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Context:Mobilitylimitationisassociatedwithincreasedmorbidityandmortality.Therelationshipbetween
circulating testosterone and mobility limitation and physical performance is incompletely understood.

Objective: Our objective was to examine cross-sectional and prospective relations between baseline
sex hormones and mobility limitations and physical performance in community-dwelling older men.

Design, Setting, and Participants: We conducted cross-sectional and longitudinal analyses of 1445
men (mean age 61.0 � 9.5 yr) who attended Framingham Offspring Study examinations 7 and 8
(mean 6.6 yr apart). Total testosterone (TT) was measured by liquid chromatography tandem mass
spectrometry at examination 7. Cross-sectional and longitudinal analyses of mobility limitation and
physical performance were performed with continuous (per SD) and dichotomized [low TT and free
testosterone (FT) and high SHBG vs. normal] hormone levels.

Main Outcome Measures: Self-reported mobility limitation, subjective health, usual walking
speed, and grip strength were assessed at examinations 7 and 8. Short physical performance battery
was performed at examination 7.

Results: Higher continuous FT was positively associated with short physical performance battery
score (� � 0.13; P � 0.008), usual walking speed (� � 0.02; P � 0.048), and lower risk of poor
subjective health [odds ratio (OR) � 0.72; P � 0.01]. In prospective analysis, 1 SD increase in baseline
FT was associated with lower risk of developing mobility limitation (OR � 0.78; 95% confidence
interval � 0.62–0.97) and progression of mobility limitation (OR � 0.75; 95% confidence interval �

0.60–0.93). Men with low baseline FT had 57% higher odds of reporting incident mobility limi-
tation (P � 0.03) and 68% higher odds of worsening of mobility limitation (P � 0.007).

Conclusions: Lower levels of baseline FT are associated with a greater risk of incident or worsening
mobility limitation in community-dwelling older men. Whether this risk can be reduced with testosterone
therapy needs to be determined by randomized trials. (J Clin Endocrinol Metab 95: 2790–2799, 2010)
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The powerful demographic shift toward aging of human
populations has focused attention on remediable fac-

tors that limit the ability of older individuals to live inde-
pendently. Among individuals age 65 yr and older, 44%
report some mobility limitation (1). Decline in mobility is
associated with loss of independence (2) and increased risk
of disability (3), institutionalization (4), decreased quality
of life (5), and death (3, 6). Mobility limitation in older
individuals is undoubtedly multifactorial, but age-related
declines in muscle mass, strength, and power are impor-
tant contributors (7, 8).

Total testosterone (TT) levels in men decline progres-
sively with age (9–14). Because SHBG increases with age
(9, 10, 15), the decline in free testosterone (FT) with aging
is even greater than the decline in TT levels. Age-related
decline in testosterone levels has been associated with re-
duced muscle mass and lower extremity strength in older
men (16, 17).

Only a few studies have addressed the relationships
between circulating testosterone levels and mobility
and physical function, and the data are conflicting. The
Longitudinal Ageing Study Amsterdam reported a sig-
nificant positive association between low TT and low
grip strength in older men, but no statistically signifi-
cant relationship with self-reported functional limita-
tions was observed in that study (18). The Massachu-
setts Male Ageing Study found no relationship between
TT and grip strength (19). An analysis of longitudinal
data from two independent cohorts of older men
showed no association between TT and FT and the de-
cline in physical performance (20). The BACH/Bone
Study concluded age-associated alterations in sex hor-
mone levels play a minor role in age-related declines in
muscle strength and physical performance (21). These
studies measured testosterone levels by RIAs, whose
accuracy has been questioned (22, 23). Thus, the rela-
tionships among circulating levels of sex hormones and
mobility limitations and physical performance in older
men are inadequately understood.

Using data from the Framingham Offspring Study, we
determined whether TT, FT, and SHBG are related cross-
sectionally to mobility limitations, subjective health, and
performance-based measures of physical function in com-
munity-dwelling older men. Additionally, in longitudinal
analyses, we evaluated whether these hormones prospec-
tively are associated with incident mobility limitation and
worsening of mobility and subjective health in older men.
We measured circulating TT levels by liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS), widely
considered the reference method for testosterone measure-
ment (23).

