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ABSTRACT

Background: Traumatic neck pain is prevalent and often linked to sensorimotor impairments, including reduced
cervical movement velocity, prolonged task completion time and delayed reaction times. The cervical reaction
acuity (CRA) test provides a virtual reality (VR) based objective assessment of a combination of these deficits.
Objectives: To evaluate the CRA test in terms of discriminant and construct validity, associations among CRA-
variables, and test-retest reliability.

Design: Cross-sectional and test-retest reliability study.

Method: Adults aged 18-65 years with chronic traumatic neck pain (CTNP) (n = 42) and asymptomatic controls
(CON) (n = 38) completed the VR-based CRA test (measuring peak velocity, reaction time, and task completion
time) twice, one week apart. Discriminant validity was examined through group comparisons and sensitivity and
specificity analyses. Construct validity was examined through correlations with patient-reported outcomes. As-
sociations among CRA variables were examined using correlational analyses. Test-retest reliability (CTNP n = 41,
CON n = 29) was examined via intraclass correlation coefficients (ICC), standard error of measurement and
minimal detectable change.

Results: Participants with CTNP showed significantly lower peak velocity and longer task completion times than
CON. Reaction time did not differ between groups. Peak velocity had the best discriminative ability (sensitivity
83%, specificity 71%), while task completion time showed lower sensitivity (45%) but higher specificity (90%).
Correlations with self-reported measures were low to moderate. ICC ranged from 0.54 to 0.94 (95% CI
0.23-0.97).

Conclusion: The CRA test assesses cervical movement performance, with reliability ranging from poor to excel-
lent. Individuals with CTNP demonstrate slower cervical movement velocity and prolonged task completion
times than CON.

1. Introduction

associated with chronic neck pain (Franov et al., 2022; Treleaven,
2024). The cervical spine plays a central role in sensorimotor function

Neck pain is prevalent (Wu et al., 2024), with up to 75% experi-
encing recurrent episodes (Carroll et al., 2008). Trauma to the head or
neck is a well-established pathway to chronic neck problems (Guez
et al., 2002; Kazeminasab et al., 2022). Individuals with chronic trau-
matic neck pain report more severe symptoms, poorer quality of life,
higher fear of movement, and greater sensorimotor impairments than
those with non-traumatic chronic neck pain (Coppieters et al., 2017;
Chen et al., 2025).

Sensorimotor disturbances are increasingly recognized as being
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due its dense proprioceptive input (Kissane et al., 2023), and connec-
tions to the visual and vestibular systems, supporting posture and
head-eye coordination (Treleaven, 2017). Following trauma, the
sensorimotor system may be disrupted through several mechanisms.
Altered proprioceptive input from the cervical muscles can impair sen-
sory integration leading to maladaptive sensorimotor control
(Treleaven, 2017). Psychological factors, such as fear of movement,
have been associated with altered movement behavior (Sarig Bahat
et al., 2014), suggesting a further mechanism contributing to
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sensorimotor dysfunction.

Sensorimotor disturbances include impaired proprioception,
reduced range of motion, decreased movement velocity (Chen et al.,
2025; Franov et al., 2022; Grip et al., 2008), prolonged reaction and
task completion times (Gadotti et al., 2020; Ohberg et al., 2003). These
disturbances may have substantial consequences, e.g., rapid controlled
head movements are important for everyday activities such as safe
driving or reacting to sudden events (Gadotti et al., 2020; Roijezon et al.,
2010).

The cervical reaction acuity (CRA) test is a virtual reality (VR) based
assessment incorporating elements of reaction, velocity, acuity and
stability across multiple movement directions. It requires rapid precise
head movements followed by controlled stabilization and provides
measures of reaction time, peak velocity, and task completion time
(Forsberg et al., 2024). Reaction time reflects processing speed linked to
sensorimotor control (Falk et al., 2022; Sittikraipong et al., 2020), peak
velocity reflects functional movement capacity (Roijezon et al., 2010)
and may have potential to predict neck disability (Begum et al., 2025).
Task completion time reflects overall sensorimotor performance,
including movement acuity and stability at the target. The acuity
component refers to the precision with which the participant can rapidly
acquire the target, whereas the stability component refers to maintain-
ing a stable head position within its boundaries. Acuity and stability
challenges cervical position and movement sense and provide an indi-
cation of cervical proprioceptive function (Treleaven, 2017). Under-
standing these sensorimotor impairments is important for targeted
rehabilitation (Treleaven, 2024).

