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How to Use This Review

This document is the companion clinical literature review to the smooth pursuit assessment and cerebellar 
localisation video series on the ADC education hub at www.australiandizzinessclinics.com. It is designed 
for vestibular physicians, audiologists, and neurologists building expertise in laboratory vestibular function 
testing.

The review follows clinical testing sequence: from theoretical foundations and neural substrates through 
methodology,  normative  values,  interpretation  frameworks,  and  clinical  application.  Callout  boxes 
throughout identify clinically high-yield points and evidence-based pearls.

Callout box guide:

🔵 Clinical Insight:  Clinically relevant observations derived directly from the basic science — the bridge 
between laboratory findings and patient management.

💎 Clinical Pearl:  High-yield, memorable clinical points — the key facts that separate a competent  
clinician from an expert in vestibular function testing.

📖 Key Point:  Foundational concepts and summary statements that anchor the clinical framework.  
Master these to interpret the full testing battery.
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Clinical Neuro-Otology of Smooth 
Pursuit Eye Movements

An Exhaustive Review of Physiology, Assessment, and 
Pathological Significance

1. Introduction: The Vestibular Physician’s Window into Central Function

For the vestibular physician, the ocular motor examination serves as a remarkably transparent window 
into the structural and functional integrity of the central nervous system. Unlike other systems where 
pathology is often inferred through secondary signs or subjective symptom reporting, the oculomotor 
system allows for the direct observation of neural circuitry in action [1]. Among the various oculomotor 
subsystems—saccades, optokinetic reflex, and the vestibulo-ocular reflex (VOR)—smooth pursuit eye 
movements  (SPEM)  represent  a  phylogenetically  recent  acquisition,  evolving  primarily  in  foveate 
primates to facilitate the continuous, high-fidelity stabilization of small, moving targets upon the retinal 
fovea [2]. While the VOR serves the primal function of stabilizing gaze during head motion, and saccades 
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provide the mechanism for  rapidly  redirecting attention,  the smooth pursuit  system is  unique in  its 
requirement for a complex, continuous integration of sensory perception, cognitive prediction, and motor 
control. It is a voluntary tracking system that requires the brain to match the velocity of the eye to the 
velocity of a target moving in the external world.

The clinical utility of assessing smooth pursuit cannot be overstated in the context of neuro-otology. 
Because  the  neural  circuitry  underpinning  pursuit  is  widely  distributed—spanning  the  striate  and 
extrastriate cortex, the brainstem, and the cerebellum—it is exquisitely sensitive to central pathology [3]. 
Abnormalities in smooth pursuit are frequently the subtle, early indicators of diffuse neurodegenerative 
conditions, pharmacological toxicities, or focal lesions within the posterior fossa. Furthermore, in the high-
stakes evaluation of the patient presenting with acute vestibular syndrome (AVS)—where the clinician 
must differentiate between benign peripheral vestibulopathies (e.g., vestibular neuritis) and potentially 
life-threatening central aetiologies such as cerebellar stroke—the preservation or disruption of smooth 
pursuit is often the decisive discriminator [4]. A patient with acute vertigo, spontaneous nystagmus, and 
a preserved smooth pursuit system is highly likely to have a peripheral inner ear disorder. Conversely, 
the presence of "saccadic" or broken pursuit in the same patient raises the immediate spectre of a central 
lesion, necessitating urgent neuroimaging and intervention.

This report provides an exhaustive analysis of the smooth pursuit system, designed specifically for the 
vestibular physician. It details the anatomical substrates and physiological control mechanisms, explores 
the nuances of clinical evaluation from bedside pearls to advanced laboratory metrics, and dissects the 
differential diagnosis of pursuit abnormalities. We will explore how the pursuit system interacts with the 
vestibular system, how it fails in specific neurodegenerative and vascular syndromes, and how novel 
insights into "predictive" and "proprioceptive" pursuit can refine diagnostic accuracy.

2. Neurophysiology and Anatomical Substrates

To interpret abnormalities in smooth pursuit, one must first possess a granular understanding of the 
underlying machinery. The generation of smooth pursuit is a complex sensorimotor transformation that 
converts sensory information about target motion (retinal slip) into a velocity command for the extraocular 
muscles.  This  system  operates  as  a  closed-loop  negative  feedback  control  system,  continuously 
minimizing the error between target velocity and eye velocity [1]. Unlike the ballistic saccade, which is 
pre-programmed,  smooth  pursuit  is  continuously  modifiable  based on visual  feedback and internal 
models of target motion.

