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Background and Purpose  Square-wave jerks (SWJs) are the most common saccadic in-
trusion in progressive supranuclear palsy (PSP), but their genesis is uncertain. We aimed to 
determine the characteristics of SWJs in PSP (the Richardson subtype) and Parkinson’s dis-
ease (PD) and to map the brain structures responsible for abnormal SWJ parameters in PSP.
Methods  Eye movements in 12 patients with PSP, 12 patients with PD, and 12 age-matched 
healthy controls were recorded using an infrared corneal reflection device. The rate, mean 
amplitude, and velocity of SWJs were analyzed offline. Voxel-based morphometry using a 
3-Tesla MRI scanner was performed to relate changes in brain volume to SWJ parameters.
Results  The SWJ rate was more than threefold higher in PSP patients than in both PD pa-
tients and controls (mean rates: 33.5, 10.3, and 4.3 SWJs per minute, respectively). The vol-
umes of neither the midbrain nor other infratentorial brain regions were correlated with the 
SWJ rate. Instead, highly significant associations were found for atrophy in the superior, 
middle, and inferior temporal gyri in the PSP group.
Conclusions  SWJs in PSP are not mediated by midbrain atrophy. Instead, supratentorial 
cortical structures located mainly in the temporal lobe appear to be deeply involved in the gen-
eration of abnormally high SWJ rates in these patients. Known anatomical connections of the 
temporal lobe to the superior colliculus and the cerebellum might play a role in SWJ genesis.
Key Words  ‌�progressive supranuclear palsy, square-wave jerks, eye movements,  

Parkinson’s disease, voxel-based morphometry. 

A Cortical Substrate for Square-Wave Jerks 
in Progressive Supranuclear Palsy

INTRODUCTION

Apart from the impairments in classical vertical eye movements that characterize progres-
sive supranuclear palsy (PSP), a second ocular motor dysfunction was described early on: 
PSP patients exhibit frequent square-wave jerks (SWJs) whose presence—at least in quan-
titative eye-movement recordings—is practically universal.1 Nonetheless, the genesis of SWJs 
is still uncertain and clear evidence of structural brain abnormalities that are causally linked 
to SWJs is lacking. 

Clinical data favor either the “cerebellar hypothesis” or the “brainstem hypothesis” of SWJ 
generation. The former is based on numerous observations in neurological conditions such 
as Friedreich ataxia, X-linked ataxia, spinocerebellar ataxia 3, spinocerebellar ataxia 6, and 
oculomotor apraxia type 2.2-8 Frequent SWJs have also been noted in structural cerebellar 
disorders such as Arnold-Chiari malformation, Langerhans cell histiocytosis, anti-GAD atax-
ia, and multiple sclerosis.9-12 On the other hand, the brainstem hypothesis provides a more-
straightforward explanation for the increased frequency of SWJs in PSP. This theory stems 
mainly from the elegant model of Otero-Millan et al.13 that assumes the presence of a dis-
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turbance in the brainstem ocular motor network. The latter 
includes the excitatory burst neurons (EBNs), inhibitory burst 
neurons (IBNs), omnipause neurons (OPNs), and their con-
nections with the superior colliculus (SC). At the core of the 
model is the emergence of enhanced random fluctuations of 
neural activity within the SC that leads to increased input to 
burst neurons and decreased input to OPNs. When the inhi-
bition exerted by the IBNs on the OPNs overcomes the inhi-
bition of the OPNs on the IBNs, a short burst of activity ap-
pears in the EBNs that produces a small saccade. In turn, this 
produces a small retinal error that is detected in the SC net-
work and results in a second saccade in the opposite direction, 
completing a SWJ. Given that the SC receives input from the 
basal ganglia, this model offers an explanation for the in-
creased occurrence of SWJs and microsaccades in parkinso-
nian syndromes. Nonetheless, the cerebellar and brainstem 
hypotheses are not necessarily mutually exclusive: through its 
direct projections to IBN, the cerebellar fastigial nucleus di-
rectly modifies the brainstem ocular motor network.14,15 Hence, 
cerebellar (fastigial) damage would ultimately result in a dis-
inhibition of EBNs and motoneurons leading to an increased 
SWJ occurrence.11

In the present study we aimed to determine the character-
istics of SWJs in PSP and Parkinson’s disease (PD) and, more 
importantly, to relate various SWJ features to findings in vol-
umetric brain imaging. Our main goal was to map the brain 
structures responsible for the increased prevalence of SWJ 
in patients with PSP.

