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Abstract

Patients who present to the emergency department with symptoms of acute vertigo or dizziness 

are frequently misdiagnosed. Missed opportunities to promptly treat dangerous strokes can result 

in poor clinical outcomes. Inappropriate testing and incorrect treatments for those with benign 

peripheral vestibular disorders leads to patient harms and unnecessary costs. Over the past decade, 

novel bedside approaches to diagnose patients with the acute vestibular syndrome have been 

developed and refined. A battery of three bedside tests of ocular motor physiology known as 

‘HINTS’ (Head Impulse, Nystagmus, Test of Skew) has been shown to identify acute strokes 

more accurately than even magnetic resonance imaging with diffusion-weighted imaging (MRI-

DWI) when applied in the early acute period by eye movement specialists. Recent advances in 

lightweight, high-speed video-oculography (VOG) technology have made possible a future in 

which HINTS might be applied by non-specialists in frontline care settings using portable VOG. 

Use of technology to measure eye movements (VOG-HINTS) to diagnose stroke in the acute 

vestibular syndrome is analogous to use of electrocardiography (ECG) to diagnose heart attack in 

acute chest pain. This ‘eye ECG’ approach could transform care for patients with acute vertigo and 

dizziness around the world. In the United States alone, successful implementation would likely 

result in improved quality of ED care for hundreds of thousands of peripheral vestibular patients 

and tens of thousands of stroke patients, as well as an estimated national healthcare savings of 

roughly one billion per year. In this article we review the origins of the HINTS approach, empiric 

evidence and pathophysiologic principles supporting its use, and possible uses for the ‘eye ECG’ 

in teleconsultation, teaching, and triage.
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Introduction

There are over 4 million US emergency department (ED) visits per year for acute vertigo 

or dizziness at an estimated cost of ~$9 billion/yr.1,2 The roughly 1 million with peripheral 

vestibular causes are over-tested,3 misdiagnosed,4 and undertreated.5 Hundreds of millions 

of dollars are spent on brain imaging and hospital admissions trying to rule out dangerous 

central vestibular causes such as stroke,1 yet approximately one third of vestibular strokes 

are missed initially.6

ED physicians around the world rank vertigo a top priority for developing better diagnostic 

tools.7 Misconceptions8–10 and lack of reliable tests for peripheral lesions drive ED practice, 

resulting in inappropriate testing.3 Patients with inner ear conditions such as benign 

paroxysmal positional vertigo (BPPV) and vestibular neuritis are often imaged and admitted 

unnecessarily,3 instead of being treated and discharged. Some patients with dangerous 

brainstem or cerebellar strokes are sent home without critical stroke treatments,11 potentially 

resulting in serious harms.12

Research studies, systematic reviews, and guidelines confirm that correct diagnosis 

of BPPV,13–17 vestibular neuritis,18–20, and vestibular stroke,21–25 should be based on 

vestibular eye exams. Unfortunately, eye findings (e.g., vestibulo-ocular reflex [VOR] 

failure, nystagmus type) require visual interpretation and can be subtle. Many clinicians 

are unfamiliar with their use.4,5,26,27

In this manuscript, we will review the role of eye movement diagnosis in differentiating 

acute stroke from benign inner ear conditions, focusing primarily on the ‘HINTS family’ 

of bedside ocular motor tests, including the horizontal head impulse test (h-HIT) of VOR 

function, that should be applied in patients presenting the acute vestibular syndrome.21 

We will discuss the origins of these tests (Figure 1), evidence supporting their use, 

physiologic underpinnings, and the future of quantitative eye movement-based diagnosis 

by video-oculography (VOG).28

History of the Head Impulse Test (HIT)

It has been known for over a century that the 8th cranial nerve conveys balance information 

to the brain, but until the late 1980s, there was no clinical method available to effectively test 

for unilateral vestibular hypofunction at the bedside. For a half century, comatose patients 

were examined using oculocephalic maneuvers (classically referred to as “doll’s eyes” and 

the “doll’s head phenomenon” by Bielschowsky in 193929) or ice-water caloric testing to 

coarsely assess the vestibular system at the bedside, without the need for special equipment. 

However, this was used principally to determine whether the brainstem (especially the pons) 

was grossly intact or irrevocably damaged.29 Partial or unilateral vestibular hypofunction 

could only be measured in a clinical or basic laboratory setting, using quantitative electro-

oculography (EOG) as part of the bithermal caloric electronystagmogram (ENG).30 The 

doll’s eye maneuver in awake patients generally produced no useful results that correlated 

with quantitative caloric weakness. In retrospect, the problem was that the test was not 

taxing enough for the vestibular system.
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In 1988, the horizontal head impulse test (h-HIT) of VOR function was described by 

Halmagyi and Curthoys as a bedside test for peripheral vestibular disease.31 The short, fast 

connections between the inner ear and the eye muscles mediate the eye movement response 

to a rapid head rotation (the VOR) and that response is used to assess the integrity of the 

inner ear structures and their brainstem connections in awake patients. The high-acceleration 

h-HIT maneuver (a faster version of the classic “doll’s head” maneuver) proved capable 

of identifying vestibular failure in a way that classic oculocephalic maneuvers could not. 

