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Abstract

Objective—To determine whether frailty is associated with circulating total and free
testosterone, total and free estradiol, and sex-hormone binding globulin (SHBG) in older men.

Methods—With NHANES 111 data of 461 men aged 60 years and older, we used logistic
regression to analyze the associations between serum concentrations of sex steroid hormones,
SHBG and frailty. Participants meeting any 3 or more of the 5 frailty criteria were classified as
“frail”, all others were considered as non-frail.

Results—2.5% of men were frail. Men with SHBG =66 nmol/L had three times the odds of
frailty (OR=2.97; 95% CI 1.28-6.86) compared to men with SHBG <66 nmol/L. Men with free
testosterone levels below 243 pmol/L had an increased odds of frailty (OR=3.92; 95% CI 1.29-
11.89). None of these associations was statistically significant after additionally adjusting for body
mass index, smoking and history of cardiovascular diseases (CVD). Total testosterone, and total
and free estradiol serum levels were not statistically significantly associated with frailty.
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Conclusions—In this US nationally representative study of older men, low free testosterone and
high SHBG serum levels were associated with a significantly increased odds of frailty after
adjustment for age and race/ethnicity. These associations may, however, be explained by
confounding due to obesity, smoking, and the higher prevalence of cardiovascular disease in frail
men or by low hormones or high SHBG mediating the association between obesity, smoking,
CVD and frailty.
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Introduction

With advancing age the risk of frailty increases, but not all elderly become frail (1,2). It has
been estimated that 7% of the 65+ year old noninstitutionalized US population can be
considered to be frail (3) and this proportion is likely to increase due to the ageing of
modern societies. This complex syndrome can be described as a decline in multiple organ
systems leading to loss of function and impaired tolerance to stresses. Even minor negative
events are likely to result in adverse outcomes such as falls, hospitalization, disability and
death (2-4). Presently, no consensus definition of frailty exists and it is not specified in the
International Classification of Diseases (4). The most widely used definition is the one by
Fried et al. (3). They define overall frailty as the presence of three or more of the following
components: unintentional weight loss (10 Ibs in past year), self-reported exhaustion, poor
grip strength, slow walking speed, or low physical activity. For degree of frailty, an
individual can be classified as frail (3 or more components), intermediate (1-2 components),
or nonfrail (O components).

The underlying cause of frailty remains unknown. Interrelated impairment in multiple organ
systems is likely to contribute to it. Changes in levels of sex steroid hormones, such as
testosterone, could add to the physiological dysregulation that is connected with frailty due
to the effects of hormones on multiple physiological systems, such as skeletal muscle and
bone, and the cardiovascular system (5). This hypothesis is supported by the simultaneously
decreasing total and free testosterone blood levels, and the loss of skeletal muscle mass in
ageing men (6-9). In addition, bioavailable estradiol serum concentrations, which are of
importance for example for bone mineral density (10), also decrease with age (11).

The association between testosterone serum levels and individual components of the frailty
score, such as muscle strength and physical function, has been evaluated in a number of
observational and interventional studies (5). However, epidemiological studies on the role of
sex steroid hormones in the development of the frailty phenotype are limited and mainly
confined to testosterone. Of the five existing studies, two looked at the risk of low hormone
levels cross-sectionally (12,13). Two others evaluated the association additionally
prospectively (1,14). One survey (15) studied the association between changes in hormone
concentrations with time and progression of frailty. Overall, the five studies provided mixed
results.
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We used the frailty index by Fried et al. (3), which has previously been modified and
adapted to information available in the Third National Health and Nutrition Evaluation
Survey (NHANES I11) by Wilhelm-Leen et al. (3,16), to determine whether frailty is
associated with circulating total and free testosterone, total and free estradiol, and sex-
hormone binding globulin (SHBG), in older men who participated in NHANES III.

For the present analysis we used individual level data from NHANES I11. NHANES 11l was
carried out by the National Center for Health Statistics between 1988 and 1994 (17). Itis a
cross-sectional, multistage, stratified, clustered probability sample of the U.S. civilian
noninstitutionalized population at least 2 months old, and in which the elderly, non-Hispanic
blacks and Mexican Americans were oversampled. Study participants took part in an
interview and an extensive physical examination at the Medical Examination Center (MEC),
where blood samples were drawn.

