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Summary

Background: Long-term glucocorticoids (HairGC) measured in scalp hair have been
associated with body mass index (BMI), waist circumference (WC), and waist-
hip-ratio (WHR) in several cross-sectional studies. We aimed to investigate the
magnitude, strength, and clinical relevance of these relations across all ages.
Methods: We performed a systematic review and meta-analysis (PROSPERO
registration CRD42020205187) searching for articles relating HairGC to measures of
obesity. Main outcomes were bivariate correlation coefficients and unadjusted simple
linear regression coefficients relating hair cortisol (HairF) and hair cortisone (HairE) to
BMI, WC, and WHR.

Results: We included k = 146 cohorts (n = 34,342 individuals). HairGC were
positively related to all anthropometric measurements. The strongest correlation and
largest effect size were seen for HairE-WC: pooled correlation 0.18 (95%Cl
0.11-0.24; k=7; n = 3,158:; I> = 45.7%) and pooled regression coefficient 11.0 cm
increase in WC per point increase in 10-log-transformed HairE (pg/mg) on
liquid-chromatography-(tandem) mass spectrometry (LC-MS) (95%Cl 10.1-11.9 cm;
k = 6; n = 3,102). Pooled correlation for HairF-BMI was 0.10 (95%CI| 0.08-0.13;
k = 122; n = 26,527; I> = 51.2%) and pooled regression coefficient 0.049 kg/m? per
point increase in 10-log-transformed HairF (pg/mg) LC-MS (95%Cl
0.045-0.054 kg/m?; k = 26; n = 11,635).

Discussion: There is a consistent positive association between HairGC and BMI, WC,

on

and WHR, most prominently and clinically relevant for HairE-WC. These findings
overall suggest an altered setpoint of the hypothalamic-pituitary-adrenal axis with

increasing central adiposity.
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1 | BACKGROUND

The prevalence of obesity, defined in adults as a body mass index
(BMI; weight in kg divided by height in meters squared) = 30 kg/m?
, has increased dramatically worldwide over the past decades.! An
imbalance between energy intake and expenditure is regarded as
the major cause of obesity. Numerous distinct characteristics and
conditions can contribute to obesity within an individual.? One
important contributing factor may be chronic exposure to the
stress hormone cortisol, the major end-product of the
hypothalamic-pituitary-adrenal (HPA) axis. In healthy individuals,
cortisol secretion and metabolism are closely linked and tightly reg-
ulated. Cortisol is converted by 11-beta-hydroxysteroid dehydroge-
nase type 2 (11B-HSD-2) to the biologically inactive cortisone in
end-organ tissues, but can be converted back to cortisol by
11-beta-hydroxysteroid dehydrogenase type 1 (11p-HSD-1) on
tissue-level.3 Exposure to very high levels of endogenous or exoge-
nous glucocorticoids (GC), such as in Cushing's syndrome, leads to
a phenotype characterized by abdominal obesity and other features
of the metabolic syndrome*® It is hypothesized that even a
chronic mild increase of GC, that is, in the high-physiological range,
can contribute to overweight and obesity in the general popula-
tion.2 Despite many efforts over the last decades to explore this
relation in different matrices such as blood, saliva and urine, con-
flicting results were found.® This may be due to cortisol's circadian
rhythm, its pulsatile secretion, and the daily variation following
changing circumstances such as acute stress. Hence, measurements
that reflect a shorter term (minutes or hours for serum and saliva,
days for urine) seem less suitable to investigate this association in
the general population.”

In the past decennium, a relatively novel technique has allowed
researchers to study long-term levels of GC by measuring cortisol and
cortisone levels in scalp hair (HairF and HairE, respectively). Every centi-
meter of scalp hair is believed to represent the cumulative GC exposure
of one month.® HairGC measurements are now considered an easily
applicable, noninvasive and reproducible method for assessing long-
term GC exposure.® A systematic review and meta-analysis by Stalder
et al. that was conducted in September 2015 (when the number of
studies that used HairGC started to increase rapidly) identified several
possible influencers of HairF levels. The authors concluded that varia-
tion in HairF levels on study level could be related, among other factors,
to differences in mean BMI of the study populations.” Gray et al. and
Ling et al. also reported that BMI and BMI standard deviation score
(SDS), that is, BMI z-scores adjusted for age and sex that are most often
used in pediatric studies,'® were important determinants of HairF levels
in children.2>*2 However, in the last years, many new large-scale studies
in various age categories have been published that have investigated

the relation between HairGC and anthropometric features. Some of

1314 \while other studies

these studies showed a positive relation,
showed no relation between HairGC and anthropometric measure-
ments.?>® It is unclear whether these conflicting results can be
explained by differing population characteristics such as mean age, sex,
and prevalence of obesity, use of corticosteroids, handling of outliers, or
the various laboratory methods that were used.

Moreover, other anthropometric measurements than BMI are
considered equally or even more relevant to cardiometabolic health,
such as waist circumference (WC) and waist-hip-ratio (WHR), which
both are markers of central adiposity.l” These deserve specific
attention as GC are known to particularly induce abdominal obesity.*®
Likewise, there are suggestions that hair cortisone might correlate
stronger to obesity than hair cortisol itself. However, a meta-
analysis that summarizes all evidence considering different anthropo-
metric parameters in association with both HairF and HairE as well as
relevant moderators of these relationships is missing.

Therefore, the aim of the current systematic review and meta-
analysis was to investigate the cross-sectional relations between
HairGC levels (HairF and HairE) and anthropometric measurements
(BMI, BMI SDS, WC, and WHR) and to explore the possible influence

of relevant characteristics of the population and laboratory methods.

