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Abstract

The prevalence of excess gestational weight gain is increasing worldwide and is associated with
pregnhancy complications, including gestational diabetes mellitus, pre-eclampsia, preterm birth,
macrosomia, and development of obesity in offspring. Whereas gestational weight gain positively
correlates with the gain in fat mass (FM), fat-free mass (FFM) gain is relatively consistent across
pregnhancies. Commonly used methods to assess body composition include anthropometry,
densitometry (air displacement plethysmography, underwater weighing), and hydrometry (isotope
dilution, bioimpedance analysis). While these techniques can be applied to pregnancy, they require
specific adjustments to assumptions inherent within each method, most importantly to
accommodate for the hydration of FFM which is transient throughout gestation. Here we discuss
the application of the abovementioned methods to pregnant women and the relevant adjustments
needed to more accurately calculate FM based on body weight, body volume, or total body water.
We also present a novel application of classical data to provide FFM density estimates for
pregnhant women at any stage of pregnancy. Use of these adjustments will help standardize
assumptions on FFM hydration and minimize error in FM estimation. Techniques still fail,
however, to fully distinguish tissue gains between mother and fetus. To fill this important gap,
imaging techniques such as ultrasound and magnetic resonance imaging are being used more
frequently and will provide more insight into fetal development, fetal adiposity, and depot
specificity of maternal FM acquisition. Efforts to synchronize protocols are necessary to allow
seamless comparison of data to advance the understanding of maternal body composition changes
that contribute to pregnancy-related complications.

Introduction

Pregnancy is a period during which the female body undergoes significant changes in its
composition to support fetal growth and development. These phenotypic and physiologic
changes are recognized in the form of gestational weight gain (GWG), which includes gains
in maternal and fetal mass, as well as growth of placental tissue and alterations in amniotic
fluid. Epidemiological data shows a U-shaped association between GWG and the risk for
adverse pregnancy outcomes including preterm birth and impaired fetal growth, infant death,
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and offspring weight status in adolescence [1-3]. Based on these data, the Institute of
Medicine (IOM) developed universal guidelines for healthy GWG that are determined by a
woman’s pre-gravid weight category (i.e., body mass index (BMI)) [4].

Despite having well-established weight gain guidance for pregnant women since 1990, only
about one-third of pregnant women achieve a healthy weight gain [5, 6]. Excess GWG, or
weight gain that exceeds the recommended guidelines, is becoming increasingly prevalent
among pregnancies worldwide. The most recent US data revealed that excess GWG
occurred in ~50% of all pregnancies in 2015 [5]. Similar epidemiological data has been
reported for women in Europe [6], New Zealand, and Australia [7]. There is also an
increased prevalence of excess GWG among women who are overweight or obese at
conception (61% and 55%, respectively) [5]. Because GWG is positively associated with
gains in fat mass (FM) but not fat-free mass (FFM) [8, 9], it is important to better understand
how to foster healthy GWG in pregnant women so that pregnancy-related comorbidities for
both mother and infant can be diminished [10, 11].

In research and clinical settings, the primary focus for evaluating maternal body composition
is to assess changes in FM and FFM before, during, and after pregnancy. While there are a
few non-invasive, low burdensome methods available, certain methods are clearly more
superior to others. The benefits of easy-to-use and cost-effective techniques such as skinfold
thickness and bioelectrical impedance are evident; however, to truly understand the etiology
of adverse pregnancy outcomes, more advanced and validated methods are required.
Methods based on densitometry and hydrometry provide valuable estimates for FM and
FFM but are challenged by the need to adjust for FFM hydration, which is subject to change
during pregnancy. The accuracy of FM and FFM measurements can be improved by
combining methods, such as densitometry and hydrometry. The key shortcoming of these
methods is that FM is estimated as a single whole-body component. There is an obvious
need to also understand changes in adipose tissue distribution throughout pregnancy given
its likely differential impact on metabolic health and thereby for adverse outcomes [12, 13].
Imaging technologies are beginning to shed light on important considerations and best
practices for assessing body composition in pregnancy. Nonetheless, these approaches also
have limited use due to cost, the need for specialized expertise and equipment, and potential
safety concerns that prohibit assessments in early pregnancy.

The objective of this review is to provide an overview of different methodologies to assess
body composition in pregnancy. The theory of each method is discussed alongside important
adjustments required to apply the techniques to pregnant women.

