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Abstract

A linking procedure establishes a “bridge” between the scores from different patient-
reported outcome (PRO) instruments that measure similar constructs. After developing a
linking relationship however, it is critical to evaluate whether this relationship can be general-
ized to different groups. Our study aims to validate a published crosswalk for score conver-
sion between the Brief Symptom Inventory Depression subscale and the Patient-Reported
Outcomes Measurement Information System Depression 8a using an independent sample.
Data were from a sample of young men who have sex with men (MSM), which differs in
terms of participant age, race, and ethnicity from the sample used to develop the existing
crosswalk. The validity of the newly derived crosswalk was evaluated in terms of the correla-
tion, mean difference and standard deviation between the observed and the linked scores.
The two crosswalks were further compared to evaluate if the difference was within an
acceptable range. More than half of the item parameters obtained from the two samples
were found to overlap in their confidence intervals. Differences between each pair of scores
in the two crosswalks was within three T-score points, well within the range of each cross-
walk score’s standard error. This study concludes that an existing crosswalk is replicable on
a sample that differs from that used for crosswalk development, but future research should
continue to examine the generalizability of the linked parameters and evaluate the reproduc-
ibility of this crosswalk to other populations.
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Introduction

Patient reports can play an important role in medical research and clinical care [1]. Patients pro-
vide different kinds of information on their health status, including mental and physical symp-
toms, treatment effects, and quality of life [2]. This information may be described as patient-
reported outcomes (PROs), which are collected with patient-reported outcome measures
(PROMs). PROMs allow researchers and clinicians to understand patients’ perspectives on their
health directly and contrast with clinical reports—such as those based on physical, laboratory, or
radiology tests—which require further interpretation by individuals other than the patient [3].

In the case of depressive symptom severity, a great number of PROMs have been developed
over the years and many are currently in use [4]. These include the Patient-Reported Out-
comes Measurement Information System (PROMIS)-Depression [5, 6], the Center for Epide-
miologic Studies Depression Scale (CES-D) [7], the 9-item Patient Health Questionnaire
(PHQ-9) [8], and the Brief Symptom Inventory Depression subscale (BSI) [9], among others.
Depression PROMs may differ in content coverage, patient burden, administration mode, and
length, each of which may attract different users for different reasons.

The use of multiple PROMs poses a problem, however, for the aggregation and interpreta-
tion of research findings from multiple outcome studies [10]. For example, researchers
attempting to synthesize results on 19 adolescent depression trials had to contend with 10 dif-
ferent depression scales [11]. Another study recently identified aggregated PROM data from
electronic health records as a potential rich source of “real world data” for researchers and reg-
ulators to generate knowledge [12]. This vision becomes more challenging to realize when
multiple different PROs are used across clinical settings.

Researchers can tackle this challenge by applying psychometric methods to harmonize data
from multiple PROMs, including depression. For example, adopting techniques based on item
response theory (IRT) and educational testing [13], PRO researchers have applied the method-
ology of linking (also known as scale alignment or equating) to PROMs scores by translating
scores from multiple instruments to a common metric [14-16]. After the linking relationship
between the scores of different PROM:s is established, a score cross-walk table can be used to
enable a one-to-one score conversion between PROMs [17, 18]. This crosswalk can contribute
to subsequent research and clinical practice in terms of aggregating and comparing patient-
reported outcomes collected with different instruments.

Measurement invariance is a psychometric property of an instrument, which demonstrates
that measurement properties do not vary across populations. To evaluate measurement invari-
ance, researchers need to examine whether an instrument performs the same way with differ-
ent groups. Many researchers have examined measurement invariance of PROMs. For
example, several studies have examined the performance of the PHQ-9 [19], the Beck Depres-
sion Inventory [20, 21], the Occupational Depression Inventory [22], 12-Item Short Form Sur-
vey (SF-12) [23] between different populations and between different assessment types [24].
Similarly, a successful linking relationship is assumed to meet the group invariance property,
which states that the linking relationship between two instruments is the same regardless of
the sample characteristics, such as differences in gender, race, ethnicity, age [13, 17, 25]. How-
ever, this property needs to be verified in practice, as it may not hold under certain theoretical
conditions of linking methods [13, 25]. Lord and Wingersky (1984) pointed out that although
the results of true-score linking methods-such as those based in item response theory (IRT)-
can be subpopulation invariant, true scores were not theoretically justified as equal to observed
scores [26, 27]. For this reason, the group invariance assumption should be investigated for
each linking analysis. Several linking studies [16, 28-31] have computed the standardized
root-mean-square deviation (RMSD) to evaluate subpopulation invariance [25] to determine
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if the linking relationship performs differently in diverse samples. However, this calculation is
limited to the subpopulation groups existing in the analyzed dataset. As a practical matter,
group invariance is difficult to examine exhaustively based on this approach, if only because of
the absence of appropriate data.

Considering that group invariance cannot be strictly assumed to exist for a given linking
analysis, researchers must qualify that the linking results only apply to samples from the same
population used in the linking analysis [13]. PRO linking studies are often based on data from
a single patient or general population sample [16, 28, 30, 32, 33]. As stated above, the linking
results may be variable across different samples [17]; therefore, to better facilitate comparative
clinical research and practice in terms of generalizability, linking researchers have recom-
mended validation of linking crosswalks in multiple samples [15, 16, 31, 34]. Hence, it is
important to investigate if the linking of two PROMs derived from one patient group can be
applicable to another group.

The current study

Our study examines whether a depression linking relationship established in one patient
group is valid for use in another. Our study follows the data harmonization aims of the Collab-
orating Consortium of Cohorts Producing NIDA Opportunities (C3PNO). C3PNO is the
coordinating center for nine National Institute on Drug Abuse (NIDA) cohorts, and focuses
on the linking methods based on IRT to allow for combining data across cohorts to address
questions at the intersection of HIV and substance use [35]. Depression is a key health out-
come variable across most C3PNO cohorts, given its prevalence among people living with
HIV (PLWH) and persons at risk of HIV [36], and the positive association between depression
and substance use [37]. The cohorts participating in C3PNO, however, vary in terms of popu-
lation characteristics, as well as assessment instruments. To facilitate cross-cohort data harmo-
nization, Schalet et al [38] conducted a linking study of CES-D, PROMIS Depression, and
PHQ-8 instruments, coupled with DIF analysis to compare item response characteristics in a
general population sample versus C3PNO cohorts.

Establishing a new linking relationship-between the BSI and PROMIS Depression-would
enable additional harmonization across C3PNO cohorts. BSI is a general psychological tool to
assess patients at intake for psychological problems [9]. PROMIS is a PRO system of instru-
ments supported by the National Institutes of Health (NIH) beginning in 2004. PROMIS
instruments measure domains of overall well-being, such as physical, mental, and social health
across many diseases [5, 39]. The PROMIS Depression scale has been validated and linked to
other legacy measures in some studies [16, 40].

