Letters to the Editor

Association of hearing loss with behavioral and psychological
symptoms in patients with dementia

Dear Editor,

Behavioral and psychological symptoms of dementia
(BPSD) are associated with a number of adverse out-
comes including decreased quality of life in patients
and their caregivers, earlier institutionalization, and
increased healthcare costs. Ishii et al. developed a con-
ceptual framework to comprehensively capture factors
associated with the development of rejection of care
behavior, one type of BPSD.! The framework suggested
that sensory impairment, such as hearing loss, could be
a contributing factor of BPSD. Previous studies identi-
fied a positive association of hearing loss with cognitive
dysfunction® and depressive symptoms.* However, the
relatioriship between hearing loss, visual impairment
and BPSD is unclear. We hypothesized that hearing loss
might have an adverse influence on BPSD.

To test this hypothesis, a cross-sectional analysis was
carried out between hearing loss and BPSD, using the
medical records of our geriatric department. The data
were drawn from the medical records of 99 consecutive
patients (41 men, 58 women) who were admitted to the
Department of Geriatric Medicine, The University of
Tokyo H sspital, Tokyo, Japan, from October 2006 to
October 2008 for evaluation of cognitive impairment.
['ne present study was approved by the ethics commit-
tee of the Graduate School of Medicine, The University
of Tokyo.

A total of 45 patients were diagnosed as Alzheimer’s
disease, 22 as mild cognitive impairment, six as diffuse
Lewy body disease, six as mixed-type Alzheimer’s disease
and vascular dementia, four as vascular dementia, three
as fronto-temporal dementia and 13 as other types
of dementia, such as hydrocephalus or corticobasal
degeneration, according to the diagnostic criteria of
each disease.

The severity of hearing loss was ascertained based on
the findings of doctors’ examinations, and by asking
patients and their family members about the impact of
hearing loss on daily life (e.g. difficulty in normal con-
versaticn, social interaction or listening to TV).*S

Assessment of BPSD was carried out using screening
questions for neuropsychiatric symptoms, such as delu-
sions, hallucinations, agitation, depression, anxiety,
elation, apathy, disinhibition, irritability, motor distur-
bance, wandering, night-time behavior and refusal, that
cause caregivers severe stress. A positive answer to a
screening question was regarded as indicative of the
presence of BPSD.
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BPSD were present in 43 patients (43%). The
observed symptoms were as follows: depression in eight,
delusions in eight, aggression in six, hallucinations in
five, agitation in five, wandering in four, night-time
behavior in two, refusal in two and others in three
patients.

BPSD were more frequently observed in patients with
hearing loss than in those without (Table 1). Patients
with hearing loss were older, although there was no
significant difference in cognitive function measured by
the Mini-Mental State Examination (MMSE) total score
and depression score between patients with and without
hearing loss (Table 1). The prevalence of some symp-
toms was significantly different between patients with
and without hearing loss, but did not add important
information because of the small number of each
symptom.

Multiple logistic regressions with adjustment for age,
sex, total MMSE score and self-reported visual impair-
ment showed that hearing loss was independently asso-
ciated with the presence of BPSD (odds ratio 4.65, 95%
confidence interval 1.70-12.00).

Hearing loss is widespread in older patients, and
is often unrecognized or even dismissed in clinical
practice. However, the association between hearing loss
and BPSD observed in the present study suggests the
need to recognize and treat hearing loss when BPSD are
observed. The effective treatment and management of
hearing loss might help alleviate or resolve some BPSD
symptoms. Further study is warranted to confirm the
association between BPSD and hearing loss using a
large number of participants, and to examine the effect

Table1 Association between behavioral and psychological
symptoms of dementia and hearing loss

Hearing Hearing P
loss (=) loss (++)
n 68 31
Women 56% 65% <0.01
Age (years) 77+6 815 <0.01
MMSE 22.0+4.9 21.2+4.38 0.45
GDs-15 5.6£3.4 7.1+44 0.22
BPSD 32% 68% <0.01
Visual impairment 45% 70% <0.01

Values are expressed as mean £ SD. BPSD, behavioral and
psychological symptoms of dementia; GDS-15, Geriatric Depression
Scale-15; MMSE, Mini-Mental State Examination.
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of interventions on hearing loss on BPSD. Although it
has been reported that visual impairment is associated
with cognitive dysfunction,® no significant relationship
was fourid between self-reported visual impairment and
BPSD in the present participants (data not shown).

In conclusion, the present preliminary study showed
that hearing loss was associated with BPSD in patients
with mild to moderate dementia.
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gender gap in life expectancy:

Recommendation for the use of healthy life expectancy

Dear Editor,

Liu et ai. reported a negative association between gender
gaps in life expectancy (GGLE) and happiness, human
developraent index (HDI) and Gender Empowerment
Measure (GEM) in Organization for Economic Coop-
eration and Development (OECD) countries.! In addi-
tion, Liu et al. reported a positive association between
GGLE and age-adjusted all-cause gender mortality
ratio, but HDI had no significant association with
GGLE in Japan? The authors explained the recent
decline of GGLE by the resemblance of lifestyles
between gender, and HDI was not a significant con-
tributor to GGLE in Japan. I have some concerns about
their study outcome. :
First, their study on OECD couniries is a repeated
cross-sectional ecological study, and their conclusion
cannot simply be applied for the same relationship in
Japan. There were many factors to be considered for
the association, such as ethnic difference of lifestyles.
The cause of GGLE should also be evaluated by using
both dernographic and health-related information.®*
Second, gender differences in happiness, HDI and
GEM cannot be considered in their analyses, and
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causality on the association between GGLE and happi-
ness or HDI is difficult to be determined.

Third, life expectancy is an indicator of biological
degree of longevity in life, and healthy life expectancy
(HLE) is another indicator to understand the associa-
tion between GGLE and happiness or HDI HLE is
defined as the “average number of years that a person
can expect to live in ‘full health’ ”. HLE calculation by
Jagger etal’ is widely accepted in studies on health
inequalities in European Union countries,® and HLE
have been reported in almost all the countries.”® HLE is
affected by mortality and disability,” and HLE reflects
successful aging. HLE in women is longer than men in
many countries,'® and GGLE by using HLE seems
informative to understand the association with HDL
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Growing research on sarcopenia in Asia

We, the Guest Editors of this special issue, are proud to
publish 16 articles on sarcopenia from six Asian coun-
tries, including seven articles from Japan, four from
Taiwan, two from Hong Kong, and one each from
Korea, China, and Thailand. We searched PubMed
using tae key words “sarcopenia” and “human,” and
found $7 original articles that were published in English
in 2013 (from January to November). Among the
articles, 17 were from Asian countries. Thus, research-
ers in Asian countries have contributed significantly to
sarcopenia research.

Aging is an inevitable phenomenon, and the aging
of skelet’ muscle is no exception. It has been more
than 20 years since Rosenberg first coined the term
“sarcopenia,” indicating that age-related muscle
decline is associated with poor health status and adverse
health outcomes in older adults. Along with the tremen-
dous increase in the older population in Asia,
sarcoperida has exerted a great impact on Asian popula-
tions. However, until recently, Asian researchers have
not given great attention to sarcopenia research. Addi-
tionally, factors such as population aging, economic
developraent and ethnic background vary extensively
in Asian countries. Therefore, sarcopenia experts and
researchers from China, Hong Kong, Japan, Korea,
Malaysia, Taiwan, and Thailand organized the Asian
Working Group for Sarcopenia (AWGS). Since March
2013, this working group has held several meetings in
Taipei, Seoul and Kyoto to promote further sarcopenia
research development in Asia. The AWGS also aims to
focus on the epidemiology of sarcopenia in Asian coun-
tries, and has proposed a diagnostic algorithm based on
currently available evidence in Asia. As a result of the
efforts of AWGS, we are happy to announce that our
consensus paper on the diagnostic algorithm and a sys-
tematic review of Asian evidence was published in the
Journal of the American Medical Directors Association.” We
hope that all of the articles in this special issue and the
consensus paper will further inspire sarcopenia research
in Asia.