A key barrier to sensorimotor assessment is the lack of accessible,
standardized clinical tools, especially for temporal measures, which
have traditionally required specialized laboratory equipment. This un-
derscores the need for reliable, valid and clinically applicable objective
methods. Recent advances in VR technology enable detailed sensori-
motor assessments and training (Forsberg et al., 2023, 2024; Sarig Bahat
et al., 2015, 2018). The CRA test has demonstrated concurrent validity
against a gold standard motion capture system (Qualisys, Gothenburg)
(Forsberg et al., 2024), but further psychometric evaluation is needed.
Thus, this study aimed to: (i) assess the discriminant validity of the CRA
test between individuals with chronic traumatic neck pain and asymp-
tomatic controls, including cut-offs, sensitivity and specificity (ii) eval-
uate construct validity via correlations with patient-reported measures,
(iii) determine correlations within CRA variables (iv) determine the
test-retest reliability of the CRA test.

It was hypothesized that the neck pain group would demonstrate
slower reaction times, lower velocity, and longer task completion times.
Sensitivity, specificity, correlation and reliability analyses were
exploratory, as the CRA test has not been evaluated to date.

2. Methods
2.1. Design

This psychometric study used a cross-sectional design to assess
discriminant and construct validity, and a repeated test to evaluate
test-retest reliability of the CRA test in a VR headset. Participants pro-
vided informed consent, and ethical approval was granted by the
Swedish Ethical Review Authority (ref No: 2022-00183-01).

2.2. Participants

Individuals with chronic traumatic-onset neck pain (CTNP) and
asymptomatic controls (CON) were recruited via physiotherapy clinics,
social media, and university channels. Eligible participants were adults
aged 18-65 years with sufficient understanding of spoken and written
Swedish.

CTNP group included individuals with neck pain >3 months, initiated
or aggravated by head or neck trauma. Participants were initially
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required to have a Neck Disability Index (NDI) score of 20-60%. During
recruitment, this criterion was expanded to 10-70%, provided partici-
pants also reported neck pain of >3/10 on the Numeric Rating Scale
(NRS). The lower NDI threshold reflects minimal disability cut-off
(Vernon, 2008), while the upper limit aimed to exclude severe cases
with potential comorbidities or inability to perform the CRA test due to
severe movement disability.

CON group included individuals with no current neck pain and no
history of neck pain causing functional limitations affecting daily life or
requiring treatment (i.e., they were allowed to have experienced brief,
self-resolving episodes of neck pain, e.g., transient stiffness), as
confirmed via questionnaire and interview.

Exclusion criteria for both groups included current or a history of
cervical radiculopathy, spinal surgery, spinal fracture, concussion where
the person lost consciousness or had persisting post-concussion symp-
toms, neurological disease, epilepsy, rheumatic disease, vestibular dis-
ease, uncorrected impaired vision, and previous experience of severe
symptoms (nausea/dizziness) using VR headset, as confirmed via
interview.

2.3. Sample size

Test-retest reliability assessment generally requires a total sample of
approximately 50 participants (Hopkins, 2000). Group comparison
sample sizes, calculated with 80% power and o = 0.05 based on prior
studies, ranged from 9 to 28 per group for peak velocity (Roijezon et al.,
2010) and ~12 per group for reaction time and time to target (Gadotti
et al., 2020; Ohberg et al., 2003). Considering these estimates, reli-
ability recommendations, and potential missing data, ~40 participants
per group was deemed sufficient.

2.4. VR technology

The study used VR headsets (Pico Neo 3 Pro, 6 degrees of freedom,
Pico Technology Co., Ltd., Cambridgeshire, UK) with software devel-
oped by Curest AB (Luled, Sweden). In this immersive VR, participants
use head movements to interact in the VR environment, while a built-in
inertial measurement unit simultaneously tracks movements. Outcome
data was automatically calculated and uploaded to the software online
portal.

2.5. Procedure

Data were collected by three physiotherapists in four cities in
northern and central Sweden. The physiotherapists had extensive clin-
ical experience in musculoskeletal assessment and rehabilitation. The
physiotherapists were trained for about 30 min to perform the CRA test.
Each physiotherapist conducted tests and retests on a separate set of
participants, not blinded to group allocation. Prior to the first test ses-
sion, participants completed questionnaires (demographics, exercise
level, pain history, NRS and EQ-5D), while the CTNP group also
completed the NDI and Tampa Scale of Kinesiophobia (TSK). Test pro-
tocol is presented in Figs. 1 and 2.

2.6. Test-retest procedure

To test the stability of measurements over time, a retest was con-
ducted one week after the initial assessment, using the same procedures
and test protocol, without repeating questionnaires.

