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Abstract
Background X-Linked dystonia-parkinsonism (XDP) is a movement disorder characterized by the presence of both dystonia 
and parkinsonism with one or the other more prominent in the initial stages and later on manifesting with more parkinsonian 
features towards the latter part of the disease. XDP patients show oculomotor abnormalities indicating prefrontal and striatal 
impairment. This study investigated oculomotor behavior in non-manifesting mutation carriers (NMC). We hypothesized 
that oculomotor disorders occur before the appearance of dystonic or parkinsonian signs. This could help to functionally 
identify brain regions already affected in the prodromal stage of the disease.
Methods Twenty XDP patients, 13 NMC, and 28 healthy controls (HC) performed different oculomotor tasks typically 
affected in patients with parkinsonian signs.
Results The error rate for two types of volitional saccades, i.e., anti-saccades and memory-guided saccades, was increased 
not only in XDP patients but also in NMC compared to HC. However, the increase in error rates of both saccade types were 
highly correlated in XDP patients only. Hypometria of reflexive saccades was only found in XDP patients. Initial acceleration 
and maintenance velocity of smooth pursuit eye movements were only impaired in XDP patients.
Conclusions Despite being asymptomatic, NMC already showed some oculomotor deficits reflecting fronto-striatal impair-
ments, typically found in XDP patients. However, NMC did not show saccade hypometria and impaired smooth pursuit as 
seen in advanced Parkinson’s disease and XDP, suggesting oculomotor state rather than trait signs in these mutation carri-
ers. Neurodegeneration may commence in the striatum and prefrontal cortex, specifically the dorsolateral prefrontal cortex.

Keywords X-Linked dystonia-parkinsonism (XDP) · Smooth pursuit · Anti-saccades · Memory-guided saccades · 
Prodromal
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MDS_UPDRS  Movement Disorder Society Revision of 
the Unified Parkinson’s Disease Rating 
Scale

MGS  Memory-guided saccade
MMSE  Mini-Mental State Examination
MOCA-P  Filipino version of the Montreal Cogni-

tive Assessment
MSA-P  Multiple system atrophy with predomi-

nant parkinsonism
MST  Medial superior temporal area
MT  Memorization time
NMC  Non-manifesting TAF1 mutation carriers
PD  Parkinson's disease
PEF  Parietal eye field
PFC  Prefrontal cortex
PPC  Posterior parietal cortex
PSP  Progressive supranuclear palsy
RES  Rate of reflexive erroneous saccades
SC  Superior colliculus
SNpr  Substantia nigra pars reticulate
SPEM  Smooth pursuit eye movement
SVA  Short interspersed elements [SINE]–

variable number of tandem repeats 
[VNTR]–Alu

TAF1  TATA-box-binding-associated-factor-1
XDP  X-Linked dystonia-parkinsonism

Introduction

Eye movement abnormalities crucially help to distin-
guish and identify different parkinsonian syndromes [1, 
33], e.g., Parkinson’s disease (PD) from multiple system 
atrophy with predominant parkinsonism (MSA-P) and pro-
gressive supranuclear palsy (PSP). PD-typical eye move-
ments abnormalities, however, can already be found in 
non-manifesting carriers of PD-causing mutations, e.g., in 
Parkin [36] or PINK1, in the absence of a motor phenotype 
[25]. Not only imaging parameters [47] but also subtle 
behavioral parameters may help to identify brain regions 
already involved in the very initial neurodegeneration in 
the prodromal stage of the disease. X-Linked dystonia-
parkinsonism (XDP) is an adult-onset neurodegenerative 
movement disorder characterized by the transition of ini-
tially focal and rapidly generalizing dystonia into parkin-
sonism after 10–15 years in most patients [28, 48]. XDP 
is endemic to the island of Panay, Philippines, due to a 
genetic founder mutation [29]. Men are mainly affected 
due to the X-linked inheritance with an assumed com-
plete penetrance. The genetic cause is a SINE-VNTR-Alu 
(SVA) retrotransposon insertion in the TATA-box-bind-
ing-protein-associated-factor-1 gene (TAF1). This inser-
tion contains a hexanucleotide repeat ((CCC TCT )n), the 

number of which correlates with the age at disease onset 
and disease severity [6, 56]. The resulting reduced expres-
sion of TAF1 is associated with neurodegeneration mainly 
in the striatum and to a lesser degree in the pallidum [10, 
18] with increased iron accumulation [11, 20] and wide-
spread microstructural changes of the white matter [6, 10]. 
Striatal atrophy correlates with disease duration and the 
neurodegenerative process follows an antero-posterior gra-
dient with a stronger involvement of the rostral striatum 
[18, 21]. Striatal degeneration was also found to be asso-
ciated with decreased post-synaptic D2-receptor density 
[11]. In addition, extrastriatal gray matter changes have 
also been identified [3], including the cerebellum [20] and 
frontal and temporal cortex [6, 20] corresponding to astro- 
and microgliosis of the prefrontal cortex (PFC) in post-
mortem investigations [40]. Structural connectivity of the 
striatal striosome compartment (next to the striatal matrix 
the major component containing projections neurons) was 
not decreased but increased with the anterior insula [6]. 
Pallidal neurostimulation markedly improves generalized 
dystonia in particular if caudate atrophy is modest [9].