2.1. The Afferent Pathway: Visual Motion Processing

The primary stimulus for smooth 
pursuit is retinal slip—the movement 
of the image of the target across the 
fovea. However, the system is also 

capable of utilizing non-visual 
information, including proprioception 
and predictive cognition, to maintain 
tracking. The journey begins in the 

retina, specifically with the M-
ganglion cells that project to the 

magnocellular layers of the lateral 
geniculate nucleus (LGN), a pathway 

specialized for high temporal 
resolution and motion detection [5].

2.1.1. Cortical Processing: From V1 to MT and MST
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Visual information travels from the LGN to the primary visual cortex (V1, Brodmann area 17). From V1, 
motion information is projected to the specialized extrastriate cortex, a critical junction for oculomotor 
control. The two most vital areas in this network are the Middle Temporal area (MT or V5) and the Medial 
Superior Temporal area (MST), located at the temporo-occipito-parietal junction.

 Middle Temporal Area (MT/V5): Neurons in the 
MT area are functionally organized to select for the 
speed and direction of visual motion. They encode 
the raw sensory data regarding retinal slip velocity. 

This area acts as the primary sensory interface, 
determining "what is moving and how fast".

 Medial Superior Temporal Area (MST): The 
MST receives input from MT and represents a 
higher  level  of  processing.  It  is  critical  for 
encoding both the visual motion of the target and 
the motion of the eye itself (efference copy). This 
integration  allows  the  brain  to  distinguish 
between a moving object and the movement of 
the  visual  world  caused  by  the  eye's  own 
motion. The MST is subdivided into two functional regions:

o MSTl (Lateral): This region contains neurons that prefer small moving spots, making it 
essential for the tracking of discrete objects (the typical smooth pursuit target).

o MSTd (Dorsal): This region responds best to large-field visual motion (optic flow). This 
distinction is crucial clinically; disorders affecting MSTd might impair optokinetic responses 
or the perception of self-motion (vection), while MSTl lesions specifically degrade smooth 
pursuit of small targets. 

Furthermore, MST neurons possess the unique ability to continue firing during the temporary 
occlusion of a target, supporting the predictive maintenance of pursuit when a target passes 
behind an obstruction.

2.1.2. High-Level Control: FEF and PPC
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While the posterior cortex processes the "sensory" aspect of motion, the initiation and gain control of the 
movement require frontal lobe engagement.

 Frontal Eye Fields (FEF): Located in the posterior 
middle frontal gyrus (Brodmann area 8), the FEF is 

traditionally associated with the generation of voluntary 
saccades. However, a distinct sub-region within the 

FEF is dedicated to smooth pursuit. The FEF is 
essential for pursuit initiation—the decision to track—

and for dynamic gain control. It determines the 
"when" and "how fast" of the movement, 

modulating the sensitivity of the system to visual 
inputs.

 Posterior  Parietal  Cortex  (PPC): This region, 
particularly Brodmann areas 39 and 40, is involved 
in visual attention and the spatial aspects of motion 
tracking.  Lesions  here  often  result  in directional 
deficits, specifically regarding the "where" of the target in space.

2.2. Descending Corticopontine Pathways and the "Ipsilateral Rule"

A critical rule of thumb for lesion localization in smooth pursuit—one that distinguishes it from the skeletal 
motor system—is that the cerebral hemispheres control pursuit primarily in the ipsilateral direction [6]. 
While the motor cortex controls the contralateral arm, the right parietal and frontal lobes drive the eyes to 
the right. This ipsilateral control is achieved through a double-decussation pathway.

Axons from the ipsilateral parietal, temporal (MT/MST), and frontal (FEF) cortices descend through the 
posterior limb of the internal capsule to terminate in the pontine nuclei of the brainstem. The major relay 
nuclei include:

 Dorsolateral Pontine Nuclei (DLPN): Receiving input primarily from the temporal-parietal areas 
(MT/MST), the DLPN is crucial for conveying visual motion information.
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 Nucleus Reticularis Tegmenti Pontis (NRTP): Receiving input primarily from the frontal eye 
fields, the NRTP is more involved in the initiation and cognitive aspects of the movement.

