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Abstract 

[Background] Classified as saccadic intrusions, square-wave jerks (SWJs) have been observed during 

visual fixation (VF) in Alzheimer’s disease (AD). However, the pathological significance of this 

phenomenon remains unclear.  

[Objective] The present study analyzed the characteristics of SWJs in patients with AD with their eyes 

open in the dark without VF. 

[Methods] Fifteen patients with AD and 15 healthy age- and sex-matched controls were investigated and 

compared. Saccadic intrusions with and without VF were detected as SWJs and measured using an 

electronystagmogram.  

[Results] No significant difference in frequency of SWJs was observed between Control and AD groups 

with VF, but significantly more SWJs were observed in the AD group than in the Control group in the 

absence of VF (p<0.01). In the Control group, the frequency of SWJs was significantly higher with VF as 

compared to without VF. Conversely, the frequency in the AD group was significantly higher without VF. 

Furthermore, a direct proportional relationship was observed between the frequency of SWJs and higher-

order function (R>0.55) in the AD group. 

[Conclusion] SWJs without VF may have pathological significance in AD. In healthy individuals, SWJs 

are generated by VF and suppressed without VF. Conversely, in AD, SWJs are generated rather than 

suppressed in the absence of VF. These pathognomonic SWJs without VF also appear to be correlated with 

higher-order dysfunction, reflecting AD-related cortical damage. These findings suggest that pathological 

SWJs without VF observed in AD derive from cortical damage and may constitute an important marker of 

higher-order function. 
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INTRODUCTION 

There have been several reports on relationship of Alzheimer’s disease with abnormal ocular movements 

and disorders of eyeball, retina, optic nerve, and pupil [1-10]. Most of these reports were related to the 

diagnosis or biomarkers of Alzheimer’s disease [1-10]. Furthermore, there was a recent report from a very 

large population regarding the relevance of eye and retinal diseases, such as glaucoma, diabetic retinopathy, 

and cataracts, to Alzheimer’s disease [11]. 

Various neurofunctional tests and imaging studies have shown that damage to the inferior parietal lobule 

(IPL) occurs from the early stages of Alzheimer’s disease (AD). In early AD, perfusion and metabolism are 

impaired in the IPL but are maintained in the occipital lobe and cerebellum [12–14]. Amyloid positron 

emission tomography (PET) in patients with AD shows marked amyloid deposition in the parietal lobe but 

no deposition in the occipital lobe or cerebellum [14]. 

The area of the parietal lobe posterior to the primary somatosensory area, which itself is posterior to the 

central sulcus, represents the parietal association area. This area is horizontally divided by the intraparietal 

sulcus into the superior parietal lobule and the IPL. The IPL is composed of Brodmann Areas 39 (the angular 

gyrus) and 40 (the supramarginal gyrus) and plays an important role in controlling eye movement and 

vestibular function [15–19]. In patients with AD, IPL damage leads to abnormal vestibular function [1]. 

Various studies have reported abnormal eye movements associated with AD, including the impairment of 

smooth pursuit eye movements [1] and saccadic eye movements [2, 3], as well as impaired vestibular 

function [20]. 

The IPL is known to play an important role in controlling the generation of saccadic eye movements in 

coordination with the frontal eye field (FEF) in the prefrontal cortex [15, 16, 21]. Damage to the neural 

mechanisms controlling saccadic eye movements may lead to the occurrence of a type of square-wave jerks 

(SWJs) [22–25] classified as saccadic intrusions that have been reported in conjunction with AD [3, 26, 

27]. However, recent studies have reported that SWJs in AD are greatly affected by age and are of limited 

pathological significance [3]. On the other hands, there were reports to using SWJs for evaluating for other 

disorders, except AD [28, 29]. 

Cerebral deterioration has been suggested to be linked to the mechanisms underlying SWJs in AD [22]. 