METHODS

Two patient groups were studied: 1) those with PSP (the Rich-
ardson subtype) and 2) those with PD. All participants under-
went standardized clinical-neurological examinations per-
formed by two movement disorder specialists (V.C., C.P.), and 
were diagnosed according to the current standardized con-
sensus criteria for PSP and PD.16,17 Eye-movement data were 
also compared to recordings from matched healthy controls.

All subjects gave written informed consent for participa-
tion in the study, which was conducted in accordance with 
the Declaration of Helsinki and approved by the Ethics Com-
mittee of the Department of Neurology of the University of 
Athens (IRB No. 165-20/03/2017).

Eye movements
Horizontal eye movements were recorded using an infrared 
corneal reflection device (IRIS system, Skalar, Delft, the Neth-
erlands) and sampled at 500 Hz with 14-bit resolution via a 
National Instruments external A/D card using a passband ex-
tending from direct current to 70 Hz. Eye-position records 

were smoothed offline using a second-degree, eight-samples 
Savitzky-Golay filter, and the instantaneous velocity was de-
rived thereafter by digitally differentiating the displacement 
signal. Saccades were detected using a 30°/s velocity criterion 
and were verified visually by the examiner. SWJs were defined 
as a saccade with an amplitude of ≤4°, taking the gaze away 
from the current position, followed within 300 ms by anoth-
er saccade with an amplitude similar to the first (difference 
in amplitude between saccades <30%), which takes the gaze 
back toward the initial position.18 The onset of a SWJ was the 
time at which the eye velocity exceeded 10°/s and continued to 
increase for at least three frames (6 ms). The number of SWJs 
during the fixation period for each participant was counted 
using an algorithm implementing the above rules. Eye move-
ments smaller than 0.4° were not included in order to avoid 
distortion introduced by consecutive parameter calculations 
due to recording noise. This maximum amplitude criterion of 
4° was chosen for our custom SWJ identification software 
based on it providing a reasonable trade-off between artifact 
exclusion (e.g., blinks) and SWJ identification sensitivity. Iden-
tified SWJs were also verified visually by the examiner (see 
the example in Fig. 1). The amplitude, duration, and peak ve-
locity of SWJs and saccades were determined using a cus-
tom-made interactive program that extracted the peak ve-
locity and saccade duration from the velocity trace and the 
saccade amplitude from the displacement trace.19 

Participants were seated on a chair in a dark room with their 
head restrained by a forehead-chin headrest. The visual targets 
were red LEDs mounted on a horizontal bar located 140 cm 
from the subject’s head. At the beginning of the session, a cali-
bration was performed using targets at 0°, +15°, and -15°.

Subjects were tested in two different conditions, each last-
ing 60 s. First, in the target-on condition, the instruction was 

Fig. 1. Eye position while fixating an LED straight ahead for 10 s in 
three subjects of the same age (69 years): a PSP patient, a PD pa-
tient, and a control subject. Note the increased rate of square-wave 
jerks in the PSP patient. PD: Parkinson’s disease, PSP: progressive su-
pranuclear palsy.
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to fixate a visual target located straight ahead (0°). Then, in 
the target-off condition, the LED disappeared and the sub-
jects had to continue fixating the location of the now-absent 
target. Prior to the second condition, participants were asked 
to execute 5 leftward and 5 rightward saccades toward targets 
at eccentricities of 5°, 10°, and 15° (i.e., 15 leftward and 15 right-
ward saccades). This protocol was used for two reasons: 1) to 
fit the main sequence relationship between amplitude and 
velocity according to the formula Peak Velocity=Vmax×(1- 
e-Amplitude/τ), whereas Vmax is the peak velocity asymptote and τ 
is the exponential constant,20,21 and 2) to recalibrate the en-
tire time series when necessary. 

