth of tegs occurs more rapidly than the
torso early in life up until pubertal onset at whitme estrogen surges to cause the
cessation of long bone (leg), but not tof$6This provides one explanation why early
puberty correlates with shorter leg length butsitiing (torso) height. However, in our
investigation, the association between menarchiedgiand leg length was small—a 3
mm change in leg length per 1-year increment insageenarche—and age at menarche
only explained a small percent of variation in tiekaleg length (~2%). Thus, in ELSA
participants, differences in relative leg lengtipear to be largely driven by factors other

than pubertal timing.
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Beyond the influence of pubertal timing on preptdlegrowth duration, relative
leg length is sensitive to environmental condititmet affect growth rate during the first
years of life when the leg growth is most sensitivautritional statué>* Whetherl)
early-life growth rate or 2) prepubertagrowth duration plays the largest role in
determining relative leg length seems to be detegthby the societal context. It has
been suggested that as a population transitions @irdernutrition to overnutrition, the
effects of nutrition on prepubertal growth ratepsss those of prepubertal growth
duration®® This is supported in our study by the finding thabertal timing and leg
length were more strongly associated among moreageld participants. In Brazil when
ELSA participants were born (1934-1975) or 5 yedas(1939-1980), undernutrition was
more common than overnutrition. In population-baseaeys from 1974/5, stunting
among 5-9 year old girls in Brazil was 26.7%, corepao 12.6% in 1989, and 6.3% in
2008/9. Meanwhile, overweight among 5-9 year oftsgncreased from 8.6% to 11.9%
to 32.0% in 1974/5, 1989, and 2008/9, respectit&IFhus, in our study population,
which underwent economic and epidemiologic transitietween the time participants
came of age and were assessed for diabetes $tatuglative leg length may reflect
inadequate early-life growth rate resulting frondemutrition, more so than advanced
pubertal onset (i.e., shorted prepubertal growttatitan) due to childhood overnutrition.

If one assumes relative leg length is a markeeé&oly-life net nutrition in this
population, our finding of an inverse associatietween relative leg length and diabetes
prevalence suggest that environmental conditionsribwting to inadequate nutrition
early in life independently increase diabetes imstdulthood. Accumulating evidence

now links early nutritional deprivation to long-temetabolic alterations, including
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higher risk for adult obesit§? and diabete¥* For example, it is now widely accepted
that intrauterine growth restriction increases f@kinsulin resistance and diabetes later
in life.3®® Inadequate nutritional status in the first yedrife may also cause long-term
metabolic perturbations, as physiologic and metaboéchanisms are not fully matured
at birth and continue maturing in the immediatetpasl perio®*

In support of this notion, several studies haveaxshthat inadequate infant weight
gain was associated with coronary heart diseasp@rtlent of birth weiglit>3®
Another study reported that postnatal undernutritaring the first year of life was
associated with higher 2-hour glucose and inselels after an OGT{%’ This may be
due to a decrease fircell function rather than insulin sensitivity? In addition, studies
in adolescents and adult women from Brazil havedoilnat short stature or stunting, a
common result of infection or malnutritif was associated with higher levels of
glucose®*”®insulin®® and insulin resistancé®*"*as well as related metabolic drivers,
including abdominal obesit/’*"?reduced lipid oxidatiof’* and reduced total energy
expenditureé’ These findings lend support to the hypothesisrstticted postnatal
growth and development, which relative leg lengtymepresent in our study, alters
regulation of physiologic mechanisms responsibiteefeergy conservation, resulting in
excess adiposity and increased risk of metabatieaties such as diabetes.

Findings from our study hint at a new wrinkle testhypothesis. To our
knowledge, we are the first to examine and find daaly age at menarche and BMI in
early and late adulthood modified the associatemvben relative leg length and type 2
diabetes. There are several biologic mechanisnisitg explain these statistical

interactions. Age at menarche, similar to BMI a¢ 20 years, may represent increased
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early-life adiposity in our study. In this contegffect modification by menarcheal age
and early-life BMI on the relative leg length-diaé® association may reflect a
mechanistic interaction between height componemdsbady fat stores at different
periods of the lifespan. Compared to persons witig legs relative to torso, those with
relatively longer torso would seemingly have greatepensity store adipose tissue in
more metabolically pernicious abdominal depots.edesh is needed to test this
hypothesis.

Another potential explanation for the observedistiaal interactions lies in
developmental plasticity theory. The thrifty pheypst hypothesis posits that adulthood
metabolic diseases result from mismatch betwedy-eard late-life nutritiorf*? More
recently, the predictive-adaptive response hypath@msposed that poor early-life
environmental conditions induce metabolic changasmaximize health and fitness in
similarly poor later-life conditions, but reducénéss if later-life conditions improv&°
Thus, if we presuppose that relative leg length psoxy for early-life net nutrition, our
findings suggest that inadequate nutrition earljfenand nutritional excess later in life
(e.g., early menarche and fatness) may intera@rgistically (i.e., beyond their
individual influence) to increase diabetes riskhé&tcohort studies positioned in societies
that have recently undergone nutritional and epidiEmgic transition are needed to
replicate these findings. If consistent in othepylations, alternative study designs,
using more direct measures of postnatal, early-difel adult nutritional adequacy are

needed to shed light on the potential causes altianesms governing this interaction.
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Strengths and limitations

This research took advantage of a rich databaseimque population to study the role of
early-life growth and development factors in relatto development of type 2 diabetes.
An important limitation to consider when interpregithe results of this analysis was the
self-recall of age at menarche many years afteevieat; thus, misclassification was
inevitable. However, adulthood retrospective repoftmenarcheal age are highly
correlated (r=0.79) with original adolescent repdtt One might also consider the cross-
sectional nature of this study a limitation. Yetpur study, age at menarche occurred
before diabetes onset, and leg length is fullymeitged by teenage years. Thus
temporality between these exposures and type 2tdialis not in question. We cannot
rule out the potential for residual confoundingumymeasured socioeconomic or lifestyle
factors related to both age at menarche and typaliztes. ELSA-Brasil does not have
childhood anthropometry (e.g., BMI) or physiologieasures. Childhood fatness and
related hormones may cause early puberty and @isbdbwever, based on evidetide
that BMI tracks well through life, we believe tlatjustment for BMI at age 20 years is a
good proxy for pre-pubertal BMI adjustment. FinalBL SA-Brasil comprises employees

of universities in Brazilian capitals, thus resuftay not generalize to all Brazilian adults.

Novelty and public health relevance

Our study provides estimates of average age atntieman a sample of Brazilian women
participating in a large, free-living occupatiorahort, born between 1934-1975 and
raised during a period when the average gross danpmesduct of Brazil increased by

81%3" Earlier age at menarche was associated with yowaggeat enroliment into the
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study, likely due to the secular trend toward easige at menarche in BraZif.While

this trend may have been influenced by increasekildhood fatness, our study,
corroborating evidence from othéf<?suggests that the association between pubertal
timing and type 2 diabetes is not accounted foBby} measured early in life. Our study
adds an important piece of evidence to this litemabase, showing early menarche was
associated with diabetes after full multivariabdguatment, in a context where the
confounding structure differs from the previoudlydsed, more prosperous, populations.

We also examined relative leg length, finding isvitaversely associated with
type 2 diabetes, independent of early-life confongdactors, and BMI. Age at a
menarche and relative leg length were independastgciated with diabetes, implying
these markers reflect unique early life circumsésnd he finding that age at menarche
was only weakly associated with leg length in oopydation also supports this notion. In
less-prosperous societal contexts, like Brazilmythe time ELSA participants were
coming of age, low relative leg length may refleffects of slow growth due to
undernutrition, rather than shortened prepubertahth span (i.e., early puberty) due to
overnutrition. These findings highlight the importa of understanding the
environmental context of the population under stwtign using relative leg length (and
age at menarche) as a marker of early life gromthdevelopment.

Perhaps most the most novel finding of this stwdg the observation that timing
of menarche, and BMI in early and late adulthooddiired the inverse association
between relative leg length and diabetes. If waerassthat relative leg length is a marker
for net nutritional status in the first years dé&Jithis finding suggests that inadequate

nutrition early in life may interact with overnutan later in life to synergistically
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increase risk for diabetes. Research in otheingstis needed to replicate these findings
and elucidate the biologic mechanisms that may tiedbese statistical interactions.
Understanding how factors along the lifecourspant type 2 diabetes, and how
such factors can be cost-effectively and sustaynaigldified, are among the transcendent
public health challenges of our time. These chgksrare especially critical for
population health in low- and middle-income coudriincluding those in South
America, in which changing demographics, in additio behavioral and environmental
risks, are producing rapid increases in diabetes wahere the alternative to risk factor
prevention—the widespread use of costly drug- andocg-related interventions—is
neither practical nor cost-effective. As such, bed/ds potential for extending quality
years of life, investigation into the primordiakpention of type 2 diabetes and other
cardiometabolic diseases is critically importantite future economic viability of health

care globally.

Conclusions

We have carefully examined age at menarche antiveelag length, separately,
finding that these measures are independently e$sdavith type 2 diabetes. This
research provides a platform for continued expionadf the myriad behavioral and
environmental factors that alter markers of groanld development and thereby increase
risk of type 2 diabetes in Brazil. Moreover, thésdings add additional evidence to
support the possibility of attenuating metabolisedises in low- and middle-income
countries through identification of, and eventuaérvention on, primordial markers of

disease etiology.
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Table 6.1. Mean and standard deviation (unless otherwised)@f baseline characteristics by age at menarcfenales

aged 35-74 years from The Brazilian Longitudinaldytof Adult Health (ELSA-Brasil)

8-11 years 11-12 years 13-14 years 15-16 years 17-18 years
N 653 3104 3161 911 203
Age at enrollment 51.448.4 51.348.9 52.348.9 53.548.7 53.948.3
Race/skin color (% Black) 19.7 18.2 16.8 18.1 22.1
Maternal education (% HS) 26.0 24.9 22.1 16.9 12.1
Participant education (% HS) 90.9 92.1 90.5 86.2 86.8
Maternal diabetes (%) 22.3 20.0 19.4 19.2 21.6
Paternal diabetes (%) 19.7 14.9 12.1 10.9 10.8
Premature birth (%) 7.6 5.5 51 5.9 6.5
Low birth weight (%) 9.9 8.7 7.5 12.0 10.8
PCOS (%) 14.8 11.1 10.7 9.3 11.8
Post-menopause (%) 60.5 56.7 59.6 64.4 64.7
Grandmultiparous (%) 9.9 9.6 9.4 11.4 11.3
Current smoker (%) 15.9 12.3 10.4 13.5 11.8
Physically active (%) 18.2 20.7 20.0 20.7 16.7
Alcohol (% none) 16.2 13.6 16.7 18.3 24.5
Leg height (cm) 73.0+4.2 73.9+4.0 74.5+4.1 74.7+4.3 75.7+4.2
Sitting height (cm) 84.7+3.7 84.9+3.5 84.8+3.5 84.6+3.5 84.4+3.4
BMI (kg/m°) at age 20 21.8+3.6 21.1+3.0 20.6+2.8 20.4+3.2 20.0+3.0
BMI (kg/m°) at baseline 29.045.6 27.545.2 26.51+4.8 26.614.9 26.51+4.8
Hip circumference (cm) 105.7+£11.0 103.8+11.0 102.1+.8 102.2+10.7 102.1+9.4
Waist circumference (cm) 91.4+14.0 88.3+12.6 86.6+12.1 87.4+12.5 87.6+12.2
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Table 6.2. Mean and standard deviation (unless otherwised)atf baseline characteristics by quintiles oflygth-to-sitting
height in adults aged 35-74 years from The Braziliangitudinal Study of Adult Health (ELSA-Brasil)

Q1 (0.68-0.86) Q2 (0.83-0.88) Q3 (0.86-0.91) Q4 (0.88-0.94) Q5 (0.91-1.13)

Women (n) 1606 1606 1607 1608 1605

Age at enrollment 50.848.1 51.148.6 51.618.8 52.249.1 54.249.3
Race/skin color (% Black) 17.9 17.9 17.9 17.9 17.9
Maternal education (% HS) 22.1 22.6 23.9 23.8 20.8
Participant education (% HS) 92.2 91.8 91.8 90.1 86.9
Maternal diabetes (%) 18.7 21.8 19.6 20.2 19.2
Paternal diabetes (%) 14.8 13.8 14.1 12.9 12.5
Premature birth (%) 6.6 4.7 5.6 5.2 5.8

Low birth weight (%) 10.2 8.1 9.6 7.7 7.9
Menarche age (years) 12.4+1.7 12.6x£1.7 12.7+£1.7 12.8+£1.7 13.0+1.8
Current smoker (%) 10.8 12.5 12.1 12.0 12.4
Physically active (%) 20.5 20.1 20.4 20.2 19.4
Alcohol (% none) 15.2 14.6 15.5 16.0 18.0

Leg height (cm) 70.0£2.9 72.612.8 74.242.9 75.843.1 78.4+£3.5
Sitting height (cm) 86.2+3.3 85.4+3.2 84.9+3.3 84.3+3.3 83.2+3.6
BMI (kg/m°) at age 20 21.1+3.0 21.0+3.1 20.8+2.9 20.7+3.1 20.6+3.0
BMI (kg/m°) at baseline 28.3+5.5 27.6+5.1 26.9+4.9 26.5+5.0 26.2+4.6
Hip circumference (cm) 104.4+£11.9 103.5+9.8 102.8+10.5 102.3+£10.5 102.2+9.5
Waist circumference (cm) 88.4+13.2 88.1+12.5 87.2+12.3 87.1+12.8 88.1+12.0
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Table 6.2. Mean and standard deviation (unless otherwised)atf baseline characteristics by quintiles oflygth-to-sitting
height in adults aged 35-74 years from The Braziliangitudinal Study of Adult Health (ELSA-Brasil)

Q1 (0.75-0.87) Q2 (0.85-0.91) Q3 (0.88-0.93) Q4 (0.90-0.96) Q5 (0.93-1.22)

Men (n) 1347 1348 1346 1350 1345
Age at enrollment 50.7+8.6 51.449.1 52.349.3 52.519.5 53.749.8
Race/skin color (% Black) 13.8 13.8 13.8 13.8 13.8
Maternal education (% HS) 24.5 26.4 27.3 24.2 23.2
Participant education (% HS) 84.5 85.3 85.0 83.2 79.1
Maternal diabetes (%) 19.3 19.4 19.2 19.4 17.2
Paternal diabetes (%) 13.8 11.6 11.4 10.6 11.1
Premature birth (%) 4.6 5.3 4.2 4.9 4.9

Low birth weight (%) 9.3 7.4 6.1 8.3 8.8
Current smoker (%) 13.9 14.3 13.4 13.2 16.3
Physically active (%) 24.1 28.1 28.5 26.3 25.6
Alcohol (% none) 5.5 4.1 5.2 4.4 3.6

Leg height (cm) 76.7+£3.3 79.6+3.1 81.2+3.4 82.9+3.4 85.6+3.8
Sitting height (cm) 92.4+3.6 91.5+3.5 91.0£3.7 90.3+3.6 88.9+3.8
BMI (kg/m°) at age 20 22.1+3.1 21.8+2.9 21.7+3.0 21.6+3.0 21.4+3.0
BMI (kg/m°) at baseline 28.4+4.7 27.414.2 26.7+4.2 26.4+3.9 26.0£4.0
Hip circumference (cm) 101.749.0 100.5+7.7 99.7+7.8 99.748.0 99.1+7.9
Waist circumference (cm) 96.8+12.7 95.7+11.9 94.7+12.2 94.8+11.0 94.8+11.7
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Table 6.3. Adjusted means (and 95% confidence intervalshfliaear associations of 1-year increment in memaxgith height and height
components adjusted and stratified by educatiorbatid weight categories in female adults aged 8%&ars from ELSA-Brasil.

