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ABSTRACT

Background: Previous analyses demonstrated a lack of unidimensionality, item redundancy, and sub-
stantial administrative burden for the Brain Injury Rehabilitation Trust Personality Questionnaires (BIRT-
PQs).

Objective: To use Rasch Analysis to calibrate five short-forms of the BIRT-PQs, satisfying the Rasch model
requirements.

Methods: BIRT-PQs data from 154 patients with severe Acquired Brain Injury (s-ABI) and their caregivers
(total sample = 308) underwent Rasch analysis to examine their internal construct validity and reliability
according to the Rasch model.

Results: The base Rasch analyses did not show sufficient internal construct validity according to the Rasch
model for all five BIRT-PQs. After rescoring 18 items, and deleting 75 of 150 items, adequate internal
construct validity was achieved for all five BIRT-PQs short forms (model chi-square p-values ranging from
0.0053 to 0.6675), with reliability values compatible with individual measurements.

Conclusions: After extensive modifications, including a 48% reduction of the item load, we obtained five
short forms of the BIRT-PQs satisfying the strict measurement requirements of the Rasch model. The
ordinal-to-interval measurement conversion tables allow measuring on the same metric the perception of
the neurobehavioral disability for both patients with s-ABI and their caregivers.
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Introduction their caregivers (3,4,5). Interestingly, neurobehavioral changes

due to ABI were better predictors of subjective family distress
than disease severity or cognitive impairments (6). As a result,
the ongoing social and family burden of care remains high.
Despite their clinical relevance for the health status, only
a few clinical measures have been developed to assess neuro-

Behavioral disorders are frequent in acquired brain injuries
(ABI), both of traumatic and non-traumatic origin (TBI and
non-TBI, respectively) (1,2). The prevalence of such disorders
ranges between 30% and 60% of individuals with TBI and non-
TBI|, respectively. Several authors (1,2) referred to these beha-

vioral disorders as neurobehavioral or personality changes (or
neurobehavioral disability) affecting the activity and social par-
ticipation of individuals post-ABI. Manifestations of these
changes might range from apathy, impulsivity, and extreme
sensitivity to criticism, to aggression and difficulties building
and/or maintaining a reciprocal relationship. Furthermore, neu-
robehavioral disability has been strongly associated with poor
health outcomes on the quality of life of subjects post-ABI and

behavioral changes after ABI (7,8). Oddy et al (9) proposed the
Brain Injury Rehabilitation Trust Personality Questionnaires
(BIRT-PQs), a set of novel patient-reported outcome measures
aimed at investigating neurobehavioral disability occurring in
individuals with ABI. The BIRT-PQs include five separate
questionnaires (each available in parallel forms for patient
and caregiver), for a total of 150 items, which assess various
areas of neurobehavioral changes following severe ABI (s-ABI).
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Although preliminary analyses supported the internal con-
sistency, test-retest reliability, and the external construct valid-
ity of the five BIRT-PQs (2,9,10), we recently conducted
a multicenter psychometric study on the Italian version of the
BIRT-PQs (11), which somehow challenged this initial evi-
dence. In particular, our study focused on the internal con-
struct validity (ICV) of the BIRT-PQs on a pooled sample of
data (N = 308) from the patients and their respective caregivers
within the Classical Test Theory (CTT) psychometric frame-
work. ICV aims to establish the validity of the total score of
a scale by comparing the psychometric performance of its
items to that predicted by a measurement model (12,13).
Notably, an internal consistency analysis revealed that, despite
good overall internal consistency values for each scale, several
items within each questionnaire contributed much less than
expected to the total score.

A Confirmatory Factor Analysis (CFA) confirmed this find-
ing showing the misfit of the data of each scale to a one-factor
model, which suggests a lack of unidimensionality for the total
scores. Furthermore, the baseline CFAs showed another severe
violation of ICV, represented by the presence of local depen-
dency (LD) between 110 pairs of items, which indicated item
redundancy. Indeed, after accounting for this LD, the fit to
a one-factor CFA model improved significantly, thus suggest-
ing that item redundancy could be an essential source of the
misfit. Beyond multidimensionality and LD, another critical
source of misfit for ICV is the violation of multi-group invar-
iance. It occurs when one or more items give different success
rates for two or more groups at the same ability level (14)
Unfortunately, we were unable to test for possible violations
of multi-group invariance by etiology and respondent, given
the larger sample size needed for this kind of analysis within
the CTT framework (8).

Overall, the above results paved the way for a more in-depth
assessment of the ICV of the BIRT-PQs within the Rasch
Measurement Theory (RMT) framework. Rasch analysis
(15,16,17) is the statistical process of testing whether the
responses to the items of a scale or questionnaire fit the mea-
surement and psychometric requirements of a family of math-
ematical models named the ‘Rasch models’ (18) after the
Danish mathematician Georg Rasch (1901-1980). In fact, the
RMT allows detailed testing and adjusting for all violations of
ICV requirements (12) including violations of unidimension-
ality (15,19,20), local independence (19,21), monotonicity
(15,19), and multi-group invariance (also known as
Differential Item Functioning [DIF]) for different factors,
such as gender, age, etiology, and respondent (15,16,19,22).
Within the RMT, the analysis of DIF is performed, item by
item, on the whole dataset, thus allowing to test for DIF by
respondents (patient vs. caregiver) on the pooled data and
circumventing the sample size limitations imposed by the
CTT methods.