Striatal atrophy and iron accumulation in XDP resembles 
Huntington’s disease (HD) [3, 13]. TAF1 variants seem to 
be a likely determinant of selective striatal vulnerability in 
both diseases [24]. Similar to HD [13], striatal atrophy was 
recently demonstrated in non-manifesting mutation carri-
ers (NMC) by voxel-based morphometry and subcortical 
volumetry arguing for a prodromal phase with significant 
neurodegeneration prior to the onset of the overt movement 
disorder [19].

Clinically, the motor phenotype of XDP is different from 
classical HD; its late parkinsonian phenotype can be mis-
taken for MSA-P, the Westphal variant of HD or PD. Like-
wise, oculomotor abnormalities in the parkinsonian stage 
of XDP patients with long-lasting disease resembled those 
of patients with MSA-P and—to a lesser degree—PD [51]. 
Several features, however, also showed an overlap with HD 
[39]: XDP patients showed increased error rates of anti-sac-
cades which correlated with the reduction of (i) the volume 
of the putamen as well as (ii) the volume and cortical thick-
ness of the dorsolateral prefrontal cortex [51]. Similar to 
HD, vertical saccade latency was increased. Saccade veloc-
ity, however, was not slowed in manifest XDP, in contrast 
to HD [30] and PSP.

However, it remained unclear whether these oculomotor 
abnormalities reflect changes of an advanced disease stage 
or correspond to alterations that occur early in the disease 
process. Such knowledge could help to elucidate the patho-
logical mechanism of the unique transition of generalized 
dystonia into a parkinsonian syndrome. In HD, increased 
error rates in the memory-guided saccade and anti-saccade 
tasks reflecting the deficient capacity to suppress unwanted 
saccades were already found in the pre-manifest stage [5].
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Therefore, we studied eye movements in NMC of the SVA 
retrotransposon insertion, i.e., when striatal neurodegenera-
tion is likely to already exist and before subjects had clinical 
signs or symptoms. The penetrance of the pathogenic variant 
is very likely complete [27] indicating that NMC are highly 
prone to develop the disease. As generalized dystonia is not 
associated with eye movement abnormalities, eye movement 
recording in NMC may be used to identify brain mechanism 
in the very early parkinsonian manifestation of the disease.

We, therefore, compared oculomotor behavior in the 
prodromal phase of XDP with healthy controls (HC) and 
XDP patients and related behavioral group differences to 
morphological abnormalities (voxel-based morphometry and 
subcortical volumetry imaging) and gait/postural stability 
parameters of these participants [19, 52]. This approach 
allows us to replicate oculomotor findings by comparing 
them with a different, previously described XDP cohort 
using the same technique [51]. Specifically, we tested 
whether NMC already show saccade abnormalities (anti-
saccade, memory-guided saccades) reflecting fronto-striatal 
dysfunction that we found in XDP patients. As pronounced 
neurodegeneration (striatal atrophy) have already been found 
in newly diagnosed XDP patients, prodromal signs in NMC 
are plausible and have already been shown for gait param-
eters [52].

Materials and methods

Participants

Our study population consisted of 61 male Filipinos between 
the ages of 23 and 57 including 20 XDP patients, 13 NMC, 
and 28 HC. For NMC recruitment, 32 male relatives of 
previously genetically identified XDP patients underwent 
genetic analysis via genomic DNA testing from peripheral 
blood samples. If genetic analysis revealed a SVA retro-
transposon insertion in the TAF1 gene, the hexanucleotide 
repeat number was extracted [7]. This was the case for 14 
participants, the other 28 healthy males served as the control 
group. Genetic testing was done after the experiments allow-
ing a double-blind study design. One NMC had a XXY kar-
yotype (Klinefelter’s syndrome) and was excluded from the 
oculomotor examination. For correlation, we obtained the 
repeat number and the genotypes at the three single nucleo-
tide polymorphisms tagging the genetic modifiers of age at 

onset [26] in NMC and XDP patients. Based on the repeat 
number and the above-mentioned genotypes, we estimated 
age at disease onset in NMC [19, 52]. In addition to the ocu-
lomotor tasks listed below, all participants underwent MRI-
imaging examination as well as various clinical assessments 
(MOCA-P, BFMDRS, MMSE, MDS-UPDRS, HADS-D/A, 
FAB, gait parameters). Demographic, genetic and clinical 
features of the groups can be found in Table 1 of the supple-
mentary material. NMC were classified “non-manifesting” 
in case they did not report any neurological symptoms. In 
the next step, a neurological and clinical oculomotor exam-
ination was performed to exclude neurological signs that 
would indicate a clinical diagnosis of a movement disorder. 
Importantly, there was no evidence for clinically relevant 
cognitive dysfunction or neuropsychiatric symptoms. 

Experimental setup and oculomotor tasks

Eye movements were recorded via a portable, video-based 
eyetracking system with binocular recording at a sampling 
rate of 500 Hz. The exact experimental setup of stimuli as 
well as the recording program is documented in the sup-
plementary material and similar to our previous study [51].

The participants were asked to perform reflexive saccades 
(horizontal, vertical, amplitudes; 5°, 10°, 15°, gap 200 ms), 
volitional saccades (anti-saccades, memory-guided [MGS]) 
and smooth pursuit eye movements ([SPEM], sinusoidal and 
foveopetal step-ramp pursuit [46]). Experimental procedures 
for all paradigms are described in the supplementary mate-
rial and are similar to our previous study on XDP patients 
[51].

To rule out gaze-evoked nystagmus or square wave jerks, 
each participant was asked to fixate a target stimulus for 10 s 
at gaze straight ahead position as well as at 15° position in 
horizontal and vertical direction.

