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Traumatic brain injury (TBI) is frequently associated with neuropsychiatric impairments such

as symptoms of post-traumatic stress disorder (PTSD), which can be screened using self-report
instruments such as the Post-Traumatic Stress Disorder Checklist for DSM-5 (PCL-5). The current study
aims to inspect the factorial validity and cross-linguistic equivalence of the PCL-5 in individuals after
TBI with differential severity. Data for six language groups (n=200; Dutch, English, Finnish, Italian,
Norwegian, Spanish) were extracted from the CENTER-TBI study database. Factorial validity of PTSD
was evaluated using confirmatory factor analyses (CFA), and compared between four concurrent
structural models. A multi-group CFA approach was utilized to investigate the measurement
invariance (MI) of the PCL-5 across languages. All structural models showed satisfactory goodness-
of-fit with small between-model variation. The original DSM-5 model for PTSD provided solid
evidence of Ml across the language groups. The current study underlines the validity of the clinical
DSM-5 conceptualization of PTSD and demonstrates the comparability of PCL-5 symptom scores
between language versions in individuals after TBI. Future studies should apply Ml methods to other
sociodemographic (e.g., age, gender) and injury-related (e.g., TBI severity) characteristics to improve
the monitoring and clinical care of individuals suffering from PTSD symptoms after TBI.
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GOSE Glasgow outcome scale-extended

WLSMV Weighted least square mean and variance estimator
CFI Comparative fit index

TLI Tucker-Lewis index

SRMR Standardized root mean square residual

RMSEA Root mean square error of approximation

RTA Road traffic accidents

ER Emergency room

ADM Admission to ward

ICU Intensive care unit

Traumatic brain injury (TBI) is characterized by an alteration in brain functions, or other cerebral pathology,
resulting from an external force'. TBI poses a highly relevant challenge for health care systems worldwide with
over 50 million prevalent cases globally? and is associated with substantial societal costs as well as individual
burden to patients and caregivers®*. In Europe, the number of TBI-related deaths per year is estimated at about
82,000° with incidental falls and road traffic accidents as the main causes of TBI®. Although the vast majority
of TBI cases (70-90%) are classified as ‘mild”7, TBI is commonly associated with elevated rates of long-term
neuropsychiatric and cognitive deficits®®.

Post-traumatic stress disorder (PTSD) is among the most frequently reported psychiatric conditions associ-
ated with TBI'?, mediated by various biological and psychological mechanisms''. According to the latest version
of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5)'? PTSD manifests in symptoms of intru-
sion and hyperarousal among others that emerge after the exposure to actual or threatened death, serious injury,
or sexual violence. PTSD prevalence rates range between 0.38% and 6.67% in general populations across Europe
related to various trauma causes". Importantly, a recent review by Conroy and colleagues (2020)' noted that
while affective disturbances in general are common comorbidities also in other neuropsychiatric diseases (i.e.,
stroke, Parkinson’s disease, multiple sclerosis), the relationship between PTSD and TBI is particularly distinct
since both conditions are likely to emerge from a shared traumatic experience. Indeed, an elevated prevalence of
comorbid PTSD (15.6%) can be observed in subjects after TBI, constituting a 73% higher risk of manifestation
compared with individuals who exclusively sustained extracranial bodily injuries'®. However, the emergence of
PTSD may pass unnoticed in individuals after TBI due to the overlap in etiology, neuropsychiatric symptoms
(e.g., headaches, hypersensitivity, sleep disturbances, impulsivity), and pathophysiological mechanisms between
the two conditions'®. As the treatment of PTSD is associated with major costs and burdens'”'$, the implementa-
tion of valid instruments to evaluate PTSD symptoms is greatly important in order to ensure the appropriate
therapy and thereby to substantially reduce the financial and social strain in the field of TBI.

The Post-Traumatic Stress Disorder Checklist (PCL)" is a self-report screening tool for PTSD symptoms that
can assist in identifying subjects in need of psychiatric treatment. Its most recent version (PCL-5)* was updated
based on the revised DSM-5 diagnostic criteria for PTSD, which propose the underlying disease dimensions
following a traumatic experience (criterion A) to be intrusion (criterion B), avoidance (criterion C), negative
alterations in cognition and mood (criterion D), and alterations in arousal and reactivity (criterion E). The PCL-5
assesses common symptoms contained in criteria B to E. However, the DSM-5 conceptualization of PTSD has
been repeatedly challenged, as concurrent latent dimensions of psychopathology have been put forward by a
broad range of factor analytic studies using the PCL-5!. To date the debate about the characteristic factor struc-
ture of PTSD remains ongoing. In order to ensure valid psychopathological assessments, a thorough investigation
of the factorial validity of PTSD measured using the PCL-5 is crucial.

Several language versions of the PCL-5 have been validated and have demonstrated good to excellent psy-
chometric properties?>-*. Recent work additionally demonstrated the validity of multiple PCL-5 translations
in individuals after TBI and reported, for instance, a moderate to strong negative relationship of PTSD symp-
tomatology with subjects’ functional recovery following TBI’'. However, while instrument translation implies
the equivalent assessment of the latent construct (i.e., PTSD) between language versions, empirical evidence for
this assumption is required. The concept of measurement invariance (MI)*? describes the condition that equal
item scores between subjects or groups should convey equal information, so that a lack of MI would result in
a biased or misleading interpretation of individual symptomatology®®. Thus, analyses of MI allow conclusions
to be drawn as to whether group differences in mean scores are attributable to a ‘true’ variation in latent symp-
tomatology rather than measurement error or bias. Prior research has demonstrated a lack of comprehensive MI
in PTSD symptom scores assessed using a previous version of the PCL (i.e., PCL-C) when comparing military
personnel with and without recent deployment®*. This finding suggested that differences in symptom scores were
extensively impacted by variables unrelated to the underlying latent PTSD psychopathology, prompting a further
revision of the instrument. With regard to the PCL-5, initial evidence showed fundamental MI of the English
and French versions in healthy individuals®*. However, investigations of MI across multiple language versions
of the PCL-5 in populations after TBI have not yet been conducted. Besides cross-linguistic comparisons, stud-
ies may utilize MI analyses to further enhance the understanding of PTSD symptomatology within or across
the general population and specific clinical samples. First evidence in favor of MI of the PCL-5 in individuals
who had experienced a single trauma or multiple trauma types was found*®, while no evidence for MI in PTSD
symptoms scores between trauma-exposed college students and military veterans was observed®. These results
represent important steps towards the validation of the PCL-5 and its comparability in different populations
but evidence across more clinical features is called for. The required data basis for bridging this gap is provided
by large-scale international multicenter studies that assess a variety of psychopathological outcome parameters
across a wide array of subject characteristics and language groups®*.
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The main aims of the current study were to understand the latent factor structure of PTSD in individuals after
TBI and to investigate the equivalence of symptom assessments across multiple language versions of the PCL-5
applying MI procedures. Evidence in favor of MI would suggest that the PCL-5 can be used to assess one and the
same latent construct of PTSD across all tested languages, allowing for data aggregation and direct comparisons
of the PTSD symptomatology after TBI. Finally, MI analyses were conducted in individuals with different levels
of recovery and severity of TBI in an effort to strengthen the applicability of the PCL-5 in TBI populations.