Furthermore, the RMT offers a variety of techniques to
adjust for the ICV requirements violations, including the pos-
sibility to delete misfitting or redundant items. This is desirable
for the BIRT-PQs because we showed not only item redun-
dancy within the CTT analyses (11), but we also demonstrated
that the BIRT-PQs were demanding instruments in terms of
administration time, both for patients and caregivers. Beyond

ICV, it is possible to assess also the separation reliability and
the targeting of the scale to the sample (15,23,24). Finally, the
RMT allows testing for item invariance (homogeneity), which
implies that the difficulty order of the items is independent of
the ability of the persons affirming them (15,17,24). Invariance
constitutes a salient feature of all measurement processes
within the physical sciences. Indeed, the Rasch models are
considered a stochastic operationalization of the formal axioms
of Additive Conjoint Measurement, a general measurement
theory (25,26). Therefore, within the RMT, when data fit the
model’s requirements, item difficulties and person abilities will
be estimated along the same measurement continuum. Thus,
given some specific statistical properties acquired by the total
score (i.e., specific objectivity and sufficiency), it will be possi-
ble to transform it from an ordinal to a linear interval-level
scale of neurobehavioral change, whose unit of measurement is
the logit (15,17,27,28).

Therefore, this study aimed: 1) to assess the ICV of the five
BIRT-PQs within the RMT framework; 2) to address any
threats to the ICV of the BIRT-PQs, using primarily item
reduction techniques, to develop shorter forms of the BIRT-
PQ; 3) to ensure that these shorter forms have adequate ICV
and sufficient precision for individual person measurement.

Methods
Subjects and setting

Full details on the study methodology, including the enroll-
ment procedures and the setting, were provided elsewhere (11).
Briefly, eleven Italian neurorehabilitation centers for patients
with brain injury enrolled consecutively the participants and
their caregivers from April 2016 to December 2017. Individuals
with brain injury met the inclusion criteria if aged between
18-70 years, suffered from a severe ABI characterized at the
onset by lack of consciousness (Glasgow Coma Scale <8) last-
ing more than 24 hours, had a Level of Cognitive Functioning
score 27 at the time of enrollment, and were independent
before the s-ABI (i.e., modified Barthel Index = 100) (11).
Exclusion criteria were the presence of severe aphasia and
previous history of neurological and psychiatric disorders.
The local Ethical Committees of the participating centers
approved the study, which was carried out following the prin-
ciples outlined in the Helsinki declaration (29). Participants
and their respective caregivers gave their written informed
consent to take part in the study.

Outcome measures

The BIRT-PQs (9,10,30) are a set of patient-reported outcome
measures, making up five separate questionnaires: motivation
(BMQ, 34 items), regulation of emotions (BREQ, 32 items),
social cognition (BSCQ, 28 items), disinhibition (BDQ, 24
items), and impulsivity (BIQ, 32 items). The BIRT-PQs are
available in two versions: a self-rated patient version and
a caregiver-rated version. The former casts light on the
patient’s perception of his/her own aspects of neurobehavioral
changes, whereas the latter considers the caregiver’s perspec-
tive on the same elements of their relative. Each item is rated



on a 4-level Likert scale, ranging from 1 (always) to 4 (never).
The total score of each questionnaire is computed by summing
the scores of each item: BMQ: ranged from 34 to 136 points;
BREQ from 32 to 128; BSCQ from 28 to 112; BDQ from 24 to
96; and BIQ from 32 to 128. Higher total scores indicate higher
degrees of neurobehavioral disability. The Italian versions of
the BIRT-PQs (31)were administered to all patients and their
caregivers before starting their physical therapy program.

Assessment of the conceptual content of the BIRT-PQ

This procedure was performed to facilitate the interpretation of
the findings of the Rasch analyses and to guide the scale
modification procedures. Two authors (FLP and BB) con-
ducted an appraisal of the conceptual content of each BIRT-
PQ separately by linking the items of each questionnaire to the
conceptual categories suggested by Hyde (30). Linking incon-
sistencies and difficulties were subsequently resolved in a joint
session, also involving three of the other authors (ADT, SC,
LP), where conceptual categories deemed to be too similar
were collapsed to find the minimum set of theoretical facets
represented by each questionnaire.

Rasch analysis

Rasch analysis has been described in detail elsewhere
(13,32,33,34,35). A full description of the methods used to
assess the measurement quality of a scale within the current
Rasch analysis is available in Appendix 1 (supplemental digital
content). The choice of the appropriate polytomous Rasch
model (rating scale vs. partial credit) was made based on the
results of a Fisher’s likelihood ratio test run for each BIRT-PQs
(36). To interpret the Rasch analysis outputs, we reported the
following summary statistics:

e Fitness to the Rasch model relates to the stochastically
invariant ordering of the items. It was summarized using
the mean and the standard deviation (SD) of the item and
person fit residuals, as well as a summary chi-square
interaction statistic. We considered an adequate fit to
the model achieved when the SD of the item and the
person fit residuals was <1.4 (37), and the summary chi-
square was not significant (i.e., values were above the
Bonferroni correction), thus indicating no deviation
from the model's expectations (33,38).

e ICV requirements. We summarized the findings using
the following summary statistics:

a. Unidimensionality, which prescribes that all items in
a scale must measure a single underlying construct
(34,39). We tested this critical ICV requirement
employing a paired t-test conducted on separate esti-
mates for each subject (derived from subsets of items
identified by principal component analysis of the resi-
duals) (20). We considered strict unidimensionality
achieved when both the proportion of significant
tests (PST) and the lower bound of the binomial con-
fidence interval for proportions (BCI) were below 5%.
In contrast, unidimensionality was considered accep-
table when only the BCI was <5%.
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b. Monotonicity, which prescribes that the probability of

endorsing an item or response option indicative of
higher neurobehavioral disability should increase
with the increase of the underlying latent trait. This
requirement was summarized as the percentage of
items with disordered thresholds (T-DT), expecting
a value of 0% for adequate monotonicity.

. Local independence prescribes that all the variation

among responses to an item is accounted for by the
person’s ability only and, therefore, for the same value
of ability, there is no further systematic relationship
among responses. We considered items to be locally
independent if their residual correlation was above
a Local Dependency Relative Cutoff (LDRC), calcu-
lated by adding 0.2 to the average of residual correla-
tions, after having removed the association of each
item to itself, equal to 1 (34,40). We summed all the
correlation coeflicients of the residuals above the
LDRC to obtain a total value of LD (T-DL), where 0
indicates the complete absence of LD.