In terms of the definition of sarcopenia, the European
Working Group on Sarcopenia in Older People
(EWGSOP) proposed an operational definition and
diagnostic strategy that have become the most widely
used in the world.> The EWGSOP definition requires
measurements of muscle mass, muscle strength and/or
physical performance for the diagnosis of sarcopenia.
Based on discussions at the AWGS meetings, we
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decided to take similar approaches to sarcopenia diag-
nosis. However, unlike the EWGSOP definition, we
recommend measuring both muscle strength (grip
strength) and physical performance (usual gait speed) as
the initial screening test. For the usual gait speed, we
recommend using 6-m usual gait speed without decel-
eration. Although the cut-offs of these measurements in
Asians might differ from those in Caucasians because of
variations in ethnicities, body size, lifestyles and cultural
backgrounds, we utilize the EWGSOP definition of slow
gait speed (0.8 m/s or less) due to a lack of outcome-
based evidence. However, if we use the lowest 20th
percentile of gait speed in community settings, accord-
ing to most Asian studies, the cut-off would be higher
than 1 m/s. Meanwhile, we have more data on the cut-
offs of grip strength and muscle mass in Asian popula-
tions. Based on several epidemiological studies in Asia,
we define low grip strength as <26 kg for men and
<18 kg for women. The AWGS recommends using
height-adjusted skeletal muscle mass, with the sug-
gested cut-off values of 7.0 kg/m?* in men and 5.4 kg/m?
in women using dual X-ray absorptiometry (DXA). The
suggested cut-off values are 7.0 kg/m® in men and
5.7 kg/m* in women when bioelectrical impedance
analysis (BIA) is used. However, we should keep in mind
that DXA and BIA are not yet available in many Asian
countries for the screening of muscle mass. Therefore,
we must develop an inexpensive measurement for
assessing muscle mass.

In this special issue, to maintain consistency, we
referred to “sarcopenia” only if authors measured gait
speed, grip strength (quadriceps strength was accept-
able) and muscle mass. Therefore, “low muscle mass”
was used when authors only measured muscle mass.
Additionally, many articles used different cut-off values
for the grip strength and muscle mass measurements.
Table 1 summarizes these data and the prevalence of
sarcopenia. We also compared the difference in the
diagnostic flow of sarcopenia across the AWGS,
EWGSOP and International Working Group on
Sarcopenia (IWGS), as shown in Table 2.

As described in the articles of this special issue,
sarcopenia has a substantial impact on the health care of
older adults. Therefore, additional research is required
to further develop the diagnosis and treatment of
sarcopenia. We hope that this special issue will inspire
more Asian researchers to carry out sarcopenia
research.
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Table 1 Surrogates comparison for Asian consensus

1% Author and Available meastrements

nationality

Cut-off definition

Cut-off vaiues

Prevaience of sarcopenia Research popudation

Reference Ref,

population no.

¢ QS measured by a hand-held
dynamometer: Lafayette
Manual Muscle Test System
(MMT)® model 01163
(Lafayctte Instrument,
Lafayctte, IN, USA)

° Total lcan body mass, using
BIA Model 450 (Biodynamics
Corp. Seattle, WA, USA)

o Timed 5-step test

o Timed S-chair stand test

¢ 6-min walk test

Wu ¢ Body composition by BIA

Taiwan (Tanita BC~-418, Tanita Corp.,
Tokyo, Japan)

° GS

e Handgrip strength

Assantachai
Thailand

Hsu e Muscle mass by BIA (InBody

Taiwan 220, Seoul, South Korea)

e GS: A 6-m walk

e Handgrip strength by using a
digital dynamometer
(TTM-YD, Tokyo, Japan; 3
trials for each hand, using the
best reading)

o Muscle mass by DXA (GE
Lunar)

RASM: ASM/ht?

SMI%: ASM/weight x 100

e Handgrip strength by a
dynamometer (Jamar Plus+
digital hand dynamometer,
USA; 1 trial for each hand,
using the best reading

o GS: 6-m walk

Meng and Hu
China

ASM/ht*:

1 mean - 25D of young adults

@ 1% quintile of study
population

GS: Sex- and height- specific 1%
quintile

Handgrip strength: Sex- and
BMlI-specific 1% quintilc

FFM/m* mean - 28D of young
adults®

GS: EWGSOP cut-off

Handgrip strength:’

RASM: mean — 28D of young
adults

Handgrip strength:’

GS: EWGSOP cut-off

Qs
18 kg in men
16 kg in women

® 6.76 kg/m? for men;
5.28 kg/ml for women
@ 7.09 kg/m“ for men;
5.70 kg/m? for women
GS:
Men: height €163 cm, 0.67 m/s,
height >163 cm, 0.71 m/s
Women: height <152 cm,
0.57 m/s, height >152 ¢m,
0.67 m/s
Handgrip strength
Men: BMI <22.1 kg/ml 25.0 kg,
BMI 22.1-24.3 kg/m?,
26.5 kg, BMI
24.4-26.3 kg/m?, 26.4 kg,
BMI >26.3 kg/m?, 27.2 kg
Women: BMI <22.3 kg/m?,
14.6 kg, BMI
22.3-24.2 kg/m?, 16.1 kg,
BMI 24.3-26.8 kg/m?,
16.5 kg, BMI >26.8 kg/m?,
16.4 kg
Muscle mass index:
8.87 kg/m? in men
6.42 kg/m® in women
GS: <0.8 m/s
Handgrip strength: 22.5 kg

6.85 kg/m? by RASM, 28.0% by
SMI%

Handgrip strength: 22.4 kg

GS: £0.8 m/s

Low QS: 32.9% n =950, aged 260 years

2867 community-dwelling
older adults

Mean age: 74 6.0 ycars,
50% women

® Using young ref.
S5.4% in men
2.5% in women

® Using study ref.
8.2% in men
6.5% in women

353 men living in facilities
aged 265 years
Mean age: 82.7 5.3 years

30.9% (109/353)

Community-dwelling men
aged 280 years, n = 101,
mean age 88.8 £ 3.7 years

Sarcopenia, 45.7%,
Sarcopenic obesity, 4.9%
by RASM

Sarcopenia, 53.2%,
Sarcopenic obesity,
11.5% by SMI%

998 healthy adults §
aged 20-40 years

75 healthy young
volunteers (male)
aged 2040 years
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Liu
Taiwan

Wu
Taiwan

Kim
Korea

Ishii
Japan

Sampaio
Japan

°

°

°

°

°

iviuscie mass by DXA (GE
Healthcare, Madison, WI,
USA)

Handgrip strength by a
dynamometer (Smedlay’s
Dynamo Meter; TTM,
Tokyo, Japan; 3 trials for the
dominant hand, using the
highest reading)

GS: 6-m walk

Muscle mass by BIA (Tanita
BC-418; Tanita, Tokyo,
Japan)

Handgrip strength (Grip-D,
TKK 5401, Japan; 2 trials for
both hands, using the highest
reading)

GS: 15+t walking test

Muscle mass by DXA
(Discovery-W, Hologic,
Bedford, MA)

Muscle mass by BIA (Inbody
430, Biospace, Seoul, Korea)
Handgrip strength by a grip
strength dynamometer (Takei
Scientific Instruments,
Niigata, Japan){2 trials for
dominant hand, using the
higher reading]

GS: middle S m over an 11-m
straight course at their usual
speed

Muscle mass by BIA (Inbody
430; Biospace, Seoul, Korea)
Handgrip strength using a
dynamometer (Smedlay’s
Dynamo Meter, TTM,
Tokyo, Japan; 1 trial for each
hand, using the higher
reading)

GS: 10-m walking in a 12-m
length

ASM/It®: 1st quintile of study
population

Handgrip strength & GS: 1st
quintile of study population

Total muscle mass/ ht’: mean
~ 28D of young adults®

Handgrip strength: EWGSOP
cut-off

GS: EWGSOP cut-off

Muscle indices:
ASM/ht* and ASM/Wt: mean
~ 25D of young adults or <1%
quintile of total body skeletal
muscle massfweight
(TSM/WH) from control
subjects

ASM/ht?: mean - 28D of
young adults™®

Handgrip strength: 1% quintile
of study population

GS: 1% quintile of study
population

Total muscle mass/ht?: 1
quintile of study population

Muscie mass index:
7.0 kg/m? in men, 5.9 kg/m?
in women

Handgrip strength: 25 kg in
men, 16 kg in women

GS: 1.0 m/s in men, 0.9 mfs in
women

Muscle mass index:
7.70 kg/m® in men,
$.67 kg/m? in women
Handgrip strength:
Men: BMI €24 kg/m?,
24.1~28 kg/m? and >28 kg/m*
were <29 kg, <30 kg and
<32 kg
Women: BMIS23 kg/m”,
23.1-26 kg/m?, 26.1~29 kg/m?
and >29 kg/m?® were <17 kg,
<17.3 kg, €18 kg and €21 kg
GS: 0.8 m/fsec
ASM/ht%: 7.40 kg/m® in men,
5.14 kg/m* in women
ASM/Wi: 29.5% in men,
23.2% in women
TSM/Wt: 34.9% in men,
25.8% in women

