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Keywords:

Background: Methodological comparisons of hormone quantification techniques have repeatedly demonstrated

Methods that, in adults, enzyme immunoassay (EIA) inflates steroid hormone concentrations relative to mass spectrom-
Psychopathology etry. However, methodological comparisons in adolescent samples remain rare, and few studies have examined
izﬁ;ﬁ;say how chemiluminescent immunoassay (CLIA), another popular immunoassay, compares to mass spectrometry.
Adolescence Additionally, no studies have examined how differences in analytical techniques may be affecting relationships

between steroid hormone levels and outcomes of interest, such as psychopathology. This pre-registered analysis
of an existing dataset measured salivary cortisol and testosterone using both CLIA and liquid chromatography
dual mass spectrometry (LC-MS/MS) in a repeated measures (516 samples) sample of 207 9th graders.
Methods: In aim 1, this study sought to expand on past findings by 1) measuring inflation of testosterone and
cortisol by CLIA in a relatively large adolescent sample, and 2) showing that CLIA (like EIA) testosterone inflation
was especially true in groups with low ‘true’ testosterone levels. In aim 2, this study sought to examine the
impact of hormone quantification method on relationships between hormone levels and psychopathological
measures (the Children’s Depression Inventory, the Perceived Social Stress Scale, the UCLA Loneliness Scale, and
the Anxious Avoidant and Negative Self Evaluation subscales of the Social Anxiety Scale for Adolescents).
Results: We found that CLIA, like EIA, inflated testosterone and cortisol levels and overestimated female
testosterone resulting in suppressed sex differences in testosterone. We did not observe these same patterns when
examining testosterone in individuals with differing levels of pubertal development. Results of psychopathology
analyses demonstrated no significant method differences in hormone-psychopathology relationships.
Conclusions: Our findings show that CLIA introduces proportional bias in cortisol and testosterone in a manner
that suppresses sex differences in testosterone. Steroid measurement method did not significantly moderate the
relationship between hormones and psychopathology in our sample, though more work is needed to investigate
this question in larger, clinical samples.

1. Introduction

A series of landmark methodological studies and reviews have
demonstrated that steroid hormone concentrations [1-3] differ
depending on the method used to quantify hormone levels. Comparisons
of steroid hormone measurement techniques suggest that certain types
of immunoassays, which are widely used and cost-effective, may inflate
steroid hormone levels relative to liquid chromatography tandem mass
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spectrometry (LC-MS/MS), the gold standard in the field of clinical
chemistry [4]. Despite the inflation introduced by some immunoassays,
many researchers continue to employ immunoassay methods, making
research that examines discrepancies between specific immunoassays
and mass spectrometry techniques a valuable field resource.

Many questions concerning immunoassay bias remain unanswered.
This study sought to address three main gaps in the literature. First,
though enzyme immunoassay (EIA) techniques have been repeatedly
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found to introduce error into steroid hormone measurement relative to
mass spectrometry, other immunoassays remain understudied. Does
chemiluminescent immunoassay (CLIA), another popular immunoassay
technique, distort cortisol and testosterone in a manner similar to EIA?
Second, though many methodological comparisons have examined adult
samples, studies in other age groups remain rare. How do CLIA and LC-
MS/MS results differ in a relatively large sample of adolescents between
age 13 and 16? And finally, how might hormone measurement method
be impacting hormone-outcome relationships? Even if immunoassay
produces distortion in hormone measurement relative to LC-MS/MS, are
these distortions impacting the relationship between salivary hormone
levels and outcomes of interest, such as measures of psychopathology?
Using 516 salivary samples collected from 207 ninth grade students
whose hormones were assayed using both CLIA and LC-MS/MS, we
sought to answer these questions.

1.1. Immunoassay techniques and challenges

In order to understand some of the challenges faced by different
hormone measurement techniques, it is helpful to briefly review the
processes involved in immunoassay and mass spectrometry methods (for
a more detailed discussion of hormone measurement techniques and
their challenges, see Ref. [4]). Immunoassays generally rely on both the
immune system’s ability to develop antibodies that recognize specific
antigens, and a labeling technique that can quantify the amount of an-
tigen present in a sample. In radioimmunoassays, which have become
less common over time due to their use of radioactive materials, ra-
dioisotopes emit radioactivity in inverse proportion to the amount of
antigen. In EIA, antigens have been bound by an antibody-enzyme
complex. This complex undergoes a chemical reaction producing a
color change. The depth of color change indicates the amount of antigen
in a sample. In CLIA, similar to EIA, antibody-bound antigen undergoes a
chemical reaction, though in CLIA photons of light are emitted. CLIA is
purported to be useful for measuring antigens present at very low vol-
umes. Issues with EIA, and other immunoassays, include poor inter-lab
reliability of hormone concentrations, variation in immunoassay sensi-
tivity and specificity for certain hormones, cross-reactivity, or over-
estimation of antigen due to a sample containing molecules so similar in
shape to the antigen that the immunoassay cannot distinguish between
the antigen and the similar molecule, and matrix effects, or
species-specific components of a sample that interfere with the function
of the immunoassay [5,6]. As steroid hormones are all downstream
products of the same molecule, cholesterol, and therefore share varying
degrees of similarity in structure, cross-reactivity is of particular concern
for the measurement of steroid hormones with immunoassay. Despite
these concerns, immunoassays remain popular and widely used for
hormone measurement in the field of psychology.

