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Abstract
Background—Procollagen type III N-terminal peptide (P3NP) is released during collagen
synthesis in muscle. Increased circulating P3NP is a marker not only of muscle growth, but also of
muscle repair and fibrosis. Thus, P3NP may be a potential biomarker for sarcopenia.

Objective—To determine the association between plasma P3NP and lean mass and strength

Design, Setting, and Participants—A cross-sectional study of men and women from the
Framingham Offspring Study. Participants included a convenience sample of 687 members with a
measure of plasma P3NP and lean mass, and 806 members with P3NP and quadriceps strength
assessment.

Measurements—Linear regression was used to estimate the association between total and
appendicular lean mass and plasma P3NP, and quadriceps strength and P3NP

Results—Mean age was 58 years. Median plasma P3NP was similar in men (3.4 mg/L),
premenopausal women (3.1 mg/L), and postmenopausal women (3.0 mg/L). In adjusted models,
higher P3NP was associated with a modest decrease in total and appendicular lean mass in
postmenopausal women [β= −0.13 unit P3NP/kg total lean mass; p=0.003]. A similar trend was
found among premenopausal women, although results were not statistically significant [β=−0.10
unit P3NP/kg total lean mass; p=0.41]. No association between P3NP and lean mass was observed
in men. P3NP was not associated with strength in men or women.

Conclusion—Our results suggest that plasma P3NP might be a useful biomarker of muscle mass
in postmenopausal women if longitudinal studies demonstrate that it has adequate sensitivity and
specificity to predict muscle loss.
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Introduction
Sarcopenia, which is characterized by reduced muscle mass and diminished muscle function
[1,2], is common among elderly persons [3]. Although loss of lean mass may be a weak
predictor of adverse health outcomes such as gait abnormalities and disability [4,5,6,7],
muscle mass remains an important determinant of muscle function [8]. Despite the clinical
significance of age-related declines in muscle mass and function, the mechanisms for this
phenomenon are not fully understood, and to date, there are no approved therapies to
maintain or improve muscle mass in older adults. The discovery of methods to identify
persons at risk for loss of lean mass is therefore critical as they may lead to improved
therapeutic options.

A potential biomarker to identify elders at risk for sarcopenia is procollagen III N-terminal
peptide (P3NP). Procollagen type III is found abundantly in skeletal muscle and other soft
tissues such as skin, and in negligible amounts in bone. During the late phases of collagen
synthesis, the N-terminal end of procollagen type III is cleaved releasing P3NP into the
circulation [9]. Thus, increased levels of P3NP have been observed during the normal
increases in lean mass associated with puberty in adolescent boys and girls [10], as well as
in response to endurance-type exercise in adult males [11].

High levels of P3NP have also been observed in pathologic conditions associated with
abnormal collagen formation including congestive heart failure [12,13], hypertension [14],
coronary artery disease [15], and cirrhosis[16]. In these diseases, it is postulated that
inflammation leads to abnormal collagen synthesis and fibrosis of the associated soft tissues,
which results in elevated P3NP levels [17]. With aging, healthy muscle fibers are lost and
there is denervation of existing muscle fibers resulting in loss of muscle mass [2,18]. There
is also an increase in inflammatory cytokines within the muscle leading to the deposition of
non-contractile fibers within the muscle unit and consequent impaired muscle function [18].
Thus, we hypothesized that in otherwise healthy older adults, circulating P3NP
concentrations would be inversely associated with lean mass and muscle strength.

To our knowledge, no prior studies have evaluated the association between lean body mass
and P3NP in a cohort of older men and women. Therefore, we conducted a cross-sectional
analysis to determine the association between plasma P3NP and lean mass (total and
appendicular) in a convenience sample from the Framingham Offspring Study. Because
sarcopenia is a product of muscle size and muscle function, we also examined the cross-
sectional association between plasma P3NP and quadriceps strength in the same cohort.

