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Abstract

Background: The Somatic and Psychological HEalth REport (SPHERE) is a 34-item self-report questionnaire that
assesses symptoms of mental distress and persistent fatigue. As it was developed as a screening instrument
for use mainly in primary care-based clinical settings, its validity and psychometric properties have not been
studied extensively in population-based samples.

Methods: We used non-parametric Item Response Theory to assess scale validity and item properties of the
SPHERE-34 scales, collected through four waves of the Brisbane Longitudinal Twin Study (N = 1707, mean
age = 12, 51% females; N = 1273, mean age = 14, 50% females; N = 1513, mean age = 16, 54% females,
N = 1263, mean age = 18, 56% females). We estimated the heritability of the new scores, their genetic correlation, and
their predictive ability in a sub-sample (N = 1993) who completed the Composite International Diagnostic Interview.

Results: After excluding items most responsible for noise, sex or wave bias, the SPHERE-34 questionnaire was reduced
to 21 items (SPHERE-21), comprising a 14-item scale for anxiety-depression and a 10-item scale for chronic fatigue
(3 items overlapping). These new scores showed high internal consistency (alpha > 0.78), moderate three months
reliability (ICC = 0.47-0.58) and item scalability (Hi > 0.23), and were positively correlated (phenotypic correlations
r=057-0.70; rG = 0.77-1.00). Heritability estimates ranged from 0.27 to 0.51. In addition, both scores were
associated with later DSM-IV diagnoses of MDD, social anxiety and alcohol dependence (OR in 1.23-1.47).
Finally, a post-hoc comparison showed that several psychometric properties of the SPHERE-21 were similar
to those of the Beck Depression Inventory.

Conclusions: The scales of SPHERE-21 measure valid and comparable constructs across sex and age groups
(from 9 to 28 years). SPHERE-21 scores are heritable, genetically correlated and show good predictive ability
of mental health in an Australian-based population sample of young people.
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Background

The Somatic and Psychological HEalth REport (SPHERE)
provides an assessment of common symptoms of mental
distress and persistent fatigue by self-report [1]. The 34
items of the SPHERE (SPHERE-34) were selected from
four widely used clinical assessments of mental health,
based on their predictive ability [1]. Anxiety and de-
pression items were selected from the General Health
Questionnaire [2], chronic fatigue from the Schedule of
Fatigue and Anergia [3], neurasthenia from the Illness,
Fatigue and Irritability Questionnaire [4], and somati-
sation items from the Diagnostic Interview Schedule
(DSM)-III-R. Participants respond to each of the 34 items,
choosing from one of three fixed options (“sometimes/
never”, “often”, “most of the time” coded 0, 1 and 2 when
calculating sum score) to describe the frequency of their
symptoms over the “past few weeks”. While three
subscales can be extracted: anxiety-depression, somatic
distress and persistent fatigue (Fig. 1), these are assumed
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to represent overlapping constructs that underpin
common mental disorders. Neurasthenia also used to be
measured from the SPHERE-34 questionnaire but we do
not consider it here, due to the progressive abandonment
of the concept in psychiatry [5].

Except for an earlier paper from our group, where we
showed that the anxiety-depression and somatic-distress
subscales of the SPHERE-34 are moderately heritable
(~40%) and correlated (phenotypic correlation of 0.42,
genetic correlation of 0.87) [6], there has been no de-
tailed assessment of the psychometric properties of this
questionnaire outside clinical settings. This is important,
as these properties may not generalise to population
samples [7]. Here, we used Item Response Theory (IRT)
to assess the validity and the psychometric properties of
SPHERE-34 data collected in a large Australian-based
population sample of young people [8, 9].

IRT origins trace back to the 1940s [10-12] and is a very
popular framework for the validation of questionnaires,

Item Anxiety- Somatic-
Number Item Full Name Item short Name Depression  Distress Fatigue
1 Headaches Headaches X X
2 Feeling irritable or cranky Irritable/Cranky X
3 Poor memory Poor Memory X X
4 Pains in your arms and legs Pain Limbs
5 Feeling nervous or tense Nervous/Tense X
6 Muscle pain after activity Pain after Activity X X
7 Waking up tired Waking up Tired X
8 Rapidly changing moods Changing Moods X
9 Fainting spells Fainting Spells
10 Nausea Nausea X
11 Arms or legs feeling heavy Heavy Limbs
12 Feeling unhappy/depressed Unhappy/Depressed X
13 Gas or bloating Gas/Bloating X
14 Fevers Fevers X
15 Back pain Back Pain
16 Needing to sleep longer Longer Sleep X X
17 Prolonged tiredness after activity Tired after activity X
18 Sore throat Sore Throat
19 Numb or tingling sensations Numb/Tigling
20 Feeling constantly under strain Under Strain X
21 Joint pain Joint Pain
22 Weak muscles Weak Muscles
23 Feeling frustrated Frustrated X
24 Diarrhoea or constipation Diarrhoea/Constipation X
25 Poor sleep Poor Sleep X X
26 Getting annoyed easily Annoyed Easily X
27 Everything getting on top of you Everything on Top of You X
28 Dizziness Dizziness X
29 Feeling tired after rest Tired after Rest X
30 Poor concentration Poor Concentration X X X
31 Tired muscles after activity Tired muscles after Activity X X
32 Feeling lost for words Lost for Words X X
33 Losing confidence Losing Confidence X
34 Being unable to overcome difficulties Unable Overcome Difficulties x

Fig. 1 ltems and scales of the SPHERE-34. Items’ short names are used through this manuscript. Some items may be included in several scales as
indicated by multiple “x" in some rows. ltems from the shorter SPHERE-12 appear in blue. Each scale of the SPHERE-12 comprises six items, which
were created to provide a screening tool for common psychological and somatic distress in general practice [1, 85-87]. The two dimensional
picture of the Australian population for the SPHERE-12 showed good psychometric properties and very high sensitivity for current and
life-time major depression, anxiety and neurasthenia as assessed by DSM-Ill and DSM-IV [1, 86]. In addition, it was a good predictor of
disability (as measured using the Brief Disability Questionnaire [88]), psychiatric morbidity [89] and doctor's rating of psychological risk
[1], which has led to its use in research and medical practice in Australia [97]
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given the simplicity of model formulation and the nume-
rous theoretical developments (chronologically: normal
ogive, Rasch model, two and three-parameter logistic
models, extensions for polytomous items, non-parametric
IRT) [13-15]. There are two main advantages of IRT over
classical test theory — it explicitly models the items’
properties and uses them to perform maximum likelihood
(ML) estimation of the latent trait based on the indivi-
duals’ responses to the questionnaire. This provides an
IRT score that takes into account the difficulty and
discrimination of each item, often resulting in a more
accurate estimation of ability, compared to using a sum of
the items (sum score) (see [16, 17] or [18] for examples
and simulations). That said, the sum score is also a (con-
sistent asymptotically normal) estimate of the latent trait
[19], and its use may be preferred to communicate test
performances, and for use outside of a research con-
text for obvious reasons of simplicity in calculation
and interpretation [20].

In IRT, a scale of items (or questions) requires three
hypotheses to be met: Unidimensionality: there is a single
latent dimension (or trait) 6 underlying a set of items;
Conditional Independency: items are conditionally inde-
pendent given the latent trait 6; Monotonicity of the Item
Response Step Function: the probability of having a symp-
tom, knowing the latent trait 6, is a growing function in 6.
Conceptually, unidimensionality of a set of items is never
verified, as several abilities are required to answer even
the most simple question (e.g. reading ability, memory).
Several tests have been proposed to assess unidimen-
sionality [21], all testing HO “Unidimensionality” vs. H1
“multidimensionality”. Thus, none of them can conclude
that unidimensionality is verified; at best they conclude
that it cannot not be invalidated. Furthermore, when large
samples are considered, one would expect such tests to
always reject the null hypothesis of unidimensionality.
Similar criticisms can be formulated about testing for con-
ditional independence (see [22] about necessary but not
sufficient conditions for conditional independence). Con-
sequently, we excluded items that did not satisfy the
hypothesis of monotonicity or might be the most influ-
enced by secondary abilities (see Methods below). How-
ever, we assumed that unique psychological dimensions
could explain most of the responses to each subscale.
Finally, we also assumed conditional independence: the
answer to one item is not dependent on any other answer.

Nowadays, more than a dozen different IRT models
for polytomous items have been proposed [23-25] that
differ in hypotheses (definition of the IRSF) and proper-
ties of the final score [23-26]. Models can be classified
into parametric (PIRT: IRSF are assumed to be logistic)
and non-parametric IRT models (NIRT: no constraint
on the shape of the IRSF). Here we chose to use NIRT
models for several reasons. Firstly, in the absence of
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prior information about item properties, NIRT models
do not assume the IRSF to be logistic. Items with non-
logistic IRSF have been reported for depression scales,
with NIRT leading to improved model fit and fewer
items excluded [27]. Secondly, they allow a better
diagnosis of the item properties by detecting local viola-
tions of monotonicity or local variations in item discrimi-
nation and bias [28, 29]. Thirdly, they offer user-friendly
and straightforward diagnostic tools by means of visual in-
spection [28], and are less computationally demanding
than PIRT by combining kernel regression and fast
Fourier transform [16, 29]. Lastly, despite being more
general than PIRT models, NIRT models have similar prop-
erties of stochastic ordering by the sum score [25, 26].