2 | METHODS

We performed this systematic review and meta-analysis in concor-
dance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement and Meta-analysis of Observa-
tional Studies in Epidemiology (MOOSE) checklist.2®2* This system-
atic review was registered at the PROSPERO database (Registration
number CRD42020205187, December 7, 2020).%2

2.1 | Search strategy and selection criteria

A university health sciences librarian designed a comprehensive
search to identify studies and conference abstracts concerning
hair cortisol and/or hair cortisone and measurements of obesity.
To avoid missing potentially relevant papers we designed a broad

» <

search strategy combining the elements “hair,” “cortisol/cortisone,”
and “BMI/WC/WHR/anthropometrics”, including their synonyms
without any restrictions other than “studies in humans”. The search
was conducted in the following databases from inception up to
November 16, 2020: Medline (Ovid), Embase, Cochrane, Web of
Science, Scopus, Cinahl, Psyclnfo, and Google Scholar. The complete
search strategy is provided in the supporting information
Appendix S1. Search results were exported to reference management
software (EndNote version X9, Clarivate Analytics), and duplicates

were removed prior to screening.
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All identified studies were independently screened in two stages
by two physicians (EV, OA, or MM) with a background in adult
(EV and MM) and pediatric (OA) endocrinology. All studies that
reported original HairGC data in humans were included in the title/
abstract screening stage and were subsequently assessed full text.
Disagreements were solved by discussion among the first authors (EV,
OA, and MM), and the senior author (EvR) until consensus was
reached. Additionally, reference lists of all included studies and rele-
vant reviews were screened systematically for potentially relevant
articles.?® We included studies that reported cross-sectional associa-
tions between HairGC and measurements of obesity. We excluded
case reports, animal studies, review articles, non-English or nonpeer
reviewed studies, and studies in which hair sampling and weight mea-
surements were not performed simultaneously (Figure 1). Pediatric
studies that only included children younger than age 2 years were also
excluded because BMI-based definitions of obesity are not available
for this age group.® We contacted all corresponding authors of arti-
cles that reported both HairGC and anthropometric data but did not
report an association between these two outcomes to ask if they
could provide us with an association measure. Of articles that also
included patients with mental or physical diseases that are known to
influence the relation between GCs and obesity, we only included the
separate analyses of healthy controls if available. When data of the
same participants were reported in several studies, we included the
study that reported a bivariate association (correlation coefficient or
unstandardized simple linear regression coefficient) between HairGC
and measurements of obesity. If more than one article reported a

bivariate association, we included the study with the largest

2.2 | Data extraction

Descriptive, methodological, and outcome data were extracted from
all included studies by two researchers independently (EV, OA, or
MM) using a predesigned standardized data extraction sheet. Discrep-
ancies were resolved by discussion among the first authors (EV, OA,
and MM) and the senior author (EVR). The following descriptive data
were extracted: study population characteristics (sample size and
cohort characteristics: age, sex, prevalence of obesity, mean levels of
HairF and HairE in pg/mg) and laboratory methods: liquid
chromatography-(tandem) mass spectrometry based measurements
(LC-MS or LC-MS/MS, in this review further collectively abbreviated
as LC-MS), enzyme-linked immunosorbent assays (ELISA), or chemilu-
minescent immunoassays (CLIA). The reported outcomes of interest
were any cross-sectional associations between HairGC (HairF, HairE)
and measurements of obesity, that is, BMI, BMI SDS, WC, and WHR.
In studies presenting multiple data points of the same participants
(e.g., before and after an intervention), only baseline associations were
extracted. When insufficient data were reported for meta-analysis,
corresponding authors were contacted twice in a 2-week time frame.
In case of nonresponse, data were extracted from previous meta-

analyses where possible.”2

2.3 | Risk of bias assessment

Risk of bias was assessed by two researchers independently (EV, OA,
or MM) using the Quality In Prognostic Studies (QUIPS) tool.2* In

sample size. short, the QUIPS tool aids in the assessment of potential bias sources
Records identified through Additionalrecords identified
database searching through other sources
(n= 2039) (n=23)
v
Records after duplicates removed
(n=1017)
A 4
Records screened R Records excluded
(n=1017) 4 (n=650)
A 4
Full-texts assessed for eligibility R Full-texts excluded
(n=367) i (n=247)
- No association of HairGC with
anthropometrics (n =140)
L 4 - Conference abstract of which
Studiesincludedin full-text article screened (n=34)
qualitative synthesis - No original HairGC data (n =40)
(n=120) - No healthy participants (n=11)
- Hair sampling and weight
v measure not simultaneous (n=13)
. . - o - Notpeerreviewed (n=3
FIGURE 1 Preferred Reporting Items for Studies included in quantitative A Non?Eng"sh (n=3) (n=3)
Systematic Reviews and Meta-Analyses (PRISMA) S(‘;\"_thlel;')s - Participants aged <2 years (n =3)
flow diagram. HairGC, hair glucocorticoids
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from the following study domains: study participation, study attrition,
prognostic factor measurement, outcome measurement, confounding
measurement, and statistical analysis. The subdomains on which risk
of bias was assessed were the following: population selection criteria
(QUIPS 1; study participation), the used laboratory methods (QUIPS 3;
prognostic factor measurement), whether or not anthropometric mea-
surements were objectively measured (QUIPS 4; outcome measure-
ment), whether or not corticosteroid use was taken into account and
whether any consideration was given to handling outliers in HairGC
values (QUIPS 5; study confounding), and reporting of relevant statis-
tics (QUIPS 6; statistical analysis and reporting). All subdomains were
scored as ‘low’, ‘moderate’, or ‘high’ risk of bias on individual cohort
level. We omitted the study attrition domain of the QUIPS tool
(QUIPS 2) since it was not applicable to our cross-sectional research
question. Discrepancies between the researchers were solved by dis-
cussion among the first authors (EV, OA, and MM) and the senior
author (EVR).

2.4 | Qualitative synthesis

For the qualitative synthesis, we summarized all authors' conclusions
regarding cross-sectional associations between HairGC levels and
obesity measurements, that is, correlation coefficients, regression
coefficients, or comparison of HairGC levels and obesity measure-

ments across categories.

2.5 | Statistical analysis

All meta-analyses were conducted in R version 3.6.3 with an « of
0.05.2° For all descriptive data, medians and (interquartile) ranges
were converted to means and standard deviations prior to analyses.2®
Furthermore, subgroup means from individual studies as well as the
pooled means across all studies were pooled.?”” When not originally
reported, standard errors were calculated based on reported confi-
dence intervals or p-values and degrees of freedom using the T-
distribution.

