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Abstract
Poor fetal growth is associated with decrements in muscle strength likely due to changes during
myogenesis. We investigated the association of poor fetal growth with muscle strength, fatigue
resistance, and the response to training in the isolated quadriceps femoris. Females (20.6 yrs) born
to term but below the 10th percentile of ponderal index (PI)-for-gestational-age (LOWPI, n=14)
were compared to controls (HIGHPI, n=14), before and after an 8-week training. Muscle strength
was assessed as grip-strength and as the maximal isometric voluntary contraction (MVC) of the
quadriceps femoris. Muscle fatigue was assessed during knee extension eercise. Body composition
and the maximal oxygen consumption (VO2max) were also measured. Controlling for fat free
mass (FFM), LOWPI versus HIGHPI women had ~11% lower grip-strength (P=0.023), 9–24%
lower MVC values (P=0.042 pre-trained; P=0.020 post-trained), a higher rate of fatigue (pre- and
post-training), and a diminished training response (P=0.016). Statistical control for FFM increased
rather than decreased strength differences between PI groups. The PI was not associated with
VO2max or measures of body composition. Strength and fatigue decrements strongly suggest that
poor fetal growth affects the pathway of muscle force generation. This could be due to neuromotor
and/or muscle morphologic changes during development e.g., fiber number, fiber type, etc. Muscle
from LOWPI women may also be less responsive to training. Indirectly, results also implicate
muscle as a potential mediator between poor fetal growth and adult chronic disease, given
muscle’s direct role in determining insulin resistance, type II diabetes, physical activity, and so
forth.
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INTRODUCTION
An association of early life conditions, specifically, low birth weight (BW), low ponderal
index (PI, gm/cm3), and infant catch-up growth, with obesity and increased chronic disease
later in life is well documented at the population level (1–6). The dominant explanation is
the “fetal origins” hypothesis, which suggests that during critical periods of development,
environmental stressors (especially under-nutrition) resulting in intrauterine growth
retardation (IUGR), reprogram developmental pathways that permanently alter adult
metabolism and subsequent chronic disease risk. These so-called fetal programming (FP)
effects are well documented on body composition in a wide range of age groups. For
example, studies of infants (7), children/adolescents (8, 9), and adults (10–17), all show that
FP results in a reduction in the relative amount of lean tissue compared to body fat. Skeletal
muscle may be particularly susceptible to FP effects as restricted nutrients tend to be
partitioned preferentially to the heart, brain, and other more vital organ systems. Further,
myogenesis is sensitive to environmental perturbation, occurs very early during embryo
formation, and ultimately determines a number of relatively fixed traits in adulthood
including the muscle fiber number, the fiber size, and the fiber type distribution (18–20).
With respect to nutrient restriction, the animal data are consistent showing reductions in
muscle fiber number as well as increases in type I versus type II fibers in adulthood (21–28).
Such developmental changes on muscle morphology could underlie the well-known
association of fetal growth restriction with insulin resistance and type II diabetes, as insulin
resistance is fundamentally a characteristic of skeletal muscle (29, 30). Morphological/
metabolic changes could also have implications for exercise performance and physical
activity levels in both children and adults.

Several studies have investigated the association of FP with muscle strength and/or muscle
performance (29, 31–35). Of these, three large-scale population studies showed positive
associations of BW with grip strength, even after adjustment for various adult body size
covariates (31–33). For example, the study by Kuh et al. (33) showed a positive association
of BW with grip-strength even after adjustment for age, sex, and adult height. The effect
was present in both men and women, and a 1-kg difference in BW in the cohort meant going
from the 10th to 80th percentile of the grip-strength distribution. These effects are likely
qualitative and independent of muscle size, as is suggested by two direct studies of isolated
muscle function. In a 31P magnetic resonance spectroscopy (31PMRS) study of the isolated
working flexor digitorum superficialis, low PI at birth was associated with reduced exercise
duration and a faster rate of phosphocreatine (PCR) depletion (34). Another study by the
same research group, using near-infrared spectroscopy, showed an increase in the rate of
forearm muscle reoxygenation in low PI subjects after finger flexion exercise (29). In both
studies, the authors concluded that low PI is associated with a delay in the activation of
glycolysis/glycogenolysis at the commencement of strenuous muscle contraction, thus
resulting in a rapid depletion of PCR stores.