For the present study we merged the somatic-distress
and fatigue scales into a “chronic fatigue” subscale, as
they appeared to be driven by the same genetic factors
(rG > 0.97, phenotypic correlation above 0.9 using the
SPHERE-34 definition, see Additional file 1). This choice
is consistent with the definition of the short version of
the questionnaire (12 items, SPHERE-12, created for
screening in general practice [1]), composed of two
scales: psychological distress and somatic distress. Mea-
suring both fatigue and depression could prove of great
interest in psychiatric research, where it is known that
they are highly comorbid [30] and often indicate a
greater functional impairment when they co-occur [31].
Twin research further showed that depression and
fatigue were strongly genetically correlated [32, 33], with
however genetic and environmental factors specific to
chronic fatigue [32, 33]. Causal relationships between
depression and fatigue remain equivocal [31] with two
studies reporting non-causal genetic relationships [33, 34].
Further research requires validated questionnaires that
measure both dimensions and are suitable for longitudinal
studies in the general population. Here, we use IRT to
develop such scales from the SPHERE-34 questionnaire
and we further report the psychometric properties,
heritability, 3 months test-retest and association of the
scores with DSM-IV diagnoses.

More precisely, we started from the depression-anxiety
and fatigue scales previously defined [1] and excluded
items responsible for bias in the score distribution and
participant ordering (i.e. non-monotonic), as well as
poorly contributing items with low discrimination. We
also tried to improve the scale(s) stability and precision
by including unused items from the former neurasthenia
scale that showed good discrimination. Next, we investi-
gated whether the new SPHERE scores (SPHERE-21)
measured similar constructs across both age and sex, to
ensure that any later differences observed across groups
represent true differences in liability. Then we investigated
the impact of the new scales definition on the scores
reliability (3-months test-retest), internal consistency [35]



Couvy-Duchesne et al. BVIC Psychiatry (2017) 17:279

and scalability (Loevinger’s Coefficients [36]). In addition,
we estimated the heritability of the new depression and
fatigue scales for each age group together with their
genetic, environmental and phenotypic correlations.
Finally, in a reasonably large subsample we assessed the
predictive ability of the new SPHERE scores by exami-
ning the association of age specific SPHERE-21 scores
with mental health lifetime diagnoses collected in early
adulthood. We concluded with a post hoc comparison
of the SPHERE-21 and Beck Depression Inventory
(BDI) properties.

Methods

SPHERE questionnaires in the Brisbane longitudinal
twin study

SPHERE-34 was administered as part of three main pro-
jects that make up the Brisbane Longitudinal Twin
Study (BLTS; also known as the Brisbane Adolescent
Twin Study (BATS)) [8]. The first two waves of data
were collected in the clinic, following an assessment of
Melanocyte Naevi (moles) around the twelfth (TWin
Mole study visit 1: TW1) and fourteenth birthday of the
twins (TWin Mole study visit 2: TW2) [6, 37-39] with a
third wave of data, also collected in the clinic, as part of
the twin cognition project (Twin Memory, attention and
problem solving, TM), mostly at age 16 years [6, 40—43].
The final wave of SPHERE-34 data was collected as part
of a mailout, which included assessments for laterality,
personality and reading, as well as smell and taste tests;
the study is known as the Twin Adolescent (TA) study.
Participants who were administered the SPHERE-34,
as part of the TA study, were on average 18 years old
[6, 44, 45]. In total, 3312 twins or siblings (indivi-
duals) were included in at least one of the four waves
in which the SPHERE-34 was administered, and at
each wave responses were available for >1200 indivi-
duals (TW1: 1707; TW2: 1273; TM: 1513 and TA:
1263). Almost half of the participants (44%) answered
the questionnaire more than once (19% three times),
with 134 individuals (4%) being assessed at all four
waves (Fig. 2). Missingness was overall limited
(maximal percentage missingness per item ranged
from 0% to 0.6%, number of participants with missing
items ranged from 0% to 4.0%; Additional file 2) and
at each wave can be assumed to be at random, with
exclusions having little impact on results and power
(Additional file 2).

Selection of unrelated individuals for IRT analysis

As the sample included twin pairs and siblings, and
IRT still lacks methods able to model relatedness in
samples, we selected unrelated individuals for the IRT
analysis. Despite a significant reduction of the sample
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TW2

TA ™

816 434

Fig. 2 Venn diagram of the four waves of the BLTS that included
the SPHERE-34

- J

size, the familial pruning ensures unbiased confidence
intervals of IRSF and facilitates the comparison across
sexes and studies, in which the relatedness might
confound the results. In order to maximise the
number of observations included, we randomly
selected one individual per family in each of the
waves. To ensure sampling homogeneity of our
pruned sample with the full sample, we iterated the
random selection process 1000 times, keeping the
sample with the most similar age mean, variance and
sex frequency as the full sample.

For the across wave comparison (study Differential
Item Functioning (DIF), see below), we chose to succes-
sively compare TM, TW1, and TW2 to TA, which we
used as a benchmark. This approach maximised the
number of observations used in NIRT model estimation,
hence reducing confidence intervals. For each dataset,
we only allowed unrelated individuals within and across
waves. When multiple observations were available for a
participant we preferentially selected the observation
from the wave that had a smaller number of participants
in order to obtain a comparable sample size across
waves. We iterated the familial pruning and observation
selection 100 times each, keeping the sample that in-
cluded the most similar number of participants across
the four waves.

In most of the resultant (pruned) samples, there were
slightly more females (2-9%; Table 1). Mean age in
TW1, TW2, TW and TA was 12, 14, 16 and 18 years
respectively (Table 1). Age had a pseudo-normal distri-
bution in TA but exhibited large peaks in the other three
waves due to the smaller age dispersion. Pruned samples
(to investigate study DIF) showed comparable age and
sex distributions as the full samples (Table 1).
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Table 1 Demographics of the full samples and sub-samples
pruned for relatedness and/or longitudinal observations

Wave N Mean SD Age % Females
age range
W1 1695 12.64 133 9-18 51%
TW1 pruned for 651 12.63 1.34 10-19 51%
relatedness
W2 1265 14.03 068 9-18 50%
TW?2 pruned 602 14.02 0.68 10-18 50%
™ 1513 16.49 0.84 15-22 54%
TM pruned 683 1648 0.83 16-22 53%
TA 1213 18.06 3.07 11-28 56%
TA pruned 592 18.27 313 12-26 56%
TA + T™ pruned 1117 55%
—one assessment
wave/ individual
TA subset 543 18.67 3.02 12-26 56%
TM subset 574 1642 0.78 16-22 54%
TA + TW2 pruned 1012 52%
TA subset 506 1893 298 12-26 56%
TW2 subset 506 14.10 0.52 10-16 47%
TA + TW1 pruned 1149 53%
TA subset 585 1839 3.12 12-26 55%
TW1 subset 564 12.50 1.15 10-19 50%

Protocol of non-parametric IRT analysis

Redefining the SPHERE-34 subscales is an attempt to im-
prove their properties by ensuring that the IRT hypothesis
of monotonicity is met in practice but also by including,
when possible, items frequently endorsed that inform on
the individuals with low proficiency. We first examined its
subscales in TA, the oldest cohort (mean age = 18 years,
SD = 3.10), where we can assume questions were fully
understood by most participants. Starting from subscales
defined from clinical samples, we estimated the IRSF,
excluding items not showing monotonic IRSF or spe-
cific to a subset of individuals, and included additional
items (e.g. from the neurasthenia scale) that add info-
rmation to the subscale (Fig. 3). An item’s relative dif-
ficulty and discrimination can be calculated using
principal component analysis using the evaluation
points of the expected item scores [16, 17]. The items
are projected on the first two principal components.
The first principal component often corresponds to the
difficulty of the items, while the second principal com-
ponent measures the items’ discrimination. Axes are
detailed in each figure legend. Plots were created using
the FactoMineR package [46, 47].

Then, we studied sex DIF in all waves and excluded
items responsible for large item bias (Fig. 4). Finally we
evaluated the wave DIF to identify items behaving diffe-
rently across studies or age groups (Fig. 4).
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Non-parametric IRT models and concepts

We used a non-parametric Graded Response Model
[48, 49] that is the most general NIRT model for poly-
tomic items [24, 26], while having the simplest and ar-
guably the most plausible IRSF definition [50, 51].
Thus, hypothesis three of monotonicity becomes for
each item j and each response x € (0, 1, 2):

P(Xij\G) is a monotonous nondecreasing function in 0

With X; the random variable of the score on item j.
P(X;>1|6) and P(X;22|6) are respectively the probabi-
lities of reporting symptoms more than often (“often” or
“most of the time”) or most of the time.