NHANES 111 was carried out in two phases, between 1988 and 1991 and between 1991 and
1994, such that unbiased national estimates of health and nutrition characteristics can be
independently produced for each phase. Within each phase, the subjects were randomly
assigned to take part in either the morning or afternoon/evening examination session. Of
33,944 subjects who had been interviewed in NHANES 11, 14,781 were men with a
physical examination. Of the 2205 men who were at least 12 years old and participated in
the morning session of Phase I, 1637 had surplus blood samples available for measurement
of sex steroid hormone and SHBG measurements. Participants in the morning session were
chosen for our study to reduce the effects of diurnal variation on serum sex hormone
concentrations. 461 men who were at least 60 years old and for whom surplus blood samples
were available were included in the present analysis.

Assessment of Frailty

We used the frailty score originally developed and validated by Fried et al. (3), which has
been adapted to the data available in NHANES I11 by Wilhelm-Leen et al. (16). This adapted
score, which has been found to have strong face validity, consists of the five following
items:

1. Low body weight for height, defined as body mass index (BMI) < 18.5 kg m2.

2. Slow walking, defined as the slowest quintile adjusted for sex, in a timed 8-foot
walk.

3. Weakness, defined as present if participants answered ‘some difficulty,” *‘much
difficulty,” or ‘unable to do” when asked how much difficulty they have ‘lifting or
carrying something as heavy as ten pounds (like a sack of potatoes or rice).’

4. Exhaustion, defined as present if participants answered ‘some difficulty’, ‘much
difficulty’, or ‘unable to do’ when asked how much difficulty they have ‘walking
from one room to the other on the same level’.

Aging Male. Author manuscript; available in PMC 2015 September 24.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eichholzer et al.

Page 4

5. Low physical activity, defined as present if participants answered ‘less active’
when asked ‘Compared with most (men/women) your age, would you say that you
are more active, less active or about the same?’

In our analysis we included men with valid information on at least three of the five frailty
symptoms. One item was missing for 27 men (mainly skipping the “less active” question
(n=14), 8 with missing information on walking speed), 2 items were missing for 3 men. In
total, 5 of these 30 men who had 1 or 2 components missing were considered to be frail.

Participants meeting any 3 or more of the 5 criteria were classified as “frail”, those with 1 or
2 criteria as "prefrail” and those meeting none of the criteria as "robust". In addition, the
frailty variable was dichotomized into "frails" (3+ frailty criteria) and "non-frails" (0-<3
frailty criteria) for the purposes of our analyses (3,16).

Measurement of sex steroid hormones and SHBG serum concentrations

Blood samples were drawn from all participants in the morning between 8.30 and 11.30 a.m.
in the Medical Examination Center after an overnight fast. The samples were stored at
—70°C until they were taken from the freezer to measure the concentrations of testosterone,
estradiol, and SHBG in the laboratory of Dr. Nader Rifai at Children’s Hospital Boston. The
blood samples were randomly ordered for testing and the laboratory technicians were
blinded to the identities and characteristics of the study participants. A competitive
electrochemiluminescence immunoassay on the 2010 Elecsys autoanalyzer (Roche
Diagnostics, Indianapolis, IN) was used to quantify serum testosterone, estradiol, and
SHBG. The lowest detection limits of the assays were 0.07 nmol/L for testosterone, 18.4
pmol/L for estradiol, and 3 nmol/L for SHBG. For the quality control specimens included
during the analyses of NHANES |11, the coefficients of variation were as follows:
testosterone 5.9% and 5.8% at 8.7 and 19.1 nmol/L; estradiol 6.5% and 6.7% at 376.9 and
1739.9 pmol/L; and SHBG 5.3% and 5.9% at 5.3 and 16.6 nmol/L. In addition, we ran
quality control samples with a mean estradiol concentration of 144.6 pmol/L, which is in the
range of typical male estradiol concentrations; the intra-assay CV% was 5.2% and the inter-
assay CV% was 2.5%. Free testosterone was calculated from measured total testosterone,
SHBG, and albumin (available in the NHANES I1I public use database). Free estradiol was
calculated from total estradiol, SHBG, and albumin (18,19).

