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INTRODUCTION 

Dizziness (an abnormal sensation of spatial body orientation) is a debilitating and 

common presenting symptom that can indicate the presence of disorders that range 

from benign to life-threatening. Each year, 10 to 30% of U.S. adults experience clinically 

significant dizziness.1,2 Dizziness increases the risk of falls 5- to 12-fold, and up to half of 

these falls result in injuries, including hip and wrist fractures.3,4  Affected individuals 

experience large decrements in productivity, as 25 to 50% of use sick leave, change 

jobs, or go on disability.5-9 Perhaps most strikingly, dizziness can profoundly affect 

health-related quality of life (HR-QOL). The average HR-QOL scores on the Short Form-

36 reported by patients with Meniere’s disease, a disorder characterized by recurrent 

vertigo, fall just between those of patients with Alzheimer’s disease not yet requiring 

institutionalization and patients with AIDS or cancer, 6 days before death.10 As a 

consequence, patients with dizziness comprise a healthcare population that is both 

highly motivated and vulnerable.  

 Not surprisingly, dizziness drives substantial healthcare utilization.  Half of 

affected patients seek clinical evaluation, making dizziness the third most common 

symptom prompting a visit with a primary care physician (PCP).11,12 As dizziness can 

arise from a range of vestibular, neurological, cardiac, and general medical disorders, it 

also prompts high rates of specialist referrals. Among U.S. adults over age 65 years who 

sought care for dizziness, 40% saw 3 or more providers, most commonly in the 

specialties of otolaryngology, neurology, and cardiology.11 In turn, these visits lead to 

diagnostic tests, including audiograms, neuroimaging, electrocardiograms, and – the 

subject of the present research – vestibular function tests. PCPs order diagnostic tests 

on approximately 30% of their dizzy patients, whereas rates among specialists exceed 
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50%.12-14 These evaluations are costly. Emergency department evaluations of dizziness 

are estimated to cost the U.S. $9 billion per year,15,16 and costs in outpatient settings, 

where more patients present, are expected to be significant.  

Despite the high level of resource utilization, there are numerous quality 

concerns in vestibular healthcare. Delays in diagnosis and mis-diagnoses remain 

common and preclude initiation of targeted, effective therapies. Patients with 

stereotypical presentations of benign paroxysmal positional vertigo (BPPV) have an 

average delay in diagnosis of 3 months, whereas 20% of patients with Meniere’s disease 

fail to receive a correct diagnosis for more than 5 years.17-19 Additionally, the evidence 

base for our current diagnostic approaches is weak, as declared in a systematic review 

of more than 1000 studies, and there is little evidence that current approaches alter 

specific diagnosis rates, treatment initiation, or patient outcomes.20 Consequently, there 

are no evidence-based guidelines to assist clinicians in choosing between the diagnostic 

approaches available.  

During the Master of Science training period, with the overarching aim of 

improving the quality of healthcare for dizziness and vestibular disorders, the thesis-

defendant initiated a line of investigation into current and nascent diagnostic strategies 

for dizziness from 2 perspectives: (1) health services research, focused on identifying 

variations in diagnostic care that are associated with best outcomes, and (2) clinical 

epidemiology, focused on identifying means of improving the accuracy of vestibular 

function testing, reducing test parameter variation, and minimizing test-related harms.  

Vestibular function testing may be obtained for patients with dizziness in order to 

determine the site, severity, and state of compensation of suspected vestibular lesions.  

Consequently, the results of vestibular tests may drive clinically-relevant decisions about 
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the need for additional evaluations and management strategies. In our analysis of a 

sample of 232,000 Medicare beneficiaries (27% of whom had received a diagnosis of 

dizziness or a vestibular disorder), we confirmed that the most commonly acquired 

vestibular function test battery in the U.S. is comprised of videonystagmographic 

recordings of eye movements (VNG) and caloric tests.21 Utilization of VNG and caloric 

tests varied 3-fold across different geographic regions of the U.S., even after controlling 

for patient factors such as age, sex, race, Medicaid participation, and rurality. The 

optimal rate of VNG and caloric test utilization is not known, but we observed that 

increased test utilization did not necessarily translate into increased diagnoses in a given 

region. 