These pontine nuclei compute the vector of eye movement necessary to match the target. From the pons, 
the pathway crosses the midline (first decussation) to enter the cerebellum via the middle cerebellar 
peduncle (MCP).

2.3. The Cerebellar Engine: 
Vestibulocerebellum and Vermis

The cerebellum is the central processor for 
smooth pursuit, responsible for maintaining 
accuracy,  holding  gaze  velocity,  and 
adapting to changes in target dynamics [7]. 
The  pontine  nuclei  project  axons  to  the 
contralateral  cerebellum.  Within  the 
cerebellum,  two  distinct  regions  govern 
different  aspects  of  pursuit:  the 
Vestibulocerebellum 
(Flocculus/Paraflocculus) and the Vermis.

2.3.1.  The  Flocculus  and  Paraflocculus 
(Vestibulocerebellum)

The floccular complex is the primary centre for gaze holding and sustained pursuit [8]. Its Purkinje cells 
discharge in relation to gaze velocity and are essential for three key functions:

 Maintenance  of  Pursuit: Sustaining  eye  velocity  during  continuous  tracking.  Without  the 
flocculus, the eyes cannot maintain a steady velocity and will drift, requiring catch-up saccades.

 VOR Cancellation: Suppression of the VOR when the eyes and head move together to track a 
target. This is a critical function for the vestibular physician to assess. If the flocculus cannot 
suppress the VOR, the eyes will be dragged off target by the vestibular reflex during head rotation.

 Neural Integration: The flocculus forms part of the "neural integrator" network (along with the 
nucleus prepositus hypoglossi in the medulla) that mathematically integrates velocity signals into 
position signals. This allows the eyes to remain eccentric in the orbit without drifting back to centre 
(gaze-evoked nystagmus).
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The  Up-Down  Asymmetry: Crucially,  the  flocculus  exhibits  a  functional  "up-down  asymmetry." 
Experimental models and human imaging show that the majority of Purkinje cells in the flocculus are 
active  during  downward pursuit  [9].  Consequently,  the  inhibitory  output  from the  flocculus  to  the 
vestibular nuclei (which drives the eyes) is stronger for downward signals. In a normal state, this balances 
the inherent upward bias of the vestibular system. However, damage to the flocculus (or metabolic 
inhibition, e.g.,  alcohol, lithium) results in a disinhibition of the anterior semicircular canal pathways 
(upward drive). This leads to a slow upward drift of the eyes and a corrective downward fast phase—the 
hallmark  Downbeat Nystagmus (DBN) [10]. This physiological quirk explains  why DBN is such a 
specific sign of floccular pathology.

2.3.2. The Oculomotor Vermis (Dorsal Vermis)

The dorsal vermis (lobules VI and VII) and the underlying Fastigial Nucleus are distinct from the flocculus. 
They are primarily involved in the initiation of pursuit and the regulation of pursuit velocity (gain) during 
the open-loop phase (the first ~100ms of movement) [7]. Lesions here typically result in delayed initiation 
or dysmetric pursuit (overshooting or undershooting the target velocity) but may spare the sustained 
tracking ability found in floccular lesions.

2.4. Brainstem Output and the Second Decussation

The cerebellar outputs project to the vestibular nuclei (specifically the medial and superior nuclei) and the 
ocular motor nuclei (III, IV, VI).

 Horizontal Pursuit: Mediated via the vestibular nuclei to the abducens nucleus (VI).

 Vertical Pursuit: Involves the interstitial nucleus of Cajal (INC) and the rostral interstitial nucleus 
of the medial longitudinal fasciculus (riMLF) in the midbrain [11].

The final pathway involves a projection from the vestibular nuclei back across the midline to the abducens 
nucleus (for horizontal gaze). This constitutes the second decussation. Therefore, the pathway is:

Right Cortex (drives eyes right) -> Right Pons -> (Crosses midline) -> Left Cerebellum -> Left Vestibular 
Nuclei -> (Crosses midline) -> Right Abducens Nucleus -> Eyes move Right.
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This complex double-decussation confirms the clinical rule: A unilateral cerebellar lesion (left side) impairs 
smooth  pursuit  towards  the  ipsilateral  side  (left),  which  corresponds  to  the  same direction  as  the 
contralateral cortical drive [12].