These two PRO instruments-BSI and PROMIS Depression-were previously linked to
enable longitudinal analysis in the RADAR study [33, 41, 42]. Kaat et al. collected data from a
sample of men who have sex with men (MSM) with a wide age range and multiple demo-
graphic characteristics to facilitate this linking. Another C3PNO cohort, the Healthy Young
Men’s (HYM) cohort, also administered both the BSI and the PROMIS Depression scales at a
single time point, enabling a new linking analysis. The HYM study is a longitudinal study that
examines the individual, familial, interpersonal, and community factors impacting drug use,
HIV risk-related behaviors, and engagement in HIV care among young MSM [43, 44].

Given the difference across the two samples, the present study examines whether the link-
ing relationship between the BSI Depression subscale and the PROMIS Depression scale com-
puted from the RADAR sample performs similarly to the new linking relationship we derived
from the HYM sample. By doing so, this analysis could serve as a template for replicating link-
ing analysis and provides practical guidelines for BSI-PROMIS crosswalks in similar samples.
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Table 1. Demographics of the HYM sample and the Kaat et al. sample.

Variables HYM Kaat et al*
Sample Size 448 2009
HIV positive (%) 11.3% 15.4%
Age (range, mean; yrs) [16,25],22.3 [18,76], 35.3
Race and Ethnicity (%)
Hispanic 59% 18%
Black/African-American 21% 8%
White/Caucasian 11% 60%
Mixed or other 9% 14%
Note.

*The demographics of the Kaat et al. sample were extracted from the Kaat et al. [33].

https://doi.org/10.1371/journal.pone.0278232.t001

Methods

Participants

The data of this study was collected from 448 MSM in the HYM cohort with the approval from
the Children’s Hospital Los Angeles Institutional Review Board. Informed written consent was
obtained from all participants. 80% of the sample were Hispanic or Black/African-American,
and the age range was between 16 and 25 years old. Around 11% were diagnosed with HIV
positive. Table 1 contrasts the HYM demographic characteristics with that from the previous
linking study conducted by Kaat et al based on the RADAR study. Although both samples
were comprised of MSM, they differed in age, race, and ethnicity. As shown in Table 1, the
HYM sample was younger and included a higher proportion of Hispanic/Latinx and Black/
African- American participants.

Measures

The BSI instrument is designed to assess psychological problems with an overview of partici-
pants’ symptoms and their severity [9, 45]. It is composed of three composite Global Indices
and nine Symptom Scales, one of which is the Depression subscale. The Depression subscale
was analyzed in the current study. Participants rated the extent to which they have been
bothered (0 = "not at all" to 4 = "extremely") in the past week on six depressive symptoms. The
total score was the sum of the six item scores, with higher scores indicating higher depression
level.

The PROMIS Depression bank v1.0 for adults consists of 28 items assessing the negative
emotion and cognition symptoms with a 7-day time frame [6]. Items were developed using
both qualitative and quantitative methods [6] and have been validated across diverse clinical
samples [40]. It is based on a 5-point Likert scale with response options ranging from “Never”
to “Always” and with higher scores indicating higher depression level. Item responses are ana-
lyzed and scale scores are estimated based on IRT. The scale scores are standardized as T scores
(Mean = 50; standard deviation [SD] = 10) based on a general population [5, 39]. Both BSI and
23 items from the PROMIS Depression item bank were administered to HYM cohort partici-
pants. Among the 23 PROMIS items, five items showed DIF between HYM and the general
population [38]. The rest 18 items were analyzed in this linking study.

In the study of Kaat et al., an 8-item short form (PROMIS Depression 8a) from the adult
PROMIS Depression v1.0 item bank was used. To make a fair comparison between the two
resulting crosswalks, we also analyzed items of this short form extracted from the 18-item set.
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Fixed parameter calibration

The Kaat et al. study applied and compared the equipercentile and IRT-based linking
approaches and selected the fixed parameter calibration approach as optimal to compute the
crosswalk. To be consistent with the Kaat et al. study, we applied the same method for the link-
ing analysis based on the HYM sample: IRT-based fixed parameter calibration. In the linking
process, the item parameters of the anchor scale (the PROMIS Depression scale) were fixed at
their established item parameters calibrated based on US general population. The item param-
eters of the legacy measure (the BSI Depression scale) were then calibrated based on the metric
of the established item parameters of the anchor measure. Consistent with recommendations
for fixed parameter calibration, we freely estimated and updated the latent distribution while
calibrating the linked items, which has been referred to as multiple weights updating and mul-
tiple EM cycles [46]. By this process, the scores of the legacy measure items were estimated on
the PROMIS metric and can be converted to T scores that would be aligned with PROMIS
measures. We then used the Lord and Wingersky recursive algorithm [26] for EAP summed
scoring to compute the crosswalk based on the linked item parameters of the BSI scale, which
represents the most probable T score associated with each raw summed score [47].

Data analysis

The HYM study adopted a single-group linking design, in which each participant received the
two measures at the same visit. Before conducting the linking analysis, we checked the linking
assumptions of similarity in content measured by the two measures and unidimensionality.
First, to verify the similar content assumption, the item content of each measure was first qual-
itatively inspected and compared. Second, the disattenuated Pearson’s correlation between the
raw scores of the two measures was calculated to determine whether they measure the similar
construct. Third, confirmatory factor analysis (CFA) and bi-factor exploratory factor analysis
(bEFA) were used to assess the unidimensionality of the combined scale (i.e., BSI Depression
and PROMIS Depression 8a). The following model fit criteria were used to evaluate the com-
bined scale’s relative unidimensionality: RMSEA < 0.08, CFI > 0.95, TLI > 0.95 [48-50]. An
Omega Hierarchical (OmegaH) statistic [51, 52] > 0.70 [53] also speaks to the broad unidi-
mensionality of the combined scale. We investigated all quantitative linking assumptions
using the psych package in R [54]. Data for this study are not publicly available. The analysis
code for this study are available by emailing the corresponding author.

After the above assumptions have been checked, we implemented the fixed parameter cali-
bration method using the PROsetta R package [55] and conducted a linking analysis between
the BSI Depression subscale and the PROMIS Depression 8a and the PROMIS Depression
18-item set, respectively. We first compared the two sets of BSI Depression item parameter
computed by linking the BSI Depression subscale to the short form and the 18-item set. Then,
we evaluated the differences compared to the item parameters from the Kaat et al. study by
plotting the slope and threshold parameters with their 95% confidence intervals for both sam-
ples. We then plotted the crosswalks and the interval indicating one standard error of measure-
ment (SEM) above or below each score computed from the two samples to evaluate if the two
crosswalks are similar. SEM explains how much the measurement error may spread out
around each score. Finally, to evaluate the validity of the crosswalk table in the Kaat et al.
study, the crosswalk-derived T score was compared with the observed T score using Pearson
product-moment correlations and the mean, SD, RMSD of score differences. We also pre-
sented Bland-Altman plots and calculated intraclass correlation (ICC) coefficients to demon-
strate the agreement between the observed and the crosswalk derived T scores.
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Results
Assumptions

We examined the item content of the two measures and confirmed that both instruments
mainly measure depressive symptoms. In addition, the disattenuated Pearson’s correlation
between the BSI Depression scores and the PROMIS Depression 8a raw summed scores was
high (r = 0.82), which further supported the assumption that the two measures assess a similar
health outcome. Regarding unidimensionality, the model fit indices of a single-factor CFA
model suggested an adequate unidimensional data-model fit (RMSEA = 0.082, CFI = 0.980,
TLI = 0.977). The OmegaH (= 0.84) statistic from the bEFA analysis suggested that the com-
bined scale was sufficiently unidimensional. For the linking between the BSI Depression sub-
scale and the PROMIS 18-item set, these assumption analyses showed similar results.

