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Abstract
Video head impulse tests (video-HITs) are commonly used for vestibular evaluation; however, the results can be contami-
nated by various artifacts, including technical errors, recording problems, and participant factors. Although video-HITs can 
be used in patients with Parkinson’s disease (PD), the effect of neck rigidity has not been systematically investigated. This 
study aimed to investigate the effect of neck rigidity on video-HIT results in patients with PD. We prospectively recruited 
140 consecutive patients with PD (mean age ± standard deviation = 68 ± 10 years, 69 men) between September 2021 and 
April 2024 at Korea University Medical Center. The video-HIT results were compared with those of 19 age- and sex-matched 
healthy participants. Neck rigidity was stratified as a subdomain of the Movement Disorder Society-Unified Parkinson’s 
Disease Rating Scale motor part (MDS-UPDRS-III). In 59 patients, the vestibulo-ocular reflex (VOR) gain was overesti-
mated in at least one canal plane (58/140, 41%), mostly in the anterior canal (AC, n = 44), followed by the horizontal (HC, 
n = 15) and posterior canals (PC, n = 7). VOR gain overestimation was also observed in patients with no (18/58, 35%), subtle 
(20/58, 34%), or mild (17/58, 29%) neck rigidity. Multivariable logistic regression analysis showed that VOR overestima-
tion was positively associated with neck rigidity (odds ratio [OR] [95% confidence interval] = 1.51 [1.01–2.25], p = 0.043). 
The head velocities of patients decreased during head impulses for the AC (p = 0.033 for the right AC; p = 0.014 for the 
left AC), whereas eye velocities were similar to those of healthy participants. Our findings suggest that neck rigidity may 
be a confounder that can contaminate video-HIT results. Thus, the results of video-HITs, especially for the AC, should be 
interpreted with the context of head velocity during head impulses in patients with neck rigidity.
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Introduction

Video head-impulse tests (video-HITs) allow for the quanti-
tative assessment of semicircular canal function [1–3]. Since 
their introduction [4], video-HITs have been at the forefront 
of vestibular evaluations [1, 5]. However, they are vulner-
able to potential sources of artifacts, which occur in approxi-
mately 30–55% of tests [6, 7]. These artifacts may occur due 
to technical errors (e.g., head bouncing and goggle slippage), 
recording problems (trace oscillation, trace loss, miscalibra-
tion), or participant factors (rigid neck, blinking, inattention) 
[6, 8–10]. Further, these artifacts can be indistinguishable 
from covert saccades unless the raw data are thoroughly 
examined, thereby confounding the results [1, 8]. Addition-
ally, nystagmus or saccadic oscillation/intrusion—which 
is commonly accompanied by central vestibulopathy—can 
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interfere with the quantitative recording of the video-HITs 
[11].

Rigidity is a cardinal symptom of Parkinson’s disease 
(PD) [12]. It is clinically assessed by passively flexing and 
extending a patient’s appendage [12, 13]. Numerous stud-
ies have revealed that video-HITs aid in the diagnosis of 
PD and other Parkinson-plus syndromes. However, exces-
sive neck rigidity can make it difficult for testers to perform 
video-HITs in patients with PD. Surprisingly, the effect of 
neck rigidity on video-HITs has not been delineated. Instead, 
data have been simply sorted out by testers [14], or video-
HITs have been performed during the ON-state in patients 
with PD [15]. In this context, the influence of neck rigidity 
remains unknown, which awaits clarification for future stud-
ies among patients with PD.

Methods

We prospectively recruited 169 consecutive patients with PD 
at the Korea University Medical Center between September 
2021 and April 2024. Each patient underwent video-HITs 
at the initial assessment before PD-specific medications 
were administered [14]. PD was diagnosed according to 
the Movement Disorder Society (MDS) criteria [16]. We 
excluded patients with a history of central or vestibular dis-
orders, including vestibular neuritis (n = 7), posterior circu-
lation stroke (n = 5), Meniere’s disease (n = 2), and vestibular 
migraine (n = 2), which could affect the video-HIT results. 
Those who failed to achieve optimal peak head accelera-
tion due to excessive neck rigidity (n = 8; six had grade 4 
neck rigidity and two had grade 3) were excluded. We also 
excluded five patients whose video-HIT data were not avail-
able because of other artifacts during impulses (large head 
bounce, exaggerated blinking, and lid and eye position arti-
facts). Finally, 140 patients (mean age ± standard deviation 
[SD] = 68 ± 10 years; 69 men) were included in the analysis.