Materials and Methods

The Boston University Institutional Review Board approved the
study, and written informed consent was obtained from all
participants.

Study sample
The Framingham Heart Study (FHS) began in 1948 as a pro-

spective study to examine the risk factors for heart disease (24).
In 1971, enrollment of offspring of the original cohort and
spouses of the offspring constituted the Framingham Offspring
Study (25). The offspring cohort has completed eight examina-
tions at approximately 4- to 8-yr intervals. The men of the Off-
spring cohort who attended examination 7 (1998–2001) were
eligible for the present study (n � 1625). Men with prostate
cancer undergoing androgen deprivation therapy (n � 8) and
those missing self-reported mobility data (n � 18) or TT (n �
154) at examination 7 were excluded, resulting in a sample size
of 1445 for cross-sectional analyses (Fig. 1). To determine
whether sex hormones are associated with incident and/or pro-
gression of mobility limitations, men who attended examination
8 (2005–2008) were examined on average 6.6 yr later. In the
analysis of progression of mobility limitations, we excluded men
who did not attend or had missing mobility data (n � 280) at
examination 8 or missing covariate data (n � 1). We further
excluded men reporting a mobility limitation at examination 7
(n � 53) when we examined incident mobility limitations.
Hence, 1111 men were available to prospectively examine the
association between circulating sex hormone levels and incident
mobility limitations and 1164 men to determine the relationship
between sex hormone levels and mobility limitation progression
(Fig. 1).

We also determined the cross-sectional relationships between
sex hormone levels and Short physical performance battery
(SPPB), timed usual walk, and grip strength using a subset of men
from an ancillary study to examination 7 that included the phys-
ical performance battery (n � 832, 1998–2002). Furthermore,
we examined the association between sex hormone levels and the
change in timed usual walk and hand grip strength among men
who attended examination 8 (n � 693).

Measurement of circulating sex hormones
Serum TT, FT, and SHBG levels were measured at examina-

tion 7. TT level was measured by LC-MS/MS, as described (26–
28). The sensitivity of the assay was 2 ng/dl, and interassay co-
efficients of variation (CV) were 7.8, 5.9, and 3.5% in samples
with testosterone concentrations of 250, 500, and 1000 ng/dl,
respectively. SHBG levels were measured using an immunoflu-
orometric assay (DELFIA-Wallac, Inc., Turku, Finland). The in-
terassay CV were 8.3, 7.9, and 10.9%, and intraassay CV were
7.3, 7.1, and 8.7%, respectively, in the low, medium, and high
pools (29, 30). FT was calculated by using the law of mass action
equation (31, 32). Calculated FT concentrations differ system-
atically from those measured by equilibrium dialysis and vary
with the algorithm used for calculating FT (33).

Healthy men aged 19–40 yr enrolled in the FHS Generation
3 (children of the Offspring participants) cohort free of cardio-
vascular disease, cancer, diabetes, hypertension, smoking, hy-
percholesterolemia, and obesity (n � 456) served as the referent
population to determine normative sex hormone values. For the
purpose of this study, low TT and FT levels were defined as less
than the 2.5th percentile for TT and FT of the referent population
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(TT �348.3 ng/dl; FT �70.0 pg/ml) and high SHBG levels as
more than the 97.5th percentile of the referent sample (SHBG
�81.6 nmol/liter).

Self-reported measurement of mobility limitation
At examinations 7 and 8, trained technicians queried partic-

ipants about mobility limitations using a modified Rosow-
Breslau questionnaire (34), which has been shown to have high
test-retest reliability in other large population-based studies (35,
36). Participants were asked if they were able to 1) do heavy work
around the house, like shovel snow or wash windows, walls, or
floors without help; 2) walk half a mile without help (about four
to six blocks); and 3) walk up and down one flight of stairs (37).
At examination 7, the last item was asked as part of the Katz
Activities of Daily Living scale with the following directive: dur-
ing the course of a normal day, can you walk up and down one
flight of stairs independently or do you need human assistance or
the use of a device? Response choices included 1) no help needed,
independent; 2) uses device, independent; 3) human assistance
needed, minimally dependent; 4) dependent; and 5) do not do
during a normal day. If the participant reported independence,
he was considered able to perform the mobility task. A partici-
pant was considered to have a mobility limitation if he reported
an inability to do one or more of the three items on the scale.