Multivariable adjusted models Multivariable modsisatified by Multivariable models stratified by
levels of education levels of birth weight
Age at enrollment  Age at enrollment, race, <High High >High Birth weight Birth Birth
and race adjusted* education, and birth weight  school School school <2.5kg weight weight
adjusted 2.5-4.0 >4.0 kg
kg

n 8032 6905 756 2330 4946 603 5911 391
Stature 3.0 (2.2-3.7) 3.7 (3.0-4.5) 34(1.2-2.8(1.5- 41(3.1- 2.0(0.4- 39(3.0- 45(1.3-
(mm) 5.7) 4.2) 5.1) 4.5) 4.8) 7.7)
Leg length 3.0 (2.4-3.5) 3.4 (2.9-4.0) 2.2(0.4-3.0(2.1- 3.8(3.0- 2.6(1.0-4.3) 35(2.9- 3.8(1.6-
(mm) 4.0) 4.0) 4.5) 4.1) 6.0)
Sitting 0.0 (-0.4-0.4) 0.3 (-0.2-0.7) 1.0 (-0.20.1 (-0.6- 0.4 (-0.2- -0.7(-1.9- 0.4 (-0.12- 0.7 (-0.9-
height (mm) 2.2) 0.8) 0.9) 0.7) 0.8) 2.3)

*There is suggestion of effect modificatign< 0.05) by participant education on the associdbetmveen relative leg length and age at menarche,
but no such evidence of effect modification bytbirteight ¢ = 0.46).
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Table 6.4. Prevalence ratios (and 95% confidence interfalsype 2 diabetes by menarcheal
age in females aged 35-74 years from ELSA-Brasil.

8-11 years 11-12 years 13-14 years 15-16 years17-18years
casedgi 139/653 481/3104 510/3161 158/911 33/203
Model 1  1.41 (1.19, 1.02 (0.91, 1.0 (Referent) 1.01(0.86, 1.02 (0.75,
1.66) 1.14) 1.18) 1.38)
Model 2 1.30 (1.10, 1.01 (0.91, 1.0 (Referent) 0.95 (0.81, 1.03 (0.71,
1.53) 1.13) 1.11) 1.29)
Model 3  1.22 (1.03, 0.99 (0.88, 1.0 (Referent) 0.96 (0.82, 1.03(0.77,
1.45) 1.10) 1.13) 1.38)
Model 4 1.20 (1.01, 0.98 (0.88, 1.0 (Referent) 0.98 (0.84, 1.05 (0.78,
1.41) 1.09) 1.15) 1.42)

Model 1: adjusted for age at enrollment

Model 2: adjusted for Model 1 + study center, ragkf, maternal education, maternal diabetes,
paternal diabetes, and birth weight

Model 3: adjusted for Model 2 + BMI at age 20

Model 4: adjusted for Model 3 + relative leg length
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Table 6.5. Prevalence ratios (and 95% confidence interdalslype 2 diabetes by quintiles of leg
length-to-sitting height ratio in adults aged 35yférs from ELSA-Brasil.

Q1 Q2 Q3 Q4 Q5 Continuous*

Women, 303/1606 254/1606 243/1607 253/1608 272/1605
casedt

Model 1 1.0 0.81 0.75 0.74 0.72 (0.62, 0.96 (0.91,
(Referent) (0.70, 0.94) (0.64, 0.87) (0.64, 0.86) 0.84) 1.01)

Model 2 1.0 0.79 (0.68, 0.73(0.63, 0.72 (0.62, 0.69 (0.60, 0.89
(Referent) 0.92) 0.85) 0.84) 0.80) (0.84, 0.94)

Model 3 1.0 0.85(0.77, 0.75(0.68, 0.79(0.72, 0.71(0.64, 0.90 (0.85,
(Referent) 0.94) 0.83) 0.88) 0.79) 0.95)

Model 4 1.0 0.80 (0.67, 0.77 (0.61, 0.77 (0.58, 0.76 (0.50, 0.90
(Referent) 0.97) 0.97) 1.04) 1.15) (0.85, 0.95)

Men, 344/1347 324/1348 275/1346 317/1350 291/1345
casegi

Model 1 1.0 0.91 (0.80, 0.74 (0.65, 0.84 (0.74, 0.73(0.64, 0.92 (0.88,
(Referent) 1.03) 0.85) 0.95) 0.84) 0.97)

Model 2 1.0 0.91 (0.81, 0.75(0.65, 0.84(0.73, 0.71(0.62, 0.89 (0.85,
(Referent) 1.04) 0.86) 0.95) 0.81) 0.93)

Model 3 1.0 0.90 (0.80, 0.75(0.66, 0.83(0.73, 0.71(0.62, 0.89 (0.85,
(Referent) 1.03) 0.86) 0.95) 0.81) 0.93)

*Expressed as per standard deviation change.

Model 1: adjusted for age at enrollment

Model 2: adjusted for Model 1 + study center, ragkf, and maternal education, maternal
diabetes, paternal diabetes, and birth weight

Model 3: adjusted for Model 2 + BMI at age 20

Model 4: adjusted for Model 3 + age at menarche
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Table 6.6. Adjusted means and standard errors of fastingogle, fasting insulin, 2-hour glucose,
and A1C by age at menarche in females aged 35-d4 ye@ ELSA-Brasil without previously
diagnosed diabetes.

F test

8-11 years 11-12 years 13-14years 15-16 years 8¥edrs p value
N 564 2828 2869 819 185
Fasting 103.840.6  103.9+0.3 103.240.3 103.3+0.5 104.7+1.0 0.22
glucose
Fasting 8.2+0.7 8.1+0.3 6.9+0.3 7.2+0.6 7.2+1.2 0.04
insulin
Al1C 5.37+0.03 5.32+0.01 5.282001 5.30+0.02 5.32+0.04 0.02
2-hour 130.3£1.7 128.0+0.7 127.2+0.7 128.9+1.4 128.6+2.9 .470
glucose

Adjusted for age at enrollment, study center, @def, maternal education, maternal diabetes,
paternal diabetes, birth weight, and BMI at age 20

Table 6.7. Adjusted means (tstandard error) of fasting ghe¢dasting insulin, 2-hour glucose,
and A1C by quintiles of leg length-to-sitting hetigi adults aged 35-74 years in ELSA-Brasil
without previously diagnosed diabetes.

Q1 Q2 Q3 Q4 Q5 F test
p value
Women,n 1458 1459 1469 1461 1418
Fasting 105.0+0.4 104.1+0.4 103.3+0.4 103.3+0.4 102.1+0.4 <.0001
glucose
Fasting 8.7+0.4° 7.4+0.4 7.4+0.4 7.3:0.4 6.7+0.4 0.02
Insulin
Al1C 5.36+0.02 5.30+0.62 5.29+0.02 5.29+0.02 5.29+0.02 0.007
2-hour 132.1+1.0 129.6+x1%0 126.5+1.0 126.9+1.0 124.8+1.6 <.0001
glucose
Men,n 1171 1166 1194 1161 1171
Fasting 111.940.6 110.2+0.6 109.6+0.6 110.0+0.6 107.5+0.6 <.0001
glucose
Fasting 9.9+0.2 9.1+0.2 8.1+0%2 8.4+0.2 8.1+0.2 <.0001
Insulin
Al1C 5.34+0.02 5.34+0.02 5.29+002 5.34+0.02 5.28+0.02 0.04
2-hour 143.8+1.5 138.0+1%4 134.4+1.4 136.1+1.5 128.9+1.8 <.0001
glucose

Adjusted for age at enrollment, study center, @ef, maternal education, maternal diabetes,
paternal diabetes, birth weight, and BMI at age 20
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Table 6.8. Prevalence ratios (and 95% confidence interfalsjiiabetes according to a 1-
standard deviation increment in leg length-to+siftheight ratio in adults from ELSA-Brasil,
stratified by menarcheal age (females), BMI at 28rg, and BMI at 35-74 years.

1-SD increment* p for interaction on
multiplicative scale
Menarche< 12 years, 0.83 (0.77, 0.90) 0.02
Menarche > 12 years, 0.94 (0.88, 1.01)
BMI < 25 kg/nfat 20 years  0.93 (0.90, 0.97) 0.02

BMI > 25 kg/nfat 20 years  0.88 (0.81, 0.96)

BMI < 25 kg/nfat baseline  1.01 (0.93, 1.09) 0.03

BMI >25 kg/nfat baseline  0.95 (0.91, 0.98)

*Expressed as per standard deviation (0.05) change.
Adjusted for age at enrollment, study center, @def, maternal education, maternal diabetes,
paternal diabetes, birth weight, and BMI at age 20
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CHAPTER 7: MANUSCRIPT 2—AGE AT MENARCHE AND
RELATIVE LEG LENGTH IN RELATION TO FAT DEPOTS AND

NON-ALCOHOLIC FATTY LIVER DISEASE: CARDIA STUDY

Background: Early pubertal timing is related to cardiometabdiseases later in life, but
whether markers of pubertal timing are associatiéll monalcoholic fatty liver disease
(NAFLD), or specific abdominal fat depots, is urasleln a community-based cross-
sectional sample of middle-aged adults free framarldisease, we tested the hypothesis
that age at menarche and relative leg length @egth-to-sitting height ratio), as markers
of pubertal timing, are related to presence of NBFand specific fat depots, after
control for potentially confounding demographic difeistyle factors, as well as
generalized fatness.

Methods: Participants from the Coronary Artery Risk Deyeteent in Young Adults
study with complete measures of age at menarclae Qyand year 2; females), height
components (year 2), and computed tomographic ¢Qantification of liver fat, visceral
fat (VAT), subcutaneous fat (SAT), and intramuscaladominal fat (IAAT) (year 25).
NAFLD was defined as liver attenuatied8 Hounsfield Units after exclusion of other
causes of liver fat. We used multivariable linesgression for continuous outcome

measures and Poisson regression for binary outcomes
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Results The mean (tstandard deviation) age at menarahthdéol214 women eligible

for this analysis was 12.6+1.5 years of age. ORth48 eligible men and women the
mean leg length-to-sitting height ratio was 0.9260 Age at menarche was associated
with presence of NAFLD (1-year increment PR=0.88¥0CI: 0.78, 0.98), liver
attenuation (1-year increment =0.8+£0.2 HU), VATy@ar increment =-6.7+1.2 cc), SAT
(1-year increment =-19.7+3.3 cc), and IAAT (1-yearement =-7.4+1.4 cc) after
adjustment for early-life demographic and lifestidetors (allp for trend <0.01). These
associations remained after adjustment for BMI messearly in adulthood (age 18-30
y), but were attenuated (alfor trend >0.05) after adjustment for BMI lateradulthood
(age 43-55 y) at the time of CT. Relative leg léngthile related to age at menarche,
was not associated with presence of NAFLD in maehwaomen combined. There was an
association between relative leg length and adidegpets (alp for trend <0.01), but
these were attenuated (plfor trend >0.05) by adjustment for early adulthd@dI.
Conclusion These findings suggest that age at menarchediased with presence of
NAFLD later in life, and that this association mlependent of BMI measured in early
adulthood, shortly after age at menarche. Reld¢igdength, which was loosely
associated with menarcheal timing, was not assatiaith NAFLD. Measurement of
age at menarche may add to the prediction of NABbBve and beyond measurement of

early adulthood BMI.
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BACKGROUND
Identifying early-life antecedents of visceral aaifty and non-alcoholic fatty liver
disease (NAFLD) may facilitate opportunities fompordial prevention of
cardiometabolic diseases. Puberty represents aoriams event during human growth in
which patterns of adult health are establishedirtigg is influenced by myriad factors,
including genetics, ethnicity, environmental coruis, and nutritiorf®316°-167.168.256
Menarche occurs during the later pubertal stagésmales, around the time of
peak height velocity>” Relative leg length (e.g., leg length-to-sittirgjght ratio) is a
marker of prepubertal growth rate and duratf§if>°with greater relative leg length
being associated with better early-life nutritfnearlier age at menarch® and earlier
peak height velocity>®**’In separate literatures, studies have found eaytyat
menarche and lower relative leg length to be aasedtiwith increased risk of obesity,
metabolic syndrom&,*°elevated liver enzymés type 2 diabetds?%:262264.263h
cardiovascular disea$® However, no studies to date have examined whétiese
developmental markers are related to NAFLD, ang onk study has investigated
whether age at menarche is differentially relatedpecific fat depots, e.g., visceral
adipose tissue (VAT), subcutaneous adipose tisSa&), and intramuscular abdominal
adipose tissue (IAAT).