Participants, who did not understand English, were 
instructed by native Filipinos to rule out any instrumental 
misunderstanding of the instruction.

Imaging analysis

T1-weighted and susceptibility-weighted images were sur-
veyed using a 1.5 T Magnetom Aera, Syngo MR D13 (Sie-
mens Healthcare, Erlangen [GER]). Data were analyzed 
using voxel-based morphometry and subcortical volumetry, 

Table 1  Amplitude-matched 
latencies for horizontal pro-
saccades (group comparisons)

Comparison 5° 10° 15°

XDP vs. HC Z = − 2.607; p = 0.008 Z = − 3.350; p < 0.001 Z = − 1.081; p = 0.284
NMC vs. HC Z = − 1.727; p = 0.084 Z = − 2.524; p = 0.010 Z = − 0.595; p = 0.610
XDP vs. NMC Z = − 0.490; p = 0.650 Z = − 0.901; p = 0.374 Z = − 0.721; p = 0.494
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for details see [19]. Oculomotor findings were correlated 
with striatal and pallidal areas, similar to [51].

Quantitative balance and gait analysis

Balance and gait parameters were quantified using a wear-
able APDM’s Mobility Lab System™ (Portland, OR). Par-
ticipants underwent different conditions with increasing 
difficulty, for details see [52]. Oculomotor findings in NMC 
were tested for correlations with the parameters that turned 
out to be most sensitive to delineate HC from NMC subjects: 
standing on foam with eyes closed; walking at maximum 
speed for 2 min) [52].

Data and statistical analysis

Eye movement data were analyzed using custom made 
software in Matlab (R2019b, The MathWorks Inc., Natick, 
MA, USA). Saccade and blink detection was checked inter-
actively. Furthermore, each trial of the different tasks was 
manually verified. Eye movement performance was calcu-
lated as gain values for saccade tasks (eye amplitude/target 
amplitude) and smooth pursuit tasks (eye velocity/target 
velocity) (0.2 Hz (20°/s)). Saccade latency variability was 
stated as coefficient of variation (ratio of SE [see below] and 
mean of latency) for each target amplitude (5°, 10°, 15°). 
Saccade peak velocity was derived from a main sequence 
fit procedure using fminsearch function within Matlab® 
and calculated for 10°, 15°, and 20° amplitudes. In the anti-
saccade task, reflexive (error-) saccades towards the target 
were counted and related to the amount of executed trials 
(anti-saccade error rate, AER). In the memory-guided sac-
cade (MGS) task, three memorization times (MT, MT1 = 2 s, 
MT2 = 3 s, MT3 = 4 s) were compiled. Erroneous reflexive 
saccades towards the flashed target (rate of reflexive errone-
ous saccades, RES) were counted similar to the AER and 
related to the amount of executed trials (for details, see [51]). 
Disease duration in XDP patients was calculated as the sub-
traction of the age at disease-related symptom onset from 
the current age during examination.

If normality test failed, non-parametric tests 
(Kruskal–Wallis-, Mann–Whitney U test) were used for 
analyzing the data, otherwise conventional comparisons for 
groups (e.g., variance analysis (ANOVAs) or two groups or 
conditions (t-test) are reported. For multiple variables with 
missing normality, data were rank transformed and subse-
quently analyzed by ANOVA and Student’s t-test. In some 
ANOVAs, sphericity requirement was violated. Therefore, 
we report p values with Greenhouse–Geisser correction but 
report degrees of freedom (df) uncorrected to show the fac-
torial analysis design. Significance levels of post hoc tests 
were Bonferroni corrected for multiple testing. Correlation 
coefficients were analyzed using Spearman’s Rho. Statistical 

differences were regarded as significant for values p < 0.05. 
Box plots show the median (midline) and a box (25th to 75th 
percentile of the distribution). Error bars indicate the mini-
mum/maximum value or 1.5*interquartile range if outliers 
(circles) are present.

Results

Clinical score parameters were not correlated with any of the 
oculomotor behavioral parameters listed below.

There was no main effect of target direction in any task 
nor an interaction between target direction and group; there-
fore, data were averaged for direction.

Pro‑saccades

Horizontal pro‑saccades

XDP patients (155 ± 5 ms) and NMC (154 ± 6 ms) did not 
differ in latencies, irrespective of the amplitude. Latencies of 
both groups also did not differ from large amplitudes (15°) 
of healthy controls while they were shorter for small ampli-
tudes (5°: Χ2(2) = 7.653, p = 0.022; 10°: X2(2) = 13.892, 
p = 0.001). Post-hoc tests (Mann–Whitney U test) showed 
shorter saccade latencies for XDP patients for each ampli-
tude, NMC only for the 10° amplitude, compared to HC. 
Importantly, post hoc tests revealed no differences between 
XDP patients and NMC. Table 1 shows group comparisons 
of amplitude-matched saccade latencies (z-values) and their 
significant differences. The variability of latency differed 
between groups regarding 5° amplitude  (X2(2) = 8.005, 
p = 0.018) but neither for the 10°  (X2 = 2.339, p = 0.310) 
nor the 15° amplitude  (X2(2) = 1.579, p = 0.454). Post-hoc 
tests for the 5° amplitude revealed an increased variability 
of latency of XDP patients compared to HC (p = 0.009) and 
a trend for NMC vs. HC (p = 0.056) but not between them-
selves (p = 0.769).