In NIRT, the absence of interpretable parameters (that
define the logistic IRSF) forces one to rely on visual
inspection of the IRSF or to rely on additional metrics
[17, 52, 53] in order to describe or compare the func-
tions. We used the “kernSmoothIRT” package [16] for
NIRT modelling, which is an R equivalent of TestGraf
[17]. It allows plotting the IRSF from which the hypo-
thesis of monotonicity and the item properties could be
visually appreciated. In addition, we calculated relative
difficulty and discrimination of the items [17]. Using vi-
sual inspection and item bias summary statistics [17], we
studied differential item functioning (DIF or item bias),
present when individuals from different groups (e.g. sex,
ethnicity, wave) with the same proficiency have different
probabilities to endorse one item or one item category.
DIF can cause an artificial score difference between
groups and threatens the internal validity of the scale by
causing incorrect ordering of the participants on the la-
tent trait [53-55]. If DIF is strongly undesirable in the
final score, it can also inform on the dimensionality of
the scale. Indeed, items presenting DIF can be seen as
measuring additional dimension(s) for which the groups
have different abilities [55]. As a conclusion, study of
DIF offers a partial check (limited to the groups consi-
dered) of the unidimensionality hypothesis in IRT. As
DIF statistic we used the one implemented in Testgraf
[17], which corresponds to the root mean square of the
differences of IRSF over the latent trait, or more simply
the mean absolute difference in probabilities of answe-
ring each item. We considered that DIF > 0.25 suggests
a substantive difference of abilities, with one group on
average 25% more likely to report one symptom. Thus,
we chose to exclude such items, provided the difference
between IRSF was significant as indicated by the 95%
confidence intervals (see Fig. 4).

In addition, some NIRT models have fewer measure-
ment properties than some of their parametric counter-
parts [24-26]. A central property that allows inferences
to be made on the latent trait is stochastic ordering of
the latent trait (SOL) by the sum score. It states that the
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~ 1: Estimation of Item Response Step Functions (IRSF) ™

Q02 Irritable/Cranky

IRSF are calculated for every item included in the scale. Polytomous items (3
modalities here: “never/sometimes”, “often” and “most of the time”) can be
summarised by 2 IRSF. The IRSF in dark blue corresponds to the probability of
reporting the symptom ”“more than often”, the one in light blue to the
probability of reporting the symptom “most of the time”. We used the
“kernSmoothIRT” package for NIRT modelling (Mazza et al., 2014), an R

equivalent of TestGraf (Ramsay, 2000) %

IRSF

00 02 04 06 08 10

2: Exclusion of items not meeting IRT requirements

Q32 Lost for Words

Items which show local breaches of monotonicity outside of the

bottom/top 2.5% (i.e. [-1.96; 1.96]) are excluded

IRSF

Monotonicity of the IRSF is a necessary (but not sufficient) condition to
ensure a high rank correlation between sum score and latent trait (Van der
Ark, 2005)

00 02 04 06 08

Latent trait

Q10 Nausea

1.0

Items with both IRSF 95% Cls not including 1 are excluded. Symptoms
only present in a subgroup of individuals add little information in a
population sample and may violate the hypothesis of unidimensionality.

IRSF

Unidimensionality allows interpreting the scale score as a measure of a
single ability (i.e. not contaminated by other abilities), and allows
‘ unambiguous ordering of individuals on one dimension (Stout, 1987). —

00 02 04 06 08

omzor

All considered items are included in the model.
Providing IRSF are monotonous, the items' relative
difficulty and discrimination are calculated.

Items not present in other scales are added

one by one in the model (e.g. item 07).

Items with monotonous IRSF are considered
\\for inclusion in the scale

Items are added to the scale if they show |
comparable discrimination as other items in thg/
scale (y axis) ol

Fig. 3 Protocol for SPHERE-34 scale development in the TA study
A\

order of participants, as given by the item sum score,
gives a stochastically correct ordering on the latent vari-
able [25]. In theory, this property is only verified [24, 25]
for very simple polytomous parametric models [56, 57]
that force the slope of the IRSF to be equal across items
and categories. However, there is practical evidence that
SOL by the sum score is often verified [26, 51] when
IRT hypotheses are met, enough items are present (>5)

with a limited number of categories (<5) and similarly
shaped IRSFs [26]. Thus, our use of NIRT models maxi-
mises goodness of fit to the data while allowing us to
make inferences on the individual’s proficiency based on
their questionnaire score.

Finally, we preferred the kernel estimation of IRSE, or
“TestGraf approach” [16, 29], over Mokken Scale Analysis
(MSA) [15, 36, 58], another NIRT approach that relies on
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4: IRT hypotheses across waves

Ensure that monotonicity and unidimensionality can be assumed for all items in all waves

oo s

[oy— 16 Longer e

Q01 Headaches

10

—— Males !
= Females /
— Al

0.8
L

0.6
L

DIF=0.26

04

02

0.0
1

Latent trait

/ 5: Differential Item Functioning (DIF) by sex

IRSF are estimated for males and females and
differences are evaluated using confidence
intervals. The DIF which measures the impact of
the item’s DIF on the score distributions.

Items presenting DIF threaten the internal validity
of the scale by causing incorrect ordering of the
respondents on the latent trait (Santor, Ramsay,
and Zuroff 1994; Zumbo 2007; Walker 2011). They
can also be seen as measuring additional
dimension(s) for which the groups have different
abilities (Walker 2011).

We excluded items with non-overlapping 95% Cls
and DIF>0.25 (e.g. item 1 “Headaches” in fatigue
scale)

Q03 Poor Memory Q06 Pain after Activity

/ 5: Differential Item Functioning by waves

Q16 Longer Sleep

oIF=0.077

3
3

00 02 04 05 08 10

00 02 04 05 08 10

The items' IRSF from waves TM, TW2
and TW1 are compared to those of TA.

The comparisons were performed
serially as we did not have the data to

RSP

oiF=007

00 02 04 06 08 10
"
00 02 04 06 08 10

compare all waves at once.

We excluded items with non-

=T overlapping 95% Cl and DIF>0.25

RS

RS

0 02 04 05 08 10
0 02 04 06 08 10

Fig. 4 Protocol to study and limit DIF across sex groups and waves

Loevinger’s Coefficient [11, 36] to assess properties of
items. Despite a simpler framework, through the use of
predefined criteria and rules (see Methods below), MSA
often results in more item exclusions and suffers from the
lack of interpretability of Loevinger’s Coefficient that are
reduced by low correlation to latent trait, redundant
items, intersecting IRSF, low discrimination or non-
monotonicity [15]. We report Loevinger’s Coefficients of
the final scales in the psychometric section as a measure
of scalability.

New scores description, three months test-retest, internal
consistency and Mokken scale analysis

Using the final scales definitions, we estimated the ML
estimate of the latent trait, which is an efficient estimate
of the individuals’ proficiency [17] and calculated the
sum score (items scored 0, 1 or 2 for “sometimes/never”,
“often”, “most of the time”) as a benchmark of score
performance. We report the mean IRT and sum scores
by sex for the four waves. To accommodate related
individuals in the sample, the sex difference was tested
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using the “hglm” R package (fixed effect, Student’s t-test)
[59]. A matrix of genetic relatedness was used to model
the variance covariance structure of the sample. Such
matrix was created using the “kinship2” package [60].

For test-retest evaluation, we included all unrelated par-
ticipants with a test-retest period shorter than four
months. This resulted in 52 participants with a median
test-retest interval of 1.9 months (range 1 day-3.8 months),
27 (50%) of the participants were females. Median age was
14 years (range 12-18). Test-retest was calculated using
intra-class correlations (ICC) from the R package “irr”
(two-way consistency ICC) [61].

Two widely used metrics in questionnaire validation
include Cronbach’s alpha [35] and Loevinger’s Coeffi-
cient [11]. Cronbach’s alpha, often known as internal
consistency, measures the proportion of the variance in
the scale attributable to a common factor [62]. Despite
being reported in almost every scale description, many
parameters (e.g. number of items, items inter-correlation,
dimensionality) have been shown to influence the coeffi-
cient [62], making its interpretation difficult [62, 63].
However, it is commonly considered that alpha >0.7 sug-
gests an acceptable consistency while alpha >0.9 may
indicate presence of redundant items [63]. The use of
Loevinger’s Coefficient (H), or “scalability” coefficient, was
popularised in Mokken Scale Analysis [15, 36, 58], a NIRT
approach, which relies on a set of metrics to investigate
the items or scale properties. Leovinger’s Coefficient can
be calculated between two items (Hij), between an item i
and a scale (Hi), of for a whole scale (H). Under the as-
sumption of monotonicity of the IRSE, it has been shown
that Hij > 0 for all (i,j), and Hi > 0 [64], however the recip-
rocal does not hold, thus Loevinger’s Coefficient cannot

Table 2 Sample size and demographics for genetic analyses
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be used to confirm monotonicity of the IRSF. In addition,
Loevinger’s Coefficient is sensitive to population variance,
item difficulty, discrimination and presence of redundant
items in the scale making their interpretation also difficult
[65, 66]. However, it is commonly accepted that items sa-
tisfying Hij > 0 for all (ij), i # j, and 0.3 < Hi < 0.4 form a
“weak Mokken scale”. When 0.4 < Hi < 0.5 the scale is
defined as “medium”, and when 0.5 < Hi the items form a
“strong Mokken scale” [36, 64]. Internal consistency was
calculated in R using the “psy” package [67], Loevinger’s
Coefficients were calculated using the package “Mokken”
[58]. For all scores in all studies, we report Cronbach’s
alpha, number of Hij < 0, min(Hi).