Methods
Study Population

The Framingham Offspring Cohort began in 1971 to examine familial clustering of
cardiovascular disease [19], and it includes 5,124 adult children of the Framingham Original
Cohort and the spouses of these children. Participants were followed every four years with
comprehensive physical examinations and risk factor assessments. Of the 3,532 Offspring
who were alive and attended the examination cycle clinic visit between the years 1995–
1998, a sample of 943 participants with echocardiography were selected to examine
echocardiographic characteristics associated with P3NP (Figure 1) [20]. Participants were
eligible provided they met one of the following four criterion by echocardiography: 1) end-
diastolic left ventricular internal diameter (LVEDD) and wall thickness (LVWT) below their
respective sex-specific medians (n=539); 2) LVEDD equal to or exceeding the sex-specific
90th percentiles (n=188); 3)LVWT equal to or exceeding the sex-specific 90th percentiles
(n=195); or 4) both LVEDD and LVWT exceeding the sex-specific 90th percentiles (n=21).
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Participants with available plasma P3NP levels were younger (57.5 versus 59.3 years) and
less likely to consume >3 alcoholic beverages/week (16.5 versus 23.9%) compared with
participants without a measure of P3NP.

Of the 943 Offspring participants with measured plasma P3NP, 687 participants had lean
mass measured and 806 participants had quadriceps strength measured during a Framingham
Osteoporosis Study examination between 1996–2001. Participants with a measure of total
lean mass or quadriceps strength were more likely to be women, have a lower BMI, and less
likely to smoke, compared to participants without either measure.

Lean mass
Whole body dual x-ray absorptiometry (DXA) was performed using a Lunar DPX-L bone
densitometer (LunarCorp; Madison, WI) as previously described [21]. Lean mass (kg) was
calculated as the difference in soft tissue mass and fat tissue mass (in grams) divided by
1000. Total lean mass included all body regions whereas appendicular lean mass was
defined as the sum of lean mass in the arms and legs.

Isometric quadriceps strength
For quadriceps strength, the right leg was tested unless participants complained of pain or
had recently undergone surgery, in which case the left leg was tested. Participants were
asked to sit in a chair with their back supported, and the tested leg was flexed at 60 degrees.
A hand-held dynamometer (Lafayette Instrument) was placed 6 cm above the lateral
malleolus. Subjects were instructed to exert their maximum force against the dynamometer
for 2 seconds. The measurement was repeated, and the greater of the two readings was
included in the analyses.

P3NP
Fasting blood samples were drawn from participants while in a supine position. Samples
were centrifuged, and plasma was frozen at −70 degrees C until assay. Plasma P3NP was
measured using a radioimmunoassay (Amersham Pharmacia Biotech). All specimens were
processed in duplicate, and the mean intra-assay coefficient of variation was 6%.

Other covariates
During the 1995–1998 Framingham clinic examination, weight was measured to the nearest
pound without shoes, and height was measured to the nearest quarter-inch. These were used
to calculate BMI (kg/m2). Smoking status (current versus other), alcohol consumption (total
drinks/week), and hormone use (oral or patch versus none) were obtained by self report.

Indicators of cardiac muscle mass (LVEDD and LVWT), which were used to determine
P3NP eligibility, were assessed by transthoracic echocardiography (Sonos 1000 Hewlett-
Packard). We calculated LVEDD as the sum of interventricular septum (IVS) and posterior
wall (PW) measurements. LVWT was estimated using a formula previously described by
Devereux [22].

Ethics
This study was approved by the Institutional Review Boards of Hebrew SeniorLife and
Boston University Medical Center and all participants signed a consent form. The authors
have no financial conflicts of interest.
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Statistics
We first described characteristics of participants by sex-specific quartiles of P3NP. ANOVA
was used to compare continuous characteristics across quartiles, and Chi-square tests to
compare categorical characteristics. P3NP was not normally distributed (right skew),
whereas the dependent variables, lean mass and quadriceps strength, were normally
distributed. For this reason we considered P3NP as both a continuous and log transformed
variable in subsequent analyses.