Saccade accuracy (gain) was reduced in XDP patients 
(0.90 ± 0.8) but not NMC (0.96 ± 0.06) compared to HC 
(0.96 ± 0.05; F(2,51) = 4.26, p = 0.019; XDP vs. HC: 
p = 0.021, XDP vs. NMC: p = 0.091, NMC vs. HC: p = 1.0, 
Fig. 1A), i.e., only XDP patients but not NMC showed sac-
cade hypometria.

Vertical pro‑saccades

There was no significant difference between groups con-
cerning latency (p = 0.219) and gain (p = 0.912). Saccade 
accuracy (gain) was not different between groups.
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Main sequence of saccades

Peak horizontal saccade velocity was not differ-
ent between the groups, irrespective of the ampli-
tude: 10°-saccades (Χ2(2) = 0.778; p = 0.674), 15°-sac-
cades (Χ2(2) = 0.805;  p = 0.669) and 20°-saccades 
(Χ2(2) = 0.958; p = 0.619).

Voluntary saccades

Based on the complexity of the volitional saccade tasks, we 
had to exclude three NMC, 11 XDP patients and four healthy 
control subjects due to insufficient comprehension of the 
anti-saccade, the memory-guided saccade (Fig. 2) or both 
tasks.

Memory‑guided saccades

The rate of erroneously performed reflexive saccades 
(RES) in the MGS task was different between groups 
(Χ2(2) = 7.806;  p = 0.020, Figs.  2, 3B). Not only XDP 
patients but also NMC had a larger RES (Fig. 2) compared 
to HC (XDP: Z = − 2.31; p = 0.019; NMC:  Z = − 2.16; 
p = 0.031). XDP patients and NMC showed  no  differ-
ence (p = 0.809). Individual performance regarding RES is 
shown in Supplementary Table 2.

The average latency of the first saccade for all memo-
rization times (MT) was 420 ± 54 ms in XDP patients, 
334 ± 54 ms in NMC and 328 ± 34 ms in HC. Although 

there was a significant main effect of MT (F(2,42) = 7.69, 
p = 0.001) and an interaction of MT × group (F(4,68) = 2.96, 
p = 0.032), there was no significant difference between 
groups in the MT categories after Bonferroni correction 
(p > 0.112).

Rank-transformed data showed a main effect for 
MT (F(2,42) = 42.19, p < 0.001) but no main effect for 
group and no interaction of group × MT. However, there 
was an interaction of MT and groups for saccade gain 
(F(3,38) = 2.751; p = 0.043). It was smaller (hypometric) 
for XDP patients compared to NMC (p < 0.001) and HC 
(p < 0.001) (Fig. 1B). NMC and HC showed no difference 
(p = 1.0). Saccade hypometria of XDP patients was found 
for each MT, compared to NMC (MT 2 s: p < 0.02; MT 3 s, 
MT 4 s: p < 0.001) and HC (MT 2 s – MT 4 s: p < 0.001). 
NMC and HC did not differ in any MT (MT 2 s: p = 0.343; 
MT 3 s: p > 1.0; MT 4 s: p = 0.582).

There was no interaction of gain and MT, i.e., there 
was no difference for XDP patients (p > 1.0) nor for HC (p 
always > 0.41), irrespective of each single MT. NMC showed 
a difference between MT 2 s and MT 3 s (p = 0.015) and MT 
2 s and 4 s (p = 0.03) but no difference between MT 3 s and 
MT 4 s (p > 1.0).

Saccades towards the memorized target often (> 50%) 
showed a multi-step pattern in XDP patients and to a much 
lesser degree in NMC compared to HC (Fig. 2). The final 
eye position error (deviation of eye position from the pre-
viously presented target position) was small in all par-
ticipants, irrespective of MT. There was a non-significant 
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Fig. 1  Amplitude gain for horizontal pro-saccades (A) of XDP 
patients, NMC and HC. XDP patients showed saccade hypometria 
compared to HC. Group comparison revealed no difference between 
NMC and HC. The horizontal saccade gain (B) during the memory-
guided saccade task is displayed as a function of the three memori-
zation intervals (2, 3, 4 s) for the three groups of participants (XDP, 
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(compared to NMC and HC) was independent of the memorization 
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not found in healthy control subjects. p values: * < 0.05; ** < 0.01; 
*** < 0.001. XDP  X-linked dystonia-parkinsonism, NMC non-mani-
festing mutation carriers, HC healthy control subjects



4267Journal of Neurology (2023) 270:4262–4275 

1 3

-1

-0.5

0

0.5

1

noitisop
eye

dezila
mro

N
Healthy control

Fixation
Target

0 500 1500 2000 25001000

0

0.5

1

nia
G

Healthy control

0 500 1500 20001000

-1

-0.5

0

0.5

1

Non-manifesting carrier

0 500 1500 2000 25001000

0

0.5

1

nia
G

Non-manifesting carrier

0 500 1500 20001000
Time (ms)

-1

-0.5

0

0.5

1

XDP patient

Fixation (A - C)task

0 500 1500 2000 25001000
Time (ms)

0

0.5

1

nia
G

XDP patient

DA

EB

FC

Memory-guided saccades (D - F)

0 500 1500 20001000

noitisop
eye

dezila
mro

N
noitisop

eye
dezila

mro
N



4268 Journal of Neurology (2023) 270:4262–4275

1 3

trend towards a larger variability of final eye position error 
in XDP. Since there was no interaction between groups 
and MTs regarding latency (p = 0.519) and final eye 
position (p = 0.367), the three MTs were averaged. The 
Kruskal–Wallis test showed no difference between groups 
in latency (p = 0.676) or final eye position (p = 0.344).