Video‑HITs

Head and eye movements were recorded using video-HITs 
(SLVNG, SLMED, Seoul, South Korea) as described previ-
ously [17]. All patients discontinued any medications that 
may have affected the results at least 48 h prior to the test.

For the test, the patient was seated 1.2 m in front of 
the target. The eye position was calibrated using a red dot 
sequentially presented from the center at 10° vertically and 
horizontally. Passive unpredictable, high-acceleration, and 
small-amplitude head rotations were then delivered in the 
plane of the horizontal canals (HCs). After evaluating the 
HCs, head impulses for the vertical canals were delivered 
with the patient’s head turned 30–40° to the left or right of 
the fixation point eccentrically, while being aligned to the 

plane of the right anterior-left posterior and left anterior-
right posterior canals. Eye and head movement data were 
synchronously sampled at a rate of 120 Hz. Eye movements 
were included in analyses only when the peak head accelera-
tion during the HIT was >2500°/s2 for the HCs and 1500°/s2 
for the vertical canals. At least 10 valid head impulses were 
recorded in each direction after excluding trials with blinks 
and outliers [17].

To measure the vestibulo-ocular reflex (VOR) gain, the 
ratio of the area under the eye velocity curve was compared 
to the area under the head velocity curve. The VOR gains for 
each canal were measured for individual impulse trials as the 
ratio of the mean velocity of the eye divided by that of the 
head during the 40-ms time window centered at peak head 
acceleration. For statistical analyses, we calculated the mean 
gain for the HC, anterior canal (AC), and posterior canal 
(PC) on both sides. We also measured the peak velocities 
of the head and eyes during impulses in each canal plane.

We initially recruited 20 age- and sex-matched healthy 
participants and excluded one patient with a mild degree 
of neck rigidity. Except for one patient, none of the healthy 
participants had neck rigidity. The results of video-HITs 
were considered positive (abnormal) when they fell outside 
the normal range of VOR gain determined by assessing 19 
healthy participants (mean age ± SD = 62 ± 6 years, 8 men) 
[14]. The peak head acceleration during HIT was >3000°/
s2 for the HCs and 2000°/s2 for the vertical canals. The ref-
erence range was defined as mean ± 2 SD. The normal gain 
values were as follows: HC = 0.86–1.20; AC = 0.75–1.23; 
PC = 0.73–1.32 [14]. The eyelids were taped and lifted dur-
ing the vertical impulses to prevent eyelid flicks as required 
[1, 8, 18].

In addition to the VOR gain measurements, the presence 
of reversed catch-up saccades was determined as previously 
described [19]. The reversed catch-up saccades were ana-
lyzed based on the velocity–time graphs of the impulses in 
all canal planes. They were determined to be present when 
(1) they were directed toward the direction of head rota-
tion and (2) the peak eye velocity of the corrective saccades 
exceeded 60°/s with a cutoff value according to the main 
sequence of the saccades [20].

Assessment of neck rigidity and Parkinsonism

Neck rigidity was stratified as the subdomain of the Move-
ment Disorder Society-Unified Parkinson’s Disease Rat-
ing Scale motor part (MDS-UPDRS-III) [13]. The MDS-
UPDRS-III was evaluated at the initial visit, prior to the 
video-HITs or administration of PD-related medication.

As a subdomain of the MDS-UPDRS-III, neck rigidity 
was assessed during slow passive movement of the neck in 
a relaxed position and categorized into five subgroups: 0, no 
rigidity; 1, slight (rigidity only detected with the activation 



5225Journal of Neurology (2024) 271:5223–5232 

maneuver); 2, mild (rigidity detected without the activation 
maneuver, but full range of motion is easily achieved); 3, 
moderate (rigidity detected without the activation maneuver; 
full range of motion is achieved with effort); and 4, severe 
(rigidity detected without the activation maneuver and full 
range of motion not achieved). Additionally, the severity of 
motor disability in patients with PD was assessed using the 
MDS-UPDRS-III and Hoehn and Yahr (H&Y) scale [13].