Descriptive statistics

The summary statistics for the scores of the two measures are shown in Table 2. The summary
statistics for the T scores of the two samples showed that the HYM sample had a lower average
depression level than the sample analyzed in the Kaat et al. study with a similar standard devia-
tion and interquartile score range. Consistently, the average BSI raw summed score of the
HYM sample was lower than the Kaat et al. sample. The effect size of the mean difference was
0.31 for PROMIS T scores and 0.47 for BSI scores.

Item parameters

Following the analysis plan, we linked the BSI Depression subscale to both the PROMIS
Depression 8a short form and the PROMIS Depression 18-item set. After fixing the item
parameters of the two PROMIS Depression scales, two sets of item parameters for the BSI
Depression subscale were computed (Table 3). They were similar with differences within 0.1,
suggesting the consistency in the linking results with either short form or 18-item set being
used as the anchor measure. This finding was also supported by the similar means and SDs of
the T scores between the short form and the 18-item set (Mg item set = 51.98, SD 15 item set =
9.12; Mg = 51.53, SDgg = 9.27).

We also compared the item parameters of the BSI Depression subscale computed based on
the HYM sample to those published in the Kaat et al. study. To allow for a fair comparison, we
used the item parameters of the short form based on the HYM sample in the comparison. The
two sets of item parameters were found to be different, which was expected when two different
samples were analyzed for a linking analysis of the same PRO instruments. To evaluate how
different they were, we plotted each parameter of the two sets with its 95% confidence interval
(Fig 1). In general, the HYM sample showed wider confidence intervals for all the item

Table 2. Summary statistics for the scores of the BSI Depression and the PROMIS depression.

Kaat et al. HYM
T score BSI raw score T score BSI raw score

Mean 54.4 6.1 51.5 4.0
Median 53.5 4.0 51.7 3.0

SD 9.6 5.8 9.3 4.1
Minimum 38.2 0 38.2 0
Maximum 81.1 24 81.1 24
Interquartile range [48.3, 60.7] [2,9] [45.0, 57.7] [1, 6]

https://doi.org/10.1371/journal.pone.0278232.t1002
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Table 3. Transformed IRT-based item parameters based on the linking of the BSI depression and the PROMIS depression 8a and the PROMIS depression 18-item
set.

Item a bl b2 b3 b4
8a BSI-D 1 1.47 -0.02 1.33 2.31 3.32
BSI-D 2 1.99 -0.29 0.82 1.45 2.33
BSI-D 3 2.38 0.10 1.15 2.00 2.73
BSI-D 4 3.70 0.79 1.51 1.85 2.54
BSI-D 5 2.68 0.55 1.43 1.97 2.48
BSI-D 6 2.41 1.78 2.48 2.72 3.06
18-item set BSI-D 1 1.48 0.01 1.34 2.31 3.31
BSI-D 2 2.08 -0.24 0.82 1.43 2.29
BSI-D 3 2.42 0.12 1.14 1.98 2.71
BSI-D 4 3.78 0.79 1.51 1.84 2.54
BSI-D 5 2.67 0.56 1.44 1.98 2.49
BSI-D 6 2.31 1.82 2.54 2.79 3.14

Note. a’s denote the slope parameters. b’s denote the threshold parameters.

https://doi.org/10.1371/journal.pone.0278232.1003

parameters due to its smaller sample size. The slope parameters of the HYM sample were
smaller than the ones estimated in the Kaat et al. study, suggesting that the BSI Depression
items were less discriminating in the HYM sample. After taking into account the confidence
intervals, the slope parameters of three items overlapped, suggesting the discrepancies were
small. However, those of the other three items did not overlap. These three items are “Feeling
no interest in things”, “Feeling blue”, “Feeling hopeless about the future”. Examining the fre-
quency of each response option for these three items in the two samples, we found that partici-
pants of the HYM study tended to concentrate their responses on “Not at all” or “A little bit”,
while participants of the Kaat et al. study had a higher proportion of responses endorsing
“Moderately”, “Quite a bit”, “Extremely” than the HYM sample. This explains the disparity in
the slope parameters of these three items between the two linking analyses.

Regarding the threshold parameters, fourteen out of twenty-four parameters showed over-
lapping confidence intervals between the two samples, suggesting there was not enough evi-
dence to conclude that a replicable difference between these threshold parameters was found.
However, ten parameters did not overlap in confidence intervals and the HYM sample tended
to have higher thresholds than those in the Kaat et al. study. In particular, three thresholds of
the item “Feeling hopeless about the future” were higher than that in the Kaat et al. sample.
Moreover, the thresholds to reach high response options (i.e., “Quite a bit”, “Extremely”)
across all six items showed larger difference between the two samples than low response
options. Higher thresholds suggest a higher depression level is needed to reach the category
threshold, indicating that respondents who endorsed high response options in the HYM sam-

ple had more severe depression level than those in the Kaat et al. sample.

Crosswalks

We plotted the crosswalk tables computed from the fixed parameter calibration method for
both samples (Fig 2). In this plot, we showed the SEM above and below each score. Each curve
depicts the linking relationship between the BSI Depression subscale and the PROMIS Depres-
sion 8a. Although the two linking curves showed the similar shape and trend, they varied from
each other in a gradual way: larger variation for higher scores and smaller at two extreme ends.
The crosswalk computed from the HYM sample tended to covert the BSI Depression score
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Fig 1. Item parameters and confidence intervals of the two studies. Note. Fig 1a: the slope parameters. Figlb: the threshold
parameters.

https://doi.org/10.1371/journal.pone.0278232.9001
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Fig 2. The crosswalks computed from the HYM sample and the Kaat et al. sample.

https://doi.org/10.1371/journal.pone.0278232.g002

with a higher PROMIS Depression T score than the Kaat et al. sample. It is consistent with the
abovementioned finding of higher thresholds at high categories in the HYM sample. All differ-
ences between the two crosswalks were within three T score points, and well within each
score’s SEM. When both crosswalks were applied to the HYM data, the mean difference of the
two sets of crosswalk-derived scores was —0.82. Moreover, the SEM intervals overlapped
between the two samples, speaking to the consistency of the two crosswalks.

We further evaluated the validity of the Kaat et al. crosswalk in recovering the PROMIS
Depression 8a T score and the 18-item set T score (Table 4). As expected, the crosswalk com-
puted from the HYM sample showed lower mean difference between the observed and the
crosswalk derived T scores than the crosswalk in the Kaat et al. study, but the SD of score dif-
ference was higher than that of the Kaat et al. study and the RMSD of score difference were
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Table 4. The difference between the observed and crosswalk-derived T scores in the HYM sample.