Body composition changes in pregnancy

Maternal body composition changes throughout pregnancy in order to support healthy
development of the fetus. In the first several months of gestation, the changes in maternal
body composition reflect preparation of the female body for fetal development. Specifically,
the uterus and breast tissue that comprises the maternal unit grows and blood volume
expands. In late pregnancy, a more pronounced growth of the fetal unit (e.g., fetus, amniotic
fluid, and placenta) occurs alongside continued growth of the maternal tissue and further
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blood volume expansion. At the time of delivery, the fetal unit will contribute up to
approximately one-third of the total GWG [14]. Additionally, distinct changes in maternal
body composition occur in both early and late pregnancy. A healthy weight gain (0.5-2 kg)
reveals that only small changes in maternal FM and FFM occur during early gestation
compared to the relatively large and variable changes in FM and FFM observed in late
gestation [4].

Maternal unit

Fetal unit

Changes in FFM—The maternal unit accumulates approximately 2 L of blood and 2 L of
extracellular fluid and expands the uterus and breast tissue by ~2 kg [15]. Various studies
have investigated protein accrual during pregnancy and found the amounts to be <1 kg [8,
16, 17]. Changes in bone mass are poorly investigated, but assessment of calcium balance
indicates negligible gain or loss of bone mass for most women [18]. The large proportion of
water accumulated relative to GWG leads to an increase in the hydration of FFM throughout
pregnancy [11, 19, 20]. Indeed, water accumulation is highly variable ranging from 67% to
80% of FFM [21, 22], which can impact the density of FFM. Studies are needed to better
understand how FFM hydration is impacted by non-modifiable factors, such as maternal age,
race, and pre-existing comorbid conditions, as well as modifiable factors, such as BMI and
adiposity [23, 24].

Changes in FM—Maternal FM is the most variable component of GWG. Changes in
maternal FM range from —10 to +15 kg at term [25] and positively correlate with GWG [9].
Owing to the lack of frequent body composition assessments, there is limited data available
on the timing of FM gain throughout pregnancy. Butte et al. showed a linear increase in FM
throughout pregnancy at a rate of approximately 2 kg per trimester [8], while other groups
have reported smaller gains in early pregnancy [26]. Of note, most of the women studied
throughout pregnancy are of normal weight (18.5 < BMI < 24.9 kg/m?) at conception, and
thus longitudinal changes in FM in women with pre-gravid overweight (25.0 < BMI < 30.0
kg/m?2) or obesity (BMI = 30.0 kg/m?) are lacking.

The fetal unit comprises the placenta, amniotic fluid, and fetus. Placenta growth occurs in
two phases; a linear increase up to week 24 (~150 g), followed by a steeper, linear increase
during the third trimester, and reaching a plateau in growth at term (~600-700 g, range 500—
1000 g) [4, 27-30]. The placenta is comprised of ~88% water, 11% protein, and only 1% fat
[4]. Amniotic fluid also accumulates up to 3 L throughout a healthy pregnancy [31], and
thus significantly contributes to the increased water accumulation during pregnancy. The
fetus grows at a relatively consistent rate to ~1 kg by the 28th week of gestation. Over the
next 12 weeks, the fetus gains more than two-thirds of its final weight (~2.5 kg) [4].
Therefore, it is later in pregnancy where deviations in fetal growth occur producing
variability in birth weight [4]. The average FM of an infant at birth is ~350 g [32], most of
which is accrued in late pregnancy [33]. Studies describe a linear relationship between GWG
and infant adiposity [34, 35] and suggest that >14% body fat reflects overweight/obesity in
the neonate [34]. Additionally, a large proportion of the weight accrued in the fetal unit is
attributed to water [36]. The water content of FFM in infants (~80%) is significantly higher
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compared to adults (~73%) due to a smaller contribution of muscle mass to the overall FFM
depot [33].