Muscle mass index:
<7.0 kg/m® in men,
<5.8 kg/m® in women

Handgrip strength:

30 kg in men, 20 kg in
women

G8: <1.26 m/fs

Total muscle mass/ht?:
8.81 kg/m® in men,
7.57 kg/m? in women

9.4% in men. Y.8% in
women

Sarcopenia, 7.1%,
Severe sarcopenia, 5.6%

14.2% in men, 22.1% in
women

481 aged 265 years. male
55.5%

Total 549 study subjects,
285 male and 264 female
aged 2 65 years

Mean age: 76.0 £6.2 years

414 adults aged 265 vears
Mean age: men 70.6 years
and women 70.9 years

1971 functionally
independent, community-
dwelling adults aged 265
years

977 men, $94 women

Community-dwelling
Japanese older adults
(n =175; male = 84,
female = 91}

ASM/ht?: =
young healthy
volunteers, aged
20-40, 2= 1435
{54 men, 91
women}

ASM/Wt:

2392 healthy
adults aged 20-40
years (1054 men.
1338 women)
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Table i Continued

1 Author and Available measurements

nationality

Cut-off definition

Cut-off values

Prevalence of sarcopenia

Research population

Shimokata, Japan ° Muscle mass by DXA
(QDR-4500; Hologic,
Bedford, MA, USA)

Leg extension power
measured using the
T.K.K.4236 adjustablc scat
and foot plate (Takei, Niigata,
Japan; the maximum valucs of
8 tests were analyzed)

° Grip strength was measured
using the T.K.K.4301 (Takei;
maximum values of 2 tests for
dominant hand were
analyzed)

Yamada Muscle mass by BIA (Inbody
Japan 720; Biospace, Seoul, Korea)

°

Yoshida e Muscle mass by BIA

Japan (MC-980A; Tanita, Tokyo,
Japan)

Handgrip strength by a hand
dynamometer Grip-D (Takei;
1 trial for the dominant hand)
GS: middle 24 mina 64 m
walking at their usual pace for
five times, using the average
value

Muscle mass by DXA
(Hologic Delphi W4500
densitometer; Hologic,
Bedford, MA, USA)

o Grip strength using a
dynamometer JAMAR Hand
Dynamometer 5030JO; 2
trials for each hand, using the
average value between right
and left hand)

Walking speed: a 6-m walking
speed (2 trials, using best
time recorded)

°

Yu
Hong Kong

ASM/ht?%: mean - 28D of young
adults?®

ASM/ht%
15 quintile of study
population

ASM/ht? and Handgrip
strength: sex-specific 1st
quintile of study population

GS: EWGSOP cut-off

ASM/lit% 1st quintile of study
population

Handgrip strength: 1st
quintile of study population

GS: EWGSOP cut-off

ASM/ht?% <6.87 kg/m? in men
<5.46 kg/m? in women

ASM/ht?

For men

65-69; 7.06 kg/m*

70-74; 7.09 kg/m®

75-79; 6.83 kg/m®

65-79; 7.02 kg/m?

For women

65-69; 5.61 kg/m?

70~74; 5.63 kg/m?

75-79; 5.54 kg/m?

65-79; 5.61 kg/m?
ASM/ht?: 7.09 kg/m? in men,

5.91 kg/m? in women
Handgrip strength: 28.8 kg in

men, 18.2 kg in women
GS: <0.8 m/s

ASM/bt?
<6.52 kg/m® in males
<5.44 kg/m® in females
Handgrip strength:
<28 kg in males
<18 kg in females
GS 0.8 m/s

The prevalence of low
muscle mass:
27.1% in men
16.4% in women

age 265 years:
8.2% in men and 6.8% in
women)

age 280 years:
25.0% in men and 12.2%
in women

361 (9.0%)

NILS-LSA 1090 men, mean
age 59.3 £ 11.0 years

1081 women, mean age
§9.3£10.9 years

. Community healthy men
(n =16 379) and women
(n =21 660) aged 40-79
years

Mean age: 54.5+9.9 years,
56.9% women

4811 people aged 63 years
and over, 48.7% men:
(7 = 2343, mean age
72.2'+ 5.5 years) women:
(n = 2468, mean age
72.1£5.7 years)

4000 community-dwelling
men and women aged 65
years and above, men
50%

Mean age: 72.5 £ 5.2 years

Reference Ref.

population no.

- 17

_ 18
19

20

ASM, appendicular skeletal mass; BIA, bioclectrical impedance analysis; BMI, body mass index; DXA, dual X-ray absorptiometry; EWGSOP, European Working Group on Sarcopenia in Older People; FFM, fat free mass; GS. it speed;

QS, quadriceps strength; RASM, relative appendicular skeletal muscle mass; SMI, skeletal muscle index.
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Table 2 Comparison of diagnostic algorithm of sarcopenia among Asian Working Group for Sarcopenia,
European Working Group on Sarcopenia in Older People, and International Working Group on Sarcopenia

AWGS

EWGSOP IWGS

Target for screening  Community-dwelling older adults
and older people with certain
clinical conditions, such as
presence of recent functional
decline or functional
impairment, unintentional body
weight loss for over 5% in a
month, depressive mood or
cognitive impairment, repeated
falls, malnutrition, chronic
conditions, such as chronic
heart failure, chronic
obstructive lung disease,
diabetes mellitus, chronic
kidney disease, connective
tissue disease, tuberculosis
infection, and other chronic
wasting conditions

260 years or 265 years depending
on the definition of older adults
in each country

Target age group

Screening Gait speed and handgrip strength

Cut-off of gait speed 0.8 m/s

Cut-off of handgrip 26 kg in men and 18 kg in
strength women

Cut-off of muscle
mass (appendicular
muscle mass/ht?)

7.0 kg/m? in men and 5.4 kg/m?
in women by DXA, 7.0 kg/m?
in men and 5.7 kg/m? in
women by BIA

Community-dwelling
people aged 265
years

Individuals with functional
decline, mobility-related
difficulties, history of recurrent
falls, recent unintentional body
weight loss,
post-hospitalization, and
chronic conditions, si.ch as
type 2 diabetes, congestive
heart failure, chronic kidney
disease, chronic obstructive
lung disease, rheumatoid
arthritis, and cancer

265 years Not specified

Gait speed

0.8 m/s

30 kg in men and
20 kg in women

Mean - 25D of young  7.23 kg/m? in men and 5.67 kg/m?
adults in women

Gait speed
1.0 m/s
NA

AWGS, Asian Working Group for Sarcopenia; BIA, bioelectrical impedance analysis; BMI, body mass index; DXA, dual X-ray
absorptiometry; EWGSOP, European Working Group on Sarcopenia in Older People; IWGS, International Working Group on

Sarcopenia.
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Background: Low total testosterone (TT) and sex hormone-binding globulin (SHBG) concentrations have been associated
with the metabolic syndrome (MetS) in men, but the reported strength of association varies considerably.

Ohjectives: We aimed to investigate whether associations differ across specific subgroups (according to age and body mass
inclex (BM1)) and individual MetS components.

Data sources; Two previously published meta-analyses including an updated systematic search in PubMed and EMBASE.

Study Eligibility Criteria: Cross-sectional or prospective observational studies with data on TT and/or SHBG concentrations
in combination with MetS in men.

Methods: We conducted an individual participant data meta-analysis of 20 observational studies. Mixed effects rmodels were
used to assess cross-sectional and prospective associations of TT, SHBG and free testosterone (FT) with MetS and its
inclividual components. Multivariable adjusted odds ratios (ORs) and hazard ratios (HRs) were calculated and effect
maodification by age and BMI was studied.

Resufts: Men with low concentrations of TT, SHBG or FT were more likely to have prevalent MetS {ORs per quartile decrease
were 1.69 (95% Cl 1.60-1.77), 1.73 (95% Cl 1.62-1.85) and 1.46 {95% Cl 1.36-1.57) for TT, SHBG and FT, respectively) and
incident MetS (HRs per quartile decrease were 1.25 (95% Cl 1.16-1.36), 1.44 (95% 1.30-1.60) and 1.14 (95% 1.01-1.28) for TT,
SHBG and FT, respectively). Overall, the magnitude of associations was largest in non-overweight men and varied across
inclividual components: stronger associations were observed with hypertriglyceridemia, abdominal obesity and
hyperglycaemia and associations were weakest for hypertension.

Conclusions: Associations of testosterone and SHBG with MetS vary according to BMI and individual MetS components.