. Absence of DIF prescribes that an item must be invar-

iant also across relevant subgroups (or person factors),
such as gender or age. In this case, different groups of
persons, with equal levels of the underlying character-
istics within a person factor, respond in the same
manner regardless of their group membership. We
tested the presence of DIF with a two-way ANOVA
for each item, where scores are compared across each
level of the person factor and different ability levels, as
summarized by the class intervals. DIF is present when
the p-values of ANOVA are significant below the
Bonferroni-correction (41). We summarized the
amount of DIF (T-DIF) by obtaining the absolute
value of the base-ten logarithm of the sum of all
significant p-values across all items and all person
factors. T-DIF values range from zero to infinite,
where zero indicated no DIF. We tested the following
person factors within the DIF analysis: age (under
48 years vs. over 48 years, based on the median age
calculated on the total sample); gender (male vs.
female); educational level (under 8 years vs. over
8 years); etiology (TBI vs. no TBI); time since lesion
(above 18 months vs. below 18 months, based on the
median time since lesion computed on all patients);
and respondent (patients vs. caregivers).

e Reliability and targeting were summarized as follows:
a. Targeting, which indicates how well the measurement

range of the scale matches the distribution of the
calibrating sample (23), was assessed in terms of
floor and ceiling effects and Targeting Index (TI).
We established that targeting was good and fair for
ranges of TI [-1, +1] and [-2, +2], respectively.

. Separation reliability, which is the ability of the scale

to separate persons effectively based on their level of
ability, was expressed as Person Separation Index
(PSI), Cronbach’s alpha (a), number of statistically
Distinct Levels of Performance Ability (DLPA) (35),
and Distribution-Independent Person Separation
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Index (DI-PSI) (42). We established that PSI or DI-
PSI values 20.85 and >0.70<0.84 were sufficient for
individual person and group-level measurements,
respectively(43-45).

When the data did not fit the Rasch model (as it is often the
case), the questionnaires were progressively modified to adjust
for the violations of the ICV requirements. This process, which
we undertook iteratively, was based on post-hoc item modifi-
cations that were:

(a) Structural, where the structure of the scale was actively
modified, either because of rescoring or deleting an
item. These modifications affected the total score range.
Statistical, where the structure of the scale was unmo-
dified (the total score range remained unchanged), but
these adjustments (testlets creation and item splitting)
affected mainly the conversion of the total score into
interval level estimates of ability.

(b)

Considering the second aim of the present study (i.e., to ease
questionnaires administration), we gave priority to structural
modifications in case of lack of fitness to the model, by
performing:

e Jtem rescoring, which is the collapsing of adjacent
response categories of the same item to resolve the viola-
tions of monotonicity. Published guidelines were fol-
lowed (46), and the rescoring pattern was carried out to
maximize statistical indexes and clinical meaning (13,47);

e Item deletion, where one item at a time was deleted
according to the following criteria: the presence of LD
with one or more items, misfit to the model requirements,
presence of DIF, lower number of response categories,
and clinical meaning (13,48);

Should the above approaches failed, item grouping for creating
‘testlets’ (49) and item splitting (22) would be performed to
account for any remaining violation of the local independence
and absence of uniform-DIF requirements, respectively. Fitness
to the Rasch model, ICV requirements, reliability, and targeting
were all assessed for the original scale (base analysis) and, then,
after each scale modification, to ascertain whether adequate
model fit was achieved. This process was repeated cyclically
until no further changes were needed and/or possible.

Statistical notes, software and sample size issues

Rasch analysis was run with RUMM2030 software (50). It
was estimated that a sample size of about 300 subjects
would be sufficient to estimate item difficulty with a of
0.01 to <*0.5 logits, irrespective of the targeting of persons
to items (51). A significance value of 0.05 was used
throughout and corrected for the number of tests by
Bonferroni correction (52). We wused the RUMM
Logbook™ (53), an ad hoc Excel 2007™ application devel-
oped using Microsoft Visual Basic™ macros to facilitate the
interpretation of the results of each Rasch analysis. A free
copy of this application is available from the corresponding
author upon request.

Results
Sample characteristics

One-hundred and fifty-four subjects with s-ABI (mean age:
41.9 years; SD: 14.4; 68.8% males) and their 154 respective
caregivers (mean age: 52.1 years; SD: 12.3; 68.8% females)
were enrolled in this study. The main demographic and clinical
characteristics of participants are reported in Table 1. Further
detailed characteristics are available elsewhere (11).

Rasch analysis summary

Within the present study, the Rasch analyses were based on the
partial credit parameterization of the Rasch model, as Fisher’s
likelihood ratio tests performed on each scale were all signifi-
cant, thus rejecting the simpler rating scale model. Briefly, the
base Rasch analyses failed to demonstrate adequate fit to the
Rasch model and satisfaction of all the ICV requirements for all
five BIRT-PQs, including LD, item misfit, disordered thresh-
olds (DT), and presence of DIF.

However, after extensive structural modifications, which
reduced the total item load of the five BIRT-PQs from 150 to
78 items, we were able to achieve adequate fit to the Rasch
model and the satisfaction of the ICV requirements with relia-
bility levels compatible with person measurement for all five
BIRT-PQ. Table 2 displays a summary of the Rasch analysis of
each BIRT-PQ.

The specific tables detailing the item fit statistics and the
scoring model for the final solution of each BIRT-PQs are
presented in Appendix 2 (supplemental digital content).
Besides, the targeting graphs of each final solution are

Table 1. Main demographic and clinical characteristics of the sample (N = 308).