The main sequence curves were modeled only in (macro) 
saccades and not in SWJs, since there were too few SWJs in 
both the PD patients and normal controls to achieve mean-
ingful exponential fits. Instead, the peak velocity-to-amplitude 
ratio22 was employed for group comparisons. Nonetheless, the 
main sequence curves were fitted for pooled SWJ data from 
the control, PD, and PSP groups, and allowed for visualization 
and gross comparisons of τ and Vmax.

All of the PD patients and most of the PSP patients received 
antiparkinsonian treatment, and recordings were performed 
in the medication-on state.

Imaging
All participants underwent a routine MRI examination using 
a 3-Tesla MRI scanner (Achieva TX, Philips, Best, the Neth-
erlands). A clinical brain MRI protocol was employed, which 
included a three-dimensional, high-spatial-resolution T1-
weighted gradient echo pulse sequence for the acquisition of 
detailed anatomical images (repetition time=9.9 ms, echo 
time=3.7 ms, flip angle=7°, voxel size = 1×1×1 mm3, and sag-
ittal orientation).

Volumetric analysis was performed using the CAT12 com-
putational anatomy toolbox, which is a toolbox of version 12 
of the Statistical Parametric Mapping (SPM12) software pack-
age (Wellcome Department of Cognitive Neurology) imple-
mented on MATLAB R2015b (The MathWorks, Natick, MA, 
USA). The exported registered image and preprocessing pa-
rameters were quantitatively assessed, and data with a weight-
ed overall quality measure lower than C+ were excluded from 
further analyses. The remaining normalized and modulated 
images were smoothed with an 8-mm full-width-at-half-max-
imum isotropic Gaussian kernel using a standard SPM12 
module.

Statistics

Oculomotor data
After testing for normality, statistical differences among the 

PSP, PD, and normal control groups were calculated using 
one-way ANOVA followed by post-hoc multiple compari-
sons with Scheffe’s method. The analyzed parameters were the 
SWJ rate, amplitude, and velocity-to-amplitude ratio. Sepa-
rate analyses were performed for target-on and target-off tri-
als. (Macro) saccades were analyzed with regard to their am-
plitude and main-sequence parameters.

Imaging data
Preprocessed images were fed into SPM12 statistical models. 
Between-group whole-brain differences in gray-matter vol-
umes were determined using the two-sample t-test with age, 
sex, and total intracranial volume as nuisance variables to ac-
count for any potentially contributing effects on the pattern 
of local changes.23-25 In addition, whole-brain analysis of cor-
relations between gray-matter and white-matter volumes and 
eye-movement parameters (SWJ rate, amplitude, and ratio 
velocity/amplitude for both fixation-on and fixation-off con-
ditions) was performed using the “multiple regression” SPM12 
function. In these analyses the SWJ parameters were used as 
the covariate of interest, whilst age, sex, and total intracrani-
al volume were used as confounding variables. In the same 
regression model we applied an additional region of interest 
(ROI) analysis using the SC as an inclusive mask. The criteri-
on for statistical significance was set at p<0.001, with an ex-
tended criterion applied equal to the expected number of vox-
els per cluster. Anatomical ROIs covering the entire volumes 
of clusters were defined using the WFU PickAtlas tool of 
SPM1226,27 and the Automated Anatomical Labeling soft-
ware package.28

RESULTS

This study included 12 PSP patients (the Richardson subtype), 
12 PD patients, and 12 age-matched healthy controls. The clini-
cal features and demographics of all subjects are summarized 
in Supplementary Table 1 (in the online-only Data Supple-
ment).

Oculomotor data
During the target-on condition, PSP patients displayed a mean 
of 33.5 SWJs per minute, which was far higher than for the 
PD patients and control subjects (p<0.001). Post-hoc com-
parisons revealed significant differences between PSP and 
PD patients and between PSP patients and controls, but not 
between PD patients and controls. The same was true during 
the target-off condition, where PSP patients exhibited a mean 
of 22.5 SWJs per minute; that is, a far higher rate than the 
PSP and PD patients (p<0.001). Again, post-hoc analysis re-
vealed differences only between PSP and PD patients and be-
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tween PSP patients and controls. Although a tendency for 
higher SWJ amplitudes was observed in the target-off con-
dition, there were no significant differences in the SWJ am-
plitude in either this or the target-on condition (Table 1). The 
peak SWJ-velocity-to-amplitude ratios were also similar among 
the three subject groups (the main sequence curves for pooled 
data from all subjects are depicted in Fig. 2). On the other hand, 
velocity-to-amplitude ratios for (macro) saccades showed 
markedly decreased values, reflecting slow saccades in PSP 
patients relative to PD patients or control subjects (p<0.001), 
as expected.