These findings provide further insights into the pathophysiological mechanisms linking low testosterone and SHBG
concentrations to cardiometabolic risk.
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Testosterone, SHBG and Metabolic Syndrome in Men

Introduction

The metabolic syndrome (MetS) affects approximately 25% of

the adult population [1] and its prevalence is increasing worldwide
[2-4]. MetS is associated with a twofold increase in cardiovascular
disease (CVD) risk and a nearly fivefold increased risk of type 2
diabetes [5,6]. Given its major public health impact, there is an
urgent need for a better understanding of the underlying
mechanisms of MetS, in particular factors driving and influencing
its pathophysiology.
- A large number of epidemiological studies have linked low
concentrations of total testosterone (TT) and its carrier protein, sex
hormone-binding globulin (SHBG), to MetS in men [7-15].
Despite the clear link between testosterone, SHBG and MetS, the
exact nature of the observed associations remains uncertain, given
the high variability in the strength of associations reported. This
between-study heterogeneity can be partially explained by
incomparability in study design (i.e. with regard to MetS criteria,
hormone assays and sample size), but also by differences in
population structure. Recent evidence suggests that associations
may differ according to age and BMI, as stronger associations have
been reported in young [12] and nonobese [14] men. Strength of
associations may also vary across individual MetS components.
Cross-sectionally, stronger associations have been reported for
abdominal obesity and hypertriglyceridemia [7-9,16], but con-
flicting data exist for other MetS components [7-9,16] and no
studies so far have examined these associations prospectively.

We previously re-examined the observational data on testoster-
one, SHBG and MetS in a literature-based meta-analysis [17], but
analyses for specific subgroups and MetS components were
hampered by the absence of individual data. In addition,
individual studies were largely heterogeneous with regard to MetS
criteria and methods used for free testosterone (FT) estimation and
confounder adjustment. To conduct a more comprehensive and
powerfia] assessment of the associations of testosterone and SHBG
with MetS, we pooled the original raw data of observational
studies. Such a meta-analysis of individual participant data
provides a unique opportunity to 1) examine associations of
testosterone and SHBG with MetS in a uniform way; 2) produce
estimates for specific subgroups according to age and body mass
index (BMI) and 3) determine specific MetS components through
which associations with testosterone and SHBG are primarily
mediated. In this article, we present the findings of this
collaborative project.

Methods

Identification of studies
Studies were eligible for inclusion if they had data on TT and/
or SHRG in combination with MetS in men using a cross-sectional
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or prospective design, Most studies were identified in previously
published meta-analyses [17,18]; additional studies were identified
following an updated systematic search in PubMed and EMBASE
(using the key words ‘metabolic syndrome’, ‘insulin resistance
syndrome’ and ‘syndrome X’ combined with ‘testosterone’, ‘sex
hormone-binding globulin’, *‘SHBG’, ‘androgens’, ‘sex hormones’
and ‘sex steroids’), hand searching of relevant journals and
correspondence with collaborating investigators. For details on the
study selection procedure (and flow diagram) we refer to our
literature-based meta-analysis [17], as the same approach was used
for the current analysis. Thirty-three eligible studies were
identified, and communication was established with the authors
of 24 studies. From these studies, four declined and 20 agreed to
participate. All studies used a cross-sectional design and four
studies also collected outcome data prospectively. All studies were
previously published and had each received local institutional
review board approvals as well as consent from participants (figure

S1).

Data collection

A study protocol was sent out to all collaborators including
information on study organisation, objectives, data transfer and
checking. Collaborators were asked to provide data on the
following variables for each individual: waist circumference,
systolic and diastolic blood pressure, high-density lipoprotein
(HDL) cholesterol, triglycerides, glucose, TT and SHBG concen-
trations, age at recruitment, use of hormonal therapy, timing of
blood sample collection and details of any overnight fast, assay
methods and length of follow-up for prospective data. If available,
data were also collected on ethnicity, smoking status, alcohol
consumption, physical activity, BMI, insulin concentration, history
of CVD, type 2 diabetes and hypertension.

The original data were checked for completeness and possible
inconsistencies using the original publications. For most studies,
the data provided were identical to those analysed and published
previously. In the TARF (Turkish Adult Risk Factor) 19], SHIP
(Study of Health in Pomerania) [12] and DETECT (Diabetes
Cardiovascular Risk-Evaluation: Targets and Essential Data for
Commitment of Treatment) [20,21] cohorts additional prospective
data were available that were not included in their previously
published reports.

Data processing & measures

Blood samples were mostly collected in the morning after an
overnight fast. In SHIP [12] samples were collected in a non-
fasting state throughout the day. In DETECT [20,21] ~40% of
the samples were non-fasting. Not all studies performed SHBG
measurements, and various assays were used for the measurement
of TT and SHBG (for a full description of the assay methods and
samples used for the hormone analyses, see Table S1). When both
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TT and SHBG were provided, FT concentrations were calculated
using the equation of Vermeulen et al. [22] assuming a fixed
albumin concentration of 43 g/L. We recoded categorical
variables on alcohol consumption (drinker vs. non-drinker),
cigarette smoking (current smoker vs. non-smoker) and physical
activity (active vs. inactive) to maximize comparability across
studies. When both glucose and insulin concentrations were
provided, the homeostasis model assessment for insulin resistance
(HOMA-IR) was calculated using the formula HOMA-IR =
(fasting insulin in mIU/L x fasting glucose in mmol/L)/22.5.
Values of HOMA-IR were not normally distributed and
transforrned logarithmically prior to analysis.

MetS was defined according to the most recent harmonized
definition presented in the 2009 Joint Scientific Statement [23],
using ethnic-specific cut-offs for abdominal obesity. Men were
considered to have MetS if they had =3 of the following
components: 1. abdominal obesity (waist circumference =102 cm
for Caucasian men and waist circumference =90 cm for Asian
men); 2. hypertriglyceridemia (triglycerides =1.7 mmol/L); 3. low
HDL-cholesterol (HDL-cholesterol <1.03 mmol/L), 4. hypergly-
caemia fasting blood glucose =3.6 mmol/L); 5. hypertension
(systolic: blood pressure =130 mm Hg or diastolic blood pressure
=85 mm Hg). Men taking antihypertensive medication were
considered having high blood pressure and those with type 2
diabetes were counted as having hyperglycaemia. We slightly
modified the criteria for men having non-fasting blood samples
(using a blood glucose cut-off of =8.0 mmol/L and triglyceride
cut-off of 22.3 mmol/L) [24].

Statistical analyses

Analyses were restricted to men aged 18 years and older not
using hormonal therapy (N =14,025). We excluded men with
missing data on individual MetS components (N=1,186). We
further removed extreme outliers >4 standard deviations (SD)
from the mean for measured TT, SHBG, and calculated FT
concenirations (N = 28), leaving 12,811 men with complete data
on TT and 9,525 men with complete data on SHBG and FT,
respectively. Sex hormone concentrations were categorized into
quartiles using cut-off points determined separately for cross-
sectional and prospective data.

We first examined the associations between sex hormones and
prevalent MetS. To account for between-study heterogeneity and
within study correlation, we used mixed effects logistic regression
models (i.e. generalized linear mixed-effects models (GLMM) with
logit link function) including a random intercept for study. In these
models, odds ratios (ORs) and 95% confidence intervals (95% ClIs)
were estimated using the Laplace approximation [25]. Next, we
studied the associations of sex hormones with incident MetS. For
these analyses, we excluded all individuals with MetS at baseline.
We used shared frailty models with random effects at the study
level to estimate hazard ratios (HRs) and 95% ClIs. The shared
frailty m:odel is an extension of the Cox proportional hazards
model and accounts for within study correlation by incorporating
shared random effects. We performed linear trend analysis by
entering quartiles as a continuous term into the model. We also
estimated ORs and HRs per quartile decrease of TT, SHBG and
FT to provide a summary measure of association.

To investigate the influence of potential confounders, we
calculated age-adjusted and multivariable-adjusted ORs and
HRs including age and lifestyle factors (smoking status, alcohol
consum:ption and physical activity). In a next step, we additionally
adjusted the analyses for BMI and HOMA-IR to examine whether
associations between sex hormones and MetS were independent of
body composition and insulin resistance. To investigate whether

PLOS ONE | www.plosone.org
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associations of TT with MetS were influenced by SHBG, we
additionally adjusted for SHBG in a separate analysis. We tested
for effect modification by age and BMI by including interaction
terms using the Wald-test. If a significant interaction was found,
we stratified the analyses for age (<40 years, 40-60 years, >60
years) and BMI (<25 kg/m?, 25-30 kg/m?, =30 kg/m?). We also
performed a series of sensitivity analyses. First, we excluded men
with prevalent type 2 diabetes (diagnosed diabetes or fasting blood
glucose =7 mmol/L) and CGVD at baseline. To investigate the
influence of potential selection bias, we also repeated the analyses
including population-based samples only. Next, we excluded men
with non-fasting blood samples to examine the impact of
measurement errors due to fasting state. To assess the impact of
other methodological differences between studies, we also repeated
the analyses using study-specific quartiles of TT, SHBG and FT.