Subjective health
A standard single-item subjective health measure was used,

“In general, how is your health now?” (examination 7) or “In
general, how would you say your health is?” (examination 8).
Response options at examination 7 included poor, fair, good, or
excellent, and at examination 8, there was an additional response
option of very good. The responses were reduced to a binary
variable for analyses; 0 for good health (responses of good, very
good, and excellent) and 1 for poor health (responses of poor or
fair health).

Observed physical performance measures
Hand grip strength and performance-based measures of phys-

ical function were measured by trained technicians at an ancil-

lary study to Offspring examination 7 (1998–2002). Measure-
ments of hand grip strength and walking speed were repeated at
Offspring examination 8.

SPPB
The SPPB is a validated battery that evaluates lower extremity

function by measuring standing balance, gait speed, and time to
rise from a chair five times (38). The standing balance measure
was assigned a score ranging from 0–4, and gait speed and chair
stands were assigned a score ranging from 1–4, with 4 indicating
the highest level of performance. A summary performance score
from 2 (worst) to 12 (best) was calculated by summing the in-
dividual scores.

Standing balance test. Participants were asked to maintain bal-
ance in three positions: feet in side by side position, feet in semi-
tandem position, and feet in tandem position. For each of the
three positions, participants were timed to a maximum of 10 sec.
Participants were assigned a score of 0 if they were unable to hold
the side-by-side standing position for 10 sec, a score of 1 if they
could hold the side-by-side standing position for 10 sec but were
unable to hold a semi-tandem position for 10 sec, a score of 2 if
they could hold a semi-tandem position for 10 sec but were un-
able to hold a full-tandem position for 3 sec, a score of 3 if they
could stand in a full-tandem position for 3–9 sec, or a score of 4
if they could stand in a full-tandem position for 10 sec.

Measured walk. Usual walking speed was assessed by asking the
participants to walk at their usual pace over a 4-m course. Par-
ticipants were allowed to use walking aids if necessary but not the
assistance of another person. The test was repeated twice, and the
faster of the two trials was used. Walking speed was scored as
follows: less than 0.47 m/sec � 1; 0.47–0.64 m/sec � 2; 0.65–
0.82 m/sec � 3; and 0.83 m/sec or faster � 4. For individuals who
did not attempt or complete the walk, the value was set to the
maximum value obtained by any individual.

Chair stand test. Participants were asked to stand from a sitting
position in a straight-backed chair without using their arms. If

FIG. 1. Study design.
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they were able to perform the task, they were asked to stand up
and sit down five times, as quickly as possible. The time required
to perform five chair stands was scored as follows: more than
16.6 sec � 1; 13.7–16.6 sec � 2; 11.2–13.6 sec � 3; and 11.1 sec
or less � 4. If participants were unable to perform this task, then
a score of 60 sec was assigned.

Hand grip strength
Grip strength was measured in both hands using an adjustable

Jamar hydraulic dynamometer (Sammons Preston, Inc., Boling-
brook, IL). Participants were seated in a chair with elbow flexed
at a 90° angle. Each trial consisted of a maximum squeeze for 3
sec. Three trials were performed with each hand, and the best
performance in the six trials was used as the hand grip strength
value.

Statistical analyses

Cross-sectional analyses
Baseline descriptive statistics (means � SD) for continuous

variables and percent for dichotomous variables were generated.
Cross-sectional associations among sex hormones and binary
self-reported mobility limitation and subjective health were as-
sessed using multiple logistic regression, and multiple linear re-
gression was used for continuous outcomes (usual walking
speed, handgrip strength, and SPPB score).

Longitudinal analyses
The primary analyses employed multiple logistic regression to

examine the relation between circulating sex hormone levels and
1) incident mobility limitation in men free of limitations at
examination 7 and 2) decrease in subjective health between
examination 7 and 8 from good or excellent to poor or fair. In
secondary analyses, we examined progression of mobility lim-
itations and decline in subjective health from examination 7 to 8,
defined as a change of one or more response levels on the Rosow-
Breslau scale or subjective health question (moving on Rosow-
Breslau scale from 0 to 1, from 1 to 2, etc.). In additional anal-
yses, we used multiple linear regression models to examine
whether sex hormones measured at examination 7 were associ-
ated with change in gait speed and grip strength at examination
8 while adjusting for gait speed and grip strength at baseline
(examination 7).