Moreover, the test was able to interrogate the function of each ear, due to a quirk of normal 

vestibular physiology in which excitatory labyrinthine responses carry more weight than 

inhibitory ones. Since the test’s original description, an abnormal h-HIT has repeatedly 

been shown to correlate with ipsilateral vestibular hypofunction, and, more specifically, 

to correlate with de-afferentation of the inputs from the ipsilateral horizontal semicircular 

canal.32

Over the quarter century since its original description, numerous aspects of HIT testing have 

been elucidated by Curthoys, Halmagyi, and colleagues (Figure 1). Of special importance, 

in 1998, similar maneuvers were described for vertical semicircular canal functions.33 These 

occur in test planes aligned with either the right anterior and left posterior semicircular 

canals (RALP) or the left anterior and right posterior semicircular canals (LARP). These 

maneuvers have been used to refine our understanding of peripheral vestibular deficits, 

enabling us to test the function of all six semicircular canals and so discriminate between 

subtypes of vestibular neuritis. Patients with vestibular neuritis may have a complete lesion 

or a partial lesion; if partial, the lesion most often affects the superior branch of the 

vestibular nerve, rather than the inferior branch, leading to selective loss of input from 

one or more semicircular canals (Table 1).18,35,40 These approaches, along with advances 

in otolithic testing have made it possible for us to specifically assess the integrity of 

each sub-structure within the labyrinth.32,41 Other important advances are described in the 

‘Localization’ section below.

Origins of the ‘HINTS to INFARCT’ Clinical Decision Rule

Since the 1970s, strokes and other central lesions had been known to sometimes closely 

mimic peripheral vestibular disorders, especially vestibular neuritis.42–52 When strokes 

were identified as the cause of acute vertigo presentations, they were usually located 

in the inferior cerebellum or brainstem, most often in the territory of the posterior 

inferior cerebellar artery (PICA) or anterior inferior cerebellar artery (AICA). These 

patients typically presented clinically with a combination of acute, continuous vertigo, 

nausea, vomiting, and gait ataxia known as the acute vestibular syndrome.53 Differences 

in nystagmus patterns such as failure of suppression with visual fixation or a gaze-

evoked component were believed to reliably discriminate central from peripheral lesions,53 

but prospective studies were generally lacking. Some of these classic teachings (e.g., 

suppression by visual fixation = peripheral) have since been questioned.54,55

It was known that the h-HIT was abnormal in most cases of vestibular neuritis.18,32,56,57 

This finding led to a critical insight―if a patient presents with acute, continuous vertigo 

but has normal head impulse responses, then the clinician should suspect a central 
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cause. In the period from 2004 to 2008, clinical studies first appeared demonstrating the 

h-HIT was, indeed, often normal in patients with central lesions causing symptoms that 

mimicked vestibular neuritis (so-called “pseudo-neuritis” cases).54,58–60 These lesions were 

mostly ischemic strokes in the PICA vascular territory, with or without lateral medullary 

involvement. Studies that included both peripheral and central patients found that h-HIT 

was a discriminating clinical feature that differentiated neuritis from central mimics in most 

cases.54,60 However, some strokes, particularly those involving the AICA vascular territory, 

were sometimes associated with abnormal h-HIT results, mimicking acute peripheral 

vestibulopathy even more closely.54

In 2009, the ‘HINTS’ clinical decision rule was first described as a means for neuro-

otologists to differentiate strokes and other central lesions from vestibular neuritis in 

patients presenting the acute vestibular syndrome.21 HINTS (Head Impulse, Nystagmus, 

Test of Skew) is an acronym describing three specific vestibular eye movement tests 

(bilateral h-HIT for VOR integrity; inspection of spontaneous and gaze-evoked nystagmus 

for direction change; alternate cover test for vertical ocular misalignment) (Video 1). The 

ocular motor findings suggesting stroke were given a second acronym INFARCT (Impulse 

Normal, Fast-phase Alternating, Refixation on Cover Test). In the original study, which 

included 101 patients with the acute vestibular syndrome and at least one stroke risk 

factor (73/101 with stroke), the presence of any one of these three eye findings (i.e., 

bilaterally normal h-HIT, direction-changing gaze-evoked nystagmus, or skew deviation) 

were found to be 100% sensitive and 96% specific for stroke.21 In that study, HINTS was 

noted to be more sensitive for stroke than initial magnetic resonance imaging with diffusion-

weighted imaging (MRI-DWI), with reference to delayed MRI-DWI.21 Subsequent studies 

from the same group have further refined diagnostic accuracy estimates for the HINTS 

test battery, demonstrating superiority over vascular risk factor stratification (ABCD2 

score61) and continued superiority over MRI-DWI,23 particularly in patients with smaller 

strokes.62 Similar findings have been confirmed by other groups34,63,64 and two systematic 

reviews.22,24

HINTS ‘Plus’ and the Relevance of Acute Hearing Loss in Vestibular Presentations

In 2013, Newman-Toker and colleagues suggested that ‘HINTS plus Hearing’ (or ‘HINTS+’ 

for short) could improve diagnostic sensitivity for stroke cases associated with inner 

ear infarction, by classifying acute vestibular syndrome with new unilateral hearing loss 

identified at the bedside as a suspected stroke syndrome.23 Hearing loss may occur in 

stroke via multiple mechanisms,65 including direct involvement of the cochlea, but also 

infarction of the cochlear nucleus or auditory nerve root entry zone in the lateral pons; 

the AICA generally supplies blood to these pontine structures.66 The blood supply to the 

inner ear (internal auditory artery) derives from the vertebrobasilar circulation, most often 

via the AICA (~80%) or the basilar artery trunk (~15–20%), and only rarely via the PICA 

(~2–3%).65 These anatomic facts explain the high frequency of combined audio-vestibular 

presentations with AICA strokes,37,67–76 the occasional occurrence of hearing loss as a 

harbinger to basilar occlusion,77–82 and the relative rarity of reports describing hearing loss 

in patients with PICA strokes.38,83,84 It also explains why patients with AICA-territory 
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infarctions can mimic the eye movement physiology of vestibular neuritis exactly―because 

the lesions may be located in the inner ear (i.e., labyrinthine infarction72,85).