Finally, we examined associations with each MetS component
separately. We did this analysis for both prevalent and incident
MetS components. For the latter, we studied incidence of
individual components after excluding men with the respective
component at haseline. We used linear mixed effects models to
estimate multivariable-adjusted means of TT, SHBG and FT
across categories of MetS components (0, 1, 2, and =3).

All statistical analyses were performed using STATA version
11.1 (Stata Corp., College Station, TX, USA).

Results

Table 1 summarizes the participant characteristics for each
individual study. All men had complete data on age and history of
type 2 diabetes. Nineteen studies had recorded data on BMI, 13
studies had data on insulin concentrations and CVD history and 9
studies collected data on all lifestyle factors. Absolute sex hormone
concentrations varied across individual studies: variations for TT,
SHBG, and FT were 1.6-fold, 2.0-fold and 2.2-fold respectively
(Table S1).

Associations between sex hormones and prevalent MetS

The overall prevalence of MetS was 27.9% (N=3,574). An
inverse relation was observed between TT, SHBG, FT, and MetS
(Table 2). Men with low TT concentrations were more likely to
have prevalent MetS compared to men with high TT concentra-
tions (OR per quartile decrease =1.70 (95% CI 1.63-1.77)).
Associations were similar for SHBG (OR per quartile decrease
=1.75 (95% CI 1.66-1.84)), but weaker for FT {OR per quartile
decrease =1.40 (95% CI 1.32-147)). Adjustment for lifestyle
factors did not materially change the ORs. Associations were
attenuated after adjustment for BMI and HOMA-IR, but
remained statistically significant (Table 2). The association
between TT and MetS weakened, but persisted after adjusting
for SHBG (OR per quartile decrease of TT =1.48 (95% CI 1.37-
1.59)).

Results from models including interaction terms are shown in
Table 3. The association between SHBG and MetS was modified
by BMI. The association with SHBG was stronger in men with a
lower BMI (P for mteraction =0.03). Associations with TT and
FT were not modified by BMI. We also observed a significant
interaction with age. Associations of TT and FT with MetS were
stronger in men aged <40 years (P for interaction =0.004 and
0.01 respectively).

Associations between sex hormones and incident MetS

In total, 584 incident MetS cases were documented during
17,625 person years of follow-up. Men with low sex hormone
concentrations at baseline had an increased risk of inci- ent MetS

July 2014 | Volume 9 | Issue 7 | 100409



INO SO1d

Biorauosojdmmm |

60v00L3 | £ onssy | 6 awnjop | #1027 Anr

Table 1. Participant characteristics of the included studies.

Follow-up Alcohol Physically History of  History of
(years) Median Age {(years)} BMI (kg/m?)  Insulin (miU/L) Smoking drinking active diabetes cvD
Study Country No. of men  (range) Mean (SD} Mean (SD) Mean {SD} (yes)% (n) {yes)% (n} {yes}e (n} {yes}% (n) {yes}% (n}
Akishita et al, Japan 192 NA 48.8 {9.4) 25.2 (4.0 6.7 (4.1} 44.1 (52) NA NA 0.0 {0} NA
2010 [26]
Chen et al, 2010 [27] Singapore 206 NA 551 (7.1) 252 (3.8) NA 22.1 {45) 29.4 (60) 51.6 {98) 15.1 (31) NA
Haring et al, Germany 2000 5.0 {(4.4-8.5) 50.8 {16.5) 27.6 (4.0} NA 337 (671) 76.5 {1521} 9.9 {1390} 8.6 {172} NA
2009 {12]
Schneider et al, Germany 2448 4.0 (0.9-4.6) 58.7 (13.3) 27.8 (43) NA 1856 (387) 84.9 (1804) 27.1 (623} 229 (538) 20.3 {496)
2009 [20]
Chubb et al, Australia 2489 NA 77.0 {(3.6) 26.2 (3.5) NA 8.4 (136) NA NA 0.0 (0} 37.6 {9386)
2008 (8]
Corona et al, Italy 587 NA 54.1 (12.6) NA NA NA NA NA 27.6 {162} 15.2 (89}
2008 {28]
Emmelot-Vonk et al, Netherlands 200 NA 67.3 {4.9) 27.3 (3.9} 9.1 (8.3} 15.0 {30} 80.5 {161) NA 0.0 {0 NA
2008 [29]
Goncharov et al, Russia 60 NA 30.2 {6.4) 32129 15.7 (14.5) 26.7 (16) NA 233 (14] 0.0 {0} NA
2008 [30] .
Onat et al, 2007 {19} Turkey 564 2.0 {2.0-2.0) 535 {11.0) 27.7 (4.3} 10.1 (8.3) 36.9 (208) 174 {98} 481 (270} Q.00 11.7 (66}
Chen et al, 2006 [31] Australia 60 NA 76.4 {5.2) 26.7 {3.2) NA NA NA NA 6.7 @) NA
Gannagé-Yared et Lebanon 152 NA 59.3 (7.0) 27337 9.2 (4.6) NA NA 77.0 (117 0.0 {0} 14.5 22}
al, 2006 {32]
Maggio et al, Italy 421 NA 73.8 (6.7) 27.1 (3.3) 11.2 (6.1) 21.4 {90} 88.8 (371) 52.3 (219) 15.0 (63} 19.5 (82)
2006 (33]
Robeva et al, Bulgaria 18 NA 31.9 (9.3) 30.0 (6.6) 143 (9.2} 44.4 {8} 55.6 (10} NA 56 {1} 56 {1
2006 {34]
Muller et al, Netherlands 376 NA 60.0 (11.3) 26.2 (3.5) 8.6 (5.8) 24.7 (93} 84.1 (313) 66.7 (248) 51 (19) 16.0 {60)
2005 [10] .
Nuver et al, Netherlands 1561 NA 37.0(9.3) 25.0 (3.3} 9.3 (5.5} 36.0 (58} NA NA 0.6 {1 NA
2005 [35]
Undén et al, Sweden 137 NA 47.0 (16.2) 256 (3.9) 11.1 {6.2) 16.8 (23} 92.0 (126} 29.6 (46} 517} 9.5 {13)
2005 [36]
Tong et al, China 295 NA 41.0 (8.7) 25.3 (3.8} NA 22.7 (67} 26.2 (77 NA 0.0 {0} 0.0 @)
2005 {37]
Laaksonen et al, Finland 2028 11.2 (9.7-14.4) 52.7 (5.7 27.0 (3.5) 11.7 (7.5) 314 (637) 86.6 {1753) 54.1 (1094} 5.0 {102) 36.0 (730}
2004 [15]
Ukkola et af, Canada 321 NA 36.2 (13.7) 27.1 (5.1) 10.5 (7.2) 14.8 {47) 57.6 (183} 4.0 {0) 4.0 (0) 0.0 (0}
2001 (38}
Hautanen et al, Finland 96 NA 45.0 (4.8) 26.3 (4.0) 9.0 (7.3) 36.5 (35) 95.0 (91) 30.2 (29) 0.0 (0) 0.0 (0)
2000 [39]

Abbreviations: BMI = body mas: index; CVD = cardiovascular disease; SD = standard deviation; NA = not available.

doi:10.1371/journal.pone.0100409.t1001
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Table 2. Odds ratios for prevalent metabolic syndrome according to quartiles of total testosterone, SHBG and free testosterone ~ results from cross-sectional studies.