To account for potential confounders (variables related to
outcomes that might affect the strength of association), all mod-
els were adjusted for age, body mass index (BMI), smoking, and
comorbidities (cardiovascular disease and cancer) at examina-
tion 7. However, the univariate association of TT and FT levels
with the Framingham physical activity index, a measure of phys-
ical activity, was either very weak (Pearson’s correlation coeffi-
cient for TT � 0.07; P � 0.008) or not significant (Pearson
correlation coefficient for FT � 0.01; P � 0.6867). Therefore,
the analyses were not adjusted for physical activity index.

Furthermore, to examine the potential threshold effect, where
hormone concentrations below a certain level relate to risk of
poor outcomes, both cross-sectional and longitudinal analyses
were repeated, defining low levels of TT and FT and high levels
of SHBG based on the 2.5th percentile cutoff obtained from the
Generation 3 healthy reference sample. Statistical significance
level was set at two-sided P � 0.05.

Results

Demographic data
The baseline characteristics of men in our study sample

with sex hormone and mobility data are shown in Table 1.
The men in our sample were on average 61.0 yr at baseline
with mean TT, FT, and SHBG levels of 583 � 227 ng/dl,
86 � 32 pg/ml, and 58 � 27 nmol/liter, respectively, and
15.4% had low TT, 31.6% had low FT, and 15.5% had
high SHBG levels. The proportion of men with self-re-
ported mobility limitation at baseline was 6.4 and 7.1% of
men reported poor subjective health. In the sample of men
with physical performance data, the mean SPPB score was
10.9, usual walking speed 1.25 m/sec, and hand grip
strength 42.4 kg. Thirteen percent (n � 144) of the sample
reported an occurrence of mobility limitation at exami-
nation 8, and 14% (n � 163) reported a progression of
their mobility limitation from examination 7 to 8.

Cross-sectional relation between sex hormones
and mobility and physical performance

The cross-sectional associations between circulating
levels of sex hormones and self-reported mobility limita-
tions and subjective health at examination 7 are presented
in Table 2. TT and SHBG were not significantly associated
with mobility limitation or subjective health. FT levels
were not significantly associated with mobility but were
associated with subjective health. As FT increased, the
chances of reporting poor subjective health decreased; 1 SD

increase in FT was associated with a 28% decrease in the
odds of reporting poor subjective health [multivariable-
adjusted odds ratio (OR) � 0.72; 95% confidence interval
(CI) � 0.56–0.94]. Compared with men with normal FT
levels, men with low FT levels had an increased risk of
reporting poor subjective health (OR � 1.61; 95% CI �

1.02–2.55). The cross-sectional associations between cir-
culating levels of sex hormones and physical performance
measures at baseline examination 7 are presented in Table
3. TT and SHBG were not significantly associated with
any of the physical performance measures. FT levels were
significantly associated with SPPB score and usual walk-
ing speed. As FT increased, SPPB score and usual walking
speed increased as well; each SD increase in FT was asso-
ciated with a 0.13-U increase in SPPB score (P � 0.008)
and 0.02 m/sec increase in usual walking speed (P �

0.048). Men with low FT were also more likely to have
lower grip strength (adjusted mean difference between
men with low and high FT � �2.01; 95% CI � �3.95 to
�0.07) than those with normal FT. Low TT and high
SHBG were not significantly associated with any mobility
or physical performance measure.