2.6 | Meta-analysis of correlation coefficients

For all studies reporting bivariate correlations (correlation coeffi-
cients), Fisher's r-to-z transformation was applied to transform individ-
ual correlations stratified on all combinations of HairGC (HairF and
HairE) and obesity measurements (BMI, BMI SDS, WC, and WHR). As
several studies reported correlations within distinct subgroups, we
calculated the pooled correlation coefficients, 95% confidence inter-
vals (Cls) and prediction intervals (Pls) using multilevel random effects
models.282° One study was excluded for all meta-analyses, as the
reported correlation coefficient for BMI versus HairF of the total
cohort was 0.91. We assume this is a typographic error, as the authors
state that they only found a statistically significant correlation in the
highest tertile of the polygenic susceptibility score (which was

reported to be 0.269, making a correlation of 0.91 for the total cohort
impossible).3° These authors did not respond to our contact attempts.

The I? statistic and Cochrane's Q test were used for the assess-
ment of between-study heterogeneity, with 1? > 25% and p-value for
Cochrane's Q test <0.05 indicating heterogeneity. For all meta-
analyses with data from at least 10 cohorts, exploratory moderator
analyses were performed using mixed-effect models for categorical
parameters (e.g., used laboratory method) and random effects models
for continuous parameters (e.g., mean age of the study participants).

Publication bias was assessed using contour-enhanced funnel plots.

2.7 | Meta-analysis of unstandardized simple linear
regression coefficients

For all studies reporting unstandardized simple linear regression coef-
ficients between 10-log transformed HairGC (HairF or HairE) in
pg/mg as independent variable and untransformed obesity measure-
ments (BMI, BMI SDS, WC, and WHR) as dependent variable, pooled
regression coefficients and 95% Cls were calculated using the statisti-
cal approach described by Bini et al. and Becker & Wu.3*%2 In short,
this approach allows pooling of linear regression coefficients using
weighted least squares provided that the independent and dependent
variables have been measured in the same manner across all studies.
Therefore, we calculated pooled regression coefficients of 10-log
transformed HairGC on untransformed obesity measurements, strati-
fied on laboratory method. Between-study heterogeneity was

assessed using the Q,,-statistic described by Bini et al.®*

3 | RESULTS

The literature search identified 1017 unique citation titles of which a
total of 120 studies>!31416:19.3033-146 omprising 146 separate
cohorts were included (Figure 1). This corresponds to a total of
34,342 included participants of which 15,698 (46%) were sampled
from general population-based studies (Table 1). The remaining
18,644 (54%) participants were sampled from studies where study
inclusion was based on medical criteria (e.g., individuals with obesity),
occupational characteristics (e.g., health-care workers), or socio-
economic characteristics (e.g., children from low-income parents).
The majority of participants (24,004; 70%) were sampled from stud-
ies in adults (mean age 218 years). Most studies analyzed participants
living in Germany (32/146 cohorts, 22%), The Netherlands (23/146
cohorts, 16%), and Canada (18/146 cohorts, 12%). For 70/146
cohorts (48%), correlation coefficients and/or regression coefficients
that were not reported in original papers were obtained by con-
tacting authors.

3.1 | Description of study characteristics

The weighted mean age of cohorts involving adults (available for
n=23467) was 53.3+184years and weighted mean BMI
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(n = 19,653) was 27.0 + 5.4 kg/m?2. For studies involving children,