OR (95% CI)

Total dataset

Subset data (lifestyle factors)

Subset data (BMH

Subset data (HOMA-IR)

Model 1

Model 1 Model 2

Model 1

Model 3

Meodel 1 Model 4

Total testosterone

Q1 (<12.4 nmol/L)
Q2 (12.4-15.9 nmol/L)
Q3 (16.0-20.4 nmol/L)
Q4 (>20.4 nmol/L)

P (trend)

per quartile decrease
SHBG

Q1 (<28.8 nmol/L)
Q2 (28.8-38.6 nmol/L)
Q3 (38.7-51.2 nmol/L)
Q4 (>51.2 nmol/L)

P (trend)

per quartile decrease
Free testosterone

Q1 (<236 pmol/L)
Q2 (236-303 pmol/L)
Q3 (304-383 pmol/L)
Q4 (>>383 pmol/)

P (trend)

per quartile decrease

N=12811
5.07 (4.45-5.80)
2.84 (2.49-3.25)
1.83 (1.59-2.10)
1.00 (REF)
<0.001

1.70 (1.63-1.77)
N=9525

5.26 (4.46-6.20)
2.93 (2.50-3.45)
1.67 (1.42-1.97)
1.00 (REF)
<0.001

1.75 (1.66-1.84)
N=9525

275 (2.32-3.27)
2.08 (1.76-2.45)
1.47 (1.25-1.73)
1.00 (REF)
<0.001

1.40 (1.32-1.47)

N =8094 N=8094

4.84 (4.13-5.68) 4.93 (4.20-5.79)
2.70.(2.30-3.18) 2.75:(2.33-3.24)
1.75 (1.49~2.06) 1.77 (1.50-2.09)
1.00 (REF) 1.00 (REF)
<0.001 <0.001

1.68 (1.60-1.76) 1.69 (1.60-1.77)
N=5552 N=5552

5.03 (4.08-6.21) 5.18 {4.19-6.40)
3.08 (2.51-3.79) 3.13 (2.54~-3.84)

1.74 (1.42-2.13) 1.75 (1.43-2.15)
1.00 (REF) 1.00 (REF)
<0.001 <0.001

1.72 (1.61~1.83) 1.73 (1.62~1.85)
N=5552 N=5552

3.16 (2.53-3.96) 3.13 (2.50-3.92)
2,37 (1.91-2.93) 235 (1.89-2.91)
1.53 (1.25-1.89) 1.53 (1.24-1.88)
1.00 (REF) 1.00 (REF)
<0.001 <0.001

1.47 (1.37-1.58) 1.46 (1.36-1.57)

N = 8066

4.84 (2.13-5.68)
2.72 (2.31-3.20)
1.75 (1.49-2.07)
1.00 (REF)
<0.001

1.68 (1.60-1.76)
N=5547

5.04 (4.09-6.22)
3,08 (2.51~3.79)
1.73 (1.41-2.12)
1.00 (REF)
<0.001

1.72 (1.61-1.84)
N=5547

3.16 (2.53-3.95)
2.36 {1.91-2.93)
1.54 (1.25-1.89)
1.00 (REF)
<0.001

147 (1.37-1.58)

N =8066

2.79 (2.34~3.33)
1.83 (1.53-2.19)
1.37 (1.14~1.64)
1.00 (REF)
<0.001

1.41 (1.33-1.49)
N=5547

2.96 (2.34-3.75)
231 (1.84~2.90)
1.44 (1.15-1.80)
1.00 (REF)
<0.001

1.45 (1.34-1.56)
N=5547

1.99 (1.55-2.56)
1.68 (1.32-2.13)
1.27 (1.01-1.60)
1.00 (REF)
<0.001

1.26 (1.16-1.37)

N=3724 N=3724

4.69 (3.65-6.02) 1.93 (1.44-2.59)
292 (2.27-3.76) 1.56 (1.17-2.09)
1.70 (1.33-2.19) 1.20 (0.90-1.59)
1.00 (REF) 1.00 (REF)
<0.001 <0.001

1.68 (1.55-1.81)
N=3304 N =3304

5.77 (4.27-7.79) 261 (1.84-3.71)
3.61 (2.66-4.88) 2.35 (1.66-3.33)
1.60 (1.16-2.20) 1.21 (0.84~1.74)
1.00 (REF) 1.00 (REF)
<0.001 <0.001

1.25 (1.14-1.37)

1.83 (1.67-2.01) 141 (1.27-1.58)
N=3304 M=23304

2.88 (2.16-3.84) 1.23 (0.87-1.75)
2.31 (1.78-3.00) 1.26 (0.92-1.72)
1.57 (1.24-1.99) 1.09 (0.83-1.43)
1.00 (REF) 1.00 (REF)
<0.001 0.15

144 (1.31-1.57) 1.08 {(0.97-1.21)

Abbreviations: BMI = body mass index; HOMA-IR = homeostasis model assessment for insulin resistance; SHBG = sex hormone-binding globulin; OR = odds ratio; CI = confidence interval. Lifestyle factors: smoking, alcohol

consumption and physical activity.
Model 1: adjusted for age.

Model 2: Model 1 plus lifestyte factors.

Model 3: Model 2 plus BMI.
Model 4: Model 3 HOMA-R.

doi:10.1371/journal.pone.0100409.t002
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Testosterone, SHBG and Metabolic Syndrome in Men

Table 3. Odds ratios for prevalent metabolic syndrome per quartile decrease of total testosterone, SHBG and free testosterone,
stratified by age and BMI - results from cross-sectional studies.

OR (95% Cl)

Total testosterone SHBG Free testosterone

Body rnass index
<25 ky/m? N=2377 N=1688 N=1688

143 (1,24-1.65) 2.20 (1.77-2.72) 1.22 (0.97-1.53)
25-30 kg/m? N = 3960 Ne2714 N=2714

1.51 (1.40-1.62) 1.50 (1.35-1.66) 1.29 (1.16-1.44)
>30 kg/m* N=1720 N=1145 N=1145

1.37 (1.24-1.57) 1.33 {1.18-1.50) 1.31 {1.15-1.50)
P interaction 0.40 0.003 0.67
Age
<40 years M= 1080 N=875 N=875

1.87 (1.57-2.22) 1.50 (1.22-1.84) 1.57 {1.29-1.91)
40-60 years N=3985 N=3185 N=3185

1.78 (1.65-1.92) 1.68 (1.54-1.83) 1.52 (1.38-1.66)
=60 years N=3029 N=1492 N=1492

1.54 (1.43-1.66) 1.61 (1.43-1.82) 1.32 (1.16-1.50)
P interaction 0.004 0.11 0.01

confidence interval,
doi;10.1371/journal.pone.0100409.t003

at follow-up (Table 4). HRs per quartile decrease were 1.24 (95%
CI 1.16-1.35), 1.43, (95% CI 1.29-1.59) and 1.14 (95% CI 1.01-
1.29) for TT, SHBG and FT respectively. Again, adjustment for
lifestyle factors had little effect, but associations weakened after
further adjustment for BMI and HOMA-IR. In particular,
associations for FT were no longer significant after adjustment
for BMI (Table 4). The association with T'T was attenuated, but
remained significant after adjustment for SHBG (HR per quartile
decrease of TT =1.13 (95% CI 1.01-1.27)).

Interaction analyses showed that the association between TT
and MetS was strongest in men with a BMI <25 kg/ m? (Table 3,
P for interaction =0.02). Although no signification interaction
between SHBG and BMI was observed, there was some evidence
of a U-shaped relation with associations being strongest in men <
25 kg/m® (Table 3). In contrast to the cross-sectional data, no
effect modification by age was observed in prospective analyses.

We repeated all analyses first, using non-fasting blood samples
and second, after excluding men with a history of type 2 diabetes
and CVD. Estimates were not materially different in these
sensitivity analyses. Results remained also unchanged in analyses
using study-specific quartiles and analyses restricted to population-
based samples (data not shown).

Associations between sex hormones and number of
MetS components

Figure 1 shows the mean concentrations of TT, SHBG, and FT
according to the number of MetS components. In cross-sectional
analyses, TT, SHBG, and FT concentrations decreased gradually
with increasing number of prevalent MetS components (P trend <
0.001). Although differences in sex hormone concentrations were
smaller for incident MetS components, a gradual linear decrease
of TT, SHBG, and FT was observed as the number of components
increased (Figure 1).

PLOS ONE | www.plosone.org

Odds ratios are adjusted for age, smoking, alcohol consumption and physical activity. Abbreviations: SHBG = sex hormone-binding globulin; OR = odds ratio; Ci =

Associations between sex hormones and individual MetS
components

Figure 2 shows the multivariable-adjusted ORs for each
prevalent MetS component. Associations with TT were strongest
for prevalent abdominal obesity (OR per quartile decrease = 1.58
(95% CI 1.51-1.66)) and hypertriglyceridemia (OR per quartile
decrease =1.57 (95% CI 1.50-1.63)), and weakest for prevalent
hypertension (OR per quartile decrease =1.24 (95% CI 1.18-
1.31)). A similar pattern was observed for SHBG and FT, with the
exception that low FT and SHBG concentrations were also
strongly linked to prevalent hyperglycaemia (Figure 2).