Statistical analysis

Nominal independent variables were compared using the 
χ2 or Fisher’s exact test. Continuous independent variables 
were compared using the Mann–Whitney U test, Student’s 
t test, and analysis of variance (ANOVA) tests. For logis-
tic regression analysis, significant variables were selected 
using the backward variable selection method. A p value of 
<0.05 was considered significant in the multivariable logis-
tic regression analysis.

Statistical analyses were performed using R (version 
3.4.0; The R Foundation for Statistical Computing, Vienna, 
Austria; http:// www.r- proje ct. org), and the significance level 
was set at p < 0.05 (two-tailed).

Results

Clinical characteristics

The detailed clinical characteristics of the 140 patients are 
presented in Table 1. The disease duration ranged from 
1 month to 12 years (median, interquartile range: 12 months, 
6–18 months). The patients had comorbidities, including 
dyslipidemia (n = 63), hypertension (n = 59), diabetes mel-
litus (n = 35), depressive disorder (n = 33), anxiety disor-
der (n = 18), history of coronary artery occlusive disease 
(n = 13), and transient ischemic attack or cerebrovascular 
disease (n = 6). The neurologic sequelae of prior stroke were 
mostly minimal, with a modified Rankin scale score of 0 
in 3 patients and 1 in 3 patients with dysarthria (n = 2) and 
hemiparesis (n = 2). None of the patients developed any red 
flag signs suggesting atypical Parkinsonian syndromes at 
the initial evaluation or during follow-up. The findings of 
116 patients have been previously reported in part [14, 21].

Video‑HITs

The VOR gain ranged from 0.66 to 1.43 in the right HC 
(RHC; mean ± SD = 1.06 ± 0.13), 0.54 to 1.51 in the left 
HC (LHC; 1.02 ± 0.14), 0.56 to 1.61 in the right AC (RAC; 
1.09 ± 0.19), 0.62 to 1.73 in the left AC (LAC; 1.10 ± 0.19), 
0.36 to 1.40 in the right PC (RPC; 1.01 ± 0.17), and 0.46 to 
1.49 in the left PC (LPC; 1.01 ± 0.19).

The VOR gain was normal in 43% of patients with PD 
(60/140, 43%). However, there was at least one decrease in 
the VOR gain in 28 patients as follows: any HC in 15 (right 
only, n = 5; left only, n = 6; both left and right, n = 4), any 
AC in 6 (right only, n = 4; both right and left, n = 2), or any 
PC in 15 (right only, n = 3; left only, n = 7; both right and 
left, n = 5). In contrast, 58 patients showed overestimation 
of VOR gain in at least one canal plane (58/140, 41%; six 
patients showed VOR overestimation in certain canal planes 
and decreased gain for other canals): any HC in 15 (right 
only, n = 8; left only, n = 2; both left and right, n = 5), any 
AC in 44 (right only, n = 18; left only, n = 10; both right and 
left, n = 16), or any PC in 7 (left only, n = 4; both right and 

Table 1  Clinical characteristics of the patients

H&Y Hoehn and Yahr, IQR interquartile range, LAC left anterior 
canal, LHC left horizontal canal, LPC left posterior canal, MDS-
UPDRS-III Movement Disorder Society-Unified Parkinson’s Disease 
Rating Scale motor part, RAC  right anterior canal, RBD REM sleep 
behavior disorder, RHC right horizontal canal, RPC right posterior 
canal, SD standard deviation
a Disease duration refers to the period from onset of motor symptoms 
to presentation

Variables Values

Age, mean ± SD (years) 68 ± 10
Sex, men (%) 69 (49)
Body weight, mean ± SD (kg) 63 ± 10
Disease duration, median (IQR) (years)a 12 [16–18]
MDS-UPDRS-III, median (IQR) 23 [16–31]
Neck rigidity (%)
 0 51 (36)
 1 55 (39)
 2 28 (20)
 3 5 (4)
 4 1 (1)

H&Y scale (%)
 1.0 19 (14)
 1.5 4 (3)
 2 69 (49)
 2.5 26 (19)
 3 20 (14)
 4 2 (1)

VOR gain, mean ± SD
 RHC 1.06 ± 0.13
 LHC 1.02 ± 0.14
 RAC 1.09 ± 0.19
 LAC 1.10 ± 0.19
 RPC 1.01 ± 0.17
 LPC 1.01 ± 0.19

Orthostatic hypotension (%) 47 (34)
RBD (%) 55 (39)
Restless leg syndrome (%) 15 (11)

http://www.r-project.org
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left, n = 3) (Fig. 1). None of the patients exhibited reversed 
catch-up saccades during the impulses.