Hearing loss is also seen in so-called “viral labyrinthitis” and “idiopathic sudden 

sensorineural hearing loss” (ISSHL) cases that are presumed to result from inflammatory 

viral or post-viral causes.86 While technically vestibular neuritis refers to peripheral 

cases of acute vertigo without hearing loss,39,87 ISSHL refers to peripheral cases 

of acute hearing loss without vertigo, and labyrinthitis refers to the combination of 

audio-vestibular symptoms, terminology is often used inconsistently (e.g., ISSHL with 

vertigo;88–90 vestibular neuritis with hearing loss18,35,91). Most vertebrobasilar infarctions 

affecting hearing produce sudden hearing loss that is moderate, severe, or profound (83%, 

n=25/30),37 but the same can be true in well-documented viral cases.92 There appears to 

be no characteristic pattern of hearing loss that can consistently distinguish vascular from 

infectious or inflammatory causes, so relying on associated clinical features is essential.93 

The relative frequency of labyrinthitis versus labyrinthine infarction in patients presenting 

acute audio-vestibular symptoms is unknown, principally because most studies of vestibular 

neuritis and ISSHL have excluded such patients from study.22 Pending further research, 

patients with acute, combined audio-vestibular loss should probably be considered potential 

stroke suspects in all but cases with clear viral or bacterial infections.94

Accuracy of the ‘HINTS Family’ of Tests Relative to Neuroimaging

The accuracy of the ‘HINTS Family’ of tests (h-HIT alone, HINTS, and HINTS+) in 

early, acute diagnosis may be compared to other approaches for differentiating strokes from 

vestibular neuritis and labyrinthitis, such as vascular risk stratification or neuroimaging (by 

CT or MRI) (Figure 2). As is evident from Figure 2, neither vascular risk stratification nor 

CT brain can be relied upon for adequate discrimination between central and peripheral 

causes. MRI-DWI is a reasonably good test for diagnosing stroke in the acute vestibular 

syndrome, with sensitivity of approximately 80% in the first 24 hours.22 The h-HIT 

alone, however, has greater sensitivity than MRI-DWI in the first 48 hours after symptom 

onset.23 As shown in Figure 2, the addition of other HINTS parameters (direction-changing, 

gaze-evoked nystagmus and skew deviation) increases sensitivity with a small sacrifice of 

specificity. The further addition of new, unilateral hearing loss as a stroke parameter in 

HINTS+ increases the sensitivity to approximately 99%, with an estimated specificity of 

97% for central causes.23 It is possible that the specificity of the approach will be lower 

when a wider spectrum of peripheral vestibular cases is considered.95

A comparison of sensitivity, specificity, time, risks, and costs is provided in Table 2. The 

practical implications for routine clinical practice are shown in Table 3, which compares the 

post-test residual probability of stroke after a negative test for the most commonly applied 

tests. As can be seen, a non-focal neurologic examination is a weak predictor of peripheral 

disease, and a negative CT similar. A negative MRI-DWI is a fairly strong predictor, but still 

leaves substantial uncertainty about stroke in the average or higher-risk patients presenting 

the acute vestibular syndrome. By contrast, a peripheral HINTS+ pattern is a strong enough 

predictor to give providers confidence that a central cause has been ruled out110 in all but 
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the highest risk cases (e.g., acute vestibular syndrome in the week following vertebral artery 

stent placement).

These results show that bedside exams outperform neuroimaging for detecting acute stroke. 

This may initially surprise those who have trained in a neurological era replete with 

imaging, where the rule is usually “technology trumps tradition” or “scan first and ask 

questions later.” However, it is unsurprising that physiology ‘beats’ anatomy for early 

ischemic stroke detection. As soon as a patient becomes symptomatic with acute vertigo, 

their ocular motor physiology likely changes instantaneously. By contrast, anatomic changes 

in the posterior fossa from brainstem stroke, even by MRI-DWI, do not peak until ~75–100 

hours after symptom onset.111 Thus, even if structural neuroimaging improves in the future, 

physiology will likely still ‘win’.

Localization Principles and Pathophysiologic Basis of ‘HINTS’

It should be noted that the HINTS clinical decision rule has not yet been subjected to 

the full palette of studies generally expected for rigorously-developed decision rules.112,113 

However, HINTS is not a typical rule in that it is not purely empirical (as with the Ottawa 

ankle rules114 or Ottawa subarachnoid hemorrhage rule115). The HINTS rule, by contrast, 

is based largely on anatomic and physiologic principles of neurologic lesion localization. 

There is a substantial body of basic vestibular science supporting its use for differentiating 

central from peripheral disorders. A thorough exegesis of these pathophysiologic and 

pathoanatomic principles is beyond the scope of this manuscript, but a few important 

underlying principles are described briefly below.

Physiology & Anatomic Localization of the h-HIT—The normal angular VOR 

response to a rapid, passive head rotation as a subject fixates on a central target is an 

equal and opposite eye movement that keeps the eyes stationary in space. This is referred to 

by neuro-otologists as a VOR gain equal to 1.0 (i.e., ratio of head rotation to eye rotation 

1:1) (i.e., a normal or “negative” h-HIT). Loss of vestibular function results in the inability 

to maintain fixation during the rapid head rotation, because the eye movement response is 

less than the head movement (i.e., VOR gain < 1.0). During the h-HIT towards the affected 

side the eyes fall off the target due to inertia within the orbit (i.e., they are ‘dragged’ 

with the head). Once the head stops, a corrective gaze shift (refixation saccade) is needed 

to re-acquire visual fixation on the central target (i.e., an abnormal or “positive” h-HIT) 

(Video 2). A large-amplitude, visually obvious refixation saccade generally correlates with a 

substantially reduced ipsilateral VOR gain (<0.6–0.7), indicating at least moderate vestibular 

hypofunction on the affected side. The side tested is the one toward which the examiner 

is rotating the head (e.g., rotating the head horizontally towards the patient’s left tests the 

patient’s left horizontal VOR).