2.7. CRA test protocol

The CRA test assesses the ability to stabilize the head and perform
rapid, precise movements, with one repetition in eight cervical di-
rections (Fig. 2). The mean values across the eight directions were used
as outcomes, as multiple repetitions are recommended for reliable
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Fig. 1. Illustration of the test position (the image was generated using
ChatGPT, OpenAl, 2026). Test protocol: during tests, participants sat on a firm
chair (46 cm in height), in a corrected posture with neutral lumbar lordosis,
their back against backrest, both feet on the floor without shoes, and arms
resting on thighs. They were instructed to keep the trunk and shoulders still
during the test protocol to minimize accessory movements, visually inspected
by the physiotherapists (testers). The VR screen was shared with a computer
screen to enable the physiotherapist to guide the participant through the tests.
First the participants performed a cervical warm-up without VR comprising one
repetition of right - left rotation, flexion - extension, right - left lateral flexion,
and diagonal movements in extension and flexion). The participants then per-
formed a familiarization trial of the CRA-test before test measurement (Fig. 2).

estimates (English et al., 2022). Outcome variables were.

e Reaction time (milliseconds, [ms]): for each movement direction
reaction time was defined as the time from target movement onset to
initiation of participant's head movement (identified as the point
where the participant's movement velocity exceeded 5% of their
maximum velocity in that movement direction). This measure re-
flects the person's neural processing speed.

Peak velocity (degrees/second, [°/s]): highest movement velocity
per movement direction, reflecting how quickly the person can move
their head.

Task completion time (seconds, [s]): time to complete one movement
direction (from center to target and return), including required hold
phases. This variable reflects overall performance, including acuity
and stability. The acuity and stability components assess the preci-
sion of cervical sensorimotor control by requiring participants to
accurately orient their head toward the target and maintain a stable
position once the target is reached.
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participant’s
@ head position

Fig. 2. Schematic figure of the CRA test. The test starts with a central target.
Head position is represented by the white circle. Participants align and stabilize
their head on the target for 3 s (indicated by a circle drawn around the target);
if alignment is lost, the 3 s countdown restarts. The target diameter is 2°.
Therefore, a displacement exceeding 1° from the center in any direction results
in crossing the target boundary. Once stability for 3 s is achieved, the target
moves 25° in one of eight directions (right rotation, left rotation, flexion,
extension, four diagonals). Instructions were to follow the target with the head
as quickly as possible, stabilize the head on the target in the new position for 1 s
(again indicated by a circle drawn around the target, and if the head position
deviates from the target the countdown starts over). Once stability is achieved,
the target returns to the center, and instructions were to follow the target as
quickly as possible back to the center, before the next repetition starts. The test
comprises one repetition in each of the eight movement directions (each 25°),
in random direction order.

2.8. Participant reported outcome measures (PROMs)

PROMs were included to capture pain, disability, fear of movement,
physical activity, and general health.

Neck pain-related disability was assessed with the valid and reliable
Neck Disability Index (NDI), a 10-item measure (0-50; higher = greater
disability), reported as percentage (Vernon, 2008). Fear of movement
was assessed with Tampa Scale of Kinesiophobia — 11 items (TSK-11),
ranging from 11 to 44 (higher = greater fear) (Woby et al., 2005), with
acceptable validity and reliability (Larsson et al., 2014). Numeric Rating
Scale (NRS; 0-10), was used to assess average values over the past 7 days
for each of neck pain, headache and dizziness (0 = no symptom;
10 = worst imaginable symptom). The NRS is valid and reliable
(Dworkin et al., 2005). Physical activity was based on national recom-
mendations (Public Health Agency of Sweden, 2021). Physical exercise
and everyday physical activity were self-reported over a week using a
0-6 ordinal scale (0 = none; 6 = > 150 min for exercise and >300 min
for everyday activity) (Olsson et al., 2016). General health today was
assessed using EuroQol-5 dimensions visual analogue scale (EQ-5D VAS)
(0-100; 0 = worst imaginable health; 100 = best imaginable health)
(Brooks, 1996).

2.9. Data pre-processing

During data inspection, occasional reaction times <150 ms were
identified and considered most unlikely to represent true responses
based on previous research on visual reaction time tests (Woods et al.,
2015; Silverman, 2010), including head movements (Ohberg et al.,
2003). Reaction times under 150 ms from single repetitions were
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removed from analyses, with remaining valid repetitions being used for
calculation of mean reaction time. These excluded values likely arose
from initial irregular movements that caused the 5% threshold to be
exceeded prematurely. This affected 7 participants in test 1 (all CTNP)
and 13 in test 2 (10 CTNP, 3 CON), but no participants were fully
excluded due to sufficient remaining trials. Total reaction time trials
removed were 19/640 (3%) in test 1 and 32/640 (5%) in test 2.