SWJ imaging correlations
Between-group morphometric comparisons revealed that the 
midbrain volume was lower in PSP patients than in the PD 
group (p<0.001). Also, PSP patients had smaller superior tem-
poral gyrus, supramarginal gyrus, and cerebellar lobules VI 
and X (p<0.001). The rather trivial finding of midbrain vol-
ume loss in PSP did not yield any significant results in the 
analyses of correlations of brain volumes with SWJ param-
eters. Here, the PSP group exhibited significant associations 
(p<0.001) between the SWJ rate and volume reductions in the 
middle and inferior temporal gyri for the target-on condition 
(Table 2 and Fig. 3), and correlations between the SWJ rate 
and atrophy in the superior temporal, inferior temporal, and 
superior occipital gyri for the target-off condition. PD patients 
showed correlations between the SWJ rate and reductions 
in putamen and pallidum volumes for the target-on condi-
tion, but no significant correlations for the target-off condi-
tion (Table 2). Furthermore, temporal cortical areas along with 
other gray-matter sites such as parts of the occipital and fron-
tal lobes were related to the SWJ amplitude and velocity/am-
plitude ratios in both PSP and PD patients (Tables 3, 4). 

DISCUSSION

Various oculomotor abnormalities in parkinsonian syndromes 

have long been known and have been described in detail us-
ing quantitative eye-movement recordings.29-31 However, the 
search for the causative brain alterations in living patients has 
only been possible following recent advancements in struc-
tural and functional neuroimaging techniques. Indeed, com-
bined studies of eye movements and morphometry- or con-
nectivity-based MRI analyses have confirmed the traditional 
hypotheses regarding oculomotor deficits in parkinsonian 
syndromes: decreased peak eye velocities of saccades in PSP 
(the Richardson subtype) are significantly correlated with 
midbrain atrophy, hypometric (“staircase”) saccades to visu-

Table 1. Rate, amplitude, and velocity/amplitude ratios of SWJs in PSP patients, PD patients, and healthy control subjects

PSP PD Controls Significance
Fixation on

Rate, SWJs per minute 33.5±12.4 10.3±8.7 4.3±3.6 †

Amplitude, deg 1.3±0.5 1.4±1.1 1.3±1.1 n.s.
Velocity/amplitude ratio, per s 33.4±4.0 34.9±5.4 40.7±11.0 n.s.

Fixation off
Rate, SWJs per minute 22.5±13.4 13.3±13.2 4.2±2.7 *
Amplitude, deg 2.0±0.7 1.6±0.6 1.5±0.7 n.s.
Velocity/amplitude ratio, per s 30.9±3.7 32.1±4.3 35.5±9.8 n.s.

Data are mean±SD values. 
*p<0.01, †p<0.001.
n.s.: not significant, PD: Parkinson’s disease, PSP: progressive supranuclear palsy, SWJs: square-wave jerks.

Fig. 2. Amplitude-vs.-velocity relationship (“main sequence”) for 
square-wave jerks pooled for all progressive supranuclear palsy pa-
tients (dots and solid line), all Parkinson’s disease patients (crosses 
and dashed line), and all control subjects (dotted line). No differences 
are evident in either target-on or target-off condition. To improve 
clarity, only the fitted curve (and not the single data points) is shown 
for the control subjects. 
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Table 2. Significant correlations between the SWJ rate and areas with reduced brain volumes in PSP and PD patients

SWJ recording 
condition

Side Area
MNI

Cluster size t
x y z

PSP Target on Left Middle temporal gyrus -56 -42 3 47 13.29

Left Inferior temporal gyrus -65 -33 -24 30 8.39

Target off Right Inferior temporal gyrus 59 -30 -21 20 10.44

Left Superior temporal gyrus -59 3 -5 35 10.03

Right Superior occipital gyrus 30 -81 23 17 8.29

PD Target on Left Putamen/pallidum -11 3 -5 62 9.90

Right Pallidum 21 0 3 27 7.93

Target off No significant correlations

p<0.001.
MNI: coordinates according to the Montreal Neurological Institute brain atlas, PD: Parkinson’s disease, PSP: progressive supranuclear palsy, SWJ: 
square-wave jerk.