It is important to note that the HIT VOR response may be assessed either “clinically” 

(i.e., non-quantitatively) or “quantitatively” (i.e., using recording techniques such as scleral 

search coils within a magnetic field116 or modern, high-speed VOG117). When tested 

clinically, the VOR gain is assessed indirectly, using the corrective refixation saccade 

described above (an “overt” saccade) as inferential evidence that the VOR gain is reduced. 
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However, some patients can generate this refixation saccade during (rather than after) the 

head turn (a “covert” saccade), so it is undetectable by the clinician (Video 2). Thus, the 

most accurate assessment demands quantitative measures. When tested quantitatively, the 

VOR gain is assessed directly by measuring the eye movement response relative to the head 

movement stimulus (Figure 3).

The simple localizing principle for the HIT is that if a lesion affects the primary VOR 

pathway, the HIT will be abnormal; if a lesion does not affect this pathway, the HIT will be 

clinically normal. Thus, it is expected that labyrinthine lesions affecting the horizontal canal 

(labyrinthitis, labyrinthine infarction, chemical or surgical labyrinthectomy, or selective 

canal plugging118,119) and vestibular nerve lesions affecting the horizontal canal afferents 

(total or superior branch vestibular neuritis, surgical vestibular neurectomy) will produce 

an abnormal h-HIT. It is also expected that AICA-territory brainstem lesions which happen 

to involve the 8th nerve root entry zone62 or vestibular nucleus120 will produce a clinically-

abnormal h-HIT, mimicking a peripheral lesion. By contrast, lesions affecting the PICA 

territory (lateral medulla, cerebellum, or both) generally lie anatomically inferior to this 

pathway, and usually do not produce clinically-evident defects on h-HIT testing.22,62 Finally, 

inferior vestibular neuritis cases will have a normal h-HIT (mimicking stroke by ‘HINTS’), 

because these lesions spare the horizontal canal afferents.18,35,40

The clinical value of h-HIT in distinguishing peripheral from central lesions, therefore, 

depends largely on the relative population prevalence of these specific disorders: (1) total/

superior vs. inferior vestibular neuritis and (2) peripheral-pattern AICA-territory strokes 

vs. other strokes causing acute, continuous vertigo. Inferior vestibular neuritis is rare 

(1.3%, n=9/703),35 so most neuritis cases have superior branch or total loss. Thus, it is 

not surprising that the specificity of a bilaterally normal h-HIT for central lesions in the 

acute vestibular syndrome is ~100%.23 Only about 15–20% of strokes causing the acute 

vestibular syndrome are in the AICA territory,54,121 and only about 50% of AICA strokes 

(n=15/2922,25,122) produce an abnormal h-HIT, so the h-HIT is misleading in only ~10% of 

all stroke patients, giving the h-HIT ~90% stroke sensitivity.23

Physiology & Anatomic Localization of Direction-Changing, Gaze-Evoked 
Nystagmus—Nystagmus from a unilateral vestibular lesion results from pathologic 

asymmetry of vestibular inputs to the brain that mimics the normal asymmetry seen during 

normal head rotations. With a right partial vestibular neuritis affecting only the horizontal 

canal afferents, for example, the loss of firing on the right mimics the normal leftward 

head rotation (left > right firing rate). The firing asymmetry creates the perception of 

sustained leftward head rotation, and the eyes drift slowly rightward in tonic fashion (i.e., 

the slow phase of the pathologic jerk nystagmus). Faced with this drift, an eye position 

reset mechanism maintains the eye close to the mid-position in the orbit by moving the eyes 

quickly back to the left (i.e., the fast phase of the pathologic jerk nystagmus).

This mechanism produces a unidirectional nystagmus that obeys Alexander’s law 
(nystagmus intensity increases with gaze in the direction of the fast phase and decreases with 

gaze in the direction of the slow phase) (Video 3).123 This “peripheral type” of spontaneous 
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nystagmus is prototypical of vestibular neuritis, but is also seen in the majority of central 

vestibular lesions.54

Sometimes, however, central nystagmus presents the combined effects of a vestibular lesion 

and a gaze-holding pathway lesion (especially one affecting the flocculus, paraflocculus, 

or the medial vestibular nucleus-perihypoglossal nucleus complex in the postero-lateral 

medulla). This mixed nystagmus looks like a peripheral-type nystagmus, except that the 

fast phase reverses direction with gaze towards the slow phase of the primary-position 

nystagmus (Video 4).53

Gaze-dependent changes in nystagmus vector or direction are not compatible with purely 

peripheral vestibular lesions, since the gaze-holding mechanisms are centrally located. 

This includes bidirectional, gaze-evoked nystagmus described above, as well as rebound 

nystagmus on returning to the mid-position following sustained eccentric gaze.124 Some 

recent evidence also suggests that a change in nystagmus vector or direction after vigorous 

horizontal head shaking may also be a central sign in patients with the acute vestibular 

syndrome,34 although it is conceivable that horizontal canal BPPV could produce some 

similar findings.125

Ultimately, adding the rule that patients with gaze-dependent changes in nystagmus direction 

have central lesions increases the sensitivity for stroke detection over the head impulse 

test alone. This is because some of the central cases with abnormal head impulse results 

will have a direction-changing, gaze-evoked nystagmus (e.g., vestibular nucleus lesions126). 

While this sign alone is insensitive (~38%), it is fairly specific (~92%) for central pathology 

in the acute setting.22

It is unknown how often symptomatic treatment with anti-vertigo medications or normal 

central adaptation to a peripheral vestibulopathy in the days after illness onset produces a 

‘central’ pattern despite a ‘peripheral’ lesion. These issues might account for some apparent 

neuritis cases with bilateral, gaze-evoked nystagmus60 and could reduce the specificity of 

the HINTS rule, especially in treated cases or with delayed evaluations in the post-acute 

illness phase.