1.2. Mass spectrometry techniques and challenges

Mass spectrometry identifies compounds in an electromagnetic field
by their mass-to-charge ratio, making it a highly specific method for
measuring an analyte. However, mass spectrometry is vulnerable to a
number of issues including difficulty in correctly identifying compounds
with similar mass-to-charge ratios and ion suppression, which occurs
when biological compounds in a substrate containing an analyte of in-
terest are too similar to the analyte of interest or interfere with the
ionization, or breakdown, process of the analyte. To combat these issues,
mass spectrometry is coupled with chromatography (liquid or gas), a
technique that separates chemical compounds by their chemical and
physical properties. The combination of chromatography and mass
spectrometry makes for a highly sensitive and specific analytical tool
that is considered the gold standard in the field of clinical chemistry and
is capable of providing an accurate standard against which to compare
immunoassay results.
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1.3. Methodological comparisons of immunoassay and LC-MS/MS in
testosterone and cortisol

Systematic comparisons of EIA and LC-MS/MS for the measurement
of testosterone and cortisol show that EIA, relative to LC-MS/MS, tends
to inflate salivary testosterone and cortisol concentrations especially
when these hormones are present at very low levels [1,3]. This inflation
specifically effects demographic groups with low levels of testosterone,
such as females and older males, resulting in suppression of testosterone
differences between males and females and between younger and older
males [3,7]. Other groups with low hormone levels, such as children and
peripubertal teens, have not been examined for this type of EIA inflation,
though it is reasonable to suggest that EIA’s tendency to inflate low
concentrations of testosterone and suppress group differences may
behave similarly with pubertal development as it does with respect to
sex and age. While these findings have not been replicated with CLIA,
and chemiluminescent immunoassay techniques are often heralded for
their ability to detect low volume substrates, CLIA, as an immunoassay,
is vulnerable to many of the same challenges as EIA, meaning that CLIA
results may produce the same biases as EIA when quantifying
testosterone.

Past research has clearly demonstrated inflation of low steroid hor-
mone levels by immunoassay techniques. Work examining higher con-
centrations of hormones has produced less uniform findings. In cortisol,
some research has demonstrated that LC-MS/MS concentrations above
5 nmol/L show good agreement with cortisol measured with CLIA [1].
Other work has shown that cortisol concentrations measured by EIA are
related to LC-MS/MS-measured cortisol in a nonlinear fashion [8] or
that cortisol is overestimated by EIA and CLIA across the full range of
true hormone concentrations [9]. In methodological comparisons of
higher testosterone concentrations, some studies have demonstrated
that testosterone concentrations measured with EIA show low linear
correspondence with testosterone measured via LC-MS/MS, while other
studies show good reliability between methods [10].

In addition to the lack of studies examining how CLIA hormone re-
sults may differ from LC-MS/MS, almost no methodological comparison
study has tested how these methods compare to one another in non-
adult samples. The one exception examined cortisol concentrations in
children ages 8-14 [1], leaving a critical gap in the literature for
adolescent individuals between 14 and 18 years of age. As puberty is
precipitated by adrenal and gonadal steroid hormone surges, hormone
levels are often incorporated into studies of adolescent development
[11-14]. Therefore, comparisons of immunoassay and mass spectrom-
etry techniques in this age group can provide information about
technique-based errors in an important measure of adolescent devel-
opment: hormones.

1.4. Associations with psychopathology

Immunoassay measurement methods are often employed in research
seeking to elucidate relationships between steroid hormones and mea-
sures of psychopathology [15-23]. Results of this research comprise
multiple fields of work that are beyond the scope of this study. However,
given findings that many immunoassay techniques introduce error and
suppress sex differences in testosterone, it is important to investigate
whether hormone measurement method might, itself, be a moderator of
hormone-psychopathology relationships. Though the participants in this
study come from a non-clinical sample, a preliminary investigation of
the moderating power of hormone measurement method on
hormone-psychopathology correlations can provide a helpful frame-
work for future research comparing methods in clinical samples.

1.5. Current study

The aims of the present study were two-fold. First, we sought to
expand upon past findings comparing LC-MS/MS to EIA by measuring
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testosterone and cortisol in an adolescent sample using LC-MS/MS and
CLIA. Though one past study has compared CLIA and LC-MS/MS mea-
sures of cortisol [1], no study to date has compared CLIA and LC-MS/MS
results of testosterone. Second, we sought to investigate the moderating
effect of hormone measurement method on hormone-psychopathology
associations by comparing the relationships between
CLIA-or-LC-MS/MS-measured hormone concentrations and measures of
concurrently measured, self-reported psychopathology.

Hypotheses for both aims of our study were pre-registered with the
Open Science Framework. In the first aim, we hypothesized that we
would see: 1) overestimation by CLIA (relative to LC-MS/MS) of both
cortisol and testosterone concentrations, especially at low ‘true values’
(true values’ are defined as the LC-MS/MS values in line with past
research) of both hormones, 2) CLIA underestimation of sex differences
in testosterone concentrations owing to greater overestimation of female
testosterone concentrations than male testosterone concentrations, and
3) greater CLIA overestimation of testosterone concentrations among
low-pubertal status (less developed) individuals, with correspondingly
weaker correlation between CLIA-measured testosterone and pubertal
status than between LC-MS/MS-measured testosterone and pubertal
status.

In our second aim, we sought to explore the relationship between
CLIA-or-LC-MS/MS-measured hormones (cortisol and testosterone) and
measures of psychopathology using regression models. We expected to
see moderation of hormone-psychopathology relationships by hormone
measurement method.

2. Methods

The present study 1) directly compared and examined systematic
differences in hormone concentrations of cortisol and testosterone
measured by CLIA and LC-MS/MS, and 2) sought to examine whether
measurement method moderated hormone-psychopathology statistical
associations. All statistical analyses were completed in R [24].

2.1. Sample

Analyses were conducted with a subsample’ (n = 516 salivary
samples in n = 207 individuals, 52.17% female) of individuals whose
salivary samples were analyzed using both immunoassay and LC-MS/MS
(n = 16 samples were excluded after analysis with CLIA, due to insuf-
ficient sample volume for subsequent analysis with LC-MS/MS) from the
Texas Longitudinal Study of Adolescent Stress Resilience (TLSASR); a
new public-use dataset funded by the NICHD.? Self-report measures
were collected with the first day of salivary hormone samples, and the
two remaining salivary samples were collected on consecutive days one
week later, all in the fall semester. Parental consent, child assent, and
saliva samples were provided for all individuals in this sample. Research
protocols were approved by the institutional research review board at
the authors’ institution, by the research committee at the participating
school district, and by the collaborating school principal. Demographics
of the sample were self-reported by participants as follows: Asian 5.4%,
Black 4.9%, Hispanic 25.4%, Native Hawaiian/Pacific Islander, Amer-
ican Indian/Alaskan Native, or reporting “Two or More Races” 5.4%,
White 59%.