Results

Sociodemographic and injury-related data are presented in Table 1. The total sample comprised 1776 individuals
within six language subgroups (Dutch: n= 586, English: n=213, Finnish: n=212, Italian: n=261, Norwegian:
n =248, Spanish: n=256). Notable variations were observed in the descriptive characteristics. Most prominently,
the proportion of participants with a previous history of psychological problems in the English subsample
(22.07%) was distinctly above the total average (12.27%). Moreover, reference of the PCL-5 to the TBI experience
was reported only by a minority of Dutch-speaking individuals (39.08%) in contrast to the remaining language
groups (72.30-84.77%). Pronounced PTSD symptomatology (i.e., PCL-5231) was present in 10.7% of all partici-
pants, with the lowest proportion in the Finnish (7.08%) and the highest rate in the Italian (17.24%) subsamples.
Statistical analyses by means of ANOVA and Kruskal-Wallis tests showed that Dutch-speaking subjects were
significantly older compared with most other language groups, Finnish individuals presented more favorable
recovery and fewer extracranial injuries, and the Italian subsample suffered from more severe TBI and PTSD
symptoms. However, the overall effect sizes of the observed differences were small (ds: 0.19-0.36) (Table A1l
in Appendix). For an overview of the sociodemographic and injury-related characteristics in individuals after
‘ultra-mild’ or more severe TBI, see Table D1 in the Appendix.

Structural Validity. In all four candidate models the majority of items had high loadings (fs>0.80) on the
respective proposed factors. No loadings below the cutoft (B <0.50) were observed (Table 2). Goodness-of-fit
parameters were satisfactory for all tested models (Table 3). The variation in the goodness-of-fit indices showed
a slightly better fit for the concurrent models compared with the original DSM-5 model. However, overall dif-
ferences in model fit were small. Since all candidate models showed a similarly satisfactory fit, subsequent MI
analyses were conservatively based on the theory-driven DSM-5 conceptualization of PTSD.

Measurement invariance. Preparatory data inspection revealed that there were no subjects who used the
response category 4 (‘extremely impaired’) with regard to a small number of PCL-5 items in the Finnish (i.e.,
Flashbacks, Reckless behavior, Cued physical reactions) and Norwegian (i.e., Dreams) subsamples. In keeping
with the requirements of the MI approach the response categories 3 (‘quite a bit impaired’) and 4 (‘extremely
impaired’) were collapsed for these items in all subsamples. Model fit statistics for the main MI analyses are
presented in Table 4. Goodness-of-fit was excellent for all MI models. The variation in the descriptive fit indices
was below the respective cutoft values and likelihood ratio tests suggested no significant fit differences between
the MI models. Equal fit of all MI models was inferred, thus providing evidence for the structural equivalence of
PTSD assessment across the total sample.

See Table C1 in the Appendix for the results of the complimentary analyses which retained the original
response categories across all PCL-5 items in a subset of the total sample (N =1316), excluding the Finnish
and Norwegian subsamples due to their limited use of the response category 4 (‘extremely impaired’) in a few
items. Goodness-of-fit was satisfactory for all MI models, the differences between the descriptive fit indices were
minimal, and the likelihood ratio tests indicated no significant fit difference. Therefore, complimentary analysis
using the original response format across all items underlined the main findings of equivalent PTSD assessment
across the tested PCL-5 language versions in civilians after TBI.

With regard to comparisons of ‘ultra-mild’ with more severe TBI cases, data inspection revealed that in
the ‘ultra-mild’” group no individuals indicated the response category 4 (‘extremely impaired’) in three items
(i.e., Dreams, Irritability or aggressive behavior, Startle). Consequently, the response categories 3 (‘quite a bit
impaired’) and 4 (‘extremely impaired’) were collapsed for these items across the ‘ultra-mild’ and more severely
impaired individuals. The results of the subsequent MI analyses are presented in Table 5. Goodness-of-fit was
excellent for all MI models, minimal differences between the descriptive fit parameters were observed, and the
results of the likelihood ratio tests indicated no significant differences in model fit between MI models. There-
fore, an equal fit across all MI models was concluded and evidence for the structurally equivalent assessment of
PTSD symptoms using the PCL-5 between completely recovered individuals and those who sustained a more
severe TBI was obtained.