In light of these literature gaps, the objecti¥é¢his study is to examine whether

age at menarche and relative leg length are asedaaath liver attenuation, NAFLD (as
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determined by computed tomography (CT) liver atédimn< 48 HU), and specific
adiposity depots (VAT, SAT, and IAAT). Based ongorknowledge, we hypothesize
that: 1) earlier age at menarche is associated with highesralence of NALFD and
elevated VAT;2) lower relative leg length is associated with loweevalence of
NAFLD) and elevated VAT; and finall$) these associations are attenuated by

adjustment for body mass index (BMI) measured aargdulthood.
METHODS

Study population

CARDIA is an ongoing multi-center, longitudinal,ramunity-based study funded by the
National Heart, Lung, and Blood Institute. CARDIAasvundertaken to study the
evolution of cardiovascular disease risk factors,kil5 young adults initially aged 18-30
years at baseline examination in 1985-1986. Youagkand white adults were recruited
from the population in Birmingham, AL; Chicago, IMinneapolis, MN; and from a
health maintenance organization in Oakland, CAtiélpants were nearly balanced on
race (black vs. white), age (18-24 vs. 25-30 yeans) education<(l2 vs. >12 years
schooling)**” Participants have been followed for 25 years idicig 8 clinic exams
conducted in 1985/6 (baseline, or exam year 0)7//@ear 2), 1990/1 (year 5), 1992/3
(year 7), 1995/6 (year 10), 2000/1 (year 15), 20@%ear 20), and 2010/11 (year 25).

The retention rates among survivors at year 2 &ekams were 91 and 72%,

respectively. Informed consent was obtained frdrpaticipants at each exam, and the
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institutional review board at each of the clinicahters approved all protocols. The
present study comprises a subset of participantsumderwent CT of the abdomen and
thorax as part of the year 25 exam.

There were 3,499 participants who attended the CIARI[ar 25 exam. Women
who were pregnant and individuals weighing gretitan the CT couch limit (400 Ibs) or
otherwise unable to fit within the CT gantry wereleded (=318). Participants were
excluded from analysis if they were missing measergs of liver attenuation, VAT,
SAT, or IAAT (n=30). Of the remaining 3,152 participants withdatheasures complete,
we excluded participants with history of liver daise (=92), or secondary cause of fatty
liver, which included alcohol consumptie20 g/day in women arnel30 g/day in men
(n=459), self-reported HIVNE21), a history of intravenous drug use§2) and
participants taking hormone therapz115).

For age at menarche analyses, we additionally dedlivomen missing age at
menarche at both year 0 and yean27(), women whose reported menarche age at year O
and year 2 were more than 2 years apart42), and women who'’s reported menarche
age between year 0 and year 2 was >18 yeafy,(as we were interested in studying
women within the normal range of menarcheal ageth®relative leg length analyses
we further excluded individuals missing height ittirsy height (=66), and, to reduce
influence from extreme values that may have be#¢m @latry or measurement errors, we

excluded participants with height or sitting hei¢tt18) greater than 3 standard
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deviations from the sex-specific mean (height >.228n or <156.5 cm for men and >
184.2 cm or < 144.2 cm for women; sitting height06.4 cm or < 76.6 cm for men and
>101.3 cm and < 70.7 cm for women). The resulseoked after exclusions were not
materially different than those before exclusiokiter these exclusions we were left with
1214 women for the age at menarche analyses, &8&I3&n and women for the relative

leg length analyses.

Measurements
Clinical outcomes and data from exam years 0, 207and 25 (CT measures) were used.
Standardized protocols for data collection weralus®oss study centet¥. At year 0 the
following variables relevant to our analyses werasured: age, sex, race, height,
weight, BMI, waist circumference, educational lefygars of schooling), fasting insulin,
childhood physical activity (before high schooigarette smoking status (current,
former, or never), alcohol consumption, and dietasyory (focused on past month and
based on modified Burke metti8), and medical history. If participants were missin
year 0 BMI =7) or year 0 smoking status<10), values from year 2 were used. For
those who were missing dietary data at year=30Q), information from subsequent visits
(year 7 and year 20) was used.

We derived our main exposure variable, age at ncbeabased on self-report at
year 0 (baseline) and again at year 2 exam. At &xdims females were asked the open-

ended question, "How old where you when you beganstnuating?" The intraclass

114



correlation between year 0 and year 2 self-repgomenarche was 0.89. As noted above,
if there was a discrepancy of >2 years, femalegwgcluded from the analysis. If both
reports of age at menarche were available, theageeof the two was taken.
Anthropometric assessment was made after partigpaanged into light
clothing and removed shoes. Trained and certietirticians took all measurements.
Quality controlchecks were made at regular intervals throughaue®ancycle.
Standing height was measuneih the participant standing erect on the flaath his or
her back against a vertical-mountaghtimeter ruler. The participant was instructed to
look straight ahead withis or her head in the Frankfort horizorpédne, i.e., the plane
that includes the lower margin of the bony orbid éime upper margin of the external
auditory meatus. A plastic triangle was placedhentop of the head, and the participant's
height was measured to the nearest 0.5 cm. Sheight was measured with the
participant seated in an erect position on a stitbl a horizontal surface, with his or her
back in contact with the wall-mounted metal rulebath the scapula and buttocks and
the head held in the Frankfort horizontal planeaMgement was then made to the
nearest 0.5 cm using a plastic triangle placedIgragthe top of the participant's head.
Leg length was calculated as standing height nsitting height. Relative leg length was
derived from the calculation of leg length dividegsitting height. Body weight was
measured to the nearest 0.2 kg with a calibrat&hba-beam scale. BMI was calculated

as weight in kilograms divided by the square oftibght in meters. Waist circumference
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was measured with a tape measure in duplicateetadhrest 0.5 cm around the minimal
abdominal girth identified laterally midway betwette iliac crest and the lowest portion
of the rib cage and midway between the xiphoid @ssand the umbilicus.

Standard questionnaires were used to assess dgghmgecharacteristics (age,
sex, race, participant education, parental edutasind parental diabetes). Education was
represented as years of schooling. Level of pré-bapool physical activity (low,
medium, high) was determined by self-report at Yedrotal daily alcohol consumption
was calculated from an interviewer-administeredstjoanaire. Medication use was self-
reported and participants were asked to bring theuications for verification. Birth
weight was ascertained through birth records intsample of participants. Number of

pregnancies, i.e., parity, was determined by sgibrt at each examination.

Laboratory measures

Clinic measurements were standardized for all foeldters at the year 25 visit and have
been consistent across examinations. Before eawh participants were asked to fast for
at least 12 hours and to avoid smoking or engaigimgavy physical activity for at least

2 hours. Blood was drawn from participants in teated position, separated, and then
(plasma) frozen at -70C prior to analysis in a @rdaboratory**’*"®From this fasting
blood sample insulin was quantified using an Elecgndwich immunoassay (Roche

Diagnostics Corporation, Indianapolis, IN).
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Computed tomography (CT) scan protocol

CT images were acquired at each CARDIA field ceatet then electronically
transmitted to the central CT reading center latatdVNake Forest University School of
Medicine, Winston-Salem, NC. The protocol entadeaon-contrast CT scan of the
abdomen and was performed using GE [GE 750HD andi@tSpeed VCT

Birmingham and Oakland Centers, respectively; GEltHeare, Waukesha, WI] or
Siemens [Sensation, both Chicago and Minneapoldete Siemens Medical Solutions,
Erlangen, Germany] multidetector CT scanners. Inaaggysis and quality control were
performed at the central reading center (Wake Ettewersity Health Sciences,
Winston-Salem, NC). The protocol included scoutgesathrough the lower abdomen.
Assessment of hepatic steatosis

The CT diagnosis of fat infiltration in the livearr be made by measuring CT attenuation
in Hounsfield Units (HU) which has been shown tarbeersely correlated with fatty
filtration of the liver as seen on liver biopSy:*"’Liver attenuation was measured on
non-contrast CT images of the upper abdomen aajiriran axial scan mode.
Specifically, measurement of liver attenuation wadgormed in the right lobe of the liver
using CT slices at the T12-L1 intervertebral spaoeer attenuation was based on the
mean HU of 3 circular regions of interest, measufif0 mni in the parenchyma of the
right lobe of the liver across 3 separate CT sliégemlysts performing the measurements

were trained to avoid placing regions of interbst included large hepatic vessels or
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common hepatic lesions (cysts and hemangiorfa3)® The correlation coefficient
between 2 different readers on a randomly selesdetple of 156 participants was 0.98
for liver attenuation, indicating high reproducityil As the amount of liver fat increases,
the measured liver attenuation decreases basdwdii scale in which fat has negative
values®”” Our study used a sensitiV&hepatic attenuation 6f48 HU to indicate
moderate to severe macrovesicular steatosis. As ithesome disagreement on a
clinically meaningful cut point, we performed sdivily analyses using a cut point ef

40 HU. This cut off has also been supported bydftee?’®3"°*%These cutoffs were
used to define NAFLD after exclusion criteria hab met.

Assessment of adipose tissue depots

CT scans of the abdomen were reconstructed intmSihees with the maximum 50 cm
field-of-view to include the whole abdomen for bazbmposition. The abdominal
muscular wall was first manually traced and thgpaske tissue in different compartments
was measured by a semiautomatic segmentation tpehnhdipose tissue depots were
measured volumetrically from 2 contiguous 5 mmeslitocated at the level of the lumbar
disk between the™and %' (L4-L5) vertebra. Volume Analysis software (Advagée
Windows, GE Healthcare, Waukesha, WI) was useédgment and characterize each
individual voxel as a tissue attenuation of fasslies with attenuation between -190 to -
30 HU were defined as adipose tissue. Analysts tieetMedical Image Processing,

Analysis, and Visualization (http://mipav.cit.nibxgindex.php application to segment
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the images based on anatomic boundaries (skinutarmeous fat-muscle interface and
peritoneum) into the entire abdomen, abdominal aadl intra-abdominal compartments.
In each compartment, total abdominal volume, tab@lominal adipose tissue, SAT,
VAT, and IAAT were quantified. VAT volumes were teem of 24 slices located within
the intra-abdominal cavity/2>®'The interclass correlation coefficient for inteader
comparisons was 0.99 for VAT, and intra- and imeaeder error were 2.4% and 6.7%,

respectively, in 156 scans that were blinded ardal@ated.

Statistical analysis

All analyses were performed using SAS 9.2 (SAStutst, Cary, NC). We summarized
the characteristics of the cohort with unadjustedns and standard deviations for
continuous variables and percentages for categai@ta across age at menarche
categories (8-11.9, 12-13.9, 14-18 years) and tgsnaf relative leg length (i.e., leg
length-to-sitting height ratio). We used multivél@linear regression to estimate
adjusted means for components of height (totadingitleg) in relation to a 1-year
increment in menarcheal age after adjustment feraagear 25 (in lieu of birth year),
race/ethnicity, and education. We also performedrsitivity analysis that included
additional control for birth weight in the subsamplf participants who had that variable
(n=309). We then stratified these analyses by edutatievel, to evaluate whether the

associations occur at different levels of socioetoic status.
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We used multivariable linear regression to asgesassociation between
continuous measures of liver attenuation (HU), VART, and IAAT and age at
menarche and relative leg length categories. Weechovariatea priori based on their
association with the dependent variable, age aansée or relative leg length, and the
independent variable, adipose tissue depots or NDARModel 1, a potential confounder
model, included age at exam year 25, sex, racey stenter, parental educational
attainment, maternal diabetes, paternal diabeteispee-high school physical activity.
Following this model we additionally adjusted Mo@efor year O BMI as a proxy for
pre-puberty BMI. In a further model we adjustedyear 25 BMI to determine if this
indicator of general adiposity measured at the sameas CT explained observed
associations. Year 25 BMI is on the causal pathwetween markers of pubertal timing
and NAFLD. Thus, obtaining unbiased estimates ftioism analysis relies on the
presupposition of no unmeasured confounding betwe=exposure-outcome and
mediator-outcome association, no effect modificatend that the association is linear.
Since these assumptions may not be met in thiysisathe parameter estimate from this
final model should be interpreted cautiously. Fertimodel inclusion of participant
education level (less than high school, completgd bchool but not college, completed
college but no graduate school, graduate schos),pyear O diet score, smoking status
(never, former, current), alcohol use (yes/no)tmpesnopausal (yes/no; age at menarche

analyses only), parity (0, 1-2, 3-4, 5+; age at anelme analyses only), and fasting insulin
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(year 0 exam) did not materially alter the resuis these factors are likely on the
exposure-outcome causal pathway they were notdedlu

We used multivariable Poisson regression witlusblerror variance® to estimate
prevalence ratios (PRs) and 95% confidence inter(@lls) for our primary endpoint,
presence of NAFLD, according to categories of memeal age and relative leg length.
We present a multivariable adjusted model thauithes variables from multivariable
linear regression Model 1 and Model 2. We furthdjusted for year 25 BMI to
determine if the association was explained by @&gdmeasure of fathess measured at
the time of CT. We evaluated effect measure maatibn by including cross-product
terms in the models for our exposures and ageat3eexam (<50 v&50 years), race
(black vs. white), smoking (ever vs. never), edcaf<high school vszhigh school),
age at menarche2 vs. >12; in relative leg length models), and Bi¢lyyear O exam
(25kg/nf vs.>25 kg/nf). All statistical tests were two-sided and sigrafice was defined

atp < 0.05.

RESULTS

Study cohort

The median age at menarche for the 1214 women velne ligible for the age at
menarche analyses was 12.6 (SD=1.5) years of ageliBe participant characteristics
according to categories of age at menarche aremexsinTable 1 Participants were 43

to 55 years of age at the year 25 exam. Partigpaht self-identified as black were

121



more likely to have menarche < 12 years of agdidtanenarche was associated with
lower maternal and paternal education, higher ratt@aternal diabetes, shorter legs,
greater BMI, waist circumference, and fasting imsul'here were no marked differences
in birth weight across age at menarche categories.

The mean relative leg length (i.e., leg lengtlsitting height ratio) in men and
women included in the leg length analyses2(418) was 0.92 (SD=0.06). Baseline
participant characteristics according to quintdéselative leg length are presented by
sex inTable 1 In men and women, greater relative leg length asseciated with lower
BMI, waist circumference, fasting insulin, andfémales, later age at menarche.

Age at menarche and height components

After adjusting for age, race, and educational@atment, later age at menarche was
associated with 0.33 cm longer leg length, andL& 6m shorter sitting height. These
associations persisted after adjustment for bigtlgtt, and were consistent across
categories of participant educational achievemgablg 3).

Age at menarche in relation to liver attenuation au fat depots

In multivariable linear regression analysis witntouous CT outcomed éble 4), we
observed a positive association between menarelgesdnd liver attenuation and an
inverse association between menarcheal age and M, and SAT (allp < 0.001).

