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SARCOPENIA, as defined by the European Working 
Group on Sarcopenia in Older People (EWGSOP), is 

the loss of muscle mass and strength or physical perfor-
mance with age (1) and is associated with impaired mobility 
(2), morbidity from impaired glucose tolerance, diabetes (3),  
falls (4), fractures (5), and increased mortality (6). In the 
context of increasing numbers of older people, it is a major 
contributor to rising health care costs (7). Estimates for the 
decline in muscle mass between the ages of 40 and 80 years 
range from 30%–50% (8,9). Loss of muscle mass and 
strength with age is caused by a global reduction in myofibre 
number as well as size (10,11), and there is increasing  

interest in understanding the etiology of this muscle loss, 
particularly at a cellular level, in order to develop effective 
preventive and treatment strategies (12).

Well-recognized adult influences on muscle mass and 
strength include age, gender, heritability, adult body size, 
physical activity, and nutrition (13–15), although less is 
known about influences operating at a cellular level. Loss of 
muscle mass does not necessarily correlate with loss of 
strength. Longitudinal as well as cross-sectional studies 
show that younger individuals can be stronger and older in-
dividuals weaker than would be predicted by their muscle 
mass alone (16). For example, in a longitudinal study (17), 
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with altered skeletal muscle morphology in older men.

Methods. Ninety-nine men with historical records of birth weight (≤3.18 kg and ≥3.63 kg), aged 68–76 years, con-
sented for detailed characterization of muscle, including a biopsy of the vastus lateralis. Tissue was processed for immu-
nohistochemical studies and analyzed to determine myofibre density, area, and score.

Results. Muscle fibre score (fibres kilograms per square millimeter) was significantly reduced in those with lower 
birth weight: 1.5 × 103 vs 1.7 × 103, p = .04 unadjusted; p = .09 adjusted for age, height, and physical activity. In addition, 
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density: 176 vs 184, type I myofibre density: 77 vs 80, and type II myofibre density: 99 vs 105. Types I and II myofibre 
areas (square micrometers) were larger in those with lower birth weight: type I: 4903 vs 4643 and type II: 4046 vs 3859. 
However, none of these differences were statistically significant.

Conclusions. This is the first study showing that lower birth weight is associated with a significant decrease in muscle 
fibre score, suggesting that developmental influences on muscle morphology may explain the widely reported associa-
tions between lower birth weight and sarcopenia. However, the study may have been underpowered and did not include 
women supporting replication in larger cohorts of older men and women.
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follow-up measurements of a cohort of 1,880 older partici-
pants over 3 years showed that decreases in isokinetic knee-
extension strength were more rapid than those in lean 
muscle mass. The discrepancies can be explained by a de-
crease in muscle quality in which innervation constitutes 
the biggest component and may account for some of the 
variability in muscle mass and strength between older peo-
ple. However, there still remains considerable unexplained 
variation in both muscle mass and strength between older 
people, and it has been proposed that influences operating 
throughout the life course should be considered. The life 
course model suggests that muscle mass and strength in 
older people reflects not only the current rate of loss but also 
the peak mass and strength attained earlier in life; this  
approach therefore focuses attention on influences acting 
during growth and development (18).

Evidence that developmental influences are operating in 
sarcopenia has come from epidemiological studies showing 
that lower birth weight, as a marker of an adverse intrauter-
ine environment, is associated with reduced muscle mass 
and strength in adult life (19–23). The developmental ori-
gins of health and disease hypothesis states that early envi-
ronmental conditions can induce permanent changes in 
tissue structure and function that have long-term effects on 
human health. The underlying mechanism is thought to be 
the universal biological phenomenon of developmental 
plasticity, whereby a single genotype can produce different 
forms of structure or function depending on early environ-
mental conditions (24,25).

There is good evidence from animal studies that an ad-
verse intrauterine environment can affect the development 
of myofibres, particularly during the secondary wave of 
myogenesis (26). For example, results from a recent study 
in sheep showed that peri-implantation and late gestation 
maternal undernutrition differentially affected myofibre 
density and function in fetal triceps muscle (27). There is 
also evidence that the effects on myofibre number persist 
into later life (28). However, few studies have investigated 
the effect of early environmental influences on myofibre 
composition in human muscle. A study of 27 women 
showed no association between low birth weight and mus-
cle myofibre density, capillary density, or muscle enzymatic 
activity (29). However, a study of 20 low birth weight and 
20 higher birth weight men aged 19 years demonstrated a 
change in muscle fibre composition and size with a decrease 
in percentage type IIa fibres, an increase in type IIa fibre 
area, and an increase in percentage type IIx fibres in low birth 
weight individuals (30). There have been no studies to date 
linking birth weight and muscle morphology in older men.