Of the aforementioned studies, nearly all evaluated the performance of the finger flexors
only as opposed to the performance of a larger isolated muscle group. Only one of these (35)
evaluated a fitness outcome, including the performance on a static arm-pull test and a
vertical jump test, but neither measure was associated with the BW and neither measure
effectively isolated the performance of a single working muscle group. In the case of vertical
jumping, other factors, including technique, are probably also important. To date, no human
FP study has evaluated the fatigue characteristics of muscle, although hind-limb muscle
fatigue has been evaluated in vivo in new-porn piglets (21). Also, no study has evaluated the
responsiveness of skeletal muscle to resistance and/or endurance training. The latter issue is
interesting with reference to the original thrifty-phenotype hypothesis (36), whereby FP is
viewed as an adaptive response to fetal nutritional stress that results in a decreased
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investment in muscle given the high energy costs of muscle maintenance. It is not known
whether the thrifty phenotype persists after muscle resistance training, or whether the
phenotype resists the normal hypertrophy of skeletal muscle to an endurance or resistance
training program.

The overall goal of this study was to determine whether birth-markers of FP were associated
with the strength, fatigue resistance, and response to training of a large-muscle mass (the
quadriceps femoris muscle complex). We focused on the PI as a marker of FP given the
studies described above, which were successful at detecting FP effects in relatively modest
samples of subjects. BW, as a marker of FP, may be more problematic in correctly
identifying IUGR infants as not all IUGR babies are small-for-gestational-age, and not all
small-for-gestational-age babies are small due to growth restriction. Also, the PI as a marker
of thinness at birth appears to be better associated with catch-up growth in the first year of
life and with obesity and insulin resistance later in adulthood (2, 37), also hallmarks of the
FP complex. To achieve these study goals, twenty-eight college-aged women were recruited
to participate in an 8-week strength and resistance training program. Fourteen of these
women were identified as falling below the 10th percentile of the ponderal index (PI)-for-
gestational age (38), a cutoff which has relatively high sensitivity and specificity to predict
IUGR (39, 40). Fourteen of the women served as age, sex, and physical activity matched
controls. The strength and fatigue characteristics of the right quadriceps femoris were
evaluated pre- and post-training using a modified static-dynamic knee extension protocol
that was first described by Lewis and Fulco (41). This protocol assesses both the maximal
isometric strength of the quadriceps femoris, as well as progressive muscle fatigue following
dynamic knee-extension exercise. In addition to this protocol, pre-training, post-training,
and change (Δ) values with training for the aerobic capacity (VO2max) and the body
composition were evaluated for each participant.

METHODS
Subjects and recruitment

Twenty-eight female undergraduates born to term (>37 weeks to 42 weeks gestation) were
recruited into the study on the basis of birth measures. For the formation of study groups,
participants were compared to sex specific reference curves of the ponderal index (PI)-for-
gestational age (38). Fourteen were at or below the 10th percentile of PI-for-gestational age
(LOWPI, 2.2±0.1 gm/cm3) and fourteen were in the upper normal range (>10 percentile,
HIGHPI, 2.7±0.1 gm/cm3). Participants were required to document birth measures via a
hospital record and/or a birth certificate. Gestational-age was determined from the
documented due date, if it was available in the medical record, or if not, from maternal
recall. Maternal recall of birth measures have proven reliable for both clinical and
epidemiological use (42), and our data showed the expected increase in both BW and PI
with increasing gestational age from 37 to 42 weeks compared to standard reference
populations (38, 43). All participants were interviewed to obtain a medical history.
Exclusion criteria included current pregnancy or pregnancy within the previous year,
asthma, cardiovascular disease, diabetes, musculoskeletal problems that would have
contraindicated participation in the training program or study protocols, and anemia
measured via a spot measure of hemoglobin concentration from finger-tip blood using a
point-of-care hemoglobin analyzer (Hemocue, Angelholm, Sweden). This study was
approved by the Institutional Review Board (IRB) of the University at Albany, SUNY.
Participants gave written informed consent and were compensated for their time.
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Study Design
On entry into the study and before performance evaluation, diet and physical activity
patterns were assessed. To evaluate activity patterns, participants wore GT1M Actigraph
accelerometers (Pensacola, Fla.) during waking hours over 3 continuous days (2 weekdays
and 1 weekend day). Accelerometer count data were processed according to the 2-stage
regression model of Crouter et al. (44) to produce MET values of daily energy expenditure.
Diet was assessed via the diary method and detailed instructions were given on how to
record all caloric intake over 2 weekdays and 1 weekend day. The dietary data were
analyzed by the same investigator using the N2 Nutrition IV software package (N-Squared
Computing, Salem, Oregon). After baseline evaluations, participants completed an 8-week
training program with pre- and post-training evaluations of body composition, aerobic
capacity, and muscle strength/fatigue characteristics.