These associations were slightly attenuatedp(r trend <0.05) by adjustment for year
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0 BMI (Model 2). These were largely explained byuatment for BMI measured at the
year 25 exam (a for trend > 0.05).

Age at menarche and NAFLD

Of the 1214 women eligible for the age at menasstadyses, 179 (14.7%) had CT-
diagnosed NAFLD. The association between age aaroka and NAFLD is shown in
Table 5. After adjusting for multiple potential confoundgbut before adjustment for
BMI, a later age at menarche associated with Igwevalence of NAFLD (Model 1, PR
for 1-year increment in menarche=0.86; 95% CI: 00/84). This association was
modestly attenuated after adjustment for BMI atr yeaxam (Model 2, PR for 1-year
increment in menarche=0.90; 95% CI: 0.82, 0.98)s @sociation was attenuated
further after additional adjustment for BMI meashet year 25 exam (Model 3, PR for
1-year increment in menarche=0.93; 95% CI: 0.8®2)1.

Relative leg length in relation to liver attenuation and fat depots

In multivariable linear regression analysis examgrtihe association between relative leg
length and body compositioiigble 6), we did not observe a positive association
between relative leg length and liver attenuatite. did observe an inverse association
between relative leg length and VAT, IAAT, and S@Model 1, allp < 0.001), but these

were attenuated after adjusting for year 0 BMI (M2l allp for trend > 0.05).
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Relative leg length and NAFLD

Of the 2148 men and women eligible for relativellggth analyses, 401 (18.7%) had
CT-diagnosed NAFLD. Similar to the findings on teta leg length and liver attenuation
(as a continuous measure), there was little eveleh@an association between relative leg
length and NAFLD in this sampl@#ble 7).

Evaluation of effect measure modification

We found no statistical evidence of effect measooéification on the multiplicative

scale by age at year 25 exam, race, BMI at year €ducationf for interaction > 0.05)

on the age at menarche-NAFLD or relative leg ledg®FLD associations. We thus

pooled results across these strata for presentation

DISCUSSION
Our findings suggest that later menarche is astagtiaith higher prevalence rates
NAFLD after adjusting for potential demographic difelstyle confounding factors. This
association remained after adjusting for BMI meaduretween 18 and 30 years (our
earliest measure). Relative leg length, while Ibopesitively related to menarcheal age,
was not associated with NAFLD. These findings wamesistent by race and sex.

To the best of our knowledge, this is the firsidgtto examine a marker of
pubertal timing in relation to NAFLD. Earlier agermaenarche has been found to be
associated with several cardiometabolic outcomlasestto NAFLD, including adult

obesity’ metabolic syndrom&;*type 2 diabete¥?°26226426%n( cardiovascular
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diseasé®® Menarcheal age has also been linked to developaiemivanced liver disease
and carcinom&* The hypothesized mechanism linking earlier memato metabolic
disease outcomes relates to pathways of adipasityresulin resistance. Accumulation of
body fat and insulin resistance are key etiologiceadts for NAFLD, thus, it is not
surprising age at menarche and NAFLD are assocwteceach other.

When we controlled for BMI, measured when the pgréints in our study were
18-30 years of age (year 0), we found that theaason between age at menarche and
liver attenuation persisted. It has been shownBhittracks from childhood to young
adulthood®™® A stronger BMI-NAFLD association would be expectedBMI measured
closer to the measurement of hepatic steatosiss, The observed findings are not likely
to be confounded by a general fatness measurediedife. However, when we further
adjusted our model for BMI measured at year 25 exhensame exam at which CT liver
attenuation was performed, the associations wetleduattenuated to include the null in
the confidence bounds. This measure of associationld be interpreted cautiously as
the aforementioned assumptions for mediation aisadysre likely not met.

We are also unaware of any other study to exarhi@@ssociation of relative leg
length and NAFLD. Relative leg length has beendohko NAFLD-related endpoints,
including adult obesify’, insulin resistanc&-***type 2 diabete¥’ and elevated liver
enzymes’ Yet, we did not find evidence of an associatietwzen relative leg length

and liver attenuation or relative leg length anddidgnosed NAFLD. We did find an
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association between relative leg length and fabt¥gut these associations were largely
explained by adjustment for BMI measured when pigdints were between 18 and 30
years of age. These results suggest relative teggHewhich has been proposed as a
marker for early life growth and development in gopopulations, is associated with
generalized, rather than specific, adiposity inlddwd. They do not support an
independent association between relative leg leagthhepatic steatosis. In this study,
relative leg length and age at menarche, which Veargely associated with each other,
likely represent distinct landmarks of growth andtanation.

One previous study has examined the associatiavebatage at menarche and
visceral and subcutaneous adipose tissue accupmulétian analysis of women from the
Framingham Study, Trikudanathan et al. found thaier age at menarche is associated
with greater BMI, WC, VAT, and SAT These associations were attenuated close to
null after further adjustment for BMI measured aamently with CT. A model adjusting
for early-life BMI was not presented. The authdrghis study concluded that age at
menarche is associated with generalized adipdsitythat it is not differentially related
to one fat depot over another. Our findings largelgport their conclusions. We
observed that age at menarche was associatedacithagliposity depot, independent of
demographic and lifestyle confounding factors. Eh@ssociations remained after
adjusting for BMI measured early in adulthood. Heere similar to the Framingham

Study, we found that these associations were haggllained by adjustment for BMI
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measured at year 25 exam, when specific fat deperts also measured. Similar to our
liver attenuation findings, these results sugdest generalized body early in life may not
confound so much as mediate the association betaggat menarche and pernicious
deposition of fat. Thus, if BMI and age at menaraheeboth measured early in life,
menarcheal age might add to the prediction of vadadiposity and liver steatosis.
Further research to determine whether age at memargproves NAFLD risk prediction
above and beyond traditional CVD risk factors isnamated.

The strengths of the current study include thgdawell-characterized
community-based sample of whites and blacks, thklyisensitive measurement of body
composition and liver attenuation, and a wide aafagemographic, lifestyle, and
physiologic measures to assess cofounding andt effedification. Another strength was
our definition of NAFLD, which we obtained by C'Vér attenuation after excluding
participants with known chronic liver disease argé with secondary causes of liver
dysfunction, such as alcohol use and medicationeNlkeeless, this was an epidemiologic
definition that should be validated in future skglby using alternative measures of
NAFLD and follow-up for hard clinical endpoints.

There were also limitations to the current stukhe findings were from a cross-
sectional assessment of body fat depots and Itéemwation, limiting our ability to
establish temporality in the observed associatiSpgcific body fat stores may have been

present prior to puberty. Another limitation wae #gelf-recall of age at menarche many
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years after the event; thus, misclassification wwasitable. Yet, CARDIA participants
recalled age at menarche in young adulthood, beti8e30 years of age and again at
20-32 years of age. Original adolescent reporteararcheal age have been shown to
correlate well (r=0.79) with adulthood retrospeetieports*® We also cannot rule out
the potential for residual confounding by unmeagwwarly-life socioeconomic, lifestyle,
or physiologic measures, such as pre-pubertabdi@tBMI. However, based on the
evidencé® that BMI tracks well through life, we believe aueasure of BMI between
18 and 30 years is a good proxy for childhood B&8ime might also consider our
definition of NAFLD a limitation because CT is lessnsitive than liver biopsy>?"®
However, liver biopsy is an invasive procedure, praictical in a population-based study.
We accounted for the lack of data on liver functorviral hepatitis serologies in the
present study by excluding participants with adngof HIV, intravenous drug use, or
use of medications or excessive alcohol known tdrduute to steatosis. Many
individuals identified with NAFLD by our definitiowill not progress to other disease
beyond what would occur with any fat deposition.réaork is needed to understand
whether epidemiologic NAFLD definitions using CVdr attenuation, such as ours, are
indeed clinical NAFLD. This work may include usiadjunct measures, including

alternative measures of liver dysfunction and imitaation.
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CONCLUSIONS

These findings provide evidence that age at meeaschssociated with the presence of
NAFLD 25 plus years later after controlling for degnaphic and lifestyle confounding
factors. This association is modestly attenuatest afljustment for early-adulthood BMI.
Under the presupposition that BMI measured betvié80 years of life is a proxy for
childhood BMI, this finding suggests that genenalicators of fatness do not confound
this association. Associations between age at mbaand fat depots measured at year
25 also persisted after adjusting for early adathBMI measured at year 0. Thus,
measurement of age at menarche may add to thecpoadof NAFLD and pernicious
storage of adiposity above and beyond BMI measimeadulthood, shortly after puberty.
Early puberty may be an early-life harbinger fekrof NAFLD. Intervening on
environmental factors related to pubertal timing/antargeting early maturing females
for lifestyle intervention may hold potential fdret primordial prevention of NAFLD and
related cardiometabolic diseases. Future studigkismopic should use alternative
markers of pubertal timing and progression, incladdy-life measures of fatness and

diet, and be prospective in nature.
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Table 7.1. Characteristics of females by age at menarché&[IA study.

8-12 years 12-13.9 years 14-18 years

Women (N) 293 692 229

Age at year 0 exam 24.7 (3.7) 25.1 (3.6) 24.8 (3.8)
Black race (%) 62.1 50.4 52.4
Education > high school (%) 77.8 79.8 76.9
Maternal education > high school (%) 35.3 42.7 43.8
Paternal education > high school (%) 37.2 44.4 48.6
Maternal diabetes (%) 13.0 10.7 9.6
Paternal diabetes (%) 13.3 11.6 8.3

Birth weight (g) 6=38/93/33)

3031.9 (708.3) 3072.7 (548.0 3078.9 (678.1)

Parity at year 25 exam 2.6 (2.0) 2.7 (2.0) 2.5(1.9)
Postmenopausal at year 25 exam (%) 56.3 56.6 59.8
Early-life lifestyle variables
Highest level of pre-high school PA (%) 28.3 30.2 40.2
Diet score at year 0 exam 62.6 (12.4) 63.9 (13.1) 63.2(13.6)
Ever smoker at year 0 exam (%) 23.5 19.9 25.8
Body proportions
Height (cm) 163.8 (7.2) 164.1 (6.5) 164.3(7.4)
Leg length (cm) 77.8 (5.2) 78.3 (4.4) 78.7 (8.5)
Sitting height (cm) 86.1 (3.9) 85.8 (3.8) 85.6 (8.2)
Year 0 anthropometric fat indicators
BMI at year 0 exam (kg/M 26.3 (5.8) 24.6 (5.5) 23.2 (4.9)
Obese at year 0 exam (%) 23.2 14.2 10.5
Waist girth at year 0 exam (cm) 77.2 (11.9) 74.2 (11.3) 72.3(10.2)
Abdominal obesity at year 0 exam (%) 17.5 10.9 7.4

Year 25 anthropometric fat indicators
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Table 7.1. Characteristics of females by age at menarché&[IA study.

8-12 years 12-13.9 years 14-18 years

BMI at year 25 exam (kgfin 33.6 (8.1) 31.3(8.1) 28.7 (7.5)
Obese at year 25 exam (%) 63.5 51.0 39.3
Waist girth at year 25 exam (cm) 95.9 (15.8) 92.2 (16.6) 87.3(16.4)
Abdominal obesity at year 25 exam (%) 68.3 55.8 41.7

Blood measures

Year 0 Fasting insulin (UU/dL€286/685/227)  12.3 (7.2) 111 (8.0) 11.2(8.4)

Year 25 Fasting insulin (UU/dLN€289/684/226) 13.2 (17.1) 11.3(8.4)  10.6 (8.9)

Values presented are unadjusted means (and statheldadions) unless otherwise indicated.
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Table 7.2. Characteristics of participants by quintiles @)eg length-to-sitting height: CARDIA study

Q1 (0.66-0.89 Q2 (0.85-0.92) Q3 (0.88-0.95) Q4 (0.90-0.99) Q5 (0.92-1.24)

Women (N) 239 240 239 237 240

Age at year 0 exam 25.4 (3.8) 25.0 (3.6) 25.0 (3.4) 24.7 (3.7) 24.6 (3.7)
Black race (%) 53.1 53.7 53.1 54.0 53.7
Education > high school (%) 76.2 77.5 78.2 79.7 83.7
Maternal education > high school (%) 40.4 37.4 41.0 40.8 47.0
Paternal education > high school (%) 41.6 45.5 45.2 41.1 44.7
Maternal diabetes (%) 12.6 14.6 8.8 10.6 8.4
Paternal diabetes (%) 16.7 12.9 7.1 9.3 10.5

Age at menarche (years) 12.1 (1.3) 12.4 (1.5) 12.6 (1.5) 12.6 (1.4) 12.9 (1.5)

Birth weight (g)

3028.4 (587.9 2908.3 (622.9) 3238.1 (554.5)

3140.3 (636.3)

3016.4 (536.2)

Early-life lifestyle variables

Highest level pre-high school PA (%) 31.0 28.3 33.1 25.7 33.1
Diet score at year 0 exam 64.1 (11.8) 63.7 (13.6) 64.0 (13.9) 62.7 (12.4) 62.6 (13.7)
Ever smoker at year 0 exam (%) 21.8 23.8 19.2 21.1 23.0
Body proportions
Height (cm) 161.1 (6.0) 163.4 (5.8) 164.5 (6.1) 164.8 (6.6) 166.9 (6.9)
Leg length (cm) 73.5 (3.4) 76.8 (2.9) 78.5 (2.9) 79.9 (3.2) 83.1 (4.2)
Sitting height (cm) 87.5 (3.5) 86.6 (3.3) 86.0 (3.6) 84.9 (3.9) 83.9 (3.8)
Year 0 anthropometric fat indicators
Waist girth at year 0 exam (cm) 77.5(13.1) 74.8(10.5) 73.3 (10.7) 73.9 (10.4) 73.3 (11.6)
Abdominal obesity at year 0 exam (% 18.5 13.8 9.7 9.7 4.2
BMI at year 0 exam (kg/f 27.2 (6.8) 25.2 (5.2) 24.2 (5.0) 23.9 (4.6) 23.1(5.1)
Obese at year 0 exam (%) 27.2 17.9 12.6 9.7 9.6
Year 25 anthropometric fat indicators
Waist girth at year 25 exam (cm) 94.6 (17.3) 92.8 (15.3) 90.7 (16.6) 91.9 (16.8) 88.7 (16.5)
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Table 7.2. Characteristics of participants by quintiles @)eg length-to-sitting height: CARDIA study

Q1 (0.66-0.89 Q2 (0.85-0.92) Q3 (0.88-0.95) Q4 (0.90-0.99) Q5 (0.92-1.24)