To better understand vestibular test utilization from the perspective of the patient, 

we also performed a prospective study of 130 patients undergoing VNG and caloric 

testing at University of Minnesota Health.22 The mean [SD] time for VNG and caloric test 

completion was 71 [23] minutes. During testing, 60% of patients experienced 

undesirable symptoms, such as nausea, vomiting and headaches, leading 15% to 

discontinue testing prematurely. Patients and their associates also suffered opportunity 

costs – 33% used paid time off for the testing, 13% missed work due to test-related 

symptoms in days thereafter (up to 7 days), and 80% did not feel comfortable driving 

after testing and required assistance to get home.  Embarrassingly, only 40% of patients 

thought the testing was ultimately helpful in establishing their diagnosis or plan of care. 

Nevertheless, 80% said they would do the testing again if their physician recommended 

it. These findings emphasize the clinician’s responsibility to ensure not only that 

vestibular tests are valid, but also are acquired only when necessary for clinical decision 

making.  
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This study also afforded insight into challenges faced by audiologists, the 

clinicians who most often perform and interpret vestibular function tests. VNG and 

caloric testing are time consuming, and their duration often exceeded the time allotted in 

the daily schedule.22 There have been numerous efforts to improve clinical efficiency by 

reducing caloric testing time.  One approach that has been growing in popularity is to 

replace the standard bithermal caloric test with the monothermal caloric screening test 

(MCST). This approach reduces test time by eliminating half of the irrigations for those 

who have normal results; those with abnormal results go on to have the full bithermal 

test. We performed a detailed meta-analysis of all published investigations of the 

MCST.23 This revealed that the MCST lacks accuracy precisely where it is needed most 

– at the border of normal and abnormal vestibular function.  Further, we observed 

marked variations across labs in test performance (e.g., sensitivity). Test performance 

measures and optimal threshold values varied based on the spectrum of disease 

present in the tested population, methods of eye movement recording (VNG vs. 

electronystagmography (ENG)), and test administration protocols. Given these concerns 

about test accuracy and variability, the MCST does not appear to be the best approach 

to improving clinical efficiency. 

Further opportunities for quality (and efficiency) improvement may arise after the 

VNG and caloric tests are completed. We observed that audiologists required an 

additional 47 [16] minutes after each test to generate a complete report.22  In interviews, 

participating audiologists identified the tasks that occupy this time. Prior to data analysis, 

test interpretation, and documentation, they review and edit the VNG tracings from every 

subtest and caloric irrigation, and then re-calculate the test parameters. (The rationale 

for this is described in more detail in the manuscript).  However, there is a lack of 

specific published guidance for data cleaning. Audiologists reported they developed their 
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approaches through experience, often based on their impressions of the methods used 

by former mentors. Their descriptions suggested that opinions on the importance of 

cleaning and approaches to cleaning (i.e., “cleaning aggressiveness”) may differ 

between audiologists. This led to the hypothesis that stimulated the work described 

herein, that data cleaning introduces additional and potentially clinically-significant 

variation into caloric test analysis and derived outcome measures. 

  



6 
 

MANUSCRIPT 

 

INTRODUCTION 

Vestibular function testing may be obtained for patients with dizziness and 

imbalance in order to determine the site, severity, and state of compensation of 

suspected vestibular lesions.  In the U.S., the most commonly employed vestibular 

function test battery is comprised of videonystagmographic recordings of eye 

movements (VNG) during an array of oculomotor, positional, and caloric tests.21 The 

bithermal caloric test is the consensus standard for providing quantitative information 

about the function of the peripheral vestibular system, including each lateral semicircular 

canal, superior vestibular nerve, and vestibular nucleus.24   

During a bithermal caloric test, an irrigation medium (water or air) that is 

alternately warmer and cooler than body temperature is administered to each ear 

sequentially, for a total of 4 irrigations. The irrigation causes the temperature to rise or 

fall within the temporal bone and sensorineural vestibular elements contained therein, 

generating a characteristic nystagmus response through the vestibulo-ocular reflex 