Training
Training consisted of 1-hour sessions, three times a week, for eight weeks, with the goal of
increasing VO2max and the strength of the quadriceps femoris muscle complex. The first 40
minutes of each session consisted of interval training on a stationary spin-bicycle.
Participants wore heart-rate monitors and were required to keep heart rate values within
prescribed limits during structured intervals that included warm-up/warm-down periods, as
well as intervals of varying intensity that lasted from 1–4 minutes. In total, training was
structured so that 25% of time was spent in light cycling (heart rate range at 50–70% of
VO2max), 50% of time in moderate cycling (70–80% of VO2max), and 25% in hard cycling
(80–90% of VO2max). Following cycling, participants performed knee extension resistance
weight training on a standard knee-extension weight-bench (3 sets of 15 repetitions each,
with approximately 5 minutes between sets). Participants were allowed to select the external
weight settings for knee extension training and were instructed/encouraged that the final
extensions of the final set should be a challenge to complete. Accordingly, participants were
instructed/encouraged to increase the weight as their muscle strength increased over the
training period. All participants kept a training log, and all participants completed the 24
sessions of the training program. For the measures described below the same equipment and
protocols were used both pre- and post-training.

Body composition
Body density was determined by hydrodensitometry. The underwater weight was obtained
using a suspended seat attached to an LC105 250/S Omega beam load cell force transducer
(Omega Engineering, Stamford, Connecticut). The load cell was calibrated before and after
each measurement and a continuous force signal was acquired by an REM/400M data
acquisition system (CB Sciences, New Hampshire). Subjects were required to exhale to
residual volume before submerging, and the underwater-weight was ascertained once stable
and replicable weight values were obtained from multiple trials (typically 5–10 trials per
subject). The residual volume (RV) was measured outside of the water tank in a seated
position using an oxygen dilution technique (Wilmore et al. 1980). The Siri equation (45)
was used to calculate body fat percentage from body density and fat and fat-free mass
(FFM) were calculated from the total body-weight.

VO2max
Aerobic capacity was measured on a stationary cycle ergometer (Monarch 874E) using an
incremental protocol. Subjects started with a workload of 1.0 kilogram resistance at 70 rpm
for 3 minutes. For the second workload (also 3 minutes), resistance was incremented by 0.5
kilograms. For the third workload (2 minutes), resistance was incremented by 0.5 kg.
Thereafter, the workload was incremented every minute by 0.25 kg until subject volitional
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fatigue. VO2max was defined as the highest level of oxygen consumption averaged over the
final minute of the test concomitant with at least two of the following conditions: 1) a non-
linear increase in exercise ventilation resulting in a respiratory exchange ratio greater than
1.10, 2) a plateau in the VO2-work rate relationship, or 3) a maximal heart rate within 10%
of the age predicted maximum. During VO2 testing, subjects breathed through a low
resistance breathing valve (Hans-Rudolph). The expired ventilation (VE, l·min−1 BTPS) as
well as the fractional concentrations of O2 and CO2 in the expired air were processed by a
Parvo-medics TrueMax metabolic measuring system (Sandy, Utah) to produce 1 minute
interval calculations of VO2. Gas analyzers were calibrated with standard gases before each
exercise test. The pneumotach used to measure ventilatory flow was also calibrated prior to
each test with a 3-liter calibration syringe. Heart rate (HR) was continuously monitored via
telemetry (Polar Electric Oy, Sweden) interfaced with the metabolic measuring system.