1 Hormone data analyzed in this paper came from a pre-treatment day and
two consecutive post-treatment days of a longitudinal study titled “Teaching
teens that people can change.” See supplemental materials for analyses showing
no impact of intervention on hormone levels in this subsample.

2 The TLSASR datasets are posted on the Inter-university Consortium for
Political and Social Research (ICPSR) server. Pre-registrations can be found at
https://osf.io/yg85b and https://osf.io/f7grk.
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2.2. Procedures

Saliva samples were collected using 2.5 ml or 4.0 ml Salicap tubes
(IBL International, Hamburg, Germany) in the early afternoon (1:30 p.
m.—4:30 p.m.) to reduce variability due to diurnal rhythms in cortisol
concentrations [25] (for more detail on passive drool procedures, see
Ref. [26]. Time of sample collection was automatically recorded in an
electronic daily intake questionnaire, and controlled for in analyses
relating hormone concentrations to psychopathology measures. Stu-
dents were asked to refrain from eating dairy products (e.g., yogurt,
milk, cheese) as bovine hormones can cross-react with immunoassay
antibodies [27], drinking caffeinated beverage (e.g., coffee, soda, tea,
and energy drinks) as caffeine has been reported to increase cortisol and
testosterone levels [28], taking nonprescribed medications which have
been shown to have a range of effects on hormone levels, or engaging in
strenuous physical exercise, which can increase testosterone and cortisol
levels, at least 2 h prior to sample collection [29,30].

After collection, samples were transferred to a Yeti™ cooler (Austin,
TX) at < 0 °C, before being moved to a —80 °C laboratory freezer on the
UT Austin campus at the end of the same day. All samples were stored
for 3-4 months in the same —80 °C freezer on the UT Austin campus
(between September 2016 and late December 2016) before being ship-
ped to the biological health psychology laboratory at Brandeis Univer-
sity, Waltham, MA (PIs, N. Rohleder and J. Wolf) for analysis using a
chemiluminescence immunoassay (IBL International, Hamburg,
Germany).

Samples were pipetted by a Hamilton Company liquid handling
robot and measured in duplicate. Samples with a coefficient of variation
(CV) > 10% underwent repeated analysis. Cortisol assay intra- and inter-
assay CVs were 9.07% and 5.59%, respectively. Testosterone assay intra-
and inter-assay CVs were 6.29% and 4.65% respectively.

For analysis using LC-MS/MS, samples were shipped to Dresden,
Germany for analysis at Dresden Lab Services (PI, C. Kirschbaum).
(Detailed methods can be found in Ref. [31]. Samples analyzed using
LC-MS/MS underwent two thaw freeze cycles more than those analyzed
at Brandeis University. For analyses of the potential impact of
freeze-thaw cycles on hormone concentrations, which showed no sig-
nificant effect of additional freeze-thaw cycles on hormone concentra-
tions, see supplemental materials.

2.3. Measures

2.3.1. Depressive symptoms

Depression symptomatology (Female Mean: 0.51; SD: 0.36, Male
Mean: 0.4; SD: 0.32) was measured concurrently with baseline saliva
samples using the 27-item Children’s Depression Inventory (CDL; [32],
from which item 9, which assesses for suicidality, was removed due to
concerns for student safety. A 2015 meta-analysis of the reliability of the
English version of the CDI with item 9 removed resulted in a Cronbach’s
alpha of .841 (95% CI = 0.839-0.851) [33]. For comparison, our
within-sample Cronbach’s alpha was calculated to be 0.92 (95% CI =
0.88 0.94). Each of the CDI items asks participants to identify which of
three concentrations of a symptom best describes how they feel (e.g. 0 =
I do most things O.K.; 1 = I do many things wrong 2 = I do everything
wrong). Scores from each item were summed together and divided by the
total number of items answered to compute an average item score
(ranging between 0-2). This method was employed to assess average
ratings of depression symptomatology, and to avoid issues with
depression sum scores arising from omission of the suicidality item. For
comparison, normative CDI scores in a population with a similar age
range showed a mean of 0.3(SD: 0.26) in males and 0.34(SD: 0.28) in
females [34].

2.3.2. Loneliness
Measures of perceived loneliness were assessed using the UCLA
Loneliness Scale-short form (ULS-8; [19,35,36]): The ULS-8 is an 8-item
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self-report scale used to measure loneliness that asks respondents to rate
feelings of loneliness on a 4-point Likert scale ranging from 1 (“Never”)
to 4 (“Often”). Average scores (ranging from 1-4.5) were calculated to
avoid issues due to item missingness (Mean = 2.54; SD = 0.84). For
comparison, normative ULS-8 scores in a U.S. population showed a
mean of 2.39(SD: 0.74) [37].

2.3.3. Social anxiety

Measures of adolescent social anxiety were assessed using the Social
Anxiety Scale for Adolescents (SAS-A, [38]: Fear of Negative Evaluation
(Mean = 2.45; SD = 1.08) and Social Avoidance (Mean = 2.69; SD =
1.02) subscales. The SAS-A is a self-report scale used to assess social
anxiety in child and adolescent populations ranging in age from 13 to
18. Respondents are asked to choose items from a 5-point Likert scale
with answers ranging from 1 (“Strongly disagree™) to 5(“Strongly
Agree”). Subscales of Fear of Negative Evaluation and Social Avoidance
(New) were used to measure adolescent social anxiety. Average scores
(ranging from 1-5) were calculated in order to avoid any issues due to
item missingness. For comparison, normative SAS-A Avoidance scores in
a population with a similar age range showed a mean of 2.15(SD: 0.67)
in males and 2.28(SD: 0.69) in females. Normative SAS-A Negative
Evaluation scores showed a mean of 2.34(SD: 0.84) in males and 2.60
(SD: 0.86) in females [34].