Fig. 3. Cortical regions of progressive supranuclear palsy patients showing significant (p<0.001) correlations with the square-wave jerk rate in the 
target-on condition. 
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Table 3. Significant correlations between the SWJ amplitude and areas with reduced brain volumes in PSP and PD patients

SWJ recording 
condition

Side Area
MNI

Cluster size t
x y z

PSP Target on Left Middle cingulate gyrus –14 –36 51 59 8.45

Left Middle frontal gyrus –26 20 42 19 7.95

Right Superior temporal gyrus 56 –17 –3 34 7.82

Target off Left Cerebellum crus I –17 –81 –20 56 18.94

Right Superior temporal gyrus 53 –42 24 18 11.07

Right Postcentral gyrus 21 –41 69 23 9.29

Left Precuneus –15 –48 57 44 9.16

PD Target on Left Middle cingulate gyrus –9 –32 50 30 10.36

Right Inferior temporal gyrus 48 –65 –3 99 10.20

Right Superior medial frontal gyrus 9 59 11 85 7.44

Left Lingual gyrus/fusiform –27 –66 –3 141 6.89

Target off Left Superior temporal gyrus –56 –9 0 79 10.48

Right Inferior temporal gyrus/fusiform 44 –24 –24 40 6.13

p<0.001.
MNI: coordinates according to the Montreal Neurological Institute brain atlas, PD: Parkinson’s disease, PSP: progressive supranuclear palsy, SWJ: 
square-wave jerk.
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al targets in PD are linked to functional connectivity chang-
es in cortical areas, and saccadic smooth pursuit in multiple-
system atrophy is related to cerebellar and pontine volume 
reductions.32-34 Nonetheless, common oculomotor findings 
such as the increased latency of reactive saccades in PD—
traditionally considered a dysexecutive syndrome—did not 
show any significant correlation with regional brain volume 
changes.34 

In PSP, SWJs—which are the second-most-obvious eye-
movement abnormality after the slowed vertical saccadic eye 
movements—have not been investigated in the context of the 
underlying reduction in brain volume. It is possible that the 
only oculomotor parameter with a conceptual proximity to 
SWJs is the accumulated intrusion index examined by Vin-
tonyak et al.,34 which was not correlated with volumetric chang-
es in any of the investigated brain structures. However, the 
accumulated intrusion index differs fundamentally from clas-
sic saccadic intrusions such as SWJs, in that it is obtained dur-
ing an active saccadic task (i.e., not during fixation) and, more 
importantly, it excludes all saccades smaller than 2° while 
keeping all macrosaccades without an upper amplitude lim-
it. Thus, the findings of such combined oculomotor-MRI anal-
yses are not directly comparable with those in the present study.  

As expected, we found that the SWJ rate was markedly high-

er in the PSP group than in both the PD patients and controls. 
This increase was more than threefold in the fixation-on con-
dition, whereas the effect was more moderate in the fixation-
off condition, although it was still highly statistically signifi-
cant. The PD patients also showed a tendency toward more 
SWJs compared to controls, but this difference was not signif-
icant. The mean SWJ amplitude, particularly in the fixation-
off condition, showed a nonsignificant tendency toward high-
er values in PSP patients, while the SWJ velocity (expressed 
by the velocity-to-amplitude ratio) did not differ among the 
three patient groups. On the other hand, voluntary (macro) 
saccades had much slower velocities in the PSP group than 
in both the PD patients and controls. Thus, the present data 
replicated the well-known hallmark of fixational abnormal-
ity in PSP, namely the increased SWJ rate.1

Not surprisingly, voxel-based morphometry demonstrated 
that the midbrain volume was lower in our PSP patients than 
in the PD patients. A particularly interesting finding was that 
the midbrain volume loss was not associated with SWJ pa-
rameters.1 Focused MRI analysis of the SC using dedicated 
ROI calculations also did not reveal any correlation with SWJs. 
Thus, although reductions in the midbrain volume have been 
previously shown to be related to impairments in vertical eye-
movement performance in PSP,34 it appears that they do not 