Linking
PROMIS Depression 8a

PROMIS Depression 18-item set

Note.

Method Correlation Mean* SD* RMSD*
HYM crosswalk 0.79 0.44 5.92 5.92
Kaat et al. crosswalk 0.78 1.25 5.80 5.93
HYM crosswalk 0.80 0.73 5.62 5.67
Kaat et al. crosswalk 0.80 1.69 5.51 5.76

*The mean, SD and RMSD of the differences between observed versus crosswalk-derived PROMIS T Scores.

https://doi.org/10.1371/journal.pone.0278232.t1004

very similar. We also presented Bland-Altman plots in S1 and S2 Figs and calculated intraclass
correlation (ICC) coefficients to demonstrate the agreement between the observed and the
crosswalk derived T scores in the PROMIS Depression 8a T score and the 18-item set across
the full range of T scores. The shape of the Bland-Altman plot shows a floor effect in the sam-
ples, which suggests limited comparisons across groups for individuals who are not exhibiting
depressive symptoms, but the linking bias—that is, the mean difference between methods—is
small. The ICC values were 0.80 for both measures, indicating acceptable agreement between
the two score. The mean differences of both the short form and the 18-item set observed T
score versus the Kaat et al. crosswalk derived T score were 1.25 and 1.69. However, as Fig 2
shows, the SEM interval of the HYM sample overlaid on that of the Kaat et al. sample. As a
result, the crosswalk in the Kaat et al. study can appropriately recover both the short form and
18-item set observed T scores. To further evaluate the impact of age on the crosswalk, we
extracted data of participants from the Kaat et al. sample with a similar age range (i.e., [18, 25])
as in the HYM sample and found negligible differences (< 1 T-score point) between the Kaat
et al. crosswalk based on the full sample and the crosswalk computed for the young MSM in
the Kaat et al. sample. This finding further supported the validity of the Kaat et al. crosswalk.

Discussion

Given the prevalence of depression among adults [56], it becomes essential to identify efficient
assessment tools and representative data for the analysis of depression, and psychometric
methods that can aggregate information and contribute to interventions that can be specific to
populations of all groups. Linking of various measures and data harmonization can facilitate
the examination of depression as a generic mental health construct over time and comparisons
across multiple samples. Although population invariance is theoretically assumed in the link-
ing analysis, we must be cautious before using a crosswalk table to convert scores for a sample
that is different from the linking sample. This concern provides an impetus for validating
crosswalks across multiple samples to make them generalizable to a broad spectrum of individ-
uals, and making specific recommendations on their usage in terms of target population. The
current study makes a practical contribution to this issue by replicating the linking analysis of
two measures on an independent sample, provisionally validating the crosswalk table of the
Kaat et al. study, and serving as a template for subsequent linking studies to validate their
crosswalks.

The current study first presented the similarities and discrepancies between the item
parameters of the BSI Depression subscale computed from the two samples. In short, the slope
parameters of the Kaat et al. study were more discriminating than the HYM sample, while the
threshold parameters of the HYM sample requires a more severe depression level to reach
higher response categories than the Kaat et al. sample. Such discrepancies might be explained
by the differences in sample characteristics; and such different BSI item parameters computed
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based on two samples may result in a different linking relationship and crosswalk, which need
to be further verified. Second, the discrepancy between the two crosswalks was smaller than
three T-score points across the full score range, a threshold previously considered to be small
in the context of linking [57]. As shown in Fig 2, the SEM of each crosswalk score point over-
lapped. Moreover, the Kaat et al. crosswalk generated linked scores that were close to the
observed T scores of both the PROMIS Depression 8a short form and the PROMIS Depression
18-item set in the HYM sample, such that the mean score difference was less than two T-score
points. Given the smaller sample size of HYM compared to the sample of Kaat et al. (N; = 448
vs N, = 2009), we conclude that there is not enough evidence to recommend the usage of the
HYM-based crosswalk over the Kaat et al. crosswalk. Therefore, we encourage the continued
use of the Kaat et al. crosswalk to convert the BSI Depression subscale to the PROMIS Depres-
sion T score in similar samples.

In the current literature on linking two health outcome measures, few studies have evalu-
ated the external validity of their crosswalks. As an example, one study linked legacy pain
interference measures with the PROMIS pain interference scale, and computed a crosswalk for
the individuals with multiple sclerosis and the general population, respectively [34]. They
found the difference between the two crosswalks was very small. Two other studies incorpo-
rated cross-validation in the linking design [57, 58]. However, most linking studies did not
undertake the comparison of crosswalks computed by different samples, probably due to a
lack of data from a separate sample.

This study provides a blueprint and recommendation for future studies to compare linking
results across studies. Specifically, it replicates the IRT-based linking method and compares
the pairs of item parameters and the associated SEM from both studies (Figs 1 and 2). When
the majority of paired parameters are outside the SEM range of both estimates, it would sug-
gest a separate linking analysis might be needed for each group. In addition, we compared the
crosswalk tables to each other: when the score SEM no longer overlap, this would tell research-
ers to use separate crosswalks. We also evaluated how close the T scores generated by the previ-
ously stablished crosswalk were to the observed T scores in the new sample. These agreement
statistics, such as the mean bias, serve as an aggregate difference; using this measure, group
mean differences larger than a small effect size might be cause for concern.

Our study has a few limitations, which imply directions for future studies. First, the sample
size we used to validate the established crosswalk was not very large (N = 448). Future studies
may use a larger sample to examine the external validity of an established crosswalk. Second,
although the two crosswalks were similar, there were some relatively large differences in the
slope parameters and the location parameters at higher score levels. One reason for such
discrepancy might be due to the relatively small number of participants. Another reason
might be the differences in sample characteristics: as we noted, although both samples were
MSM participants, the HYM sample was younger and included a higher proportion of His-
panic/Latinx and Black/African-American participants, and far fewer White/Caucasian com-
pared to the Kaat et al. sample. It is possible that non-white or younger participants respond
differently to some depression questions but not others, given that depression is found to be
less prevalent among older adults than among younger adults [59]. Additionally, the study
sample did not include female participants. Future research, with larger aggregated datasets,
could address these questions with a differential item functioning analysis regarding race, age,
gender and other relevant factors. We also recommend subsequent researchers to validate this
crosswalk table on samples and subpopulations that are different from the current study
sample.

Finally, this study focuses on the IRT-based fixed parameter calibration approach as the
established crosswalk was computed using this approach. Although a number of previous
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studies have shown convergence across multiple linking methods in a range of PRO con-
structs, future studies may evaluate and compare the validity of the crosswalk computed by dif-
ferent linking methods including IRT-based or equipercentile approaches. It is worth
understanding whether each linking method can generate crosswalks that are robust to differ-
ent sample sizes. Moreover, due to the disattenuated Pearson’s correlation of 0.82 lower than
the 0.866 threshold recommended by Dorans et al [17], we caution users that the crosswalk of
this study may be used for group level comparisons but not for individual level clinical deci-
sion making [15].