(VOR). The VOR drives the slow phase component of the nystagmus, directed away 

from the side of a warm stimulus and toward the side of a cool stimulus, after which the 

central nervous system resets the eye position with a fast corrective saccade in the 

opposite direction. The slow phase velocity (SPV) of the nystagmus increases in 

amplitude approximately 20 seconds following the onset of caloric irrigation and reaches 

peak amplitude at 60 to 90 seconds and then declines.25 The SPV at the peak of the 

caloric response is considered to be the most useful measure for quantifying the caloric 

reaction.26   



7 
 

When a lesion results in an asymmetry in neural input to the two vestibular nuclei 

from the peripheral vestibular system, the intensity of the caloric-induced nystagmus is 

larger from the intact side and smaller from the impaired side. When bilateral lesions 

occur, the intensity of nystagmus from both sides is reduced. Accordingly, two measures 

of peripheral vestibular dysfunction are calculated using the peak SPV of the caloric 

responses27 (Table 1): (1) total eye speed (TES), representing the total bilateral caloric 

response from all 4 irrigations, and (2) unilateral weakness (UW), a measure of the 

degree of response asymmetry.  Values are compared to normative thresholds 

established by the vestibular laboratory performing the tests. 

Contemporary computerized VNG systems derive the SPV profiles using 

automated software analysis algorithms that distinguish between the fast and slow 

phases of nystagmus.  To determine the peak SPV following each caloric irrigation, most 

algorithms now average the individual SPVs of all beats of nystagmus occurring during 

all 10-second intervals that contain 3 or more beats.25 The maximum average SPV is 

reported as the peak SPV. However, even the most sophisticated algorithms make 

errors. For instance, algorithms may include the SPV of clear outliers (errant beats of 

nystagmus) in calculations and may misidentify signal artifacts (e.g., loss of pupil 

tracking due to eye lashes or goggle obstruction) and non-nystagmus eye movements 

(e.g., eye blinks or the wandering eyes of weary patients).28,29 These errors lead to 

miscalculation of the peak SPV.26,28 

It is commonly recommended that examiners inspect the quality of VNG tracings, 

edit the data by removing outliers and artifacts, and re-select the peak SPV when 

deemed necessary.25,26,29 The following two guidelines for cleaning of the SPV profile 

and identification of outliers appear in the main reference text for vestibular testing,26 

(p.309): “1. The shape of the caloric response remains essentially the same even though 
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the strength and direction can vary. 2. Because the frequency of caloric responses is 

very low, the intensities of adjacent nystagmus beats cannot differ significantly.”  To the 

authors’ knowledge, there is no standardized method for making these judgments nor is 

there additional specific published guidance. 

Given the lack of standardized methodology, we hypothesized that examiners of 

VNG data vary in their data cleaning and peak selection practices and that these 

practices alter derived caloric test outcome measures in clinically significant ways. This 

study specifically aimed to: (1) determine if examiner data cleaning and peak SPV 

selection significantly change the caloric test outcomes measured by the computer 

software algorithm (TES and UW); (2) ascertain if differences between computer and 

examiner measurements vary between examiners; and (3) assess the level of 

agreement between the examiners and the software algorithm on the most clinically 

meaningful binary outcome of caloric asymmetry (i.e., UW greater than 25%). The 

findings will inform our understanding of sources of variation in measured caloric 

responses, vestibular test interpretation, and practices for establishing normative 

thresholds. 

 

METHODS:   

This review of pre-existing clinical data was approved by the Institutional Review 

Board of the University of Minnesota (UMN IRB# 1306M37145).   

Sample Selection 

The sample was comprised of adult patients (age ≥ 18 years) who underwent 

VNG with caloric testing at the University of Minnesota Medical Center-Fairview Balance 

between May 1, 2011 and February 26, 2015. This testing center serves patients 

referred from academic and community practices.  All patients underwent the vestibular 
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function test battery to evaluate dizziness and balance disorders.  The date range was 

selected to ensure uniformity of testing equipment and software throughout the study 

period.   

The participant inclusion criteria were: 1) the test administered was a standard 

bithermal caloric test using water irrigations of 30° (cool) and 44° (warm) for 30 seconds 

to each ear with patients in a 30° supine body position; 2) VNG recording and analysis 

were performed with the following equipment and software version: Micromedical 

VisualEyesTM 4 Channel binocular goggles with Spectrum 8.9 software (Chatham, IL); 

and, 3) both the automated computer algorithm and audiologist were able to report the 

caloric test measures of interest (i.e., total eye speed, unilateral weakness).  The 

exclusion criteria were: 1) the irrigation medium used was air or ice water; 2) only 

monothermal caloric testing was performed; 3) caloric testing was discontinued prior to 

completion of all 4 caloric irrigations; and 4) any other non-standard protocol was used in 

place of the bithermal caloric test (e.g., prone positioning). 