GWG, body composition and pre-gravid BMI

The amount and composition of healthy GWG significantly differs between women who are
underweight, normal weight, overweight, and obese and is inversely related to the pre-gravid
BMI class [4]. Specifically, the IOM guidelines recommend a total weight gain of 12.5-18
kg for women who are underweight, 11.5-16 kg for those who are normal weight, 7-11.5 kg
for overweight women, and 5-9 kg for women who are obese at conception [4]. Current
weight gain guidelines have not been expanded to include recommended gains in FM and
FFM; however, according to rigorous body composition studies, among women who gain an
appropriate amount of weight according to these recommendations, changes in FFM appear
to be relatively constant and independent of BMI class (6-8 kg, Fig. 1). Thus smaller weight
gains among heavier women are almost exclusively explained by smaller gains in FM (-0.6
kg FM in obese vs +6 kg FM in underweight) [9].

To date, there are no GWG recommendations for women within different degrees of obesity
due to the lack of available data. Therefore, the present guidelines recommend similar
weight gain and hence FM gain for all women with obesity. In an attempt to shed light on
possible weight gain recommendations for women considered obesity class 2 and 3 prior to
pregnancy, we constructed linear models for the changes in GWG, FFM, and FM based on
published data for women underweight through to obesity class 1 [9] (Fig. 1). Using these
linear models, we predicted changes in body weight and body composition for women with
obesity class 2 and 3 and with an appropriate total GWG (7 kg, 5 kg, and 3 kg for obesity
class 1, 2, and 3, respectively). Assuming the gain in FFM would be comparable to the other
BMI classes, and the inverse association between pre-gravid BMI and FM gain continues
(for every increase in pre-gravid BMI class, gain of FM is 2 kg less), the linear model of
published data suggests that maternal FM could be lost during pregnancy in cases of morbid
obesity (BMI > 40 kg/m?) to optimize health outcomes in obese pregnancies. Future
advances in body composition research in pregnant women will hopefully provide more
insight to the changes in FFM and FM in women with morbid obesity and those with
optimal pregnancy outcomes.

Models of maternal body composition

The assessment of body composition in pregnancy generally partitions the body into two
compartments, FM and FFM, where FFM includes the combined mass of total body water
(TBW), bone, protein, and non-bone mineral mass. This is referred to as a 2-compartment
model (2C) of body composition. More advanced models of body composition assessment
such as 3-compartment models (3C) that partition the FFM component into TBW and lean
body mass are also used in pregnant women. Unfortunately, neither the 2C or 3C models can
further partition the total FM and FFM depots into the maternal and fetal units. Imaging
techniques such as magnetic resonance imaging (MRI) can determine individual organ
volumes and therefore may provide separate measures of maternal and fetal tissues in the
future.
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2C models for estimating body composition in pregnancy

A 2C model of body composition can be obtained in multiple ways. Anthropometric
measures such as skinfold thickness can be used to estimate percent body fat by prediction
equations and combined with weight to obtain FM and FFM. The most commonly used
approach to determine body composition are densitometry-based methods that measure body
volume and derive body density and FM, e.g., underwater weighing (UWW) and air
displacement plethysmography (ADP). Alternatively, deuterium dilution is used to measure
TBW (hydrometry) and estimate FM and FFM by using assumptions for the TBW:FFM
ratio. Lastly, bioimpedance analysis (BIA) provides an estimate of FM and FFM based on
their distinct electrical conductivities.

Skinfold thickness assessment—Anthropometric measurements of body composition
via skinfold thickness assessment is non-invasive and suitable for field research given its
reliance on mobile and non-specialized equipment. Skinfold thickness protocols typically
include measurements at 4-7 sites (e.g., triceps, biceps, subscapular, supra-iliac/iliac crest,
mid-thigh, mid-calf). The simple summation of skinfold thickness measurements at
particular areas of the body are used to approximate total body subcutaneous fat [37].
Skinfolds together with maternal weight and circumferences (e.g., wrist) have been
combined to develop prediction equations for estimating percent body fat in pregnant
women [38, 39]. Prediction equations are specific to rigid time points in gestation and are
also specific to maternal age and race. Most equations are old and their validation studies do
not include many women with obesity and thereby the applicability of skinfold equations for
percent fat in women with obesity is not known [39].