2.3.4. Stress

The Perceived Stress Scale (PSS; [39]: The PSS, a global measure of
perceived stress, is a 14-item self-report scale in which respondents
report on the degree of perceived stress in their lives. Each item on the
PSS is rated on a 5-point Likert scale ranging from 1 (“Never”) to 5
(“Very Often”). Average scores (ranging from 1.8-4.6 in this sample)
were calculated in order to avoid any issues due to item missingness
(Mean = 3.04; SD = 0.56). For comparison, normative PSS scores in a
population with a similar age range showed a mean of 2.66 (SD: 0.52)
[40].

2.3.5. Pubertal development

The Pubertal Developmental Scale (PDS; [41] was administered
concurrently with baseline saliva sample collection in the fall semester
of 9th grade to assess adolescents’ pubertal development stage (Mean =
3.06, SD = 0.58, range = 1.6-4). The PDS scale asks participants to rate
progression of puberty-relevant physical changes, including breast
development, presence of pimples, growth spurt, body hair, and pres-
ence or absence of menstruation, and has been shown to generally agree
with clinician-rated Tanner stage [42]. It should be noted that the PDS
scores in our sample were restricted, ranging from 1.6 to 4.0 instead of
from 1.0 to 4. Though this restricted range was expected given the
relatively late age of our participants, it is worth noting that we were
unable to examine a sample representing the full range of PDS scores for
this analysis. For more information about PDS scale scoring, see sup-
plemental materials.

2.4. Analyses

Data were analyzed in r (Rstudio version 1.3.959). For aim one, all
days of data were included. A behavioral intervention that was not hy-
pothesized to have a main effect on hormone levels was administered
after day one. To confirm no main effect of the intervention on hor-
mones, multilevel analyses were completed (for results of this analysis,
which revealed no impact of the behavioral intervention on cortisol or
testosterone concentrations, see supplemental materials). Therefore,
aim one used all three days of data. For aim two, inspecting hormone-
psychopathology relationships, baseline data only was used as the
intervention was intended to impact psychopathology measures.

2.4.1. Aim 1 analyses
Pearson correlations were used to confirm general linear agreement
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between immunoassay and LC-MS/MS methods for the measurement of
testosterone and cortisol (overall, as well as by sex and PDS). Addi-
tionally, we used Bland Altman plots to visually inspect differences be-
tween CLIA and LC-MS/MS methods. Bland Altman plots compare the
mean of two measurements taken of a single object or substance against
the difference between those measurements to allow for a visual com-
parison of the two methods [43-46]. The traditional Bland Altman
method assumes independence between observations and a normal
distribution of differences between methods being compared [45,47].
Our sample included up to three repeated measures collected from in-
dividuals. Inspection of qgqplots and histograms showing the distribution
of differences between methods showed right skew in all hormone re-
sults (see supplement for qgplots and histograms). To handle issues
related to the use of repeated measures in our sample, we used a version
of the Bland Altman plot that controls for multiple measures within
individuals (https://stat.ethz.ch/pipermail/r-help/2008-July/166921.
html). To handle issues related to the non-normality of the distribu-
tion of differences between methods, hormone data was log-transformed
in line with recommendations for handling the issue of non-normality in
Bland Altman plots [45,47]. Subsequent inspection of qqplots and his-
tograms indicated amelioration of skew. Results of Bland Altman plots
before transformation can be found in the supplemental materials.
Additional Bland Altman plots with LC-MS/MS results on the x axis can
also be found in the supplement.

Passing-Bablok regression was added to the analysis plan after pre-
registration in order to have a quantifiable measure of method bias in
addition to the visual information provided by Bland Altman plots.
While other techniques, such as Deming regression, can be used to
compare method differences, Deming regression assumes that error is
normally distributed, whereas Passing-Bablok makes no assumption
about sample or error distributions, requiring only that the two methods
have a linear correlation. Originally developed for use in chemistry,
Passing-Bablok regression allows for an estimation of the extent of
agreement between methods of measurement without assuming prior
knowledge of the direction of imprecision of one vs another method
(although it is not without its critics [46,48]), making it a useful tool for
method comparisons [49-52]. Traditionally, Passing-Bablok plots are
used to determine whether methods being compared are sufficiently
similar to one another to merit use of either method for the measurement
of the substrate in question. Recent research has suggested, however,
that Passing-Bablok plots may not be sufficient to determine the answer
to this question [46]. For the purposes of this analysis, Passing-Bablok
plots have been used to inspect trends in the differences, as opposed to
the similarities, between CLIA and LC-MS/MS for the measurement of
testosterone and cortisol, a task for which Passing-Bablok plots are
appropriate. Additionally, as the Passing-Bablok approach to analyses of
method equality and inequality was originally developed for use in
chemistry, it is particularly well-suited to examinations of bias between
salivary hormone quantification techniques. A Passing-Bablok slope is
equal to the median of all slopes of the straight lines between any two
points on the Passing-Bablok plot (excluding slopes equal to O or -1). As
the lack of independence of these slopes leads to estimation bias, the
median (Passing-Bablok slope) is shifted by a factor, K, equivalent to the
number of slopes less than —1. A Passing-Bablok slope confidence in-
terval that does not include one ("1") denotes the presence of propor-
tional bias, meaning that the methods do not agree equally across the
range of data. A slope greater than 1 indicates that the method being
compared to the standard (CLIA in this study) proportionally over-
estimates the substrate being measured. A Passing-Bablok intercept is
equal to the median of all intercepts created by each slope used to
calculate the overall slope. A Passing-Bablok intercept with a confidence
interval that does not include zero denotes the presence of fixed bias,
meaning that one method differs systematically from the other. Nor-
mally a Passing Bablok intercept above 0 indicates positive systematic
bias in the method being compared to the standard. It should be noted
that in cases of high positive proportional bias, Passing-Bablok
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intercepts can be negative, despite an overall trend of overestimation
rather than underestimation [53]. In these cases, an intercept confidence
interval that does not include O represents the presence, and not the
directionality, of systematic bias. Confidence intervals for
Passing-Bablok regression were produced with bootstrapping.
Passing-Bablok regression was completed using raw values of hor-
mone data. We completed Passing-Bablok regressions to examine sys-
tematic and proportional bias between CLIA and LC-MS-MS testosterone
and cortisol data in 1) all three days of data, 2) male and female par-
ticipants separately, and 3) “low” and “high” PDS individuals in male
and female participants separately. As Passing-Bablok plots are recom-
mended to have no fewer than 30 samples for comparison, analyses of
pubertal development that contain fewer than 30 samples should be
considered highly prone to error [52]. In these cases, visual inspections
of Bland Altman plots should be used instead of Passing-Bablok results.