Overestimation of VOR gain and other clinical 
parameters

Patients with VOR gain overestimation had more severe 
neck rigidity than those without it (mean [95% confidence 
interval] = 2.1 [1.9–2.4] vs. 1.8 [1.6–2.0], p = 0.046; Table 2; 
Fig. 2). Otherwise, the clinical characteristics did not differ 
between patients with and without overestimation (Table 2).

Association of neck rigidity with the VOR gain 
of each canal

AC gains were positively correlated with neck rigidity 
(r = 0.200, p = 0.019), but not with other canals (r = −0.041, 
p = 0.630 for HC gains; r = −0.030, p = 0.722 for PC gains).

Multivariable logistic regression analyses showed that 
VOR overestimation was positively associated with neck 

rigidity (odds ratio [OR] [95% confidence interval] = 1.51 
[1.01–2.25], p = 0.043; Table 3).

Eye and head velocities during impulses

The patients’ head and eye velocities are summarized in 
Table 4. The head velocities of patients were lower than 
those of healthy participants for the ACs (131 ± 33 vs. 
157 ± 47 ms, p = 0.033 for the RAC; 131 ± 35 vs. 153 ± 39 
ms, p = 0.014 for the LAC). The head velocity for the RAC 
differed with respect to neck rigidity (Fig. 3; F = 2.563, 
p = 0.031; a post hoc analysis to determine which group 
difference contributed to the overall difference was not 
available because only one patient had severe neck rigid-
ity). The head velocity did not differ with respect to neck 
rigidity for the other canals (F = 0.206, p = 0.959 for the 
RHC; F = 0.125, p = 0.986 for the LHC; F = 2.060, p = 0.076 
for the LAC; F = 0.427, p = 0.829 for the RPC; F = 0.644, 
p = 0.667 for the LPC). The eye velocities of the patients did 
not differ from those of the healthy participants (Table 4). 

Fig. 1  Results of video head-impulse tests in the patients. The VOR 
gain was normal in 60 patients (60/140, 43%); however, there was at 
least one VOR gain decrease in 28 patients: any HC in 15, any AC in 
six, any PC in 15. Fifty-eight patients showed an overestimation of 
VOR gain at least in one canal plane (58/140, 41%): any HC in 15, 

any AC in 44, or any PC in 7. LAC left anterior canal, LHC left hori-
zontal canal, LPC left posterior canal, RAC  right AC, RHC right HC, 
RPC right PC, VOR vestibulo-ocular reflex. *  Six patients showed 
VOR overestimation in certain canal planes and also decreased gain 
for other canals
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Eye velocity did not differ with respect to neck rigidity 
(F = 0.705, p = 0.621 for the RHC; F = 0.114, p = 0.989 
for the LHC; F = 0.713, p = 0.615 for the RAC; F = 0.382, 
p = 0.860 for the LAC; F = 0.586, p = 0.710 for the RPC; 
F = 0.644, p = 0.667 for the LPC; Fig. 3).

Discussion

The findings of this study can be summarized as follows: 
(1) The VOR was overestimated in 41% of patients with 
PD in at least one canal; (2) VOR gain overestimation was 
commonly observed, even in patients with slight or mild 
neck rigidity; (3) VOR overestimation was frequently found 
during impulses for the ACs compared to those for other 
canal planes; (4) VOR gain overestimation was associated 
with neck rigidity, irrespective of age, sex, body weight, 
disease duration, or H&Y scale score; and (5) patients with 

PD showed decreased head velocities during impulses for 
the AC compared to healthy participants.