3. Clinical Assessment of Smooth Pursuit

The evaluation of SPEM is a cornerstone of the neuro-otologic examination. It is sensitive not only to 
focal lesions but also to the general physiological state of the patient, including alertness, medication 
status,  and age. It  can be performed at the bedside with high sensitivity for central  dysfunction or 
quantified in the laboratory using Video Nystagmography (VNG).

3.1. Bedside Examination Techniques

The bedside exam is a rapid screening tool that, when performed correctly, yields immense diagnostic 
data.

3.1.1. The Standard Tracking Test

The examiner holds a small target (finger or penlight) approximately 1 meter from the patient's eyes. The 
patient is instructed to keep their head still and track the target with their eyes.

 Target Selection: A small, distinct target is preferable to a large object to engage the foveal 
pursuit system (MSTl) rather than the optic flow system.

 Velocity Constraints: The target must be moved slowly and smoothly. The human pursuit system 
generally saturates at velocities above 40–50 degrees/second, or frequencies above 1.0 Hz [13]. 
Moving the target too fast will naturally induce saccades in a normal subject (especially an older 
one), leading to a false positive finding of "saccadic pursuit." The movement should act like a 
pendulum, starting slow, accelerating slightly, and decelerating at the ends.

 Range of Motion: The target should be moved approximately 30-40 degrees to either side. 
Pushing the eyes to the extreme orbit (beyond 45 degrees) can induce end-point nystagmus, a 
physiological phenomenon that complicates interpretation.
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 Observation: The physician looks for "catch-up saccades" (indicating low gain, where the eye 
falls behind) or "back-up saccades" (indicating high gain or anticipation, where the eye moves too 
fast). The movement should be fluid.

 Vertical Pursuit: Vertical tracking should also be assessed. Vertical pursuit is inherently less 
robust than horizontal pursuit and breaks down at lower velocities, even in healthy subjects. 
However, gross asymmetry between upward and downward pursuit is pathological.

3.1.2. The "H" Test and VOR Cancellation

The smooth pursuit exam is often integrated with the motility exam (the "H" pattern) to check for gaze 
palsies. Additionally, VOR cancellation (or suppression) is a functional test of the smooth pursuit system 
[1].

 Technique: The patient is rotated (in a chair or en bloc) while fixating on a target moving with 
them. A simple bedside method is to ask the patient to clasp their hands and extend their thumbs, 
fixating on their own thumbs while the examiner rotates the patient's chair or body en bloc.

 Mechanism: To keep the eyes on the thumbs during rotation, the brain must suppress the VOR, 
which would normally drive the eyes opposite to the rotation. This suppression is mediated by the 
flocculus.

 Interpretation: If the VOR is not suppressed and nystagmus beats in the direction of rotation 
(catch-up saccades are seen), this indicates a failure of the cerebellar (floccular) pursuit system 
to override the vestibular  reflex.  This  is  a  powerful  sign of  central  pathology,  as  peripheral 
vestibular disorders do not impair VOR cancellation.

3.2. The "Own Finger" Proprioceptive Test: A Neurological Scalpel

A nuanced and powerful bedside manoeuvre, often underutilized, involves asking the patient to track their 
own finger  in  darkness or  with  eyes closed (if  recording),  or  simply comparing the tracking of  the 
examiner's finger vs. their own finger.
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 Physiological Basis: Smooth pursuit is typically visual-dependent; we cannot smoothly track an 
imaginary target across a blank wall (we make saccades instead). However, the system can utilize 
non-visual input, specifically proprioception from the arm and the efference copy of the motor 
command sent to the arm, to drive eye movements [14]. Studies demonstrate that tracking one's 
own finger (self-generated motion) produces significantly higher gain and lower latency (near zero 
or even anticipatory) compared to tracking an external visual target [15]. This suggests a direct 
coupling between the limb motor control system and the oculomotor system, bypassing the visual 
processing delays [16].

 Clinical Utility: This test helps 
differentiate between a motor execution 
defect and a sensory processing defect.

o Scenario  A: A  patient  has 
poor/saccadic  pursuit  of  the 
examiner's  finger (visual  task) 
but  generates  smooth,  high-
gain pursuit when tracking their 
own  finger  (proprioceptive 
task).  Interpretation: The 
deficit  is  likely  in  the  visual 
motion processing pathways (e.g.,  parietal  lobe,  MT/MST) or  attention.  The motor 
generator (cerebellum/brainstem) is intact because it can still execute smooth movements 
when driven by proprioception.

o Scenario B: A patient has saccadic pursuit of both the examiner's finger and their own 
finger. Interpretation: The deficit is likely in the motor execution pathway (cerebellum, 
pontine nuclei, brainstem), as the system fails regardless of the input source (visual or 
proprioceptive).