Table 4. Significant correlations between a decreased SWJ velocity/amplitude ratio and areas with reduced brain volumes in PSP and PD patients

SWJ recording 
condition

Side Area
MNI

Cluster size t
x y z

PSP Target on Left Inferior temporal gyrus –38 –5 –42 243 15.71

Right Superior parietal gyrus 21 –56 72 21 10.26

Left Fusiform gyrus –42 –54 –8 16 9.26

Left Precuneus –14 –71 54 24 9.00

Left Middle temporal gyrus –57 –56 18 23 8.79

Right Cuneus 5 –83 27 31 8.56

Left Precentral gyrus –50 –5 23 25 7.94

Target off Right Middle occipital gyrus 39 –74 2 17 8.99

Left Middle frontal gyrus –29 44 23 18 8.09

Right Superior medial frontal gyrus/superior frontal gyrus 15 66 9 17 7.12

PD Target on Right Cuneus 9 –75 30 101 11.00

Left Rolandic operculum –57 8 0 37 8.54

Right Inferior frontal operculum 47 3 26 89 8.52

Right Superior medial frontal gyrus/anterior cingulate gyrus 8 54 9 70 7.34

Right Inferior temporal gyrus 48 –62 –12 29 6.84

Right Inferior operculum frontal/Rolandic operculum 51 6 11 59 6.67

Target off Right Lingual gyrus/calcarine/inferior-middle-superior occipital gyrus 9 –96 –5 889 12.34

Right Middle occipital gyrus 45 –77 9 38 7.12

Left Cuneus –9 –78 36 48 7.07

Left Inferior occipital gyrus –18 –92 –9 26 6.21

p<0.001.
MNI: coordinates according to the Montreal Neurological Institute brain atlas, PD: Parkinson’s disease, PSP: progressive supranuclear palsy, SWJ: 
square-wave jerk.



www.thejcn.com  43

Anagnostou E et al. JCN
play a major role in SWJ generation.

Instead, our morphometric-oculographic correlation anal-
ysis using a stringent statistical significance threshold (p<0.001) 
indicated that supratentorial rather than infratentorial struc-
tures are involved in SWJ generation in PSP. In particular, at-
rophy in the middle and inferior temporal gyri was correlat-
ed with increased SWJ rates in the fixation-on condition, while 
volume losses in the inferior temporal, superior temporal, and 
superior occipital gyri were associated with higher SWJ rates 
in the fixation-off condition. Although of less importance due 
to the absence of significant SWJ abnormalities in PD patients, 
the SWJ rates in that group were correlated with volume re-
ductions in the pallidum and putamen in the fixation-on con-
dition, while no correlations were evident in the fixation-off 
condition. Also, our analyses of the MRI data set with regard 
to other SWJ parameters, such as the SWJ amplitude and ve-
locity, proved to have a rather questionable heuristic value, 
since these oculomotor parameters did not differ significant-
ly in PSP patients. It is perhaps worth noting that cortical rath-
er than infratentorial sites displayed correlations with the SWJ 
amplitude and velocity in both PSP and PD patients, with the 
exception of a significant association of a volume reduction 
in cerebellar crus I and an increased mean SWJ amplitude in 
PSP.

Thus, gyri of the temporal lobe appear to play a crucial role 
in SWJ generation in PSP. Neuropathological studies of PSP 
brains have traditionally focused on changes in the brainstem, 
basal ganglia, and frontal lobe, providing straightforward cor-
relations with the cardinal signs of the disease, namely supra-
nuclear saccade slowing, parkinsonism, and frontal-type de-
mentia.35,36 However, recent cross-sectional and longitudinal 
neuroimaging studies have found small but significant amounts 
of atrophy in the temporal lobe of PSP patients, whereas most 
researchers tend to associate these changes with behavioral 
deficits.37-40 Unfortunately, no previous study has attempted 
to link any parts of the temporal lobe with SWJs. 