Muscle strength and muscle fatigue
A grip-strength test was used to determine the strength of the finger-flexors using a
Lafayette hand-grip dynamometer (model 78010). Each participant was given 3
opportunities to produce a maximal grip-strength value using their dominant hand, and the
best of these values was taken as the maximal grip-strength. In the leg, muscle strength and
fatigue were determined in the isolated right quadriceps femoris following a modification of
the protocol of Lewis and Fulco (24). Subjects were seated on a platform with their right leg
affixed to a minimal friction cable-pulley system that suspended a variable weight load. A
padded foot harness was used for the connection of foot-to-cable. An LC105 250/S Omega
beam load cell force transducer (Omega Engineering, Stamford, Connecticut) was attached
to the cable immediately behind the foot, and a continuous force signal was acquired by an
REM/400M data acquisition system (CB Sciences, New Hampshire). In addition, a PT101
precision potentiometer position transducer (Nordisk Transducer Teknik, Hadsund,
Denmark) was attached to the cable-pulley system to measure the distance of dynamic knee
extension. A “stop” mechanism was introduced behind the force transducer with the purpose
of preventing cable movement. This stop mechanism was activated to fix the leg at a 90°
angle for the measurement of force output during maximal voluntary static (isometric)
contraction of the quadriceps femoris (see below). Work rate (kg·m·s−1 converted to Joules)
during dynamic knee extension was calculated by integration of the continuous force curve
over time and the distance measurement.

To begin the protocol participants were required to execute three repeat maximal voluntary
contractions (MVCs), defined as the maximal isometric muscle force measured with the leg
at a fixed position of 90°. An individual MVC lasted from 3–5 seconds and a 1-minute rest
interval was given between trials. The maximal MVC was taken as the best of these three
repeat efforts. Based on the maximal MVC, weight was applied to the pulley system such
that dynamic knee extensions would produce a peak force of approximately 20% of maximal
MVC. The fatigue protocol proceeded over three minutes by alternating 1-minute bouts of
dynamic (concentric) knee extension exercise (from 90° up to 150° and back every 2
seconds i.e., 0.5 Hz) with static isometric MVC measurements. Muscle fatigue was
ascertained as the decrease in MVC efforts over time.

Statistical Analysis
All outcome measures were evaluated for normality using the Kolmogorov-Smirnov test
against a standard normal distribution using the Lilliefors 2-tail probability and were not
significantly different from normal. ANOVA and ANCOVA were used to test for mean
differences by PI-group. When appropriate, additional covariates were introduced e.g.,
gestational age, FFM, etc., as explained in the Results section below. A repeated measures
ANCOVA was used to test for overall PI-group differences in grip-strength and MVC force
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during the leg-kick protocol, with PI as the between-subjects factor and strength over time as
the within-subjects factor. For all ANCOVA analyses, variables representing the response to
training (Δ training) were evaluated by controlling for the baseline (pre-training) values of
these measures. This is the suggested approach for dealing with “change” variables, rather
than performing analyses on percentage change or absolute change from baseline (46). For
all tests, statistical significance was indicated at P≤0.05 for both main and interaction
effects. Values are presented in both tables and figures as means ± SEM. All statistical
analyses were performed using SPSS statistical software, version 17.0 for Macintosh (SPSS
Inc., Chicago, Il).

RESULTS
The characteristics of study participants, including their birth/perinatal information, are
given by study group in Table 1. The LOWPI group had lower PI due to both increased BL
(p=0.012) and a trend towards decreased BW (p=0.255). In contrast, LOWPI and HIGHPI
subgroups were well-matched on a number of other potential confounders including age,
gestational age, birth order, maternal height, maternal age, subject height, body mass index
(m/kg2), and pre-study physical activity i.e., energy expenditure (METs). Also, in the week
preceding entry into the study, there were no significant differences detected between PI-
groups in the caloric intake of carbohydrates, fats, or proteins expressed either as kcals/day
or as a percentage of the overall caloric intake (data not shown).

Body composition
As expected, body composition was responsive to training. While the total body weight
changed minimally, the overall mean FFM of participants increased by 0.7 kg (P<0.01), and
body fat percentage decreased by 1.1 percentage points (P<0.01). However, LOWPI vs.
HIGHPI subgroups did not differ significantly for pre-training, post-training, or Δtraining
values of body composition (Table 2).

Aerobic capacity
As expected, VO2max expressed as l·min−1 or ml·min·kg-FFM−1 increased by ~9% with
training (P<0.01, Table 2). However, there were no significant PI-group differences in pre-
training, post-training, or Δtraining values, with the exception of a non-significant trend
towards higher post-training ml·min·kg-FFM−1 values in HIGHPI women (P=0.082).