Abdominal obesity at year 25 exam ( 64.3 59.7 50.1 54.4 51.9
BMI at year 25 exam (kgfin 33.7 (8.7) 31.9 (7.6) 30.9 (8.1) 30.8 (7.9) 29.6 (7.5)
Obese at year 25 exam (%) 64.9 55.0 48.1 46.8 43.9

Q1 (0.78-0.92 Q2 (0.86-0.96) Q3 (0.89-0.99) Q4 (0.92-1.03)

Q5 (0.95-1.20)

Men (N) 190 191 189 191 189

Age at year 0 exam 25.4 (3.4 25.1 (3.7) 24.8 (3.5) 24.9 (3.6) 25.0 (3.7)
Black race (%) 43.2 43.4 43.4 42.9 42.9
Education > high school (%) 79.5 77.5 78.3 78.0 69.8
Maternal education > high school (%) 46.6 43.2 47.4 43.9 40.1
Paternal education > high school (%) 53.5 46.3 50.0 42.7 39.7
Maternal diabetes (%) 7.9 7.9 9.0 6.8 12.2
Paternal diabetes (%) 7.4 7.9 10.1 8.9 7.4

Birth weight 3230.1 (516.6 3188.9 (572.4) 3279.8 (822.4) 3145.9 (630.0) 3118.4 (523.4)
Early-life lifestyle variables
Highest level pre-high school PA (%) 43.2 42.9 39.7 445 42.9
Diet score at year 0 exam 61.9 (11.9) 60.6 (12.5) 62.2 (12.1) 59.9 (11.9) 60.0 (13.1)
Ever smoker at year 0 exam (%) 20.5 21.5 18.0 26.7 25.4
Body proportions
Height (cm) 175.2(6.2) 175.6 (5.9) 177.6 (6.3) 179.5 (5.7) 179.8 (6.9)
Leg length (cm) 81.3 (3.7) 83.4 (3.2) 85.8 (3.2) 88.0 (3.2) 90.6 (4.2)
Sitting height (cm) 93.9 (3.4) 92.1 (3.5) 91.8 (3.9) 91.5 (3.5) 89.3 (4.2)
Year 0 anthropometric fat indicators
Waist girth at year 0 exam (cm) 84.6 (10.6) 82.3(9.3) 82.3 (9.6) 81.5(9.2) 80.8 (9.5)
Abdominal obesity at year 0 exam (% 8.5 4.2 5.3 2.1 1.1
BMI at year 0 exam (kg/f 26.2 (4.5) 24.9 (3.6) 24.7 (3.9) 23.9 (3.6) 23.4 (3.5
Obese at year 0 exam (%) 14.7 9.4 7.9 5.2 3.7

Year 25 anthropometric fat indicators
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Table 7.2. Characteristics of participants by quintiles @)eg length-to-sitting height: CARDIA study

Q1 (0.66-0.89 Q2 (0.85-0.92) Q3 (0.88-0.95) Q4 (0.90-0.99) Q5 (0.92-1.24)

Waist girth at year 25 exam (cm) _ 103.0 (15.3) 99.7 (14.7)  98.1(14.1) 98.0(13.8) _ 98.6 (13.0)

Abdominal obesity at year 25 exam ( 49.7 37.4 32.8 34.0 32.3
BMI at year 25 exam (kgfh 32.0 (6.6) 30.4 (6.2) 29.5 (5.6) 29.0 (5.5) 28.6 (5.1)
Obese at year 25 exam (%) 57.4 455 39.7 36.1 29.6

Values presented are unadjusted means (and stashelaadions) unless otherwise indicated.
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Table 7.3. Adjusted means (and 95% confidence intervalshfliaear associations of 1-year
increment in menarche with height and height coraptsin females from CARDIA.

Age-race-  Age-race-  Age-race- <High >High
adjusted education-  education-birth  school school
adjusted weight-adjusted
N 2314 2314 309 922 1392
Stature 0.18 0.18 0.15 0.12 0.21
(cm) (0.00, 0.35) (0.00, 0.35) (-0.33, 0.63) (-0.15, 0.40) (-0.02, 0.44)
Leg length 0.33 0.33 0.37 0.28 0.36
(cm) (0.21, 0.45) (0.21, 0.45) (0.05, 0.69) (-0.09, 0.48) (0.21, 0.52)
Sitting -0.15 -0.15 -0.22 -0.16 -0.15

height (cm) (-0.25,-0.06) (-0.25,-0.06) (-0.48, 0.05) (-0.32, 0.00) (-0.27,-0.03)
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Table 7.4. Adjusted means and standard errors for livenatigdon (HU) and
adipose tissue depots (cc) by age at menarchenmewdrom CARDIA.

12-13.9 14-15.9 l-year
16-18 years .
8-12 years years years increment
N 293 692 189 40

Model 1 55.0+0.6 57.1+0.4 58.6+0.8 61.5+1.7 0.8+0.2*

< Model 2 55.8+0.6 57.1+0.4 57.7+0.8 60.7+1.6 0.5+0.2*
Model 3 56.1+0.6 57.2+0.4 57.1+0.7 59.4+1.5 0.2+0.2
Model 1 124.6+3.6 116.3+2.4 100.5+4.5 86.8+9.8 -6.7+1.2*
'<T: Model 2 118.6+3.4 116.7+2.2 107.2+4.2  92.3+9.2 -4.0+1.3*
> Model 3 114.6+2.7 115.7+1.7 113.9+3.4  104.5+7.8 -1.4+0.9
Model 1 139.4+4.1 131.4+2.7 113.3+5.1 97.3+t11.2 -7.3t1.4*
5 Model 2 132.3+3.8 131.9+2.5 121.1+4.8 103.8+10.3 -4.1+1.3*
~ Model 3 128.0+3.0 130.8+1.9 128.4+3.8 117.7+8.1 -1.3+1.0*
Model 1 427.5+9.9 397.4+6.4 337.7+12.3 337.8+26.7 -19.6+3.3*
g Model 2 402.9+8.2 399.0+5.3 365.1+10.2 360.7+22.1 -8.4+2.8*

Model 3 392.9+4.7 395.2+3.1 382.9+5.9 400.1+12.8 -1.3+1.6

Model 1: Adjusted for age at year 25, race, stughter, parental education,
maternal diabetes, paternal diabetes, pre-highosgiysical activity.

Model 2: Model 1 + year 0 BMI

Model 3: Model 2 + year 25 BMI
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Table 7.5. Prevalence ratios (95% confidence intervalsNAFLD by categories of
menarche age in women from CARDIA.

1l-year
8-12 years 12-13.9 years 14-18 years increment
casesi  54/293 104/692 21/229
S Model 1 1 (referent) 0.82(0.61,1.11) 0.51(0.32,0.82)8600.78,
b= . 0.94)
a § % Model 2 1 (referent) 0.89 (0.66, 1.19) 0.63 (0.39, 0.99)90Q0.82,
L s, 0.98)
< C<
< © VI Model 3 1 (referent) 0.94(0.70,1.26) 0.78(0.49, 1.23)93(0.85,
i 1.02)

Model 1: Adjusted for age at year 25 exam, racglystenter, parental education,
maternal diabetes, paternal diabetes, pre-highosgihysical activity.

Model 2: additional adjustment for BMI at year Gagx

Model 3: additional adjustment for BMI at year 2&m.
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Table 7.6. Adjusted means and standard errors for liver attdon (HU) and adipose depots
(cc) by quintiles (Q) of leg length-to-sitting hbtgatio in adults from CARDIA.

Q1 Q2 Q3 Q4 Q5 Continuous
N 429 431 428 428 428
Model 1 54.5+0.6 55.0£0.5 56.3£0.5 56.5+0.5 54.7+0.6 0.4+0.3
i Model 2 56.0+0.5 55.4+0.5 56.2+0.5 56.2+0.5 55.9+0. -0.8+0.3
_ Model 1 145.3+3.4 136.0+3.4 125.4+3.4 126.3+3.4 .9284 -6.7+1.8
<>E Model 2 133.743.2 133.5+3.1 126.5+3.1 131.0+3.1 .383.2 -2.11.8
— Model 1 159.4+3.8 151.0+3.8 139.0+£3.8 141.3+3.8 .3428 -6.8%+2.1
% Model 2 145.7+3.6 148.0+3.5 140.3£3.5 146.7+3.5 .83526 3.4+2.0
_ Model 1 374.6+7.6 352.7+7.5 336.1+7.5 331.0+7.6 .820.7 -23.6%4.1
<

) Model 2 334.9+6.4 344.1+6.2 339.9+6.2 346.7+6.2 .346.4 5.8+3.5

Model 1: Adjusted for age at year 25 exam, racglystenter, parental education, maternal
diabetes, paternal diabetes, pre-high school phlyaativity.
Model 2: additional adjustment for BMI at year Gagx
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Table 7.7. Prevalence ratios (and 95% confidence inten@dI®)AFLD by quintiles (Q)

of leg length-to-sitting height ratio in adults incCARDIA.
Q1 Q2 Q3 Q4 Q5 Continuous

casesi 105/431 79/430 69/430  64/428  84/429

)

0.82 0.90 0.78 0.99 0.94 (0.85,

Model 1 1 (referent) (0.63, (0.70, (0.59, (0.76, 1.05)
1.07) 1.15) 1.04)  1.28) '

NAFLD
LA <48 HU

(

Model 1:Adjusted for age at year 25 exam, sex, race, stadier, parental education, maternal
diabetes, paternal diabetes, pre-high school palyaativity.
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Supplementalchapter 7table. Prevalence ratios (and 95% confidence interfats)
alternative NAFLD definition by categories of mectag age in women from CARDIA.

<12 years 12-13.9 years =>14 years 1-Year Increment
casest  29/293 53/692 13/229
_5 Model 1 1 (referent)  0.76 (0.49,1.16) 0.57 (0.31, 1.07)89(0.78, 1.02)
IS
: —~
g § % Model 2 1 (referent)  0.81 (0.53,1.24) 0.69 (0.37, 1.28)92(0.81, 1.06)
< T
Z —
g VI "Model 3 1 (referent)  0.88 (0.58, 1.34) 0.90 (0.49, 1.66)9700.85, 1.12)
-l

Model 1: Adjusted for age at year 25 exam, raeajystenter, parental education, maternal
diabetes, paternal diabetes, pre-high school palyaativity.

Model 2: additional adjustment for BMI at year Gagx

Model 3: additional adjustment for BMI at year 2&m.
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CHAPTER 8: MANUSCRIPT 3—DIET QUALITY IN CHILDHOOD
AND INCIDENT EARLY MENARCHE: NATIONAL HEART, LUNG,

AND BLOOD INSTITUTE GROWTH AND HEALTH STUDY

Background: Early pubertal maturation has been linked toeased risk of several adult
chronic diseases, yet prospective research oraddeearly puberty is sparse.

Methods: The National Heart, Lung, and Blood Institute Gtloawnd Health Study
recruited girls aged 9-10 years from Richmond, fGalia, Cincinnati, Ohio, and
Washington, DC. There were 2,379 (1213 African-Aiceger, 1166 Caucasian) girls
enrolled in the study. We excluded those who weeaarcheal at baseline, did not report
age at menarche during follow-up, had baselineedes) or were missing key exposure
variables, yielding a final analytic sample of 1988s. Exposure variables, including
diet, physical activity and anthropometry were eciéd at baseline, prior to menarche.
Girls were seen annually for 10 visits to ascertadident age at menarche.

Results: Mean age at menarche in our sample was 12.4€hikyA better diet quality,
as indicated by higher nutrient-element baseddliatity score, was associated with
lower risk of early menarche (<11 years). Of thdividual components included in the
diet quality score, early menarche was positivegoaiated with caffeine and aspartame,
and negatively associated witktocopherol. These associations remained afteralont
for potential confounders and % body fat measutdxhseline.
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Conclusion: A diet rich in nutrients typically found in vegétes, fruits, and nuts, and
poor in nutrients found in red meat and chemicaiants found in soft drinks is
associated with lower risk of early menarche, irhelent of fatness. These results

suggest that diet, independent of adiposity, cbates to the timing of puberty.
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BACKGROUND

A growing body of literature, including our own @hapters 6 & 7 of this dissertation)
suggests that early puberty is on the causal pathova number of non-communicable
diseases in adulthood, including adult obe$ityetabolic syndrom&, type 2
diabeted;?2123.261-264.267.2885n_a|coholic fatty liver diseas€lapter 7), cardiovascular
diseasé>****hormone-related cancets?*and the incidence of adolescent risk
behaviors (e.g., substance abuse, cigarette smakulgple sexual partners, conduct
disorder)***® As the average age at menarche continues to d&tkmd the evidence for
a link between maturational timing and health aisg@ake strengthens, it is increasingly
important to identify and understand possible mabié factors underlying the timing of
puberty.

Due to the coinciding secular increases in childholbesity and declines in
timing of menarche in many countri&he preponderance of research on factors related
to pubertal timing has focused on the role of divlod adiposity and related hormonal
change<!”® Yet, in some populations, the secular trenduimeptal timing are not
explained by trends in childhood obesiBhépter 2, Figure 2.3),*® suggesting that
beyond adiposity, environmental factors such agpteertal nutrition may play an
influential role in the pace of pubertal developten

A small but growing body of literature has examitiee role of mid-childhood

nutrition and pubertal timing’*1****11%3rhe majority of studies on this topic have
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focused on specific components of foods, oftenlsingtrients. Several but not all
(reviewed by Cheng et dlf have reported significant associations. Althouwse
studies provide insight into the role of dietarymmonents in pubertal timing, restricting
analyses to single nutrients fails to considercitaplexity of the diet, which includes
multiple correlations between nutrients and foddd may have both interactive and
synergistic properties with respect to human heatlith disease. Dietary patterns
complement the reductionist isolated nutrient @dfapproach by addressing diet
complexity through a holistic approatH.