2.4.2. Aim 2 analyses

To test the hypothesis that hormone analysis method (CLIA or LC-
MS/MS) moderates the association between hormones and psychopa-
thology, hormone data was first processed using log-transformation to
reduce right skew and normalize residuals [54]. Once log-transformed,
hormone data were winsorized and z-scored within sex (In females, one
CLIA-assessed cortisol value (0.38%), three LC-MS/MS-assessed cortisol
values (1.15%), two CLIA-assessed testosterone values (0.77%), and two
LC-MS/MS-assessed testosterone values (0.82%) were winsorized. In
males, three LC-MS/MS-assessed cortisol values (1.2%), two
CLIA-assessed testosterone values (0.81%), and two LC-MS/MS assessed
testosterone values (0.82%) were winsorized).

Cortisol and testosterone values measured with CLIA and LC-MS/MS
were used to predict scores on the Children’s Depression Inventory,
Perceived Stress Scale, UCLA Loneliness Scale, and subscales of the So-
cial Anxiety Scale for Adolescents. GAMs were pre-registered, and used
in order to guide the choice of parametric test for all analyses in aim two,
as this portion of the analysis was pre-registered as exploratory in nature
to investigate hormone-psychopathology relationships when hormones
are assessed using CLIA and LC-MS/MS. A GAM is a non-parametric
regression technique that allows for the use of smooth terms to
describe the relationship between predictor and outcome variables [55].
GAMs supported the use of simple linear regressions in all but two cases,
but after correcting for multiple comparisons, GAMs supported linear
regressions in all cases. For all models, linear regressions were per-
formed within sex and, as reported above, with the baseline day only of
participant data (plots of linear models can be found in the supplement).
Analyses examined the association between hormone concentrations
and psychopathological outcomes with and without holding time con-
stant. Because holding time constant did not affect the results, results
presented here hold time constant, and results found in the supplemental
materials show results without time held constant. Relationships be-
tween hormones measured using either CLIA or LC-MS/MS and psy-
chopathological symptoms were compared to
hormone-psychopathology relationships in which hormones were
measured using the alternate method.

Two physiological outliers were observed in this data set. One,
measured in cortisol (CLIA result = 178.36 nmol/L, LC-MS/MS result =
155.51 nmol/L) and one measured in testosterone (CLIA result =
1687.92 pg/ml, LC-MS/MS result = 155.51 pg/ml). These values were
observed in two separate participants, and were excluded from all an-
alyses as they exceeded upper limits of CLIA reportable ranges of 82.8
nmol/L for cortisol and 500 pg/ml for testosterone (IBL International,
Hamburg Germany).

3. Results
3.1. Aim 1 results

Direct comparisons of CLIA and LC-MS/MS values showed that in our
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adolescent sample, hormone quantification with CLIA resulted in pro-
portional inflation bias of testosterone and cortisol concentrations,
relative to LC-MS/MS-quantified testosterone and cortisol (see Tables 1
and 2 for descriptive statistics and results of Passing-Bablok regressions
and Fig. 1 for Passing-Bablok charts). Systematic bias between methods
was observed in testosterone but not in cortisol. Additionally, male and
female testosterone distributions overlapped to a greater extent in CLIA
testosterone Bland Altman plots than LC-MS/MS-assessed testosterone
plots (see supplement), suggesting reduced discrimination between
male and female testosterone values when testosterone was quantified
with CLIA.

3.1.1. Sex differences

As hypothesized, CLIA produced significantly more inflation in fe-
male testosterone than male testosterone values (Table 2: slope [Con-
fidence Interval] = 3.3[2.77, 3.86] in males and 17.94[13.1, 26.66] in
females). Additionally, method agreement was significantly lower (bias
was significantly higher) in female, compared to male, testosterone
(Table 2). Visual depiction of the proportional overestimation of female
testosterone values by CLIA can be clearly seen in Fig. 2, which shows
female CLIA-measured testosterone values tending to be lower (more left
on the x axis) and more overestimated (higher on the y axis) than male
CLIA-measured testosterone values. This pattern, of significant over-
estimation by sex, was not observed in cortisol comparisons (Table 2:
slope [Confidence Interval] = 2.64[2.3, 3.01] in males and 2.58[2.27,
3.07] in females). In both males and females, however, cortisol was
proportionally overestimated by CLIA relative to LC-MS/MS (Fig. 2).

3.1.2. Differences by pubertal status

No group differences in CLIA-LC-MS/MS agreement by PDS were
observed in our sample (Table 2). This result was evident from over-
lapping slopes and confidence intervals (Table 2). In females, a small
number of participants (n = 14) reported low PDS, rendering results of
Passing-Bablok equations in low PDS females highly prone to error and
resulting in large confidence intervals that are difficult to interpret.