Other explanatory variables

Cigarette smoking, alcohol consumption, and physical activity were assessed using a
questionnaire. Height was measured to the nearest 0.1 cm using a stadiometer and weight
was measured to the nearest 0.01 kg using an electronic digital scale while the participant
was wearing foam slippers and paper shirt and pants. Body mass index (BMI) was
calculated as weight in kilograms divided by the square of height in meters. Self-reported
history of a diagnosis of a heart attack or stroke was used to define prevalent cardiovascular
disease (CVD) and self-reported history of a diagnosis of cancer (other than skin cancer) to
define prevalent cancer. Participants were categorized as being diabetic when they reported
a history of a diagnosis of diabetes or were users of insulin or diabetic medication.
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Statistical analysis

Results

Data were analyzed using SUDAAN (20) as implemented in SAS v.9.1 (Cary, NC).
Sampling weights were applied to take into account selection probabilities, over-sampling,
non-response, and differences between the sample and the total US population (21).

We compared geometric mean concentrations of hormones and SHBG categories of frailty
(frail, pre-frail, and robust) using weights to account for sampling probability and non-
response using two models.

Logistic regression was used to calculate odds ratios (OR) and 95 percent confidence
intervals (CI) of being frail compared to being non-frail in relation to (a) continuous
hormones and SHBG concentrations and (b) to having low levels of total testosterone, free
testosterone, total estradiol, free estradiol, or having a high level of SHBG. We defined low
concentrations using as cut points <10.4 nmol/L for total testosterone (22) <173.5 pmol/L
for free testosterone (22), <73.4 pmol/L for total estradiol (23), and <2.2 pmol/L (10th
percentile in our study population) for free estradiol. We used =66 nmol/L (90th percentile)
as the cut point for high SHBG. In the first model, we adjusted for age (1-year increments)
and race/ethnicity (non-Hispanic black, non-Hispanic white, Mexican-American, other). To
evaluate the possibly confounding effects of factors that influence hormone concentrations,
in Model 2 we included age and race/ethnicity as well as BMI (continuous), cigarette
smoking (never smoker, former smoker, current smoker), alcohol consumption (never
drinker, <1 drink/week, >1 drink/week to <1 drink/day, 1+ drink/day), physical activity
(moderate or vigorous physical activity on 0 times/week, <3 times/week, =3 to <8 times/
week, > 8 times/week), and prevalence of CVD. Additionally adjusting for prevalent
diabetes and cancer did not appreciably affect the risk estimates; thus, these co-morbidities
were not considered in the final model. In addition, ORs and 95% Cls were calculated by
polynominal logistic regression for being frail or pre-frail compared with being robust.

All significance tests were two-sided; p<0.05 was considered to be statistically significant.
The Institutional Review Board of the National Center for Health Statistics, Centers for
Disease Control and Prevention approved the protocols for conduct of the NHANES I11. All
participants provided informed consent. The Institutional Review Boards at the Johns
Hopkins Bloomberg School of Public Health and the National Center for Health Statistics,
Centers for Disease Control and Prevention approved the assay of stored serum specimens
for the Hormone Demonstration Program.

Biochemical, lifestyle and clinical characteristics of men with data on frailty and sex steroid
hormones are summarized in Tables 1 and 2. Of the 461 men (unweighted n) included in the
present analysis, 70.6% had no components of frailty, 20.6% had one, 6.3% two, and 2.5%
at least three components. The most common comment of the frailty score was “low
physical activity” (14.2%), followed by “slow walking” (13.3%), and “weakness” (10.4%).
“Exhaustion” was present for only 2.4% of men and "low BMI" for only 1.6%. Overall,
70.6% of men belonged to the category “robust”, 26.9% to the category “prefrail”, and 2.5%
to the category “frail”.
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After taking into account age, frail men were older, had a slightly lower median BMI, lower
serum vitamin D levels, but showed almost no differences in serum levels of cholesterol,
albumin, and glycated hemoglobin compared with robust men (Table 2). Frail men were less
likely to be non-Hispanic white, to be current or former smokers, to be alcohol consumers,
to participate in moderate physical activity, to have prevalent CVD and cancer, but were
more likely to have prevalent diabetes.