Physiology & Anatomic Localization of Skew Deviation—Otolithic reflexes control 

vertical eye position and static ocular torsion. Gravity-sensitive organs in the inner ear 

(principally the utricle) sense static tilts in the roll (coronal) plane. Graviceptive signals 

are relayed to the vestibular nucleus complex in the postero-lateral pons and medulla, and, 

from there, to the midbrain via the contralateral medial longitudinal fasciculus to control 

vertical eye position and ocular torsion as part of the utriculo-ocular reflex.127 The resulting 

synkinesis depresses and extorts the right eye, and elevates and intorts the left eye, leading 

to ocular-counterroll (eyes both rotating opposite the head tilt) and vertical skew deviation 

(tilt-ipsilateral eye higher than the contralateral eye). This phylogenetically primitive ocular 

tilt reaction (OTR) is partially suppressed under normal circumstances in frontal eyed 

animals, including humans.128 However, especially following lesions of the brainstem or 

cerebellar pathways controlling the utriculo-ocular reflex, an obvious pathologic OTR can 

develop.128,129
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In the pathologic OTR, the loss of input from the utricle on one side results in bilateral 

ocular torsion, vertical skew deviation, and a compensatory head tilt. Thus, loss of the 

right utricular inputs mimics a leftward head tilt, resulting in rightward ocular counterroll 

(intorsion of the left eye and extorsion of the right eye), skew deviation with a left 

hyperdeviation, and compensatory rightward head tilt that decreases firing from the intact 

(left) utricle. It is noteworthy that a complete or partial pathologic OTR can occur with either 

central129–137 or peripheral138–143 lesions.

Historically, skew deviation (Video 5) (alone or with features of the complete pathologic 

OTR) has been associated primarily with central nervous system lesions, particularly those 

affecting the brainstem.127 Although skew deviation does occur with well-documented 

peripheral lesions (e.g., following vestibular neurectomy139,142), it is unusual for idiopathic 

vestibular neuritis to produce a clinically-evident skew deviation by bedside alternate cover 

testing.21 A systematic review of acute vestibular syndrome presentations found skew 

deviation by bedside testing in approximately 30% (n=36/119) of central but only 2% 

(n=1/65) of peripheral cases.22 Likewise, a recent study seeking to distinguish AICA strokes 

from labyrinthitis cases found skew in 28% (n=5/18) of central cases and just 6% (n=1/17 

examined for skew) of peripheral cases.34

Regardless of the reason for this disparity, it is likely that the size of the skew deviation 

matters. It is unusual for a clinical examiner to be able to routinely detect skew deviations 

smaller than ~2–4 prism diopters (~1.15–2.29 degrees) by alternate cover testing.144 Smaller 

skew deviations may well be common in patients with vestibular neuritis, but larger ones are 

not typically seen.22

Quantitative HIT and the Future of the “Eye ECG” to Identify Stroke

The most accurate assessments of VOR using the HIT come from dual magnetic scleral 

search coil studies, but this technique is impractical outside of a laboratory-based setting. 

The rapid maturation of quantitative, portable VOG-based HIT devices117,145–147 has 

enabled quantitative measurement in routine specialty-based clinical practice.148–150 VOG-

based HINTS is now being studied in the ED, where it may someday be used routinely to 

identify strokes in acute vertigo and dizziness.25,28,151 Figure 4 shows how VOG-HINTS 

can be used in clinical practice.

The most common presentation of posterior circulation ischemia is isolated vertigo.153 

Most stroke patients without obvious focal neurologic signs (NIH stroke scale zero) 

have posterior circulation infarctions, principally located in the cerebellum or inferior 

brainstem.154 Likewise, the majority of patients with acute vestibular syndrome resulting 

from stroke have no focal signs.22 Furthermore, false negative MRI-DWI is more common 

with posterior circulation infarctions,155 particularly with small brainstem strokes presenting 

acute dizziness or vertigo.62 Our current ED diagnostic practices, particularly the use of 

neuroimaging,101,156 are both inaccurate3,10 and expensive.1,2 ED physician training in and 

comfort with the diagnosis of neurological problems is limited.157,158 An international 

survey of 1,150 ED physicians found the most requested clinical decision rule in adult 

emergency care was identifying central or serious causes of vertigo.7 So there is reason to 

believe that technologies to enhance diagnosis would be welcomed.
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These approaches have the potential to transform care not only for stroke patients but also 

for patients with peripheral vestibular disorders, since specific eye movement diagnosis is 

also possible for posterior canal BPPV, horizontal canal BPPV, and vestibular neuritis, likely 

the three most common peripheral vestibular disorders seen in the ED.159,160 Technology-

guided treatment of BPPV using canalith repositioning maneuvers is a realistic possibility. 

Even some patients with completely normal eye movements may benefit from VOG testing 

by confirming a non-vestibular cause for their dizziness or vertigo presentation, if they 

remain symptomatic.

VOG technology has been available since the early 1990s, but only in the past decade 

have high-speed devices been manufactured that are lightweight enough to assess the 

h-HIT without goggles slippage, which was a major technical barrier to accurate VOR 

measurement.117,145,161 Two VOG devices capable of assessing the HIT response are 

already FDA-approved for use in routine clinical vestibular measurement.162,163 An NIH 

clinical trial is now underway to assess accuracy of a novel diagnostic strategy using 

this technology in the ED.164 There are three primary ways in which quantitative VOG 

technology could be used to enhance the accuracy of diagnosis of acute vertigo and 

dizziness―teleconsultation, training, and triage.