J Clin Endocrinol Metab, June 2010, 95(6):2790–2799 jcem.endojournals.org 2793

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/95/6/2790/2598475 by guest on 21 August 2022



Longitudinal relation between sex hormones and
mobility and physical performance

The results of our primary analyses of the impact of
hormones on development of mobility limitations and de-

cline in subjective health are presented in Table 4. Baseline
low FT was a significant predictor of incident mobility
limitation (Fig. 2). As FT increased by 1 SD, the risk of
developing mobility limitation decreased by 22% (OR �

TABLE 2. Cross-sectional associations between baseline circulating sex hormone levels and self-reported mobility
limitation at examination 7 (n � 1445)

Multivariable logistic regression

Mobility limitation Subjective health

OR (95% CI) P OR (95% CI) P
Continuous hormone levels

TT 0.89 (0.70–1.13) 0.34 0.80 (0.63–1.01) 0.06
FT 0.80 (0.61–1.03) 0.09 0.72 (0.56–0.94) 0.01
SHBG 1.13 (0.91–1.40) 0.28 1.05 (0.85–1.31) 0.64

Dichotomized sex hormone levels
Low TT 1.12 (0.62–2.02) 0.70 1.09 (0.62–1.89) 0.77
Low FT 1.29 (0.80–2.08) 0.30 1.61 (1.02–2.55) 0.04
High SHBG 1.31 (0.75–2.28) 0.34 1.20 (0.69–2.09) 0.51

Continuous hormone levels and OR values are for 1 SD change in sex hormone levels. All models were adjusted for age, BMI, smoking, and
comorbidities (cancer and cardiovascular disease) at examination 7. Sex hormones were defined as low or high vs. normal using healthy reference
sample of FHS Generation 3 men. Low TT and FT levels were those below the 2.5th percentile of the referent sample (TT �348.3 ng/dl; FT �70.0
pg/ml), and SHBG levels above the 97.5th percentile of the referent sample (SHBG, 81.6 nmol/liter) represented high SHBG levels. Low FT levels
(�70 pg/ml) were associated with increased risk (OR � 1.61) of poor subjective health; each SD increase in FT level was associated with a 28%
decease (OR � 0.72) in risk of reporting poor subjective health.

TABLE 1. Baseline characteristics at examination 7

Characteristic

Cross-sectional analyses

Longitudinal analyses:
men with incident mobility
limitation data (n � 1111)

Men with mobility
limitation data

(n � 1445)

Men with physical
performance data

(n � 832)
Age (yr) 61.0 (9.5) 61.6 (9.3) 59.6 (9.0)
Smoking (%) 12.7 11.5 11.8
Alcohol consumption,

drinks/wk (%)
None 27.3 28.9 25.8
1–14 69.1 67.4 71.1
�14 3.6 3.7 3.1

BMI (kg/m2) 28.8 (4.5) 28.8 (4.5) 28.7 (4.5)
Prevalent cardiovascular

disease (%)
17.6 17.3 13.1

Cancer (%) 9.7 10.8 7.7
TT (ng/dl) 583.5 (226.5) 584.4 (229.4) 589.9 (228.7)
FT (pg/ml) 86.1 (31.8) 86.2 (32.0) 88.6 (31.4)
SHBG (nmol/liter) 58.2 (26.7) 58.2 (26.3) 56.4 (25.5)
Men with low TT (%)a 15.4 15.1 15.0
Men with low FT (%) 31.6 31.3 27.7
Men with high SHBG (%) 15.5 15.5 14.0
Self-reported mobility

limitation (%)
6.4 5.8 0.0

Poor subjective health (%) 7.1 6.4 4.9
SPPB summary score 10.9 (1.30) 11.0 (1.10)
Usual walking speed (m/sec) 1.25 (0.30) 1.28 (0.29)
Grip strength (kg) 42.4 (12.5) 43.5 (12.0)

Values are mean (SD) for continuous variables and percentages for dichotomous characteristics. To convert TT to SI units (nanomoles per liter),
multiply TT concentrations in nanograms per deciliter by 0.0347. To convert FT to SI units (picomoles per liter), multiply FT concentration in
picograms per milliliter by 3.47.
a Sex hormones were defined as low or high vs. normal using healthy reference sample of FHS Generation 3 men. TT and FT levels below the 2.5th
percentile of the referent sample (TT �348.3 ng/dl; FT �70.0 pg/ml) were deemed low, and SHBG levels above the 97.5th percentile of the
referent sample (SHBG, 81.6 nmol/liter) were deemed high levels.
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0.78; 95% CI � 0.62–0.97). FT levels were also signifi-
cantly associated with progression of mobility limitation
(OR � 0.75; 95% CI � 0.60–0.93). Thus, men were 25%
less likely to report worsening mobility limitation for each
SD increase in circulating FT. No significant relationships
were observed between FT and subjective health in the
longitudinal analysis. TT, FT, and SHBG levels were not
significantly associated with change in usual walking
speed or handgrip strength from examination 7 to 8 (data
not shown).