A [J]
8 g 2 2 &
e 5 5 g IS w's 3 = weighted mean age (n = 9904) was 7.8 + 3.3 years and weighted
a8 > § 8
§_ § “..5 w § o §§ '% mean BMI SDS (n=4108) was 0.2 +1.0. Forty-three of the
o0 = oos =
€98 < o T f\: ; _'e“ % - @ 146 cohorts (29%) included children (mean age <18 years). The major-
@ 8 JE _:;'O *3 8 § g ity of the cohorts had a population that was predominantly female
w5 2
T e 2 S S eofs é (104 cohorts had >50% females), although the proportion of females
t &8 @ 65 . 32 T .
85 ¢ 2 ‘g 9 § ) E < within all included subjects was 44%.
Q.2 05 9] c oL © . o . .
235 8 <« m ui g g a SE Of the 43 pediatric cohorts, two specifically included only chil-
5 - o o «Itv > g 4_-': o < E dren with obesity,®>?? whereas the other 41 cohorts either had no
© =] > O ‘G b B . . . . . . .
s 8 g E § uw é % E § ._%D k7 criteria regarding weight status or included only children with normal
¥ o = 5 = @ 0 . . . .
8 « - « % § 5 fg % § ® weight. In adults, 2 of the 103 cohorts exclusively included adults with
§ z o 3 (_I.I) 3 é G E g obesity (BMI 2 30 kg/m?),*3%%#! whereas the other 101 cohorts
> o . =] QO © . . . . .
':E-v T é %) é g el o % QZE either had no criteria regarding weight status or included only adults
< ' w® o ‘T S 3
!'% g i § T R with normal weight or overweight. In 12 of the 103 adult cohorts
I = = & & . .
w E é 8 ; 2 g (12%), the mean BMI of the included population was 30 kg/m? or
£ & 2 = b z, 5 £ higher. Details on the mean BMI of the studies can be found in
[T T o EQ O S
w ‘©
g%; = 2 Uso%% Table 1.
I a o £ = b . .
% § g ,§ a E *g‘ BMI was the most commonly reported obesity measurement in
. T 8 % L€ 138/146 cohorts (95%), followed by WC in 30/146 cohorts (21%),
N = o = =
N £ § é g g 8 ; WHR in 20/146 cohorts (14%), and BMI SDS in 16/43 pediatric
c a + - (9] .- 8 35
= up o b= g 5 O c cohorts (37%).
w c 0 o S € £ S {2 v T
'iT’ E‘f ; g g é g § <ITx 5 g For 145 cohorts (99%) the used laboratory method was reported,
[®] S 0
3 B g @88 which were ELISA (63/145 cohorts, 43%), LC-MS or LC-MS/MS
> < T L 455 25
".?: g 2 8 é 5 E § (56/145 cohorts, 39%), or CLIA (26/145 cohorts, 18%). In all cohorts
L J B £ S . . - .
S : g:' ‘= b3 T E *;E, 2 HairF was reported, whereas HairE was additionally reported in
o I e 3 ©
* o ¢ §38¢gsgvy 19/146 cohorts (13%).
NS (1 O =
-~ - a ﬁ f g E £ ‘g‘ Mean crude HairGC concentrations across the studies varied
N wnw O 5
\% 5 3 % g % g 55 (f:“ & @ widely with reported means ranging from 1.2-592.2 pg/mg for HairF
f é 5 § 3 2 g § §- and 2.45-38.48 pg/mg for HairE. Mean HairF concentrations were
> T v Y o <
o 8 p g é % ‘é’ 080 § § § higher in studies that used an ELISA (weighted mean 95.6 + 236.4 pg/
> pet . .
NE ; 0 o L g g 5 2 g g g 8 ¢ mg) compared with studies that used CLIA (24.0 + 45.1 pg/mg) or
- [ k] - T 2
% A = n T - E g 5 o T; S é g LC-MS (mean 13.4 + 13.4 pg/mg and mean 12.2 + 39.5 pg/mg in a
=un o o 3 c = =2 x 3 =
53 2 o i a o] § % % *g 82 'r% sensitivity analysis without Mazgelyte et al.,®¢ which was a significant
a0 —_— 0 C
(5 & 2 qu 28 ﬁ g |3 S 5 outlier in mean HairF level). All HairE analyses except for one’® were
9 E 4 v 38 3 =] . . .
" é g é ._‘;‘; .5 q’é g g flf E performed using LC-MS. In the studies that reported both HairE and
] oy ks S ; s 6 = ot g ‘g 2 1 HairF concentrations, HairE levels in most cases were higher than
ca S ® Lt ES¥zes8g & .
£o H o H 5 S22 BES - HairF levels (Table 1).
$3 9338 7 EgEcsgEds ¢
= T Iitefefs B
o v~ © TRTEST2E O
c .2 u £ O K] o .
LR £3ei558spy 3 32 | Risk of bias
= 098 Yo% v w2 L5 s
CetEL2 L 8053 <]
cZ 850G ET"ED®R 5] X . .
2 E i é S 8 %_ % >0 *qé Risks of bias assessments on cohort level are presented in Table 1.
0 = = C - € ¥ =
go % K g g -% § = :‘, § g With respect to the selection of the population domain (QUIPS 1),
—_ .- 1 < [} . .
% Se ;S -é 2 8_ g €0 S 25 (17%) cohorts had a high, 75 (52%) medium, and 46 (31%) low
= C o = S .. S
% g ﬂé % N j: S % g _‘;‘ E risk of bias. Regarding the prognostic factor (HairGC) measurement
- % g .é Tg '_§ g_ % g g % E domain (QUIPS 3), 65 (45%) cohorts had a high, 31 (21%) medium,
= N Lo c - .0 € = . . .
§ IS o B3 §§ g g g E 5] g ; and 50 (34%) low risk of bias. For the outcome measurement domain
= d R OB Q& a 2 .
5 385 f£35s2888¢285 (QUIPS 4), 75 (51%) cohorts had a moderate and 71 (49%) a low risk
5 5§ =~ & 289535302 o0 . . . .
o c ® - Seg5g=2 i © 38 8 se of bias. In the domain of accounting for possible confounders
Q0 = ®© T ®© .. T = 2 0w . .
- L% g 2 % \E é g?\; g 8 232 é ® E (QUIPS 5), 37 (25%) cohorts had a high, 64 (44%) medium, and
w - '% % % §- %D‘é % 554 3 g g z § 45 (31%) low risk of bias. With regard to the statistical domain
2 2 >33 gefs87235¢5 (QUIPS 6), 10 (7%) cohorts had a high, 4 (3%) medium, and
(2] s Q.2 D 5 £ 9
P 223 3¥oro8es2 132 (89%) low risk of bias.



VAN DER VALK ET AL

OBESITY

—Wl LEY 110f21

3.3 | AQualitative synthesis

An overview of all outcomes reporting any relation between HairGC
and obesity measurements is shown in the supporting information
Table S1.

3.4 | Quantitative synthesis

3.4.1 | Meta-analysis of correlation coefficients

In total, 140/146 cohorts (96%) from 115 unique studies were
included in the meta-analyses of correlations, comprising data of
28,830 participants. The pooled correlation coefficients ranged from
0.10-0.18 (all p <0.0001). The strongest pooled correlation was
found for HairE versus WC (pooled r = 0.18; Table 2 and supporting
information Figures S1-S6). Meta-regressions and subgroup analyses
were possible for the associations between HairF versus BMI, BMI
SDS, WC, and WHR and HairE versus BMIL. In subgroup analyses, nei-
ther applied laboratory methods nor population-based sampling mod-
erated the correlations between HairGC and obesity measurements
(all p-values >0.05, Table 3). Subgroup analyses on all QUIPS domains
showed no moderation by risk of bias categories except for QUIPS
domain 4 (assessment of outcome, that is, self-reported BMI vs. mea-
sured): studies with self-reported BMI showed stronger correlations
with HairF than studies with measured BMI (pooled r of 0.15 vs. 0.07,
respectively; Q = 14.34, p < 0.0001).

In meta-regressions, we found that studies that included larger
proportions of males showed stronger correlations between HairF
and WC (estimated slope 0.0022 per percentage point increase in
proportion of males, 95% CI 0.0010 to 0.0033, p = 0.0002) and HairF
and WHR (estimated slope 0.0011 per percentage point increase in
proportion of males, 95% Cl 0.0001 to 0.0021, p = 0.02; Table 4 and
supporting information Figures S7 and S8). Furthermore, studies
including more participants with obesity showed weaker correlations
between HairF and BMI (estimated slope —0.0029 per percentage
point increase in proportion of participants with obesity, 95% CI
—0.0049 to —0.0010, p = 0.0028), and studies with higher BMI SDS

showed weaker correlations between HairF and BMI SDS (Table 4
and supporting information Figure S9). Mean age and mean HairF
concentration of the study population did not moderate the correla-
tions between HairGC and obesity measurements (all p-values >0.05,
Table 4). In contrast, higher mean HairE was associated with stronger
positive correlations (estimated slope 0.0046 per point increase in
mean HairE on study level, 95% Cl 0.0025-0.0068, p < 0.0001).
Visual inspection of the funnel plots showed no evidence for publica-
tion bias; that is, no systematic trends were found between standard
error (as proxy for study sample size) and magnitude and direction of
information

the reported correlation coefficients

Figures S10-S15).