Differences in strength were less marked for incident MetS
components, although a similar pattern for TT was observed. Low
TT concentrations at baseline were most strongly associated with
incident abdominal obesity (HR per quartile decrease =1.19
(95% CI 1.09-1.29)) and hypertriglyceridemia (HR per quartile
decrease =1.21 (95% CI 1.10-1.34)). Low baseline SHBG
concentrations were associated with all incident MetS compo-
nents. Associations were strongest for incident hyperglycaemia
(HR per quartile decrease =146 (95% CI 1.20-1.77)) and
hypertriglyceridemia (HR per quartile decrease =1.40 (95% CI
1.23-1.61)). Low FT concentrations were associated with incident
hypertriglyceridemia (HR =1.18 (95% CI 1.01-1.38)) and
abdominal obesity (HR =1.13 (95% CI 0.98-1.29)), although
the latter was not statistically significant.

Discussion

In this unique meta-analysis of individual participant data, we
found that men with low concentrations of TT, SHBG aad FT
were more likely to have MetS compared to those havir g high sex
hormone concentrations. The revealed associations were inde-
pendent of age and lifestyle factors and were weaker for incident
than prevalent MetS. SHBG was the main determinant of incident
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Table 4. Hazard ratios for incident metabolic syndrome according to quartiles of total testosterone, SHBG and free testosterone - results from prospective studies.

HR (95% CI)

Total dataset Subset data (lifestyle factors) Subset data (BMI) Subset data (HOMA-IR)

Model 1 Model 1 Model 2 Model 1 Model 3 Model 1 Model 4
Total testosterone N=3022 N=2941 N=2941 N=2933 N=2933 N=792 N=792
Q1 (<13.4 nmol/L) 2.01 (1.56-2.59) 2.00 (1.55-2.59) 2.02 (1.56-2.62) 2.01 (1.55-2.59) 1.48 (1.13~-1.92) 2.56 (1.60-4.11) 1.66 (1.01-2.72)
Q2 (13.4-17.0 nmol/L) 1.84 (1.42-2.38) 1.81 (1.40-2.35) 1.83 (1.41-2.38) 1.80 (1.39-2.33) 1.52 (1.17-1.99) 2.68 (1.71-4.19) 1.75 (1.10-2.80)
Q3 (17.1-21.4 nmol/L) 1.42 (1.09-1.86) 1.40 (1.07-1.83) 1.40 (1.07-1.83) 1.39 (1.07-1.82) 1.23 (0.94-1.61) 1.73 (1.09-2.75) 1.24 (0.77-1.99)
Q4 (>21.4 nmol/L) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF)
P (trend) <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.02
per quartile decrease 1.24 (1.16-1.35) 1.25 (1.16-1.35) 1.25 (1.16-1.36) 1.25 (1.16-1.35) 1.14 (1.05-1.23) 1.39 (1.20-1.59) 1.20 (1.03-1.40)
SHBG N=1899 N=1894 N=1894 N=1892 N=1892 N=788 N=788
Q1 (<30.7 nmol/L) 2.98 (2.15-4.12) 2.96 (2.14-2.09) 3.02 (2.18-4.19) 2.96 (2.14-4.09) 2.06 (1.46-2.89) 3.45 (1.82-6.53) 1.95 (1.00-3.81)
Q2 (30.7-41.1 nmol/L) 1.89 (1.37-261) 1.88 (1.36-2.59) 1.90 (1.38~2:63) 1.88 (1.36~-2.59) 1.51 (1.09-2.10) 2.03 (1.05-3.92) 1.31 (0.67-2.55)
Q3 (41.2-56.4 nmol/L) 1.45 (1.05-1.98) 1.45 (1.05-1.98) 1.45 (1.05-1.98) 1.44 (1.05-1.98) 1.22 (0.89-1.68) 1.44 (0.69-2.98) 1.08 (0.52-2.24)
Q4 (>56.4 nmol/L) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF)
P (trend) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.01
per quartile decrease 143 (1.29-1.59) 1.43 (1.29-1.58) 144 (1.30-1.60) 143 (1.29-1.59) 1.27 (1.14-1.42) 1.59 (1.29-1.84) 1.30 (1.07-1.58)
Free testosterone N=1899 N=1894 N=1894 N=1892 N=1892 N =788 N=788
Q1 (<238 pmol/l) 1.46 (1.00-2.12) 1.45 (0.99-2.11) 1.44 (0.99-2.10) 145 (0.99-2.11) 1.27 (0.87-1.85) 2.06 (0.97-4.36) 1.66 {0.76-3.63)
Q2 (238-313 pmol/L} 1.54 (1.11-2.13) 1.53.(1.11-2.12) 1.53 (1.10-2.11) 1.53 (1.11-2.12) 1.43 (1.03-1.98) 1.64 (1.05-2.56) 1.56 (0.99-2.48)
Q3 (314-397 pmol/L) 1.24 (0.91-1.68) 1.24 (0.91-1.69) 1.24 (0.91-1.69) 1.24 (0.92-1.69) 1.28 (0.95-1.74) 1.41 (0.98-2.05) 1.22 (0.84-1.78).
Q4 (>397 pmol/l) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF) 1.00 (REF)
P (trend) 0.03 0.03 0.04 0.03 0.19 0.01 0.04
per quartile decrease 1.14 {(1.01-1.29) 1.14 (1.01-1.28) 1.14 (1.01~-1.28) 1.14 (1.01-1.28) 1.08 (0.96-1.22) 1.28 (1.06-1.54) 1.22 (1.01-1.48)

Abbreviations: BMI = body mass index; HOMA-IR = homeostasis model assessment for insulin resistance; SHBG = sex hormone-binding globulin; HR = hazard ratio; Cl = confidence interval. Lifestyle factors: smoking, alcohol

consumption and physical activity.
Mode! 1: adjusted for age.

Model 2: Model 1 plus lifestyle factors.
Model 3: Model 2 plus BML.

Model 4: Model 3 HOMA-IR.
doiz10.1371/journal.pone.0100409.1004
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stratified by age and BMI - results from prospective studies,

Testosterone, SHBG and Metabolic Syndrome in Men

Table 5. Hazard ratios for incident metabolic syndrome per quartile decrease of total testosterone, SHBG and free testosterone,

HR (95% C)

Total testosterone SHBG Free testosterone
Body mass index
<25 kg/m? N=1045 N=625 N=625

1.58 (1.25-2.00) 159 (1.15-2.21) 1,16 (0.79-1.69)
25-30 kg/m* N=1546 N=1028 M=1028

1.08 (0.98-1.19) 1.17 (1.03-1.33) 1.09 (0.94-1.26)
230 kg/m? N=342 N=239 N=239

1.13 {0.95-1.36) 1.49 (1.16-1.93) 1.12 (0.85-1.48)
P interaction 0.02 0.65 6.62
Age
<40 years N =487 N=372 N=372

1.24 (1.00-1.53) 1.39 (1.09-1.77) 100 (0.77-1.29)
40-60 years N=1449 I =1027 N=1027

1.27 (1.14-1.42) 132 (1.15-1.51) 1.22 (1.04-1.43)
260 years W =1005 N=495 N =495

1.19 (1.04-1.35) 1.32 (1.07-1.62) 1.11 (0.87-1.43)
P interaction 0.31 053 0.45

confidence interval,
doi:10.1271/journal.pone.0100409.t005

MetS, but adjustment for SHBG did not fully explain associations
of TT with MetS. Associations of testosterone and SHBG with
MetS were strongest in non-overweight men and abdominal
obesity, hypertriglyceridemia and hyperglycaemia were the main
drivers of the overall associations found.