Using linear regression, we calculated the crude associations of P3NP (as the primary
independent variables) with dependent variables of total and appendicular lean mass, and
with quadriceps strength in men, premenopausal women, and postmenopausal women,
separately. Resulting β coefficients reflect the unit (mg/L or log unit association of P3NP per
kg of lean mass or quadriceps strength. We then estimated the proportion of variation in lean
mass explained by P3NP (R2). In multivariable analyses, age and BMI were retained in all
models regardless of significance. Other covariates (i.e., smoking status, alcohol
consumption, categorization of LVEDD and LVWT by echocardiogram, and for post-
menopausal women, hormone use) were sequentially removed from the model using a
backwards stepwise process if the association with lean mass was not significant at a level of
p ≤ 0.10. We used SAS version 9.2 for all analyses.

Results
The mean age of participants was 57.6 years (standard deviation: 9.6 years), and 40.2% were
men (Table 1). Mean P3NP was similar in men (3.9mg/L) and in pre- and postmenopausal
women (4.1 and 4.0 mg/L, respectively; however, there was a considerable range of values,
particularly among postmenopausal women (0.02–53.3 mg/L).

In postmenopausal women and men, higher P3NP levels were associated with older age
(Table 2), as was BMI for all participants. In postmenopausal women, the lowest quartile of
P3NP had the greatest proportion of hormone replacement users. Total and appendicular
lean mass was lower with higher P3NP in premenopausal women, although this was not
statistically significant. There was no association between P3NP quartiles and quadriceps
strength in men or women.

In the unadjusted analyses, there was no association between plasma P3NP and total or
appendicular lean mass in men (Figure 2: R2=0.00; Table 3: β-coefficient=−0.01 unit P3NP/
kg appendicular lean mass, p=0.90). Results were qualitatively similar after adjusting for
age, BMI, smoking, alcohol use, and cardiac muscle mass (Table 2), and when we examined
the association in older (≥ age 65 years) and younger men separately (not shown). Plasma
P3NP was inversely associated with total and appendicular lean mass in both premenopausal
and postmenopausal women, although this association was only statistically significant in
postmenopausal women (Figure 2: R2 for appendicular lean mass in postmenopausal
women=0.02, p=0.01). Results were similar in the adjusted analyses (β-coefficient=−0.05
unit P3NP/kg appendicular lean mass, p=0.02). Results were also similar after log-
transformation of P3NP (Table 3), although the association between P3NP and appendicular
lean mass was no longer statistically significant in postmenopausal women (β-coefficient=
−0.25 log unit P3NP/kg appendicular lean mass, p=0.10).

There was no association between plasma P3NP and quadriceps strength in the crude or
adjusted analyses in men or women (Table 2). In men, the multivariable adjusted β-
coefficient for P3NP and quadriceps strength was 0.12 unit P3NP/kg strength (p=0.27),
while in postmenopausal women there was an inverse relationship that did not reach
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statistical significance (β-coefficient =−0.05 unit P3NP/kg strength, p=0.44). Results were
similar after log-transformation of P3NP (Table 3).

Discussion
To our knowledge, this is the first study to examine the cross-sectional association between
plasma P3NP and lean mass in a study of both men and women. We found that higher levels
of plasma P3NP were associated with a modest decrease in total and appendicular lean mass
in postmenopausal women. P3NP was not associated with lean mass in men, nor was it
associated with quadriceps strength in either sex.

In a clinical trial of 106 elderly community-dwelling men who received a GnRH agonist
plus recombinant growth hormone or testosterone, Bhasin et al. found that early increases in
P3NP were associated with greater gains in total and appendicular lean mass [23]. In fact,
using stepwise models the authors concluded that change in P3NP was a stronger predictor
of change in total and appendicular lean mass as compared with age, serum testosterone, or
IGF-1.