(supporting

34.2 | Meta-analysis of regression coefficients

The pooled regression coefficients stratified on analysis method are
presented in Table 5. The pooled regression coefficient for 10-log
transformed HairF as independent variable on BMI as dependent vari-
able measured for LC-MS-based measurements was based on the
largest number of cohorts (k = 26 cohorts comprising 11,635 individ-
uals). The pooled regression coefficient for LC-MS-based measure-
ments was 0.049 kg/m? (95% Cl 0.045-0.054; Table 5). This indicates
that for LC-MS-based measurements, 1 point increase in 10-log HairF
was associated with 0.049 kg/m? higher BMI. One point increase in
10-log HairE was associated with 1.15 kg/m? higher BMI (95% ClI
0.987-1.310 kg/m?). The highest pooled regression coefficient was
found for HairE on dependent variable WC, where 1 point increase in
10-log HairE was associated with 11.0 cm larger WC (95% CI 10.1-
11.9 cm) on LC-MS. There was no significant between-study hetero-
geneity (all p-values >0.05, Table 5).

4 | DISCUSSION

In the current systematic review including 34,342 unique subjects,
HairGC levels showed a significant positive relation with anthropo-

metric measurements. In the meta-analyses, pooled correlation

Between-study heterogeneity

TABLE 2 Pooled correlation coefficients
k cohorts n participants Pooled r
HairF versus BMI 122 26,527 0.10
HairF versus BMI SDS 11 1,247 0.12
HairF versus WC 24 11,006 0.11
HairF versus WHR 16 6,786 0.11
HairE versus BMI 16 8,210 0.11
HairE versus WC 7 3,158 0.18
HairE versus WHR 2 1,314 NA?

95% ClI 95% PI P-value 12 (%) Q P-value
0.08; 0.13 —0.04; 0.24 <0.0001 51.2 2214 <0.0001
0.06; 0.18 0.06; 0.18 <0.0001 0.0 11.8 0.30
0.07; 0.15 —0.03; 0.26 <0.0001 68.3 59.7 <0.0001
0.07; 0.15 0.03; 0.19 <0.0001 28.4 22.3 0.10
0.07;0.15 0.00; 0.21 <0.0001 52.7 31.0 0.01
0.11; 0.24 0.06; 0.29 <0.0001 45.7 9.6 0.14
NA NA NA NA NA NA

Abbreviations: Cl, confidence interval; HairF, hair cortisol; HairE, hair cortisone; NA, not applicable; PI, prediction interval; SDS, standard deviation score;
WOC, waist circumference; WHR, waist-to-hip ratio.

“Meta-analysis not performed due to small number of cohorts.



2021 | \WLEY_/OBESITY VAN DER VALK ET AL.

TABLE 3 Results of subgroup analyses in the meta-analyses of correlation coefficients

Moderator k cohorts 12 (%) Pooled r 95% ClI Qbetween P-value
HairF versus BMI QUIPS 1: Study participation (population-based sampling) 0.34 0.55
Yes 34 51 0.10 0.07;0.13
No 88 51 0.11 0.08;0.14
QUIPS 3: Prognostic factor measurement (HairGC analysis method) 0.05 0.98
LC-MS 47 51 0.10 0.07;0.14
ELISA 52 35 0.10 0.07;0.14
CLIA 21 66 0.11 0.05; 0.17
QUIPS 4: Outcome (anthropometric) measurement 14.34 <0.001
Self-reported 67 22 0.15 0.12; 0.18
Objectively measured 55 62 0.07 0.04; 0.10
QUIPS 5: Study confounding 2.74 0.43
CS use and outliers handled 39 62 0.13 0.09;0.17
Only outliers handled 22 29 0.09 0.05;0.13
Only CS use handled 33 30 0.10 0.06; 0.15
Neither handled 28 51 0.08 0.03; 0.12
QUIPS é6: Statistical analysis (Relevant statistics fully reported) 0.01 0.93
Yes 118 50 0.10 0.08;0.13
No 4 65 0.10 —0.04;0.23
HairF versus BMI SDS QUIPS 1: Study participation (population-based sampling) 0.12 0.73
Yes 4 0 0.14 0.01; 0.27
No 7 0 0.12 0.05;0.18
QUIPS 3: Prognostic factor measurement (HairGC analysis method) 0.63 0.73
LC-MS 6 70.7 0.06 —-0.13; 0.25
ELISA 3 0 0.07 —0.13; 0.26
CLIA 2 0 0.13 0.04; 0.21
QUIPS 4: Outcome (anthropometric) measurement 2.11 0.15
Self-reported 4 0 0.14 0.08; 0.20
Objectively measured 7 321 —-0.01 —-0.19; 0.18
QUIPS 5: Study confounding 0.86 0.83
Both handled 2 0 0.13 0.03; 0.24
Only outliers handled 2 0 0.13 0.04; 0.21
Only CS use handled 5 60.8 -0.01 —0.31;0.28
Neither handled 2 0 0.13 0.00; 0.26
HairF versus WC QUIPS 1: Study participation (population-based sampling) 3.95 0.05
Yes 9 65 0.07 0.02;0.13
No 15 60 0.15 0.09; 0.20
QUIPS 3: Prognostic factor measurement (HairGC analysis method) 0.17 0.92
LC-MS 12 78 0.11 0.05; 0.18
ELISA 7 4 0.10 0.02;0.17
CLIA 5 77 0.11 0.02; 0.21
QUIPS 4: Outcome (anthropometric) measurement 0.67 0.41
Self-reported 3 40 0.18 0.01;0.35
Objectively measured 21 71 0.11 0.06; 0.15
QUIPS 5: Study confounding 5.90 0.12
Both handled 9 68 0.08 0.02; 0.15

Only outliers handled 3 0 0.16 0.13;0.19
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TABLE 3 (Continued)

Moderator k cohorts 12 (%) Pooled r 95% ClI Qbetween P-value
Only CS use handled 7 33 0.13 0.05;0.21
Neither handled 5 77 0.10 —0.03;0.23