VOG technology could be placed in the field in EDs or ambulances and used as a means 

to enhance hospital-based165 or mobile166 telestroke diagnosis for patients with posterior 

circulation strokes, who currently often go unrecognized.11 Tele-diagnosis by specialists 

(neurologists, neuro-otologists, or neuro-ophthalmologists) would rely on a combination of 

eye movement video recordings and quantitative eye movement traces to differentiate central 

from peripheral cases. This could occur in real time or asynchronously after a reasonable 

time delay.

VOG technology could be used as part of a systematic training program to enhance frontline 

clinician skills in eye movement examination.167 Such devices provide immediate and 

direct feedback on psychomotor performance of the HIT, by rejecting all attempts that 

are beneath or above the target head velocity range. They can also be used to calibrate 

clinical interpretive skills for non-specialist clinicians, since they provide a quantitative 

measure of the VOR gain. Finally, review of videos and traces by sub-specialists with eye 

movement expertise could provide critical educational feedback to frontline clinicians that 

would otherwise be impossible without a tangible record of the eye examination from the 

initial ED evaluation.

Finally, VOG could also be paired with computerized algorithms to provide real-time, 

point-of-care diagnostic decision support for diagnosis of patients with dizziness. This 

approach would be similar to what has been done with electrocardiography for diagnosing 

heart attack in acute chest pain. Acute changes in cardiac electrophysiology are used to 

identify ST-elevation acute myocardial infarction (STEMI). The electrocardiogram (ECG) 

is performed by ED technicians, interpreted in real-time by ED physicians, and often 

over-read by cardiologists for confirmation. Real-time assessment is enhanced through the 

use of automated interpretation algorithms.168 A similar approach could be implemented to 

leverage acute changes in eye physiology to identify stroke in dizziness. This ‘eye ECG’ 
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approach is currently being studied in the AVERT (Acute Video-oculography for Vertigo 

in Emergency Rooms for Rapid Triage) Phase II clinical trial, sponsored by the National 

Institute on Deafness and Other Communication Disorders at NIH.164

These three approaches are not mutually exclusive, and one approach may be better suited 

to a particular clinical setting than the others. For example, academic centers with ready 

access to subspecialists may benefit most from teleconsultation. By contrast, small rural EDs 

without access to MRI may prefer automated approaches to determine if transfer for MRI is 

warranted.

Implications and Future Prospects for Implementing VOG-HINTS in the ED

Implementing VOG-HINTS in US EDs could lead to substantial clinical practice 

improvements. Of the ~130–215,000 patients (~3–5%169 of 4.4 million1) with stroke 

causing their ED vertigo or dizziness presentation, data suggest that perhaps 45,000–75,000 

(~35%6) are missed initially. Misdiagnosis appears to increase the risk of poor clinical 

outcomes generally (~1/3 result in death or serious harm170) and specifically with strokes 

causing dizziness,12,22 so it is possible that 15,000–25,000 of these patients suffer significant 

harms from the initial misdiagnosis.

Peripheral vestibular patients would also benefit through reductions in unnecessary testing 

(e.g., harms from radiation with CT imaging plus consequences of incidental findings) 

and more specific, correct early treatments. There are likely over 1 million each year with 

peripheral vestibular causes; an estimated 80% of these are misclassified.4 If VOG were 

also used to diagnose BPPV (in addition to vestibular neuritis and stroke) then hundreds 

of thousands of patients would likely benefit from prompt, effective treatments that are 

currently not used.5

Modern medicine is undergoing significant structural changes, including a transition towards 

bundled, capitated, or global payments, as well as accountable care organizations.171 There 

will be strong financial incentives to adopt VOG in these reformed payment systems in 

order to reduce expensive neuroimaging.172 For high-risk patients, the VOG approach would 

efficiently reduce morbidity via improved stroke care.2 For low-risk patients, VOG could 

save an estimated $1 billion per year by safely reducing unnecessary CT scans and hospital 

admissions (Table 4).2 This savings figure is realistic, given it represents ~10% of total 

current workup costs (Table 4).

Conclusions

There have been major clinical advances in the bedside diagnostic assessment of vertigo and 

dizziness over the past three decades. The Halmagyi & Curthoys HIT has revolutionized 

clinical examination of patients with peripheral vestibular disorders. Its inclusion as part of 

the HINTS battery has led to major advances in posterior fossa stroke diagnosis. Ocular 

motor physiology-based diagnosis has proven to be more accurate than even MRI-DWI, 

when correctly applied. VOG and related approaches to recording and quantifying eye 

movements likely will play a key role in frontline clinical assessment of acute vertigo 

and dizziness. The ‘eye ECG’ concept has the potential to transform ED diagnosis and 
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management of vestibular disorders and stroke. In addition to improving care for hundreds 

of thousands of peripheral vestibular patients and tens of thousands of stroke patients and 

each year, successful implementation of this approach could result in substantial US national 

healthcare savings of approximately $1 billion per year.
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Figure 1. Timeline showing major milestones in the development of HIT, HINTS, and VOG-
HINTS testing
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Figure 2. Receiver operating characteristic curve analysis for the ‘HINTS family’ compared to 
neuroimaging (CT or MRI) and vascular risk stratification by ABCD2 score for detecting stroke 
in patients presenting the acute vestibular syndrome.
Receiver operating characteristic (ROC) curves shown for three different diagnostic 

approaches to diagnosing stroke in the acute vestibular syndrome. The reference diagonal 

line indicates a hypothetical useless diagnostic test with a likelihood ratio of 1.0 at all 

threshold cutoffs. Such a test provides no additional information about the underlying 

diagnosis. A perfect test or decision rule has threshold cutoffs in the upper left corner (100% 

sensitivity, 100% specificity) and an area under the curve (AUC) of 1.0. The AUC for the 

HINTS family of tests is estimated to be 0.995 in this patient population.23 Note that the 

horizontal HIT alone outperforms MRI for diagnosing stroke in the first 24–48 hours after 

the onset of acute, continuous vertigo.