Muscle strength
Maximal grip-strength and quadriceps femoris MVC values are given in Table 3, both as
absolute values and after adjustment for FFM. It should be emphasized that we did not
specifically train the finger-flexors during the 8-week training program, and while grip
strength values were slightly higher after training, the increase was not significant (P=0.23).
In contrast, the quadriceps femoris was trained in both a general manner (via cycling) and in
a manner specific to the leg kick protocol (via knee extension resistance sets). Thus as
expected, maximal MVC values post-training were significantly higher than pre-training
values (P<0.01). For grip strength, the unadjusted mean values were not significantly
different between LOWPI and HIGHPI groups despite a trend to lower grip-strength in the
LOWPI women (Table 3A). However, when grip-strength values were adjusted for FFM
(Table 3B), the difference between PI groups increased and became significant post-training
(P=0.025) and nearly significant pre-training (P=0.059). A repeated measures analysis using
both grip-strength measures and controlling for FFM, was significant at P=0.023. For the
quadriceps femoris, maximal MVC values in a rested state tended to be lower in LOWPI
women, and the difference increased after adjustment for the FFM, but these differences did
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not reach statistical significance. However, during the fatigue protocol (Fig 1.), MVC
differences between groups became significant as described below.

Muscle Fatigue
Results from the leg-kick muscle fatigue protocol are shown in Fig. 1. The MVC values
shown at time 0 are the same maximal MVC values from Table 3. Thereafter, subsequent
(lower) MVC values at times 1, 2 and 3 minutes, are those produced after bouts of fatiguing
dynamic knee extension exercise as described in the Methods. Overall, in absolute terms and
adjusting for the FFM, MVC values were clearly lower in the LOWPI vs. HIGHPI women,
both in the pre-trained (P=0.042) and post-trained (P=0.020) states. As the protocol
progressed, the difference between PI groups widened, with significant time-point
differences in MVC values emerging at minutes 2 and 3 (pre-training) and minutes 1, 2 and
3 (post-training). The training increase in MVC was similar between PI groups at times 0, 1,
and 2, but HIGHPI women had a significantly greater increase at time 3 (1.08 vs. 3.69 kg in
LOWPI vs. HIGHPI, respectively, P=0.016). Like the grip strength values, when MVC
values were adjusted for the FFM, the magnitude of the difference between PI groups
increased and the P-values decreased.

Associations with BW
Because both the BW and the PI have been used in previous studies as markers of FP, and
because there is little consensus in the literature as to which birth measure is better, the
associations with BW were also explored. For these analyses, the entire sample was used in
a multivariate approach with BW as a continuous variable. Additional covariates were
introduced into statistical models as appropriate e.g., gestational age, FFM, etc. These
analyses failed to reveal any significant associations between BW and the study outcomes,
pre-training, post-training, or in response to training. The observed power for these analyses
was relatively low (~0.25), in part due to the distribution of BWs in the sample. That is, the
mean BW for the total sample was 3,180±92 grams, similar to the female birth value in
many reference populations, and only one participant was born below 2,500 grams, which is
usually taken as the clinical cut-off for low BW.

Discussion
In young adult women who likely experienced IUGR, this study showed lower grip-strength
and quadriceps femoris MVC strength values, both in absolute terms (for the MVC) and
adjusting for the FFM (grip strength and MVC). In addition to the strength differences,
LOWPI women showed evidence of diminished strength responsiveness to training and
lower fatigue resistance during dynamic knee extension exercise. In contrast, a low PI at
birth was not associated with the pre-, post- or Δtraining values of VO2max or body
composition, including the increase in the mean FFM and the decrease in the body-fat
percentage that our participants experienced with training. None of the study outcome
measures were associated with BW, although the BW analysis was exploratory and the
sample size and range of BW values were not sufficient to provide high statistical power. In
general, our findings are similar to the findings of several other larger epidemiological
studies that have suggested decreases in adult muscle strength as a consequence IUGR and
FP. Our study extends these findings by demonstrating strength deficits by the PI as opposed
to BW, and by showing these deficits in a large muscle mass apart from the finger-flexors.
In addition to the strength effects, our results suggest that poor fetal growth may also be
related to a diminished training responsiveness of muscle and a decreased resistance to
fatigue.
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The epidemiological studies that preceded this study showed that low BW was associated
with decrements in adult grip strength independent of body size i.e., the strength differences
persisted even after adjustment for later-life height and weight (31–33, 47). This led Kuh et
al. to conclude that strength differences were due at least in part to qualitative effects of FP
on muscle morphology during myogenesis (33). However, adjusting for adult height or
weight as a proxy for adult muscle mass is not a perfect solution to support this conclusion.
A muscle’s force generating capacity is strongly related to its cross-sectional area, and
covariate measures of adult body-size can only capture some of this causal relationship. In
other words, it is possible that the reduced strength values with FP reflect a reduced muscle
mass per se rather than morphological changes during muscle development. This is
particularly true given the well-documented effect of FP to reduce adult lean body mass
relative to the fat mass (10–17). However muscle size differences are likely not the
explanation for the reduced muscle strength values of the LOWPI women in our study. First,
the LOWPI women were well-matched to control participants on adult body size and body
composition. Second, the grip-strength and MVC differences actually increased after
adjustment for the FFM, and the FFM is certainly a much better proxy for the adult muscle
mass than is height or weight. Although we did not have a direct measure of the contracting
muscle mass, the increased strength of association after control for the FFM strongly
suggests morphological and/or neuromotor differences between the LOWPI and HIGHPI
women.