HairF versus WHR QUIPS 1: Study participation (population-based sampling) 0.56 0.46
Yes 4 57 0.15 0.03; 0.26
No 12 36 0.10 0.04; 0.15
QUIPS 3: Prognostic factor measurement (HairGC analysis method) 0.34 0.56
LC-MS 11 88 0.10 0.05; 0.15
ELISA 4 76 0.16 —0.03; 0.34
QUIPS 4: Outcome (anthropometric) measurement 5.79 0.02
Self-reported 2 0 0.36 0.16; 0.53
Objectively measured 14 36 0.10 0.06; 0.14
QUIPS 5: Study confounding 2.85 0.24
Both handled 6 53 0.09 0.02; 0.15
Only outliers handled 5 0 0.13 0.10; 0.16
Only CS use handled 4 57 0.23 0.06; 0.38
Neither handled 1 NA NA NA

HairE versus BMI QUIPS 1: Study participation (population-based sampling) 0.02 0.89
Yes 6 40 0.11 0.07; 0.15
No 9 46 0.12 0.02;0.21
QUIPS 4: Outcome (anthropometric) measurement 0.24 0.62
Self-reported 3 78 0.22 —-0.20; 0.57
Objectively measured 12 59 0.12 0.07;0.16
QUIPS 5: Study confounding 8.08 0.04
Both handled 4 55 0.16 0.11;0.21
Only outliers handled 4 0.07 0.04;0.11
Only CS use handled 5 0.09 —-0.02; 0.20
Neither handled 2 61 0.05 -0.12;0.21

Note: Subgroup analyses were only performed when data of at least 2 cohorts were available within a subgroup and 10 cohorts across all subgroups. Bold

text indicates statistically significant effect (P-value < 0.05).

Abbreviations: Cl, confidence interval; HairF, hair cortisol; SDS, standard deviation score; WC, waist circumference; WHR, waist-to-hip ratio; LC-MS,
liquid chromatography-(tandem) mass spectrometry; ELISA, enzyme-linked immunosorbent assay; CLIA, chemiluminescent immunoassay.

coefficients ranged between 0.10 for hair cortisol versus BMI and
0.18 for hair cortisone versus WC. The largest effect size was found
for the relation between hair cortisone and WC: one point increase in
10-log-transformed hair cortisone concentration (e.g., an increase
from 1 pg/mg to 10 pg/mg) on LC-MS-based assays was associated
with 11 cm larger WC. For the outcome BMI, an increase of 1.15 kg/
m? per one point increase in 10-log transformed hair cortisone on
LC-MS-based assays was found. Moderator analysis in the meta-
analyses of correlation coefficients showed that a higher percentage
of male participants was associated with stronger correlations in the
relations between hair cortisol versus WC and hair cortisol versus
WHR. A higher percentage of participants with obesity of the
included cohorts was associated with less strong correlations in the
relation hair cortisol versus BMI. Interestingly, no evidence was found
for a moderating influence on study level of other important

covariates that are known to influence either HairGC or obesity

measurements in individual persons, namely age, laboratory methods,
and handling of outliers and exogenous corticosteroid use.

In the largest of our meta-analyses, for HairF versus BMI
(n = 26,527 participants), we confirmed the modest positive relations
in exploratory analyses of Stalder et al. and Ling et al. between HairF
and BMI/BMI SDS.”2 Evidently, there is a relation between measures
of obesity and long-term glucocorticoid levels, a relation that has been
controversial for measurement of GC levels in other matrices that
reflect shorter time periods. As GC are known to contribute to cen-
tral adiposity, for example, in Cushing's syndrome, it might be possible
that in the study of a gradually developing disease such as obesity,
long-term GC measurements offer a different and perhaps more
appropriate perspective to the role of the HPA-axis.

The current study indicates that this relation is strongest (i.e., the
highest correlation coefficient and the largest effect size) for corti-

sone, the inactive form of cortisol, and WC. Although the pooled
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TABLE 4

Results of meta-regressions in the meta-analyses of correlation coefficients

% Between-study

Moderator k cohorts heterogeneity explained Estimate (slope) 95% CI Qm P-value
HairF versus BMI Mean age 120 0.3 0.0006 —0.0005; 0.0017 132 025
Mean BMI 113 0.7 0.0003 —0.0050; 0.0057 001 0.90
Adults only 84 0.7 —0.0082 —0.0180; 0.0016 270 0.0
Mean HairF 115 0.002 0.0000 —0.0002; 0.0003 0.10 0.76
LC-MS 44 21 0.0008 —0.0042; 0.0057 009 076
CLIA 23 74 —0.0025 —0.0092; 0.0041 0.55 046
ELISA 47 0.03 0.0000 —0.0003; 0.0003 002 0.88
% obesity 57 11.9 —0.0029 —0.0049; —0.0010 895 0.0028
% males 122 25 0.0003 —0.0006; 0.0011 038 0.54
HairF versus BMI SDS  Mean age 11 11.0 0.0127 —0.0091; 0.0344 130 025
% males 10 18.6 0.0037 —0.0012; 0.0087 218 0.14
Mean BMI SDS 10 86.4 —0.2108 —0.3408; —0.0807 10.09  0.0015
Mean HairF 10 1.03 —0.0006 —0.0040; 0.0028 0.12 0.73
HairF versus WC Mean age 23 21.9 0.0011 —0.0007; 0.0028 1.46 0.23
Mean BMI 20 9.3 0.0013 —0.0081; 0.0106 007 079
Adults only 17 18.3 —0.0080 —0.0267; 0.0108 069 041
Mean HairF 21 0.002 0.0003 —0.0006; 0.0012 046  0.50
% obesity 16 0.03 —0.0002 —0.0030; 0.0027 002 0389
% males 23 39.5 0.0022 0.0010; 0.0033 1429  0.0002
HairF versus WHR Mean age 15 10.7 0.0024 —0.0006; 0.0055 2.10 0.12
Mean BMI 12 13.3 —0.0120 —0.0315; 0.0074 147 023
Adults only 10 544 —0.0170 —0.0377; 0.0037 259 011
Mean HairF 14 4.0 0.0014 —0.0020; 0.0047 0.65 042
LC-MS 11 25.2 0.0056 —0.0013; 0.0126 253 011
% males 15 28.7 0.0011 0.0001; 0.0021 507 0.02
HairE versus BMI Mean age 15 27.9 0.0016 —0.0004; 0.0035 2.56 0.11
Mean BMI 12 47.2 0.0096 —0.0006; 0.0197 341  0.07
Mean HairE 13 65.2 0.0046 0.0025; 0.0068 17.96  <.0001
% males 15 12.2 0.0010 —0.0010; 0.0030 099 032

Note: Meta-regressions were only performed when data of at least 10 cohorts were available. Bold text indicates statistically significant effect (P-value <

0.05).