2.10. Statistics

Data were analyzed in SPSS version 29.0.1.0 (IBM, Armonk, NY,
USA), and Microsoft Excel version 2501. Normality of continuous vari-
ables was assessed using the Shapiro-Wilk test, and visually through
histograms, and Q-Q plots. Non-parametric tests were applied for
skewed and ordinal variables. Significance was set at p < 0.05.

Group differences in demographic variables were analyzed with in-
dependent t-tests, Mann-Whitney U tests for skewed and ordinal vari-
ables, or chi-square tests for categorical variables.

Discriminant validity was evaluated using ANCOVA, with age, sex,
and physical exercise as covariates. Age was included as covariate due to
possible reduction in sensorimotor control with higher age (Reddy et al.,
2023), sex due to higher proportion of females in the CTNP group, and
physical exercise due to significant group differences.

The assumptions of ANCOVA-models were assessed using normality
of residuals, homogeneity of variances, linearity between covariates and
dependent variable, and homogeneity of regression slopes. Task
completion time violated normality of residuals and homogeneity of
regression slopes, therefore Quade's nonparametric ANCOVA was
applied, which ranks the variables and tests group differences on the
ranked residuals (Conover and Iman, 1982). Effect sizes were reported
as partial eta squared (nzp; small: 0.01, medium: 0.06, large: 0.14)
(Pallant, 2020). For the ANCOVA-models a Bonferroni correction (Field,
2018), was applied (a = 0.05/3 = 0.017).

CRA variables showing significant group differences were further
examined for diagnostic accuracy using receiver operating characteristic
(ROC) curve analysis, including area under the curve (AUC), sensitivity,
specificity, and cut-off values. AUC was interpreted as fail (0.5 - <0.6),
poor (0.6 — <0.7), fair (0.7 — <0.8), considerable (0.8 - <0.9), and
excellent (>0.9) (Corbacioglu and Aksel, 2023). Optimal cut-offs were
determined by maximizing Youden's index (true positive rate - false
positive rate) (Hajian-Tilaki, 2018).

Construct validity was assessed by correlating CRA outcomes and
PROM:s in the CTNP group. Associations between CRA variables were
examined using correlational analyses in the total sample. Pearson's
correlation were used for parametric variables and Spearman's rho for
non-parametric variables, both classified as negligible (<0.1), weak
(0.10-0.39), moderate (0.40-0.69), strong (0.70-0.89), or very strong
(0.90-1.00) (Schober and Schwarte, 2018).

Test-retest reliability was assessed in the total sample and by group.
Systematic bias was examined by paired-samples t tests or Wilcoxon
signed rank test. Relative reliability was evaluated using a two-way
random-effects, absolute agreement, single-measures intraclass corre-
lation coefficient (ICC2.1), (poor <0.50, moderate 0.50- <0.75, good
0.75- <0.90, excellent >0.90) (Koo and Li, 2016). Absolute reliability
was estimated with the standard error of measurement (SEM), (SD of
differences between Test 1 and 2/ \/2) (Hopkins, 2000). SEM reflects
random measurement error between trials. The minimal detectable
change (MDC) was then computed as SEM x 1.96 x \/ 2, representing
the smallest change required to exceed random error. Missing data to
retest was listwise deleted in SPSS, i.e., only participants with both test-
and retest data were included.
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3. Results
3.1. Participant characteristics

A total of 80 participants were included (42 CTNP, 38 CON)
(Table 1). The CTNP group reported significantly lower levels of phys-
ical exercise and general health. Although sex difference was not sig-
nificant (p = 0.08), the variable was considered a covariate for the
ANCOVA analysis. The NDI scores ranged from 10 to 66%, of which
seven participants had NDI 10-18% and one had 66%. The subsample for
test-retest analyses included a total of 70 participants, 41 with CTNP and
29 CON (Appendix 1).

3.2. Discriminant validity

3.2.1. Group differences CTNP - CON

The CTNP group demonstrated lower peak velocity (p < 0.001) and
prolonged task completion time (p = 0.003) compared with CON. In
contrast, no significant group difference was observed for reaction time
(Table 2). Regarding the covariance, age and sex were significant pre-
dictors of reaction time and velocity, whereas physical exercise was not.
For task completion time, analyzed using Quade's non-parametric
ANCOVA, covariates were controlled for via ranking and cannot be
directly interpreted.