The accuracy of skinfold thickness measures to estimate percent body fat is debated. Some
published equations using skinfold thicknesses claim to explain a high percentage of the
variability in predicting FM or percent body fat in pregnancy [38, 39], while other reports
show only mediocre correlations [40-42]. Estimating FM from a skinfold protocol has
numerous limitations. First, pregnancy presents a unique anatomical challenge for obtaining
accurate skinfold thickness measures at the same site across pregnancy due to expansion and
stretch of the skin. Second, skinfold assessment is highly subjective, and thus extensive
training is necessary to ensure a high level of reliability both within a pregnant woman over
time and between pregnant women. Additionally, skinfold thickness during pregnancy is
often greater in underweight compared to overweight women [43], greater in primiparous
compared to multiparous women [44], and the increase in thickness differs by site
throughout gestation [45]. These are critical factors that need to be considered when
selecting a published equation to estimate FM or percent body fat. Withstanding these
limitations, when precision is maintained, repeated evaluation of skinfold thickness
throughout pregnancy can be useful in both research and clinical settings.

Recently, advancements in digital technology have contributed to the development of digital
anthropometry, which is discussed by Heymsfield et al. in a companion review in this issue
[46]. Briefly, three-dimensional optical imaging can measure all circumferences of the body,
body surface area, and segmental body volume by non-invasive and, hopefully in the future,
low-cost methods that can be used in clinical, research, and even home settings. While this
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technique is permittable in pregnancy, validation studies have not yet included pregnant
women [46].

Underwater weighing—UWW is a non-invasive technique that uses Archimedes
principle of buoyance to measure body volume [47]: the weight of a body that is under water
equals the weight of the displaced water, and therefore:

BWair(kg) — BWwater(kg)

= dWater(k—g)

L

where BV = body volume, BWair = body weight in air, BWwater = body weight under
water, and dWater = density water at measured temperature.

For the measurement of body volume with UWW, subjects are submerged under water and
weighed while they hold their breath following exhalation for ~10 s. The measurement is
corrected for residual lung volume, which is ideally measured by the helium dilution
technique [48]. Practical limitations to this method include discomfort during complete
submersion with the nostrils occluded for 2—-3 min and difficulty in executing the breathing
protocol correctly. Nonetheless, UWW is non-invasive, precise, and can be performed
longitudinally without undue risk for pregnant women.

Air displacement plethysmography—ADP is becoming a widely adopted body
composition assessment method with increasing use in pregnancy. The ‘BOD POD’
technology (COSMED, Concord, CA, USA), utilizes a dual-chamber model that is based on
Boyle’s law, where small contrasts in volume and pressure in each chamber are measured
[49]. With correction for thoracic gas volume by either measurement or estimation, the
proprietary software of the BOD POD estimates body volume [50]. An accurate
measurement of body volume requires any residual air from the body surface to be
minimized and therefore individuals need to wear tightly fitted clothing (e.g., lycra
swimsuit). Advantages of ADP include high level of safety and participant tolerance thereby
allowing for repeated measurements across pregnancy. Moreover, the protocol is easy for the
participant to follow and provides an assessment of body volume in <5 min.

Nonetheless, the direct applicability of ADP to pregnant women is inhibited by various
factors. First, the BOD POD is expensive to purchase although the ongoing costs to operate
and maintain are fairly low. Similar to UWW, the BOD POD is not portable and thus is not
suitable for field research. Second, we learned that obtaining an actual measurement of
thoracic gas volume by the BOD POD software is difficult for pregnant women. Half of
measurement attempts have been unsuccessful in our studies of overweight and obese
women. When reported in other studies, a considerable number of subjects also failed to
produce acceptable measurements (11/38 or 29% in ref. [51], 6/41 or 15% in ref. [52]).
Therefore, for longitudinal studies of body composition, it is important that either the
measured or estimated thoracic gas volume is consistently applied for each woman across
assessments to limit this potential source of error in the FM and FFM estimations. Studies
have also shown that thoracic gas volume declines throughout pregnancy by ~100 mL per
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trimester [50, 53, 54] and, if ignored, would lead to an overestimation of FM particularly in
late pregnancy. Thus thoracic gas volume needs to be adjusted for the trimester-specific
decline in lung volume in all women since this is not accounted for in the BOD POD
software. Lastly, the current BOD POD software does not include any 2C models specific
for use in pregnant women, that is, which contain the appropriate adjustment for density of
FFM relative to gestation age.

Deuterium dilution—The principle of hydrometry is to use a stable isotope (e.g.,
deuterium) to estimate TBW and hence FFM. A known dose of deuterium oxide (D,0), an
isotope of water, is ingested and equilibrates within the TBW pool of the body [55]. The size
of the TBW pool determines the maximal concentration (=enrichment) of the isotope (D)
and can thus be calculated:

Dose D2O(mg)
TBW(kg) =

Enrichment D in urine/ saliva (rl?—gg)

where TBW = total body water.