3.2. Bland Altman plots

3.2.1. Sex differences

As referenced above, Bland Altman plots of CLIA-LC-MS/MS com-
parisons provided clear visual depictions of patterns of CLIA over-
estimation by sex in testosterone but not in cortisol (Fig. 2). Testosterone
plots support previous method comparison studies showing that over-
estimation of female testosterone levels by CLIA is a consequence of low
values tending to be female, rather than an issue of female values tending
to be error-prone when measured by CLIA. That low male testosterone
values, when they occur, also appear to be more overestimated (higher
on the y axis), just like female values, and that high female testosterone
values, when they occur, tend to be less overestimated (lower on the y
axis) just like male values, provides support for this conclusion. Cortisol
Bland Altman plots reflect the proportional bias found in Passing-Bablok
equations, showing that method differences in cortisol quantification
increased over the range of mean values of CLIA and LC-MS/MS cortisol
(b = 0.19, p = 5.56e-07, se = 0.04). Replicating prior research, the
extent of CLIA and LC-MS/MS cortisol agreement did not differ based on
biological sex. Instead, male and female cortisol value distributions
appeared to overlap across the range of data.

3.2.2. Differences by pubertal status

Prior to visual inspection with Bland Altman plots, initial analyses
were completed to assess for the presence of significant linear hormone-
pubertal development relationships. Results of these analyses can be
found in the supplement. PDS was positively correlated with CLIA and
LC-MS/MS testosterone in males but not in females. Agreement between
methods did not vary systematically at different PDS levels in testos-
terone or cortisol (see supplement for figures).
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Table 1

Descriptive statistics of hormone concentrations.
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sample size, mean, standard deviation, and variable distribution

Testosterone (CLIA)

Testosterone (LC-MS/MS)

Cortisol (CLIA) Cortisol (LC-MS/MS)

Mean 46.6 12.38 3.8 1.47
SD 38.81 14.09 3.76 1.36
%Female 52.17% 51.94% 52.17% 52.17%
Skewness 2.35 1.94 8.11 3.37
Kurtosis 7.46 4.40 114.17 19.22
N(samples) 515 509 514 515
N(participants) 207 206 207 207
Minimum 1.2 0.18 0.12 0.03
1st Quartile 21.86 2.97 1.97 0.67
Median 35.99 6.04 2.92 1.09
3rd Quartile 58.49 17.77 4.55 1.81
Maximum 268.27 93.6 62.42 14.25
Pearson Correlations

Whole Group

T LC-MS/MS T CLIA

C LC-MS/MS C CLIA 425

Female

T LC-MS/MS T CLIA .06

C LC-MS/MS C CLIA 33

Male

T LC-MS/MS T CLIA .60%*

C LC-MS/MS C CLIA .64+

Note: Descriptive statistics (mean, variance, range) and Pearson correlations are based on raw values of variables. Significant correlations (p < 0.001) are indicated
with **. One outlier in female cortisol (CLIA cortisol, 62.42) was detected but retained in data. When outlier was removed, pearson correlations of CLIA and LC-MS/MS

cortisol were 0.61** in the full dataset and 0.58** in females only.

Table 2

Passing-Bablok regression results.

Passing-Bablok (CLIA vs LCMS) Raw Values

N Proportional Bias Systematic Bias Pearson’s
Slope (LCI-UCI) Intercept (LCI-UCI) r
T all 509  3.95 [3.43, 4.61] 4.69[1.9, 7.33] .61
TF 258 17.94[13.1, 26.66] —31.62[-57.83, .06
-16.92]

™M 251 3.3[2.77, 3.86] —2.21[-8.88, 2.98] .60

T F low 141 —90.56[-178.71, 99.59[-2749.23, —0.44¢
PDS 1407.331t 385.11t

T F high 203  16.54[12.02, 24.41] —27.72[-53.82, 17
PDS -14.95]

T M low 66 5.85[3.81, 8.93] —10.41[-28.70, .57
PDS 1.04]

T M high 142 3.43[2.7, 4.22] —9.53[-21.12, 2.2] .64
PDS

CAll 514  2.62[2.38, 2.92] -.005[-.25, .19] 42

CF 263  2.58[2.27, 3.07] .03[ —.41, .34] .33

cM 251 2.64[2.3, 3.01] -.04[-.33, 0.24] .64

CF low 141 2.87[1.46, 4.76] | -11[-2.48, 1.341} 0.771
PDS

CF high 208 2.4[2.09, 2.84] .14[-.25, .49] .56
PDS

CM low 67 2.5[2.03, 3.25] .05[-.48, .48 .81
PDS

C M high 141 3[2.36, 3.79] -.24[-.79, .31 .60
PDS

Note: C = cortisol, T = tesosterone, M = Male, F = Female, PDS = Pubertal
Development Scale. LCI = Lower Confidence Interval and UCI = Upper Confi-
dence Interval. LCI and UCI based on bootstrapped (n = 1000) Passing-Bablok
regression. Slope CI not including 1 indicates at least proportional bias. Inter-
cept CI not including O indicates at least systematic bias. Systematic and pro-
portional bias indicated with bold text. { indicates sample size <30 and
unreliable Passing-Bablok results.

3.3. Aim 2 results

3.3.1. Models of testosterone and cortisol predicting psychopathology
Results examining the moderating effect of hormone quantification

method on hormone-psychopathology associations showed no statisti-
cally significant moderation in the whole group or in males or females
separately (Table 3).

4. Discussion

This study sought to add to the existing literature comparing analysis
methods for the measurement of salivary hormone concentrations. We
1) expanded on previous method comparison studies by comparing CLIA
and LC-MS/MS results of testosterone and cortisol in a relatively large
adolescent sample, and 2) tested for the moderating impact of hormone
analysis method on hormone-psychopathology relationships.

Our findings in aim one support findings by Bae and colleagues
showing proportional differences between CLIA and LC-MS/MS-assessed
cortisol measurements in 8-14 year-olds [1]. This study replicates those
same findings in cortisol in our sample of 13-16 year-old high school
students, and shows that CLIA, like EIA, inflates testosterone results
relative to LC-MS/MS. Observing these systematic differences in pu-
bertal teens suggests that, despite the surges in steroid hormones,
especially testosterone, that define and precipitate puberty, differences
in CLIA or LC-MS/MS-assessed hormone concentrations persist, with
particularly large method discrepancies occurring when testosterone
values are low. Indeed, female testosterone values, which tended to be
lower, were significantly more proportionally biased by CLIA mea-
surement than male testosterone values, suggesting that CLIA mea-
surement of low testosterone may be producing more error than signal.