The aim of this study was therefore to investigate the re-
lationship between low birth weight as a marker of an ad-
verse intrauterine environment, and muscle morphology in 
a group of well-characterized community-dwelling older 
men already taking part in the Hertfordshire Cohort Study 
(HCS).

Methods

Study Participants
The study received ethical approval from the Hertford-

shire Research Ethics Committee (number 07/Q0204/68), 
and each participant gave written informed consent (31). All 
participants have previously been studied in the HCS (32). 
Briefly, the HCS comprised 2,997 men and women born be-
tween 1931 and 1939 in the UK county of Hertfordshire 
who had their birth weight recorded by a team of dedicated 
midwives. The objective of the HCS was to evaluate inter-
actions between the genome, intrauterine and postnatal  
environment, and adult diet and lifestyle in the etiology of 
chronic disorders in later life and has been described in de-
tail (32). From the 2,997 participants, 1,086 men who were 
seen in HCS clinics were identified as potential participants 
for this current study. Exclusion criteria for the study in-
cluded diagnoses of ischemic heart disease, type 2 diabetes, 
neuromuscular comorbidity, or myopathy. Also, any partici-
pants on long-term anticoagulants or medication that could 
compromise wound healing were excluded. After several 
tiers of exclusion (Figure 1), a total of 375 men were in-
vited. Each participant’s General Practitioner was ap-
proached to obtain consent to contact their patient. One 
hundred and twenty participants were visited at home by the 
study physician where requirements for the study were ex-
plained in detail (Figure 1). An appointment was then made 
to attend the Wellcome Trust Clinical Research Facility in 
Southampton General Hospital for further investigations 
that involved an overnight stay. One hundred and five men 
aged 68–76 years with historical records of birth weight 
(≤3.18 kg, 7 lb and ≥3.63 kg, 8 lb) agreed to take part in this 
retrospective cohort study.

The 105 men were fasted overnight prior to their arrival 
to the research facility. Body composition and lean mass 

Hertfordshire Cohort Study male 
participants previously seen in 

clinics 
(n=1086) 

Invitation letters 
(n=375) 

Agreed to participate and seen at 
Home 

(n=120) 

Study participants 
(n=105) 

Expressed wishes not to be 
contacted for future study, excluded 
through pre-existing co-morbidity, 

consent to contact not given by GP, 
moved out of area or deceased 

(n=711) 

Declined, did not reply or excluded 
for medical and social reasons 

(n=255) 

Seen at home but were subsequently 
unable to participate 

(n=15) 

Figure 1. Flow chart for the recruitment into the current study.
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were assessed by dual-energy x-ray absorptiometry scan-
ning (Hologic Discovery, auto whole-body software version 
12.5). Isometric grip strength was measured three times in 
each hand using a Jamar handheld hydraulic dynamometer 
(Promedics, Blackburn, UK). The maximum of the six mea-
surements was used in subsequent analyses. Isometric grip 
strength has been shown to correlate with total body strength 
and has been advocated as a simple, valid, and reliable mea-
surement in epidemiological studies of sarcopenia (1). All 
participants completed a health and activity questionnaire 
detailing current diet, smoking and alcohol intake, self-re-
ported physical function, comorbidity, and medication use.

Muscle Biopsy
Muscle morphology was characterized using tissue ob-

tained from a percutaneous muscle biopsy of the vastus 
lateralis carried out with a Weil–Blakesley conchotome 
(33) with the participant fasted. Participants were aged  
68–76 years at the time of the muscle biopsy. One hundred 
and two participants were eligible for the procedure; the 
three participants who did not have the muscle biopsy 
were on treatment that could have influenced wound heal-
ing (n = 2) or predispose to hematoma formation (n = 1). 
Samples for immunohistochemical analyses were viewed 
under a dissecting microscope and orientated longitudi-
nally prior to immersion in a 5 mL solution of cold ace-
tone, phenylmethylsulphonyl fluoride, and iodoacetamide. 
The samples were allowed to fix overnight at −20°C be-
fore being embedded in glycol methacrylate resin. Serial 
cross-sections at 7 mm were cut and stained for type II 
fast-twitch myofibres using the monoclonal antimyosin 
fast antibody (clone MY-32; Sigma-Aldrich, Dorset, UK). 
Thereafter, sections were counterstained with Mayer’s he-
matoxylin to identify type I slow-twitch fibres. Stained 
sections were examined under a photomicroscope (Zeiss 
Axioskop II, Carl Ziess Ltd., Welwyn Garden City, UK) 
coupled to KS 400 image analysis software (Image Asso-
ciates, Bicester, UK). All sections were viewed at a ×5 
magnification and digitized to obtain tissue area, myofibre 

composition (type I vs type II), and myofibre cross-sec-
tional areas. All samples were analyzed twice by the same 
blinded observer. Three samples were deemed unsuitable 
for fibre composition or myofibre area determination; 
thus, the final analysis sample comprised 99 participants. 
Myofibre number was normalized to section area to ac-
count for the variability in biopsy size and was expressed 
as myofibre density (fibres per square millimeter). Fibre 
score (fibres kilograms per square millimeter) as an alter-
native to total fibre number was derived from the product 
of myofibre density and leg lean mass.