Consecutive bithermal caloric tests from each of 6 audiologists were included 

until either 100 unique patients per audiologist were included or no other tests that met 

the inclusion criteria were available for a particular audiologist. During the study period, 

each included audiologist focused at least 50% of his or her clinical practice on 

vestibular assessment and was 5 years or less from the date of completion of the Doctor 

of Audiology (Au.D.) degree.  In total, the 6 audiologists trained at 4 different institutions 

and no audiologist was trained by another audiologist whose tests were included in the 

study. Application of our inclusion and exclusion criteria resulted in 435 bithermal caloric 

tests available for analysis. 

 

 



10 
 

Data Collection 

The complete VNG data files for each patient participant had been saved 

electronically, per standard clinical practice.  These files contained all of the original data 

and also preserved the data modifications (deleted or added beats of nystagmus) and 

selections of peak slow phase velocity (SPV) made by the audiologist prior to final 

analysis and interpretation.  For each participant, the nystagmus response from each 

caloric irrigation (i.e., right warm, left warm, right cool, left cool) was viewed individually 

and the peak SPVs in the 10 second time windows selected by the audiologist were 

recorded. 

  Next, the values that the software algorithm would have automatically marked as 

the peak SPV after irrigation were determined by manually resetting the data 

presentation to remove all data modifications and selections made by the audiologist. 

The software measurement algorithm was then initiated, using the default setting of 

averaging the SPV of individual nystagmus beats over 10-second windows. The peak 

SPV that the program selected for an irrigation was considered to be the peak SPV 

regardless of whether the peak was an accurate representation of the patient’s response 

or not.  This value was recorded for the same eye channel (i.e., left horizontal or right 

horizontal) that had been selected by the audiologist for his or her analysis.  The 

changes made (i.e., computer-determined peak SPV) were not saved so as not to alter 

the final data. This process was completed for all four caloric irrigations per participant 

(N=1740).   

 

Outcome measures 

The primary bithermal caloric test outcome measures of interest were: 1) the total 

caloric response from all 4 irrigations (i.e., Total Eye Speed (TES)) and, 2) the caloric 
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asymmetry (i.e., Unilateral Weakness (UW)), calculated using formulas presented in 

Table 1.27  In brief, total eye speed is the sum of the peak SPV of all 4 irrigations.  

Unilateral weakness compares the difference in caloric responses from the right ear to 

those from the left, expressed as a percentage of the total caloric response. This 

percentage expresses to what degree the caloric responses from the 2 ears are 

different. It is important to note that, based on the organization of the formula for UW, a 

relative weakness in the right ear is mathematically indicated by a negative value for UW 

and a relative weakness in the left ear is indicated by a positive value for UW.  However, 

in clinical practice, the absolute value of UW is reported along with the weaker side (e.g., 

UW = (-)50% would be reported as “50% right weakness”).  A UW of 0% indicates that 

responses were perfectly symmetric and a UW of 100% indicates that there was no 

caloric response from one ear.  

Outcome measures were calculated separately from the audiologist and the 

computer-selected data. Per lab normative thresholds in place when the tests were 

performed, a clinically significant caloric asymmetry was considered to be present when 

the absolute value of UW was greater than 25%.  A significant bilateral caloric weakness 

was considered to be present when the TES was less than 22°/sec. UW calculations are 

not valid when bilateral weakness is present; therefore, TES was calculated first. 

During data collection, it was also noted whether the time region selected by the 

software for the peak SPV was comprised of artifacts rather than actual beats of 

nystagmus.  Regions of artifact contained repeating straight vertical, horizontal, or 

oscillating eye movement data not typical of the angled slow-phase velocity of 

nystagmus seen during caloric irrigations. The peak SPV selected and averaged by the 

software in such regions resulted from measurement of the slope of the artifacts rather 

than from a true caloric response.  If one or more irrigations for a given subject met 
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these criteria, the results were marked as artifact and the test was excluded from the 

main comparative data analyses. 