In our cross-sectional study, we found an inverse association between plasma P3NP and
total and appendicular lean mass in women. While our results may seem contradictory, there
may be an explanation for our findings. In the study by Bhasin, subjects were given an
anabolic agent stimulating the growth of lean mass. Because P3NP is released during
periods of collagen synthesis, it is not surprising that greater increases in plasma P3NP were
associated with greater gains in lean mass. Typically, however, aging adults do not receive
anabolic agents nor do they experience rapid increases in muscle mass. In the absence of
anabolic agents and during periods of muscle loss, P3NP may be elevated as a result of the
abnormal inflammation and fibrosis of skeletal muscle. There is some support for this
hypothesis in animal models, where denervation and immobilization of rat muscle uncouples
the regulation of collagen biosynthesis resulting in excess collagen formation in the
endomysium and perimysium [24], the compartments where Type III collagen is found in
the highest concentrations. Prospective studies are needed to validate this hypothesis and our
findings.

Our finding that plasma P3NP was inversely associated with lean mass in postmenopausal
women, but not in men, is intriguing. One possible explanation is that the men tended to be
younger than the postmenopausal women. If younger men were maintaining lean mass
without producing more collagen, inclusion of these younger men may have attenuated the
overall association between P3NP and lean mass in men. However, when we examined the
subgroup of men with ages above the median, we did not detect an inverse association
between P3NP and lean mass. Alternatively, there may be some difference in sex hormones
that attenuates the association between P3NP and lean mass in men. Our results do not
support this hypothesis as the association was similar in pre- and postmenopausal women,
and additional adjustment for estrogen use among postmenopausal women did not affect our
estimates. Nevertheless, we did not examine other sex hormone effects, such as testosterone.
Further investigation on the sex-specific relationship between plasma P3NP and lean mass is
warranted.

Higher levels of P3NP are not specific to collagen formation within skeletal muscle, and
they may also be found in association with fibrosis of other connective tissues and organs
containing type III collagen. Furthermore, P3NP is a general marker of collagen production,
and our results suggest that it may not distinguish between healthy skeletal muscle growth
and pathologic fibrosis of skeletal muscle. A few male and female participants had markedly
elevated plasma P3NP levels (Figure 2), suggesting very high production of Type III
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collagen in those persons. We found no obvious differences between the characteristics of
participants with extreme P3NP and those with lower plasma P3NP levels. It is possible that
these persons experienced an acute muscle injury, recently initiated exercise therapy, or had
abnormal fibrosis of other organs containing Type III collagen. We did not have detailed
information on these factors to adjust in our models; however, regression estimates were
similar when residual outliers were considered.

We found no cross-sectional association between P3NP and muscle strength. This again may
relate to an inability of the assay to distinguish between healthy and diseased collagen
formation within skeletal muscle. Future prospective longitudinal studies of older adults are
needed to determine if P3NP predicts changes in lean mass and strength.

There are several limitations to our study. First our study utilized a single measure of P3NP
as a predictor of lean mass. On average, plasma P3NP was measured 1.9 years before the
measure of lean mass was ascertained (range 0 days to 5.4 years). P3NP levels are believed
to stay relatively constant throughout healthy adulthood [11]. Even in the study by Bhasin et
al, which utilized anabolic agents, a steady state of P3NP was observed within 8 weeks of
drug administration [23]. Thus, multiple measures of P3NP or a simultaneous measure of
P3NP with lean mass is unlikely to have changed our results. Second, participants were
comprised of a convenience sample within the Framingham Offspring Study. Eligible
participants were more likely to be younger women with healthy characteristics (lower BMI,
less smokers, and less excess alcohol), and this may have limited our ability to find an
association between lean mass and plasma P3NP, particularly in men. Third, our analysis is
cross-sectional, and we are unable to determine if P3NP is associated with loss of muscle
mass in men and women. Future studies should consider whether elevated serum P3NP
predicts persons at risk for muscle loss, and thus, are good candidates for intervention.
Finally, our study was performed in a cohort of Caucasian Americans, and these findings
may not be generalizable to other groups.