Statistical Analysis
Statistical analyses were performed using STATA release 

10 (StataCorp, College Station, Texas). The data were nor-
mally distributed and summarized using means and stan-
dard deviations (mean ± SD). The relationships between 
size in early life and myofibre morphology, muscle mass, 
and strength were examined using a Student’s t test and lin-
ear regression unless stated. Adult height has been shown to 
be the strongest anthropometric predictor of muscle 
strength; therefore, multiple linear regression was used to 
adjust for the potential confounding influences of adult 
height as well as age and physical activity. A p value of .05 
or less was considered statistically significant.

Results

Participant Characteristics
Fifty-one participants had birth weight that was less than 

or equal to 3.18 kg and 48 had birth weight that was equal 
to or higher than 3.63 kg (Table 1). Participants with lower 
birth weight were shorter, lighter, weaker, and had a higher 
body fat percentage. However, none of these differences 
were statistically significant apart from total lean mass, 
which was significantly reduced in lower birth weight indi-
viduals (55.1 vs 57.8 kg, p = .04; Table 1). This difference 
was slightly attenuated (p = .06) after adjustment for age, 
height, and physical activity.

Table 1. Participant Characteristics

Birth Weight

Lower (≤3.18 kg) Higher (≥3.63 kg)

n = 51 n = 48

Mean SD Mean SD p Value p Value*

Age (years) 72.4 2.5 72.5 2.4 —
Height (cm) 173.3 6.2 174.9 6.7 NS
Weight (kg) 80.9 12.0 84.5 13.0 NS
Total lean mass (kg) DxA 55.1 6.1 57.8 6.7 .04 .06
Body fat (%) DxA 27.1 5.1 26.6 4.9 NS
Birthweight (kg) 2.9 0.3 4.2 0.4 <.001
Grip strength (kg) 37.8 8.7 39.5 7.4 .30 .47

Notes: DXA = dual-energy x-ray absorptiometry; NS = nonsignificant.
* Adjusted for age, height (cm), and physical activity.
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Relationships Between Birth Weight and Myofibre Density, 
Size, and Score

Table 2 shows data on the relationships between birth 
weight and myofibre density (fibres per square millimeter) 
as well as myofibre area (square micrometers) and fibre 
score (fibres kilograms per square millimeter). There was a 
tendency for reduced total, type I slow-twitch, and type II 
fast twitch fibre densities in lower birth weight individuals 
(total: 176 vs 184, type I: 77 vs 80 and type II: 99 vs 105). 
Both type I and type II fibres were larger in lower birth 
weight individuals (type I: 4903 vs 4644 mm2 and type II: 
4046 vs 3859 mm2). These differences were not statistically 
significant both in univariate and multivariate analyses  
(Table 2). The leg fibre score was significantly reduced  
in lower birth weight individuals (1.5 × 103 vs 1.7 × 103, 
p = .04), but this effect was attenuated after adjustment for 
current age, height, and physical activity (p = .09; Table 2). 
Both type I and type II fibre scores were reduced in lower 
birth weight individuals, but these differences were not  
statistically significant.

Discussion
This is the first study to investigate the relationship be-

tween birth weight and muscle morphology, mass, and 
strength in community-dwelling older men. The birth 
weight cutpoints used represent the lower and higher ranges 
of birth weight within the HCS database and were chosen to 
maximize sample heterogeneity and the potential to detect 
differences in muscle outcomes between the birth weight 
groups. We have shown that low birth weight is associated 
with a significantly lower fibre score and nonsignificant 
trends for decreased fibre density and increased fibre size. 
Men in the lower birth weight group had significantly lower 
lean mass. There were also nonsignificant trends for them to 
be shorter and lighter and have lower grip strength.