Generally, dietary patterns are derived based aeree or expert knowledge of
foods or nutrients. A drawback of the food-basesd datterns is that many indices (e.g.,
Mediterranean diet) cannot be directly appliedit@ide populations. Another drawback
is the lack of nutritional evidence linking individl foods to less-frequently studied
outcomes (e.g., age at menarche). As such, rasinadgxically, evidence from nutrient-
disease studies is often used to consayartori food-based diet indic€? Estimated
nutrients are structurally weighted sums of foonld, avhen appropriately combined, can
serve as a proxy for food-based dietary patterrebler, nutrient-based diet quality
indices are robust and adaptable to diverse papntat

To date, one study has examined a nutrient-basgdrdiquality index in relation
to markers of pubertal timing. In 222 children (1difs and 103 boys) from the

DONALD study, a higher nutritional quality scorglr in carbohydrates, dietary fiber,
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vitamin C, folate, vitamin E, sodium, iron, andaaim, and low in total and saturated fat
was associated with later age at take off, i.ee,agnset of the adolescent growth spurt,
independent of pre-pubertal body fat. Yet, this study was limited in sample size and
did not determine the association of the score aggh at menarche, the pubertal timing
marker most robustly associated with long-term olordiseases.

Considering this gap in the literature, the purpafsthe current investigation was
to examine the prospective association betweeresdf a prudent diet and onset of
menarche in a biracial sample of girls from the W& hypothesize that a diet rich in
nutrients characteristic of a prudent diet andtnetty low in nutrients and other
chemicals typically found in a Western diet is assted with lower risk for early

menarche.

METHODS

Study population

The NGHS cohort was formed in 1987-1988 to invedéigacial differences in diet,
physical activity, and familial and psychosocialttas in relation to obesity. The details
of the study cohort, including design, eligibiltyiteria, sources and methods of
recruitment and data collection, and means of assgpubertal status have been
described in detail i€hapter 5 of this dissertation and elsewhéf&The study enrolled
2,379 (1213 African-American, 1166 Caucasian) giged 9 and 10 from 3 centers:

University of California, Berkeley, University ofiinnati/Cincinnati Children's
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Medical Center, and Westat, Rockville, Marylande™hoice of these clinical centers
was informed by census track information to ensunagde distribution of household
income and parental education within each racds @ere eligible for enrollment in
NGHS if they self-identified as non-Hispanic Africdmerican or Caucasian, had
racially concordant parents or guardians, and wten 2 weeks of age 9 or 10 at the
time of the first clinical visit. Girls in the stydyave assent and their parents or guardians
gave consent. The institutional review boards ehegaarticipating institution approved
the study protocol, and an independent monitormayd provided study oversight.
NGHS participants were followed annually for 10itasbetween 1986 and 1997.
Data collection occurred at clinic centers and hersis using a standard protocol.
Annual follow-up rates through year 10 varied fré4% to 95%; almost 90% of the girls
originally enrolled in the cohort participated thgh year 10. Girls attended an average

of 8.8 visits (8.6 for white girls and 9.0 for blagirls).

Dietary assessment

Dietary assessment for this study included a 3fdagt record that provided high
reporting accuracy, as documented in the initifitteéion study*®* We used baseline
dietary assessment to allow for temporality betwdiehand incident menarche.
Dietitians were trained at the University of Mino&s Nutrition Coordinating Center
(NCC) and retrained in later years by staff usigg-appropriate materials to instruct

girls to record all food and drink for 3 consecatiays (2 weekdays and 1 weekend
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day). Dietitians reviewed the completed food resandlividually with the girls using
standardized probes to clarify incomplete respari3efault values from the NCC were
used for missing information on food amounts opprations. Study staff had a
notebook of labels and pictures to help girls dbsche foods and thereby minimize the
amount of defaults. Food records were coded anlyzethfor nutrients and other food
chemicals using the Food Table version 19 of th€N@trient databas#é? updated
versions were used as the study progressed. Teéarobsdietitian excluded diet records
that were considered unreliable.

Our diet quality score (DQS) was derived to detemthe extent to which a child
consumed various nutrients and other food chemsgasific to a prudent or Western
dietary pattern. DQS indicates diet quality expeesas nutrient or food chemical density.
Food elements with a skewed distribution (vitamjrc&ffeine, and aspartame) were
normalized by log-transformation. To derive the D@8 took the sum of individual
nutrient standard deviation scores (SDS) [(pardictpntake of nutrient element — sample
mean intake of nutrient)/standard deviation of ieat]. A positive SDS was given to diet
elements indicative of prudent dietary habits @hefiber, folate, magnesium (Mg),
potassium (K)p-tocopherol (active form of vitamin E), vitamin @nd polyunsaturated-
to-saturated fat ratio) and a negative SDS wasngioaliet elements indicative of a
Western dietary pattern (dietary cholesterol, ¢caéfeand aspartame). We tried not to

include nutrients ubiquitously found in prudent aildstern foods, such as total sugar,
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which is found in fruit but also sugar-sweeteneddoages, or nutrients for which the
literature suggests no consistent association ea#sity or chronic disease risks. Our
DQS had a mean of 0 and scores range from -17;tbi@er scores indicate better diet
guality. We also calculated Keys score [1.35 x & ®nergy from saturated fat — %
energy from polyunsaturated fat) + 1.5/ng cholesterol /100kcal)] to characterize

quality of dietary fat intaké®®

Pubertal assessment

Participants were queried annually regarding ookgtenstruation to determine their
date of menarche to the closest month. At eacha it participants were examined in
standard measurement gowns by trained female erasniRubic hair stage (Tanner
stages 1-5) was determined by using criteria estadal by Marshall and Tanner, and

areolar stage by using Garn-Falkner areolar stggss>°

Covariate assessment

Demographic information was collected at baselmefgirls and their parents (or
guardians). Race (black or white) was defined lhyreport using U.S. Census

categories. Participants’ age was recorded asaieiat last birthday. Parental
educational achievement ranged from O years ofadurcto graduate school. Girls
completed a habitual physical activities questiar@that assessed frequencies of several

activities described previousf§ Information on activity intensity, duration, and
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frequency was used to derive the physical actsatyre. The last question on the activity
guestionnaire was used to estimate the total nuoitdesurs per week the girls usually
watched videos or television. This total indicatedentary behavior and was not
included in the physical activity score.

A stadiometer and a calibrated scale were usecetsure height and weight
while girls were wearing socks and light indoortblog. BMI was calculated as weight
in kilograms divided by height in meters squaregfitk). Waist circumference was
measured at the narrowest part of the torso. Gtieropometry included triceps,
subscapular, and supra-iliac skinfolds were alsasueed at baseline. All
anthropometrics were taken twice, with a third nneasient if the first 2 differed
markedly. For skinfolds this difference criteriomsvl.0 mm, and for circumference
measurements, 1.0 cm. When 3 measurements were thkeclosest 2 were averaged.
Measurement techniques for skinfolds and circunnieze have been described in
detail®*° To ensure anthropometric procedure consistenmsastudy sites, a master
anthropometric trainer was designated to trainllbe&ners, who then provided training
to field staff in each study site, with recertifica annually. Percent body fat was derived
from the triceps and subscapular skinfolds accgrttirthe Slaughter et al. formufd.

Of the 2379 girls enrolled in NGHS at baseline,axeluded those who had
already reached menarche at baseline exa®6), as we were interested in exposures

prior to onset of menarche. We also excluded thdsenever reported menarche during
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the 10-year follow-uprn=22). We further excluded girls with diabetes adime (=5),
and those who were missing information on dmet2(10), body mass index£10),
percent body fat from skinfolde£7), physical activityr§=40), and parent education

(n=1), yielding a final sample of 1988 for the cutranalyses.

Statistical analysis
All analyses were performed using SAS 9.2 (SAStutst, Cary, NC). We summarized
the characteristics of the cohort with adjusted amadjusted means and standard
deviations for continuous variables and percentéyesategorical data across categories
(8-11, 11-11.9, 12-12.9, 13-13.9, 14-18) of incidege at menarche.

We categorized height, BMI, percent body fat, pbaisactivity levels, nutrients,
DQS, and Keys score into tertiles. Other variaklese categorized using logical cut
points that allowed for sufficient cases at easelleWe used menarche at < 11 years as
our primary outcome because we were interestedkrfactors for early menarche as
opposed to menarcheal timing. We used Poisson medti robust error variance to
estimate relative risk and 95% confidence interf@arly age at menarcfi&. we
began with a crude model (Model 1), and then ad@eidbles if the literature and our
data suggested they were associated with dietty@ald age at menarche, and not on the
causal pathway of this association. In Model 2 di@sted for age at baseline (years),
study center, race, parental education (<collegege, graduate school), total calories

(continuous), and physical activity score (contimsio(Model 2). In Model 3, we further
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adjusted for BMI at baseline. We also evaluate@miat smoking reported at baseline
exam as a covariate but did not include it in thalfmodel as it was not associated with
our main exposure (DQS) and there were many mis&hges (=164).

We evaluated effect modification by including €seproduct terms in the models
for our exposures and race (black vs. white) and BiMbaseline visit (median split; 17.5

kg/m?). All statistical tests were two-sided and sigrafice was defined pt< 0.05.

RESULTS

Girls included in the present analysesX988) were 9-10 y old at baseline and at the end
of follow-up had a mean (£SD) age at menarche ofAR1 years. One hundred sixty

five (8.3%) of the girls had their first mensesdge 11 years. These girls were, on
average, taller and fatter than the rest of theadt the start of the study. Compared to
their later maturing counterparts, early menardhe gere also more likely to be black,
younger at enrollment, and from parents of lowercatdional status who were more

likely to smoke Table 1).

Girls with a lower quality diet according to th&@B had greater BMI and percent
fat, and were from less educated parents. Thelsehgid a higher Keys score and
consumed more energy overall. A greater percetiiedf calories came from dietary fat,
specifically saturated fat, and cholesterol, whetbay consumed lower quantities of

polyunsaturated fats, protein, and carbohydratleey Blso had lower intakes of most
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vitamins and minerals, and higher intakes of cafeind aspartame, compared to their
healthier eating counterpartBaple 2).

Relative risks of early menarche (<11 years) far-deet variables after
multivariable adjustment are shownTiable 3. Black girls had 2.42 (1.77, 3.32) times
the risk of early menarche compared to their wbatenterparts. Girls in the highest
tertile of height, BMI, and percent body fat had&(3.23, 6.07), 2.46 (1.70, 3.58), and
1.59 (1.11, 2.23) times greater risk of early mehay respectively, as girls in the lowest
tertile. The height-early menarche associationig after further adjustment for
percent body fat (RR for®Bvs. F'tertile = 4.46; 95% CI: 2.96, 6.70). After multiiable
adjustment there was little evidence that earlyangme was associated with parental
education, parental smoking, or physical activigrs.

Associations for dietary components included smEQS and early menarche are
presented iTable 4. Higher intakes of caffeine (RR fol'%s. tertile = 1.72; 95% Cl:
1.04, 2.85), and aspartame (RR f6n&. £ tertile = 2.43; 95% ClI: 1.51, 3.90) were
positively associated with early menarche afteustipent for study center, baseline age,
race (black/white), parental education, physicéivdg score, and percent body fat
measured from skinfolds at baseline. Higher intatketocopherol was associated with
lower risk of early menarche after full multivarlatadjustment (RR for'8vs. £ tertile
=0.70; 95% CI: 0.49, 0.99). The association betwatakes of other nutrients and early

menarche were not as strong, with confidence iaterthat included the nulléble 4),
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but most were consistently in the direction suppgrthe literature or oua priori
hypothesis. Early menarche was not associatedtotihenergy intake, or energy-
adjusted intakes of protein, carbohydrate, or dydfiat (not shown).

Before and after adjustment for potential confamdind percent body fat, girls
consuming a higher DQS were at lower risk of eargnarche (Multivariable RR for 1
SD change in DQS = 0.80; 95% CI: 0.66, 0.90). AbrgKeys score was not associated
with risk of early menarche (RR for 1 SD chang&ays score = 1.05; 95% CI: 0.92,
1.21) (Table 5. There was no evidence that these associatifiesetl across strata of
race (black versus whitg;for multiplicative interaction=0.62) or BMI (<17\&ersus

>17.5 kg/nf; p for multiplicative interaction=0.92).

DISCUSSION
Our study suggests that pre-menarcheal girls comguarelatively high quality diet, as
indicated here by a nutrient and food chemical tigtssed index, have a lower risk for
early age at menarche. This association remairted@ntrol for confounding variables
and pre-menarcheal percent body fat, suggestingjdadity is associated with early
menarche independent of fatness. These associatgnesconsistent across race strata.
Consistent with a large body of literatife®*#-3%h|ack girls in our study had
earlier menarche than white girls after adjustnientmultiple potential confounders,
including pre-menarcheal BMI. With respect to aaffumetry, our study corroborated

previous findings from NGHS that pre-menarcheaghgiBMI, and skinfold-thickness
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indices are higher in early maturing femai&sThese investigators found that BMI and
sum of three skinfolds remained higher throughollbW-up in early maturing females.
Yet, pree-menarcheal height was positively associated vattiex menarche, whereas
post-menarcheal height was inversely associated witly egenarche. This observation
aligns with the notion that early-maturing femaleach peak height velocity at a younger
age than late-maturing femaf&&***In our analyses, the association between pre-
menarcheal height and age at menarche remaineddjtesting for percent body fat.

This implies that mechanisms driving early pealghevelocity in early-developers are
important to pubertal-timing etiology and may bdapendent of pre-menarcheal
accretion of body fat.

Many of the dietary elements included in our DQS§,,diber, Mg, K, vitamin C,
and PUFA-SFA ratio were only suggestively assodiatigh menarcheal timing. Yet,
other DQS components showed a strong signal. Higleke of caffeine and aspartame
was associated with risk of early menarche aftgrstishent for potential confounders and
percent body fat measured at baseline. In this kaaf® and 10 year old girls, caffeine
and aspartame likely represent intake of reguldrdaet soft drinks, respectively, but we
do not have information on beverage consumptidesbthis conjecture. To the best of
our knowledge, no previous studies have examine@slsociation of soft drinks, diet or
regular, in relation to puberty. Considering thgbdrinsulinemia is a major driver of

early maturatiori° and sugar-sweetened consumption has been asslowighegreater
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insulin resistancd? further study of sugar-sweetened soft drinks artzkptal timing
association is warranted. Diet beverages have lrded to higher cardiometabolic risk
in some studies but not others (reviewed by Peetied®®?). de Konig and colleagu&$
found that the association between artificially ste@ed beverages and diabetes is
attenuated by adjustment for previous weight chamgkdieting behaviors, factors that
we were unable to control for in the current studther mechanisms linking aspartame
or their main vehicle, diet beverages, to earlygrtybmay also exist.