Composition of the twin sample for heritability, genetic
and environmental correlations

To facilitate interpretation of age specific heritability and
correlations across ages, we binned the observations by
age, creating four age bins (9 to <13 years, 13 to
<15 years, 15 to <17 years and 17 to <28 years), which
were centred around the mean age for each wave. For
those individuals where two SPHERE-34 assessments oc-
curred close together, which resulted in two assessments
for an individual in an age bin, we randomly selected
one SPHERE-34 assessment (Table 2). Next, we re-
stricted the family size to a maximum of three siblings
(one twin pair and one sibling or non-identical trio),
which led to the exclusion of 161 participants (additional
siblings or identical trio). Thus the final sample for
genetic analyses comprised 1382 individuals with a mean
age of 12 years, 1371 individuals with a mean age of
14 years, 1508 with a mean age of 16 years and 887 with
a mean age of 19 years. See Table 2 for number of

Age Bins: 8 to 12 years 13 to 14 years 15 to 16 years 17 to 28 years
Total number of observations 1492 1552 1683 959
Number of repeated observations excluded (same 53 154 108 25
participant with two questionnaires in age bin)
Number of observations from identical triplet or 57 27 67 47
extra siblings (excluded)
Final sample size (individuals) for genetic analyses 1382 1371 1508 887
Incl. N complete twin pairs 634 603 670 242
Incl. N MZ pairs 226 209 230 9%
N DZ pairs 408 394 440 146
N extra sibling 84 114 89 62
N twin-sibling pair 1 1 0 23
N singletons 28 49 79 295
Incl. N twins 8 8 15 96
N siblings 20 41 64 199
Mean age (SD) [range] 12.09 (041) [9-12] 14.15 (0.31) [13, 14] 16.16 (0.37) [15, 16] 19.69 (1.92) [17-25]
% Females 50% 50% 54% 58%
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complete trios, monozygotic (MZ) and dizygotic (DZ)
twin pairs, twin-sibling pairs and singletons. The two
younger age bins had an equivalent proportion of males
and females (50%), while there were slightly more
females in the two older age bins (15 to 16 years (54%);
17 to 28 years (58%)) (Table 3).

Heritability, genetic and environmental correlation
between the scores
We used a twin and sibling design to partition the
variance into additive genetic “A”, unique environment
components “E” and either familial (common) environ-
ment “C” or dominant genetic “D” [68-71]. Heritability
is defined as the proportion of trait variance explained
by the additive genetic factor. The twin design relies on
the fact that, for a heritable trait, the twin-pair corre-
lation increases with the degree of genetic relatedness,
resulting in higher twin correlations in the MZ group
compared to the DZ group. Here, we included an add-
itional sibling when available, which provides an increase
in power for detecting A and C/D [72]. Finally, we in-
cluded singletons (in studies TA and TM) that do not
contribute to power for detecting A or C/D, but improve
the stability of the estimates of means and variance.
Analyses were performed in OpenMx 2.2.6 [71, 73]
using full information maximum likelihood (FIML) to
accommodate singletons and incomplete trios. We com-
pared the fit of ACE vs. ADE models using the Akaike
Information Criterion [74], and tested the significance of
A, C/D and E fraction of variance using log-likelihood
ratio test on nested models.

Prior variance component modelling, we tested the
comparability of means, and variances across zygosity
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groups and siblings, to identify sampling issues and out-
liers that may bias the results [75]. In order to limit the
number of tests and improve readability, we performed
an omnibus test (likelihood ratio test, 20 degrees of free-
dom) that tests whether equating all means and variance
results in a significant reduction of the model fit. In
addition, we tested the effect of sex, age and study on
the score means, and also whether the twin covariances
suggested sex-specific heritability [76]. All significant co-
variates were included in subsequent analysis. For each
age group, we reported the heritability of the scores (IRT
and sum scores). Then, we fitted a bivariate model to
estimate the genetic and environmental correlations be-
tween anxiety-depression and chronic fatigue.

Collection of the DSM-IV clinical assessment

A later wave of the BLTS (“19up: the study mapping neuro-
biological changes across mental health stages”) [8]
collected Composite International Diagnostic Interviews
(CIDI) [77] that we used to compute DSM-IV diagnoses of
major depressive disorder (MDD), social anxiety, alcohol
and marijuana dependence (i.e. substance dependence),
and panic disorder [8]. As of June 2016, a total of 2773
twins and siblings had completed the study, of which 2041
had previously answered at least one SPHERE-34 question-
naire. 709 participants had a SPHERE-34 score collected
between 8 and 12 years (mean age at CIDI = 21.9, SD = 1.7,
59% females), 907 with SPHERE-34 between 13 and
14 years (mean age at CIDI = 22.9, SD = 2.4, 58% females),
1055 with SPHERE-34 between 15 and 16 years (mean age
at CIDI = 23.2, SD = 2.5, 61% females) and 739 who an-
swered the questionnaire between 17 and 28 years (mean
age at CIDI = 28.9, SD = 3.1, 61% females). Despite a later

Table 3 Sample size, demographics and prevalence of individuals with SPHERE-34 and CIDI

8 to 12 years 13 to 14 years 15 to 16 years 17 to 28 years
N stratified by age at SPHERE-34 assessment 709 907 1055 739
Demographics
Mean age at CIDI (SD) 219(1.7) 229 (24) 232 (25) 289 (3.1)
N (%) Females 415 (59%) 522 (58%) 641 (61%) 453 (61%)
Prevalence
MDD N (%) 118 (16.6%) 150 (16.5%) 172 (16.3%) 119 (16.1%)
Mean age onset (SD) 176 (3.1) 18.2 (3.5) 189 (3.4) 227 (5.3)
Social anxiety N (%) 133 (18.7%) 157 (17.3%) 182 (17.3%) 115 (15.5%)
Mean age onset (SD) 12.2 (4.5) 124 (4.7) 119 (5.0) 12.2 (5.5)
Alcohol dependence N (%) 169 (23.8%) 249 (27.4%) 300 (28.4%) 188 (25.4%)
Marijuana dependence N (%) 37 (5.2%) 59 (6.5%) 55 (5.2%) 30 (4.1%)
Panic disorder N (%) (with agoraphobia) 4 (0.6%) 7 (0.8%) 10 (0.9%) 3 (0.4%)
Mean age onset (SD) 17.0 2.7) 166 (2.9) 164 (3.8) 220 (3.6)
N (%) (without agoraphobia) 13 (1.8%) 13 (1.4%) 12 (1.1%) 15 (2.1%)
Mean age onset (SD) 149 (3.6) 15.1 (4.1) 166 (4.8 20.8 (3.8)
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age at CIDI for individuals who completed the SPHERE-34
questionnaire after age 17 years, the prevalence of MDD,
social anxiety and substance dependence were comparable
to the other SPHERE-34 age bins (Table 3). This should
prevent the association between SPHERE-34 and the
DSM-IV diagnoses being confounded by censoring. Thus,
different predictive abilities of age-specific SPHERE-34
scores can be attributed mostly to differences in age at
questionnaire, rather than to age at CIDIL. Age of onset is
not available for substance dependence and only the age at
initiation was collected.

Association of new SPHERE scores with DSM-IV diagnoses
We estimated the increased risk of DSM-IV diagnoses
(MDD, social anxiety, alcohol and marijuana depen-
dence) associated with an increased SPHERE-21 score.
We do not report results of association with panic dis-
order as low numbers made estimation of parameters
impossible. Results are presented in the form of odds
ratio, which are equivalent to relative risk estimates as
disease prevalences in our sample match those of the
general population. To accommodate related individuals
in the sample, the model parameters were estimated
using quasi-likelihood implemented in the “hglm” R
package (fixed effects, Student’s t-tests) [59]. A matrix of
genetic relatedness, created using the “kinship2” package
[60], was used to model the variance-covariance struc-
ture of the sample. This approach provides unbiased
estimates of the variance of the estimates, which pre-
vents underestimating p-values. Sex, ages at SPHERE,
age at CIDI and dummy variables for the SPHERE study
waves were included as covariates in the model. Finally,
we estimated the number of independent SPHERE-21
scores across all age bins (np) using the eigenvalues of
the correlation matrix [78, 79]. We then used a Bonferonni
significance threshold of 0.05/(np*4), four being the num-
ber of diagnoses tested, to avoid enforcing a too stringent
significance threshold.

Results and discussion

Redefinition of the SPHERE scales in the sample of young

adults (TA study)

Anxiety-depression scale

All items of the original anxiety-depression scale showed
monotonic IRSF in the normal range of the latent trait
distribution. Item 5 (“Nervous/ tense”) presented the
most obvious decrease of IRSF (Fig. 5), but this was li-
mited to the top 2.5% of the distribution, which did not
justify its exclusion. Additional items showed monoto-
nous IRSF in the presence of the other 14 items and
could be considered pertinent for the assessment of
anxiety-depression: item 1 (“Headaches”), 7 (“Waking up
tired”), 16 (“Longer sleep”), 17 (“Tired after activity”), 29
(“Tired after rest”), and item 31 (“Tired after activity”).
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However, these were all items from the somatic-distress
or fatigue scales and we did not include them in the
anxiety-depression scale to avoid artificially inflating the
correlation between the 2 scores. Item 3 (“Poor me-
mory”) was the least discriminant (Fig. 6) having the
flattest IRSE, while item 2 (“Irritable/cranky”) was the
most discriminant (steepest IRSF). Items 26 (“Annoyed
easily”) and 23 (“Frustrated”) were the least difficult (Fig. 6)
being endorsed by individuals with low proficiency (early
elevation of IRSFE, see Fig. 5), while item 28 (“Dizziness”)
was the most difficult.