Therefore, we propose that damage to the IPL and prefrontal cortex, including the FEF, is important to the 

mechanisms leading to SWJs. If this is indeed the case, damage to the IPL and FEF could be predicted 
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based on testing eye movements, providing a tool for simple and early detection of AD onset. 

The present study investigated the characteristics of SWJs occurring in AD. The relationship between 

SWJs without visual fixation (VF) and higher-order dysfunction in AD was also investigated. 

 

MATERILALS AND METHODS  

Subjects 

Fifteen patients with AD (6 men, 9 women; mean age, 71.6±3.7 years) visiting the University of Tsukuba 

Hospital Neurology Outpatient Department between January 2012 and February 2018 (AD-a group) were 

compared to 15 age- and sex-matched healthy controls (6 men, 9 women; mean age, 71.6±3.7 years; Control 

group). Normal higher-order function in the healthy controls was confirmed by a medical interview and 

neurologic examination. Both Mini-Mental State Examination (MMSE) [30] and Frontal Assessment 

Battery at Bedside (FAB) [31] were performed in the healthy controls and those diagnosed with AD. MMSE 

scores reflect cortical function, such as temporal lobe or parietal lobe function; on the other hand, FAB 

scores reflect damage to the frontal lobe [30, 31]. Table 1 shows the characteristics of each group. No 

significant difference in mean age was observed between the AD-a and Control groups (Mann-Whitney U 

test, p=1.0; Table 1). To analyze the relationships between abnormal eye movement parameters and Mini-

Mental State Examination (MMSE) and Frontal Assessment Battery at Bedside (FAB) scores in the AD 

group, 22 patients with AD who had previously been confirmed as showing SWJs without VF (10 men, 12 

women; mean age, 78.4±7.1 years; mean MMSE score, 20.6±6.8; mean FAB score, 11.3±4.7) who had 

previously visited the University of Tsukuba Hospital Neurology Outpatient Department were also 

investigated (AD-b group; Table 2). Patients in the AD-b group included patients in the AD-a group. 

Diagnoses of probable AD were confirmed using neurological examinations, MMSE scores, brain 

magnetic resonance imaging, cerebral blood flow single photon emission computed tomography, and AD 

diagnostic guidelines based on clinical course [32]. The mean MMSE score in the AD-a group was 21.5±5.7. 

Healthy controls who volunteered to participate were interviewed and examined. Inclusion criteria 

comprised an MMSE score ≥24 and the absence of neurological abnormalities (such as cerebellar ataxia) 

and sensory disturbances (such as limb muscle weakness, extrapyramidal symptoms, and deep sensory 

disturbance) upon neurological examination. The mean MMSE score in the Control group was 29.0±1.0. 

Informed consent was obtained from all participants in accordance with the regulations of the University 
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of Tsukuba Hospital Ethics Committee. 

 

Eye movement tests 

Electrodes were fitted horizontally and vertically to the eyelids of participants, then eye movement original 

waveform (time constant, 3 s) and velocity waveform (time constant, 0.03 s) were recorded in both 

directions using an electronystagmogram and a data acquisition and analysis device (sampling frequency, 

1 kHz; PowerLab; AD Instruments, Castle Hill, Australia). 

For the purposes of the present study, SWJs were defined as saccadic intrusions with both an intersaccadic 

interval ≤400 ms and a square form such as Fig.1 before the occurrence of return saccade when either 

visually fixated on a red laser light in the midline (with VF) or when looking straight ahead with eyes open 

in the dark (without VF) [33]. For testing without VF, participants were fitted with goggles equipped with 

an infrared camera (First, Tokyo, Japan) and visually monitored regarding whether the eyes were open or 

closed. The following parameters of SWJs with and without VF were analyzed: amplitude, intersaccadic 

interval, and frequency of occurrence (Fig. 1). Patients in whom SWJs did not occur were excluded from 

the comparative analysis. 