Prior studies on video‑HITs in PD

There have been contradictory results regarding video-
HIT for PD. Some researchers reported bilaterally defi-
cient responses in patients with advanced stages of PD 
compared to those with mild-to-moderate stages of PD 
[15, 22–24]. Similarly, other researchers have reported 
mild impairment of the canal function confined to the 
low-frequency detected only on caloric and rotatory chair 
tests [25–28]. However, recent studies pointed out that the 
VOR gain did not differ from those measured in age- and 
sex-matched controls [15, 29]. Moreover, when covari-
ates related to PD were statistically controlled, VOR gain 
showed no association with the clinical severity or dis-
ease duration of PD [14]. This discrepancy may be due 
in part to the heterogeneity of the patients and different 

Table 2  Clinical characteristics 
of patients with VOR 
overestimation versus those 
without

Bold values indicate statistically significant
CI confidence interval, H&Y Hoehn and Yahr, IQR interquartile range, MDS-UPDRS-III Movement Dis-
order Society-Unified Parkinson’s Disease Rating Scale motor part, MMSE mini-mental state examination, 
REM Rapid eye movement, SD standard deviation
a Disease duration refers to the time period from onset of motor symptoms to presentation

Patients with VOR 
overestimation
(n = 58)

Patients without VOR 
overestimation
(n = 82)

p value

Age, mean ± SD (years) 67 ± 9 67 ± 10 0.989
Sex, men (%) 24 (41) 45 (55) 0.116
Body weight, mean ± SD (kg) 62 ± 10 64 ± 10 0.342
Disease duration, median (IQR) (months)a 11 (6–16) 12 (6–24) 0.511
MDS-UPDRS-III, median (IQR) 24 (16–31) 22 (16–32) 0.892
H&Y scale, median (IQR) 2 (2–2.5) 2 (2–2.5) 0.865
Neck rigidity, mean (95% CI) 2.1 (1.9–2.4) 1.8 (1.6–2.0) 0.046
 0 (%) 18 (31) 33 (40)
 1 (%) 20 (35) 35 (43)
 2 (%) 17 (29) 11 (13)
 3 (%) 2 (3) 3 (4)
 4 (%) 1 (2) 0 (0)

MMSE, median (IQR) 28 (26–29) 28 (26–29) 0.359
Orthostatic hypotension (%) 16 (28) 31 (38) 0.207
REM sleep behavior disorder (%) 18 (31) 37 (45) 0.093
Restless leg syndrome (%) 4 (7) 11 (13) 0.275
Diabetes mellitus (%) 14 (24) 21 (26) 0.843
Hypertension (%) 28 (48) 31 (38) 0.216
Dyslipidemia (%) 28 (48) 35 (43) 0.512
Cerebrovascular attack (%) 3 (5) 3 (4) 0.692
Coronary artery occlusive disease (%) 6 (10) 7 (9) 0.717
Depression (%) 14 (24) 19 (23) 0.894
Anxiety (%) 6 (10) 12 (15) 0.455
Sedative or vestibular suppressant drugs (%) 18 (31) 22 (27) 0.587
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methods applied for video-HITs or gain measurements 
across studies. While not as robust as that found in other 
neural structures, alpha-synuclein can be found in the ves-
tibular nucleus complex, nucleus prepositus hypoglossi, 
and deep cerebellar nuclei that participate in the central 

VOR pathway [30, 31]. This suggests that the VOR path-
way may be involved as the disease progresses, and a 
deficient VOR may be observed at advanced stages of PD.

Fig. 2  Representative results of video head-impulse tests of a 68-year-old man with mild neck rigidity. The VOR gain shows overestimation for 
both ACs. AC anterior canal, HC horizontal canal, PC posterior canal

Table 3  Prediction of VOR 
overestimation using multiple 
logistic regression analyses

Bold values indicate statistically significant
CI confidence interval, H&Y Hoehn and Yahr, MDS-UPDRS-III Movement Disorder Society-Unified 
Parkinson’s Disease Rating Scale motor part, MMSE mini-mental state examination, OR odds ratio, RBD 
Rapid eye movement sleep behavior disorder, VOR vestibulo-ocular reflex
a Disease duration refers to the time period from onset of motor symptoms to presentation

Variables Univariable analysis Multivariable analysis

OR (95% CI) p value OR (95% CI) p value

Age (years) 1.00 (0.97–1.04) 0.989
Sex, men 0.58 (0.29–1.15) 0.117
Body weight (kg) 0.98 (0.95–1.02) 0.340
Disease duration (months)a 1.00 (0.99–1.02) 0.778
MMSE 0.93 (0.83–1.05) 0.258
MDS-UPDRS-III 0.99 (0.97–1.02) 0.606
H&Y scale 1.07 (0.62–1.85) 0.807
Neck rigidity 1.48 (1.00–2.20) 0.050 1.51 (1.01–2.25) 0.043
RBD 0.55 (0.27–1.10) 0.094 0.53 (0.26–1.08) 0.079
Orthostatic hypotension 1.60 (0.77–3.31) 0.209
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VOR gain overestimation in patients with PD