Anti‑saccades

The error rate of anti-saccades (AER) showed a main effect 
between groups (Χ2(2) = 18.459; p < 0.001, Fig. 3A). AER 
of XDP patients and NMC were larger compared to HC 
(XDP: Z = − 3.99; p < 0.001; NMC: Z = − 2.70; p = 0.021). 
There was no significant difference between XDP patients 
and NMC (Z = − 1.36; p = 0.52). Supplementary Table 2 
shows individual AER results of NMC. The average 
latency for correctly executed anti-saccades was longer 
in XDP patients (289 ms ± 11) compared to NMC and 
HC [(F(2,47) = 6.182, p = 0.004); NMC: 249 ms ± 10, 
p = 0.023, HC: 246 ms ± 7, p = 0.004].

We tested for possible effects of fatigue during testing 
by comparing the first with the second half in each record-
ing of pro- and anti-saccades (latency and gain). There was 
no main effect nor interaction in any of the comparisons 
(p always > 0.1).

Correlation of anti‑saccades and memory‑guided saccades

The AER of XDP patients correlated with the RES during 
MGS (ρ = 0.700; p = 0.036, Fig. 3C). This did not apply 
for NMC (p = 0.31) nor for HC (p = 0.43). Note that cogni-
tive test values (MOCA, MMSE, HADS, FAB) as well as 
clinical motor scores (BFMDRS / MDS-UPDRSIII) did 
not correlate with AER and RES in MGS (p always > 0.09, 
mean 0.50, SD = 0.23).

Smooth pursuit eye movements

Sinusoidal smooth pursuit

We found a main effect  for both hor izontal 
(Χ2(2) = 6.7; p = 0.035) and vertical (Χ2(2) = 8.895; p = 0.012, 
Fig. 4A and B) smooth pursuit velocity gain between the 
groups. XDP patients had a significant smaller horizon-
tal gain compared to NMC (Z = − 2.456; p = 0.013) and 
HC (Z = − 2.049; p = 0.04). Vertical pursuit gain was also 
smaller compared to HC (Z = − 2.803; p = 0.005). The ver-
tical SPEM gain was not significantly different between 
XDP patients and NMC (p = 0.17). NMC and HC showed 
no difference considering horizontal (p = 0.515) or vertical 
(p = 0.114) gain. Correlation of clinical motor scores with 
horizontal and vertical gain revealed no significance for 
NMC (p always > 0.41), XDP patients (p always > 0.20) nor 
HC (p always > 0.25).

Foveopetal smooth eye pursuit

Latency of foveopetal SPEM did not show group dif-
ferences (p = 0.470). However, there was a main effect 
for the gain and the initial acceleration of foveopetal 
pursuit (gain:  Χ2(2) = 10.903;  p = 0.004;  inital  accel-
eration: Χ2(2) = 12.445; p = 0.002, Fig. 4C and D). XDP 
patients had lower pursuit gain compared to NMC 
(Z = − 3.106; p = 0.001) and HC (Z = − 2.828; p = 0.004). 
In addition, the initial acceleration was lower in XDP 
patients than in NMC (Z = − 2.523; p = 0.011) and HC 
(Z = − 3.309; p = 0.001). NMC and HC did not differ in gain 
(p = 0.879) nor initial acceleration (p = 0.260).

We detected no horizontal or vertical gaze-holding defi-
cit, i.e., no gaze-evoked nystagmus and only very few square 
wave jerks (< 3% of NMC/XDP participants).

Relation of oculomotor and disease parameters

Neither latency and gain of pro-saccades, error rates of MGS 
or anti-saccades, nor SPEM velocity gain were correlated 
with the disease duration (symptom onset in XDP) or esti-
mated age at disease onset or repeat number in NMC (p 
always > 0.29) and XDP subjects (p always > 0.09). Supple-
mentary Table 2 displays NMC individual estimated age at 
disease onset and repeat number.

Correlation of abnormal oculomotor with imaging data

There was no correlation of the abnormal oculomotor find-
ings in the NMC group with the abnormal striatal and pal-
lidal brain regions described in our previous imaging study 
[19] that would have survived correction for multiple testing 
(p always > 0.28).

Fig. 2  Representative horizontal eye position traces in MGS of a 
healthy control subject (top), non-manifesting carrier (middle row) 
and XDP patient (bottom) are shown for the fixation task (left side, 
A–C) during which subjects are instructed to look straight ahead (red 
line) but not to look towards the shortly presented peripheral visual 
target (blue). Normalized eye position (for 10° and 15° amplitude, 
A–C) and amplitudes of erroneously executed saccades are given 
relative to the target position (red line) as gain on the right side (D–
F). The target was flashed for 200 ms on the left (− 1) or right (1) 
side. Note that the healthy subject maintained fixation by suppress-
ing unwanted saccades to the visual targets. In contrast, XDP patients 
and NMC executed unwanted saccades towards the flashed target. 
Saccades towards the memorized target was typically performed with 
a multiple step pattern in XDP patients (saccade hypometria) which 
was only occasionally found in NMC. MGS memory-guided sac-
cades, XDP X-linked dystonia-parkinsonism, NMC non-manifesting 
carriers

◂
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Correlation of abnormal oculomotor with gait parameters

Both oculomotor and gait abnormalities are subthreshold 
disorders which were identified by quantitative analysis only. 
Error rates of anti-saccades and memory-guided saccades were 
not correlated with the quantitative gait and stance parameters 
after correction for multiple testing (p always > 0.1).