Specifically, a baseline urine (or saliva) sample is collected to account for naturally present
isotope in the TBW pool that is in equilibrium with urine. Subsequently, a known quantity of
D,0 is ingested (30 g for adults) and allowed to mix within TBW pool for 2-5 h. Urine
samples are frequently collected during this period to determine when the enrichment
reaches a plateau. This plateau represents the maximal enrichment of the isotope that is used
to calculate TBW [55].

Using the measure of TBW, FFM can be calculated from a measured or estimated ratio of
TBW and FFM. The ratio of TBW:FFM defines the hydration of FFM (hFFM) [56], which
is used to calculate FM as follows:

TBW(L)
—T
hFFM(E)

FM(kg) = BW(kg) -

where BW = body weight, TBW = total body water, and hFFM = hydration fat-free mass
[56].

Advantages of hydrometry measurements to estimate FFM in pregnancy include the use of
the stable isotope deuterium that is not harmful to pregnant women or the fetus. With newer,
portable devices for measuring isotope enrichment (e.g., Fourier Transform Infrared
Spectrometry), deuterium dilution is possible in field research or in low-resource settings
[55]. The primary shortcoming of the technique is that the procedure takes approximately 4—
5 h to complete. Disadvantages, like other 2C models in pregnancy, include the relative
assumptions that need to be applied for pregnant women. Additionally, derived hydration
values are likely population specific and cannot be easily applied beyond the estimated
population.
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Bioelectrical impedance analysis—BIA is a cheap and practical body composition
methodology for measuring TBW and body composition. Specifically, BIA is a non-invasive
method that relies on assumptions and relationships in the electrical properties of biological
tissues. BIA is performed by placing electrodes on the ankle and wrist while the subject is
supine in a horizontal position [57, 58] and passing a low amperage current throughout the
body. The electrical conductivity of current is determined by the amount of water contained
in different biological tissues. Tissues with high water content such as skeletal muscle are
more conductive than adipose tissue or bone, which have less water content. The volume of
a conductive tissue then can be calculated from the resistance of the electrical signal
throughout body parts. In pregnant women, BIA has been shown to provide valid estimates
of TBW as compared to deuterium dilution early in pregnancy (14 weeks); however, BIA
may underestimate TBW in late pregnancy (32 weeks) [57]. An inherent problem with BIA
are fluid shifts throughout the day that can affect BIA measurements more than isotope
dilution [58]. Standardization of time of day is therefore important. Nonetheless, there are
increasing numbers of body composition studies in pregnant women with estimates of FFM
and FM from BIA [59-62], suggesting their ease of use and applicability to research studies.
Additional validation studies are needed.

Pregnancy adjustments necessary for 2C models of body composition

To estimate body composition with the 2C model using densitometry, first, body weight is
divided by measured body volume to derive total body density:

()= vy

where dB = total body density, BW = body weight, and BV=body volume.

Body density can then be partitioned into FM and FFM using an equation such as Siri [22]
with individual densities of fat and lean tissues to yield an estimate for FM:

100 100

Body mass db ~ dFFM
FM(kg)=( Olyogldss)* ] ]
dEM ~ dFFM

where dB=total body density, dFM=density fat mass, and dFFM=density fat-free mass [22].

The density of FM in the pre-gravid state is 0.9 kg/L and remains fairly constant throughout
pregnancy [22]. In contrast, the drastic increases in blood volume and extra-cellular fluid
with advancing gestation cause a decline in the density of FFM as pregnancy progresses. A
number of studies have published estimates for the hydration [19, 23, 24, 26, 39, 63-66]
and/or density [19, 23, 39, 52, 63-65] of FFM at specific time points in pregnancy (Fig. 2a,
b). Failing to account for increasing hydration and decreasing density of FFM throughout
pregnancy (i.e., Siri) or adopting estimates from others results in different FM and FFM
estimates (Table 1). Specifically, failure to account for the increase in FFM hydration in
hydrometry models would overestimate the actual FFM in pregnant women, and
subsequently, FM would be underestimated. On the contrary, overestimating FFM density in
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densitometry models underestimates FFM and overestimates FM. Indeed, Marshall et al.
[52] showed recently that BOD POD software, which does not account for pregnancy-
specific changes in FFM hydration, overestimated FM by 3.1 + 4.8 kg as compared to a 3C
model. In contrast, when the group included FFM density relative to gestation age, the FM
estimate was considerably improved and only 1.1 + 4.7 kg above the reference (35.5 + 13.1
kg, n=33) [52]. The importance of using accurate and ideally measured hydration constants
(versus estimations) on the calculation of FM and FFM is evident (Table 1).