3.3. Laboratory Assessment (VNG/VOG)

While  the  bedside  exam  is  qualitative,  Video  Nystagmography  (VNG)  allows  for  the  quantitative 
measurement of specific parameters, providing a permanent record and allowing for monitoring over time 
[17].

 Gain: The ratio of eye velocity to target velocity (ideal is 1.0). Gains below 0.8 are generally 
considered abnormal, though this is strictly age-dependent. A gain of 0.9 is expected in a 20-year-
old, whereas 0.6-0.7 might be normal for an 80-year-old.

 Phase: The temporal relationship between the eye and target. Phase lag (eyes trailing behind the 
target in time) suggests a processing delay or cognitive slowing.

 Asymmetry: The  percentage  difference  between  leftward  and  rightward  gain.  Significant 
asymmetry (usually >15-20%) is a strong localizing sign.

 Saccadic Intrusions: VNG can distinguish between corrective saccades (which occur due to low 
gain) and intrusive saccades (like square wave jerks or ocular flutter) which disrupt fixation even 
when gain is normal. This distinction is vital for differential diagnosis.

3.4. The Impact of Spontaneous Nystagmus (Artifacts)

A critical pitfall in pursuit testing, particularly for the vestibular specialist, is the presence of spontaneous 
nystagmus (SN). SN superimposes a velocity bias on the pursuit trace [18].
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 The "Pseudo-Asymmetry": Consider a patient with an acute left vestibular neuritis, resulting in 
a right-beating nystagmus (slow phase drift to the left).

o When tracking to the left, the pursuit drive sums with the slow phase drift. The eyes move 
faster than the target, possibly requiring "back-up" saccades or appearing to have very 
high gain.

o When tracking to the right, the pursuit drive must fight against the slow phase drift. The 
eye velocity is reduced (Pursuit Velocity - Drift Velocity), causing the eye to fall behind the 
target. This necessitates frequent "catch-up" saccades.

 Interpretation: To the inexperienced observer, this looks like "asymmetric pursuit," a central sign. 
However, this is a peripheral artifact. The vestibular physician must mathematically or mentally 
subtract the slow phase velocity of the SN from the pursuit velocity. If the asymmetry is purely a 
function of the SN drift, the pursuit system itself is likely intact. If the pursuit is impaired beyond 
what the SN accounts for, or is omnidirectionally impaired despite unidirectional SN, it suggests 
central pathology.

4. Pathophysiology and Abnormalities

Abnormalities in smooth pursuit are broadly categorized into deficits of gain (velocity match) and deficits 
of symmetry. The terminology used to describe these deficits has evolved, but the underlying mechanics 
remain consistent.

4.1. Saccadic Pursuit and "Cog-wheeling"

The most common abnormality encountered is "saccadic pursuit," often described in older neurological 
literature or by non-specialists as "cog-wheeling" [2].

 Mechanism: When the pursuit system's gain is less than 1.0 (eye velocity < target velocity), the 
eye  inevitably  falls  behind  the  moving  target.  This  generates  a  retinal  position  error.  The 
oculomotor system detects this error and generates a corrective "catch-up" saccade to refoveate 
the target. The cycle repeats: drift, catch-up saccade, drift, catch-up saccade. This creates a 
staircase or "jerky" appearance to the tracking.

 Significance: While clinically striking, bilateral saccadic pursuit is relatively non-specific. It is a 
hallmark  of  diffuse cerebellar  degeneration,  basal  ganglia  disorders  (Parkinson's),  and drug 
toxicity. It is also seen in fatigue and inattention. However, unilateral saccadic pursuit is highly 
localizing to the ipsilateral hemisphere or brainstem.

4.2. Pursuit Asymmetry: A Localizing Powerhouse

Asymmetry in smooth pursuit gain is one of the most potent localizing signs in neuro-otology.

 Cortical Lesions: Acute lesions of the parietal or frontal lobes (e.g., MCA stroke) impair pursuit 
towards the ipsilateral side. A patient with a right parietal stroke will have saccadic pursuit when 
tracking to the right, because the right hemisphere drives rightward tracking [6].