Discussion

The current study aimed to examine the latent factorial structure and cross-linguistic invariance of the PCL-5 as
an assessment tool for PTSD symptomatology using data collected in the CENTER-TBI study. Although valida-
tion has been available for several language versions of the PCL-5%**, this is the first study to evaluate whether
measurements of PTSD symptoms were equivalent in six language groups (i.e., Dutch, English, Finnish, Italian,
Norwegian, Spanish) of civilians after TBI. PTSD symptomatology was prevalent in all language subsamples
with the proportions of highly affected individuals ranging between 7.08 and 17.24%, which is in line with
previous reports'®. Subsequent structural analyses resulted overall in a satisfactory fit for four structural models
of PTSD, including the clinical DSM-5 conceptualization. Applying MI procedures conservatively based on the
theory-driven DSM-5 model provided solid evidence for equivalent PCL-5 assessments. Therefore, symptom
scores both across the tested language versions as well as between individuals after ‘ultra-mild’ or more severe
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‘ Total ‘ Dutch ‘ English ‘ Finnish ‘ Italian ‘ Norwegian ‘ Spanish
No. of cases
N (% of total) ‘ 1776 (100.00) ‘ 586 (33.00) ‘ 213 (11.99) ‘ 212 (11.94) ‘ 261 (14.70) ‘ 248 (13.96) ‘ 256 (14.41)
Age
M (SD) 49.44 (19.43) 52.97 (19.04) | 47.90(16.99) |47.81(19.57) |49.67 (20.69) |45.97 (19.68) |47.12(19.42)
Mdn (min; max) 51 (16; 95) 57 (16; 95) 51 (16; 85) 50 (16; 89) 53 (16; 93) 48 (16; 89) 44 (165 95)
Gender
Female 621 (34.97) 226 (38.57) 69 (32.39) 86 (40.57) 83 (31.80) 80 (32.26) 77 (30.08)
Male 1155 (65.03) 360 (61.43) 144 (67.61) 126 (59.43) 178 (68.20) 168 (67.74) 179 (69.92)
Living situation
Alone 367 (20.66) 138 (23.55) 45(21.13) 61 (28.77) 38 (14.56) 48 (19.35) 37 (14.45)
Not alone 1409 (79.34) 448 (76.45) 168 (78.87) 151 (71.23) 223 (85.44) 200 (80.65) 219 (85.55)
Education
None/primary 236 (13.29) 40 (6.83) 2(0.94) 23 (10.85) 63 (24.14) 25 (10.08) 83 (32.42)
Secondary 515 (29.00) 123 (20.99) 57 (26.76) 70 (33.02) 98 (37.55) 61 (24.60) 106 (41.41)
Post-secondary 843 (47.47) 357 (60.92) 134 (62.91) 73 (34.43) 63 (24.14) 152 (61.29) 64 (25.00)
NA 182 (10.24) 66 (11.26) 20 (9.39) 46 (21.70) 37 (14.17) 10 (4.03) 3(1.17)
Pre-TBI employment
Full-time 743 (41.84) 187 (31.91) 112 (52.58) 89 (41.98) 102 (39.08) 122 (49.19) 131 (51.17)
Part-time 210 (11.82) 88 (15.02) 22 (10.33) 6(2.83) 36 (13.79) 32(12.90) 26 (10.16)
In training 168 (9.46) 50 (8.53) 11 (5.17) 30 (14.15) 27 (10.34) 34 (13.71) 16 (6.25)
Unemployed 129 (7.26) 42(7.17) 18 (8.45) 14 (6.60) 16 (6.13) 16 (6.45) 23 (8.98)
Retired 411 (23.14) 174 (29.69) 36 (16.90) 51 (24.06) 56 (21.46) 39 (15.73) 55(21.49)
NA 115 (6.48) 45 (7.68) 14 (6.57) 22 (10.38) 24 (9.20) 5(2.02) 5 (1.95)
Pre-TBI psychiatric history
Yes 218 (12.28) 57 (9.73) 47 (22.06) 30 (14.15) 23 (8.81) 31 (12.50) 30 (11.72)
No 1545 (86.99) | 526(89.76) | 161(75.59) | 182(85.85) |238(91.19) |213(85.89) |225(87.89)
NA 13 (0.73) 3(0.51) 5(2.35) 0 (0.00) 0 (0.00) 4(1.61) 1(0.39)
TBI cause
Incidental fall 773 (43.52) 283 (48.30) 80 (37.56) 99 (46.70) 92 (35.25) 102 (41.13) 117 (45.70)
RTA 745 (41.95) 232(39.59) | 101 (47.42) |68 (32.08) 132(50.58) | 103 (41.53) | 109 (42.58)
Other 227 (12.78) 66 (11.26) 29 (13.61) 37 (17.45) 30 (11.49) 40 (16.13) 25(9.77)
NA 31 (1.75) 5(0.85) 3(1.41) 8(3.77) 7 (2.68) 3(1.21) 5(1.95)
Clinical care pathways
ER 409 (23.03) 102 (17.40) 56 (26.29) 51 (24.06) 67 (25.67) 61 (24.60) 72 (28.13)
ADM 692 (38.96) 305 (52.05) 68 (31.93) 99 (46.70) 56 (21.46) 110 (44.35) 54 (21.09)
ICU 675 (38.01) 179 (30.55) | 89 (41.78) 62 (29.24) 138 (52.87) |77 (31.05) 130 (50.78)
Loss of consciousness
Yes 1044 (58.78) 348 (59.38) 144 (67.60) 138 (65.09) 106 (40.61) 169 (68.15) 139 (54.30)
No 567 (31.93) 196 (33.45) 43 (20.19) 65 (30.66) 127 (48.66) 38 (15.32) 98 (38.28)
NA 165 (9.29) 42(7.17) 26 (12.21) 9 (4.25) 28 (10.73) 41 (16.53) 19 (7.42)
TBI severity
Uncomplicated mild 614 (34.57) 264 (45.05) 63 (29.58) 61 (28.77) 46 (17.62) 104 (41.94) 76 (29.69)
Complicated mild 536 (30.18) 193 (32.93) |54 (25.35) 57 (26.89) 54 (20.69) 81 (32.66) 97 (37.89)
Moderate 127 (7.15) 41 (7.00) 11 (5.17) 16 (7.55) 31 (11.88) 16 (6.45) 12 (4.69)
Severe 262 (14.75) 60 (10.24) 53 (24.88) 15(7.07) 57 (21.84) 24 (9.68) 53 (20.70)
NA 237 (13.35) 28 (4.78) 32(15.02) 63 (29.72) 73 (27.97) 23(9.27) 18 (7.03)
GCS at baseline
M (SD) 12.94 (3.69) 13.46 (3.05) 11.97 (4.52) 13.71 (2.72) 12.04 (4.08) 13.48 (3.03) 12.35 (4.53)
Mdn (min; max) 15 (35 15) 15 (35 15) 15(3; 15) 15(3;15) 14 (3; 15) 15 (35 15) 15 (3;15)
Recovery at 6 months (GOSE)
Good recovery 1159 (65.26) 398 (67.92) 114 (53.52) 158 (74.53) 156 (59.77) 157 (63.31) 176 (68.75)
Moderate disability 457 (25.73) 145 (24.74) 69 (32.39) 39 (18.40) 67 (25.67) 83 (33.47) 54 (21.09)
Severe disability 159 (8.95) 43 (7.34) 29 (13.62) 15(7.07) 38 (14.56) 8(3.22) 26 (10.16)
NA 1(0.06) 0 (0.00) 1(0.47) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
Extracranial injury severity score (ISS)
M (SD) 18.16 (14.76) 16.79 (12.04) |21.06 (17.46) |13.17(9.92) 22.33(17.82) |17.46 (14.56) |19.44 (16.38)
Continued
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Total Dutch English Finnish Italian Norwegian Spanish
Mdn (min; max) 13 (1;75) 13 (1;75) 18 (1;75) 9 (1; 50) 18 (1;75) 13 (1;75) 16 (1;75)
PCL-5 referring to TBI event
Yes 1168 (65.77) 229 (39.08) 154 (72.30) 164 (77.36) 219 (83.91) 185 (74.60) 217 (84.77)
No 549 (30.91) 333 (56.83) 50 (23.47) 47 (22.17) 40 (15.32) 41 (16.53) 38 (14.84)
NA 59 (3.32) 24 (4.09) 9 (4.23) 1(0.47) 2(0.77) 22 (8.87) 1(0.39)
PTSD symptoms (PCL-5)
M (SD) 12.12 (13.74) 10.76 (12.91) | 13.62(15.08) |10.22(11.32) |15.17(15.10) | 10.38 (12.24) | 14.16 (15.28)
Mdn (min; max) 7 (05 72) 6 (0;72) 8(0;71) 6 (0; 55) 10 (0; 65) 7 (05 62) 9 (0; 68)
Provisional PTSD (PCL-5>31)
Yes 190 (10.70) 48 (8.19) 28 (13.15) 15 (7.08) 45 (17.24) 19 (7.66) 35(13.67)
No 1586 (89.30) 538 (91.81) 185 (86.85) 197 (92.92) 216 (82.76) 229 (92.34) 221 (86.33)