The most commonly used reference to estimate dFFM for women throughout pregnancy is
published by van Raaij et al. [19]. However, FFM density values are provided only in 10-
week intervals throughout gestation, and thus subsequent studies relying on this data have
been limited in the period of gestation where body composition assessments are being
estimated (Fig. 2b). To expand the utility of the data published by van Raaij et al. [19], we
developed a regression equation that estimates FFM density as a function of gestational age
(in weeks):

Density FFM(kfg) = 1.1 - 0.00002988 * GA(weeks) — 0.00000731 * GA(weeks)2

where GA = gestational age; £2=0.999, P< 0.001, and

Hydration FFM(k—Lg) = (.724 + 0.00008484 * GA(weeks) + 0.00001435 * GA(We:eks)2

where GA = gestational age; /2 = 0.998, £< 0.001.

3C models for estimating body composition in pregnancy

The 3C model eliminates the need to assume the individual hydration of FFM and thereby
3C provide more accurate measurements of FM than 2C models [52, 65]. Indeed, when
using a 4C model to estimate body adiposity that combines measurements of weight, body
volume, TBW, and bone mineral density as reference, measurements of FM in late
pregnancy show significantly higher precision from 3C models as compared to dFFM-
adjusted 2C models from BOD POD and deuterium dilution (SD of the difference to the 4C
reference: 3C: £0.89 kg, 2C (BOD POD): 3.0 kg, and 2C (deuterium dilution): £2.3 kg),
whereas the average agreements with 4C were comparable [52]. Thus the accuracy of
maternal body composition assessments can be clearly improved by the use of 3C models
when FFM hydration is measured for each woman. Using the equations developed by Siri
and Catalano for 3C models [22, 63], FM is calculated using body volume, body weight, and
TBW:

BV(L) TBW(L)
BW(ke) ~ 78" BWike)

FM(kg) = (2.1 18* - 1.354) *100,

where FM = fat mass, TBW = total body water, BW=body weight, and BV = body volume.

The hydration and density of FFM can be calculated individually:
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L)_ TBW(L)
kg) ~ 2.354*BW(kg) — 2.118 * TBV(L) + 0.78 * TBW(L)

Hydration FFM(

kg) _ 2.1186 * BW(kg) — 1.9062 * TBV(L) + 0.702 * TBW(L)

Density FFM(T) = T 1.354*BW(kg) — [.218 *BV(L) + 0.78 * TBW(L)

where FFM = fat-free mass, TBW = total body water, BW = body weight, and TBV = total
body volume.

An alternative approach to measure body composition in pregnancy is to measure FFM by
its total potassium content. While 2C models for non-pregnant women assume the potassium
content as 2.3 g/kg of FFM [45, 67], due to the increased hydration of FFM potassium
content is lower in pregnancy (2.1 g/kg FFM [65]). Therefore, pregnancy-specific 3C models
with a measure of total body potassium and TBW propose FM can be calculated as [45, 65]:

FM(kg) = BW — TBW — 0.0045 * TBK(mmol) + 0.18885,

where BW=body weight, TBW-=total body water, and TBK=total body potassium [45, 65].

Similar to the densitometry/hydrometry 3C model above, estimates obtained by hydrometry/
potassium do not differ significantly from a 4C model of maternal body composition
although a larger variation was observed for the latter [65].