 

Statistical analyses 

The computer software-selected and audiologist-selected peak SPV responses 

and outcome measures were compared.  Proportions were compared with chi-square 

(Χ2) analyses and continuous variables (TES, UW) were compared with paired t-tests 

and ANOVA, with post-hoc testing to determine sources of variability using the Tukey-

Kramer method.  To compare the inter-method variability (i.e., differences) between 

audiologists and the software, Bland-Altman plots were created and 95% confidence 

limits of agreement determined.30,31 Inter-method agreements were assessed with intra-

class correlation coefficients (ICCs) for continuous measures and with the kappa statistic 

for the binary outcome of significant caloric asymmetry (UW>25%).  Agreement was 

graded as poor (ICC or kappa below 0.40), fair (0.4-0.59), good (0.6-0.74), and excellent 

(0.75-1.00) 32,33.  

Results are reported as mean [SD]. Significance was set at P<0.05. All analyses 

were performed using STATA 11.2 (STATA Corp., College Station, TX). The Bland-

Altman plots were generated with SAS 9.3 (SAS Institute, Cary, NC).  

 

RESULTS 

Sample 

There were 435 eligible patients and tests from 6 audiologists (Table 2). Of the 

population undergoing testing, 63% were women and the mean age was 54 [15] years.  

Three of the 6 audiologists had 100 eligible consecutive tests.  
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Artifact measurement 

The software algorithm selected a peak SPV response from a region of artifact in 

42/435 (9.7%) tests. The proportion of tests subject to artifactual readings by the 

software varied 5-fold between audiologists (p=0.01) (Table 3). 

Compared to tests in which the computer selected a peak from a region of true 

nystagmus, these cases had lower mean TES (57 [28] vs. 100 [48] °/sec, p<0.001) and 

higher mean caloric asymmetry based on UW (41 [32] vs. 18 [17]%, p<0.001) derived 

from the audiologist analyses. Further, the audiologist ultimately reported a clinically 

significant caloric asymmetry (UW > 25%) for 24 (57%) of the 42 artifactual computer 

reads.  If the audiologist-measured UW is taken as the true standard for comparison, 9 

of 24 patients with caloric asymmetry would have been falsely labeled as normal using 

the software algorithm alone (38% false negative rate), and 1 of 18 without an 

asymmetry would have been falsely labeled as having a weakness (6% false positive 

rate).  Tests with artifacts were not included in subsequent comparative analyses. 

 

Total Eye Speed 

Among the remaining 393 VNGs, audiologist data cleaning lowered the peak 

SPV of all irrigations, resulting in a mean reduction of TES of 4°/sec (95% CI 3.2-

4.4°/sec, p<0.001), from 115 to 111 deg/sec (Table 4). The mean change in TES 

differed between AuDs by a factor of 3 (ANOVA F=4.35, p<0.001), from a mean 

reduction of 2.2 [3.3]°/sec to 5.9 [7.2]°/sec (Table 5).  Post-hoc pairwise comparisons by 

Tukey-Kramer method demonstrated that the difference between audiologists 1 and 5 

and between 1 and 6 most influenced the overall difference between groups. 

Using intra-class correlation analysis to assess agreement between the 

audiologist and computer-derived measures of TES, all audiologist-computer 
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comparisons yielded ICCs greater than 0.9, suggesting excellent agreement (Table 6). 

To permit observation of the differences introduced by data cleaning, the Bland-Altman 

plot and corresponding data are presented in Figure 1 and Table 5. The mean of the 

audiologist and computer TES measures ranged from a minimum of 23°/sec and a 

maximum of 348°/sec. Audiologist cleaning introduced changes in TES estimates 

ranging from a reduction of 44°/sec to an addition of 28°/sec. Based on the limits of 

agreement, 95% of the differences in TES introduced by audiologist data cleaning and 

peak selection fell within a reduction of 20°/sec and an addition of 8°/sec. The limits of 

agreement for TES differed between the 6 audiologists (Table 5). The span between the 

upper and lower limits of agreement ranged from 13 to 36°/sec between the audiologists 

(Table 5).  Differences introduced by data cleaning did not differ based on the 

magnitude of the TES.  

 

Unilateral Weakness (UW) 

After exclusion of tests with computer readings in regions of artifact, the mean 

caloric asymmetry (UW) in the study sample was (+)4.1 [22.8]% by the software 

algorithm and (+)3.9 [24.1]% after audiologist cleaning. Audiologist cleaning did not 

result in a significant change the mean UW in the study sample (p=0.6) (Table 4). There 

was excellent agreement between audiologists and computer measures when UW was 

considered as a continuous variable, with all ICCs greater than 0.9 (Table 6).  