Because sarcopenia is common and associated with poor outcomes in the elderly population,
it is important that new biomarkers associated with muscle mass be discovered in an effort
to improve diagnostic and treatment options.[25] Our study suggests that plasma P3NP
could potentially be a useful biomarker of muscle mass in postmenopausal women if it is
found to have adequate sensitivity and specificity for muscle turnover in larger, future
studies. Prospective studies of plasma P3NP and changes in muscle mass are needed to
confirm this association and to understand why circulating P3NP might be more strongly
associated with lean mass in women than in men.
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Figure 1.
Participants of the Framingham Offspring study who were included in the analysis of P3NP
and lean mass, and P3NP and strength
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Figure 2.
Cross-sectional association between plasma P3NP and total and appendicular lean mass in
men (○), premenopausal women (△), and postmenopausal women (◇)

Berry et al. Page 10

J Fraility Aging. Author manuscript; available in PMC 2013 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Berry et al. Page 11

Ta
bl

e 
1

C
ha

ra
ct

er
is

tic
s*  

of
 8

06
 F

ra
m

in
gh

am
 O

ff
sp

ri
ng

 p
ar

tic
ip

an
ts

 in
 a

 s
tu

dy
 o

f 
pl

as
m

a 
Pr

oc
ol

la
ge

n 
T

yp
e 

II
I 

N
-t

er
m

in
al

 p
ep

tid
e 

(P
3N

P)
 a

nd
 m

us
cl

e 
fu

nc
tio

n,
 o

ve
ra

ll 
an

d 
by

 s
ex

-s
pe

ci
fi

c 
pl

as
m

a 
P3

N
P 

qu
ar

til
es

M
ea

n 
pl

as
m

a 
P

3N
P

 (
m

g/
L

),
(r

an
ge

)
A

ge
 (

yr
s)

B
M

I 
(k

g/
m

2 )
C

ur
re

nt
 s

m
ok

er
 (

%
)

A
lc

oh
ol

 (
dr

in
ks

/w
ee

k)
O

ra
l e

st
ro

ge
n 

(%
)

T
ot

al
 le

an
 m

as
s 

(k
g)

†
A

pp
en

di
cu

la
r 

le
an

 m
as

s
(k

g)
†

Q
ua

dr
ic

ep
s 

st
re

ng
th

 (
kg

)

T
ot

al
 s

am
pl

e 
(n

=8
06

)

T
ot

al
 s

am
pl

e
4.

0 
(0

.0
2,

 5
3.

3)
57

.6
±

 9
.6

27
.0

 ±
 5

.0
16

.6
1.

7 
±

 2
.4

-
42

.9
±

 1
0.

3
19

.0
 ±

 5
.1

19
.9

 ±
 6

.4

M
en

 (
n=

32
4)

T
ot

al
 m

en
3.

9 
(0

.5
–3

6.
5)

57
.4

±
10

.0
27

.7
 ±

 4
.0

11
.1

2.
5 

±
 3

.0
-

54
.6

 ±
 6

.5
24

.2
 ±

 3
.3

22
.7

 ±
 6

.7

M
en

: 
Q

ua
rt

ile
 1

2.
1 

(0
.5

–2
.6

)
52

.8
±

8.
8‡

26
.7

±
3.

1‡
18

.5
3.

1±
3.

0
-

55
.6

±
6.

2
24

.0
±

3.
0

22
.9

±
7.

0

M
en

: 
Q

ua
rt

ile
 2

3.
0 

(2
.6

–3
.4

)
56

.5
±

9.
0‡

27
.0

±
4.

0*
8.

6
2.

5±
 2

.9
-

53
.0

±
6.

7
22

.9
±

3.
4

22
.2

±
6.

3

M
en

: 
Q

ua
rt

ile
 3

3.
8 

(3
.4

–4
.2

)
59

.1
±

9.
1‡

28
.3

±
3.

9‡
8.

6
2.