With respect to the fatigue protocol, inspection of Fig. 1 clearly reveals lower MVC values
in LOWPI women, both before and after training. These differences can be viewed as an
extension of the overall strength differences discussed above. The fatigue resistance of the
quadriceps femoris was assessed as the rate of decline of MVC over time. As the protocol
progressed, LOWPI women showed an accelerated rate of muscle fatigue (both pre- and
post-training), and there is also some indication that they were less responsive to 8-weeks of
training. That is, only the HIGHPI women showed any evidence of improvement in fatigue
resistance after training, although this conclusion is driven mostly by a significant group
difference in Δtraining at minute 3 of the protocol. These results contrast with the only other
study of fatigue resistance in the literature using an animal model of FP (21). In that study,
new-born piglets with IUGR had better fatigue resistance during isometric contractions of
the hindlimb plantar flexors using an in vivo muscle stimulation preparation. The authors
attributed this difference to a higher proportion of type I (fatigue resistant fibers) in the
IUGR group. However, the study made no adjustments for the large absolute force and
muscle size differences between the IUGR and control piglets, and so the results are difficult
to interpret in a size independent manner. Also, the research model differed as muscle
characteristics were assessed at birth rather than in adulthood.

There are several lines of research that are relevant with respect to understanding how poor
fetal growth could lead to a size-independent deficit in muscle strength and fatigue
resistance. In humans, one line of research shows that IUGR has qualitative effects on
neuromotor development (48, 49). These neurophysiologic studies are at a very early stage,
but several motor deficits have been described with IUGR, including altered corticospinal
excitability in adulthood (49). Unfortunately, to date, these deficits have not been directly
linked to the force generating capacity of the skeletal muscle. In animals, another line of
research shows that poor fetal growth induced by nutrient restriction reduces muscle fiber
number, fiber density, muscle capillary density, and alters fiber-type proportions (22, 24, 25,
28). Changes in fiber-type proportions, in particular, could affect many aspects of human
physical performance given the fundamental differences between fiber types in force
generating capacity, metabolic characteristics, and fatigue resistance (50). For example, type
I fibers are slow twitch, have a higher oxidative capacity, generate less force, and are more
resistant to fatigue compared to type IIx (IIb) and IIa fibers. The animal literature is
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reasonably consistent in this area showing that fetal nutrient restriction reduces the total
muscle fiber number, primarily as a consequence of a reduction in the formation of
secondary versus primary muscle fibers during myogenesis (23, 24, 51–53). Because
secondary muscle fibers are the precursors of adult type II fibers (54), fetal nutrient
restriction may also increase the proportion of type I to type II fibers in neonatal animals
(21, 27, 28). The overall reduction in muscle fibers formed during development may in turn
also lead to compensatory increases in muscle fiber size which enhances the conversion of
type I to type IIa and IIx (IIb) fiber types (22, 28, 55). Only one study in the human
literature has evaluated muscle fiber-types on the basis of BW (30). In that study, young
men born below the 10th percentile for BW-for-gestational age showed an increased
proportion of type IIx fibers at the expense of IIa fibers, with no significant differences in
the proportion of type I fibers. In humans, IIx fibers express a higher glycolytic and lower
oxidative capacity compared to type IIa fibers, and also fatigue more readily. Thus a shift
towards type IIx fibers in our LOWPI women could explain the decrease in fatigue
resistance, but not necessarily the deficits in muscle strength.