 

RESULTS 

Typical SWJs  

Figure 2 shows representative SWJs in typical examples of a healthy control and a patient with AD. The 

frequency of SWJs was clearly higher in the AD group than in the Control group, particularly with eyes 

open in the dark (without VF) (Fig. 2B,D). In the Control group, the frequency of SWJs was lower without 

VF than with VF (Fig. 2A,B). The opposite pattern was observed in the AD group, with more SWJs 

occurring without VF than with VF (Fig. 2C,D). 

 

Comparison of characteristics of SWJs between healthy controls and patients with AD 

Table 1 shows the results of a comparative analysis between the Control and AD-a groups. With VF, no 

significant difference was observed in the frequency of SWJs between groups (p=0.51); however, the 

amplitude was significantly higher in the AD-a group (p=0.02). Conversely, without VF, the frequency of 

occurrence of SWJs was significantly higher in the AD-a group (p<0.001). In addition, significant 
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differences were observed between the groups with regard to amplitude (p=0.003) and intersaccadic 

interval (p=0.013). As compared to healthy individuals, in AD, the amplitude was lower and the 

intersaccadic interval was higher. 

 

Comparison of SWJ characteristics with and without visual fixation in healthy controls and patients 

with AD 

To analyze changes in the parameters of SWJs under differential conditions, such as with or without VF, 

we analyzed 9 of 15 AD patients and 13 of 15 control subjects who had SWJs with and without VF. On the 

other hand, 6 of 15 AD patients had no SWJs with VF, and 2 of 15 control subjects had no SWJs without 

VF. These subjects with no SWJs were excluded from comparative analysis. 

Table 3 shows the results of analyzing changes in the parameters of SWJs with and without VF in the 

Control and AD-a groups. In the Control group, the frequency of SWJs decreased significantly (p<0.001), 

the amplitude increased significantly (p<0.001), and the intersaccadic interval shortened significantly 

(p=0.03) without VF as compared to with VF. Conversely, in the AD group, the frequency of SWJs 

increased significantly without as compared to with VF (p=0.015). 

 

Correlation of SWJ frequency without visual fixation and higher-order function in patients with AD 

A directly proportional relationship was observed between the frequency of SWJs without VF and MMSE 

and FAB scores in the AD-b group (R=0.56 and R=0.62, respectively; Fig. 3). Figure 3 reveals the higher 

frequency of SWJs and the higher MMSE and FAB scores in the test without VF. 

 

DISCUSSION 

SWJs without VF in AD 

SWJs typically occur during VF with intersaccadic intervals of 150–200 ms [25]. Based on a report by 

Abadi et al., the present study defined SWJs as saccadic intrusions with intersaccadic interval ≤400 ms (Fig. 

1) [33]. Whether saccadic intrusions occurring without VF can be labeled as SWJs remains contentious; 

however, as shown in the example in Figure 2D, saccadic intrusions resembling SWJs with VF were 

observed without VF in the present study. Among healthy controls, the frequency of SWJs was lower with 

eyes open in the dark (without VF) as compared to with VF. Conversely, in patients with AD, SWJs 
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frequently occurred without VF. Saccadic intrusions without VF were, thus, labeled as SWJs, and the 

characteristics of this phenomenon were investigated. To the best of our knowledge, no other studies to date 

have reported SWJs without VF. However, as particular conditions are required to investigate this 

phenomenon, SWJs with eyes open in the dark (without VF) in AD may have been previously overlooked. 

Unlike the pattern observed in healthy controls, the frequency of SWJs without VF observed in AD 

increased, suggesting some degree of pathological significance. 

 

Comparison of present findings and previous reports of SWJs with VF 

SWJs have been reported in association with degenerative diseases, specifically multiple-system 

degeneration and progressive supranuclear palsy, which involves cerebellar and brainstem lesions, and 

cerebral deterioration in AD [22, 23, 26, 34]. However, SWJs are also known to occur at low frequency in 

healthy individuals [35, 36]. In consideration of the effects of aging, the frequency of occurrence is used to 

determine whether SWJs are pathological. A higher frequency indicates greater pathological significance. 