Although VOR gain increments were observed in 41% 
of our patients, they may not be actual increments given 
the absence of subsequent backup saccades in any of the 
patients (i.e., overestimation). Additionally, the diagnosis 
of PD already excludes the possibility of hyperactive HITs, 
which are a feature observed in PD-mimickers preferentially 
involving the vestibulocerebellum, such as multiple system 
atrophy (MSA) [19] or spinocerebellar ataxia [32]. Rather, 
relatively low head velocity during impulses would have 
been associated with VOR gain overestimation, primarily 
for the ACs.

Previously, Lv and colleagues found that VOR gain is 
increased in patients with PD compared to that in healthy 
participants, and this increment was associated with a higher 
UPDRS [28]. They reported that gain was measured up to 
1.6–1.8 [28]. However, robust reversed catch-up saccades 
were not found in those patients either, implying that it may 
be an overestimation, likely due to neck rigidity, as observed 
in our patients. Our observations further indicate that VOR 
gain overestimation or its reciprocal as a derivative may be 
a potential indicator of neck rigidity in patients with PD.

Notably, the VOR gain overestimation was more promi-
nent during head impulses for ACs than for PCs. This obser-
vation seems plausible given that the antigravity muscles 

Table 4  Head and eye velocities 
of the patients and healthy 
participants

Bold values indicate statistically significant
AC anterior canal, HC horizontal canal, PC posterior canal

Head velocity (ms) Eye velocity (ms)

Patients Healthy participants p values Patients Healthy participants p values

HC
 Right 188 ± 43 192 ± 53 0.743 260 ± 81 236 ± 76 0.241
 Left 189 ± 44 190 ± 39 0.915 243 ± 69 237 ± 47 0.632

AC
 Right 131 ± 33 157 ± 47 0.033 229 ± 85 227 ± 74 0.905
 Left 131 ± 35 153 ± 39 0.014 239 ± 81 253 ± 62 0.490

PC
 Right 136 ± 40 144 ± 30 0.393 211 ± 77 204 ± 61 0.723
 Left 134 ± 31 144 ± 42 0.388 190 ± 65 187 ± 37 0.816

Fig. 3  Head velocity for the right AC differed with respect to neck 
rigidity (F = 2.563, p = 0.031), yet not for the other canals (F = 0.206, 
p = 0.959 for the right HC; F = 0.125, p = 0.986 for the left HC; 
F = 2.060, p = 0.076 for the left AC; F = 0.427, p = 0.829 for the right 
PC; F = 0.644, p = 0.667 for the left PC). Meanwhile, eye velocity did 

not differ with respect to neck rigidity F = 0.705, p = 0.621 for the 
right HC: F = 0.114, p = 0.989 for the left HC: F = 0.713, p = 0.615 
for the right AC: F = 0.382, p = 0.860 for the left AC; F = 0.586, 
p = 0.710 for the right PC: F = 0.644, p = 0.667 for the left PC). 
AC = anterior canal, HC = horizontal canal, PC = posterior canal
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(i.e. neck extensors) are hypertonic in patients with PD. 
Indeed, rigidity is explained by the abnormal activation of 
the postural control mechanism, which should be normally 
utilized during standing when equilibrium is threatened [33]. 
The Ib inhibitory interneurons are less active, whereas the Ia 
inhibitory interneurons are more active in PD, explaining the 
rigid extensor in the axial muscles [34]. The nucleus gigan-
tocellularis, which receives projections from the substantia 
nigra, is disinhibited during the disease process to exert this 
phenomenon [35, 36]. Therefore, rigidity may be prominent 
during AC stimulation that necessitates flexion of the neck.