3±
 3

.2
-

55
.4

±
6.

7
23

.8
±

3.
3

22
.9

±
6.

5

M
en

: 
Q

ua
rt

ile
 4

6.
8 

(4
.2

–3
6.

5)
61

.1
±

10
. 5

‡
28

.7
±

4.
4‡

8.
6

2.
2±

 2
.9

-
54

.6
±

6.
4

23
.4

±
3.

1
22

.7
±

7.
1

P
re

-m
en

op
au

sa
l w

om
en

 (
n=

11
4)

T
ot

al
 p

re
-m

en
op

au
sa

l w
om

en
4.

1 
(0

.6
–1

9.
9)

47
.2

±
 4

.7
26

.0
±

 5
.7

15
.8

1.
1 

±
 1

.5
-

37
.6

 ±
 4

.6
16

.4
 ±

 2
.7

19
.8

 ±
 5

.4

P
re

-m
en

op
au

sa
l w

om
en

: 
Q

ua
rt

ile
 1

1.
7 

(0
.6

–2
.2

)
46

.9
±

4.
1

23
.8

±
 3

.1
§

25
.0

1.
3 

±
 1

.4
§

-
38

.1
±

3.
7

16
.4

±
2.

2
18

.1
±

5.
3

P
re

-m
en

op
au

sa
l w

om
en

: 
Q

ua
rt

ile
 2

2.
7 

(2
.3

–3
.1

)
47

.0
 ±

5.
7

25
.0

 ±
 4

.2
§

17
.2

1.
7 

±
 1

.6
§

-
37

.6
±

4.
6

16
.0

±
2.

3
21

.4
±

5.
2

P
re

-m
en

op
au

sa
l w

om
en

: 
Q

ua
rt

ile
 3

3.
6 

(3
.1

–4
.2

)
47

.3
 ±

 4
.4

27
.6

±
7.

6§
6.

9
0.

5 
±

 0
.9

§
-

37
.9

±
5.

0
16

.3
±

2.
9

19
.5

±
4.

9

P
re

-m
en

op
au

sa
l w

om
en

: 
Q

ua
rt

ile
 4

8.
4 

(4
.3

–1
9.

9)
47

.5
 ±

 4
.9

27
.7

±
6.

0 
§

14
.3

1.
0 

±
 1

.6
§

-
36

.9
±

5.
0

15
.9

±
2.

9
20

.2
±

6.
0

P
os

t-
m

en
op

au
sa

l w
om

en
 (

n=
36

8)

T
ot

al
 p

os
t-

m
en

op
au

sa
l w

om
en

4.
0 

(0
.0

2–
53

.3
)

61
.0

 ±
 8

.1
26

.8
 ±

5.
5

16
.9

1.
2 

±
 1

.9
36

.1
35

.8
 ±

 4
.2

15
.4

 ±
 2

.4
17

.6
 ±

 5
.4

P
os

t-
m

en
op

au
sa

l w
om

en
: 

Q
ua

rt
ile

 1
1.

9 
(0

.0
2–

2.
4)

58
.1

 ±
 7

.1
‡

25
.9

 ±
 5

.2
‡

16
.3

1.
2 

±
 1

.7
46

.7
§

36
.0

±
4.

0
15

.2
±

2.
1

17
.9

±
5.

8

P
os

t-
m

en
op

au
sa

l w
om

en
: 

Q
ua

rt
ile

 2
2.

7 
(2

.5
–3

.0
)

61
.6

 ±
 7

.5
‡

25
.9

 ±
 4

.4
‡

19
.6

1.
2 

±
 2

.0
39

.1
§

35
.3

±
3.

8
14

.8
±

1.
9

17
.8

±
4.

8

P
os

t-
m

en
op

au
sa

l w
om

en
: 

Q
ua

rt
ile

 3
3.

4 
(3

.0
–3

.9
)

61
.4

 ±
 8

.2
‡

27
.0

 ±
 5

.8
‡

14
.1

1.
0 

±
 1

.6
29

.4
§

35
.8

±
4.