A completely different line of evidence provides indirect 
support for an association of the temporal cortex with SWJ 
generation. Although less extensively investigated in the con-
text of ocular motility, patients with Alzheimer’s disease—
which perhaps is the prototype of degenerative temporal-lobe 
atrophy—reportedly show abnormally high SWJ rates. Jones 
et al.41 described the first series of Alzheimer patients with a 
high prevalence of SWJs, demonstrating SWJ rates ranging 
from 51 to 74 per minute. Additional oculomotor deficits such 
as saccadic smooth pursuit were subsequently shown to co-
occur with SWJs in Alzheimer’s disease.42 More recently, a 
comparison of typical Alzheimer’s patients with patients with 
posterior cortical atrophy revealed that the former show sig-
nificantly higher SWJ rates, whereas the latter exhibit more 

macrosaccade intrusions.43 Few studies have investigated SWJs 
in focal hemispheric lesions. The systematic study of Sharpe 
et al.44 analyzed 17 patients with pathological SWJs due to 
solitary brain tumors or infarctions, and measured the high-
est SWJ rate (65 per minute) in a patient with parietotempo-
ral astrocytoma. There were no pure temporal or parietal le-
sions in this cohort to allow more precise comparisons, but 
patients with lesions in the frontal or occipital lobe exhibited 
fewer SWJs.

It is worthwhile to consider how temporal cortical areas could 
influence the generation of SWJs. There is only indirect neu-
roanatomical evidence linking the temporal neocortex to pon-
tine neurons (EBN and OPN), which are presumably respon-
sible for SWJ generation. With regard to the brainstem SWJ 
hypothesis,13 several anatomical staining and anterograde de-
generation studies have demonstrated connections of neocor-
tical areas of the temporal lobe to parts of the SC.45-47 It could 
be hypothesized that reduced control on SC neurons due to 
temporal cortex atrophy would lead to an enhancement of 
random fluctuations of neural activity within the SC, ulti-
mately leading to increased input to EBNs and decreased in-
put to OPNs. Alternatively, older neuroanatomical investi-
gations indicated the presence of direct connections of the 
temporal neocortex to the vestibulocerebellum, presumably 
via cortico-ponto-cerebellar mossy fiber projections.48-50 These 
pathways could play a role in fastigial-nucleus-mediated dis-
inhibition of EBNs that is presumably consistent with the cer-
ebellar hypothesis of SWJ triggering (see the Introduction).

The present study was subject to some limitations. First, a 
larger sample might have revealed more SWJ-related brain 
volume changes. Second, the availability of MRI data for the 
control subjects, who were included only for oculomotor com-
parisons, might have revealed interesting correlations between 
voxel-based morphometry and SWJs in healthy individuals, 
at least in those who exhibited some SWJs. Third, it is worth 
noting that SWJs are linked to temporal cortex volume loss 
in PSP but not in PD, and the SWJ rate was correlated with 
reduced putamen and pallidum volumes in the latter patients. 
Although this association should be interpreted with caution 
since the PD patients did not show significantly increased SWJs 
compared to controls, this difference in voxel-based morpho-
metric correlations between PSP and PD with regard to SWJs 
remains an open issue that requires further investigations. 
Nonetheless, it is not unusual for the same ocular motor phe-
nomenon to be associated with different regional brain at-
rophies in different diseases. For instance, the increased laten-
cy of voluntary saccades that is observed to the same degree 
in PD, PSP, and multiple-system atrophy seems to be medi-
ated by different brain structures in each syndrome.34 Anoth-
er example is the disturbances of smooth-pursuit eye move-
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ments being very similar in PSP and multiple system atrophy, 
which shows a correlation with cerebellar and pontine atro-
phy in the latter but not in the former syndrome.34 With re-
spect to the present findings, we speculate that the core neu-
ral circuit responsible for SWJ generation in the brainstem 
becomes hyperexcitable by damage or atrophy of multiple 
upstream brain regions.

In summary, this study is the first to use voxel-based mor-
phometry and quantitative oculography to demonstrate that 
SWJs (a universal fixation abnormality) are not mediated by 
midbrain atrophy. Instead, supratentorial cortical structures 
located mainly in the temporal lobe appear to be deeply in-
volved in the generation of abnormally high SWJ rates. A fo-
cused, multidisciplinary research approach that aligns precise 
eye-movement recordings with advanced structural and func-
tional neuroimaging has the potential to elucidate the origin 
of saccadic intrusions in various movement disorders and 
might ultimately contribute to the understanding of the neu-
ral mechanisms underlying visual fixation. 
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