Men with low FT were 57% more likely to develop
mobility limitation on follow-up (OR � 1.57; 95% CI �
1.06–2.32) and 68% more likely to experience worsening

of mobility limitation (OR � 1.68; 95% CI � 1.16–2.45)
compared with men with normal FT (Table 4 and Figure
2). Low TT and high SHBG were not associated with ei-
ther incident mobility limitation or progression of mobil-
ity limitation.

Discussion

In our community-based sample of men, higher baseline
FT levels (both continuous and threshold values) were
significantly associated with lower odds of an incident
mobility limitation. Baseline FT was also a significant cor-

TABLE 4. Longitudinal relations between baseline circulating sex hormone levels and incident mobility limitation:
multivariable logistic regression (n � 1111)

Mobility limitation Subjective health

OR (95% CI) P OR (95% CI) P
Continuous hormone levels

TT 0.90 (0.74–1.09) 0.28 1.09 (0.80–1.47) 0.59
FT 0.78 (0.62�0.97) 0.03 0.87 (0.62–1.22) 0.42
SHBG 1.11 (0.91–1.34) 0.31 1.29 (0.97–1.72) 0.08

Dichotomized sex hormone levels
Low TT 1.46 (0.91–2.34) 0.12 0.48 (0.19–1.24) 0.13
Low FT 1.57 (1.06–2.32) 0.03 1.23 (0.64–2.38) 0.53
High SHBG 1.29 (0.80–2.10) 0.30 1.59 (0.74–3.43) 0.24

OR values are for 1 SD change in hormone levels. For incidence, the sample excludes subjects at exam 7 with mobility limitation and poor subjective
health. For progression, the sample excludes subjects at exam 7 with worst response choice for mobility limitation and subjective health. All
models were adjusted for age, BMI, smoking, and comorbidities (cancer and cardiovascular disease). Sex hormones were defined as low or high vs.
normal using healthy reference sample of FHS Generation 3 men. Low TT and FT levels were those below the 2.5th percentile of the referent
sample (TT �348.3 ng/dl; FT �70.0 pg/ml), and SHBG levels above the 97.5th percentile of the referent sample (SHBG, 81.6 nmol/liter)
represented high SHBG levels. Low FT levels (�70 pg/ml) at examination 7 were associated with increased risk (OR � 1.57) of developing mobility
limitation at examination 8. Each SD increase in FT level at examination 7 was associated with a 22% decrease (OR � 0.78) in risk of reporting
mobility limitation at examination 8.

TABLE 3. Cross-sectional associations between baseline circulating sex hormone levels and physical performance at
examination 7 (n � 832)

Multivariable linear regression

SPPB score
Usual walking speed

(m/sec) Grip strength (kg)

� (95% CI) P � (95% CI) P � (95% CI) P
Continuous hormone

levels
TT 0.06 (�0.03–0.15) 0.18 0.02 (�0.006–0.04) 0.15 0.35 (�0.55–1.24) 0.45
FT 0.13 (0.03–0.22) 0.008 0.02 (0.0001–0.04) 0.048 0.57 (�0.33–1.48) 0.21
SHBG �0.08 (�0.17–0.02) 0.13 �0.01 (�0.04–0.009) 0.23 �0.41 (�1.38–0.56) 0.41

Dichotomized sex
hormone levels

Low TT �0.14 (�0.40–0.11) 0.27 �0.01 (�0.07–0.05) 0.65 �1.73 (�4.16–0.70) 0.16
Low FT �0.13 (�0.34–0.07) 0.20 �0.03 (�0.08–0.01) 0.16 �2.01 (�3.95–0.07) 0.04
High SHBG �0.08 (�0.33–0.18) 0.55 �0.05 (�0.11–0.007) 0.09 0.38 (�2.13–2.88) 0.77