Table 1. Demographic and clinical characteristics of the total sample and the language subsamples. For
continuous variables and total scores, mean (M) with standard deviation (SD) and median (Mdn) with range
(min; max) are reported; ADM admission to ward, ER emergency room, GCS Glasgow coma scale, GOSE
Glasgow outcome scale extended, ICU intensive care unit, ISS injury severity score, NA not available, PCL-5
total score on post-traumatic stress disorder checklist for DSM-5, PTSD post-traumatic stress disorder, RTA
road traffic accident, TBI traumatic brain injury.

PCL-5 Item DSM-5 model | Dysphoria model | Anhedonia model | Hybrid model
(B1) Memories .861 .861 .861 861
(B2) Dreams .863 .863 .863 .863
(B3) Flashbacks .895 .895 .895 .895
(B4) Cued distress .874 .874 .874 .874
(B5) Cued physical reactions .896 .896 .896 .896
(C1) Avoiding internal reminders 915 915 915 915
(C2) Avoiding external reminders .896 .896 .896 .896
(D1) Dissociative amnesia 524 519 534 534
(D2) Negative beliefs .820 814 .840 .840
(D3) Blame .693 .688 .705 .704
(D4) Negative feelings .891 .886 .909 910
(D5) Loss of interest .808 .801 .850 .850
(D6) Detachment or estrangement .867 .860 .907 .907
(D7) Numbing .850 844 891 891
(E1) Irritability or aggressive behavior | .780 762 791 .831
(E2) Reckless behavior 664 .655 674 .702
(E3) Hypervigilance 720 781 781 .781
(E4) Startle 845 931 931 931
(E5) Concentration 781 767 795 .813
(E6) Sleep 694 685 704 718

Table 2. Standardized factor loadings (p) of PCL-5 items for candidate structure models. DSM-5 diagnostic
and statistical manual of mental disorders 5th edition, PCL-5 post-traumatic stress disorder checklist for DSM-
5.

TBI can be considered comparable. The presented evidence points towards the applicability of the PCL-5 in
these populations.