Discussion

In line with our main hypothesis, NMC already showed 
subtle oculomotor abnormalities compared to HC, i.e., 
before the onset of clinical symptoms or signs indicative 

of XDP (dystonia, parkinsonism). Interestingly, the error 
rates of anti-saccades and memory-guided saccades of 
NMC were already indistinguishable from symptomatic 
XDP patients reflecting pronounced fronto-striatal impair-
ment as an early sign of XDP-related neurodegeneration.

This impairment of volitional saccades is also found in 
pre-manifest HD carriers [5] who—like our NMC [19]—
show striatal atrophy prior to the manifesting phase of 
the disease [4, 26]. Saccade hypometria and smooth pur-
suit deficits were not found in NMC, in contrast to XDP 
patients of this study, an independent patient sample of 
our previous study [51], and in patients with PD [23, 
25, 36]. In the following, we will compare oculomotor 

Fig. 3  Error rates in anti-
saccades (A) and MGS (B) in 
XDP patients, NMC, and HC. 
Not only XDP patients but also 
NMC showed higher error rates 
than HC. p values: * < 0.05; 
** < 0.01, *** < 0.001. C Error 
rate (%) in the anti-saccade task 
significantly increase with the 
error rate in the memory-guided 
saccade task, i.e., erroneously 
performed reflexive saccades. 
There is a non-significant trend 
for this relation in NMC but 
not in HC. MGS memory-
guided saccades, XDP  X-linked 
dystonia-parkinsonism, NMC 
non-manifesting carriers, HC 
healthy controls
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abnormalities in NMC with XDP, PD patients as well as 
pre-manifest and manifest HD.

Pro‑saccades

The latency of horizontal pro-saccades did not differ 
between XDP patients and NMC. This is different from HD, 
in which latency typically increases with a higher variabil-
ity [39], even in the pre-manifest phase [5], highlighting a 
varying pattern of neurodegeneration. Latency of pro-sac-
cades is mainly controlled by the PFC [43] and its projec-
tion areas, specifically to the superior colliculus (SC) in the 
dorsal midbrain. The SC itself is a crucial area in triggering 
volitional and visually guided saccades as it receives direct 
projections from the frontal and parietal cortex (e.g., frontal 
eye field, FEF; dorsolateral prefrontal cortex, DLPFC) and 

indirect projections via the basal ganglia circuit [31]. While 
the fronto-collicular pathways exert excitatory influence on 
the SC, the indirect pathways via the basal ganglia inhibit 
the SC, i.e., activity of SC relies on the net influence of these 
competing afferent projections. Latency is crucially context-
dependent and depends on the type of saccade, specifically 
if they are reflexive or internally triggered [31].

To initiate a saccade, fixation-related activity in the SC 
must be suppressed [33]. The substantia nigra (pars reticu-
lata, SNpr) and the globus pallidus internus (GPi) serve as 
inhibitory “gate keepers” of the SC. In striatal neurodegen-
eration in HD [39], the striatal control on the SNpr fails and 
subsequently reduces the normal inhibitory control of the 
SNpr on the SC leading to an impairment to initiate saccades 
(compensated by concomitant blinks or head thrusts), and to 
difficulties in suppressing saccades to novel visual stimuli 

Fig. 4  Sinusoidal SPEM in 
XDP patients, NMC, and HC. 
Horizontal (A) and vertical (B) 
velocity gain was decreased 
in XDP patients compared to 
NMC regarding horizontal gain 
and to HC regarding both. C 
and D Step-ramp pursuit move-
ments. Initial acceleration was 
decreased in XDP patients com-
pared to NMC and HC (C). D 
The velocity gain of foveopetal 
SPEM was significantly reduced 
in XDP patients, compared 
to NMC and HC. p values: 
* < 0.05; ** < 0.01, *** < 0.001. 
SPEM  smooth pursuit eye 
movements, XDP X-linked 
dystonia-parkinsonism, NMC 
non-manifesting carriers, HC 
healthy control subjects
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and prolonged latency of saccades. Thus, increased saccade 
latencies could not only be related to prefrontal neurode-
generation and atrophy in HD but also additional striatal 
degeneration. In contrast to HD with excessively increased 
saccade latencies as well as considerable latency variabil-
ity [39], pro-saccade latency of XDP patients did not differ 
from healthy control subjects but they showed an increased 
variability in latency. Pro-saccade latencies and variability 
of NMC were still within the range of HC. Although indis-
tinguishable in horizontal saccade latency, both NMC and 
XDP patients had shorter latencies during small saccade 
amplitudes than HC which increased with larger amplitudes, 
similar to the amplitude-latency behavior in PD [12, 53, 
57]. Thus, those fronto-collicular and fronto-striatal projec-
tions controlling saccade activity in SC to initiate saccades 
(latency) seem less impaired compared to HD patients and 
are rather in line with PD [49].