Patients Caregivers
Variable (N = 154) (N = 154)
Age (years) 41.9 £ 14.4% 52.1 +12.3*
Gender
Males 68.8% 31.2%
Females 31.2% 57.8%
Missing 0.0% 11.0%
Education
Primary 2.6% 5.8%
Secondary 31.2% 30.5%
High 48.7% 37.7%
Degree 16.9% 13.6%
Post-degree 0.0% 1.3%
Missing 0.6% 11.0%
Etiology
Traumatic brain injury 61.0% -
Intracerebral hemorrhage 13.0% -
Subarachnoid hemorrhage 9.7% -
Ischemic stroke 6.5% -
Anoxia 4.5% -
Other 5.2% -
Time since lesion (months) 26.3 + 19.6* -
BIRT-PQs®

Motivation (range 34-136)
Emotional regulation (range
32-138)

Social cognition (range 28-112)
Disinhibition (range 24-96)
Impulsivity (range 32-128)

63.0 [49.0, 84.0]+
50.0 [38,0, 72.8]t

68.0 [48.0, 98.1]1
51.0 [40.0, 78.0]t
46.0 [38.0, 62.8]T  45.0 [34.0, 69.0]t
42.0[34.0,52.71t  43.0 [34.0, 57.0]F
56.0 [45.0, 73.8]  59.0 [44.0, 78.2]t

Abbreviations: BIRT-PQ, Brain Injury Rehabilitation Trust; N, number of cases.

Notes:

All data are reported as a percentage, except * which indicates mean + SD, and 1,
which indicates median and the interpercentile range [10P, 90P].

higher values indicate a higher level of behavioral disturbance.




displayed in Figure 1. Also, we reported in Table 3 the raw
score to interval-level measure conversion table for the final
analyses of each BIRT-PQ. The patient and relative versions of
BIRT-PQs short-forms are presented in Appendix 3 and 4,
respectively. Finally, the Italian versions (patient and caregiver)
of the BIRT-PQs short-forms are available at https://sstefano.
it/birt-short-version.

Figure 2 provides the BIRT-PQ patient-caregiver profiles for
four different cases in the sample. In each chart, after normal-
izing the measurement range of all questionnaires into a 0-100
rescaled logit range, the patient’s rating was plotted against the
caregiver’s rating. In this way, it is possible to appraise both
substantial disagreements between the two measures and the
hierarchy of the severity of the neurobehavioural disability
captured by the five BIRT-PQ.

BIRT motivation questionnaire (BMQ)

We identified five main conceptual facets of the BMQ: affec-
tive-emotional (including anhedonia, hopelessness, indiffer-
ence, and lethargy), indecision/lack of ideas, difficulties to
initiate a task, lack of organization, and distractability/
perseverance.

As shown in Table 2, the base analysis showed that the
original 34-item BMQ failed to satisfy the requirements of
stochastic invariance (X2136 = 310.0; p < 0.001) and monotoni-
city as two items showed DT, local independence (26 items had
their residual correlation above the LDRC, here set at 0.171),
unidimensionality (lower BCI = 11.0%), and absence of DIF
(BMQ29, BMQ21, BMQ33 displayed uniform DIF).
Furthermore, five items (BMQO01, BMQO06, BMQ13, BMQ18,
BMQ32) were underfitting the model (item fit residuals ran-
ging from 2.909 to 4.186).

After rescoring two items with DT, we dealt with clusters of
locally dependent items. As expected, we found the higher
residual correlations, indicative of LD, within the conceptual
facets identified by the content analysis. For instance, the item
‘I feel energetic’ (BMQ30) was locally dependent with ‘I achieve
my goals’ (BMQ21), ‘I am an enthusiastic person’ (BMQ24),
‘I enjoy life (BMQ29), ‘I am good at making new friends
(BMQ32), and ‘I have a lot of gets up and go’ (BMQI11),
which were all linked to the ‘affective-emotional” facet. Some
items were subsequently deleted because misfitting, as ‘I am
good at making new friends’ (BMQ32) and ‘I plan my week and
make arrangements for things to do’ (BMQO6), possibly because
these items may be influenced by other constructs external to
motivation, such as social abilities and executive functions,
respectively. Another item, ‘I enjoy life, was deleted because
displaying uniform-DIF by the respondent, as patients were
more likely to affirm higher scores (indicative of higher levels
of perceived motivational impairment) than caregivers given
the same level of the construct.

After deleting 15 items in total (80% for LD), the final 19-
item set (BMQ-SF19) showed adequate fit to the Rasch model
(X*76 = 11.2; p = .005; Bonferroni-adjusted p-value = 0.003) and
satisfied the requirements of monotonicity, acceptable unidi-
mensionality (PST = 6.2%; lower BCI = 4.6%), and absence of
DIF. There was some left-over LD between a pair of items
(BMQ22 and BMQ27), which had a residual correlation of
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0.175, which was a value slightly above the LDRC, here set at
0.146). Furthermore, BMQO03 showed marginal under-fit to the
model (fit residual = 2.833), indicating that the responses to
this item were too unpredictable compared to the model’s
expectations. At the content level, all five facets were equally
represented in the final scale. The item hierarchy showed that
‘distractability/perseverance’ (average item difficulty in logits:
—0.438) was the facet associated with the lower levels of moti-
vational impairments. ‘Affective/emotional’ (-0.044 logits),
‘indecision/lack of ideas’ (+0.021 logits), and ‘difficulty to initi-
ate’ (+0.035 logits), were, on average, associated to increasing
levels of motivational impairment, whereas ‘lack of organiza-
tion’ (average item difficulty in logits: +0.194) was the facet
associated to the higher degree of motivational impairment.

Overall, the scale appeared to be off-target (Figure 1a), as
the TT was —3.129, indicating that the mean item difficulty was
higher than the mean ability of the sample. Both the PSI and
the DI-PSI (0.881 and 0.973, respectively) indicated that the
scale was adequate for individual person measurement (Table
2). The deleted items, the item fit statistics, and the scoring
model for the BMQ-SF19 are reported in Appendix 2a. The
total score of the BMQ-SF19 ranged from 0 to 57 points
(Table 3).