Continuous hormone levels and ��values are for 1 SD change in sex hormone levels. All models were adjusted for age, BMI, smoking, and
comorbidities (cancer and cardiovascular disease) at examination 7. Sex hormones were defined as low or high vs. normal using healthy reference
sample of FHS Generation 3 men. Low TT and FT levels were those below the 2.5th percentile of the referent sample (TT �348.3 ng/dl; FT �70.0
pg/ml), and SHBG levels above the 97.5th percentile of the referent sample (SHBG, 81.6 nmol/liter) represented high SHBG levels. Low FT levels
(�70 pg/ml) were associated with decreased grip strength. Each SD increase in FT level was associated with 0.13 U increase in SPPB score and 0.02
m/sec increase in usual walking speed.
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relate of progression of mobility limitation, consistent
with the incidence findings. Furthermore, FT was posi-
tively associated with faster baseline usual walking speed
and SPPB score, a valid measure of lower extremity func-
tion and an important determinant of mobility. Thus,
baseline FT is a significant correlate of both self-reported
and performance-based measures of mobility. TT and
SHBG were not associated with any of the mobility or
physical performance measures.

According to the free hormone hypothesis, FT, repre-
senting the unbound hormone, is considered the biologi-
cally active fraction of testosterone. Although bioavail-
able testosterone has been reported to be associated with
self-reported mobility limitation, muscle strength, and
physical performance measures (39), we did not analyze
bioavailable testosterone because it is a calculated multi-
ple of FT. However, recent data suggest that SHBG-bound
testosterone may be internalized through endocytic pits
after binding to the megalin receptor and may also be
biologically relevant (40). Indeed, in the Massachusetts
Male Ageing Study, SHBG, rather than TT or FT, was
associated with frailty (41). Our data support the free hor-
mone hypothesis and suggest that FT may mediate most of
the effects of testosterone on physical function measures
because we did not find any relationship between SHBG
and TT with mobility or physical performance measures.

FT levels were associated with subjective health in
cross-sectional but not longitudinal analyses. Although

testosterone may not be causally related to subjective
health, it is possible that factors that contribute to poor
subjective health such as comorbid conditions may also
lower testosterone levels. It is possible that individuals
whose health deteriorated between examinations 7 and 8
did not return for follow-up. Of the men that did not
return for examination 8, or had missing incident mobility
limitation at examination 8, 11.8% had reported poor
subjective health at examination 7 compared with 7.1% of
men in the total sample. This may also explain why fewer
men reported poor subjective health at examination 8.
Therefore, the positive longitudinal associations between
FT and mobility limitations and their progression are all
the more remarkable.

The observed association between FT and mobility
measures has biological plausibility. Testosterone is an
important determinant of skeletal muscle mass (17) and
increases muscle mass by promoting myogenic differenti-
ation of multipotent mesenchymal stem cells (42, 43) and
by stimulating muscle protein synthesis (44, 45). Testos-
terone administration also increases maximal voluntary
strength and power in men (29, 30, 46). However, the
association of testosterone with physical function mea-
sures in epidemiological studies has been inconsistent. Al-
though some studies have found testosterone levels to be
related to self-reported (19) as well as performance-based
measures of physical function (18, 21, 47), frailty (48),
and falls (39), a recent prospective analysis of two cohorts
did not find any significant association of either TT or FT
with decline in physical function or muscle strength (20).
The effects of testosterone therapy on physical function
measures in randomized testosterone trials have been het-
erogeneous. Some trials have reported improvements in
gait speed, stair climbing power, and composite measures
of physical function (49, 50), whereas others failed to find
significant effects (51–53). However, older men included
in the first-generation testosterone trials were not uni-
formly hypogonadal (51–53). Also, most of the studies
included healthy older men without functional limitations
and used tests of physical function that had low ceiling
(54). Finally, testosterone doses in some trials were small
and did not significantly raise serum testosterone (51, 52).
We have shown that testosterone administration in young
and older men is associated with dose-dependent incre-
ments in skeletal muscle mass and maximal voluntary
strength (30, 55, 56).