 Cerebellar/Pontine  Lesions: Because  of  the  double  decussation  (Cortex  ->  Contralateral 
Cerebellum -> Contralateral Eyes), a lesion in the cerebellum or lateral pons also typically causes 
impairment of pursuit towards the ipsilateral side [12]. For example, a right floccular lesion impairs 
smooth pursuit to the right.

 Pontine Sensory Stroke: Recent research highlights unilateral  saccadic pursuit  as a highly 
sensitive bedside sign for acute pontine infarction, often detectable even when other signs are 
subtle [19].
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4.3. Pursuit Inversion

A rare but pathognomonic sign is Pursuit Inversion (or Optokinetic Inversion). This is almost exclusively 
seen in Congenital Nystagmus (Infantile Nystagmus Syndrome). When an optokinetic drum is rotated to 
the right, a healthy patient's eyes follow the stripes to the right (slow phase) and beat left. In a patient with 
congenital nystagmus, the fast phase beats in the same direction as the drum rotation (right).  This 
"inversion" of the optokinetic/pursuit  drive is diagnostic for congenital aetiologies and helps rule out 
acquired central vestibular disorders.

5. Differential Diagnosis and Specific Pathologies

The character of the smooth pursuit deficit often allows the vestibular physician to distinguish between 
specific neurological conditions, acting as a triage tool in emergency and chronic settings.

5.1. Central vs. Peripheral Vestibular Disorders: The AVS Context

The differentiation of Acute Vestibular Syndrome (AVS) into central (e.g., stroke) or peripheral (e.g., 
neuritis) causes is a primary duty of the vestibular physician. This is where the HINTS+ exam (Head 
Impulse, Nystagmus, Test of Skew, plus Hearing) becomes critical [20].

 Peripheral Aetiology: In a pure peripheral vestibular neuritis, the smooth pursuit system (a CNS 
function) is preserved (normal). The only anomaly may be the artifact of spontaneous nystagmus 
described earlier (pseudo-asymmetry). The patient can still generate smooth eye movements 
when the nystagmus is accounted for.

 Central Etiology: In central vestibular disorders (cerebellar/brainstem stroke), smooth pursuit is 
typically impaired (saccadic).

 The "Red Flag": While the HINTS exam primarily focuses on the Head Impulse test (which is 
normal in central strokes), the presence of severe pursuit impairment or VOR cancellation failure 
in a dizzy patient is an immediate "red flag" for central pathology. Studies indicate that oculomotor 
signs like impaired pursuit are often more sensitive than MRI Diffusion Weighted Imaging (DWI) 
in the first 48 hours of an ischemic event [21].

Table 1: Differential Diagnosis in AVS using Oculomotor Signs

Feature Peripheral  Vestibulopathy  (e.g., 
Neuritis)

Central  Vestibulopathy  (e.g., 
Stroke)

Smooth Pursuit Generally Normal (except SN artifact) Often Impaired (Saccadic)

Fixation 
Suppression

Intact (suppresses nystagmus) Impaired (nystagmus persists)

Saccades Normal latency/velocity Slow  or  dysmetric 
(hyper/hypometric)

Head  Impulse 
(HIT)

Abnormal (catch-up saccade) Normal (intact VOR)

Nystagmus Unidirectional,  follows  Alexander's 
Law

Direction-changing (gaze-evoked)

Skew Deviation Absent Present (vertical misalignment)
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5.2. Cerebellar Degeneration and Downbeat Nystagmus

Cerebellar degeneration affects the vermis and flocculus, leading to distinct patterns of pursuit failure.

 Panglobal  Cerebellar  Deficit: Affects  all  eye  movements.  Pursuit  is  saccadic  bilaterally. 
Saccades  are  dysmetric  (usually  hypermetric/overshooting).  VOR  cancellation  is  markedly 
impaired. This is seen in Spinocerebellar Ataxias (SCA) and alcoholic degeneration [7].

 Downbeat Nystagmus (DBN): This is the signature of  floccular dysfunction.  As noted in the 
physiology section, the flocculus has a bias for downward pursuit. When it fails (e.g., in cerebellar 
degeneration,  Arnold-Chiari  malformation,  or  Lithium toxicity),  the  eyes  drift  upward  due  to 
uninhibited anterior canal signals. The patient cannot generate smooth downward pursuit. In these 
patients, upward pursuit may remain relatively intact, creating a vertical pursuit asymmetry that is 
diagnostic [10].