In order to reduce the risk of substantial sampling bias when analyzing the generalizability of PTSD measure-
ment across multiple language versions homogeneity of sociodemographic and injury-related variables across
subsamples was desirable. The results of the descriptive analyses revealed sufficiently low variability in the cur-
rent study. Although the injury characteristics differed significantly across language subsamples, the effect sizes
were small and the risk of statistical artifacts was elevated by the relatively large subgroup sample size required
for MI analyses*. Interestingly, individuals in the Dutch-speaking subsample were relatively old, had mostly
experienced TBI resulting from incidental falls, often referred their answers in the PCL-5 to traumatic events
other than the TBI experience, and showed rather mild symptoms of TBI and PTSD. Based on this observation,
the relationship between functional outcomes and descriptive statistics including type, count, and timepoint of
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Model No. factors | x> daf | p CFI TLI SRMR | RMSEA | RMSEA 90% CI | ACFI | ATLI | ASRMR | ARMSEA | Ax? Adf | Ap
DSM-5 4 1148.18 | 166 | <.001 |0.993 [0.992 |0.051 |0.058 | [0.0550.061] |- - - - - - -
Dysphoria | 4 81855 |166 | <.001[0.995 |0.995 |0.043 |0.047 |[0.044;0.051] [0.002 |0.003 |-0.008 |-0.011 - - -
Anhedonia | 6 85549 |164 | <.001[0.995 |0.994 |0.045 |0.049 |[0.046;0.052] |0.002 | 0.002 |-0.006 | —0.009 130.56 |2 <.001
Hybrid 7 863.09 |163 | <.001[0.995 |0.994 |0.045 |0.049 |[0.046;0.053] |0.002 | 0.002 |-0.006 | -0.009 187.95 |3 <.001
Table 3. CFA results for PTSD structure models across total sample (N =1776). The DSM-5 model served as
a reference. Scaled chi-square difference tests were computed between the DSM-5 model and nested models.
CFA confirmatory factor analysis, CFI comparative fit index, ACFI, difference in CFI; CI confidence interval, df
degrees of freedom, Adf, difference in df; No. number of, p statistical significance of XZ, PTSD post-traumatic
stress disorder, Ap statistical significance of Ax?, RMSEA root mean square of approximation, ARMSEA,
difference in RMSEA; SRMR standard root mean square residual, ASRMR, difference in SRMR; TLI Tucker-
Lewis index, ATLI, difference in TLI; Xz, overall scaled chi-square statistic; AXZ, scaled chi-square difference
statistic.
Model xz df P CFI TLI SRMR | RMSEA RMSEA 90% CI ACFI ATLI ASRMR | ARMSEA sz Adf | Ap
Configural | 152579 | 984 | <.001 [0.997 |0.996 |0.06 0.043 [0.039; 0.048] - - - - - - -
Thresholds | 1623.57 | 1164 | <.001 |0.997 [0.997 |[0.06 0.037 [0.032;0.041] 0.000 | 0.001 | 0.000 -0.006 113.06 | 180 | >.99
Loadings 1696.17 | 1244 | <.001 |0.997 |0.997 |0.06 0.035 [0.031;0.039] 0.000 | 0.000 | 0.000 ~0.002 3573 |80 >.99
Table 4. Multi-group CFA results across language groups in total sample (N =1776). Results are based on the
original DSM-5 structure of PTSD'2. When the use of the response range was limited, item categories were
collapsed. MI models are increasingly restricted and nested. The previous model always serves as a reference.
CFA confirmatory factor analysis, CFI comparative fit index, ACFI, difference in CFI; CI confidence interval,
df degrees of freedom; Adf, difference in df; p statistical significance of XZ, Ap, statistical significance of AXZ;
RMSEA root mean square of approximation; ARMSEA, difference in RMSEA; SRMR standard root mean
square residual; ASRMR, difference in SRMR; TLI Tucker-Lewis index; ATLI, difference in TLI; x 2, overall
scaled chi-square statistic; AXZ, scaled chi-square difference statistic.
Model Xz df P CFI TLI SRMR RMSEA | RMSEA 90% CI | ACFI ATLI ASRMR ARMSEA sz Adf Ap
Configural 929.97 | 328 <.001 0996 [0.995 |0.047 0.046 [0.042;0.049] |- - - - - - -
Thresholds | 942.91 | 365 <.001 0996 [0.996 |0.047 0.042 [0.039;0.046] | 0.000 |0.001 | 0.000 -0.004 1233 |37 >.99
Loadings 952.84 | 381 <.001 0996 [0.996 |0.047 0.041 (0.038;0.045] | 0.000 | 0.000 | 0.000 -0.001 3.47 16 >.99

Table 5. Multi-group CFA results for the comparisons of individuals after ‘ultra-mild’ TBI and more severe
cases’! (N =1776). Results are based on the original DSM-5 structure of PTSD'%. When the use of the response
range was limited, item categories were collapsed. MI models are increasingly restricted and nested. The
previous model always serves as a reference. CFA confirmatory factor analysis; CFI comparative fit index;
ACFTI, difference in CFI; CI confidence interval, df degrees of freedom; Adf, difference in df; p statistical
significance of x% Ap, statistical significance of A 2; RMSEA root mean square of approximation; ARMSEA,
difference in RMSEA; SRMR standard root mean square residual; ASRMR, difference in SRMR; TLI Tucker-
Lewis index; ATLI, difference in TLI; Xz’ overall scaled chi-square statistic; AXZ, scaled chi-square difference
statistic.

trauma needs further investigation. Previous studies have demonstrated the generalizability of PCL-5 assessments
across descriptive strata such as gender*! or single- and multi-trauma types®. Future research should investigate
equivalence across additional sociodemographic factors (e.g., age, education)*>*, injury-related characteristics
(e.g., TBI severity, injury cause, healthy populations and non-TBI patients), and physical comorbidities (e.g.,
diabetes, cancer)** in order to ensure a conclusive interpretation of symptom scores across subjects with diverse
traits in clinical settings.

The current study reproduced previous findings on the structural validity of the PCL-5 in the Dutch subsam-
ple in CENTER-TBI*, extended the conclusions to five additional language subsamples and found satisfactory
goodness-of-fit for the original DSM-5 model as well as concurrent models. As previously shown?*?74647, the
concurrent models exhibited a better fit compared with the DSM-5 model. However, all concurrent models
introduced structural factors that comprised fewer than three questionnaire items leading to reduced statistical
robustness*. The higher number of latent factors in both the Anhedonia and the Hybrid models additionally led
to increased model complexity. Thus, further statistical analyses were based conservatively on the theory-driven
DSM-5 model which provided robust results that offer strong practical utility. Nonetheless, examinations of latent
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symptom dimensions add to the understanding of pathological factors central to PTSD and should be studied
further to improve therapeutic treatment.

The current study exhibited a number of strengths. Firstly, results were based on high-quality multicenter
data that representatively encompassed the complete TBI severity spectrum’. Due to this, it was possible to draw
reliable conclusions for individuals after TBI. Furthermore, potential sources of bias in the descriptive charac-
teristics across language subsamples were minimal and the factorial structure of the PCL-5 was verified. Finally,
this is the first study to date that provides evidence for the comparability of PCL-5 scores across six language
versions by applying robust statistical methods to test for MIL. Therefore, the reported results uniquely validate
comorbid PTSD assessments in the field of TBL