Abbreviations: ABCD2 – age, blood pressure, clinical features, duration of symptoms, 

diabetes; CT – computed tomography; HINTS – head impulse, nystagmus, test of skew; 

HINTS “plus” – HINTS plus new hearing loss detected by finger rubbing; HIT – head 

impulse test; MRI – magnetic resonance imaging
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Adapted from Newman-Toker, et al., Academic Emergency Medicine, 201323
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Figure 3. Physiologic attributes and parameter definitions for a single, typical, abnormal h-HIT 
trace.
Head velocity traces are shown in red, eye velocity in black. Note that eye movements are in 

the opposite direction to head movements, but are displayed graphically as superimposed to 

make visual assessment of VOR gain (eye movements relative to head movements) clearer. 

H0 = Head velocity onset; E0 = eye velocity onset; H peak = peak head velocity; E peak = 

peak eye velocity; H bounce = head velocity crosses baseline with head reversal following 

deceleration (bounce); H stop = head movement stops; E stop = eye movement stops; CCS 

= covert corrective saccade (during head movement); OCS = overt corrective saccade (after 

head movement) with dotted line (slope = saccade acceleration) to identify E1 saccade 

onset; VOR latency = E0 – H0; VOR gain = eye velocity divided by head velocity at a 

specific time during the HIT (generally E peak /H peak ) or across a range of times (E times /H 

times ) (generally the ratio of the areas under the two curves over the entire HIT duration); 

saccade latency = E1 – E0.

Reproduced with permission from Mantokoudis, et al. Audiology & Neuro-otology, 2015151
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Figure 4. Physiologic (VOG) diagnosis of neuritis vs. stroke in two acute vertigo patients in the 
ED.28

Clinical features were the same for both patients (vertigo, nausea, and gait disturbance 

without neurologic or auditory symptoms or signs). Both had unidirectional nystagmus (first 

degree in light with visual fixation) without skew deviation. Shown are physiologic tracings 

from high-speed video recordings of multiple rightward (A;E) and leftward (B;F) h-HIT 

maneuvers temporally superimposed with a single maneuver bolded. The abnormal h-HIT 

(A) has both a quantitative abnormality (reduced VOR gain during the head movement, 

downward red arrow) and a qualitative, clinically-evident abnormality (fast, corrective eye 

movements to realign the eye on the target after the head stops moving, red chevrons). Each 

h-HIT result is mapped in the corresponding VOR gain plot (C;G) where the central ‘x’ 

denotes the mean right- or left-sided VOR gain across h-HIT trials. Representative axial 

MRI-DWI images through the inferior cerebellum show no stroke in the older vestibular 

neuritis patient (D) and a large acute, left posterior inferior cerebellar artery territory 

infarction in the younger stroke patient (H, arrow). The 60 year old is the typical patient 

who would most likely undergo an unnecessary $10,000 stroke workup and admission; the 

30 year old, whose stroke spanned 8 axial slices (lesion 3.0×5.0×4.4 cm), is the typical 

patient who may be missed and sent home as a ‘peripheral’ and whose stroke may swell, 

causing hydrocephalus, herniation, and death.152

Abbreviations: h-HIT – horizontal head impulse test; MRI-DWI – magnetic resonance 

imaging with diffusion weighted imaging; VOR – vestibulo-ocular reflex; °/s – degrees per 

second; yo – year old

Adapted from Newman-Toker et al., Stroke 201328
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Video 1. 
Demonstration of the HINTS examination in a normal subject.
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Video 2. 
(A, normal speed; B, slow motion) Patient with a normal rightward h-HIT and abnormal 

leftward h-HIT with an overt refixation saccade, indicating a left VOR deficit. The refixation 

is overt (after the HIT) and thus is readily detected clinically. (C, normal speed; D, slow 

motion) Patient with a normal rightward h-HIT and abnormal leftward h-HIT with a covert 

refixation saccade, indicating a left VOR deficit. The refixation is covert (during the HIT) 

and thus is hidden clinically and only readily detected using quantitative eye movement 

recordings. It is even difficult to see using slow-motion video playback.
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Video 3. 
Patient with a spontaneous, left-beating vestibular nystagmus obeying Alexander’s law. In 

this case, the nystagmus was due to a peripheral vestibular lesion.
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Video 4. 
Patient with a mixed vestibular and gaze-holding nystagmus defying Alexander’s law. In 

this case, the nystagmus was due to a central lesion (ischemic stroke in the anterior inferior 

cerebellar artery territory).
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Video 5. 
Skew deviation (left hypertropia by alternate cover test) in a patient with a central lesion 

(ischemic stroke in the posterior inferior cerebellar artery territory).
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Table 1.

Ocular motor and auditory features of acute peripheral and central vestibulopathies

Clinical Disorder Head Impulse Nystagmus with Right Lesion Skew Deviation Hearing Loss

Vestibular neuritis (VN)
Labyrinthitis or cochlea-
vestibular neuritis (CVN)

Unilateral decrease Contralesional-beating, direction-fixed, 
obeys Alexander’s law

Rare 22,60 * VN: absent †

CVN: present †

(mild to severe 34)

VN or CVN complete
(AC, HC, PC, utricle, saccule)

AC, HC, PC H: left (major)
V: none
T: left ear beating (minor)

As above As above

VN or CVN superior branch
(AC, HC, utricle)

AC, HC H: left (major)
V: upbeat (minor)
T: left ear beating (minor)

As above As above

VN or CVN inferior branch
(PC, saccule)

PC H: none
V: downbeat (major)
T: left-ear beat (minor)

None 35 As above (n=3/9 35)

AICA Stroke Unilateral decrease 
~50% 22,34; 
occasional bilateral 
asymmetric decrease 
25,36

50% direction-changing, gaze-evoked 
nystagmus 34

28% 34 Present in 56% 34

(mild to severe 34)

PICA or SCA Stroke 99% clinically normal 
bilaterally 22

38% direction-changing, gaze-evoked 
nystagmus 22

30% 22 Rare 37,38

*
Skew deviation is well known in vestibular neurectomy, but rarely found in vestibular neuritis or labyrinthitis (2%, n=2/9122,34,35). This may be 

because small skew deviations (<2–4 prism diopters) are not easily identified at the bedside by alternate cover testing.