In relation to hormones, a higher percentage of frail than robust men had low free
testosterone (< 243 pmol/L) and high SHBG serum levels (= 66 nmol/L) (Table 2).
Percentages of men with total testosterone concentrations < 10.4 nmol/L were about the
same in frail and robust men. The proportions of men with low total (< 73.4 pmol/L) and
low free estradiol (< 2.2 pmol/L) were lower in the frail group than in the robust group.

Table 3 shows geometric mean hormone concentrations by frailty status. Adjusting for age
and race-ethnicity, frail men appeared to have a lower mean free testosterone and a higher
mean SHBG concentration than pre- and robust men. The differences were attenuated when
further adjusted for BMI, smoking, and CVD.

Table 4 presents the associations of low hormone and high SHBG concentrations with frailty
(frail vs. non-frail). After adjusting for age and race/ethnicity, men with free testosterone
levels < 243 pmol/L had a statistically significantly increased odds of frailty of 3.92 (95%

Cl 1.29-11.89). SHBG levels = 66 nmol/L were also associated with an increased frailty
odds (OR = 2.97 (95% CI 1.28-6.86). Total estradiol levels < 73.4 pmol/L and free estradiol
concentrations < 2.2 pmol/L were both associated with a higher odds of frailty, but the
results were not statistically significant. After additionally adjusting for BMI, smoking, and
CVD, the associations were attenuated. Total testosterone levels < 10.4 nmol/L was not
associated with frailty (OR = 0.99; 95% CI 0.33-2.91).

Table 5 shows the associations of low hormone and high SHBG concentrations with frailty
comparing the frail vs. robust and prefrail vs. robust men. Comparing frail vs. robust men,
the associations were stronger for low free testosterone (OR = 4.7; 95% CI 1.48-14.91) and
high SHBG (OR = 3.5; 95% CI 1.45-8.45) concentrations than in the analysis comparing to
the combination of prefrail and robust men. However, these findings were attenuated after
adjusting additionally for BMI, smoking, and CVD (OR = 1.7; 95% CI 0.88-3.28 and 1.58;
95% CI 0.76-3.29, respectively).

Discussion

We studied the associations of serum concentrations of sex steroid hormones and SHBG
with odds of frailty in a cross-sectional study representative of American men aged 60 and
older. 70.6% of these noninstitutionalized men belonged to the category “robust”, 26.9% to
the category “prefrail”, and 2.5% to the category “frail”. This may be an underestimation of
the proportion of frails, since NHANES requires participants to come in for examination,
and a relatively high proportion of frail persons might have been physically unable to attend.
Those with free testosterone levels < 243 pmol/L had a significantly increased odds of
frailty. Men with SHBG levels = 66 nmol/L also had a higher odds of frailty. Total
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testosterone, and total and free estradiol serum levels were not significantly associated with
frailty. The significant age-and race/ethnicity-adjusted odds of frailty described so far were
attenuated and no longer statistically significant with additional adjustment for BMI and
smoking, both being known to be positively associated with testosterone levels (24-26), and
for CVD which seems to be negatively related to testosterone (27). Given the cross-sectional
nature of the study one cannot be certain about the directionality of the findings. Although
frailty could result from low testosterone, the opposite could also be true. The marked
decrease in the estimate of effect following adjustment suggests that low hormones mediate
the associations between obesity, smoking, CVVD and frailty.