BIRT emotional regulation questionnaire (BREQ)

Within the BREQ, we identified four main conceptual
facets: ‘emotional lability/mood swings’, ‘irritability/lack of
emotional control’, ‘no reasons/cause for the behavior’, and
‘outburst consequences’.

As reported in Table 2, the initial Rasch analysis showed
that the original 32-item set of the BREQ misfitted the model,
failing the requirements of the stochastic ordering of the items
(X2128 = 564.6; p < 0.001), monotonicity (eight items had DT),
local independence (25 items had residual correlation values
higher than the LDRC, here set at 0.174), and presence of DIF
by the respondent for one item. However, its unidimension-
ality was acceptable (lower BCI = 4.6%). Five items (BREQO1,
BREQO02, BREQO5, BREQ16, BREQ26) were under-fitting the
model (i.e., their response pattern was too unpredictable),
whereas six items (BREQ06, BREQOS8, BREQ24, BREQ25,
BREQ28, BREQ29) over-fitted the model (i.e., their response
pattern was too predictable).

After rescoring all items with DT, locally dependent items
were dealt with. For instance, ‘my mood can change quickly for
no reason’ (BREQO5) was found to be locally dependent with
‘I suddenly feel angry and do not know why’ (BREQ26), ‘I lose
my temper very suddenly without knowing why’ (BREQO2), and
‘I have sudden mood swings (BREQ1), where the first three
items belonged to the ‘no reason/cause for the behavior’ facet.
As BREQO5 was also overfitting the model (i.e., the responses
to it were too predictable), it was deleted to ‘free-up’ the other
locally dependent items. Instead, in another cluster within the
‘irritability/lack of emotional control” facet, even though ‘I am
calm’ (BREQ20) was found to be strongly locally dependent
with two items (‘I'm in control, BREQ12 and ‘I'm relaxed,
BREQ24), it was the one retained. The latter two were deleted
because they were also severely misfitting, probably because
exploring emotional states that may be less easy to identify
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a) BIRT Motivation scale
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b) BIRT Regulation of Emotion scale

Person-ltem Threshold Distribution
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d) BIRT Disinhibition scale
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Figure 1. Targeting (person-thresholds distribution) graphs for each Brain Injury Rehabilitation Trust Personality Questionnaires. For each graph, persons (N = 308) and
item thresholds are displayed, respectively, in the upper and the lower part of the chart, separated by the logit scale. Grouping set to interval length of 0.20, making 60
groups for Motivation, Emotional Regulation, and Impulsivity questionnaires, and 50 groups for Social Cognition and Disinhibition questionnaires. Abbreviations: BIRT,
Brain Injury Rehabilitation Trust; Freq, frequency; No, number; SD, standard deviation.

precisely. On the other hand, ‘calmness’ (BREQ20) is easy to
identify as the opposite of ‘rage,” a frequently experienced and
problematic emotional state in this population.

After deleting 15 items (14 of which because LD), the final
17-item scale (BREQ-SF17) satisfied all model’s requirements,
in terms of invariance (x’¢s = 89.5; p = .041), monotonicity, LD,
acceptable unidimensionality (PST = 5.4%; lower BCI = 3.7%),
and absence of DIF. There were no misfitting items. At the
content level, all five conceptual facets were adequately repre-
sented. The item hierarchy showed that the facet associated
with the lower levels of emotional dysregulation was ‘lability/
mood swings’ (average item difficulty: -0.838 logits).
‘Irritability/lack of emotional control’ (—0.118 logits) and ‘con-
sequences of an outburst’ (+0.103 logits) were, on average,
associated to increasing levels of emotional regulation impair-
ment, whereas ‘no reason/cause for the behavior’ (average item
difficulty in logits: +0.439) was the facet associated to the
higher degree of emotional dysregulation.

A TI of - 3.405 showed that the mean ability of the sample
was lower than the mean item difficulty, as also demonstrated
by the visual inspection of the targeting graph (Figure 1b). Both
the PSI and the DI-PSI (0.850 and 0.973, respectively), sug-
gested precision of measurement at the individual level (Table

3). The item fit statistics and the scoring model for the BREQ-
SF17 are reported in Appendix 2b. The total score of the
BREQ-SF17 ranged from 0 to 48 points (Table 3).

BIRT social cognition questionnaire (BSCQ)

We identified four main conceptual facets within the BSCQ:
‘inability to interpret external cues,” ‘theory of mind/lack of
empathy, ‘social anxiety,” and ‘difficulties in social interaction.’

The base analysis of the original 28-item BSCQ showed
misfit to the model expectations in terms of violations of the
requirements of stochastic invariance (X21 12 =264.6; p <0.001),
monotonicity (ten items had DT), local independence (20
items had their residual correlations higher than the LDRC,
here set at 0.167), unidimensionality (lower BCI = 9.7%), and
absence of DIF (BSCQO8 with a uniform-DIF for etiology).
Furthermore, at the item level, BSCQ19 severely under-fitted
the model (item fit residual = 8.113) (Table 2).