Our results showed no differences in CLIA and LC-MS/MS agreement
at different levels of PDS (see Table 2 and Bland Altman plots) and a
significant relationship between testosterone and PDS in males but not
females. These results are interesting to consider in light of the restricted
age and PDS range of our present sample. In our sample of 13-16 year-
olds, PDS ranged from 1.6 to 4 in males, and 1.8-4 in females (out of a
possible 1-4). We additionally observed left skew of PDS concentrations
in females, suggesting that a substantial proportion of females reported
high levels of pubertal development. Studies of longitudinal adolescent
hormone changes over the course of development have shown that pu-
bertal hormones begin to increase starting at around ages 6-8.
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Cortisol Passing-Bablok
a. ¢ b.

Male Cortisol Passing-Bablok
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e Female Cortisol Passing-Bablok

Passing Bablok RegressionFil (n=514) =
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Passing Bablok Regressionft (1=261)
— 0.04+ 264" Mathodt
-~ ideniity
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Pearson's r=0.417

o _Passing Sablok RegressionFit (1=263)
© — 0,03+ 258 Methodt
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Fig. 1. CLIA and LC-MS/MS are differentially correlated by sex in testosterone, not cortisol. Note: Passing-Bablok regressions identify proportional (slope
confidence intervals that do not include 1) and systematic (intercept confidence intervals that do not include 0) bias. Orange dotted line represents exact agreement
between methods. Results show that CLIA (y-axis) proportionally biases testosterone and cortisol relative to LC-MS/MS (x-axis) such that CLIA overestimates
testosterone and cortisol in the full group (a. and d.) and in males (b. and e.) and females (c. and f.) separately. Testosterone slopes in males (e.) significantly differ
(do not overlap with) slopes in females (f.). These sex differences were not observed in cortisol (b. and c.). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Bland Altman log(Testosterone) IA vs LC-MS/MS by Sex

Bland Altman log(Cortisol) CLIA vs LC-MS/MS by Sex

Fig. 2. Low values of testosterone, not cortisol,

Gender
- fomale
O male

4
L

Gender
u fomale

O male i S

3
I

tend to be over-estimated by CLIA relative to
LCMS/MS. Note: Bland Altman Plot depicts differ-
ence between log(testosterone) CLIA and log(testos-

v
L

1
L

. terone) LC-MS/MS values (y-axis) along the range of

. average testosterone and cortisol values (from both

0
L

-1

-2
L
Difference Between CLIA and L C-MSMS log(Cortisol)

methods; x-axis). Blue datapoints represent females
and orange datapoints represent males. Plots show
that CLIA particularly overestimates low values of

Difference Between CLIA and LC-MS/MS log(Testosterone)

Mean of CLIA and LC-MS/MS log(Testosterone)

Mean of CLIA and LC-MS/MS log(Cortisol)

testosterone, where a high percentage of female
values are present. No sex differences were observed
in the extent to which CLIA overestimated cortisol
levels relative to LC-MS/MS (orange and blue dots
overlap over the span of the x-axis values). (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Therefore, it may be that our sample had too small of an age range and
too restricted a PDS range to see any differences in method agreement by
pubertal development. Indeed, by age 14, group differences in hormone
concentrations by pubertal status are less pronounced than they are in
samples with larger age ranges [56]. It is our recommendation that a
replication of the analyses presented here in a sample with a wider age
and developmental range that includes individuals at both low and high
extremes of pubertal development would allow for a more thorough
examination of our questions surrounding method agreement and pu-
bertal development. Such a study would enable the field to address the
issue of accuracy of testosterone measurement in participants who are
just starting the transition to puberty. As more research focuses on this
critical developmental milestone, and as more findings highlight the
pubertal tempos, trajectories, and hormonal profiles associated with
psychopathological risk, the importance of accuracy of hormone mea-
surement cannot be overstated.

Results from our second aim found no significant impact of hormone
measurement method on the linear relationships between hormone
levels and measures of psychopathology in our non-clinical sample.
Given the proportional bias we observed in CLIA-assessed cortisol and
testosterone, however, we suggest that it may be important to look at
this question in a larger clinical participant pool with expanded mea-
sures of psychopathology. It may be the case that, for instance, the

relationship between testosterone and female externalizing behaviors is
suppressed when testosterone is measured with CLIA, due to over-
estimation of female testosterone values. Additionally, it may be the case
that CLIA bias introduces measurement error in assessments of cortisol
release in response to a stressor, which may suppress our ability to
identify patterns of stress-linked cortisol release. Given these possibil-
ities, it is our recommendation that testosterone values and cortisol
values should be measured with LC-MS/MS whenever possible.

4.1. Conclusions and limitations

Overall, the findings presented here expanded on past research by
examining cortisol and testosterone bias in CLIA relative to LC-MS/MS
in a sample of adolescents, a novel age group in which to investigate
method differences in the quantification of both HPA and HPG axis
hormones. Our findings showed that, in our sample of 207 males and
females, CLIA measurement introduced proportional bias in cortisol and
testosterone measurement, and suppressed sex differences in testos-
terone. We did not observe significant differences in method agreement
at different levels of pubertal development and did not observe signifi-
cant moderation of hormone-psychopathology relationships by method.
The proportional bias introduced by CLIA measurement, however,
suggests that researchers measuring testosterone and cortisol may
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Table 3
Linear regression results.