Chronic fatigue scale

We started with the 15 items present in either the
somatic-distress or fatigue scales (items 1, 3, 6, 7, 10, 13,
14, 16, 17, 24, 25, 29, 30, 31 and 32) and estimated the
IRSFE. Several items exhibited small local decreases in
their IRSF (Additional file 3). However, this could be a
consequence of the presence of items poorly correlated
to the scale, leading to biased estimation of the latent
trait. Indeed, items 14 (“Fevers”) and 24 (“Diarrhoea/
constipation”) were not often endorsed, even for indivi-
duals with very high latency (Additional file 3). For
example, the estimated probability of reporting fevers
“more than often” was below 0.4, and no participants
reported fevers “most of the time” (Fig. 8). Thus, we ex-
cluded items 14 and 24 as they corresponded to symp-
toms rarely reported or only present in a subgroup, as
suggested by 95% confidence intervals of the IRSF not
reaching 1 (Additional file 3). We further excluded items
6, 10 and 16 for non-monotonicity and item 13 for its
low endorsement. These exclusions resulted in smoother
and monotonous IRSF for the nine remaining items
(Additional file 4). Then, we considered relevant items
not included in the anxiety-depression scale: items 15
(“Back pain”) and 22 (“Weak muscles”). After inclusion
of these additional items, the IRSF remained monotonous
(Fig. 7). Overall, item 1 (“Headaches”) was the least dis-
criminant (Fig. 8) having the flattest IRSE, while items 17
(“Tired after activity”) and 29 (“Tired after rest”) exhibited
the steepest IRSF (Figs. 7 and 8). Newly included items 15
and 22 were moderately discriminant, with item 22 being
the most difficult in the scale, hence adding information
on the individuals with extreme somatic-distress. These
two items were included in the chronic fatigue scale.

Differential item functioning across sex and study wave
Anxiety-depression scale

Sex DIF was moderate to low in all study waves and
items, even if item bias might be slightly more pro-
nounced in the TM study that shows a median DIF sta-
tistic of 0.13 (vs. 0.11 in TA, 0.065 in TW2 and 0.080 in
TW1). Maximum sex DIF was found for item 33
(“Losing confidence”; DIF = 0.23) and item 27 (“Everything
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Fig. 5 Response Step Functions of the 14 items proposed to measure anxiety-depression. For each item, two IRSF are calculated that correspond
to the probability of having the symptom more than often (dark blue line) and the probability of having the symptom most of the time (light blue
line). Dotted lines correspond to the 95% confidence interval of the IRSF. Using NIRT estimation, we do not constrain the IRSF to be logistic

on top of you”; DIF = 0.22) in study TM. However, we
kept these items in the scale as they did not show consist-
ent DIF across studies, and their impact on the TM score
would remain small (DIF < 0.25 and mostly overlapping
95% Cls, Additional file 5, Additional file 6, Additional
file 7, and Additional file 8).

We observed a very limited DIF between waves
(Additional file 9, Additional file 10, and Additional file 11)

suggesting that the anxiety-depression scale measures the
same latent construct across waves, hence age groups.
Median item DIF was 0.087 for TM vs. TA, 0.10 for TW2
vs. TA and 0.088 in TW1 vs. TA. Items 12 (“Unhappy/
depressed”), 20 (“Under strain”) and 23 (“Frustrated”) con-
sistently showed item bias above the median, TA partici-
pants being more likely to report the symptoms “more
than often”, knowing the latent trait. However, these levels
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Fig. 6 Difficulty and discrimination of the 20 items suitable for the anxiety-depression scale. The first principal component corresponds to
the difficulty of the items, the easiest items being on the right (items 26 and 23). The second principal component measures the items’
discrimination (item 2 being the most discriminant)

of DIF (0.13-0.24), which would have moderate impact on
the scores, did not justify exclusion of these items.

Chronic fatigue scale

Monotonicity of the IRSF was observed for all items and
waves, in the normal range of the chronic fatigue continuum
(Additional file 12, Additional file 13, Additional file 14, and
Additional file 15). The median sex DIF of the scale was
0.11 in the TA study, 0.12 in TM, 0.10 in TW2 and 0.092 in
TW1, suggesting overall minor artificial sex differences in
chronic fatigue scores (Additional file 12, Additional file 13,
Additional file 14, and Additional file 15). However, we ex-
cluded item 1 (“Headaches”) which showed a high item bias
(DIF = 0.26 in TA and 0.24 in TM, non-overlapping ClIs:
Fig. 8), with females more likely to report headaches when
compared with males with the same latent score.

We observed very limited DIF between TM, TW2, TW1
and TA (Additional file 16, Additional file 17, and Additional
file 18). Median DIF across items was 0.084 for TM vs. TA
comparison, 0.090 for TW2 vs. TA and 0.069 in TW1 vs.
TA. Item 15 (“Back pain”) was more frequently reported by
participants of the TA study and showed the highest DIF in

TW1 vs. TA and TW?2 vs. TA (DIF = 0.21) but not in TM
vs. TA (DIF = 0.084). However, the item did not meet the
DIF exclusion criteria and we maintained it in the scale.

Summary of NIRT analysis: The SPHERE-21 questionnaire

NIRT analysis showed that IRSF of the SPHERE-34
items were roughly logistic, varying in difficulty and dis-
crimination (Figs. 6 and 8), sometimes exhibiting right
asymptotes below 1 and local plateaus (Figs. 5, 7;
Additional file 3 and Additional file 4). The latter would
cause even the most complex PIRT model (four parame-
ters logistic, with parameters measuring difficulty, dis-
crimination, left and right asymptotes) to fit the data
poorly. Using common PIRT model (e.g. two parameters
logistic — modelling difficulty and discrimination only)
would have resulted in poorer fit to the data, likely
resulting in exclusion of more items. Overall, such exclu-
sions would have led to smaller scales that tend to be
less reliable and precise [66]. Finally, the IRSF left as-
ymptotes were all 0, which suggests absence of guessing
(i.e. no participants answering the questions at random).
Thus we can infer that participants in all waves
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Fig. 7 Response Step Functions of the 11 items suitable for the chronic fatigue scale

understood the questions (or answered by the negative
when they did not understand).

The anxiety-depression scale was left unchanged after
NIRT analysis. Across all four waves the anxiety-
depression items met the IRT hypothesis of monoto-
nicity. In addition, no item showed substantial DIF by
sex or study wave suggesting the scale measures a con-
sistent construct across groups and that sex or study
wave differences observed arise mostly from true diffe-
rences in latent trait.

On the other hand, we excluded six items from the
chronic fatigue scale that were only endorsed by a frac-
tion of the participants or did not satisfy the require-
ment of monotonicity of the IRSF. Two additional items,
not present in the anxiety-depression scale, were added
to improve the stability of the scale and/or the score dis-
tribution, as these provide information about individuals
with low levels of chronic fatigue. Finally, we excluded

item 1 (“Headaches”) that showed large sex DIF (in stud-
ies TA and TM), being more frequently reported by fe-
males, compared to males with the same proficiency. All
other items of the chronic fatigue scale met DIF inclu-
sion criteria. Overall low DIF suggests that the scales
measure comparable constructs across sex and waves,
hence age groups.

The final version of the SPHERE-21, which measures
anxiety-depression (14 items) and chronic fatigue (10
items) is available in Additional file 19 (questionnaire)
and Fig. 9 (scale definition). Three items are present in
both scales (items 3 “Poor memory”, 30 “Poor concen-
tration” and 32 “Feeling lost for words”).

We computed the IRT and sum scores of the two
scales of SPHERE-21. As they both satisfy IRT hypoth-
eses, contain enough items (>5), with a limited number
of categories (<5) and similarly shaped Item Response
Step Functions, stochastic ordering by the sum score



Couvy-Duchesne et al. BVIC Psychiatry (2017) 17:279

Page 14 of 24

a-: b
o
o
Item 01: Headaches
Item 43: Pgor Memory o
Item 31: Tlveg after Activity
. Item 03: Poor Memor
w 4 Item D5: Nefvous/Tense v, ltem 15: Back Pain
_ _ ®ltem 22: Weak Muscles .
i g Item 07: Waking up Tired
; % o ltem 32: Lost for Words
= Item 30: Poor Concentration [
o~ Item 32: Lost for Wordse o~
" " Item 30: Poor Concentration
- Dizzi Item 33: L Confide
E o ,ltem 28: Dizziness S.T . ‘?S":‘i .O “'n?ce Item 26: Annoyed Easily_ E M
Item 12: Unhagpy/Depressed .
. tem 08: Changing Moddse ltem 23: Frusirated . ]
Item 34: Unable Overcome Difficulties © ftem 25 Poor Sleep
o Item 02: Irifable/Granky e 27 Everything on Top of You tem 17: Tired after activity® .
Item 29: Tired after Rest
e |
e |
T T T T

Dim 1 (67.16%)

the most discriminant, 1 the least discriminant). Added items appear in red
A\

Fig. 8 Difficulty and discrimination of the 11 items suitable for the somatic distress scale. The first principal component corresponds to the difficulty of
the items, the easiest items being on the left (items 22 and 32). The second principal component measures the items’ discrimination (item 29 being

Dim 1 (64.20%)

can be assumed [26]. This allows inferring the ordering
of the participants’ true abilities from the ordering of the
SPHERE-21 sum score.