After rescoring all items with DT, we dealt with locally
dependent items. For instance, ‘I find it hard to understand
what people mean’ (BSCQO02) was found to be locally
dependent with ‘I find it hard to understand people on the
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Figure 2. BIRT-PQ patient-caregiver profiles for four different cases in the sample. To construct these charts, the logit estimates of the five BIRT-BP were all rescaled into
a 0-100 scale. For each BIRT-PQ, the patient’s rating (horizontal axis) was plotted against the caregiver’s rating (vertical axis). In this way, it is possible to appraise the
degree of agreement (or disagreement) between the two ratings visually. For instance, the ratings for cases #10 and #118 are quite reasonably similar. On the other
hand, for case #40 (top left corner), all caregiver ratings are markedly higher than the patient’s rating. This implies the patient’s underestimation and/or caregiver
overestimation of the patient’s neurobehavioral disability. For case #151, the opposite situation is evident: the patient’s ratings are significantly higher than the
caregiver’s ones. This implies the patient’s overestimation and/or caregiver's underestimation of the patient’s neurobehavioral disturbances. Also, by these individual
patients charts, it is possible to appraise the hierarchy of the neurobehavioural disability severity captured by the five BIRT-PQ. For instance, for Case #118, emotional
disturbances are the second most prominent problem, whereas, for case #10, social cognition and disinhibition (overlapped) are the second most problematic issues.
This knowledge may provide clinicians essential clinical information for personalizing the assessment and treatment strategy.

telephone’ (BSCQO4), ‘I get instructions wrong (BREQO5),
‘I say things at the wrong time (BSCQl4), and
‘I misunderstand people’ (BSCQ18), which were all linked
to the ‘inability to interpret external cues’ facet. As BSCQ18
and BSCQ14 were also locally dependent with BSCQ25 (‘I
say the wrong thing®), only BSCQO04 was retained, because it
fitted the model better than BSCQO5. BSCQ19 (‘I worry
about what other people think ) was deleted because
severely misfitting the model, as it was an item which
could be equally linked to the ‘theory of mind/lack of
empathy’ and the ‘social anxiety’ facets, with a stronger
emphasis than all the other items on the emotional compo-
nents (‘being worried®).

After deleting 15 items (80% for LD), the remaining 13
items (BSCQ-SF13) satisfied the model’s expectations in
terms of stochastic invariance (X252 = 47.1; p = .675), mono-
tonicity, local independence, strict unidimensionality
(PST = 5.0%; lower BCI = 3.3%), and absence of DIF for the
tested group factors. All items fitted the model individually. At
the content level, all four conceptual facets were represented.
The item hierarchy showed that the facet associated with the
lower levels of social cognition impairment was ‘social anxiety’
(average item difficulty: —0.587 logits). ‘Difficulty in social
interaction’ (+0.091 logits) and ‘theory of mind/lack of empa-
thy’ (+0.304 logits) were, on average, associated to increasing
levels of difficulties with social cognition, whereas ‘inability to
interpret external cues’ (average item difficulty in logits:
+0.767) was the facet associated to the higher degree of

emotional dysregulation. However, there was only one item
left linked to this facet.

The TT was —2.938, suggesting that the instrument was off-
target for this sample, as also confirmed by the visual analysis
of the targeting graph (Figure 1c). Although the PSI (0.783)
was within the minimum cutoff for group measurement, the
DI-PSI was 0.962, indicating the precision of measurement at
the individual level (Table 2). The item fit statistics and the
scoring model for the BSCQ-SF13 are reported in Appendix
2 c. The total score of the BSCQ-SF ranged from 0 to 34 points
(Table 3).

BIRT disinhibition questionnaire (BDQ)

Within the BDQ, we identified three main conceptual facets:
‘inhibition of behavior/delaying gratification,” ‘inability to
inhibit verbal behavior/lack of tact and ‘sexual
disinhibition.”

As reported in Table 2, the first Rasch analysis demon-
strated that the data failed to meet the requirement of stochas-
tic invariance (X296 = 563.3; p = .000). The scale also failed the
ICV requirements of monotonicity (ten items had DT), local
independence (17 items had residual correlation values above
the LDRC, here set at 0.165), unidimensionality (lower
BCI = 5.2%). Furthermore, four items (BDQ21, BDQIl1,
BDQ12, and BDQ15) also failed the requirement of the absence
of DIF. Finally, three items misfitted the model individually:
BDQ11 and BDQI12 under-fitted the model with a fit residual



of 12.710 and 4.533, respectively, while BDQ10 over-fitted the
model with a fit residual of —2.559.

After rescoring all items displaying DT, the item, ‘T feel
I have to do things even though I might get into trouble’
(BDQ11), was deleted immediately. This item was clearly mis-
fitting (x> = 158.7, fit residual >9) possibly because also influ-
enced by the ‘inability to foresee outcomes’ facet, which is part
of the impulsivity construct. Also, this item displayed a marked
DIF by the respondent, as caregivers were more likely to affirm
a higher score (indicative of a higher level of perceived disin-
hibition) than patients, given the same level of the construct.
As for the previous questionnaires, other items were deleted
only because of LD. For instance, considering ‘It is hard to stop
myself from doing things I know I should not do’ (BDQO03) and
‘I do things that I know are wrong (BDQO4), which were both
linked to the ‘inhibition of behavior/delaying gratification’
facet, only the former was retained because fitting the model
better than the latter.

After deleting 11 items (seven for LD, four for misfit), the
remaining 13-item scale (BDQ-SF13) satisfied all model’s
requirements in terms of stochastic invariance (X252 = 64.5;
p = .114), monotonicity, local independence, unidimensional-
ity (PST = 4.4%; lower BCI = 2.7%), and absence of DIF (no
item bias for all the tested subgroups). At the content level, all
three facets were represented, although the items linked to the
‘Inhibition of verbal behavior/lack of tact’ facet were as twice as
much of the items of the other two facets. The item hierarchy
showed that the ‘inhibition of verbal behavior/lack of tact’
(average item difficulty: —0.270 logits) was the facet associated
with the lower levels of disinhibition. On the other hand,
‘inhibition of behavior/delaying gratification” (+0.177 logits)
and ‘sexual disinhibition’ (+0.601 logits) were the facets asso-
ciated with the higher levels of disinhibition. In particular, the
three most difficult items were those related to socially-
inappropriate behaviors, such as ‘I get over-excited (BDQO06),
‘I say rude things to people I do not know very well (BDQO5),
and ‘I hug and kiss strangers (BDQ14), where BDQO06 and
BDQ14 were linked to the ‘sexual disinhibition’ facet.