3.2.2. Diagnostic accuracy: sensitivity and specificity

Peak velocity demonstrated the highest discriminative ability, with
83% sensitivity and 71% specificity, whereas task completion time had
higher specificity (90%) but lower sensitivity (45%) (Table 3). The AUC
including CI's for peak velocity ranged from fair to excellent, while task
completion time ranged from poor to considerable.

3.3. Construct validity: associations of CRA variables
Reduced peak velocity was weakly associated with greater fear of

movement (TSK-11) and lower physical exercise (Table 4). Longer task
completion time correlated weakly to higher disability (NDI) and

Table 1
Descriptives of study participants.
CTNP CON Sig.

N 42 38
N (%) Female 34 (81%) 24 (63%) 0.08
Age (years) 44.5 (13.2) 45.1 (11.4) 0.81
Height (cm) 169.4 (7.2) 172.6 (8.7) 0.07
Weight (kg) 75.3 (13.7) 75.4 (12.7) 0.98
Physical exercise (0-6) 2.0 (1.0; 4.3) 3.0 (1.8; 6.0) 0.03

Everyday physical activity (0-6) 4.0 (3.0; 5.0) 5.0 (3.0; 6.0) 0.16
EQ-5D VAS 0-100 70.0 (50.0; 90.0 (78.8; <
80.0) 90.0) 0.001
NRS Neck pain/10 5.0 (3.0; 6.3) NA NA
NRS Headache/10 4.0 (2.8; 6.0) 0 (0; 0) <
0.001
NRS Dizziness/10 0.0 (0.0; 3.0) 0(0;0) <
0.001
NDI % 34.4 (15.1) NA NA
TSK-11/44 20.5 (5.4) NA NA
Duration of pain months 151.0 (135.2) NA NA
Trauma MVC/Other head trauma  26/16 NA NA
N
Neck pain before trauma N 4 NA NA

Group values are presented as mean values (standard deviation) or median
values (quartile 1; quartile 3). N: number; CTNP: chronic traumatic neck pain;
CON: control; NDI: Neck Disability Index; NRS: Numeric Rating Scale; TSK:
Tampa scale of kinesiophobia; EQ-5D: EuroQol 5 dimensions; VAS: visual
analogue scale; Sig: significance value (Chi 2 test for sex; Independent t-test for
age, height, weight; Mann-Whitney U test for Physical exercise, Everyday
physical activity, EQ-5D VAS, and NRS ratings); MVC: motor vehicle crash; NA:
not applicable.
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Table 2
Difference between CTNP and CON. Analysis of covariance (ANCOVA) with sex,
age and physical exercise as covariates.

Variable CTNP (N CON (N Sig.h Partial Eta
42) 38) Squared 1%p

Reaction time (ms) 297.9 289.4 0.406 0.01
(36.8) (38.1)

Peak velocity (°/s) 73.9 101.3 <0.001 0.21
(25.5) (23.6)

Task completion 6.5 (6.2; 6.2 (6.0; 0.003" 0.11

time (s) 7.1) 6.5)

Group values for reaction time and peak velocity are presented as unadjusted
mean (standard deviation); task completion time as unadjusted median (quartile
1; quartile 3) N: number.

2 Quade nonparametric ANCOVA.

b Bonferroni corrected p-value 0.017.

Table 3
Receiving Operator Characteristic (ROC) analysis with Sensitivity and Speci-
ficity for velocity and task completion time.

N AUC Cut-off Sensitivity Specificity
CTNP/ (95% CI) value % %
CON
Peak velocity 42/38 0.8(0.7- 91.1°s 83 71
(O/S) 0‘9)***
Task 42/38 0.7 (0.6 — 6.57 s 45 90
completion 0.8)***
time (s)

p < 0.001; AUC: area under the curve, CI: confidence interval; s: seconds.

Table 4

Correlations of CRA outcome variables with patient reported outcomes and age
in the CTNP group (N = 42), and intercorrelations among CRA variables in the
total sample (N = 80).

Reaction time Peak velocity Task completion time

(ms) ©/9) (s)
CTNP group (N = 42)
NDI 0.14° ~0.30° 0.33"
TSK-11 0.04* —0.35"* 0.20"
NRS Neck pain 0.20"° —0.04 " 0.07 "

NRS Headache 0.02° -0.28" 0.16"

NRS Dizziness 0.16 " -0.11°" 013"

EQ-5D VAS 0- —0.13°" 0.30° —0.19°"
100

Exercise -0.02° 0.38"* —0.40 "*

Daily activity —0.17"° 0.28" 0.10°

Age 0.32%% —0.41%x 0.63"%**

Total sample (N = 80)
Reaction time
Peak velocity

0.530#x
—0.60 %

—0.34%

NDI: Neck Disability Index; TSK-11: Tampa scale of kinesiophobia 11 items;
NRS: Numeric Rating Scale; EQ-5D: EuroQol 5 dimensions; VAS: visual analogue
scale; *p < 0.05; **p < 0.01; ***p < 0.001.