In conclusion, this study applied a series of validation steps to determine if an established
crosswalk for the conversion between the BSI Depression subscale scores and the PROMIS
Depression T scores is valid and replicable for an independent sample. In our analysis, some
item parameters of the BSI measures derived from the two samples were different. However,
the discrepancy between the crosswalks computed from the two samples was well within each
crosswalk score’s SEM range. In addition, the established crosswalk can provide linked scores
that are adequately similar to the observed scale scores in the validation sample. Hence, this
study verifies the reproducibility of the established crosswalk in an independent sample.
Future linking studies can evaluate the external validity of this crosswalk to other populations.

Supporting information

S1 Fig. Bland-Altman plot for observed and IRT fixed parameter calibration crosswalk
linked scores from PROMIS depression item bank.
(TIF)

S2 Fig. Bland-Altman plot for observed and IRT fixed parameter calibration crosswalk
linked scores from PROMIS depression short form 8a.
(TIF)

Author Contributions

Conceptualization: Xiaodan Tang, Benjamin D. Schalet, Aaron Kaat, Pamina M. Gorbach.
Data curation: Michele D. Kipke, Brian Mustanski, Sue Siminski.

Formal analysis: Xiaodan Tang.

Funding acquisition: Benjamin D. Schalet, Michele D. Kipke, Brian Mustanski, Michael E.
Newcomb, Pamina M. Gorbach.

Methodology: Xiaodan Tang, Benjamin D. Schalet, Patrick Janulis, Aaron Kaat.
Project administration: Amy Ragsdale, Pamina M. Gorbach.

Supervision: Benjamin D. Schalet.

Validation: Xiaodan Tang.

Visualization: Xiaodan Tang.

Writing - original draft: Xiaodan Tang, Benjamin D. Schalet.

Writing - review & editing: Benjamin D. Schalet, Patrick Janulis, Michele D. Kipke, Aaron
Kaat, Brian Mustanski, Michael E. Newcomb, Amy Ragsdale, Soyeon Kim, Sue Siminski,
Pamina M. Gorbach.

PLOS ONE | https://doi.org/10.1371/journal.pone.0278232 November 28, 2022 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0278232.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0278232.s002
https://doi.org/10.1371/journal.pone.0278232

PLOS ONE

Population invariance and crosswalks

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lavallee DC, Chenok KE, Love RM, Petersen C, Holve E, Segal CD, et al. Incorporating Patient-
Reported Outcomes Into Health Care To Engage Patients And Enhance Care. Health affairs (Millwood,
Va). 2016; 35(4):575-82. https://doi.org/10.1377/hlthaff.2015.1362 PMID: 27044954

Weldring T, Smith SMS. Patient-Reported Outcomes (PROs) and Patient-Reported Outcome Mea-
sures (PROMs). Health Serv Insights. 2013; 6:61-8. https://doi.org/10.4137/HSI.S11093 PMID:
25114561.

Ahmed S, Berzon RA, Revicki DA, Lenderking WR, Moinpour CM, Basch E, et al. The Use of Patient-
reported Outcomes (PRO) Within Comparative Effectiveness Research: Implications for Clinical Prac-
tice and Health Care Policy. Medical Care. 2012; 50(12):1060—-70. https://doi.org/10.1097/MLR.
0b013e318268aaff PMID: 22922434

Smarr KL, Keefer AL. Measures of depression and depressive symptoms: Beck Depression Inventory-
II (BDI-II), Center for Epidemiologic Studies Depression Scale (CES-D), Geriatric Depression Scale
(GDS), Hospital Anxiety and Depression Scale (HADS), and Patient Health Questionnaire-9 (PHQ-9).
Arthritis care & research (2010). 2011; 63(S11):S454—-S66. https://doi.org/10.1002/acr.20556 PMID:
22588766

Cella D, Riley W, Stone A, Rothrock N, Reeve B, Yount S, et al. The Patient-Reported Outcomes Mea-
surement Information System (PROMIS) developed and tested its first wave of adult self-reported
health outcome item banks: 2005-2008. J Clin Epidemiol. 2010; 63(11):1179-94. https://doi.org/10.
1016/j.jclinepi.2010.04.011 PMID: 20685078

Pilkonis PA, Choi SW, Reise SP, Stover AM, Riley WT, Cella D, et al. ltem banks for measuring emo-
tional distress from the Patient-Reported Outcomes Measurement Information System (PROMIS®):
depression, anxiety, and anger. Assessment. 2011; 18(3):263-83. Epub 2011/06/21. https://doi.org/10.
1177/1073191111411667 PMID: 21697139.

Radloff LS. The community mental health assessment survey and the CES-D scale. Epidemiologic
community surveys. 1983:66—79.

Kroenke K, Spitzer RL, Williams JBW. The PHQ-9: Validity of a brief depression severity measure.
Journal of general internal medicine: JGIM. 2001; 16(9):606—13. https://doi.org/10.1046/j.1525-1497.
2001.016009606.x PMID: 11556941

Derogatis LR, Melisaratos N. The Brief Symptom Inventory: an introductory report. Psychol Med. 1983;
13(3):595-605. Epub 1983/08/01. PMID: 6622612.

Bjorner JB. Solving the Tower of Babel Problem for Patient-Reported Outcome Measures: Comments
on: Linking Scores with Patient-Reported Health Outcome Instruments: A Validation Study and Com-
parison of Three Linking Methods. Psychometrika. 2021; 86(3):747-53. https://doi.org/10.1007/
$11336-021-09778-x PMID: 34145529

Siddique J, de Chavez PJ, Howe G, Cruden G, Brown CH. Limitations in Using Multiple Imputation to
Harmonize Individual Participant Data for Meta-Analysis. Prevention Science. 2018; 19(1):95-108.
https://doi.org/10.1007/s11121-017-0760-x PMID: 28243827

Franklin PD, Lurie J, Tosteson TD, Tosteson ANA. Integration of Registries with EHRs to Accelerate
Generation of Real-World Evidence for Clinical Practice and Learning Health Systems Research: Rec-
ommendations from a Workshop on Registry Best Practices. JBJS. 2020; 102(19):e110. https://doi.org/
10.2106/JBJS.19.01464 00004623-202010070-00013. PMID: 33027129

Kolen Brennan. Test Equating, Scaling, and Linking: Methods and Practices. 3rd ed. 2014. ed. New
York, NY: Springer New York; 2014.