SPHERE-21 mean scores, reliability, internal consistency
and Mokken scale analysis
Using all observations available we tested for sex diffe-
rences, after correcting for familial relatedness. Females
had significantly higher anxiety-depression scores com-
pared with males in study TM and TA (+0.4 and +0.5
for sum scores, p-values < 8.8E-4), but the difference
was not significant at younger ages in TW2 and TW1
(after correction for multiple testing, Bonferroni correc-
tion). In addition, female’s reported lower chronic fatigue
in study TW1 (-0.2 pt. in sum score p-value < 9.7E-5)
but no significant differences survived multiple testing
correction in the older waves (Table 4). Up to a quarter
of the participants answered “never or sometimes” to all
questions (22% in TA, 23% in TM, 25% in TW2 and
21% in TW1) yielding a sum score of 0 and an IRT score
of -3. This proportion was lower for chronic fatigue
(15% in TA, 14% in TM, 17% in TW2 and 19% in TW1).
The IRT SPHERE-21 scores are moderately reliable:
ICC = 047 [0.23, 0.66] for anxiety-depression and
ICC = 0.57 [0.35, 0.73] for chronic fatigue. Reliability of
chronic fatigue aligns with those of somatic-distress
(ICC = 0.57 [0.37, 0.73]) or fatigue (ICC = 0.62 [0.42,
0.76]). Reliabilities of the IRT scores were higher (albeit
non-significantly) than those of the sum scores (0.25

[-0.025, 0.49] for anxiety-depression, 0.49 [0.26, 0.67]
for chronic fatigue). In addition, the internal consistency,
as measured by Cronbach’s alpha, was greater than 0.7
for all scores (Table 5). Anxiety-depression has the high-
est internal consistency (alpha in 0.86-0.88), versus
0.78-0.79 for chronic fatigue.

Similarly, the pairwise Loevinger’s Coefficients (Hij)
were all positive, indicating positive item correlation in
each scale (Table 5). In addition, the Hi were also
positive, which is expected when the hypothesis of
monotonicity of the IRSF is met [64]. However, we note
that the minimal Hi were all below 0.3 (items with
Hi < 0.3, Table 5) and that items with low discrimination
(e.g. items 3, 15, 31 in chronic fatigue, item 3 in anxiety-
depression, see Figs. 6 and 8) would be excluded in
Mokken Scale Analysis (MSA) [15]. Items 32 in chronic
fatigue and 28 in anxiety-depression would also be ex-
cluded in MSA despite their good discrimination. Thus,
one may prefer to use MSA for its simplicity, or when
trying to reduce the length of a questionnaire. The
counterpart being that MSA relies on rather arbitrary
criteria (see [65] for further discussion on the interpret-
ation of Loevinger’s coefficients) and, like PIRT, may
reduce reliability and precision of the instrument [66].

Heritability, genetic and environmental correlations
between the SPHERE-21 scores

Covariate effect, twin-pair correlations and homogeneity
of sampling across twin zygosity groups and siblings
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Item Number Item Full Name

Chronic
Fatigue

Anxiety-

Item short Name Depression

2 Feeling irritable or cranky

Irritable/Cranky

3 Poor memory

Poor Memory

5 Feeling nervous or tense

Nervous/Tense

7 Waking up tired

Waking up Tired

8 Rapidly changing moods

Changing Moods

12 Feeling unhappy/depressed

Unhappy/Depressed

15 Back pain

Back Pain

17 Prolonged tiredness after activity

Tired after activity

20 Feeling constantly under strain

Under Strain

22 Weak muscles

Weak Muscles

23 Feeling frustrated

Frustrated

— —
[
—
Lo
[
—_—

25 Poor sleep

Poor Sleep

26 Getting annoyed easily

Annoyed Easily

27 Everything getting on top of you

Everything on Top of You

28 Dizziness

Dizziness

29 Feeling tired after rest

Tired after Rest

30 Poor concentration

Poor Concentration

31 Tired muscles after activity

Tired muscles after Activity

32 Feeling lost for words

Lost for Words

33 Losing confidence

Losing Confidence

34 Being unable to overcome difficulties

Unable Overcome Difficulties

Fig. 9 Summary of NIRT item validation and selection. Items from the original scales are indicated by an x. ltems included in the new version of
the scales are indicated by a rectangle of colour. ltems not present in any scale after the reduction to 21 items appear in light grey

were investigated for IRT and sum scores in each age
bin. Detailed results are available in Additional file 20. In
summary, sex was nominally significant (p-value < 0.05)
for most bins and scores, except for the anxiety-depression
scores of the 13 and 14-year age group (p-values = 0.78
and 0.91). Females had lower anxiety-depression (-0.85
sum score, p-value = 4.8E-4) and chronic fatigue scores
(-0.79 sum score, p-value = 4.5E-6) at age 8 to 12 years. At
older ages, females had higher anxiety-depression (+1.52
sum score at 15 to 16 years, p-value = 3.9E-10; +1.37 sum
score at 17 to 28 vyears, p-value = 2.0E-5) and chronic
fatigue scores (+0.38 sum score at 15 to 16 years, p-
value = 0.036; +0.54 sum score at 17 to 28 years, p-
value = 0.021). Age at assessment was significant for
chronic fatigue sum score (-0.55 in sum score per year of
age, p-value = 0.033) in age group 15 to 16 years, and both
the anxiety-depression (-0.17 in sum score per year of age,
p-value = 0.041) and chronic fatigue sum scores (-0.20 in
sum score per year, p-value = 0.021) for those aged 17 years
and older.

For all the IRT scores, the omnibus test did not re-
ject the null hypothesis of equality of means and

variance across groups (Additional file 20). On the
other hand, the test returned significant p-values (be-
tween 0.015 and 3.2E-7) for all but one sum score
(chronic fatigue within 15 to 17 age range, p-
value = 0.59). We winsorised the sum scores to three
standard deviations from the mean, in order to limit
the influence of extreme values. However, most sum
score means and variance were still significantly dif-
ferent across groups (p-values in 0.72-4.7E-5, See
Additional file 20). In addition, two tests suggested
presence of sex limitation, however only on sum
scores, and we also attributed these rejections to the
skewed distribution. Tests of familial aggregation and
presence of genetic effect were significant for all the
IRT scores. Non-significant results observed for sum
scores in the 17 years and older age group could be
attributed to lower power (smallest sample size). Fi-
nally, the MZ twin pair correlations were always
greater than the DZ correlations suggesting presence
of heritability (Additional file 20, Table 6). These re-
sults highlight that sum scores are not normally dis-
tributed, with overly frequent scores of 0 and a heavy
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Table 4 Mean SPHERE-21 IRT and sum score for each scale, wave and sex group

Mean (SD) Mean Females (SD) Mean Males (SD) Sex difference p-value
TA
Anxiety-depression IRT score -0.39 (1.6) -0.27 (1.6) -0.56 (1.7) 7.6E-4
Sum score 46 (4.8) 5.0 (4.9) 42 (46) 8.8E-4
Chronic fatigue IRT score -0.24 (1.5) -0.19 (14) -0.30 (1.5) 0.087
Sum score 39 (34) 39 (34) 38(35) 037
™
Anxiety-depression IRT score —-044 (1.7) -0.25(1.7) —-0.67 (1.6) 2.5E-6
Sum score 4.1 (45) 4.7 (5.0 333.7) 9.3E-10
Chronic fatigue IRT score -0.22 (1.5) -0.15 (1.5) -031 (14) 0.042
Sum score 40 (34) 42 (36) 37 (32 0.018
TW2
Anxiety-depression IRT score -047 (1.7) -047 (1.7) —-0.46 (1.7) 0.88
Sum score 3.7 (43) 3.7 (4.2) 3.7 (44) 0.96
Chronic fatigue IRT score —0.28 (1.5) -0.38 (1.5) -0.18 (1.5) 0.031
Sum score 36 (33) 34 (3.3) 38(33) 0.079
TW1
Anxiety-depression IRT score —04 (1.6) -048 (1.7) —0.30 (1.6) 0.026
Sum score 471 (44) 39 (4.3) 44 (4.5) 0.023
Chronic fatigue IRT score -0.33 (1.6) -048 (1.6) -0.18 (1.5) 2.5E-6
Sum score 35(3.3) 33(33) 3.8 (34) 9.7E-5

Here, we performed eight tests yielding a (conservative) Bonferonni-corrected significance threshold of 0.0063. Significant p-values after multiple testing correction
appear in bold. All participants were used to produce this table. Relatedness was accounted for using mixed models when testing sex-differences

right tail. Winsorisation reduced the weight of ex-
treme observations but did not remove completely
the false positives in assumption testing induced by
the score distributions.