2
15

.0
±

2.
2

17
.3

±
5.

1

P
os

t-
m

en
op

au
sa

l w
om

en
: 

Q
ua

rt
ile

 4
7.

8 
(3

.9
–5

3.
3)

62
.8

 ±
 8

.9
‡

28
.3

 ±
 6

.1
‡

17
.4

1.
4 

±
 2

.2
29

.4
§

36
.0

±
4.

8
15

.2
±

2.
3

17
.3

±
5.

9

* m
ea

n 
±

 s
ta

nd
ar

d 
de

vi
at

io
n 

un
le

ss
 o

th
er

w
is

e 
sp

ec
if

ie
d

† am
on

g 
68

7 
su

bj
ec

ts
 w

ith
 b

ot
h 

a 
m

ea
su

re
 o

f 
P3

N
P 

an
d 

to
ta

l b
od

y 
le

an
 m

as
s

‡ P<
0.

01

J Fraility Aging. Author manuscript; available in PMC 2013 November 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Berry et al. Page 12
§ P<

0.
05

J Fraility Aging. Author manuscript; available in PMC 2013 November 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Berry et al. Page 13

Ta
bl

e 
2

U
na

dj
us

te
d 

an
d 

ad
ju

st
ed

*  
as

so
ci

at
io

n 
be

tw
ee

n 
pl

as
m

a 
Pr

oc
ol

la
ge

n 
T

yp
e 

II
I 

N
-T

er
m

in
al

 P
ep

tid
e 

(P
3N

P)
 a

nd
 to

ta
l l

ea
n 

m
as

s,
 a

pp
en

di
cu

la
r 

le
an

 m
as

s,
 a

nd
 q

ua
dr

ic
ep

s 
st

re
ng

th
, b

y 
se

x

T
ot

al
 le

an
 m

as
s

A
pp

en
di

cu
la

r 
le

an
 m

as
s

Q
ua

dr
ic

ep
s 

st
re

ng
th

N
U

na
dj

us
te

d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e
N

U
na

dj
us

te
d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e
N

U
na

dj
us

te
d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e

M
en

25
1

−
0.

05
 (

0.
11

)
−

0.
05

 (
0.

07
)

0.
45

25
1

−
0.

01
 (

0.
05

)
−

0.
01

 (
0.

03
)

0.
82

32
4

0.
12

 (
0.

11
)

0.
12

 (
0.

11
)

0.
27

P
re

-m
en

op
au

sa
l w

om
en

10
6

−
0.

14
 (

0.
14

)
−

0.
10

 (
0.

12
)

0.
41

10
6

−
0.

06
 (

0.
08

)
−

0.
06

 (
0.

06
)

0.
37

11
4

0.
10

 (
0.

15
)

0.
06

 (
0.

15
)

0.
69

P
os

t-
m

en
op

au
sa

l w
om

en
33

0
−

0.
16

 (
0.

05
)

−
0.

13
 (

0.
04

)
0.

00
3

33
0

−
0.

06
 (

0.
03

)
−

0.
05

 (
0.

02
)

0.
02

36
8

−
0.

08
 (

0.
06

)
−

0.
05

 (
0.

06
)

0.
44

* C
ov

ar
ia

te
s 

co
ns

id
er

ed
 in

 th
e 

m
od

el
s 

in
cl

ud
ed

 a
ge

, B
M

I,
 c

ur
re

nt
 s

m
ok

in
g,

 c
ur

re
nt

 a
lc

oh
ol

 u
se

, c
ar

di
ac

 p
ar

am
et

er
s 

(l
ef

t v
en

tr
ic

ul
ar

 e
nd

 d
ia

st
ol

ic
 w

ei
gh

t a
nd

 d
ia

m
et

er
),

 a
nd

 e
st

ro
ge

n 
su

pp
le

m
en

ta
tio

n 
in

 p
os

t-
m

en
op

au
sa

l w
om

en
.