The present investigation was limited by the inherent overlap of neuropsychiatric symptoms resulting from
TBI experience and PTSD symptomatology, thereby posing a confounding effect in PCL-5 assessments'®. How-
ever, while the extent to which scale scores represented expressions of PTSD as opposed to TBI symptomatology
remains unclear, assessment of individuals after TBI increased the variance in the PCL-5 scores and prevented
floor effects. Interestingly, we observed a lack of extreme impairment with regard to certain PTSD symptoms
(i.e., Dreams, Flashbacks, Reckless behavior, Cued physical reactions) in the Finnish and Norwegian subsamples.
Although overall differences in TBI severity were small across all language groups, the majority of Finnish and
Norwegian individuals suffered from relatively mild TBI. Hence, the manifestation of these particular symptoms
as PTSD-specific in contrast to injury-related in populations after TBI should be studied more extensively. None-
theless, comparability of PCL-5 scores was established by adapting the response categories in the respective items
and remained unchanged after the Finnish and Norwegian subsamples had been excluded. Moreover, the MI
approach applied in the current study produced reasonable and durable results for the given dataset. Nonethe-
less, the application of alternative procedures for multi-group equivalence testing in differential data structures
should be examined as well, for instance based on Item Response Theory*, Exploratory Structural Equation
Modelling®, or Bifactor Models*'. Moreover, we employed a previously proposed approach to identify a subset
of ‘ultra-mild’ TBI cases® which served as proxies for healthy individuals in the current analyses. However, since
subjects in the ‘ultra-mild’ group were still TBI-affected to a certain degree, further investigations based on suit-
able datasets will be necessary to allow for robust conclusions on the comparability of the PCL-5 between general
population samples and individuals after TBI. Finally, since the vast majority of TBI cases are classified as mild
and may receive differential treatment of PTSD symptoms among other psychosocial disturbances depending on
the inclusion in a specific clinical care pathway (i.e., emergency room, ward, intensive care), the characteristics
of the recovery rates in individuals after mild TBI should be investigated further.

The reported results underline the validity of the DSM-5 structure of PTSD as well as the comparability of
PCL-5 scores across all tested language versions and different levels of recovery and severity of TBI. Hence, dif-
ferences in test scores can be attributed to underlying ‘true’ differences in PTSD symptomatology rather than sys-
tematic sampling bias or measurement error. Future studies should examine the equivalence of PTSD assessments
in additional subject groups and should investigate factors impacting PTSD symptomatology following TBI.

Materials and methods

Data. All the analyses in the present investigation utilized data from the Collaborative European Neuro-
Trauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) project, supported by the European
Union (EU) Framework 7 program (EC grant 602,150; clinicaltrials.gov NCT02210221)*. This prospective
observational cohort study aimed to improve the characterization and clinical care of subjects after TBI. Data
was sampled from the CENTER-TBI core study which comprises information on 4509 individuals who partici-
pated at 63 institutional sites across 18 countries between December 2014 and December 2017. The inclusion
criteria for participation were a clinical diagnosis of TBI, indication for a computed tomography (CT) scan and
presentation to the study center within 24 h post injury. Individuals with severe pre-existing neurological disor-
ders (e.g., epilepsy, cerebrovascular accident) were excluded®.

The CENTER-TBI study was conducted in accordance with all relevant laws of the EU which were directly
applicable or had a direct effect, as well as all the relevant laws of the countries in which the recruiting sites were
located, including but not limited to, the relevant privacy and data protection laws and regulations (‘Privacy
Law’), the relevant laws and regulations on the use of human materials, and all relevant guidelines relating to
clinical studies including, but not limited to, the ICH Harmonized Tripartite Guideline for Good Clinical Practice
(CPMP/ICH/135/95) (‘ICH GCP’) and the World Medical Association Declaration of Helsinki entitled ‘Ethical
Principles for Medical Research Involving Human Subjects’ Ethical approval was attained for each recruitment
site. Informed consent was obtained for all subjects recruited in the CENTER-TBI core study with documentation
in electronic case report forms (e-CRF, QuesGen Systems Incorporated, Burlingame, CA, USA).

All methods employed in the current study were carried out in accordance with relevant guidelines and
regulations. Furthermore, the experimental protocol of this study was approved by the management committee
of CENTER-TBI: proposal #70, https://www.center-tbi.eu/data/approved-proposals.