Saccade hypometria in XDP patients is probably due to 
caudate degeneration, favoring the indirect way of the basal 
ganglia on the SC [51]. Similar to PD [45], the deficient 
nigro-collicular inhibition leads to saccade hypometria in 
XDP in this and our previous patient cohort [51] but not in 
NMC of this study. The initial dystonic movements result 
from a striosomal loss projecting to the SNpr with a postu-
lated increase of dopamine release [56], potentially activat-
ing the direct way of the basal ganglia. Possibly in NMC, 
caudate degeneration is already commencing but outweighed 
by the active direct way. Alternatively, saccade hypometria 
may result from cerebellar dysfunction as neurodegeneration 
has also been identified in the cerebellum in XDP patients 
[20]. Cerebellar degeneration, however, does not seem to be 
prominent in NMC as abnormal smooth pursuit eye move-
ments and other cerebellar signs (gaze-holding function) 
were not found and imaging findings revealed no volumetric 
changes [19].

Voluntary saccades (anti‑saccades, memory‑guided 
saccades)

The most striking finding in our NMC was the significant 
increases of the error rates in the anti-saccade and memory-
guided saccade paradigms, similar to XDP patients. In fact, 
the increased error rates in the anti-saccade task of our NMC 
participants were indistinguishable from XDP patients of 
this and of our previous study [51]. This replication indicates 
increased AER to be a robust finding in XDP patients.

In the anti-saccade paradigm, the visual stimulus pro-
vokes a visually guided reflexive pro-saccade that needs to 
be suppressed. This is accomplished by a direct fronto-nigro-
collicular pathway inhibiting the SC. Concomitantly, two 
other circuits involving the striatum with opposing excita-
tory and inhibitory pathways are activated which modify the 
net influence on the SNpr, thereby functionally disinhibiting 

the SC to facilitate volitional saccades [55]. The basal gan-
glia play thereby a crucial role in solving the opposing com-
mands of volitional and reflexive (automatic) saccades. As a 
consequence, striatal neurodegeneration weakens the capac-
ity of volitional saccadic signals (anti-saccades) to override 
automatic responses (visual reflexive pro-saccades). The 
striatal role, specifically of the GPi, in modifying the output 
of the SNpr on the SC becomes evident in PD patients with 
deep brain stimulation: the error rate significantly decreases 
with active GPi stimulation [2], in contrast to stimulation of 
the subthalamic nucleus.

This inhibitory gate function of the SNpr is highly chal-
lenged when the subject wants to perform a saccade in case 
immediate compelling information is not available. While 
the direct fronto (FEF)-collicular and parietal-collicular 
pathways determine the onset of saccades (when to start), 
the indirect pathways via the basal ganglia specify the con-
text and nature of the target. Neural activity in the striatum 
depends on memory, expectation, and perceptual decisions 
[33].

The high AER in NMC and XDP patients could not only 
reflect striatal (and as an immediate consequence) but also 
prefrontal neurodegeneration (FEF, DLPFC). Lesions in the 
DLPFC lead to an increased error rate of anti-saccades as 
the DLPFC usually inhibits reflexive misdirected saccades 
[42]. Fixation neurons in the PFC may also be involved in 
the deficient inhibition of inappropriate/unwanted actions, 
i.e., the reflexive saccade in the anti-saccade paradigm [58].

The increased error rate in the memory-guided saccade 
(MGS) task could be related to striatal, parietal and prefron-
tal pathology. MGS are largely controlled by basal ganglia 
loops. Patients with lesions of the putamen generate regular 
saccades but exhibit deficits in saccade accuracy and error 
rates to remembered target locations, i.e., in MGS [54]. In 
PD, MGS are more strongly impaired than reflexive visu-
ally guided pro-saccades [53]. Striatal neurodegeneration 
in manifest [39] and pre-manifest HD [5] is also associated 
with grossly increased error rates of MGS. This excessive 
distractibility (directional error rates) in HD has been related 
to neurodegenerative involvement of the SNpr, releasing SC 
disinhibition [38].

Unlike PD and our XDP patients, we did not find an 
increased latency and hypometria of MGS in NMC. In 
addition, NMC showed fewer multi-step pattern of saccades 
towards a memorized stimulus as seen in PD, MSA-P and 
our XDP patients [57]. MSP is largely due to a dysfunction 
of the basal ganglia [22], favoring the indirect way, which is 
not yet prominently involved in NMC.

After triggering MGS by the FEF, the DLPFC and 
the posterior parietal cortex (PPC) with the parietal eye 
field (PEF) contribute to its saccade accuracy. The FEF is 
involved in the initiation of anti- or memory-guided sac-
cades [43]. Short-term spatial memory in the MGS task is 
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accomplished by the PPC and the DLPFC [41]. Once the 
target disappears in the MGS task, the DLPFC is activated 
and maintains target position until the target reappears 
[43]. As there was neither a difference in the saccade gain 
of MGS, irrespective of the duration of the memorization 
interval, nor in the final eye position error between NMC 
and HC, the DLPFC seems to be functionally intact in 
NMC. Saccade hypometria and prolonged latency in MGS 
in our XDP patients could point to additional extrastriatal 
impairment (e.g., DLPFC) but final eye position error did 
not differ from the HC.

Remarkably, the striatal and extrastriatal neurode-
generation (DLPFC, FEF, PEF) in NMC does not seem 
to be related until symptoms and signs of XDP can be 
clinically appreciated, as error rates of anti- and memory-
guided saccades were only correlated in XDP patients 
with disease duration but not in NMC with time to the 
estimated age at onset. As NMC did not differ both in 
saccade latency and other global cognitive test parameters 
striatal rather than potential extrastriatal prefrontal neu-
rodegeneration seems to account for the increased error 
rates in anti-saccades and MGS.