Abbreviations: Cl, confidence interval; Q,,, Cochrane's Q for the moderator; HairF, hair cortisol; SDS, standard deviation score; WC, waist circumference;
WHR, waist-to-hip ratio; LC-MS, liquid chromatography-(tandem) mass spectrometry; ELISA, enzyme-linked immunosorbent assay; CLIA,

chemiluminescent immunoassay; NA, not available or not applicable.

correlation coefficients and pooled regression coefficients for the
most frequently studied outcome HairF versus BMI were statistically
significant (pooled correlation coefficient 0.10, pooled regression
coefficient 0.049 kg/m? increase in BMI per 1 point increase in 10-log
transformed HairF on LC-MS), the small effect size here seems to
have less clinical relevance compared with the large effect size we
found for the relation HairE versus WC. We believe that the consis-
tency of our findings across all studied outcomes is indicative of an
altered setpoint of the HPA-axis in obesity. This may induce or aggra-
vate obesity, although causality cannot be proven by our study
because of its limitation to cross-sectional associations. Yet, the fact

that HairGC apparently relate strongly to measures of abdominal

obesity matches the paradigm that chronic exposure to higher levels
of GCs specifically induce abdominal obesity.'® Importantly, specifi-
cally abdominal obesity increases mortality, for example, by
compromising cardiometabolic health and increasing the risk of many
chronic diseases.**”

Previous meta-analyses already demonstrated an overall relation
between HairF and BMI. However, this was investigated in smaller
groups that also included individuals with psychosocial or biological
factors affecting the HPA-axis such as post-traumatic stress disorder,”
or limited to children only.}? Therefore, another important aim of our
study was to identify moderators and subgroups within this relation

on study level. This could improve the eventual applicability of HairGC
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TABLE 5 Pooled regression coefficients
k cohorts  n participants

HairF independent—BMI dependent 8 1,984
26 11,635
HairF independent—BMI SDS dependent - -
998
HairF independent—WC dependent 4 1,556
10 4,259
HairF independent—WHR dependent - -
5 1,805

HairE independent—BMI dependent
9 5,266

HairE independent—WC dependent
6 3,102

OBESITY _WILEY_L5°f2t

Between-study
heterogeneity

Analysis method Pooled beta 95% CI Qw P-value

CLIA 0.02 0.016; 0.03 0.26 >0.05

LC-MS 0.05 0.045;0.054 0.50 >0.05

CLIA = -

LC-MS 0.20 0.14; 0.27 0.11 >0.05

CLIA 0.02 0.02; 0.03 0.13 >0.05

LC-MS 1.26 1.08; 1.44 0.15 >0.05

CLIA - -

LC-MS —-0.01 —-0.01; -0.00  0.00 >0.05

CLIA - -

LC-MS 1.15 0.98; 1.31 0.08 >0.05

CLIA = =

LC-MS 11.0 10.1; 11.9 0.05 >0.05

Note: -, meta-analysis not performed due to insufficient number of cohorts. Bold text indicates statistically significant effect (P-value < 0.05).
Abbreviations: Cl, confidence interval; HairF, hair cortisol; HairE, hair cortisone; SDS, standard deviation score; WC, waist circumference; WHR, waist-to-
hip ratio; LC-MS, liquid chromatography-(tandem) mass spectrometry; CLIA, chemiluminescent immunoassay.

measurements in the context of weight variability and additionally
increase our understanding of the underlying biological mechanisms.
Strikingly, the pooled correlations between parameters of obesity
and cortisone, the inactive form of cortisol, tended to be stronger than
the relations with cortisol itself. The equilibrium between cortisol and
cortisone is controlled by the enzymes 11p-hydroxysteroid dehydro-
genase types 1 and 2 both in the circulation (which is mostly deter-
mined by hepatic enzyme activity) as well as at tissue level, differing
per tissue type.2*® With regard to scalp hair, it has been suggested
that human hair follicles display a functional equivalent of the HPA-
axis and can synthesize cortisol,**? although this finding has until now
not been confirmed by others. However, there are currently no
reports regarding balance between cortisol and cortisone at the shaft
level. Therefore, it is believed that at least HairF represents cumula-
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tive circulating levels of cortiso which presumably also holds true

for HairE and cortisone. Perhaps this more stable circulating
“reservoir” of inactive cortisol can be seen as a better indicator of
chronic hypercortisolism related to adiposity, considering the stronger
relations that we found for HairE. Moreover, this matches previous
findings that HairE has a better diagnostic efficacy than HairF in the
diagnostic screening for endogenous hypercortisolism.*

Furthermore, in contrast to Ling et al.,*?

our meta-analyses did
not indicate that LC-MS-based cortisol measurements had a stronger
relation to obesity than ELISA or CLIA-based measurements. In princi-
ple, the LC-MS-based method has a higher specificity than the ELISA
method because it mostly lacks the interference from other steroid
compounds.® The finding that LC-MS-based studies did not show a
higher correlation for cortisol and obesity measurements than ELISA-
based studies could also point towards an actual biological effect that
in obesity, there is a more general activation of the HPA-axis. This

general activation could lead to increased levels of other steroid

hormones such as cortisone, which could potentially reduce issues
associated with cross-reactivity in this context.

The percentage of males included was a significant influencer of
the relation between WC and HairF, with a similar trend for WHR and
HairF, but not for HairF and BMI. For both WC and WHR, cut-off
values are sex-specific, with males generally having a larger WC and
WHR than females. This might contribute to the stronger associations
between HairGC and anthropometric measurements in studies that
contain more males. Unfortunately, lack of raw data hampered stratifi-
cation for sex.