The targeting graph demonstrated that the sample was not
well-targeted to the sample (Figure 1d), as confirmed by a TT of
—2.938. Although the PSI (0.747) was also adequate for group
measurement in this case, the DI-PSI (0.962) was again indi-
cating that the scale was precise enough for individual mea-
surements (Table 2). The item fit statistics and the scoring
model for the BDQ-SF13 are reported in Appendix 2d. The
total score of BDQ-SF13 ranged from 0 to 35 points (Table 3)

BIRT impulsivity questionnaire (BIQ)

We identified four main conceptual facets within the BIQ:
‘acting/speaking on impulse,” ‘emotional impulsivity,” lack of
planning/inability to foresee outcomes,” and ‘snap decision-
making/excessive spontaneity.” One item (‘I find it hard to
concentrate for a long time,” BIQ21) could not be linked uni-
vocally to any of the above facets.

As shown in Table 2, the initial Rasch analysis of the BIQ
showed that the scale failed to meet most of the model’s
requirements in terms of stochastic invariance (X296 = 609.1;
p < 0.001), monotonicity (four items had DT), local

BRAIN INJURY 11

independence (25 items had residual correlations above the
LDRC, here set at 0.172), and unidimensionality
(PST = 11.0%; lower BCI = 9.4%). However, the requirement
of the absence of DIF was satisfied. At the item level, three
items (BIQ13, BIQ26, BIQ29) over-fitted the model (fit resi-
duals ranging from —3.534 to —2.649), while the other three
items (BIQO1, BIQ18, BIQ20) under-fitted the model (fit resi-
duals ranging from 2.874 to 12.185).

After rescoring all items displaying DT, we dealt with clus-
ters of locally dependent items. The first two items which were
deleted were ‘I plan ahead’ (BIQO1) and ‘I make a plan first
before I start a task’ (BIQ20), which were locally dependent
within the ‘lack of planning/inability to foresee outcome’ facet.
But they also misfitted the model, as well as ‘I find it hard to
concentrate for a long time’ (BIQ21), possibly because all three
may be influenced by an external variable (i.e., facets of the
motivation construct). Instead, in another cluster related to
compulsive shopping, both ‘I buy more than I need’ (BIQ27)
and ‘If I see something, I like I buy it straight away’ (BIQ23)
were deleted. However, within the same cluster, ‘I buy things
I do not need’ (BIQ12) and ‘I spend all of my money as soon as
I get it (BIQ12) were not locally dependent and were both
retained because the latter focused more on the ‘inability to
foresee outcomes,” unlike the other three items where the
central theme was ‘acting on impulse.’

After deleting 16 items (81% because of LD), the final 16-
item scale (BIQ-SF16) showed to fit the model adequately
(X264 = 85.8; p = .036), and there were no issues in terms of
monotonicity, LD, acceptable unidimensionality (PST = 5.3%;
lower BCI = 3.6%), and no DIF for the tested groups. All items
fitted the model individually. At the content level, all four
conceptual facets were represented. The item hierarchy showed
that the ‘snap decision-making/spontaneity’ (average item dif-
ficulty in logits: —0.344), and ‘acting/speaking on impulse’
(—0.038 logits) were the facets indicating, on average, lower
levels of impulsivity, whereas ‘emotional impulsivity’ (average
item difficulty in logits: +0.092) and ‘lack of planning/inability
to foresee outcomes (+0.152 logits) were the facets associated
with the higher levels of impulsivity. The mean sample ability
was lower than the mean item difficulty, indicating that the
scale was off-target, as also demonstrated by a TT of -3.315
(Figure le). Although the PSI of 0.824 indicated that the
instrument could be used for group measurement, a DI-PSI
of 0.973 suggested precision of the scale at the individual level
(Table 2). The item fit statistics and the scoring model for the
BIQ-SF16 are reported in Appendix 2e. The total score of BIQ-
SF16 ranged from 0 to 45 points (Table 3).

Discussion

In this paper, we undertook an analysis of the ICV of the five
BIRT-PQs within the RMT framework. After having demon-
strated in another study that the original versions of each
BIRT-PQs were not unidimensional (11), here we performed
extensive structural modifications of each questionnaire, which
led to reducing the item load from 150 to 78 items, which is an
overall 48% item reduction. After these modifications, each
short form fitted the Rasch model, with no DIF for age, gender,
time since brain injury, etiology, and respondent. The
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precision of measurement was sufficient for individual person
measurements across all questionnaires, and total score to
interval-level transformation tables for each scale were made
available (Table 3). In this way, the correct computation of
change scores and the use of parametric statistics are now
allowed. The 48% reduction of the item load vyielded
a significant decrease in the administration time for both
patients and caregiver versions.

Given the widespread violations of the local independence
and unidimensionality requirements revealed by the CFA (11),
the base Rasch analyses showed a lack of fitness to the Rasch
model for all the original scales. However, the base Rasch
analyses also highlighted widespread violations of other rele-
vant measurement requirements for all the scales, i.e., viola-
tions of monotonicity and presence of DIF, along with several
misfitting items. As one goal of this study was to reduce the
item load, the analysis strategy focused, in the first instance, on
structural modifications (i.e., item rescoring for violations of
monotonicity and item deleting for misfitting items or other
ICV violations).

About 22% of the items within the whole item set required
rescoring, due to DT. However, as having different scoring
patterns within a questionnaire may be a nuisance from
a clinical point of view, an earlier (not reported) analytical
strategy aimed at maintaining the original scoring format
across all items. Thus, within this strategy, we did not perform
any item rescoring, but we just deleted items displaying viola-
tions one or more of the ICV requirements. However, after
dealing with LD, there were still items with disordered thresh-
olds. Despite rescoring or removing these items, it was not
possible to reach a solution for any of the BIRT-PQ. Therefore,
we reported the current analyses where the item rescoring was
performed first, followed by the item deletion. We believe that
thresholds reversal observed for some of the items were caused
by the low endorsement frequencies in the middle scoring
categories due to the skewed distributions of the samples
(54). However, it is highly likely that also item redundancy
played a role, as LD itself may lead itself to the disordering of
the thresholds (55).