? Pearson correlation.

b Spearman's rho.

moderately to lower physical exercise level. All three CRA variables
revealed weak to moderate correlations with age.

3.4. Correlations within CRA variables

Within CRA variable analysis revealed weak to moderate correla-
tions (r/rho <0.60, p < 0.01) (Table 4).
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3.5. Test-retest reliability

Moderate to excellent reliability was demonstrated across CRA out-
comes for the total sample (N = 70) (ICC 0.71-0.92, CI 0.58-0.95)
(Table 5). The CTNP revealed higher reliability for velocity and task
completion time (ICC 0.89 — 0.94) compared to CON (ICC 0.54 — 0.63).
Confidence intervals ranged from poor to good in CTNP reaction time,
and in CON velocity and task completion time. A small but significant
difference between test sessions was observed for reaction time in the
CTNP group, whereas all other measures remained stable across sessions
(Table 5).

4. Discussion

This study provides initial evidence supporting the validity and
reliability of a novel VR based cervical reaction acuity test, which is a
test of movement performance incorporating head movement reaction,
velocity, acuity and head stability in multiple movement directions.
Peak velocity demonstrated the strongest discriminative ability between
individuals with CTNP from CON with a large effect size. The sensitivity
(83%) and specificity (71%) suggest that reduced velocity is a mean-
ingful indicator of altered motor performance associated with CTNP,
consistent with previous research (Franov et al., 2022; Ohberg et al.,
2003; Sarig Bahat et al., 2015), reinforcing velocity deficits as a key
feature in chronic traumatic neck pain.

Longer task completion times were observed in individuals with
CTNP, in line with previous research (Descarreaux et al., 2010). Low
sensitivity (45%), but high specificity (90%) indicates it identifies more
pronounced impairments. Thus, peak velocity may serve as a sensitive
screening measure, whereas task completion time reflects more specific
deficits in sensorimotor precision, supporting the CRA's ability to pro-
vide both measures within the one test.

No group difference was found in reaction time, contrasting with
some studies (Gadotti et al., 2020; Ohberg et al., 2003) but agreeing with
others (Sarig Bahat et al., 2010). Differences in task design, pain dura-
tion, and sample characteristics likely contribute to these discrepancies.
Reaction time showed instability between test and retest in the CTNP
group, possibly affecting the observed group comparisons. Reaction
times <150 ms were considered unlikely a physiological true response
(Woods et al., 2015; Silverman, 2010) and were excluded to get more
accurate and comparable measurements. The excluded values likely
reflected initial inability to stabilize the head and jerky movements
exceeding the 5% threshold prematurely. Future analyses could refine
this measure, e.g., by increasing the threshold to 10% of peak velocity.
Exclusions were small (3% test 1, 5% test 2) and were unlikely to have
influenced the results.

Age correlated with all CRA variables and was a significant factor in
the ANCOVA for reaction time and velocity, consistent with evidence
that age may influence cervical sensorimotor function (Reddy et al.,
2023; Artz et al., 2015), underscoring the need for age-specific ana-
lyses. Sex was a significant factor in the ANCOVA for reaction time and
velocity, aligning with previous findings that males tend to have faster
reaction times (Sadler et al., 2022), supporting future sex-specific ana-
lyses. Although research on sex differences in cervical movement ve-
locity is limited, female sex is a known risk factor for neck pain
(Blanpied et al., 2017), warranting further investigation of sex-related
differences in cervical function, including determining sex-specific
cut-off values.