There is strong evidence from animal studies for the ef-
fect of an adverse intrauterine environment on the subse-
quent number of myofibres in the fetus (27,28,34,35). The 
majority of studies have use models of prenatal nutritional 
manipulation, the observed effects on myofibres being de-
pendent on the timing, nature, and severity of the nutritional 
insult. Results from an ovine study showed that peri- 
implantational and late gestational maternal undernutrition 
differentially affected myofibre density and function in fetal 
triceps muscle (27). Both nutritional insults resulted in  
decreased myofibre and capillary density with late gestational 
undernutrition predominantly causing a reduction in type I 
slow-twitch myofibre density. The effect of undernutrition 
on myofibre development and birth weight has been seen in 
other animal models, and there is evidence that the effect of 
fewer myofibres has detrimental effects on muscle mass in 
postnatal life (28,34,35).

The existing literature for developmental influences on 
human muscle morphology is limited. A study of 27 women 
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approximately 55 years old showed no association between 
low birth weight and muscle morphology (myofibre or cap-
illary density), muscle enzyme histochemistry, or blood 
flow (29). In contrast, a more recent study by Jensen and 
colleagues (30), involving 20 low birth weight (2702 ± 2.2 g) 
and 20 normal birth weight (3801 ± 101 g) young men 
aged 19 years, demonstrated a change in muscle fibre  
composition and size. The low birth weight young men had 
fewer type IIa fibres and an increase in type II fibre mean 
area. No statistically significant differences were seen in 
type I fibre number, but type I fibres tended to be larger in 
the lower birth weight group. Similar nonsignificant changes 
in morphology were seen in our study, although direct com-
parisons cannot be made between myofibre areas obtained 
from young and old muscles because of myofibre size dif-
ferences (36).

Human myogenesis is complete by Week 24 of gesta-
tion; thus, hypertrophy and not hyperplasia is responsible 
for any postnatal gain in muscle size (26). Myofibre de-
velopment is determined by nutrient availability as well 
as the action of hormones and growth factors that affect 
regulatory and structurally important myogenesis-related 
genes. The number of muscle fibres formed prenatally, in 
part, determines the rate of postnatal hypertrophy. During 
postnatal development, individual muscle fibres generally 
grow more slowly when muscle fibre numbers are high 
and conversely grow rapidly when the fibre numbers are 
low (28). This has been seen in experimental animal mod-
els (28), and it is possible that this phenomenon could ex-
plain the pattern of fibre density and area seen in relation 
to low birth weight in this study: lower fibre density, as a 
result of fewer muscle fibres, leads to an increase in fibre 
area as a result of increased postnatal growth. The in-
crease in fibre area may be myofibre dependent as studies 
conducted by Lexel and colleagues (11) suggest that mus-
cle containing fewer fibres generally have larger type I 
fibres .

The differences in anthropometric measurements be-
tween birth weight groups observed in this study are consis-
tent with findings from previous epidemiological studies 
showing smaller adult size in those with lower birth weight 
(21,23), although the findings in this small study were not 
statistically significant. Similarly, the significant decrease in 
total lean mass seen in those with lower birth weight is con-
sistent with results previously obtained in the Hertfordshire 
Cohort (37) as well as other birth cohorts (19,23). Muscle 
strength measured by handheld dynamometry was also re-
duced in those with lower birth weight, but this relationship 
did not reach significance. The absence of a significant as-
sociation with birth weight is surprising but may reflect lack 
of power due to the small study size as there have been con-
sistent reports of significant positive associations between 
birth weight and muscle strength across the life course and 
indeed in the HCS from which this study group was drawn 
(19–21).

Strengths and Limitations
This is a novel study in human participants aged 68–76 

years from a well-characterized birth cohort shown to be 
representative of the UK population (32). As far as we are 
aware, this is the first study integrating collection of muscle 
tissue and morphological studies into an established birth 
cohort study. The advantage is that participants have already 
been well characterized and there is potential for large study 
within the context of cellular and molecular work. Con-
versely, the sample size of 99 is small for epidemiological 
investigations and could have resulted in insufficient power 
to detect differences, also limiting generalizability. Resid-
ual confounding is also likely to exist. For example, we 
were unable to measure loss in motor unit function between 
the two birth weight groups to account for loss of myofibres 
(38). Lastly, our study did not include older women, and 
this is another area for future work.

In conclusion, our study is the first to demonstrate that 
lower birth weight is associated with a significant decrease 
in muscle fibre score. This suggests that developmental in-
fluences on muscle morphology may explain reported as-
sociations between lower birth weight and sarcopenia. The 
importance of this life course approach to sarcopenia is that 
positive findings widen the potential window for interven-
tion from the current focus on later life, where the aim is to 
minimize loss, to preventative strategies that could be im-
plemented early in life to maximize peak muscle mass and 
strength. A demonstrated link between low birth weight and 
sarcopenia can be exploited to identify high-risk individuals 
who may benefit from intervention and prevention strate-
gies throughout life. The findings from this study now need 
replication in a larger cohort of older men and women.
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