The major strength of our study was that by re-analysing the
individual data from 20 observational studies, we were able to
study relevant subgroups and individual MetS components with
sufficient statistical power. Furthermore, the use of raw data
enabled us to apply consistent methods for MetS assessment and
FT estiraation, and to adjust for potential confounders in a
uniform way. Nevertheless, some potential limitations should be
discussecl. First, not all eligible studies participated in this
collaborative meta-analysis, which may have introduced ‘collab-
oration bias’, a term equivalent to publication bias in literature-
based reta-analyses. However, we think that reasons to
participate are pragmatic, not related to either determinant or
outcome status, therefore minimizing the likelihood of this bias.
Second, individual studies were methodologically heterogeneous;
confounder and outcome data were not collected in a standardised
way. Our statistical approach accounted for these methodological
differences between studies by incorporating random effects at the
study level. Third, all studies used commercially available
immunoassays for the measurement of testosterone and SHBG.
These assays lack reliability in the lower end of the distribution
[40], but over a wide range of concentrations their measures
correlate well with those obtained with mass spectrometry [41-
45]. Also, the diversity of immunoassays used will not have a major
impact on our risk estimates, since different assays are likely to
classify subjects in the same quartile. Previous studies have shown
that associations with known metabolic determinants do not
heavily depend on the assay being used [43,46]. Moreover,
measurement ervors resulting from interlaboratory assay differ-
ences are likely to be random, and may have resulted in

PLOS ONE | www.plosone.org

Hazard ratios are adjusted for age, smoking, alcohol consumption and physical activity. Abbreviations: SHBG = sex hormone-binding globulin; OR = odds ratio; Cl =

underestimated associations rather than producing spurious ones
[46]. Another limitation is that FT concentrations were not
measured in our study but calculated using the algorithm of
Vermeulen [22]. This algorithm gives a reasonable approximation
of serum FT concentrations in men [22], but the level of
agreement depends on the testosterone and SHBG assay being
used [47]. Therefore, random measurements errors i FT are
expected to be larger due to interlaboratory differences in both TT
and SHBG assays. However, when we repeated the analysis using
study-specific hormone quartiles, results did not change substan-
tially, indicating that assay heterogeneity does not have a major
impact on our findings. Nonetheless, more efforts are needed to
increase the accuracy and standardization of sex hormone
measurements. This is particularly relevant when using hormone
measurements for individual diagnoses and treatment decisions,
which require methods with high accuracy and precision at the
lower end of the distribution. Fourth, twenty-four percent of all
participants had non-fasting blood samples. In our analysis, we
adjusted for fasting state by using sample-specific cut-offs. Since
results were not materially different in analyses excluding non-
fasting samples, we consider differential misclassification due to
fasting state negligible. Finally, sex hormones were measured only
once at baseline in each individual study, precluding us from
studying time-related changes in sex hormone concentrations and
MetS risk.

Notwithstanding the prospective design, we cannot draw
definitive conclusions on the causal directionality of the observed
associations. Stronger associations of sex hormones with prevalent
than incident MetS suggest that low testosterone and SHBG are
merely a result rather than cause of MetS. Indeed, weight loss and
maintenance have been associated with an increase in testosterone
and SHBG concentrations in obese men with MetS [48,49].
Likewise, experimental studies show suppressive effects of adiposity
and insulin resistance on testosterone production in men [30,51].
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Total testosterone SHBG

Testosterone, SHBG and Metabolic Syndrome in Men

Free testosterone
22 60 - 500
Prend <0.001 5 : R Ptrend < 0.001 Ptrend < 0.001
| .
; 50 + i 400 <
3 i 8 .
1 8 4 ;
g i d a g 8 i !
3 [ 2 - i . kS
g 16 2 40 i . g 300 H l§ 3
£ £ L) & |
14 L] t
30 - 200 +
12 25
10 e B O 20 P ——— 00 : : ——t
0 1 2 23 0 1 2 z3 a 1 2 z3
prevalent MetS components prevalent MetS components prevatent MetS components
Total testosterone SHBG Free testosterone
22 Pirend <0.001 80 ¢ Pirend <0.001 860 ¢ Ptrend < 0.001
: 55 =
R |
H 50 400 i
{ i ; i
LN S 4 s * |
g H : g ¢ g o 1 i
o 16 - i ; T 40 & | 3 300 ¢ ; | |
2 16 { ; S 40 : a g 300 ¢ a [ &
£ o £ & i | 1
: 35 - i i
14 ; : i ;
30 200 ¢ |
12 : | !
25 '
10 A e £ e memaies o G s 3 20 & F—— ot . H . 100 - - e i . .
0 1 2 23 0 1 2 23 0 1 2 23
incident MetS compenents incident MetS components incident MetS components

Figure 1. Sex hormone concentrations by number of prevalent and incident metabolic syridrome components - results from cross-
sectional and prospective studies. Multivariable adjusted means and 95% confidence intervals for sex hormone concentrations by number of
prevalent and incident metabolic syndrome components and the P value for linear trend. Abbreviations: SHBG = sex hormone-binding globulin.
Means are adjusted for age, smoking, alcohol consumption and physical activity.

doi:10.1371/journal.pone.0100409.g001

On the other hand, testosterone and SHBG may also influence
MetS etiology. Polymorphisms in the SHBG gene have been
associated with risk of type 2 diabetes, suggesting a causal role for
SHBG in metabolic disease risk [52,53]. Moreover, a recent meta-
analysis of the few available testosterone supplementation studies
shows that testosterone therapy is associated with a significant
reduction of fasting glucose, HOMA-IR, triglycerides and waist
circumference as well as an increase of HDL-cholesterol [18].
Thus, observational and experimental data point to bidirectional
relationships between sex hormones and MetS.

Adjustment for lifestyle factors had little effect on the observed
associadons of TT, SHBG and FT with MetS, but the strength of
associations was nearly halved after adjustment for BMI and
HOMA-IR. The major impact of body composition and insulin
resistance was expected, as both factors represent the core
abnormality of MetS [54]. Hence, adjusting for BMI and
HOMA-IR may represent overadjustment. Consistent with our
literature-based meta-analysis [17], we found an increase in MetS
incidence with lower FT concentrations. Associations with TT and
MetS remained also significant after adjusting for SHBG. These
findings are important because they show that the association
between testosterone and MetS cannot solely be attributed to
SHBG. The fact that previous studies have reported conflicting
results for FT [7-9,14,15,53], might be due to differences in
sample size and handling of potential confounders as described
above. The large sample size of the present pooled meta-analysis
enhanced the statistical power to detect small to moderate
associarions between FT and MetS.

PLOS ONE | www.plosone.org

Apart from being associated with MetS as an entity, sex
hormones also show an inverse association with the number of
MetS components. Previous data regarding this association are
limited. In the BACH study [9], the largest difference in sex

. hormones was found between men having one vs. two MetS

components, suggesting a decline in sex hormone concentrations
before the actual onset of MetS. Our results do not support such a
threshold effect, as all sex hormones decreased gradually with
increasing number of MetS components. Among the five
components, TT was most strongly associated with hypertriglyc-
eridemia and abdominal obesity. A similar pattern was found
previously in cross-sectional studies [7-9,16], but this is the first
study showing such a relationship with incident MetS components.
Apart from hypertriglyceridemia and abdominal obesity, SHBG
and FT were also strongly associated with hyperglycaemia.
Interestingly, we found that the association between TT and
incident MetS was strongest in men with a BMI <25 kg/m® The
reason for this interaction is not clear, but the weaker association
in overweight men suggests a dominant role for non-androgenic
risk factors in this specific subgroup. This finding may also indicate
the emergence of relative androgen insensitivity with increasing
BMI. In children an inverse association between BMI and
androgen receptor sensitivity has been reported [36], but no
studies so far have explored this association in middle-aged and
older men. Cross-sectionally, we found that SHBG was more
strongly associated with prevalent MetS in men with a lower BML
However, a clear interaction with BMI could not be confirmed for
incident MetS. Previously, a subgroup effect of BMI has been
demonstrated in relation to leptin [57], with associations of SHBG
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Figure 2, Odds ratios and hazard ratios for individual metabolic syndrome components per quartile decrease of total testosterone,
SHBG and free testosterone. Models are adjusted for age, smoking, alcohol consumption and physical activity. Abbreviations: SHBG = sex
hormone-tinding globulin; OR = odds ratio; HR = hazard ratio; Cl = confidence interval.
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and FT' being absent in obese men. Leptin resistance becomes
more prevalent with increasing BMI [58], providing an explana-
tion for the weaker associations found in overweight men. Another
explanation for the observed interactions with BMI is the higher
imprecision of hormone assays toward the lower end of the
hormone distribution. Testosterone and SHBG concentrations
decrease with increasing BMI and associations may thus be more

PLOS ONE | www.plosone.org

difficult to detect in subgroups of overweight and obese men. We
also found an interaction between testosterone and age when
analyzing prevalent MetS, but this interaction could not be
confirmed for incident MetS.

In conclusion, we observed a robust, dose-response relationship
of low testosterone and SHBG concentrations with prevalent and
incident MetS in men, with associations being primarily mediated
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through abdominal obesity, hypertriglyceridemia and hypergly-
caemia. The weaker associations observed in overweight men
warrant further investigation as this specific subgroup may
represent a target for future prevention and intervention.
Altogether, these findings provide more insight into the biological
mechanisms linking low testosterone and SHBG to MetS.
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