We fitted ACE and ADE models for IRT and (Win-
sorised) sum scores in all age groups (see Additional
file 20 for summary of model fit). We did not have the
power to detect A and C/D simultaneously; due to the
modest number of twin-sibling pairs and considering

Table 5 Cronbach'’s alpha and Loevinger's Coefficients of the
SPHERE-21 anxiety-depression and chronic fatigue scales

W1 TW2 ™ TA
Anxiety- alpha 088 087 087 086
depression # Hij < 0 0 0 0 0
Min(Hi) 0.29 0.24 0.28 0.24
Items Hi < 0.3 3 3,28 28 3
Chronic alpha 079 079 078 079
fatigue #Hij <0 0 0 0 0
Min(Hi) 0.24 0.26 0.25 0.23
[tems with Hi < 03 3,15 3,1531 3,15 3,1532

Alpha corresponds to Cronbach’s alpha; #Hij < 0 to the number of pairwise
Loevinger's Coefficient below 0 for (i,j) items; Min(Hi) is the minimal Loevinger's
Coefficient between an item i and the scale; Items Hi < 0.3 lists the item number
corresponding to Hi < 0.3

the magnitude of the effects (Additional file 20). In Fig. 10
and Table 6 we report the heritability estimates from an
AE model, however, we cannot exclude that a shared envir-
onment source of variance may be present for some age
groups (Additional file 20). Heritability estimates for

Table 6 Summary of variance component analysis (AE models
and twin pair correlations)

Parameter Estimates
A E MZ  1DZ

Anxiety depression

Twin pair correlations

8-12 years 0.41 [0.32,0.49] 0.59[0.51,0.68] 043 022
13-14 years 042 [0.33,0.5] 0.58 [0.5,0.67] 038 032
15-16 years  0.29 [0.2,0.38] 0.71 [0.62,0.8] 028 020
17-28 years  0.37 [0.21,0.51] 0.63 [0.49,0.79] 039 0.8

Chronic fatigue

8-12 years 0.42 [0.33,0.51] 0.58 [0.49,0.67] 042 0.25
13-14 years  0.51 [0.43,0.59] 0.49 [0.41,0.57] 053 029
15-16 years  0.35 [0.25,0.44] 0.65 [0.56,0.75] 038 0.15
17-28 years  0.27 [0.11,0.41] 0.73[0.59,0.89] 027 007

Estimates of proportion of variance explained by additive genetics (A) and
unique environment (E) calculated from AE models. When AE was the “best
model” (i.e. most parsimonious model with no significant difference of fit with
full model) the parameters appear in bold. Full tables that include ACE, ADE
estimates and model fit comparison are available in Additional file 20
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Fig. 10 Heritability of anxiety-depression and chronic fatigue scores across age. Bars indicate 95% confidence intervals. Estimates and confidence

[15,17] >=17
Age bins

anxiety-depression IRT scores were consistent across age
groups (h 1oyears = 041 [0.32,049], his 1ayears = 042
[0.33,0.50], hi5 17years = 0.29 [0.20,0.38] and h3;_sg cars = 0.37
[0.21,0.51]) as indicated by overlapping 95% confidence in-
tervals (Fig. 10, Table 6). In each age group, heritability
of the sum score (hé,lzyem = 0.46 [0.37,0.54], h%5_
Jayears = 040 [0.31,049], h?5_16pears = 0.27 [0.17,0.37]
and h217_28yem = 0.20 [0.028,0.36]) was comparable to
those of the IRT score (Additional file 20).

Heritability of chronic fatigue IRT score was also similar
across age group (h%,uyem = 042 [0.33,051], h3;_
Layears = 0.51 [0.43,0.59], his_16years = 0.35 [0.25,0.44], hi;_
28years = 0.27 [0.11,041]) and consistent with results on
sum scores (h%,uym = 045 [0.36,0.53], h%g_myem = 0.50
[0.41,0.57], his_16years = 0.36 [0.26,0.45], hi; 2gyears = 0.18
[0.016,0.35]) (Fig. 10, Table 6). Differences between IRT
and sum scores could be partially explained by outliers
present in the sum score distribution.

The anxiety-depression and chronic fatigue IRT scores
were positively correlated (Additional file 20), consis-
tently across age groups (ro.jaycars = 0.62 [0.58,0.65], 13-
14years = 0.67 [0.64,0.70], r15_16ycars = 0.68 [0.65,0.70] and
I'17_28years = 0.63 [0.58,0.68]). The phenotypic correlation
was mostly driven by the genetic correlation: rGo.
12years = 0.87 [0.77,0.98], rGi3_14ycars = 0.85 [0.77,0.98],
1G15_16years = 0.88 [0.77,0.90] and rGi7_sgyears = 1.00
[0.88,1.00]. Environmental correlations between anxiety-
depression and chronic fatigue were comparatively lower
(tEo-12years = 044 [0.35,0.52], rE;3 1ayears = 0.52
[0.43,0.59], rEs5 ieyears = 0.58 [0.51,0.64] and rE;;_
28years = 0-43 [0.31,0.54]). All correlations were significantly

different from O, even after multiple testing correction
(p-values < 5.2E-7, significance threshold set to 3.0E-4
based on 16 independent tests, Additional file 20). Pheno-
typic and environmental correlations were also significantly
different from 1 (p-value < 1.5E-6), suggesting that anxiety-
depression and chronic fatigue only share a fraction of their
environmental sources of variance. Correlations between
the sum scores differed little in strength and supported the
same conclusions (Additional file 20). Finally, the genetic
correlations were only significantly different from 1 at ages
15 to 16 years for the IRT score (p-value = 7.0E-4) and be-
fore age 15 for sum scores (p-values < 3.1E-6) suggesting
that most of the genetic sources of variance are common
to the two SPHERE-21 scores (Additional file 20). We in-
vestigated the impact on the correlations of the three items
common to both scales, by removing them from the
anxiety-depression score. Their exclusion had little im-
pact on the genetic correlations (rGo.izyears = 0.83
[0.71,0.95], rGiz_q1ayears = 0.87 [0.77,0.99], rGys_
teyears = 0.91 [0.75,1.00] and rGi7_sgyears = 0.97
[0.75,1.00]) and did not change the conclusions re-
ported above (see Additional file 20 for all correla-
tions and p-values).

Previous results on the total sample (1168 complete
pairs aged 12 to 25 years, [6]) reported similar heritabil-
ities around 0.40 as well as correlations (r = 0.60,
rG = 0.87 and rE = 0.41) between anxiety-depression
and somatisation sum scores. Here, we expanded these
results by showing consistent heritability and correlation
between SPHERE-21 scores in different age groups.
Results can be compared across publications as we used



Couvy-Duchesne et al. BVIC Psychiatry (2017) 17:279

the same definition for the anxiety-depression scale, and
combined the somatisation and fatigue scales that
showed almost perfect genetic correlations (Additional
file 1).

SPHERE-21 association with some DSM-IV psychiatric
diagnoses

We tested the association of SPHERE-21 scores from
earlier ages with DSM-IV diagnoses (MDD, social an-
xiety, alcohol and marijuana dependence) assessed with
the CIDI after age 19 (mean age 22). We estimated the
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number of independent SPHERE-21 scores to be six
[78], yielding a significance threshold of 2.1E-3 corre-
sponding to an estimated 24 independent tests. The
anxiety-depression IRT scores were associated with
increased MDD risk (OR;3_;5 = 1.23 [1.09,1.39],
p = 74E-4; ORy5_16 = 1.39 [1.22,1.56], p = 1.8E-7; OR,7_
2s = 1.31 [1.13,1.52], p = 3.4E-4), as well as increased
risk of social anxiety (ORy3_14 = 1.35 [1.19,1.54],
p = 39E-6; ORy5 16 = 1.42 [1.26,1.60], p = 2.4E-8 and
OR;7 58 = 141 [1.21,1.65], p = 1.2E-5), alcohol depen-
dence (ORy5_16 = 1.26 [1.14,1.39], p = 3.8E-6) and

2.2
2.0 1
1.8
1.6
1.4
1.24

p=9.8e-02

ORMDD & 95% CI

0.8 -

2.2 1
2.01
1.8

1.6 -
1.4 p=1.7e-02

OR Social Anxiety & 95% CI

OR Alkohol Dependence & 95% CI
-
E-N
1

1.8+ p=3.1e-02

OR Marjuana Dependence & 95% CI

0.8 - Age <13

Pcorrected < 0.05, **pcorrected < 0071 and ***pcorrected < 0.001

i p=7.7e-03
1.4
1.24

Age [13-15]

Fig. 11 Risks of MDD, social anxiety and substance dependence increases with anxiety-depression IRT scores. p-values are indicated above
95% confidence intervals. The stars correspond to significance after correcting for multiple testing (Bonferonni correction). *corresponds to

p=4.1e-02

Age [15-17[  Age >=17
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marijuana dependence (ORy5_14 = 147 [1.18,1.82],
p = 5.3E-4). All other odds ratios were greater than 1
but did not reach significance (Fig. 11).

Chronic fatigue IRT scores were also associated with
increased risk of MDD (OR;5_16 = 1.39 [1.22, 1.60],
p = 1.2E-6), social anxiety (ORy3_14 = 1.38 [1.19, 1.57],
p = L.1E-5; ORy5_16 = 1.41 [1.23, 1.62], p = 5.8E-7 and
OR;7_53 = 1.40 [1.18, 1.66], p = 1.4E-4) and alcohol de-
pendence (OR;3_14 = 1.24 [1.10, 1.39], p = 3.7E-4; OR5_
16 = 1.25 [1.12, 1.39], p = 6.6E-5 and ORy; »5 = 1.28
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[1.12, 1.46], p = 4.3E-4) (Fig. 12). Such odds ratios (1.09
to 1.82 from the confidence intervals) translate to a 0.6
to 6 fold increased risk between individuals with mi-
nimal (-3) and maximal (+3) IRT score.