The Bland-Altman plot and corresponding data are presented in Figure 2 and 

Table 5. The mean of UW the audiologist and computer measures of UW ranged from  

(-)100% to 88%. Audiologists introduced changes in UW estimates ranging from a 

reduction of 35% to an increase of 24%.  Based on the limits of agreement, 95% of the 

differences in UW introduced by data cleaning fell between a reduction and an increase 
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of 10%. The limits of agreement for UW differ between the 6 audiologists, with the span 

between the upper and lower limits of agreement ranging from 14 to 30% (Table 5). 

Differences introduced by data cleaning did not differ based on the severity of the 

asymmetry. 

UW was also considered as a binary outcome, with UW>25% considered to be a 

clinically significant caloric asymmetry. Audiologist cleaning and data selection changed 

the UW measurement from an insignificant (negative) to significant (positive) value (i.e., 

false negative for the computer) in 15% of cases, and from positive to negative (i.e., 

false positive for the computer) in 2% of cases. The proportion of overturned cases 

varied among the audiologists, with the range of false positive and false negative tests 

ranging from 0 to 25% and 0 to 5%, respectively (Table 7). The categorical agreement 

between the audiologist and computer on the determination of presence or absence of a 

significant UW was still generally excellent (kappa 0.87 overall, range among 

audiologists 0.76-1.0) (Table 7).   

If the tests with artifacts are considered along with the others (N=435), the 

computer false negative rate was 19% and the false positive rate was 2%.  

 

DISCUSSION 

This study demonstrates variation in effects of examiner data cleaning and peak 

selection on caloric test analysis. In 10% of cases, the computer algorithm selected the 

peak SPV for at least one of the 4 irrigations from a region of pure artifact, underscoring 

the importance of human examination of VNG tracings. After audiologist analysis, these 

cases had substantially higher caloric asymmetries and lower total caloric responses 

than the others. Current algorithms may be prone to artifact selection when an irrigation 

yields little to no nystagmus, as occurs on the side of a vestibular lesion. Prior 
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developers noted potential algorithm limitations in measuring small, slow beats.34 When 

considering the remaining cases, data cleaning and peak selection resulted in a modest 

decrease in the mean TES and no difference in mean UW. However, clinicians should 

be aware of the effects observed in the analysis of differences. Specifically, TES 

measured by audiologists may be 8°/sec greater or 20°/sec lower and UW may be 10% 

(actual units) greater or lower than the computer measurements. Importantly, 

audiologists differ in the ranges over which their cleaning alters TES and UW by factors 

of 3 and 2, respectively. While computer analysis alone is not likely to falsely identify a 

normal test as abnormal (2% false positive rate), 15% of the significant caloric 

asymmetries would have been missed without human input. This false negative rate 

varied from 0 to 25% among the audiologists. 

There have been previous efforts to characterize the contributions of examiners 

to computer analyses of caloric tests. Perez Fernandez, et al.35 arranged for 

otolaryngologists to re-examine 100 caloric studies that had been recorded using the 

older technique of electronystagmography (ENG) and interpreted using a computer 

algorithm. Working as a group, physicians were asked to remove any non-nystagmus 

eye movements that had been included in the calculations and to determine if there was 

a change in UW and ultimate diagnosis.  In 20% of cases, the review changed both the 

value of UW and the final diagnosis, while in another 20%, review changed UW without 

altering the final diagnosis.35 Des Courtes et al.36 presented the raw tracings and velocity 

curves of 90 VNG studies to a sixth-year resident and an attending otolaryngologist. 

Through visual inspection of the curves (no numeric output), they were asked to 

determine if the caloric responses were symmetric or asymmetric and normal, reduced, 

or absent. The physicians had good or very good concordance with computer analyses, 

particularly for severe asymmetries (UW>80%) and moderate to good concordance with 



17 
 

each other (kappa=0.58 to 0.68). Their concordance with the computer and each other 

improved when they were given the same tests with the corresponding clinical histories 

3 months later.36  Our findings are consistent with but also expand on these prior 

investigations, shedding light on audiologist-examiner effects on quantitative VNG 

measures. 