Kaat AJ, Schalet BD, Rutsohn J, Jensen RE, Cella D. Physical function metric over measure: An illus-
tration with the Patient-Reported Outcomes Measurement Information System (PROMIS) and the
Functional Assessment of Cancer Therapy (FACT). Cancer. 2018; 124(1):153-60. https://doi.org/10.
1002/cncr.30981 PMID: 28885707

Schalet BD, Lim S, Cella D, Choi SW. Linking Scores with Patient-Reported Health Outcome Instru-
ments: A Validation Study and Comparison of Three Linking Methods. Psychometrika. 2021; 86
(3):717—46. https://doi.org/10.1007/s11336-021-09776-z PMID: 34173935

Choi SW, Schalet B, Cook KF, Cella D. Establishing a Common Metric for Depressive Symptoms: Link-
ing the BDI-II, CES-D, and PHQ-9 to PROMIS Depression. Psychological assessment. 2014; 26
(2):513-27. https://doi.org/10.1037/a0035768 PMID: 24548149

Dorans NJ. Linking scores from multiple health outcome instruments. Quality of Life Research. 2007;
16:85—-94. https://doi.org/10.1007/s11136-006-9155-3 PMID: 17286198

Thissen D, Pommerich M, Billeaud K, Williams VSL. ltem Response Theory for Scores on Tests Includ-
ing Polytomous ltems with Ordered Responses. Applied psychological measurement. 1995; 19(1):39—
49. https://doi.org/10.1177/014662169501900105

PLOS ONE | https://doi.org/10.1371/journal.pone.0278232 November 28, 2022 13/16


https://doi.org/10.1377/hlthaff.2015.1362
http://www.ncbi.nlm.nih.gov/pubmed/27044954
https://doi.org/10.4137/HSI.S11093
http://www.ncbi.nlm.nih.gov/pubmed/25114561
https://doi.org/10.1097/MLR.0b013e318268aaff
https://doi.org/10.1097/MLR.0b013e318268aaff
http://www.ncbi.nlm.nih.gov/pubmed/22922434
https://doi.org/10.1002/acr.20556
http://www.ncbi.nlm.nih.gov/pubmed/22588766
https://doi.org/10.1016/j.jclinepi.2010.04.011
https://doi.org/10.1016/j.jclinepi.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20685078
https://doi.org/10.1177/1073191111411667
https://doi.org/10.1177/1073191111411667
http://www.ncbi.nlm.nih.gov/pubmed/21697139
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
http://www.ncbi.nlm.nih.gov/pubmed/11556941
http://www.ncbi.nlm.nih.gov/pubmed/6622612
https://doi.org/10.1007/s11336-021-09778-x
https://doi.org/10.1007/s11336-021-09778-x
http://www.ncbi.nlm.nih.gov/pubmed/34145529
https://doi.org/10.1007/s11121-017-0760-x
http://www.ncbi.nlm.nih.gov/pubmed/28243827
https://doi.org/10.2106/JBJS.19.01464
https://doi.org/10.2106/JBJS.19.01464
http://www.ncbi.nlm.nih.gov/pubmed/33027129
https://doi.org/10.1002/cncr.30981
https://doi.org/10.1002/cncr.30981
http://www.ncbi.nlm.nih.gov/pubmed/28885707
https://doi.org/10.1007/s11336-021-09776-z
http://www.ncbi.nlm.nih.gov/pubmed/34173935
https://doi.org/10.1037/a0035768
http://www.ncbi.nlm.nih.gov/pubmed/24548149
https://doi.org/10.1007/s11136-006-9155-3
http://www.ncbi.nlm.nih.gov/pubmed/17286198
https://doi.org/10.1177/014662169501900105
https://doi.org/10.1371/journal.pone.0278232

PLOS ONE

Population invariance and crosswalks

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Villarreal-Zegarra D, Copez-Lonzoy A, Bernabé-Ortiz A, Melendez-Torres GJ, Bazo-Alvarez JC. Valid
group comparisons can be made with the Patient Health Questionnaire (PHQ-9): A measurement
invariance study across groups by demographic characteristics. PLOS ONE. 2019; 14(9):e0221717.
https://doi.org/10.1371/journal.pone.0221717 PMID: 31498796

Moore AA, Neale MC, Silberg JL, Verhulst B. Substance Use and Depression Symptomatology: Mea-
surement Invariance of the Beck Depression Inventory (BDI-1I) among Non-Users and Frequent-Users
of Alcohol, Nicotine and Cannabis. PLOS ONE. 2016; 11(4):e0152118. https://doi.org/10.1371/journal.
pone.0152118 PMID: 27046165

Skule C, Ulleberg P, Dallavara Lending H, Berge T, Egeland J, Brennen T, et al. Depressive Symptoms
in People with and without Alcohol Abuse: Factor Structure and Measurement Invariance of the Beck
Depression Inventory (BDI-Il) Across Groups. PLOS ONE. 2014; 9(2):e88321. https://doi.org/10.1371/
journal.pone.0088321 PMID: 24533075

Hill C, de Beer LT, Bianchi R. Validation and measurement invariance of the Occupational Depression
Inventory in South Africa. PLOS ONE. 2021; 16(12):e0261271. https://doi.org/10.1371/journal.pone.
0261271 PMID: 34914772

Galenkamp H, Stronks K, Mokkink LB, Derks EM. Measurement invariance of the SF-12 among differ-
ent demographic groups: The HELIUS study. PLOS ONE. 2018; 13(9):e0203483. https://doi.org/10.
1371/journal.pone.0203483 PMID: 30212480

Vleeschouwer M, Schubart CD, Henquet C, Myin-Germeys |, van Gastel WA, Hillegers MHJ, et al.
Does Assessment Type Matter? A Measurement Invariance Analysis of Online and Paper and Pencil
Assessment of the Community Assessment of Psychic Experiences (CAPE). PLOS ONE. 2014; 9(1):
e84011. https://doi.org/10.1371/journal.pone.0084011 PMID: 24465389

Dorans NJ, Holland PW. Population Invariance and the Equatability of Tests: Basic Theory and The Lin-
ear Case. Journal of educational measurement. 2000; 37(4):281-306. https://doi.org/10.1111/j.1745-
3984.2000.tb01088.x

Lord FM, Wingersky MS. Comparison of IRT True-Score and Equipercentile Observed-Score "Equat-
ings". Applied psychological measurement. 1984; 8(4):453—61. https://doi.org/10.1177/
014662168400800409

van der Linden WJ. A test-theoretic approach to observed-score equating. Psychometrika. 2000; 65
(4):437-56. https://doi.org/10.1007/BF02296337

Schalet BD, Cook KF, Choi SW, Cella D. Establishing a common metric for self-reported anxiety: linking
the MASQ, PANAS, and GAD-7 to PROMIS Anxiety. J Anxiety Disord. 2014; 28(1):88—-96. Epub 2014/
02/11. https://doi.org/10.1016/j.janxdis.2013.11.006 PMID: 24508596; PubMed Central PMCID:
PMC4046852.