Ethical approval. The list of sites, ethics committees, approval numbers, and approval dates can be found
on the official website of the CENTER-TBI project: www.center-tbi.eu/project/ethical-approval. The CENTER-
TBI study received clearance from the following ethics committees: Ethikkommission der Medizinischen
Universitit Wien, Austria (1646/2014); Ethikkommission der Medizinischen Universitat Innsbruck, Austria
(AN2014-0,336,343/4.22); Centraal Ethisch Comité—Ethisch Comité Universitair Ziekenhuis Antwerpen en
de Universiteit Antwerpen, Belgium (B300201422714); Comité d’Ethique Liége 412, Belgium (1427); Comité
d’Ethique hospitalo-facultaire niversitaire de Liége 707, Belgium (B707201422102/2014-244); Comissie Medis-
che Ethiek UZ KU Leuven, Belgium (B322201523981/S57019; ML11365); De Videnskabsetiske Komitéer for
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Region Syddanmark Odense/Copenhagen, Denmark (S-20140215); Varsinais suomen sairaanhoitopiirin kun-
tayhtyma—Eettinen Toimikunta Turku/Helsinki, Finland (95/1801/2014); Agence Nationale de Sécurité du
Médicament et des Produits de Santé ANSM Paris/Besangon/Lille/Grenoble/Nancy/Poitiers, France (141421B-
31); Ethikkommission Medizinsche Fakultit Heidelberg/Ludwigsburg, Germany (S-435/2014); Ethikkommis-
sion an der Medizinsche Fakultit Berlin, Germany (1098/15); Ethikkommission an der Medizinsche Fakultdt
Aachen, Germany (EK 174/15); ETT TUKEB Egészségligyi Tudoményos Tanacs Pecs/Szeged, Hungary
(42,558-3/2014/EKU); Pécsi Tudomanyegyetem Pecs, Hungary (5421); Szegedi Tudoményegyetem Szeged,
Hungary (3803); Helsinki Committee, Rambam Health Care Campus Haifa, Israel (RMB 373-14); Hadassah
Medical Organization IRB Jerusalem, Israel (0590-16 HMO); Fondazione IRCCS Ca Granda Ospedale Mag-
giore Policlinico—Direzione Scientifica Comitato Etico Milan, Italy (542/2014); Comitato Etico—Ospedale San
Raffaele Milan/Padova, Italy (217/2014); Comitato Etico Interaziendale A.O.U. Citta della Salute e della Sci-
enza di Torino—A.O. Ordine Mauriziano—A.S.L. Torino, Italy (0,015,269); Comitato Etico IRST IRCCS AVR
Cesena, Italy (1675/2015 1.5/207); Comitato Etico Della Provincia Monza Brianza Monza, Italy (1978/2014);
Comitato Etico Interaziendale A.O.U. ‘Maggiore della Caritd® Novara, Italy (CE 46/15); Comitato Etico—
Ospedale Niguarda Ca’ Granda Milan, Italy (636-122,015); Ethics Commiitee for Clinical Research at Pauls
Stradins Clinical University Hospital Development Society Riga/Rezekne, Latvia (171,215-1E); VILNIAUS
REGIONINIS BIOMEDICININIYU TYRIMU ETIKOS KOMITETAS Vilnius, Lithuania (158,200-15-801-323);
KAUNO REGIONINIS BIOMEDICININIU TYRIMU ETIKOS KOMITETAS Kaunas, Lithuania (BE-2-6);
Leids Universitair Centrum—Commissie Medische Ethiek Leiden/Rotterdam/the Hague/Nijmegen/Tilburg/
Groningen, Netherlands (P14.222/NV/nv); Regional komité for medisinsk og helsefaglig Tromso/Trondheim/
Oslo, Norway (2014/1454); Comitetului de Etica a Spitalului Clinic Judeteam de Urgenta Timisoara, Roma-
nia (16-OCT-2014); Etidkog odbora Klinidkog centra Vojvodine Novi Sad, Serbia (00-08/332); Comité Etico
de Investigacion Clinica del Hospital Universitario 12 de Octubre Madrid, Spain (14/262); Comité ético de
investigacion clinica y comision de proyectos de investigacion del hospital universitari Vall d’Hebron Barcelona,
Spain (ID-RTF080); Comité Etico de Investigacion Clinica de Euskadi Bilbao, Spain (P12014158); Comité Etico
de Investigacion Clinica del Clinico Universitario de Valencia, Spain (F-CE-GEva-15); EPN (Regionala Etik-
prévningsndmnden i Stockholm) Stockholm/Umea, Sweden (2014/1473-31/4); La Commission cantonale (VD)
déthique de la recherche sur létre humain (CER-VD) Lausanne, Switzerland (473/11); NHS HRA Birmingham/
Cambridge/Southampton/Sheffield/London/Salford/Liverpool/Bristol, United Kingdom (14/SC/1370); UHB
Research Governance Office—Queen Elizabeth Hospital Birmingham, United Kingdom (RRK5224); Research
and Development Department—Cambridge University Hospital NHS Foundation Trust Cambridge, United
Kingdom (A093184); Research Governance Office—University Hospitals Southhampton NHS Trust South-
ampton, United Kingdom (RHM CRI0294); Research and Development Department—Sheflield Teaching Hos-
pitals NHS Foundation Trust Sheffield, United Kingdom (STH18187); Research & Innovation Office—Kings
college London NHS Foundation Trust London, United Kingdom (KCH15-204); Research and Development
Department—Salford Royal Hospital NHS Foundation Trust Salford, United Kingdom (2015/025ET); Research
& Innovation Office—The Walton centre NHS Foundation Trust Liverpool, United Kingdom (RG154-15);
Research & Innovation—North Bristol NHS Trust Bristol, United Kingdom (3427); NHS Scotland Edinburgh,
United Kingdom/Scotland (14/55/1086); Research and Development Department—University Hospitals Divi-
sion NHS Lothian Edinburgh, United Kingdom/Scotland (2015/0171).

Study population. Data were extracted for adult subjects (age > 16 years) who had completed psychopath-
ological assessments at 6 months (- 1/+2 months) post injury. Subjects across the entire TBI severity spectrum
were included in this study. Sociodemographic information was acquired at the time of enrollment into the
CENTER-TBI study and included the subjects’ age, gender, marital status, education, occupation, self-reported
pre-TBI history of psychiatric disorders, and cause of injury.

Participant data were aggregated by native language, further details can be found elsewhere?! and the applica-
tion of MI analyses required the selection of language groups with a suitable sample size of n >200. For details
on the sample attrition in the current study, see Fig. 1.

Injury-related variables. Extracranial injury severity was assessed using the Injury Severity Score (ISS)
derived from the Abbreviated Injury Scale score®***. ISS values can range from 0 to 75 with higher scores indi-
cating greater impairment and the threshold for clinical impairment at 16. TBI severity was assessed at baseline
by applying the Glasgow Coma Scale (GCS)**. GCS scores from 13 to 15 indicate mild, 9 to 12 moderate, and
3 to 6 severe TBI. Mild TBI can be further differentiated into complicated (GCS =13 with CT abnormalities)
and uncomplicated (GCS> 13 without CT abnormalities)**. Moreover, the Glasgow Outcome Scale Extended
(GOSE)*® was administered as a clinician-reported measure of functional recovery at six months following
TBI and was scored on an eight-point scale (1=dead, 2=vegetative state, 3/4=lower/upper severe disability,
5/6 =lower/upper moderate disability, 7/8 =lower/upper good recovery). More details on GOSE data extraction
are provided elsewhere’!. Finally, in accordance with a recently reported procedure® we considered individuals
who had a complete recovery (GOSE=8) from the mildest degree of TBI (GCS=15) without any CT abnor-
malities as ‘ultra-mild’ cases in the TBI severity spectrum. This classification was used to determine whether
the PCL-5 is able to capture PTSD symptomatology in the same way in those completely recovered compared to
more severely injured subjects.

PTSD symptoms. PTSD severity was evaluated using the PCL-5°>%. The PCL-5 is a self-report question-
naire comprising 20 PTSD symptoms which correspond to four diagnostic criteria proposed in the DSM-5 (i.e.,
criterion B: intrusion, criterion C: avoidance, criterion D: negative alterations in cognition and mood, criterion
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Figure 1. Sample attrition.