Only two studies in the literature, by the same research group, have directly interrogated
human muscle function at the metabolic level (29, 34). These researchers used the same
basic research design that we used here with a focus on the PI rather than BW as a marker of
IUGR and FP. However, low PI subjects were defined as those in the lower half of an
opportunistic sample, rather than identified a priori as those falling below a recognized
cutoff for IUGR using an external reference population. Additionally, gestational age was
not taken into account. Nevertheless, the study results were significant and informative. One
study, of flexor digitorum superficialis, using 31PMRS, showed that low PI was associated
with reduced exercise duration and a faster rate of phosphocreatine (PCR) depletion (34).
The other study, using near-infrared spectroscopy, showed an increase in the forearm muscle
reoxygenation rate in low PI subjects after finger flexion exercise. In both studies it was
concluded that low PI subjects have a delayed activation of glycolysis/glycogenolysis at the
onset of hard exercise stressing the anaerobic system, and thus deplete PCR stores more
readily. As a general result, a rapid depletion of muscle PCR stores would certainly help
explain the decrease in the fatigue resistance of LOWPI women, but some distinction must
be made between the onset of exercise in a small muscle mass (i.e., PCR depletion over the
course of seconds) compared to the more dynamic state-state conditions of knee-extension
exercise using a large muscle mass. Although our protocol lasted only 3 minutes, the knee
extension work rate was held constant (at about 1000 J/s) and required about 40% percent of
a subject’s VO2max once a steady-state was achieved i.e., after the 2nd minute. This is very
different from the onset conditions that are evaluated by 31PMRS, and so direct comparisons
should be made with caution.

An alternate possibility to explain the strength and fatigability differences between our PI
study groups is that they differed at baseline in their habitual or leisure time physical activity
patterns and thus the training status of their muscle groups. This possibility cannot be ruled
out but it is not likely as subjects were not engaged in any specific resistance training for at
least 1-year prior to the study. In addition, the LOWPI and HIGHPI subgroups were well-
matched on prior activity levels and had nearly identical baseline 24-hour daily energy
expenditure values (METs, Table 1) and baseline VO2max values (Table 3). Additionally,
we would have expected a greater training response in LOWPI if they had been poorly
trained, and that was clearly not the case. However, because several studies now suggest that
poor fetal growth results in reduced levels of physical activity in rats and humans (56–58),
we took the additional step of introducing MET values into statistical models as a potential
mediating variable. This step did not substantively change our study results, nor was there
any evidence that physical activity mediated the association of PI with muscle strength or
fatigue resistance.

Brutsaert et al. Page 9

Early Hum Dev. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, this study shows clear deficits in muscle strength and fatigue resistance in
college-aged women who were born with a PI lower than the 10th percentile for-gestational-
age. At this level, the PI is a sensitive marker of IUGR, and thus our case-control approach
offers a valid model for testing FP effects in human subjects. Because of the size
independence of these performance deficits, it is likely that FP alters aspects of muscle
morphology and/or metabolism during fetal myogenesis. However, the direct studies to test
this hypothesis have yet to be conducted in humans, including studies that quantify muscle
cross-sectional area, fiber-type, fiber proportion, capillarity, and so forth. Our study also
suggests that poor fetal growth leads to a decreased responsiveness of muscle to a training
stimulus. Although this is a tentative conclusion, if true, there are additional public health
issues to consider. Poor fetal growth by itself constitutes a significant risk factor for adult
chronic disease. A powerful way to attenuate that risk is to prescribe exercise as part of an
active lifestyle. However, it could be that the baseline risk for chronic disease with IUGR is
compounded by the additional risk of having a non-responsive muscle phenotype in
adulthood, with implications for exercise performance, physical activity, and compliance
with physical activity interventions.
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FFM fat free mass

MVC maximum voluntary isometric contraction
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IUGR intrauterine growth retardation
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PCR phosphocreatine
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Fig 1.
The maximal voluntary contraction (MVC) force decline of the quadriceps femoris during a
fatigue protocol that alternated static measures of MVC with dynamic bouts of knee
extension exercise (see Methods). The LOWPI and HIGHPI women are indicated by filled
circles and open triangles, respectively. The training response is indicated by a solid-line
(pre-training) versus a dashed line (post-training). The MVC measurements at time zero
represent the maximal strength of the quadriceps femoris in a rested state. Overall, the MVC
values plotted are the marginal means controlling for the FFM. *Significant differences
between PI-groups for in the post-trained state. **Significant differences between PI-groups
in the pre-trained stated. ***Significant differences between PI-groups in the change (Δ) of
MVC after training.
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Table 1