Schalet BD, Revicki DA, Cook KF, Krishnan E, Fries JF, Cella D. Establishing a Common Metric for
Physical Function: Linking the HAQ-DI and SF-36 PF Subscale to PROMIS® Physical Function. Jour-
nal of general internal medicine: JGIM. 2015; 30(10):1517-23. https://doi.org/10.1007/s11606-015-
3360-0 PMID: 25990189

Tang X, Schalet BD, Hung M, Brodke DS, Saltzman CL, Cella D. Linking Oswestry Disability Index to
the PROMIS pain interference CAT with equipercentile methods. The spine journal. 2021. hitps://doi.
org/10.1016/j.spinee.2021.02.012 PMID: 33610807

Blackwell CK, Tang X, Elliott AJ, Thomes T, Louwagie H, Gershon R, et al. Developing a common met-
ric for depression across adulthood: Linking PROMIS depression with the Edinburgh Postnatal Depres-
sion Scale. Psychological Assessment. 2021. https://doi.org/10.1037/pas0001009 PMID: 34060864

Heng M, Tang X, Schalet BD, Collins AK, Chen AF, Melnic CM, et al. Can the Knee Outcome and Oste-
oarthritis Score (KOOS) Function Subscale Be Linked to the PROMIS Physical Function to Crosswalk
Equivalent Scores? Clin Orthop Relat Res. 2021. Epub 2021/06/12. https://doi.org/10.1097/corr.
0000000000001857 PMID: 34114974.

Kaat AJ, Newcomb ME, Ryan D, T., Mustanski B. Expanding a common metric for depression reporting:
linking two scales to PROMIS® depression. Quality of life research. 2017; 26(5):1119-28. https://doi.
org/10.1007/s11136-016-1450-z PMID: 27815821

Cook KF, Benjamin DS, Michael AK, Joshua PR, David C. Establishing a common metric for self-
reported pain: linking BPI Pain Interference and SF-36 Bodily Pain Subscale scores to the PROMIS
Pain Interference metric. Quality of life research. 2015; 24(10):2305—18. https://doi.org/10.1007/
s11136-015-0987-6 PMID: 25894063

Gorbach PM, Siminski S, Ragsdale A. Cohort Profile: The Collaborating Consortium of Cohorts Produc-
ing NIDA Opportunities (C3PNO). International journal of epidemiology. 2021; 50(1):31—40. https://doi.
org/10.1093/ije/dyaa163 PMID: 33682886

Arseniou S, Arvaniti A, Samakouri M. HIV infection and depression. Psychiatry and clinical neurosci-
ences. 2014; 68(2):96—109. https://doi.org/10.1111/pcn. 12097 PMID: 24552630

PLOS ONE | https://doi.org/10.1371/journal.pone.0278232 November 28, 2022 14/16


https://doi.org/10.1371/journal.pone.0221717
http://www.ncbi.nlm.nih.gov/pubmed/31498796
https://doi.org/10.1371/journal.pone.0152118
https://doi.org/10.1371/journal.pone.0152118
http://www.ncbi.nlm.nih.gov/pubmed/27046165
https://doi.org/10.1371/journal.pone.0088321
https://doi.org/10.1371/journal.pone.0088321
http://www.ncbi.nlm.nih.gov/pubmed/24533075
https://doi.org/10.1371/journal.pone.0261271
https://doi.org/10.1371/journal.pone.0261271
http://www.ncbi.nlm.nih.gov/pubmed/34914772
https://doi.org/10.1371/journal.pone.0203483
https://doi.org/10.1371/journal.pone.0203483
http://www.ncbi.nlm.nih.gov/pubmed/30212480
https://doi.org/10.1371/journal.pone.0084011
http://www.ncbi.nlm.nih.gov/pubmed/24465389
https://doi.org/10.1111/j.1745-3984.2000.tb01088.x
https://doi.org/10.1111/j.1745-3984.2000.tb01088.x
https://doi.org/10.1177/014662168400800409
https://doi.org/10.1177/014662168400800409
https://doi.org/10.1007/BF02296337
https://doi.org/10.1016/j.janxdis.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24508596
https://doi.org/10.1007/s11606-015-3360-0
https://doi.org/10.1007/s11606-015-3360-0
http://www.ncbi.nlm.nih.gov/pubmed/25990189
https://doi.org/10.1016/j.spinee.2021.02.012
https://doi.org/10.1016/j.spinee.2021.02.012
http://www.ncbi.nlm.nih.gov/pubmed/33610807
https://doi.org/10.1037/pas0001009
http://www.ncbi.nlm.nih.gov/pubmed/34060864
https://doi.org/10.1097/corr.0000000000001857
https://doi.org/10.1097/corr.0000000000001857
http://www.ncbi.nlm.nih.gov/pubmed/34114974
https://doi.org/10.1007/s11136-016-1450-z
https://doi.org/10.1007/s11136-016-1450-z
http://www.ncbi.nlm.nih.gov/pubmed/27815821
https://doi.org/10.1007/s11136-015-0987-6
https://doi.org/10.1007/s11136-015-0987-6
http://www.ncbi.nlm.nih.gov/pubmed/25894063
https://doi.org/10.1093/ije/dyaa163
https://doi.org/10.1093/ije/dyaa163
http://www.ncbi.nlm.nih.gov/pubmed/33682886
https://doi.org/10.1111/pcn.12097
http://www.ncbi.nlm.nih.gov/pubmed/24552630
https://doi.org/10.1371/journal.pone.0278232

PLOS ONE

Population invariance and crosswalks

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Conner KR, Pinquart M, Duberstein PR. Meta-analysis of depression and substance use and
impairment among intravenous drug users (IDUs). Addiction (Abingdon, England). 2008; 103(4):524—
34. https://doi.org/10.1111/j.1360-0443.2007.02118.x PMID: 18261192

Schalet BD, Janulis P, Kipke MD, Mustanski B, Shoptaw S, Moore R, et al. Psychometric Data Linking
Across HIV and Substance Use Cohorts. AIDS and behavior. 2020; 24(11):3215-24. https://doi.org/10.
1007/s10461-020-02883-5 PMID: 32430605

Cella D, Yount S, Rothrock N, Gershon R, Cook K, Reeve B, et al. The Patient-Reported Outcomes
Measurement Information System (PROMIS): Progress of an NIH Roadmap Cooperative Group during
Its First Two Years. Medical care. 2007; 45(5):S3-S11. https://doi.org/10.1097/01.mIr.0000258615.
42478.55 PMID: 17443116

Schalet BD, Pilkonis PA, Yu L, Dodds N, Johnston KL, Yount S, et al. Clinical validity of PROMIS
Depression, Anxiety, and Anger across diverse clinical samples. J Clin Epidemiol. 2016; 73:119-27.
Epub 2016/02/27. https://doi.org/10.1016/j.jclinepi.2015.08.036 PMID: 26931289.

Mustanski B, Morgan E, D’Aquila R, Birkett M, Janulis P, Newcomb ME. Individual and Network Factors
Associated With Racial Disparities in HIV Among Young Men Who Have Sex With Men: Results From
the RADAR Cohort Study. J Acquir Immune Defic Syndr. 2019; 80(1):24—-30. Epub 2018/10/27. https:/
doi.org/10.1097/QAI1.0000000000001886 PMID: 30365451; PubMed Central PMCID: PMC6289601.