Mainly, the item deletion procedure was initially focused on
accounting for LD by eliminating one item in the locally depen-
dent pair. Within the RMT, LD may arise because of trait
dependency (which entails multidimensionality, as the items’
responses are both influenced by an external variable) or
response dependency (where the responses to an item in the
pair are dependent on the responses to the other item). In both
cases, we addressed LD extensively, as it severely distorts the
measurement properties of the scale. After accounting for all LD,
we addressed with item deletion any further violations of the
model’s requirements (i.e., the presence of DIF and item misfit).

Within this paper, we linked the items of the BIRT-PQ to
the original concepts suggested by Hyde (30), given the lack of
published data on the precise content validity of the question-
naires. As this procedure uncovered several unsolvable linking
inconsistencies and difficulties, we decided to collapse concep-
tual categories deemed to be too similar to devise the minimum
conceptual category set represented by each BIRT-PQ. Only in
some cases, the obtained theoretical set resembled that of
established neuropsychological models (e.g., the apathy

model by Levy and Dubois (56) for the motivation question-
naire). Given the exquisite confirmatory nature of the Rasch
model, the conceptual analysis performed was a valuable guid-
ing tool for the item reduction procedure and to interpret the
results. In particular, it allowed us: a) to uncover that most of
the LD occurred within the same conceptual facets, thus pro-
viding substantive evidence of the hypothesized redundancy of
the questionnaires; b) to appraise the multidimensional nature
of some items easily; c) to interpret the item hierarchy sug-
gested by the analysis in conceptual terms, which may be
particularly useful for clinicians.

Following these extensive structural modifications, the final
versions of the reduced BIRT-PQs fitted the Rasch model ade-
quately. Furthermore, these shorter forms are free from DIF and,
therefore, can be administered regardless of the patient’s age,
gender, etiology, time since the brain injury, and typology of the
respondent (patient vs. caregiver). Additionally, the fact that all
items are free from DIF by respondent implies that any substan-
tial measurement difference between the estimates obtained
within a pair of matched respondents (a patient and the corre-
sponding caregiver) will reflect real measurement differences in
the latent variable rather than item bias, as was shown in Figure
2. The profile of the patient-caregiver BIRT-PQ estimates
demonstrates the clinical utility of the measure, as it may provide
clinicians with essential clinical information for personalizing
the treatment strategy.

The reliability of the final solutions for BSCQ, BDQ, and
BIQ scales revealed that some of these shorter forms did not
reach the minimum cutoff for individual person measurements
(i.e., 0.850). This low reliability may be the consequence of the
observed skewed distribution of the persons affirming the
questionnaires, as this is known to affect the PSI values. For
this reason, we estimated a separation reliability index (DI-PSI)
, which is independent of the distribution of the sample and
which provided a more conservative value of reliability. The
DI-PSI suggested that the precision of each scale was sufficient
(>0.850) for individual-patient clinical decision-making
purposes.

The deletion of several items of the original version is likely
to facilitate the administration of the instruments. Indeed, we
estimate that a 48% reduction of the item load could yield
areduction of the administration time from 32 to 15.4 minutes,
and from 23.8 to 11.4 minutes for the patient and caregiver
versions, respectively. This substantial reduction of the admin-
istration time could significantly improve the feasibility and
acceptability of these instruments (57), thus facilitating their
use in daily clinical practice. Furthermore, we highly recom-
mend that clinicians and researchers make use not only of the
shorter versions of the BIRT-PQs (provided in Appendix 3
and 4) but also of the raw score to interval-level measure
transformation tables provided in Table 3. These interval mea-
sures fully support the use of parametric statistics required by
clinical trials and can be used to measure the change accurately
over time (15,28,58).

This study has some limitations. First, although the sample
size was sufficient for stable calibrations of the final shorter
BIRT-PQs versions, it was too small to have a ‘set aside’ sample,
which would have enabled us to validate the final questionnaires
further. Thus, there is a risk that the solutions obtained have



capitalized on chance regarding fit to the model. Consequently,
these findings require replication. Second, the conceptual con-
tent analysis of the BIRT-PQ was performed with the only aim of
facilitating the interpretation of the results from a clinical point
of view. As we used a modified version of the original content
categories for the BIRT-PQ, there may be some conceptual
imprecisions and inaccuracies when compared with established
neuropsychological models of the constructs involved. Thus, the
conceptual hierarchy suggested by the item ordering for each
final solution should be interpreted cautiously. Third, as we
enrolled only adult participants with s-ABI, the findings of this
study apply only to this population. Fourth, as only Italian
speaking participants with s-ABI and their respective caregivers
were recruited, the generalizability of the results to people living
in other countries may be limited. Further international studies
enrolling people living in different countries may be useful to
assess if the questionnaires operate in the same manner across
different cultures and languages.

Conclusion

We demonstrated that the total scores of the five original BIRT-
PQs were invalid in terms of ICV, both from the perspective of
CTT (11) and RMT, given severe violations of the local inde-
pendence, unidimensionality, and invariance requirements. In
this study, after extensive structural modifications, including
a significant reduction of the item load, we obtained five short-
forms of the BIRT-PQs satisfying the strict measurement
requirements of the RMT. These SF can be used in clinical
practice and research to measure several dimensions of the
perception of the neurobehavioral disability in adults with
s-ABI and their caregivers. Further studies, making use of the
provided interval score transformations, are needed to investi-
gate the external construct validity of these new measures, to
establish normality cutoffs, and to investigate the clinical advan-
tages and significance of the availability of two different esti-
mates (patient and caregiver) on the same metric of a patient’s
neurobehavioral disability.
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