Higher intake of (non-supplementabtocopherol, the active form of vitamin E,
was found to be inversely associated with riskasfyemenarche in our study. Most
sources ofi-tocopherol are high in plant-based fat, includivigeat germ oil, dried nuts
and seeds, and fats extracted from nuts and §&edsnong fruits, good sources include
avocados and mangos. For vegetables, good sounactede soybeans, dark leafy greens,
broccoli, and asparagus. Epidemiologic studies lhawed that suboptimal intake of
dietarya-tocopherol and other antioxidants increases rislewveral menarche-associated
diseases, including diabet&& heart diseas®, and breast canc&® Moreover, the
PIVENS trial found that natural vitamin E improviéger steatosis?® Based on these
results, one might speculate that dietary sourtestecopherol may alter pubertal timing
and impart health benefits through shared mechanisiowever, our findings, one small

piece of evidence for this conjecture, should meveid only as hypothesis generating.
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Replication, with more expanded analyses and mkfgincluding food groups, of these
findings in other studies is needed.

The nutrients chosen for inclusion into our scaeehbeen shown to indicate
dietary quality in the NGHS and in other populasiolm a previous report from the
NGHS, Moore et &° showed that, compared to girls who consumed régmreat and
low whole grain diets, girls who consumed low reeatdhigh whole grain diets had
higher intakes of vitamin C and Mg (vitamin E, fidlaand K were not compared).
Moreover, those who consumed high non-meat pratiginAvhole grain and high non-
meat protein/high fruit and vegetable diets hadhérgitamin C and Mg compared to
their low non-meat protein, whole-grain, and frame-vegetable consuming counterparts.
Other studies have also shown “healthy” dietaryguas were positively associated with
the nutrients in our diet quality score. In a calofrUK adolescents, a “Traditional/health
conscious” dietary pattern had the strongest p@sdorrelations (r >.5) with fiber, K,

Mg, vitamin C, and folaté®® In the Jackson Health Study, a cohort of blackwhite
adults, a ‘Fast Food’ dietary pattern had signiftbalower serum concentrations @f
tocopherol*® This corroborated a previously found positive ai@mn between healthy
diet and serum-tocopherol in a study of U.S. Hispanic and nonpdisic adult§®®

We did not observe an association between Key® sout risk of early menarche
in our study. Keys score takes into account polgturated fat, saturated fat, and

cholesterol, reflecting the atherogenic potentfahe diet*®> Previous studies on dietary
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fat and age at menarche have suggested a possgeiation between intake of
polyunsaturated fat and early menartite>"**®and a negative association between
saturated fat and early menarcfi&™*’In contrast to these findings, we found a
suggestive inverse association between polyungdatlita-saturated fat ratio and risk of
early age at menarche. We also found a weak, noretanic positive association
between cholesterol and risk of early menarcheighdr polyunsaturated-to-saturated fat
ratio and higher cholesterol may indicate higheammatake, which has been shown to be
associated with early age at menarthg?***'Collectively, these findings suggest
dietary fat intake is not strongly implicated irettiming of menarche. Rather, the pattern
with which fatty acids are consumed, animal-basetiviérsus plant-based diet, may have
greater relevance to maturational timing and healkevant outcomes. Future studies of
animal- versus vegetable-based foods and food-ldistaty patterns would be an
informative next research step to address this tingsis.

Our findings have more direct public health impiicas than past studies that
have focused on single nutrients. Analyzing simglgients may not accurately represent
the correlated nutrient milieu embedded in diefaiterns. Combining nutrients, such as
those commonly found in a prudent diet can prowdeght into how nutrient and non-
nutrient components of food interact synergistictdl alter health and disease. Because it
is not yet known which dietary factors may influeribe timing of menarche, we decided

to first examine a nutrient-density based indethia regard. A welcomed next step in
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this area of research would be to examine a digiattgrns using principal component or
cluster analysis of food groups. Examining nutseartd food groups in concert will help
shed light on dietary patterns, and the dietarjofacthey comprise, in relation to age at
menarche.

The higher risk of early menarche observed irsguith a lower diet quality may
have long-term consequences for risk of menarcheegsted chronic diseases, including
adult obesity’® metabolic syndrom¥, type 2 diabete¥?!23:261-264.267.2845n_a|coholic

38-41certain cancer&*and

fatty liver diseaseGhapter 7), cardiovascular disea$
mortality*°**%*More research is needed to determine if menardtmeizg is indeed on
the causal pathway between pre-menarcheal dieityjaal risk of menarche-linked
adulthood chronic diseases, and, if it is, the i@ which modifying diet can alter these
outcomes.

There are several strengths to our study. Firet3tday recall has been
previously validated against, and performed bekttan, a 24-hour recall and 5-day food
frequency questionnaire in this sample of 9 angieldr olds®®* Our approach of
combining nutrients representative of prudent amd-prudent aspects of diet considers
the whole diet and the potentially synergistic etifeof nutrients, rather than attempting
to isolate the effects of individual nutrients, aihimay be too small to deté.Other

strengths include annual prospective measuremeageoft menarche to the exact month,

a high retention rate over the study’s 10-year tilomaand 3 clinical sites allowing for
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socioeconomic diversity.

Our study is not without limitations. As with absessments of food intake in
nutritional epidemiology, food records may miscifsdiet, contributing to measurement
error in the point estimates that may potentiadiguit in biased results. However, on
average, such misclassification would be non-affigal, biasing our results toward the
null. Another limitation to our study is that ouaréest dietary information was at age 9-
10 years. Different effects on menarcheal timingehaccurred from dietary intake of
nutrients earlier in childhood. This study defimadturation by timing of menarche,
rather than onset of puberty. We were unable ttucapnset of breast budding or first
appearance of pubic hair in a substantial numbpadicipants because 48% of black
and 22% of white 9 year-old girls had reached Tastage 2, as had 78% of black and
45% of white 10 year-old girls. The correlationweén age at menarche and pubertal
onset ranges from 0.39 to 0.86:*®These differences may reflect accuracy of pubertal
ascertainment in each study. Onset of menarchasbbeidding, and age at appearance of
pubic hair may not represent parallel pubertal &;ehus, results of this study should not
be generalized to other measures of pubertal @angempo. Nevertheless, age at
menarche remains the most relevant measure of atiatal timing because of the
reliability with which it is reported and the roliness of its association with long-term
chronic disease risk. Finally, we did not have ctiraeasures of intrauterine or postnatal

growth, which have been shown to be associatedmtharcheal timing?® These

159



factors have not been shown to be strongly assatiaith diet quality in early
childhood, thus we do not believe they would confibthe observed results. We cannot,

however, rule out unmeasured or residual confoundinother early-life factors.

CONCLUSIONS

Consistent with some but contrary to other stuttiesiewed by Cheng et &), our
findings suggest that better dietary quality, asdated by higher intake of nutrients
found in a prudent vegetable-based diet, and lintake of nutrients and other dietary
elements commonly found in a Western diet was a@ssatwith reduced risk of early
menarche, independent of fatness. Improving chddraiet quality may thereby herald

long-term reductions in risks for adult chronicedises associated with earlier menarche.
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Table 8.1. Characteristics by age at menarche at the endloffap in a biracial cohort of
females from the U.S. aged 9-10 years at baseline.

Age at menarche categories (years)

9-11y 11-12y 12-13y 13-14y 14-18y
N 165 547 705 410 161
Age at entry into study  9.7+0.04 10.0+0.02 10.120.010.0+0.03 10.1+0.04
Race (% black) 67.3 58.1 46.2 35.8 23.6
Height (cm) 143.8+0.6 143.0+0.3 140.840.3 138.4+0.3138.1+0.6
% fat from skinfolds 23.0+0.6 22.3+0.4 21.4+0.3 7HDA4 18.0+0.7
BMI* (kg/m?) 19.7+0.3 19.2+0.2 18.6+0.1 17.6+0.2 17.0+0.3
Parent education* (% 70.1 75.0 77.6 75.9 86.2
college plus)
Parent smoked* (%) 57.6 47.3 53.0 49.1 35.5
TV per week* (hours) 31.2+1.3 30.2+0.7 31.2+0.6 730.8 29.5+1.3
Activity score* (mets) 30.2+1.5 32.0+0.8 32.9+0.7 2.2t1.0 32.7+1.5
Diet variables?
Nutrition quality score -1.1+0.4 -0.3+0.2 0.2+0.2 .160.3 1.2+0.4
Calories (kcal) 1863+42 1829423 1827+19 1802426 333
Fat (% kcal) 35.6+0.4 36.3+0.2 35.9+0.2 35.5+0.3 .036.4
Keys score 45.4+0.7 45.0+0.4 44.4+0.3 43.9+0.5 A7
PUFA-SFA ratio 0.45+0.01 0.48+0.01 0.48+0.01 0.4840 0.49+0.01
Diet cholesterol 132.9+4.4 125.7+2.4 124.9+2.1 120.6%2.8 134.6+4.4
(mg/1000 kcal)
Protein (% kcal) 14.3+0.2 14.4+0.1 14.2+0.1 14.1+0. 14.3+0.2
CHO (% kcal) 51.2+0.5 50.4+0.3 51.1+0.3 51.6£0.3 .0%0.5
Fiber (g/1000kcal) 6.2+0.2 6.2+0.1 6.4+0.1 6.3+0.1 6.7+0.2
K (mg/1000kcal) 1128.1+18.7 1133.8410.3138.1+9.0 1126.8+11.8 1175.3+18.9
Mg (mg/1000kcal) 118.4+2.0 118.0+1.1 119.2+1.0 1%9.3 123.242.1
Vitamin A 522.7+31.2  446.4+17.1 470.1+15.@860.4+19.7 494.4+31.6
(mg/1000kcal)
Vitamin C 47.2+2.6 48.6x1.4 51.4+1.3 49.3+£1.7 55.9+2.6
(mg/1000kcal)
Vitamin D 3.1+0.1 3.1+0.1 3.1+0.1 3.1+0.1 3.2+0.1
(mg/1000kcal)
Ca (mg/1000kcal) 457.4+10.5  446.0+5.8 448.8+5.0 .47 452.8+10.7
Caffeine 10.6+0.8 9.1+0.5 8.7+0.4 8.8+0.5 6.7+0.8
(mg/1000kcal)
Aspartame 8.4+1.5 5.9+0.8 5.3x0.7 3.2+0.9 1.9+£1.5
(mg/1000kcal)

Sugar (g/1000kcal) 64.5+1.3 62.2+0.7 64.5+0.6 6@.85+ 64.7+1.3

*Adjusted for race; TAdjusted for race and totdboas
Data are presented as mean * standard error wihessvise indicated.
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Table 8.2. Characteristics by tertiles (T) of nutrition qualihndex (DQS) in a
biracial cohort of females from the U.S. aged 98rs at baseline.

T1 T2 T3
N 662 663 663
Age at entry into study 10.0+0.02 10.0+0.02 10.020.
Race (% black) 45.0 48.3 48.6
Height (cm)* 141.340.3 140.840.3 140.8+0.3
% fat from skinfolds* 22.5+0.3 20.8+0.3 20.2+0.3
BMI* (kg/m?) 19.1+0.1 18.3+0.1 18.1+0.1
Parent education* (%college +) 72.2 75.9 82.0
Parent smoked* (% ever) 50.7 50.7 47.3
TV per week* (hours) 31.7+0.7 30.2+0.7 30.1+0.7
Activity score* (mets) 32.3+0.7 31.5+0.7 33.2+0.7
Diet variables?
Keys score 49.1+0.3 45.0+£0.3 39.6+0.3
Calories (kcal) 1866.4+20.4 1837.4+20.4 1784.1+20.4
Fat (% kcal) 37.2+0.2 36.2+0.2 34.1+0.2
SFA (% kcal) 14.6+0.1 13.7+0.1 12.3+0.1
PUFA (% kcal) 5.7+0.1 6.1+0.1 6.9+0.1
Diet cholesterol (mg/1000kcal) 141.3+2.1 125.9+2.1 109.0+2.1
Protein (% kcal) 13.9+0.1 14.4+0.1 14.4+0.1
CHO (% kcal) 49.6+0.3 50.4+0.3 53.1+0.3
Fiber (g/1000kcal) 4.9+0.1 6.2+0.1 8.010.1
K (mg/1000kcal) 977.2+7.8 1128.7£7.8 1304.1+7.8
Mg (mg/1000kcal) 101.3£0.8 116.9+0.8 139.1+0.8
Vitamin A (mg/1000kcal) 349.0+14.9 445.6+14.9 6Q9.0.9
Vitamin C (mg/1000kcal) 33.4+1.2 47.7+£1.2 69.5+1.2
Vitamin D (mg/1000kcal) 2.840.1 3.0:0.1 3.540.1
Ca (mg/1000kcal) 435.0+5.5 449.6+5.5 464.1+5.5
Caffeine (mg/1000kcal) 13.5+0.4 7.5+0.4 5.5+0.4
Aspartame (mg/1000kcal) 9.1+0.7 3.5+0.7 2.440.7
Sugar (g/1000kcal) 64.5+0.6 62.2+0.6 65.0+0.6

DQS sums the scores of dietary intake of (+) fiber, (+) folafe) Mg, (+) K,
(+) a-tocopherol, vitamin C, polyunsaturated-to-satuddd ratio, (-)
cholesterol, (-) caffeine, and (-) aspartame

Keys score is calculated by: 1.35 x (2 x % energynfsaturated fat — %
energy from polyunsaturated fat) + 1.5/¢mg cholesterol /100kcal)
*Adjusted total calories
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Table 8.3. Relative risk (RR) of menarche before 11 yearsyef according selected variables at
the start of a biracial cohort of females from th&. aged 9-10 years at baseline.

Variable (units) Category level Menarche <11 v, RR of menarche <11
(range) n (%) y (95% CI)
Race* White 54 (5.2) 1.0 (reference)
Black 111 (11.8) 2.42 (1.77,3.32)
Parent educationt HS or less 51 (11.0) 1.0 (reteden
Some college 60 (7.8) 0.70 (0.49, 1.01)
College graduate 54 (7.2) 0.85 (0.57, 1.26)
Parent smokingt Never 66 (7.2) 1.0 (reference)
Ever 86 (9.5) 1.19 (0.88, 1.62)
Physical activity scoret T1 63 (9.5) 1.0 (refergnce
T2 55 (8.4) 0.94 (0.67, 1.32)
T3 47 (7.1) 0.84 (0.59, 1.20)
Height (cm )% T1(117.2-137.8) 30 (4.4) 1.0 (refere
T2 (137.8-143.9) 51 (7.9) 2.14 (1.40, 3.28)
T3 (144.0-169.0) 84 (12.7) 4.78 (3.23, 7.07)
BMI (kg/m°) £ T1(11.2-16.3) 30 (4.5) 1.0 (reference)
T2 (16.3-19.1) 60 (9.1) 2.14 (1.47,3.12)
T3 (19.1-34.5) 75 (11.3) 2.46 (1.70, 3.58)
% fat from skinfolds¥ T1(7.3-15.9) 46 (6.9) 1.6f@rence)
T2 (16.4-23.3) 54 (8.1) 1.35 (0.93, 1.95)
T3 (23.6-54.5) 65 (10.0) 1.59 (1.11, 2.23)
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Table 8.4. Relative (RR) of menarche beforell years of agmrding to intake of nutrients included in nutnitiquality index (DQS) at
start of study in a biracial cohort of females frdm U.S. enrolled at 9-10 years.