We observed that circulating FT levels were signifi-
cantly associated with both SPPB scores and walking
speed. Each SD increase in FT was associated with a 0.13-U
increase in SPPB score and 0.02-m/sec in usual walking
speed. Perera et al. (57) have deemed a 0.5-U change in
SPPB score and a 0.05-m/sec change in gait speed to be

FIG. 2. Longitudinal analyses of incident mobility limitation. Continuous
FT level hazard ratios are for 1 SD increase in hormone levels, adjusting for
age, BMI, smoking, and comorbidities (cardiovascular disease and cancer).
As shown in the upper panel, each SD increase in FT level was associated
with 22% (OR � 0.78; 95% CI � 0.62–0.97) decrease in the risk of
developing mobility limitation and 25% decrease in the risk of worsening
mobility limitation (progression). The lower panel shows the association of
low FT (�2.5th percentile (�70.0 pg/ml)) at baseline examination 7 with
the risk of developing (incident) mobility limitation at examination 8 or of
reporting worsening mobility limitation (progression) at examination 8.
The FT hazard ratios were adjusted for age, BMI, smoking, and
comorbidities. The squares indicate point estimates for hormones, and the
lines indicate 95% CI.
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clinically important changes. Thus, testosterone levels
have a small but significant effect on these measures of
physical performance. Indeed, testosterone is only one
of many physiological processes that regulate complex
functions such as walking, although it is an important
remediable factor and, therefore, the subject of current
investigation.

Our study has significant strengths. First, the FHS co-
hort included community-dwelling men over a wider age
range than has been included in some other studies that
were focused mostly on older men. The longitudinal de-
sign of our analyses lends strength to our inferences. We
adjusted our analyses for potential confounders, including
age, BMI, smoking, and comorbidities. This is the first
population study to evaluate the relationship between mo-
bility and physical function with TT levels measured by
LC-MS/MS, widely considered the gold standard for the
measurement of testosterone levels (23). We defined ref-
erence ranges of testosterone levels by using healthy young
men, age 19–40 yr, and evaluated the relationship be-
tween androgens and mobility based on these population-
based thresholds.

Our study also has some limitations. First, epidemio-
logical studies including longitudinal studies can define
associations but not causality. Second, our study popula-
tion was white, and therefore, our findings may not be
generalizable to other race/ethnicities. Also, of the 1445
men who were evaluated for mobility limitation at exam-
ination 7, 280 did not return for examination 8 or had
missing mobility limitation data at examination 8. Impor-
tantly, men who did not return for examination 8 had a
higher frequency of mobility limitation, lower SPPB score,
and slower walking speed at baseline than those who did
return for examination 8. Thus, it is possible that some of
the subjects with poor health whose health deteriorated
did not return for follow-up, thus diluting the observed
effects. Therefore, our longitudinal analyses likely repre-
sent a conservative estimate of the association between FT
levels and mobility limitation and walking speed. We did
not have sex hormones measured at examination 8 to eval-
uate the correlation between the change in testosterone
levels and incident mobility. We did not measure estradiol
levels and were unable to dissect out the possible role of
aromatization on these outcomes. Serum testosterone lev-
els are affected by pulsatile, diurnal, and circannual
rhythms, and single samples ignore rhythmic hormone se-
cretion. Our analyses show that single early morning tes-
tosterone levels, obtained in a manner similar to that by
physicians in real practice, were associated with mobility
limitation and some other measures of physical function.
Therefore, even though our models did not factor in the
complexities of biological rhythms, they are in concor-

dance with the need of practitioners to depend on conve-
niently obtained single samples. Finally, the Framingham
cohort was younger and healthier than some other epide-
miological studies, resulting in fewer events and lower
rates of worsening of physical function; this may have
reduced the statistical power. We had 0.685 power to de-
tect an association of similar magnitude for TT to that
obtained from FT at an � of 0.05. The follow-up of these
men over a still longer period of time resulting in poten-
tially more events could increase the power.

These data have clinical implications. Mobility is one of
the most important physical functions, essential for inde-
pendent living. Our data show that men with low FT had
a 57% greater risk of developing a mobility limitation and
a 68% higher risk of deterioration in their mobility.
Whether this risk can be reduced with exogenous testos-
terone therapy in older men with mobility limitation and
low free testosterone levels would need to be determined
by a randomized clinical trial.
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