Our findings are consistent with those of some, but not all previous epidemiological studies.
Accordingly, Mohr et al. (13) observed in a cross-sectional analysis of 646 50-86 years old
participants in the Massachusetts Male Aging Study that SHBG, but not total or free
testosterone, was associated with the frailty score proposed by Fried et al. (3) after
adjustment for age, diabetes mellitus, and depression (the association for free testosterone
was also adjusted for log caloric intake). Data from 1469 men of the Osteoporotic Fractures
in Men Study (14), on the other hand, found that decreased serum levels of calculated
bioavailable testosterone were related to an increased risk of frailty (using a modified
version of the Fried criteria (3)). In cross-sectional analyses, men in the lowest quartile of
bioavailable testosterone had 1.39-fold (95% CI 1.02-1.91) increased odds of greater frailty
compared to men in the highest quartile after adjustment for covariates including age, body
size, health status, and medical conditions. Over a mean follow-up period of 4.1 years, the
age-adjusted OR of frailty was 1.51 (95% CI 1.10-2.07) comparing the two groups.
However, this association was attenuated by adjustment for covariates. Neither estradiol nor
SHBG serum levels were associated with frailty. Similarly, in a prospective cohort study by
Hyde et al. (1), both lower total and free testosterone were associated with a significantly
increased odds of frailty (assessed with the FRAIL scale (28)) at baseline in 3616
community-dwelling men aged 70-88 years. Adjustments were made for age, body mass
index, smoking, diabetes, social support, impairments in vision and hearing. In the 6-year-
follow-up, only lower free testosterone levels was associated with a higher risk of frailty
(adjusted OR=1.22; 95% CI 1.05-1.42). Moreover, in a cross-sectional study of 108
Taiwanese men and women aged 65 years and older (12), low total and free testosterone, but
not high SHBG serum concentrations were associated with a significantly higher risk of
frailty in both men and women based on the Fried criteria (3), after adjusting for age,
diabetes mellitus, hypertension, congestive heart failure, BMI and serum albumin. Finally,
in a cohort study of 1705 men aged 70 years and older enrolled in The Concord Health and
Ageing in Men Project (15), both decreased total testosterone and calculated free
testosterone as well as low dihydrotestosterone, estradiol and estrone serum levels, but not
SHBG concentrations, were associated with an increased, age-adjusted risk of frailty for
both definitions used (assessed with the Fried scale (3) and the one used in the Study of
Osteoporotic Fractures (29)). The two frailty indices each showed that about 50% of men
were robust at baseline, whereas 41% were prefrail and 9% frail. A one standard deviation,
2-yr decrease in total testosterone and calculated free testosterone, was associated with a
statistically significant increase in the odds of progression (increase in severity) of frailty
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using the Fried scale. Additional adjustment for CVD, diabetes, prostate cancer, score,
glucocorticoid treatment/corticosteroids did not affect results.

In summary, epidemiological evidence on the association of sex steroid hormones with
frailty is mixed. This may in part be explained by the variety of study designs, age-groups
studied, definition of frailty used, calculations of free testosterone, and the control for
confounders in the surveys done so far. Overall, the most consistent results are seen for low
free testosterone levels increasing the risk of frailty, but after multivariate adjustment results
were attenuated.

Testosterone is the major circulating androgen in men and about 98% is bound to protein,
whereas 2% is free. Of the bound portion 40% is tightly bound to SHBG, the rest is loosely
bound to albumin. The sum of the albumin-bound and the free (unbound) testosterone is
referred to as the “bioavailable”, i.e. the biologically more active amount (1,30).
Testosterone supports muscle protein synthesis and increases muscle strength (31), and
maintains bone strength and bone mineral density (32). Additionally, young hypogonadal
men exhibit decreased muscle and bone mass, and loss of energy (33); grip strength and
appetite have been shown to improve when they are treated with testosterone (34-36).
Androgen therapy in older men may lead to small increases in muscle strength (5,37).
Comparatively, lower levels of baseline free testosterone were correlated with an increased
risk of incident or worsening mobility limitation in older men of the Framingham Offspring
Study (38). In a randomized trial in 274 elderly hypogonadal prefrail or frail males a 6-
month testosterone treatment improved muscle mass and strength, but the effects were not
maintained at 6 months after treatment (39,40). Presently, testosterone treatment has not yet
been shown to reverse frailty in a large randomized trial (41).

Even though the physiological pathways leading to frailty remain complex, testosterone
could influence components of frailty by the discussed mechanisms (42). Furthermore, not
only testosterone decreases with age, but also serum estradiol significantly decreases in
aging males (43). This may, for example, result in a decrease of bone mineral density (44).
No other effects of SHBG other than binding circulating sex steroid hormones are
established, although its concentrations increase with ageing and decrease with obesity and
hyperinsulinism. It is, however, interesting that both SHBG and free testosterone are
associated with frailty. It might be that the association of free testosterone, which is
estimated from total testosterone, SHBG, and albumin, simply reflects the association with
high SHBG concentration. It might be that higher SHBG captures the loss of fat mass in
older people who are frailer than other older people who remain robust/with more fat mass.
However, we cannot address this question in our cross-sectional analysis.