Outcome Moderators hormone b se p r

CDI Method testosterone -.01 .04 .85 .00
PSS Method testosterone .03 .06 .59 .00
SAS-Avoid Method testosterone -.06 11 .57 .01
SAS-Neg Eval Method testosterone .06 12 .63 .00
Loneliness Method testosterone -.08 .09 .37 .00
CDI Method, Females testosterone -.01 .05 .92 .00
PSS Method, Females testosterone -.01 .09 .91 .00
SAS-Avoid Method, Females testosterone -13 .15 41 .01
SAS-Neg Eval Method, Females testosterone -.02 .18 91 .01
Loneliness Method, Females testosterone -.03 .13 .83 .01
CDI Method, Males testosterone -.02 .05 .63 .00
PSS Method, Males testosterone .03 .08 71 .00
SAS-Avoid Method, Males testosterone -.06 .16 71 .02
SAS-Neg Eval Method, Males testosterone .06 .15 .67 .00
Loneliness Method, Males testosterone -.16 .14 .25 .01
CDI Method cortisol -.02 .04 .61 .00
PSS Method cortisol -.04 .06 .53 .01
SAS-Avoid Method cortisol -11 11 .34 .00
SAS-Neg Eval Method cortisol =11 12 .35 .00
Loneliness Method cortisol -.01 .10 .93 .00
CDI Method, Females cortisol -.02 .05 71 .00
PSS Method, Females cortisol -.04 .09 .67 .00
SAS-Avoid Method, Females cortisol .01 .15 .96 .00
SAS-Neg Eval Method, Females cortisol -.01 17 .94 .00
Loneliness Method, Females cortisol .02 12 .84 .00
CDI Method, Males cortisol -.01 .05 .86 .01
PSS Method, Males cortisol -.02 .09 .83 .02
SAS-Avoid Method, Males cortisol -.23 .18 .20 .01
SAS-Neg Eval Method, Males cortisol =21 17 .20 .01
Loneliness Method, Males cortisol -.04 .15 .78 .00

Note: Table presents results of linear regressions examining impact of method
(CLIA or LC-MS/MS) on hormone-psychopathology relationships. CDI = Chil-
dren’s Depression Inventory, PSS = Perceived Stress Scale, SAS-Avoid = Social
Anxiety Scale for Adolescents, Avoidance subscale, SAS-Neg Evaluation = Social
Anxiety Scale for Adolescents, Fear of Negative Evaluation subscale, Loneliness
= UCLA Loneliness Scale 8. Results revealed no significant method differences
predicting psychopathology outcomes.

benefit from use of mass spectrometry methods for analysis of salivary
steroid hormone samples.

While the findings presented in this manuscript provide useful in-
formation for researchers seeking to incorporate hormone analysis into
studies, they should be evaluated conservatively for a number of rea-
sons. First, samples collected and quantified for this study were all first
quantified with CLIA, underwent two additional freeze-thaw cycles, and
then were quantified with LC-MS/MS. Findings in the literature are
mixed as to the effect of multiple freeze-thaw cycles on steroid hor-
mones, which overall tend to be more robust than other hormones and
other analytes [57-59] in cattle; [60]. Additionally, studies have shown
that multiple freeze-thaw cycles are more likely to impact
immunoassay-quantification than LC-MS/MS due to the higher sensi-
tivity of immunoassay methods to matrix interferences such as bacterial
contamination [61]. This suggests that multiple freeze-thaw cycles may
have less impact on LC-MS/MS methods, and indeed in our sample,
time-and-participant-matched samples measured only with LC-MS/MS
that had the same number of freeze-thaw cycles as CLIA data were not
significantly different (p values ranged between 0.1665 and 0.778687)
from the LC-MS/MS data presented here. While these analyses provide
preliminary support for the validity of our multiple freeze-thaw
LC-MS/MS results, our findings may be impacted in ways we cannot
assess.

In addition to the issue of number of freeze-thaw cycles that samples
in this study underwent, it is also important to note that samples were
analyzed by two different methods in two different labs. While each
participant’s samples traveled to each lab, previous work examining the
impact of laboratory on concentrations of hormones (round robin
studies) has shown that differences often arise as a result of analysis in
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different laboratories [62,63]. Additionally, as we only examined
LC-MS/MS and CLIA we are unable to draw conclusions about other
immunoassays, such as radioimmunoassay, that may produce results
more similar to LC-MS/MS. These impacts are important to consider
when evaluating our findings.

Finally, aim two examined hormone-psychopathology relationships
in a field study and in a healthy sample of adolescents. Variability in the
time of day of collection was present, though limited, as was variability
in exposure to environmental stimuli, as subjects were not brought to a
lab. Additionally, aim two analyses included only one afternoon sample
from each participant. For the purposes of our first aim, a direct com-
parison of methods, these facts of our sample did not produce substantial
issues. Analyses of hormone-psychopathology relationships, however,
may be suppressed or inflated due to these characteristics of our sample.
Analyses of findings before and after setting time to a fixed constant did
not produce different findings, however there may be effects of time of
day that were not measured by our study. Additionally, it may be the
case that a sample over-selected for participants who meet clinical
criteria for psychopathological diagnoses may show different trends in
hormone concentrations that may be more or less impacted by issues
related to methodology. For instance, if individuals with a diagnosis of
depression tend to have low testosterone concentrations, it may be the
case that measurement of testosterone in these individuals, regardless of
biological sex, are more likely to be universally inflated, leading to
erroneous conclusions, or possibly obscuring true testosterone-
depression relationships in this population. All of these limitations are
important to consider when evaluating the findings presented in this
study.

4.2. Recommendations and future directions

The two aims of this study were to 1) expand on previous method-
ological comparisons by comparing cortisol and testosterone concen-
trations measured with CLIA to those measured with LC-MS/MS in a
relatively large sample of adolescents, and 2) examine the impact of
hormone analysis method on hormone-psychopathology relationships.
Based on our results, we make the following recommendations to future
researchers planning to measure testosterone or cortisol in participant
samples with this age range:

1) Testosterone should be quantified with mass spectrometry methods
to avoid the proportional bias introduced by CLIA. This is especially
vital if researchers intend to examine a population with known low
testosterone concentrations such as are present in female
populations.

2) Cortisol should, where possible, be quantified with mass spectrom-
etry methods to avoid proportional bias introduced by CLIA.

It is our hope that the work presented here may prove useful for
researchers seeking to plan and design new studies that involve salivary
hormone collection and measurement. The addition of hormone mea-
sures to studies seeking to better understand the biological fluctuations
that influence and respond to environments and behavior can be made
more accurate by starting from a place of accurate measurement.
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