According to previous studies, the mean frequency of SWJs in healthy young (mean age, 14 years), middle-

aged (mean age, 32 years), and old (mean age, 71 years) individuals is 3, 4.7, and 27 times/min, respectively 

[35, 36]. Furthermore, a lower frequency was reported in association with cerebral deterioration (27±17 

times/min) than with cerebellar disorders (43±24 times/min) [22].  

Thus, at ~16 times/min, the highest frequency of SWJs in the AD group in the present study cannot be 

described as pathological during VF. Furthermore, the present study found no significant difference in the 

frequency of SWJs with VF between the AD and Control groups, and, as in previous studies, no pathological 

frequency could be confirmed [3, 34]. 

 

Mechanism underlying SWJs in AD 

The IPL contributes to controlling and suppressing saccadic eye movements in coordination with the FEF. 

The superior colliculus mediates IPL and FEF control of the neuron groups associated with saccadic eye 

movements generated by the brainstem [15, 16, 21, 37]. IPL- or FEF-related dysfunction of the superior 

colliculus in AD may, thus, be linked to abnormal saccadic eye movements, such as SWJs. In addition to 

damage to the IPL, PET and other studies have demonstrated that damage to the prefrontal cortex, including 

the FEF, also occurs from the early stages of AD [38]. 
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Figure 4 shows a theoretical mechanism of SWJ generation in AD primarily due to damage to the IPL and 

FEF. In a healthy state, VF is enabled by the inhibition of burst neuron activity through the continuous 

activation of omnipause neurons (OPNs). OPNs also simultaneously suppress abnormal eye movements, 

allowing for the maintenance of VF (Fig. 4A). As damage to the IPL and FEF progresses in AD, cerebral 

cortical inhibitory regulation of the superior colliculus weakens, and OPN activity decreases. The resulting 

increase in burst neuron activity and abnormal firing allows abnormal eye movements in the form of SWJs, 

preventing normal VF (Fig. 4B). 

 

Mechanism of increased frequency of SWJs without VF in AD 

Neuronal activity in the FEF and adjacent areas increases with VF [39–42]. Conversely, when VF is 

prevented with eyes open in the dark, FEF neuronal activity maintained through VF decreases. This likely 

further decreases the activity of the superior colliculus neurons, which are regulated by the FEF, facilitating 

abnormal burst neuron firing and contributing to the increased frequency of SWJs (Fig. 4C). 

 

Correlation between abnormal SWJs and higher-order function in AD 

The present findings indicated that SWJs without VF derive from AD-related cortical damage associated 

with saccadic eye movements. Another unexpected and intriguing finding was that the frequency of SWJs 

without VF in patients with AD decreased proportionally to the progression of higher order dysfunction 

measured by MMSE and FAB. 

Previous studies have reported a correlation between MMSE scores and the extent of cortical injury in areas 

such as the IPL and prefrontal cortex, including the FEF, in patients with AD [43]. Furthermore, the extent 

of prefrontal cortex dysfunction in AD correlated with FAB scores [38]. While the results of MMSE and 

FAB appear linked to AD-related cortical injury in areas such as the IPL and FEF, these areas are related to 

saccadic eye movements, and progressive damage leads primarily to symptoms of severe abnormal saccadic 

eye movement (saccade). Thus, the occurrence of SWJs may have been masked, explaining the inverse 

correlation with AD progression. 

 

Limitations 

This study is limited by a very small number of subjects. No tau or amyloid PET imaging or cerebrospinal 
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fluid biomarker investigations were performed on patients with AD in the present study. Furthermore, some 

of the present patients with AD were receiving oral dementia drugs in the form of anticholinesterases or N-

methyl-D-aspartic acid receptor antagonists during the study period. No studies to date have investigated 

the relationship between dementia drugs and the occurrence of SWJs, and the effects of the drugs on the 

occurrence of SWJs are unclear. 