Multiple compartment models for determination of AT depots and the fetal unit

The chief limitation of using body composition methodology that relies on 2C and 3C
models to estimate body compaosition in pregnancy is the lack of information that can be
obtained for the individual contributions of the maternal and fetal units and, possibly more
important, the distribution of FM. Imaging technology can potentially overcome this
shortcoming. Sonography or ultrasound is routinely used to obtain images of the fetus
throughout gestation to assess growth and normal development and has been extended to
derive measures of fetal skinfold thickness in utero [68—73]. Numerous studies are now also
using ultrasound to derive measures of maternal skinfold thickness suggesting that it
overcomes many of the technical issues inherent with skinfold calipers but validation studies
are lacking [74, 75]. While designed to measure bone mineral density, dual-energy X-ray
absorptiometry (DXA) can also provide measurements of total and regional-specific FM and
FFM, and DXA is now the most commonly used method to measure total body composition
in non-pregnant individuals [76]. However, since DXA scanners emit radiation the
procedure is considered harmful to a developing fetus and is prohibited during pregnancy
[77]. Measurement of maternal body composition with DXA immediately before and/or
after gestation, however, can still be highly valuable for understanding body composition
changes across pregnancy [8, 9, 65]. During pregnhancy, whole-body imaging can be
accomplished with MRI; however, partitioning of the maternal and fetal units is still
complex.
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Ultrasound—Ultrasound is a simple technique that involves the production of sound waves
at varying frequencies to measure adipose tissue depot (expansion) during pregnancy. While
the estimates for skinfold thickness obtained by ultrasound correlate highly with estimates
by a caliper [75], ultrasound estimates may be superior in the increased accuracy and
precision. Specifically, ultrasound avoids the need for skin extension and compression when
using a skinfold caliper in pregnant women [74, 75]. In addition, ultrasound may enable the
measurement of visceral adipose tissue thickness, whereas skinfold thickness only provides
an estimate for subcutaneous fat [78-82]. Importantly, while it is used to measure visceral
adipose tissue, we are not aware of any study that has validated the ultrasound against other
objective methods such as MRI, which would be considered the gold standard. Ultrasound is
also limited in its ability to derive site-specific measurements of adipose tissue thickness
only rather than measurements of whole-body composition. Research is needed to assess the
validity of FM measured by ultrasound throughout the course of pregnancy before this
growing body of literature can be considered alongside data derived from validated
techniques used in 2C and 3C models.

Beyond maternal adipose tissue, fetal ultrasonography is currently the most widespread
method used to assess fetal size [83] and adiposity using single-site measurements of fetal
subcutaneous fat in the extremities and abdomen [68-73]. Two independent studies show
that predictions of newborn adiposity assessed by fetal ultrasound in late gestation (~30
weeks) were accurate when compared to fetal adiposity measured by DXA or ADP at birth
[72, 73]. Measurement of fetal fat deposition by ultrasound, however, is limited to mid/late
preghancy due to insufficient fetal FM earlier in gestation.

Magnetic resonance imaging—MRI is an in vivo imaging technique that uses a
powerful magnetic field to measure tissues and organs. For body composition, MRI is useful
because with whole-body or regional scanning protocols, adipose tissue and skeletal muscle
mass can be acquired, as can individual organ sizes. MRI is currently used as a diagnostic
tool in pregnancy to evaluate and diagnose medical conditions, such as appendicitis [84],
intestinal obstruction [85], cardiac displacement [86], and placental and fetal brain
abnormalities [87]. Indeed, the utility of MRI in clinical research offers advances in the
assessment of maternal body composition in pregnancy. Sohlstrém and Forsum were one of
the first groups to evaluate whole-body composition by MRI in pregnant women [88, 89].
The group found body fat assessed by MRI was 1.4 + 2.9% less compared to assessment by
UWW. To date, there are no publications reporting the use of MRI to assess changes in body
composition throughout pregnancy; however, two studies are currently underway (LIFT:
NCT#01616147; MomEE: NCT#01954342).

In addition to the likely increased precision of FM estimates with MRI, the great advantage
of MRI over other methods is the ability to localize adipose tissue distribution [88], as well
as ectopic fat accumulation in the liver [90] and the fetus [91, 92]. To improve data quality
and facilitate synergy of findings, attempts are being made to develop MRI scanning
protocols for abdominal fat distribution [93]. Anatomical landmarks are used to standardize
the location of MRI slice(s) in the abdominal cavity. In pregnancy, changes in maternal
posture and location of abdominal organs pose a potential source of variance for obtaining
measures of abdominal fat. A recent study in obese women compared different approaches
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for calculating abdominal subcutaneous and visceral fat area ratios in the second trimester
[94]. Comparing measurements by varying slice thickness and slice distance from
anatomical landmarks, the group concluded that abdominal slices should be centered above
the uterine fundus to produce reliable MRI measurements of subcutaneous and visceral fat
between women. This approach, however, would only be applicable when scanning women
at the same time point in gestation. Given that the height of the uterine fundus increases
throughout pregnancy, for longitudinal studies this approach would induce large variance in
FM estimates within and between women.