5.3. Progressive Supranuclear Palsy (PSP) vs. Parkinson’s Disease

Smooth pursuit aids in the difficult differential diagnosis of Parkinsonian syndromes.

 Parkinson's Disease (PD): Pursuit is often "saccadic" (cog-wheel) due to low gain, but the range 
of motion is generally preserved. Saccades are hypometric (undershooting) but have normal 
velocity. The deficit in PD is largely due to dopaminergic depletion affecting the basal ganglia's 
modulation of the oculomotor loop [22].

 Progressive Supranuclear Palsy (PSP): The hallmark is a vertical supranuclear gaze palsy. 
The pattern of loss is distinct [23]:

o Early: Vertical saccades become slow and hypometric. Vertical smooth pursuit may be 
relatively preserved initially, a dissociation that is key.

o Late: Vertical pursuit is lost completely, followed by horizontal gaze.

o "Round the Houses" Sign: Because horizontal movements are preserved longer than 
vertical ones, when a patient attempts to look up or down, the eyes may move in a lateral 
arc to reach the target. This curved trajectory is characteristic of PSP.

5.4. Schizophrenia: Predictive Pursuit as a Biomarker

Abnormalities  in  smooth  pursuit  are  one  of  the  most  robustly  replicated  biological  markers 
(endophenotypes) for schizophrenia [24].

 The Deficit: Patients exhibit low-gain pursuit with frequent catch-up saccades. This occurs in both 
patients and their unaffected first-degree relatives, suggesting a genetic linkage.

 Predictive Mechanism: The deficit is linked to a failure in predictive pursuit. When a target is 
temporarily occluded, healthy subjects continue tracking with high gain (predictive maintenance) 
based on an internal model of the target's motion. Patients with schizophrenia show a rapid drop 
in  eye  velocity  during  occlusion,  indicating  a  failure  of  the  extra-retinal  (cognitive)  motion 
processing loop. This suggests that the smooth pursuit network overlaps significantly with working 
memory circuits in the frontal lobe, which are compromised in the disease.

6. Pharmacological and Toxicological Influences
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The smooth pursuit system is highly susceptible to central nervous system depressants [25]. For the 
vestibular physician, recognizing drug-induced pursuit deficits is essential to avoid misdiagnosing a stroke 
or degeneration in a patient who is simply medicated.

6.1. Drug Classes and Mechanisms

The following table summarizes the effects of common agents on smooth pursuit. Note that many of these 
agents affect the cerebellum, leading to bilateral saccadic pursuit [26, 27].

Table 2: Pharmacological Effects on Smooth Pursuit

Drug Class Agent Examples Effect  on  Smooth 
Pursuit

Mechanism/Notes

Benzodiazepines Diazepam, 
Lorazepam, 
Clonazepam

Significant 
impairment. Dose-
dependent  reduction 
in  gain;  increased 
saccadic intrusions.

Potentiation  of  GABA-A 
inhibition in the brainstem and 
cerebellum.  Can  mimic 
cerebellar degeneration. Effects 
are acute and reversible. [28]

Anticonvulsants Carbamazepine, 
Phenytoin

Impairment. 
Reduced  velocity 
and gain.

Generalized  cerebellar  toxicity. 
Phenytoin  can  cause  gaze-
evoked  nystagmus  and 
permanent  cerebellar  atrophy 
with  chronic  use  (cerebellar 
syndrome).

Alcohol Ethanol Significant 
impairment. Low 
gain,  "alcohol  gaze 
nystagmus."

Impairs  cerebellar  flocculus 
function;  inhibits  VOR 
cancellation.  Used  by  law 
enforcement as a field sobriety 
test  because  the  effect  is 
consistent and dose-dependent.

Opioids Morphine, Fentanyl Impairment. 
Decreased gain.

Can  also  cause  transient 
downbeat  nystagmus  due  to 
inhibitory  effects  on 
interneurons.

Lithium Lithium Carbonate Specific toxicity. Chronic use is a classic cause of 
acquired Downbeat Nystagmus 
due  to  floccular  accumulation 
and  toxicity.  Reversible  upon 
cessation.

Antipsychotics Chlorpromazine, 
Haloperidol

Variable. Reduced 
gain.