Based on the results of the present study, further longitudinal study is required regarding the correlation 

between the occurrence of SWJs without VF and tau and amyloid PET imaging findings in patients with 

AD at the stage of mild cognitive impairment (MCI).    

Specifically, the extent of damage to the IPL and FEF needs to be investigated in AD at the MCI stage and 

the corresponding frequency of SWJs without VF. The occurrence of SWJs without VF could reflect 

functional cortical damage earlier than can be identified with PET. Confirmation from PET-based imaging 

that SWJs without VF reflect MCI-related lesions would suggest that the detection of SWJs without VF 

could be used as a simpler, more cost-effective tool for the early diagnosis of AD as compared to PET. 

 

CONCLUSION 

In summary, SWJs without visual fixation were observed in patients with AD in the present study. 

Different patterns of frequency between healthy individuals and patients with AD under different conditions 

suggest that these SWJs have pathological significance. The detection of SWJs without visual fixation may 

be clinically applicable to the diagnosis of AD at an early stage of cortical damage to the IPL and FEF. 
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Figure Legends 

Figure 1. Schematic diagram of SWJs and relationships among parameters 

Schematic diagram of SWJs analyzed in the present study. Investigated parameters comprised amplitude, 

frequency of occurrence, and intersaccadic interval. 

 

Figure 2. Example electronystagmograms showing SWJs in typical examples of a healthy control and a 

patient with AD 

Figures A and B show electronystagmograms of a healthy 77-year-old woman recorded with and without 

(i.e., eyes open in the dark) visual fixation (VS), respectively. Figures C and D show electronystagmograms 

of a 77-year-old woman with AD with and without (i.e., eyes open in the dark) VS, respectively. The top 

half of each figure shows horizontal eye movements, while the bottom half shows horizontal eye movement 

velocity. Arrowheads indicate SWJs. 

In the Control group, the frequency of SWJs was higher (A) with VS than (B) without VS. In the AD 

group, the opposite pattern was observed, with higher frequency of SWJs (D) without VS than (C) with VS.  

 

Figure 3. Correlation between the frequency of SWJs without visual fixation and MMSE and FAB scores 

The frequency of SWJs was directly proportional to MMSE and FAB scores (R=0.56, p=0.007 and R=0.62, 

p=0.002, respectively). 

 

Figure 4. Theoretical mechanism of square-wave jerk generation in AD 

Diagram of the neuronal circuit for saccade generation by the brainstem developed based on previous 

studies [15, 16, 21, 37, 44–51]. In the absence of saccade commands from the superior colliculus, no 

excitatory or inhibitory burst neuron activity is present, and these neurons are in a resting state, enabling 

visual fixation. Meanwhile, the continuous activation of omnipause neurons, another important structural 

element in saccade generation, inhibits burst neuron activity, maintaining visual fixation and suppressing 

abnormal eye movements (A).  

In AD, damage to the IPL and FEF weakens the cerebral cortical inhibitory regulation of the superior 

colliculus, decreasing omnipause neuron activity. The resulting increase in burst neuron activity generates 

abnormal square-wave nystagmus in the form of SWJs (B). 
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Activity of the FEFs is maintained by visual fixation (VS) and is, therefore, decreased by preventing VS 

with eyes open in the dark. This further decreases the activity of superior colliculus visual fixation neurons, 

promoting abnormal activation of the burst neurons and increasing the frequency of SWJs (C).  

IPL: inferior parietal lobe; FEF: frontal eye field; OPN: omnipause neuron; EBN: excitatory burst neuron; 

IBN: inhibitory burst neuron; SC: superior colliculus. White circle (○): excitatory neuron; black circle (●): 

inhibitory neuron. The size of the lines and arrows indicating input and of the plus and minus signs shows 

the strength of inhibition and excitation, respectively. The firing rate frequency reflects the amount of 

neuronal activity. 
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