To summarize, the oculomotor behavior of reflexive 
and volitional saccades in NMC resemble XDP, PD, and 
HD patients by their increased error rate of anti-saccades 
and MGS (Table 2) [8, 25, 36, 37]. NMC participants dif-
fer from saccades in PD patients by their normal saccade 
gain of reflexive pro-saccades. They also differ from HD 
patients by their normal saccade latency and velocity. The 
saccadic behavior of NMC is also different from MSA-P 
patients as we did not find combined saccadic hypo- and 
hypermetria of reflexive saccades nor gaze-evoked nys-
tagmus, or an increased number of square wave jerks [57].

Smooth pursuit eye movements

NMC showed normal sinusoidal SPEM (indistinguishable 
from HC), in contrast to XDP patients who showed impaired 
SPEM with reduced velocity gain, in line with the XDP 
patients in our previous study [51]. Thus, abnormal SPEM 
seems to indicate a state rather than a trait sign of manifest 
XDP, comparable to Parkin mutation carriers [36]. Sinusoi-
dal smooth pursuit, ensuring target visibility and providing 
a high degree of target predictability, is also impaired in PD 
patients with reduced velocity gain [23, 36] and additional 
interruption by anticipatory saccades [17]. As long as PD 
patients use ongoing visually guided motion, they can use 
prediction to maintain movement control as spatial memory 
is preserved in PD [15]. In the foveopetal task, where predic-
tion is less available, initial acceleration of smooth pursuit 
was also normal in NMC and HC but significantly reduced 
in XDP patients.

SPEM are initiated in the FEF, driven by the motion-
sensitive complex V5/MST being activated by retinal target 
motion related activity [16]. Higher cognitive control of 
SPEM, i.e., motor planning or prediction, is processed in 
the supplementary eye field and the DLPFC [35].

In contrast to XDP patients, these SPEM-related prefron-
tal regions do not seem to be impaired in the prodromal 
phase of XDP, i.e., our NMC. The basal ganglia, specifically 
the striatum [50], also provide an internal cue for the devel-
opment of a preparatory activity for a given movement in 
the sequence of repetitive movements [34]. This anticipatory 
function was impaired in XDP patients but does not seem to 
be involved in the prodromal phase (NMC). PD patients are 
prone to exert deficits in pursuit preparation and execution 
involving extra-retinal drive mechanisms as target motion- 
related retinal pursuit is often still normal in early PD [14, 
23]. Patients with striatal and cortical neurodegeneration in 
HD also show impaired target motion-related retinal smooth 

Table 2  Oculomotor 
performance in PD, MSA-P, 
XDP, NMC and HD

↓↓: highly reduced; ↓: reduced; = : equal; ↑: increased; ↑↑: highly increased; Adapted from [51]

Oculomotor task Direction Parameter PD MSA-P XDP NMC HD

Pro-saccades Horizontal Latency  =  = /↑  = /↓  = ↑↑
Gain ↓ ↓ ↓  =  = 
Velocity  =  =  =  = ↓

Vertical Latency  =  = /↑  = /↓  = ↑↑
Gain ↓ ↓  =  =  = 
Velocity  = ↓↓  =  = ↓↓

Anti-saccades Horizontal Error rate  = /↑  = ↑ ↑ ↑↑
Memory-guided saccades Horizontal Error rate  = /↑  = ↑ ↑ ↑↑

Gain ↓ ↓ ↓  =  = /↓
Smooth pursuit Horizontal Gain ↓ ↓ ↓  = ↓

Vertical Gain ↓ ↓ ↓  = ↓
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pursuit [30, 32] but extra-retinal predictive pursuit has not 
yet been examined.

MSA-P patients show an even more reduced smooth pur-
suit velocity [44, 57]. Accordingly, they show more often 
catch-up saccades towards target velocity while PD patients 
generate additional anticipatory saccades making it neces-
sary to back up towards target velocity [17].

Limitations

Nine XDP patients were treated with Levodopa but none of 
the NMC subjects. Accordingly, their increased error rates 
cannot be explained by medication. Statistically, we did not 
find an impact of L-Dopa medication on saccade perfor-
mance in XDP subjects of this and our previous studies [51].

Conclusion

The oculomotor phenotype of XDP patients [51] could be 
confirmed by our findings in this study, indicating a robust 
finding and highlighting the necessity for replication studies 
in independent cohorts. Remarkably, NMC showed impaired 
volitional (increased error rates) but largely preserved reflex-
ive saccades and smooth pursuit. The impairment of voli-
tional saccades is already progressed to a magnitude that is 
not dissociable from the XDP patients and similar to HD 
and advanced PD. Abnormal smooth pursuit indicates a state 
rather than trait sign of the mutation in XDP. In the absence 
of additional oculomotor signs of PD (pro-saccade hypome-
tria, smooth pursuit deficit) or HD (saccade slowing, grossly 
increased latencies, smooth pursuit deficit), the increased 
error rates of anti-saccades and MGS appear to be an pro-
dromal oculomotor phenotype of NMC and XDP reflecting 
prodromal fronto-striatal dysfunction.

We will monitor our NMC participants closely to see 
when they develop clinical signs of XDP. This will allow to 
estimate if the estimated age at disease onset was calculated 
correctly and how long eye movement abnormalities in XDP 
precede manifesting signs of XDP.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00415- 023- 11761-8.
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