Swann G, Newcomb ME, Crosby S, Mroczek DK, Mustanski B. Historical and Developmental Changes
in Condom Use Among Young Men Who Have Sex with Men Using a Multiple-Cohort, Accelerated Lon-
gitudinal Design. Archives of sexual behavior. 2019; 48(4):1099-110. https://doi.org/10.1007/s10508-
019-1407-8 PMID: 30888554

Kipke MD, Kubicek K, Wong CF, Robinson YA, Akinyemi IC, Beyer WJ, et al. A Focus on the HIV Care
Continuum Through the Healthy Young Men’s Cohort Study: Protocol for a Mixed-Methods Study. JMIR
research protocols. 2019; 8(1):e10738—e. https://doi.org/10.2196/10738 PMID: 30679146

Ford WL, Weiss G, Kipke MD, Ritt-Olson A, Iverson E, Lopez D. The Healthy Young Men’s Study: Sam-
pling Methods to Recruit a Random Cohort of Young Men Who Have Sex with Men. J Gay Lesbian Soc
Serv. 2009; 21(4):357-73. Epub 2010/09/09. https://doi.org/10.1080/10538720802498280 PMID:
20823947; PubMed Central PMCID: PMC2930784.

Derogatis LR. The brief symptom inventory (BSI): administration, scoring & procedures manual-I1: Clini-
cal Psychometric Research; 1992.

Kim S. A Comparative Study of IRT Fixed Parameter Calibration Methods. Journal of educational mea-
surement. 2006; 43(4):355-81. https://doi.org/10.1111/j.1745-3984.2006.00021.x

Cai L. Lord-Wingersky Algorithm Version 2.0 for Hierarchical Item Factor Models with Applications in
Test Scoring, Scale Alignment, and Model Fit Testing. Psychometrika. 2015; 80(2):535-59. https://doi.
org/10.1007/s11336-014-9411-3 PMID: 25233839

Browne MW, Cudeck R. Alternative Ways of Assessing Model Fit. Sociological Methods & Research.
1992; 21(2):230-58.

Hancock GR, Mueller RO, Stapleton LM. The Reviewer’s Guide to Quantitative Methods in the Social
Sciences. New York, NY: Routledge; 2010.

Lt Hu, Bentler PM. Cutoff criteria for fit indexes in covariance structure analysis: Conventional criteria
versus new alternatives. Structural Equation Modeling: A Multidisciplinary Journal. 1999; 6(1):1-55.

McDonald RP. Test Theory: A Unified Treatment. Mahwah, NJ: Lawrence Earlbaum Associates Inc;
1999.

Zinbarg RE, Revelle W, Yovel |, Li WJP. Cronbach’s a, Revelle’s 8, and Mcdonald’s wH: their relations
with each other and two alternative conceptualizations of reliability. Psychometrika. 2005; 70:123-33.

Reise SP, Bonifay WE, Haviland MGc. Scoring and modeling psychological measures in the presence
of multidimensionality. J Pers Assess. 2013; 95:129-40. https://doi.org/10.1080/00223891.2012.
725437 PMID: 23030794

Revelle W. psych: Procedures for Psychological, Psychometric, and Personality Research. R package
version 1.9.12, https://CRAN.R-project.org/package=psych. Evanston, IL: Northwestern University;
2019.

Choi SW, Lim S. PROsetta: Linking Patient-Reported Outcomes Measures. R package version 0.1.4.
https://CRAN.R-project.org/package=PROsetta. 2020.

Siu AL, Force atUPST. Screening for Depression in Adults: US Preventive Services Task Force Recom-
mendation Statement. JAMA. 2016; 315(4):380-7. https://doi.org/10.1001/jama.2015.18392 PMID:
26813211

Bryce BR, David T, Darren AD, Huang IC, Yang L, Brooke M, et al. Linkage between the PROMIS®
pediatric and adult emotional distress measures. Quality of life research. 2016; 25(4):823-33. https://
doi.org/10.1007/s11136-015-1143-z PMID: 26424169

PLOS ONE | https://doi.org/10.1371/journal.pone.0278232 November 28, 2022 15/16


https://doi.org/10.1111/j.1360-0443.2007.02118.x
http://www.ncbi.nlm.nih.gov/pubmed/18261192
https://doi.org/10.1007/s10461-020-02883-5
https://doi.org/10.1007/s10461-020-02883-5
http://www.ncbi.nlm.nih.gov/pubmed/32430605
https://doi.org/10.1097/01.mlr.0000258615.42478.55
https://doi.org/10.1097/01.mlr.0000258615.42478.55
http://www.ncbi.nlm.nih.gov/pubmed/17443116
https://doi.org/10.1016/j.jclinepi.2015.08.036
http://www.ncbi.nlm.nih.gov/pubmed/26931289
https://doi.org/10.1097/QAI.0000000000001886
https://doi.org/10.1097/QAI.0000000000001886
http://www.ncbi.nlm.nih.gov/pubmed/30365451
https://doi.org/10.1007/s10508-019-1407-8
https://doi.org/10.1007/s10508-019-1407-8
http://www.ncbi.nlm.nih.gov/pubmed/30888554
https://doi.org/10.2196/10738
http://www.ncbi.nlm.nih.gov/pubmed/30679146
https://doi.org/10.1080/10538720802498280
http://www.ncbi.nlm.nih.gov/pubmed/20823947
https://doi.org/10.1111/j.1745-3984.2006.00021.x
https://doi.org/10.1007/s11336-014-9411-3
https://doi.org/10.1007/s11336-014-9411-3
http://www.ncbi.nlm.nih.gov/pubmed/25233839
https://doi.org/10.1080/00223891.2012.725437
https://doi.org/10.1080/00223891.2012.725437
http://www.ncbi.nlm.nih.gov/pubmed/23030794
https://CRAN.R-project.org/package=psych
https://CRAN.R-project.org/package=PROsetta
https://doi.org/10.1001/jama.2015.18392
http://www.ncbi.nlm.nih.gov/pubmed/26813211
https://doi.org/10.1007/s11136-015-1143-z
https://doi.org/10.1007/s11136-015-1143-z
http://www.ncbi.nlm.nih.gov/pubmed/26424169
https://doi.org/10.1371/journal.pone.0278232

PLOS ONE

Population invariance and crosswalks

58. Tulsky DS, Tulsky DS, Kisala PA, Kisala PA, Boulton AJ, Boulton AJ, et al. Determining a transitional
scoring link between PROMIS® pediatric and adult physical health measures. Quality of life research.
2019; 28(5):1217-29. https://doi.org/10.1007/s11136-018-2073-3 PMID: 30539361

59. Fiske A, Wetherell JL, Gatz M. Depression in older adults. Annu Rev Clin Psychol. 2009; 5:363-89.
https://doi.org/10.1146/annurev.clinpsy.032408.153621 PMID: 19327033.

PLOS ONE | https://doi.org/10.1371/journal.pone.0278232 November 28, 2022 16/16


https://doi.org/10.1007/s11136-018-2073-3
http://www.ncbi.nlm.nih.gov/pubmed/30539361
https://doi.org/10.1146/annurev.clinpsy.032408.153621
http://www.ncbi.nlm.nih.gov/pubmed/19327033
https://doi.org/10.1371/journal.pone.0278232