† β
-c

oe
ff

ic
ie

nt
s 

ap
pr

ox
im

at
e 

as
so

ci
at

io
n 

be
tw

ee
n 

pl
as

m
a 

P3
N

P 
un

it 
(m

g/
L

) 
pe

r 
kg

 o
f 

le
an

 m
as

s 
or

 s
tr

en
gt

h

J Fraility Aging. Author manuscript; available in PMC 2013 November 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Berry et al. Page 14

Ta
bl

e 
3

U
na

dj
us

te
d 

an
d 

ad
ju

st
ed

*  
as

so
ci

at
io

n 
be

tw
ee

n 
lo

g 
tr

an
sf

or
m

ed
 p

la
sm

a 
Pr

oc
ol

la
ge

n 
T

yp
e 

II
I 

N
-T

er
m

in
al

 P
ep

tid
e 

(P
3N

P)
 a

nd
 to

ta
l l

ea
n 

m
as

s,
 a

pp
en

di
cu

la
r 

le
an

 m
as

s,
 a

nd
 q

ua
dr

ic
ep

s 
st

re
ng

th
, b

y 
se

x

T
ot

al
 le

an
 m

as
s

A
pp

en
di

cu
la

r 
le

an
 m

as
s

Q
ua

dr
ic

ep
s 

st
re

ng
th

N
U

na
dj

us
te

d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e
N

U
na

dj
us

te
d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e
N

U
na

dj
us

te
d 
β

es
ti

m
at

e†
 (

SE
)

M
ul

ti
va

ri
ab

le
ad

ju
st

ed
 β

 e
st

im
at

e
(S

E
)

A
dj

us
te

d 
p-

va
lu

e

M
en

25
1

−
0.

39
 (

0.
81

)
0.

39
 (

0.
75

)
0.

60
25

1
−

0.
16

 (
0.

40
)

0.
23

 (
0.

36
)

0.
53

32
4

0.
77

 (
0.

77
)

0.
99

 (
0.

81
)

0.
22

P
re

-m
en

op
au

sa
l w

om
en

10
6

−
0.

81
 (

0.
74

)
−

0.
86

 (
0.

66
)

0.
20

10
6

−
0.

38
 (

0.
41

)
−

0.
45

 (
0.

36
)

0.
21

11
4

0.
70

 (
0.

83
)

0.
41

 (
0.

85
)

0.
63

P
os

t-
m

en
op

au
sa

l w
om

en
33

0
−

0.
62

 (
0.

37
)

−
0.

72
 (

0.
32

)
0.

02
33

0
−

0.
26

 (
0.

19
)

−
0.

25
 (

0.
16

)
0.

10
36

8
−

0.
75

 (
0.

46
)

−
0.

41
 (

0.
45

)
0.

37

* C
ov

ar
ia

te
s 

co
ns

id
er

ed
 in

 th
e 

m
od

el
s 

in
cl

ud
ed

 a
ge

, B
M

I,
 c

ur
re

nt
 s

m
ok

in
g,

 c
ur

re
nt

 a
lc

oh
ol

 u
se

, c
ar

di
ac

 p
ar

am
et

er
s 

(l
ef

t v
en

tr
ic

ul
ar

 e
nd

 d
ia

st
ol

ic
 w

ei
gh

t a
nd

 d
ia

m
et

er
),

 a
nd

 e
st

ro
ge

n 
su

pp
le

m
en

ta
tio

n 
in

 p
os

t-
m

en
op

au
sa

l w
om

en
.

† β
-c

oe
ff

ic
ie

nt
s 

ap
pr

ox
im

at
e 

as
so

ci
at

io
n 

be
tw

ee
n 

pl
as

m
a 

P3
N

P 
lo

g 
un

it 
(m

g/
L

) 
pe

r 
kg

 o
f 

le
an

 m
as

s 
or

 s
tr

en
gt

h

J Fraility Aging. Author manuscript; available in PMC 2013 November 15.