MRI is deemed safe in pregnancy; however, non-diagnostic scanning protocols are
recommended only from the second trimester and onwards. The obvious limitation of MRI
protocols is cost. Many clinical centers charge approximately $600 USD per 30 min of
scanning time (sufficient for an abdominal scan or lower-quality whole-body scan) with the
cost for image analysis added as an extra expense. Manufacturer differences between
scanners can introduce problems in standardizing hardware and software among clinical
centers as well. In addition, limitations to the field of view will limit the accuracy of
abdominal scanning in some women, particularly later in gestation.

Summary

Advancing assessment of body composition in pregnant women is important to divulge any
interaction between FM and adverse outcomes for the mother and her fetus. Methods such as
BIA, ADP, and isotope dilution (D,0) offer evaluation of body composition in two
compartments—FM and FFM—but without consideration of changes in FFM hydration are
prone to errors. Using published estimates for FFM hydration is common, but these
estimates are specific to set time periods and have never been published as continuum. Our
novel application of the most widely reported FFM density estimates for pregnant women
allow for body composition assessment at any stage of pregnancy. A limitation of this data is
the homogeneity of exclusively healthy Dutch women, and the effect of age, race, BMI, and
adiposity requires more research. Indeed, measuring the hydration of FFM is superior to an
estimate and can be obtained by combining measures of weight, body volume (ADP), and
TBW (BIA, isotope dilution). The increased attention to MRI in pregnancy in the coming
years will advance our understanding of changes in fat distribution and in conjunction with
ultrasound may, for the first time, disentangle the body composition of the mother from that
of the fetus. More efforts are necessary to establish common protocols that account for
changes of anatomical landmarks that are used to define body compartments and adipose
tissue depots. Lastly, expanding the available body composition data in pregnant women
obtained from use of validated techniques would allow researchers to better compare body
composition changes to objective measures of energy intake and energy expenditure [95]
and to provide improved estimates of energy requirements for healthy fetal growth. The
marriage of maternal body composition to energy balance will enable the development
energy intake recommendations for pregnant women, with the ultimate objective to help
facilitate an appropriate amount of weight gain throughout pregnancy.
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Fig. 1.

W%ole—body composition changes in pregnancy by BMI class. Body weight and body
composition changes for women with recommended total weight gain [4] are shown by each
BMI class (underweight, normal weight, overweight, obese) and partitioned into fat-free
mass (FFM; gray bars) and fat mass (FM; black bars) as reported by Lederman et al. [9]. For
obesity class 2 and 3, data are estimated from linear regression of the change in composition
components based on data across the other BMI groups (change in FM (kg) = 8.2 —2.1x
[BMI category factor], where BMI category factors are: underweight = 1, normal weight =
2, overweight = 3, obesity class 1 = 4, class 2 = 5, class 3 = 6), /2 = 0.99, A< 0.001): the
gray line shows the estimated change in FFM based on the 2009 I0M report [4] and the
black line shows a linear trend line for FM change extrapolated from the other BMI classes.
Theoretically, it may be likely that healthy gestational weight gain in women with obesity
class 2 and 3 would be lower than for women with obesity class 1 and may include a loss of
maternal FM
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Fig. 2.

Published values for FFM hydration and density throughout pregnancy. Hydration (a) and
density (b) of FFM are shown for specific time points in pregnancy as published by the
presented studies. Individual values are calculated by using body weight, body volume, and
total body water (3C models). Published values are used as estimates/reference when
individually measured values are not available (2C models). The exponential regression lines
are only based on the data by van Raaij et al. [19], which are most commonly used in 2C
models, and allow for estimation of FFM hydration/density for any given time throughout

gestation, Hydration FFM(%) = 0.724 + 0.00008484 * GA(weeks) + 0.00001435 * GA(weeks) . |

where GA = gestational age; /2 = 0.998, £< 0.00, and
Density FFM (krg) = 1.1 — 0.00002988 * GA (weeks)-0.00000731 * GA (weeks)?, Where GA =

gestational age; R2=0.999, < 0.001)
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