General chacteristics of study samples

LOWPI HIGHPI 1 p-values

(n=14) (n=14)

Age, yrs 20.9 ± 0.6 20.4 ± 0.3 0.395

BW, grams 3073.3 ± 151.5 3287.6 ± 104.3 0.255

BL, cm 51.7 ± 0.6 49.5 ± 0.5 0.012

PI, gm.cm-1 2.2 ± 0.1 2.7 ± 0.1 <0.001

Gestational Age, days 275.3 ± 2.6 278.4 ± 2.4 0.383

Birth order 1.8 ± 0.2 2.0 ± 0.2 0.506

maternal ht, cm 164.0 ± 1.7 165.4 ± 1.8 0.576

Maternal age, yrs 28.9 ± 1.1 29.9 ± 1.1 0.539

Subject Ht, cm 161.7 ± 0.9 160.3 ± 1.5 0.449

BMI, wt/ht2 24.4 ± 1.0 22.9 ± 0.7 0.246

2METs 1.63 ± 0.04 1.59 ± 0.05 0.587

1
P-values from ANOVA

2
MET values are the average of three 24-hour days of activity monitoring
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Table 2

Body composition and body composition changes with training

LOWPI HIGH PI 1 P-values

Wt, Kg-pre 63.5 ± 2.8 58.8 ± 2.4 0.218

Wt, Kg-post 63.6 ± 2.8 58.9 ± 2.4 0.210

2Δ Wt 0.2 ± 0.9 0.3 ± 1.0 0.969

FFM-pre, kg 42.2 ± 1.3 41.0 ± 1.4 0.538

FFM-post, kg 42.9 ± 1.3 41.7 ± 1.2 0.590

Δ FFM 0.7 ± 0.2 0.7 ± 0.4 0.994

Body fat-pre, % 32.8 ± 1.9 29.7 ± 1.3 0.198

Body fat-post. % 31.8 ± 1.9 28.6 ±1.4 0.189

Δ Body fat −1.0 ± 0.6 −1.2 ± 0.3 0.826

VO2max-pre, 1·min−1 2.00 ± 0.10 2.01 ± 0.07 0.898

VO2max-post, 1·min−1 2.17 ± 0.10 2.26 ± 0.07 0.498

Δ VO2max 0.17 ± 0.04 0.25 ± 0.06 0.274

VO2max-pre, 1·min−1·Kg-FFM−1 47.4 ± 2.1 49.2 ± 1.3 0.467

VO2max-post, 1·min−1·Kg-FFM−1 50.5 ± 1.8 54.2 ± 1.0 0.082

Δ VO2max 3.1 ± 0.8 5.0 ± 1.3 0.226

1
P-values from ANOVA

2
ANCOVA models testing for change (Δ) control for the pre-training value.
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Table 3

Muscle strength values before and after training

LOWPI HIGHPI 1 P-values

A. Unadjusted mean values

 Gripstrength-pre, kg 27.11 ± 1.24 29.68 ± 1.37 0.177

 Gripstrength-post, kg 27.57 ± 1.00 30.69 ± 1.65 0.112

 Δ Gripstrength, kg 0.46 ±0.95 0.88 ± 0.52 0.707

 MVC-pre, kg 28.4 ± 1.6 29.4 ± 1.0 0.435

 MVC-post, kg 29.9 ± 1.4 31.6 ± 1.6 0.597

 2 Δ MVC, kg 1.5 ± 0.8 2.2 ± 0.9 0.557

B. Marginal means adjusted for FFM

 Gripstrength-pre, kg 26.84 ± 1.12 30.10± 1.20 0.059

 Gripstrength-post, kg 27.30 ± 1.13 30.99 ± 1.17 0.025

 Δ Gripstrength, kg 0.46 ± 0.78 0.89 ± 0.81 0.708

 MVC-pre, kg 28.2 ± 1.2 30.0 ± 1.3 0.396

 MVC-post, kg 29.6 ± 1.4 32.0 ± 1.4 0.230

 Δ MVC, kg 1.4 ± 0.9 2.0 ± 0.9 0.521

1
P-values from ANCOVA.

2
ANCOVA models testing for change (Δ) control for the pre-training value.

Early Hum Dev. Author manuscript; available in PMC 2012 October 1.