We also observed that studies that had a high percentage of
participants with obesity found less strong associations between
HairF and BMI. Although HairGC levels may explain less of the weight
variability in cohorts with individuals with obesity compared with
cohorts that include wider weight ranges, it has clearly been
established that individuals with obesity in general have higher
HairGC than individuals without obesity,”’“l'l52 an observation that
is confirmed by our current analyses. It might be possible that within
individuals with obesity, HairGC relate more to metabolic health than
to anthropometrics per se. Another explanation could be the presence
of a certain “tipping point,” perhaps the development of hepatic
steatosis, that may interfere with cortisol-metabolizing enzymes, lead-
ing to or maintaining the state of hypercortisolism.

In contrast to our expectations, we found that studies using self-
reported BMI reported stronger correlations to HairGC levels than
studies using objective anthropometric features (r=0.15 and
r = 0.07, respectively, for HairF-BMI). One possible explanation for
this finding could include higher perceived weight stigma in individuals
with obesity. Weight stigma is associated with adverse psychological
consequences, such as anxiety, lower self-esteem, poor quality of life,

as well as with higher HairF levels.'>®> When perceived weight stigma
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would cause individuals with obesity to overestimate their own
weight, this could result in stronger correlations between BMI and
HairGC levels, although this is highly speculative. Other possible areas
of bias, for example, the selection of participants (whether or not the
participant selection was population-based or based on medical, occu-
pational or socio-economic characteristics), the consideration of possi-
ble confounders (outliers of HairGC measurements and corticosteroid
use), and the statistical reporting all did not affect the outcomes.

As expected, given the large number of included studies, we
observed a relatively high between-study heterogeneity in our meta-
analyses of correlation coefficients, up to an I? of 68% for HairF ver-
sus WC. Although some of our studied moderators could explain part
of this heterogeneity, the majority is still unexplained. Hence, there
may be a role for other factors that are known to influence HairGC
levels and/or obesity that we did not account for in the current
report. For example, a recent meta-analysis demonstrated that adver-
sity also relates to long-term GC levels, although this relation is com-
plex and depends on the type and timing of adversity and on the
studied population.*>* Adversity and stressful conditions can have
similar complex relations to obesity.2>> We did not include these fac-
tors as possible moderators in our analyses due to a lack of universally
accepted definitions that we could apply to all studies. However, we
do not suspect a major influence of stressful conditions on our results
as sensitivity analyses focusing on population-based cohorts were
comparable with the analyses based on all data.

A major strength of the current study was our comprehensive
search in which we included all studies that reported any association
between measures of adiposity and HairGC levels, including studies
that did not primarily aim to investigate these associations. To mini-
mize the risk of publication bias due to incomplete reporting of results
based on statistical significance, we contacted corresponding authors
of all included studies for additional information. In addition, we con-
tacted all corresponding authors of studies that reported anthropo-
metric measurements and HairGC but not an association. This yielded
additional information for 70 cohorts (48%). This limits the risk of pub-
lication bias, which was also confirmed by our funnel plots (supporting
information Figures $10-S15). Moreover, an important addition of
our work compared with the two systematic reviews and meta-
analyses that have already been published on this topic was that we
studied both the active form cortisol and the inactive form cortisone,
their relations to different measures of adiposity, and also investigated
effect sizes complementary to correlations. This has yielded the valu-
able conclusion that both the strongest correlation as well as the
strongest, clinically relevant effect size are actually seen for HairE ver-
sus WC, instead of the most commonly studied association HairF ver-
sus BMI. Another strength of our study is that we focused on studies
that did not include participants with severe diseases affecting GC
levels, which have therefore not disturbed our findings.

A limitation of our study was that we obtained data that are
related to full cohorts instead of individual person-data. This restricts
our conclusions to comparisons across cohorts instead of across indi-
viduals. However, by pooling regression coefficients, we could provide

an effect size that is applicable on individual level. Other limitations

relate to the lack of standardization of HairGC analysis methods and
the usefulness of HairGC itself, as there are still numerous issues
unsolved. For example, the ubiquitously reported growth speed of
scalp hair, 1 cm per month, may vary considerably by ethnicity and
season.® Other issues represent the high prevalence of overall CS use
(which may influence basal cortisol levels and were found to be used
by 11% of the Dutch population, a number that may be even higher in
other countries*®1°%), hair characteristics such as color, treatment
and washing frequency,*®” and the unresolved issue of how to handle
HairGC outliers.2>®15? These characteristics were often not reported
in the included studies, which prevented comparison across studies.
Then again, the results of our analyses in the subgroup of studies that
accounted for outliers and corticosteroid use, the two issues that are
most likely related to obesity, did not differ significantly from the
results in the subgroup of studies that did not account for outliers,
corticosteroid use, or neither. It should however be noted that we
only assessed whether studies handled outliers at all and that the
exact manner of handling outliers in (psycho)endocrine research is still
a separate topic of discussion.r®” Lastly, this review only included
cross-sectional associations while any conclusion on the prognostic or
predictive value of HairGC for future obesity should come from stud-
ies investigating longitudinal relations, which have however until now
only been performed scarcely.*>34

Altogether, we confirmed a consistent positive association
between anthropometric measurements and hair glucocorticoids. This
relation was most often studied for hair cortisol and BMI but showed
the strongest correlation and largest effect size for hair cortisone and
WC. These relations were not influenced by mean age, mean BMI, or
mean HairGC levels nor by the used laboratory methods of the stud-
ies. However, the percentage of males, the percentage of participants
with obesity, and objective measurement of weight instead of self-
reported weight represented important features to take into account
when assessing hair glucocorticoids in cohorts. Although causality is
not yet proven, our results suggest that higher long-term glucocorti-
coid levels measured in scalp hair, especially cortisone, may contribute
to or reflect the state of specifically central adiposity. Future longitu-
dinal studies should investigate whether higher hair glucocorticoid
levels can have clinical relevance in predicting the development or
deterioration of obesity. Our results emphasize the importance of
accounting for BMI and/or WC or WHR when interpreting hair gluco-
corticoid levels in individuals or on a group level.
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