E: alterations in arousal and impulsivity)'%. Individuals reported their impairment during the past month on a
Likert scale ranging from 0 (not at all) to 4 (extremely). Total scores can range from 0 to 80 with higher values
indicating greater symptom severity and can be used to screen for clinical levels of PTSD symptomatology
with cutoffs of 31 to 33 in civilian populations®***’. In accordance with previous research in the field of TBI**, a
screening cutoff of 31 was applied in the current study. Finally, to examine the nature of the traumatic experience
(criterion A) associated with the PTSD symptoms, subjects were surveyed whether they completed the PCL-5
in reference to the TBI event (‘When you responded to the questions in this questionnaire were your answers in
reference to the stressful experience which caused your traumatic brain injury?’).

The original version of the PCL-5 is openly available from the website of the National Center for PTSD:
https://www.ptsd.va.gov/professional/assessment/adult-sr/ptsd-checklist.asp (last accessed on 17.11.2021). For
the CENTER-TBI study the PCL-5 was translated and linguistically validated following a standardized protocol
(for details, see®®) as well as psychometrically tested®'. All language versions can be retrieved from the CENTER-
TBI website: https://www.center-tbi.eu/project/validated-translations-outcome-instruments (last accessed on
23.11.2021).

Statistical analyses. Descriptive statistics are presented for sociodemographic characteristics as well as
injury-related variables in the total sample and the language subsamples. Detailed information on the psycho-
metric properties of the PCL-5 language versions in CENTER-TBI, both at the item level as well as at the scale
level, can be found elsewhere®'. Differences between language groups with respect to age were examined using
an ANOVA and post-hoc Tukey HSD tests accounting for multiple comparisons. Differences in injury-related
variables (i.e., GOSE, GCS, ISS, PCL-5) were tested via Kruskal-Wallis tests with post-hoc pairwise Mann-
Whitney-U-tests and corrected for multiple comparisons (see Table Al). Effect sizes were determined by calcu-
lating Cohen’s d statistics®’, whereby ds>0.2 indicate small, ds > 0.5 moderate, and ds > 0.8 large effects®.

The latent structure of the PCL-5 was investigated within the framework of confirmatory factor analyses
(CFA) with robust weighted least square mean and variance (WLSMV) estimator for ordinal variables®. Fit analy-
ses were conducted for the following candidate models: the original four-factor DSM-5 model of PTSD'?, the
four-factor Dysphoria model?”*, the six-factor Anhedonia model**%2, and the seven-factor Hybrid model*”¢*54,
Models were defined by mapping items to the respective proposed latent factors, including a common second-
order factor to represent PTSD. Item mappings to the respective factors as proposed in these structural models
are provided (Table B1 in Appendix). Standardized factors loadings were evaluated with a cutoff of f >0.50. Model
fit was evaluated based on multiple descriptive goodness-of-fit indices, namely the overall chi-square statistic,
Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), standardized root mean square residual (SRMR), and
root mean square error of approximation (RMSEA) with a 90% confidence interval. Desirable fit was determined
for CFI and TLI above 0.95, RMSEA below 0.06, and SRMR less than 0.08%°. However, since these cutoff values
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were not originally proposed for WLSMYV estimation of ordinal data, results should be interpreted cautiously®®.
We therefore evaluated structural validity for the candidate models considering all fit indices simultaneously.

The cross-linguistic equivalence of the PCL-5 assessments was investigated by applying multi-group CFA
with a WLSMV estimator for ordinal data based on recommendations by Wu and Estabrook (2016)%” and
adapted from Svetina, Rutkowski, and Rutkowski (2020)%. Three nested MI models were set up with increas-
ingly constrained structural parameters: (1) configural model, (2) thresholds model, (3) loadings model. Models
were defined by mapping items to the proposed latent factors and including between-factor covariances. Again,
model fit was evaluated based on the previously described goodness-of-fit indices (i.e., chi-square, CFI, TLI,
SRMR, RMSEA with 90% CI) in conjunction with the respective cutoffs. Likelihood ratio statistics of the rela-
tive model fit were examined using scaled chi-square difference tests with the Satorra-Bentler approximation®
and significance levels at a =0.05. Significant differences would indicate rejection of the null hypothesis of equal
model fit. However, since chi-square difference tests may overestimate effects in studies with large samples sizes’",
changes in descriptive goodness-of-fit indices were evaluated as well. Based on previous recommendations’"”%,
between-model non-invariance was assumed for ACFI and ATLI>0.010, as well as ASRMR and ARMSEA >0.015.
Final evaluations of the comparative model fit, and thus MI, were based on all relevant parameters concurrently.

Finally, MI analyses between individuals after ‘ultra-mild’ and more severe TBI were carried out in similar
fashion as described above by employing increasingly constrained nested MI models and evaluated based on
the same difference tests and model indices alongside the respective cutoffs.

The reported results are based on the ‘CENTER core 2.1’ dataset retrieved from the Neurobot platform of
CENTER-TBL: https://center-tbi.incf.org (last accessed on 09.07.2021). All analyses were conducted in R 3.6.37
using the packages ‘psych 2.0.12’7, ‘lavaan 0.6-8"7, and ‘semTools 0.5-4"°. For statistical tests, p <0.05 was
considered significant.

Informed consent. Informed consent was obtained from all subjects involved in the study.

Data availability

All relevant data are available upon request from CENTER-TBI, and the authors are not legally allowed to share
it publicly. The authors confirm that they received no special access privileges to the data. CENTER-TBI is
committed to data sharing and in particular to responsible further use of the data. Hereto, we have a data shar-
ing statement in place: https://www.center-tbi.eu/data/sharing. The CENTER-TBI Management Committee, in
collaboration with the General Assembly, established the Data Sharing policy, and Publication and Authorship
Guidelines to assure correct and appropriate use of the data as the dataset is hugely complex and requires help
of experts from the Data Curation Team or Bio- Statistical Team for correct use. This means that we encourage
researchers to contact the CENTER-TBI team for any research plans and the Data Curation Team for any help in
appropriate use of the data, including sharing of scripts. Requests for data access can be submitted online: https://
www.center-tbi.eu/data. The complete Manual for data access is also available online: https://www.center-tbi.eu/
files/SOP-Manual-DAPR-20181101.pdf.
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