Several aspects of the present study should be commented on. The cross-sectional study
design does not allow for establishing the temporal sequence of events. Frailty could result
from low testosterone, but the opposite could also be true and testosterone could be a
marker. The inflammatory state of chronic illness and/or frailty could result in reduced
testosterone synthesis. In relation to the main findings of the present study showing that low
free testosterone and high SHBG serum levels are associated with an increased risk of
frailty, the effects of (residual) confounding cannot be excluded, even though we included a
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number of possible confounders into the analysis. Although weight loss, in our definition a
BMI < 18.5 kg m?, is part of the frailty score, we decided to additionally adjust for body
fatness, as it was inversely associated with total and free testosterone as well as with SHGB
serum levels, and positively associated with total and free estradiol levels in men in
NHANES 111 (24). Three of the other studies (1,3,12) also adjusted for BMI, even though
crude measures of low BMI (and low physical activity) were part of the frailty score. Body
fatness is better determined by percentage of body fat and waist circumference than the use
of BMI as BMI may also indicate muscle mass. However, both alternative measurements
were not available for all study participants and adjusting for them would have strongly
reduced the number of participants in our analysis. We also adjusted for history of CVD,
which has been also been done in most previous studies. However, CVD may also be a
mediator of the association between sex hormones and frailty, and thus, adjustment would
not be appropriate. However, not adjusting for CVD in the final model did not materially
attenuate the observed associations. Also, SHBG in mainly produced by hepatocytes.
Therefore, we examined whether an existing liver disease might have affected our results,
but we did not observe a statistically significant higher prevalence of elevated liver enzymes
in frail compared with non-frail men (data not shown).

In conclusion, low free testosterone and high SHBG serum levels tended to be associated
with an increased risk of frailty, but adjustment for modifiable factors that influence
hormone levels attenuated these associations. However, based on the cross-sectional design
of our study, larger studies with prospective design are needed to address the causal role of
sex steroid hormones in frailty.
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Prevalence of frailty symptoms and distribution of frailty score (unweighted n = 461 men), men aged = 60

Table 1

years old, NHANES 111 1988-19912

Frailty score (16)
0
1

3-5

Frailty score components
Slow walking
Weakness
Exhaustion
Low physical activity

Low BMI

70.6%
20.6%
6.3%
2.5%

13.3%
10.4%
2.4%
14.2%
1.6%

BMI, Body mass index.

aSampling weights were applied
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Associations between low hormone/high SHBG concentrations and frailty and pre-frailty, men aged = 60

years old, NHANES 111 1988-1991

Frail vs. robust

Pre-frail vs. robust

OR 95% ClI OR 95% CI
Adjusted for age & race/ethnicity
Total testosterone < 10.4 nmol/L 1.01 (0.32-3.18) 1.07 (0.58-1.99)
Free testosterone < 243 pmol/L 470 (1.48-1491) 170 (0.88-3.28)
Total estradiol < 73.4 pmol/L 222 (0.35-13.99) 158 (0.25-10.00)
Free estradiol < 2.2 pmol/L 253 (0.66 -9.69) 1.82 (0.83-4.00)
SHBG >= 66 nmol/L 350 (1.45-8.45) 158 (0.76-3.29)
Adjusted for age, race/ethnicity, BMI, smoking, CVD
Total testosterone < 10.4 nmol/L 1.09 (0.30-3.92) 1.01 (0.48-2.11)
Free testosterone < 243 pmol/L 321 (0.97-10.65) 1.57 (0.80-3.05)
Total estradiol < 73.4 pmol/L 1.84 (0.26-13.18) 1.37 (0.21-8.98)
Free estradiol < 2.2 pmol/L 181 (0.42-7.82) 2.00 (0.87-4.60)
SHBG >= 66 nmol/L 279 (0.86-9.09) 155 (0.72-3.36)

SHBG, sex hormone-binding globulin. BMI, Body mass index. CVD, Cardiovascular disease.
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