No strong consistent correlations were found between CRA move-
ment outcomes and PROMs. Weak associations were revealed between
slower peak velocity and higher fear of movement (TSK) r = 0.35, and
longer task completion time and greater neck disability (NDI), r = 0.33.
Similar weak correlations have been reported previously (Treleaven
et al.,, 2016; de Zoete et al., 2020), suggesting that PROMs and move-
ment functions capture different constructs. This highlights the impor-
tance of combining objective assessments and self-reports to capture the
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Table 5
Test-retest reliability of the CRA outcome variables, for the whole sample, and per group CTNP and CON respectively. N total sample = 70, N CTNP = 41, N CON = 29.
Variable Group (N) Test 1 Test 2 Sign between test 1 & 2 ICC (95% CI) SEM MDC
Reaction time (ms) Tot. Sample (70) 291.5 (36.4) 297.0 (44.7) 0.14 0.71%** (0.58-0.81) 21.7 60.2
CTNP (41) 296.7 (36.4) 308.5 (49.9) 0.03* (0.46-0.81) 24.2 67.0
CON (29) 284.2 (35.8) 280.7 (29.9) 0.40 (0.57-0.88) 15.9 44.2
Peak velocity (°/s) Tot. Sample (70) 86.3 (29.2) 83.3(28.2) 0.11 (0.76-0.90) 11.2 31.1
CTNP (41) 73.7 (25.7) 72.6 (27.5) 0.59 (0.81-0.94) 8.8 24.4
CON (29) 104.2 (24.4) 98.3 (21.9) 0.12 (0.36-0.81) 13.9 38.4
Task completion time (s) Tot. Sample (70) 6.4 (6.0; 6.6) 6.3 (6.1; 6.7) 0.32 (0.88-0.95) 0.2 0.7
CTNP (41) 6.5 (6.2;7.1) 6.5 (6.2; 7.0) 0.39 (0.89-0.97) 0.3 0.7
CON (29) 6.2 (5.9; 6.4) 6.1 (6.0; 6.4) 0.45 0.54*** (0.23-0.75) 0.2 0.6

Values from Test 1 Test 2 for reaction time and peak velocity are presented as mean (standard deviation); task completion time as median (quartile 1; quartile 3); N:
number; ms: milliseconds; SD: standard deviation; *p < 0.05 ***p < 0.001; Sig.: significance value (Paired t-test for reaction time and peak velocity, Wilcoxon Signed
Rank Test for Task completion time); ICC: intraclass correlation coefficient; SEM: standard error of measurement; MDC: minimal detectable change.

multifactorial nature of chronic traumatic neck pain within a
bio-psycho-social perspective (Walton and Elliott, 2017), where the CRA
outcomes would capture some of the “bio” perspective. CRA outcomes
reflect sensorimotor function such as proprioception, central processing
and motor control, whereas PROMs reflect subjective experiences.
Sensorimotor impairments are well documented in traumatic neck pain
(Treleaven, 2017), and may persist despite reduced pain or absence of
sensorimotor symptoms such as dizziness (Sterling et al., 2001, 2003;
Kristjansson and Treleaven, 2009), supporting assessment of sensori-
motor function regardless of symptoms. Importantly, adding sensori-
motor training to rehabilitation has been shown to improve long-term
outcomes (Sremakaew et al., 2022), suggesting its role in reducing
recurrence. Studies have suggested that some measures (e.g., frontal
plane velocity) may be a potential predictor for recovery (Begum et al.,
2025). Higher physical activity in the CTNP group correlated with
higher velocity and shorter task completion time, suggesting a positive
association with CRA performance. However, future research is needed
to investigate the cause and response in longitudinal studies.

CRA outcome measures showed generally moderate to excellent
test-retest reliability. However, wide ICC confidence intervals especially
in controls and for reaction time in CTNP, indicate unstable measures,
possible due to the small sample size. Reaction time increased signifi-
cantly at retest in CTNP group, suggesting a systematic effect (e.g.,
variability in task strategy) rather than random errors. Thus, the ICC
should be interpreted cautiously. Testing across multiple physiothera-
pists and locations supports clinical feasibility, although inter-tester and
intra-tester reliability remains to be established. Standardized protocols
and the brief training for the physiotherapists (~30 min) to perform the
CRA test support clinical applicability.

The relatively large MDC thresholds (67 ms reaction time; 0.7s task
completion time), may be difficult to achieve. They exceed the lower
range of healthy controls and changes under MDC may reflect mea-
surement error. This may limit detection of improvements, especially in
short interventions. In contrast, peak velocity MDC (24.4°/s) aligns with
reported training effects which increase velocity by 22-36°/s (medium
effect size) (Sarig Bahat et al., 2018), suggesting that changes >25°/s are
reasonable to achieve.

Weak to moderate inter-correlations among the three CRA variables
indicate they measure different constructs and support the use of the
CRA test. Higher peak velocity should logically reduce task completion
time, although the latter also depends on movement acuity and stability
on target, reflecting proprioception. Weak correlation between reaction
time and velocity further indicates distinct constructs, with reaction
time reflecting processing speed, and velocity movement capacity.
Measurement error may have interfered with the correlational analyses
and should be considered when interpreting the results.

Strengths of this study include the use of a standardized, objective
VR-based test validated against laboratory equipment (Forsberg et al.,
2024). Inclusion of both sexes and adjustments for covariates
enhanced the generalizability. Both relative and absolute reliability

were assessed, with absolute reliability expressing measurement error in
the original units of the outcome, making it easier to interpret whether
observed changes exceed measurement error in a clinical context
compared with relative measures such as ICC.