Neck rigidity during video‑HITs: an obstacle 
for assessment of VOR but valuable 
for the quantification of neck rigidity

Our findings suggest that video-HIT results can be easily 
misleading in patients with PD, especially in the ACs. Nota-
bly, overestimation was observed even in patients without 
robust neck rigidity on extrapyramidal examination. Video-
HITs require a high-acceleration head impulse to silence 
the inhibitory vestibular input from the opposite side [1]. 
By convention, the increased muscle tone may remain con-
stant throughout the range of motion, regardless of speed. 
However, even subclinical and marginal rigidity can con-
taminate the results of video-HITs. Additionally, clinical 
assessment can be inherently subjective and open to bias. 
Contrary to conventional wisdom, detection of rigidity can 
be influenced by the range of motion or speeds during the 
examination. Notably, a low speed below 70°/s cannot be 
used to practically differentiate between normal tone and 
rigidity; an optimal speed and range of motion differ for 
each joint for assessment of rigidity [37]. This may explain 
the somewhat contradictory result where the greatest pro-
portion of VOR gain overestimation was seen in the group 
with no neck rigidity in our study. This may not be an issue 
among those with severe neck rigidity that does not allow for 
high-acceleration head impulses; most of these cases were 
excluded from our study. However, clinicians should be wary 
of performing and interpreting video-HITs in patients with 
PD, even among those without significant axial rigidity. To 
avoid this, the presence of reversed catch-up saccades should 
be sought when encountering increased VOR gain [38–40]. 
Otherwise, a simple interpretation of the gain can be mis-
leading to indicate central vestibulopathy in patients with 
Parkinsonism.

Recent studies have found that the gain difference 
between ACs and PCs can be utilized as a diagnostic 
marker in patients with hereditary and acquired cerebellar 
ataxia [19, 41]. Our observations suggest that the AC gain 
can easily be overestimated when Parkinsonism or neck 
rigidity is present, increasing the gap between the vertical 
canals and thereby masquerading as central vestibulopathy. 

Thus, the presence of perverted catch-up saccades (i.e., 
vertical bias during horizontal impulses) should be consid-
ered when differentiating neurodegenerative disorders that 
primarily involve the vestibulocerebellum [19].

Furthermore, our findings imply that the actual decre-
ment can be masked in patients with Parkinsonism. Sev-
eral studies report that the results of video-HITs may vary 
with respect to the canal plane, showing abnormal HITs 
for vertical canals in the presence of normal HCs [42], or 
vice versa [43]. This could hamper the analysis and cor-
relation of clinical parameters with other studies on VOR 
gain for each canal in patients with PD or other Parkinso-
nian syndromes.

We speculate that VOR gain overestimation may not be 
confined to those with Parkinsonism but also to those who 
have problems relaxing the neck due to dystonia or neck pain 
[44]. Given that ptosis and pupil blocking lid can result in a 
VOR decrease for PCs in the elderly [8], the AC gain over-
estimation can be an obstacle for the interpretation of the 
results of video-HITs in older patients with neck problems.

Our study has some limitations. First, the effect of neck 
rigidity on video-HITs could have been underestimated 
owing to selection bias. Patients with severe neck rigidity 
were excluded from the initial enrollment because only one 
patient had severe (grade 4) neck rigidity. For this reason, the 
largest proportion of patients showing VOR gain overestima-
tion was found among those with no neck rigidity or mild 
neck rigidity. Head impulses with a low peak head velocity 
(causing low acceleration) are not adequate for evaluating 
VOR function [45], which was excluded initially. This selec-
tion bias may have led to underestimation of the association 
between VOR gain overestimation and neck rigidity, which 
may explain the marginal statistical significance between the 
two. However, we speculate that they could hold significance 
for the evaluation of neck rigidity. Second, measuring neck 
rigidity using a clinical scale is inherently unreliable and 
open to bias. Instead, electromyography, accelerometers, 
gyroscopes, and myotonometry allow for non-invasive, 
objective measurement of rigidity [46–48]. Comparing the 
results of video-HITs with objective quantification of neck 
rigidity would be desirable. Third, although we found an 
association between neck rigidity and video-HIT gain, a 
causal relationship remains to be elucidated. To clarify this, 
it is desirable to compare the results of each patient during 
one’s on- and off-states.

In conclusion, neck rigidity is a potential confounder 
that can contaminate the results of video-HIT in patients 
with PD. VOR gain overestimation may be attributed to 
neck rigidity, especially when it affects the neck extensors, 
thereby affecting the results of video-HITs for ACs. Thus, 
clinicians should be wary of interpreting the results of video-
HITs, especially for ACs, even in those with marginal neck 
rigidity on clinical examination.
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