Sum scores showed the same pattern of association, ex-
cept for anxiety-depression in those aged 17 to 28 years,
which did not reach significance (p = 7.3E-3, Additional
file 21 and Additional file 22). Effect sizes were comparable,
taking into account the difference in range between IRT
and sum scores (Additional file 21 and Additional file 22).
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Fig. 12 Risks of MDD, social anxiety and substance dependence increases with chronic fatigue IRT scores. p-values are indicated above 95%
confidence intervals. The stars correspond to significance after correcting for multiple testing (Bonferonni correction). *corresponds to

p=4.9e-02

Age [15-17[ Age >=17
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Comparison of SPHERE-21 and Beck’s depression
inventory
Compared with the psychometric properties of the “gold
standard” Beck Depression Inventory (BDI-II) [80, 81], the
SPHERE-21 is considerably shorter for measuring anxiety-
depression (14 vs. 21 items) and provides an additional
measurement of chronic fatigue. While studies on the
latent structure of the BDI consistently identify two di-
mensions: cognitive-affective and somatic-vegetative [81],
more sophisticated modelling showed that much of the
variance of the BDI could be explained by a general con-
struct, and BDI subscales are rarely used in practice [81].
Furthermore, combining cognitive-affective and somatic-
vegetative symptoms may be appealing as it matches the
DSM-1IV (and DSM-5) definition of MDD. Based on our
results, the high genetic correlation between anxiety-
depression and chronic fatigue could justify combining
the two scales, as the same genetic factors would
contribute to both traits. However, anxiety-depression
and chronic fatigue shared less than half of their
environmental sources of variance and separating
them in analyses could help identify specific environ-
mental contributors [82].

Psychometric properties of the BDI have been studied
for more than 50 years [80, 81]. However, most of the
early studies suffered from lack of powerful statistical
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methods (such as IRT). Based on omnibus measures of
test-retest and internal consistency, the BDI shows very
good psychometric properties, comparable to SPHERE-
21 (Table 7). However, more in depth assessments [53]
revealed that two items of the BDI (9 “Suicidal wishes”
and 10 “Crying”) failed to meet IRT requirements of
monotonicity of IRSF in depressed outpatients and non-
patient college students [53], potentially leading to bias
in score and misordering of the participants on the sum
score. In addition, item 19 (“Weight loss”) correlated
poorly with the latent trait, thus not contributing to the
scale and potentially breaching unidimensionality [53].
Finally, item 14 (“Distortion of image body”) showed
large sex DIF (DIF = 0.32), being endorsed more often
by women [53]. These do not invalidate the BDI, as it
has also been shown to effectively measure depression in
both clinical and non-clinical settings, and across
different languages and populations [81]. However, one
can question what impact score bias, sex differential
functioning, and participants’ misordering have on a
study’s power and predictive ability.

Heritability of the BDI score has been reported from
large family data (N = 200 from 12 families) [83] or
broken down into subscales (343 twin pairs) [84]. The
first study reported heritabilities between 0.45 and 0.87,
while the second could not conclude regarding the

Table 7 Comparative psychometric properties of the SPHERE-21 and BDI

SPHERE-21 BDI
Number of items 14 (for anxiety-depression) 21
Short form for clinical use SPHERE-12 (six items for anxiety-depression) BDI-11

IRT requirements Monotonicity verified

Good correlation of items with the latent trait

Sex DIF Limited (DIF < 0.25)

Age group DIF
28 years

Language(s)

Vietnamese®

Test-retest 047 [0.23,0.66] at three months

Limited (DIF < 0.25); comparable construct from age 9 to

Arabic, Cantonese, Croatian, Dutch, English, Greek, Italian,
Japanese, Mandarin, Portuguese, Serbian, Spanish, Turkish,

Monotonicity breached for items 9 and 10
Poor correlation of item 19 with the latent trait [53]

Large DIF for item 14 (DIF = 0.32) Limited otherwise
(DIF < 0.25) [53]

Not tested at item level (IRT)

Not investigated in a population sample

Comparable structure and internal consistency (Cronbach’s
alpha) for adolescent inpatients [98]

Arabic, Chinese, English, Farsi, Finnish, French, German, Japanese,
Korean, Norwegian, Portuguese, Spanish, Swedish, Turkish

0.48-0.86 [80] depending on the sample and test-retest

interval
Cronbach’s alpha 087 0.81 [80, 81]
Heritability 041 [0.32,049] between ages nine and 12 years, 0.42 0.18 [0.05,0.31]

[0.33,0.50] at 13 to 14 years, 0.29 [0.20,0.38] at 15 to 16 years

(AE model, mean age 31 years, range 16-71) [84]

and 0.37 [0.21,0.51] between ages 17 and 28 years

(AE models, anxiety-depression scores)

Association with DSM-IV

Significant from age 15 years with alcohol and Marijuana

Not evaluated in general population

diagnoses dependence; and from age 13 years for MDD and social
anxiety (anxiety-depression subscale).
Price Free

Around 2 USD per questionnaire [99]

@Questionnaires in non-English languages available on demand. Please contact Pr. lan Hickie (ian.hickie@sydney.edu.au)
Here, we used the BDI questionnaire as gold standard as it is one of the oldest, most used and most tested depression questionnaire. For other
widely used questionnaires such as the Achenbach or Hamilton rating scales, some the methods used here (e.g. NIRT modelling, twin models) have

never been applied, which makes the comparison less meaningful
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presence of heritability or common environment factors,
explaining 2 to 30% of the score variance. Larger twin
studies are required to provide more accurate heritability
estimates of the BDI across ages.

Finally, the BDI has been evaluated many times as a
prediction tool for MDD in clinical settings [81]. A few
studies have focused on non-clinical samples but suf-
fered several limitations: a) small samples; b) samples
with greater prevalence than in general population; c)
non-DSM-based diagnoses; and mostly, d) use of score
cut-off criteria which defeats the purpose of using a con-
tinuous score but also makes comparison of specificity
and sensitivity impossible across studies when different
cut-offs are used (see [81] for a review of these studies).
We could not find a publication reporting the asso-
ciation between the BDI score and disease risk in the
general population, and much testing remains to be
done on the BDI to validate its use in population sam-
ples and non-clinical research. Comparison of SPHERE-
21 and BDI qualities is summarised in Table 7.

There are several limitations to the SPHERE-21 that
are worth mentioning — it has only been tested in an
Australian-based population sample of young people,
and previously on clinical participants [1, 85-89]. Thus,
more testing and DIF investigation is required on older
participants, patients with specific pathologies or diffe-
rent cultures and ethnic groups. Use of the SPHERE-21
in other English-speaking countries may require some
items to be reworded. For example, for item 2, the word
“cranky”, not frequently used in the United States, could
be replaced by “easily irritated”. The scalability of the BDI
across countries and languages led to its world-wide popu-
larity [81], though only recently was IRT used [90-94],
and little has been done to assess cross-cultural compar-
ability of the BDI scale [81] (e.g. DIF by culture or ethni-
city). In addition, unlike the BDI [81], correlations
between the SPHERE-21 scores with other measures
of anxiety, depression or fatigue remains to be inves-
tigated. The only published research showed a posi-
tive correlation (and significant genetic relationship)
of the anxiety-depression sum scores with neuroticism
[6]. SPHERE-34 was also shown to have some value
in screening for psychiatric morbidity [89]. Finally,
the SPHERE-21 lacks positive item results in a
skewed distribution, but this limitation also applies to
the BDI [81]. A simple way to improve the score
distribution may be to separate options “never” and
“sometimes” during SPHERE-21 questionnaire collection,
as it may provide more information about individuals with
low anxiety-depression and fatigue (Additional file 23).

Conclusions
Here, we examined the use of the SPHERE-34 for assess-
ment of anxiety, depression and fatigue in a large
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Australian-based population sample of young people.
Using an NIRT analysis we showed that the question-
naire could be reduced to 21 items (SPHERE-21), pro-
viding a measure of anxiety-depression (14 items) and
chronic fatigue (10 items). We showed that these two
scales of the SPHERE-21 measured valid and comparable
constructs across sexes and age groups (from age 9 to
28 vyears), and that both showed moderate reliability,
high internal consistency and good item scalability. We
also showed that the SPHERE-21 scores were moderately
heritable and genetically correlated across adolescence,
correlation that was not due to the items common to both
scales. In addition, we showed that anxiety-depression and
chronic fatigue were, from an early age (13 or 15 years)
significantly associated with a later risk of MDD, social
anxiety and alcohol dependence. This further validates the
SPHERE-21 by demonstrating its predictive ability in the
general population and its relevance to measure anxiety-
depression and chronic fatigue across adolescence and
into adulthood. Finally, in a post-hoc evaluation, we sug-
gest that the psychometric properties of the SPHERE-21,
are at least equivalent to those of the Beck Depression
Inventory, in an Australian-based population sample of
young people.
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