Variable

Category level

Menarche

Unadjusted RR of

Multivariable model,

Multivariable

(range) <11y,n (%) menarche <11y RR of menarche <11y model +BMI, RR
of menarche <11y
Fiber (mg/1000kcal) T1(1.9-5.3) 64 (9.7) 1.0 (refece) 1.0 (reference) 1.0 (reference)
T2 (5.3-6.9) 54 (8.1) 0.84 (0.60, 1.19) 0.83 (0596) 0.85 (0.61, 1.20)
T3 (6.9-16.2) 47 (7.1) 0.73 (0.51, 1.05) 0.76 30.5.09) 0.78 (0.55, 1.12)
Mg (mg/1000 kcal) T1 (50.4-106.2) 66 (10.0) 1.Gdrence) 1.0 (reference) 1.0 (reference)
T2 (106.2-126.7) 54 (8.1) 0.82 (0.58, 1.15) 08460, 1.17) 0.87 (0.62, 1.21)
T3 (126.8-308.5) 45 (6.8) 0.68 (0.47, 0.98) 0057, 1.06) 0.76 (0.53, 1.09)
Folate (mg/1000 kcal) T1(26.8,100.1) 58 (8.8) (teBerence) 1.0 (reference) 1.0 (reference)
T2 (100.1, 141.2) 55 (8.3) 0.95 (0.67, 1.35) q®62, 1.22) 0.90 (0.64, 1.27)
T3 (141.2, 530.4) 52 (7.8) 0.90 (0.63, 1.28) @64, 1.31) 0.95 (0.66, 1.36)
K (mg/1000 kcal) T1 (464.4, 1021.4) 62 (9.4) 1&f¢rence) 1.0 (reference) 1.0 (reference)
T2 (1022.9,1224.4) 53 (8.0) 0.85 (0.60, 1.21) 8863, 1.24) 0.87 (0.62, 1.22)
T3 (1224.5, 2343.5) 50 (7.5) 0.81 (0.56, 1.15) 8862, 1.25) 0.88 (0.62, 1.26)
Vitamin C (mg/1000 kcal) T1 (3.8, 32.9) 60 (9.1) 0 {reference) 1.0 (reference) 1.0 (reference)
T2 (32.9, 56.4) 52 (7.8) 0.87 (0.61, 1.23) 0.86Q01.21) 0.88 (0.62, 1.24)
T3 (56.5, 487.5) 53 (8.0) 0.88 (0.62, 1.26) 0063, 1.28) 0.92 (0.65, 1.32)
a tocopherol (mg/1000 kcal) T1 (1.1, 3.2) 66 (10.0) 1.0 (reference) 1.0 (reference) 1.0 (reference)
T2 (3.2,4.3) 50 (7.5) 0.76 (0.53, 1.07) 0.75%01.10) 0.79 (0.56, 1.11)
T3 (4.3, 33.5) 49 (7.4) 0.74 (0.52, 1.06) 0.68800.97) 0.70 (0.49, 0.99)
PUFA-SFA ratio T1(0.1-0.4) 58 (8.8) 1.0 (refezen 1.0 (reference) 1.0 (reference)
T2 (0.4-0.5) 57 (8.6) 0.98 (0.69, 1.39) 0.87 (05B22) 0.84 (0.60, 1.19)
T3 (0.5-1.5) 50 (7.5) 0.86 (0.60, 1.24) 0.75 (086) 0.74 (0.52, 1.05)
Diet cholesterol (mg/1000) T1 (24.6, 94.8) 43 (6.5) 1.0 (reference) 1.0 (reference) 1.0 (reference)
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T2 (94.9, 134.4) 61 (9.2) 1.42 (0.97, 2.06) 1324, 1.98) 1.37 (0.94, 1.98)

T3 (134.5, 538.3) 61 (9.2) 1.42 (0.97, 2.06) (90, 1.89) 1.26 (0.86, 1.83)
Caffeine (mg/day) 0-25 124 (7.9) 1.0 (reference) .0 (leference) 1.0 (reference)
25-50 27 (16.4) 1.14 (0.77, 1.70) 1.45 (0.97,2.18 1.37 (0.92, 2.05)
>50 14 (12.4) 1.57 (0.94, 2.64) 1.95 (1.19, 3.19) 7211.04, 2.85)
Aspartame (mg/day) 0 133 (7.8) 1.0 (reference) (reference) 1.0 (reference)
<50 14 (9.1) 1.17 (0.69, 1.97) 1.45 (0.87, 2.42) .41%0.84, 2.35)
>50 18 (14.1) 1.80 (1.14, 2.85) 2.67 (1.68, 4.24) 4371.51, 3.90)

*Adjusted for study center, baseline age, racec@lahite), parental education, total calories, physical activity score
TAdjusted for study center, baseline age, racekbihite), parental education, total calories, ptglsactivity score, and baseline BMI
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Table 8.5. Relative risk (RR) of menarche before 11 yearsyef according to indices of dietary quality attstdustudy in a biracial cohort of
females from the U.S. enrolled at age 9-10 years.

Category level (range)Menarche Unadjusted RR of Multivariable model, Multivariable model +BMI,
<11y,n (%) menarche <11y RR of menarche <11y RR of menarche <11y

DQS* T1 72 (10.9) 1 (reference) 1 (reference) fefence)

T2 50 (7.5) 0.69 (0.49, 0.98) 0.64 (0.46, 0.89) 6700.48, 0.94)

T3 43 (6.5) 0.60 (0.42, 0.86) 0.56 (0.39, 0.80) 5900.41, 0.86)

1 SD (4.9 - 0.79 (0.67, 0.91) 0.75 (0.64, 0.88) 0.77 (0GB80)
Keys scoret T1 54 (8.2) 1 (reference) 1 (reference) 1 (reference)

T2 51 (7.7) 0.94 (0.65, 1.36) 0.95 (0.67, 1.37) 95(00.66, 1.36)

T3 60 (9.1) 1.11 (0.78, 1.57) 1.11 (0.79, 1.56) 061(0.75, 1.49)

1 SD (9.3 - 1.06 (0.93, 1.21) 1.07 (0.94, 1.23) 1.05 (012])

*DQS sums the scores of dietary intake of (+) fiber, (+) fola¢e) Mg, (+) K, (+)a-tocopherol, vitamin C, polyunsaturated-to-satutd ratio,
(-) cholesteroal, (-) caffeine, and (-) aspartame

tKeys score is calculated by: 1.35 x (2 x % enémgy saturated fat — % energy from polyunsaturéagxt+ 1.5 x\ (mg cholesterol /100kcal)
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CHAPTER 9: SUMMARY

Early life exposures during times of rapid growttd alevelopment are
increasingly recognized for their contribution talth and disease throughout the
lifecourse. Puberty, the attainment of reproductiempetence, is central to the life
history of humans. The timing of puberty is infleed by myriad factors including
genetics, ethnicity, environmental conditions, anttition. Accumulating evidence
suggests that approximately two centuries ago pyles defined by age at menarche in
girls, embarked on a secular trend toward youngeraa onset that continues today in
many parts of the worldsée Chapter 2). Literature on modifiable determinants and
metabolic consequences of this trend toward egrlibertal timing is young but
expanding, with future research in this arena Imgjgiotential for discovery of novel
insights into the pathology and primordial preventof human disease.

Germane to this dissertation is the investigatibpubertal timing as a harbinger
for development of metabolic diseases. The assogibetween pubertal timing and type
2 diabetes has been explored in developed popnsatiut research on this topic is
lacking in low- and middle-income countriesed Chapter 3). In Latin America this
research is topical due to the high rates of tygeaBetes resulting from continued
regional shifts in epidemiology and nutritidtl.In Chapter 6 of this dissertation we
addressed this literature gap by examining ageeatanche and relative leg length, as
markers of pubertal timing and early-life growtrdadevelopment, in relation to type 2
diabetes. Compared with the median age at mené&t@h&4 years), early menarche (8-

11 years) in Brazilian females was associated av®0% increased prevalence of type 2
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diabetes after adjustment for potential demographitlifestyle confounding factors.
This was modestly attenuated by control for BMagé 20 years. In this same study,
relative leg length was inversely associated wigiet2 diabetes, in a monotonic fashion,
after full adjustment for potential confounders a&adly-adulthood BMI. In females, age
at menarche and relative leg length were looséated, and associated with diabetes
independently of each other, suggesting that tapyesent unique elements of growth,
development, and pubertal maturation in this notrdlly transitioning Brazilian
population.

Interestingly, the association between relativeléegth and diabetes was
stronger among early maturing females, and aduitswere overweight or obese at age
20 years and at 35-74 years. If relative leg lemgticates early-life net nutrition in this
population, these findings suggest that inadequattétion early in life coupled with
nutritional excess later in life may interact sygistically to increase risk for
development of diabetes. If true, this finding pd®s evidence that, under the predictive-
adaptive response paradigm, metabolic programingergend to development during
the first years of life. Longitudinal birth cohatudies in developing populations, using
more sensitive measures of early-life growth andcetigoment, are needed to replicate
this association.

Accretion of fat in the liver and visceral depotayibe on the pathway to type 2
diabetes. Whether pubertal timing is uniquely edab NAFLD or specific deposition of
adipose had not been previously examined éwed in Chapter 4). In Chapter 7 of this
dissertation, age at menarche was found to beselyeassociated with prevalence of

NAFLD after adjustment for potential confoundersl @arly adulthood BMI. Relative
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leg length, on the other hand, was not associaigdNAFLD. Age at menarche and
relative leg length were associated with all adgpdspots, but the associations between
relative leg length and adipose depots were exgtblny early-adulthood BMI. Neither
age at menarche nor relative leg length appearbd feferentially associated with one
adipose depot over another. These findings sudigastin a biracial U.S. cohort, age at
menarche, but not relative leg length, may add¢dliption of NAFLD above and
beyond traditional indices of fatness measured/earhdulthood.

As the secular trend toward earlier pubertal timmthe U.S. and abroad
continues, and research linking earlier pubertipng-term health and disease grows, it is
increasingly important to identify early-life mowible risk factors for early age at
puberty. This was the aim of paper thr€agpter 8) of this dissertation. In a biracial
cohort of pre-menarcheal females, we found thds giho consumed a diet rich in
nutrients typically found in vegetables, fruitsdamuts, and poor in nutrients found in red
meat and chemical elements found in soft drinkd,lbaer risk of early menarche,
independent of fatness. These results suggedlittaindependent of adiposity,
contributes to the timing of puberty.

The mechanisms underlying the associations bet@aswlife nutrition, pubertal
timing, and development of type 2 diabetes ang fattr disease are likely myriad and
interrelated. One extensively studied pathwayaesttiggering of puberty by adipocytes
and related hormones. Accretion of fat (and theeekeptin) has been shown to promote
hypothalamic GnRH pulse generator activity>°thereby attenuating gonadal feedback

suppression of LH secretioft’ and augmenting aromatase activity in the ovarian
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granulosa cell§** However, our findings, which were largely indepentof fatness,
provide evidence that alternative mechanisms apéagt

A growing body of literature suggests insulin-rethtnechanisms may underlie
associations between nutrition, puberty, and méshoPerhaps the most enlightening
evidence comes from a series of experimental tiidlsw-birth weight precocious-
puberty females, in which administration of metforjran insulin-sensitizing medication
commonly used to treat type 2 diabetes, was showlelaly age at menarche, increase
total stature, and reduce post-menarcheal insesiistance and fatty liv&p.20-202:342
Therefore, insulin-resistance and hyperinsulineitmeé manifests early in life may be the
primary pathologic perturbation driving the asstioias observed in this dissertation.
Serum SHBG and IGF binding protein-1, which risaammitantly with insulin
concentrations, may alter unbound estrogen andli@fat act upon the endometrium
and epiphyseal growth plate. Higher insulin coniins and IGF-1 may also increase
aromatase activity and estrogen synthesis in taeydV Further research from cell,
animal, and human studies is needed to shed eittdiggt on the interplay of insulin
resistance, SHBG, estrogen, IGF axis, body fat,l@piih, among other biologic
intermediaries.

In our study diet quality was associated with eartBnarche independent of pre-
menarcheal adiposity. Diet, like metformin, can ioye insulin sensitivi****°and
thereby may modulate pubertal timing, and redusle of fatty liver disease and type 2
diabetes. From the holistic perspective of pubdalth, dietary intervention is preferable
to administration of drugs in children for diseg@seto-prophylaxis. However, further

research is needed to determine whether insulisisgang treatments, such as dietary
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modulation, can reduce risk for metabolic condgid@.g., diabetes and liver steatosis) by
normalizing the endocrine-metabolic state, pubgntaith, and menarcheal timing.

In conclusion, earlier menarche was associated mgther prevalence of type 2
diabetes and non-alcoholic fatty liver diseaser afthustment for potential confounding
factors and indicators of fatness measured in eamijthood. Moreover, the risk of early
menarche was reduced through improved childhoadydi@ity, independent of pre-
menarcheal adiposity. These findings suggest tlieaisarement of pubertal timing
affords a unique early-life glimpse into an indival's long-term metabolic trajectory,
and that targeted interventions on diet in childhbolds promise for reducing risk of
early puberty, independent of fatness. Future stuekamining food-based dietary
patterns and pubertal landmarks other than menareheeeded, as is research on the
extent to which diet, and other modifiable lifestyactors in childhood, such as physical
activity, can influence long-term health and digetisough their effects on pubertal
timing. Continued investigation in this realm wabhntinue to inform our understanding
of the early origins of adult health and diseas# andoing so, highlight potential public

health initiatives to facilitate primordial prevent.
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