Limitations include sample restriction to ages 18-65 years and
traumatic neck pain. Future research should investigate other neck pain
conditions, as well as other age groups. Moreover, this was a cross-
sectional study, future studies should include longitudinal studies to
determine how cervical movement disturbances change over time, and
to evaluate responsiveness to interventions. ROC analyses were
exploratory and unadjusted for covariates, which may have affected
discriminatory accuracy. Only ANCOVA analyses were adjusted for Type
I error (Bonferroni), while other analyses remained uncorrected due to
their exploratory nature, increasing the risk of Type I error. Quade's non-
parametric ANCOVA controls for covariates but does not allow direct
interpretation of covariate effects, being a limitation in task completion
time.

The wide pain duration (mean 151 months, SD 135), and the inclu-
sion criterion “neck pain initiated or aggravated by head or neck
trauma” may have introduced heterogeneity by creating subgroups,
which was not accounted for in the analysis. However, only four par-
ticipants reported pre-trauma neck pain. A methodological consider-
ation is that the NDI inclusion criteria was expanded during data
collection from 20-60% to 10-70%, together with the addition of a neck
pain criterion (NRS >3/10). This pragmatic adjustment was made to
increase the sample size while maintaining reasonable disability criteria.
This change resulted in the inclusion of eight additional participants,
seven with NDI scores of 10-20% and one with a score of 60-70%. The
NDI inclusion (10-66%) still excludes individuals with very mild and
highly severe disabilities, and these groups should be investigated in
future studies.

The loss of participants to retest, (2% CTNP; 24% CON) may have
introduced attrition bias, especially in the CON group where results
should be interpreted cautiously. Testers were not blinded to group
allocation, introducing potential bias. However, all instructions and the
objective test protocol were highly standardized. Trunk straps were not
used to standardized posture which may also introduce bias, though this
aligns with common clinical procedures.

4.1. Clinical implications

Findings support clinical feasibility and reliability of VR-based cer-
vical assessments. The CRA test may be useful for clinical research and
specialized assessment, pending further validation. Peak velocity ap-
pears the most sensitive indicator of neck motor dysfunction and may
serve as a clinically meaningful measure for assessment and rehabilita-
tion monitoring, though changes <25°/s should be interpreted
cautiously, as they may fall within measurement error. Given the good
reliability and discriminative validity, peak velocity and task comple-
tion time may serve as a practical indicator of sensorimotor
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impairments, but responsiveness to intervention requires further study.
4.2. Conclusions

The VR-based CRA test provides an assessment of cervical movement
performance, with reliability ranging from poor to excellent. People
with CTNP exhibit slower cervical movement velocity and longer task
completion times compared to CON.
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CTNP CON Sig.
N 41 29
N (%) Female 33 (80.5%) 15 (51.7%) 0.01
Age (years) 44.2 (13.2) 45.2 (11.4) 0.73
Height cm 169.3 (7.3) 173.2 (9.6) 0.06
Weight kg 75.3 (13.9) 75.4 (12.5) 0.98
Physical exercise (0-6) 2.0 (1.0; 4.5) 4.0 (2.0; 6.0) 0.02
Everyday physical activity (0-6) 4.0 (3.0; 5.0) 5.0 (3.5; 6.0) 0.14
EQ-5D VAS 0-100 70.0 (50.0; 80.0) 90.0 (77.5; 90.0) <0.001
NRS Neck pain/10 5.0 (3.0; 6.5) NA NA
NRS Headache/10 4.0 (3.0; 6.0) 0 (0; 0) <0.001
NRS Dizziness/10 0.0 (0.0; 3.0) 0 (0; 0) <0.001
NDI % 34.1 (15.0) NA NA
TSK-11/44 20.7 (5.4) NA NA
Duration of pain months 146.2 (131.5) NA NA
Trauma MVC/Other head trauma N 26/15 NA NA
Neck pain before trauma N 4 NA NA

Group values are presented as mean (standard deviation) or median (quartile 1; quartile 3). N: number; CTNP: chronic traumatic
neck pain; CON: control; NDI: Neck Disability Index; NRS: Numeric Rating Scale; TSK: Tampa scale of kinesiophobia; EQ:
EuroQol; VAS: visual analogue scale; Sig: significance value (Chi 2 test for sex, Independent t-test for age, height, weight; Mann-
Whitney U test for Physical exercise, Everyday physical activity, EQ-5D General health, and NRS ratings); MVC: motor vehicle

crash; NA: not applicable.
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