†
Standard terminology suggests that, by definition, hearing loss is absent in vestibular neuritis and present in labyrinthitis.39 However, these terms 

are used inconsistently in clinical practice and the medical literature. As yet, there is no way to reliably determine whether a lesion is located in the 
vestibular nerve or the labyrinth in the majority of acute cases.

Abbreviations: AC – anterior canal; AICA – anterior inferior cerebellar artery; CVN – cochleo-vestibular neuritis (i.e., labyrinthitis); H – 
horizontal; HC – horizontal canal; PC – posterior canal; PICA – posterior inferior cerebellar artery; SCA – superior cerebellar artery; T – torsional; 
V – vertical; VN – vestibular neuritis
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Table 2.

Test properties of widely available and new methods to assess for stroke in the acute vestibular syndrome

Test for Stroke in 
Acute Vertigo

Estimated 
Sensitivity

Estimated 
Specificity

Total Time 
Added

Side Effects & Risks Approximate Cost

Detailed bedside 
neurologic exam

19%21 ~95% 10–20 min possible increase in 
dizziness while testing

$0 plus ED doctor time 
or $132–24296 consult

Brain CT +/− contrast 
CTA

7–42%97–100 98%97 (for all 
acute strokes)

40–77 min101 radiation;102 contrast 
allergy,103 nephropathy104

$233–396105

Stroke-protocol
MRI with DWI,
MRA +/− contrast

80% (<24hrs)22

86% (<72hrs)23

99% (>72hrs)23

96%97 (for all 
acute strokes)

60 min up to 6 
hrs or longer

projectiles, burns;106 

contrast toxicity (systemic 
sclerosis)107

$1204–$1638108

Eye movements 
HINTS21-VOG28

99%*23 97%*23 10–20 min28 possible increase in 
dizziness while testing

$30–101† plus
ED technician time

Abbreviations: CT – computed tomography; CTA – CT angiography; DWI – diffusion-weighted imaging; ED – emergency department; HINTS – 
head impulse, nystagmus, test of skew; hrs – hours; min – minutes; MRA – magnetic resonance angiography; MRI – magnetic resonance imaging; 
VOG – video-oculography

*
Sensitivity and specificity of HINTS for central dizziness or vertigo, including non-stroke

†
Based on average Medicare reimbursements for a partial or complete vestibular function test battery
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Table 3.

Pre-test and post-test probabilities of stroke using different tests to ‘rule out’ stroke in acute vestibular 

syndrome

Post-Test probability of Stroke after a Negative Test Obtained within 24 Hours

Pre-Test Probability 
of Stroke (vascular 
risk profile)

General Neuro Exam
(Sn 18.8%,21 Sp 95%, 
NLR 0.85)

CT Brain

(Sn 19.2%,* Sp 98%,97 

NLR 0.84)

MRI-DWI Brain
(Sn 80.0%,22 Sp 96.0%,97 

NLR 0.21)

HINTS+ Battery
(Sn 99.2%,23 Sp 97.0%, 
NLR 0.01)

10% (low) 8.7% 8.4% 2.3% 0.1%

25% (average22) 22.2% 21.6% 6.5% 0.3%

50% (high) 46.1% 45.2% 17.2% 0.8%

75% (very high) 71.9% 73.7% 38.5% 2.4%

*
Sensitivity of CT brain for ischemic stroke is aggregated from four available studies (19.2%, n=88/459): Chalela et al. (16.0%, n=57/356, 

prospective),97, Hwang et al. (41.8%, n=28/67, retrospective),98 Ozono et al. (6.7%, n=1/15, prospective),99 Kabra et al. (9.5%, n=2/21, 

retrospective).100 The largest study by Chalela et al. included both supratentorial and infratentorial strokes. CT is less sensitive for identifying 
soft tissue lesions in the posterior cranial fossa for anatomical reasons, including beam hardening artifacts from the adjacent heavy bone of the 

skull base.109 Therefore, the measured sensitivity in the Chalela study (16.0%97) is likely an overestimate. The study by Hwang et al. with the 

highest measured sensitivity (41.8%98) was likely an overestimate due to its retrospective nature, in which the decision to proceed to MRI was 
non-uniform, and only cases with MRI were considered.

Abbreviations: CT – computed tomography; HINTS+ – head impulse, nystagmus, test of skew, plus hearing; MRI-DWI – magnetic resonance 
imaging with diffusion weighted imaging; NLR – negative likelihood ratio; Sn – sensitivity; Sp – specificity
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Table 4.

Current resource utilization for dizziness in US emergency departments and projected with routine VOG use

Resource Utilization for All, Unselected ED Dizziness and Vertigo Current (2015 US National1,173) Projection with ED VOG Use

All ED Dizziness CT Rate 46.6% 4.7%

All ED Dizziness MRI Rate 2.7% 6.8%

All ED Dizziness Admission Rate 18.8% 17.2%

Total ED/Hospital Workup Costs $9,809,454,038 $8,735,803,281

Annual US Healthcare Savings - $1,073,650,757

Abbreviations: ED – emergency department; US – United States; VOG – video-oculography

Adapted from Newman-Toker, et al., BMJ Quality & Safety, 20132
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