Often  complicated  by  Tardive 
Dyskinesia  which  adds 
unrelated  ocular  movements 
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(distractibility).

Clinical Pearl: When a patient presents with bilateral saccadic pursuit and gaze-evoked nystagmus, the 
physician  must  meticulously  rule  out  medication  toxicity  (especially  anticonvulsants  and 
benzodiazepines) before ordering advanced imaging for degenerative conditions.

7. The Aging Pursuit System

Age exerts a profound, physiological effect on smooth pursuit performance, which must be accounted for 
in the diagnostic process to avoid false positives.

 Gain Reduction: Pursuit gain declines linearly with age. A gain of 0.9 may be normal for a 20-
year-old, but a gain of 0.7 might be within normal limits for an 80-year-old [29].

 Saccadic Intrusions: The frequency of catch-up saccades increases with age as the pursuit 
system becomes less efficient at high velocities. This "saccadic" appearance is often normal for 
the elderly patient.

 Mechanism: This decline is attributed to diffuse loss of cortical neurons (MT/MST) and cerebellar 
Purkinje cells, as well as increased transmission time in the widespread neural network.

 Clinical Implication: Do not over-interpret saccadic pursuit in an elderly patient as a sign of acute 
pathology  unless  it  is  markedly  asymmetric or  accompanied  by  other  signs  (e.g., 
ophthalmoplegia, severe ataxia). Symmetrical, mild saccadic pursuit is a "senescent" finding.

8. Advanced Clinical Insights: Attention, Anxiety, and Prediction

Smooth pursuit is a voluntary tracking movement (unlike the reflexive VOR). Therefore, it requires active 
attention and engagement from the patient [30].

 The Inattentive Patient: If  a patient is anxious, distracted, or tired, their pursuit  will  appear 
"saccadic." The distinguishing feature is usually variable gain—the eyes may fall behind, make a 
saccade, and then drift again. In contrast, true pathological pursuit usually shows a consistently 
low gain.

 Anxiety Artifacts: Anxious patients often generate "square wave jerks" (small, coupled saccades 
that take the eye off and back onto the target). These can be mistaken for saccadic pursuit. They 
typically disappear if the patient is distracted or engaged in a task.

 Predictive Pursuit: A key feature of the pursuit system is its ability to predict target motion. If a  
target moves in a predictable sinusoid, the eye phase lag decreases to near zero. If the target 
moves randomly (sum of  sines),  the phase lag increases.  Testing with  predictable targets 
recruits the frontal lobe (working memory) and can mask minor sensory deficits. Testing with 
random targets (step-ramps) stresses the sensory (MT/MST) system and is more sensitive for 
afferent lesions.

 Technique: To ensure the deficit is organic, the physician should "encourage" the patient ("Push 
hard! Keep watching the light!") during testing. Improvement with encouragement suggests an 
attentional rather than structural deficit.

9. Conclusion

For the vestibular physician, the smooth pursuit system is far more than a mechanism for tracking moving 
objects;  it  is  a  sensitive  barometer  of  central  neural  integrity.  Its  expansive  anatomical  footprint—
connecting the frontal lobes, visual cortex, brainstem, and cerebellum—makes it vulnerable to a wide 
array of pathologies yet also provides specific localizing value that few other bedside tests can match.
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A nuanced understanding of pursuit abnormalities transforms the clinical encounter. The identification of 
unilateral saccadic pursuit can pinpoint an acute pontine stroke in a dizzy patient with a normal MRI.  
The recognition of downbeat nystagmus directs the clinician immediately to the cerebellar flocculus or 
craniocervical junction. The ability to distinguish  drug-induced impairment from neurodegeneration 
prevents  unnecessary  testing.  Finally,  the  use of  the  "own finger"  test at  the  bedside allows for 
sophisticated  differentiation  between  sensory  and  motor  deficits  without  the  need  for  expensive 
equipment, leveraging the brain's own proprioceptive wiring to bypass damaged visual circuits.

Mastery of smooth pursuit neurophysiology and examination techniques is, therefore, not merely an 
academic exercise, but a critical competency that enhances diagnostic accuracy, guides appropriate 
imaging, and ultimately improves patient outcomes in the management of vestibular disorders.  The 
vestibular physician who commands this knowledge can confidently navigate the complex intersection of 
the inner ear and the brain, offering clarity in cases where others see only dizziness.
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