Derived caloric test outcome measures are known to vary substantially, even 

between normal individuals. Using open-loop water irrigations for the caloric stimulus, as 

used in this study, the published 95% confidence intervals for UW(%) among people 

without otologic disease range from +/- 16 to 26%.37-41 The limits of test-retest variation 

for standard bithermal caloric tests are less characterized, but UW(%) test-retest 

variation of 24% has been reported using a modified bithermal protocol.42 Patient and 

technical factors are identified as sources of this variation. The caloric response relies on 

heat transfer to the vestibular labyrinth via the external auditory canal and temporal 

bone.  Accordingly, the peak SPV strongly associated with features of temporal bone 

anatomy, including mastoid and facial recess pneumatization, post-surgical states, 

tympanic membrane integrity, and ear canal obstruction.43-47 As such, anatomic factors 

are estimated to account for 70% of the variability in peak SPV measures during warm 

irrigations.47 Patient alertness also strongly influences VOR responsiveness.48,49 Further 

variation is introduced by the myriad differences in laboratory equipment (including use 

of VNG vs. ENG), irrigation parameters, test protocols, and statistical analyses 

employed.23,28,50  Based on the findings of this study, clinicians and investigators should 

consider examiner-level variation alongside other known sources of variation in VNG 

and caloric test data analysis. 
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The findings of this study have implications for labs seeking to establish normal 

thresholds. There are no universally accepted normal thresholds for caloric test outcome 

measures. The general recommendation is for each vestibular lab to establish its own 

normal limits, choosing a value that yields the best combination of sensitivity and 

specificity for the specific clinical setting.25,26 Most labs set the upper normal limit for UW 

between 20 to 25%, but some place it as low as 15% or as high as 30%.26,40,41 For 

practical reasons, most laboratory norms are established based on the 95% confidence 

intervals of samples of 40 or fewer normal individuals,41 a practice that is prone to error. 

The findings of the current study suggest that the examiner likely introduces additional 

variability to the process of establishing norms.  For example, based on the Bland-

Altman analyses, one may expect that the norms established by the audiologist whose 

data cleaning tended to alter the UW weakness by as much as 15% in either direction 

may differ from those of the one who altered it by 7%. At a minimum, laboratories should 

be aware of this additional source of variation. If consistent rules for data cleaning are 

not established, each audiologist needs to consider establishing his or her own norms. 

Similarly, the results of serial testing of an individual may be more reliable if the same 

audiologist performs the data analysis each time. 

This study has several limitations. Most importantly, each test (and patient) was 

examined by a single audiologist rather than all audiologists in the sample. Therefore, 

inter-examiner variability for the same tests could not be measured. The use of pre-

existing data precluded assessment of the logic used by the audiologists during data 

cleaning and peak selection, as well as of the influence of examiner knowledge of 

patient history, other test findings, or impressions of patient alertness and 

cooperativeness during testing. The precise changes (e.g., each edited beat) by the 

audiologists were not recorded due to resource limitations. The available sample sizes 
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were uneven between included audiologists and, thus, some audiologists had less than 

50 tests. However, large differences were observed between the audiologists with 100 

tests (audiologists 1, 3, 5), making the findings more robust. The audiologists were also 

early in their careers; there may be less variation between more experienced examiners, 

but the findings represent the true conditions of clinical practice. Bland Altman plots 

define the intervals of agreement, but do not determine whether those limits are 

acceptable, and thus further conclusions cannot be drawn regarding the appropriateness 

of one cleaning style over another. A single software algorithm and set of vestibular 

testing equipment was used.  Inferences cannot be drawn about other manufacturers or 

software versions.  The findings also may not apply to a pediatric population. 

Clinicians may develop greater confidence in the inter-examiner reliability of 

caloric test results if consistent methods for VNG data-cleaning and peak selection are 

established and incorporated into training programs.  The general guidance currently 

available 26 is helpful and undoubtedly based on years of examiner experience, but more 

specific guidance is needed. Audiologists would benefit from having a more precise 

definition of a nystagmus “outlier” and whether they are best identified by going beat-to-

beat (seeking an absolute or proportional difference from surrounding beats) or by 

viewing the growth function of the velocity profile.  Further, four different methods for 

determining the peak SPV have been endorsed as valid, including: (1) all beats during a 

10 second period (used in this study); (2) all beats during a 5 second period; (3) 3 beats 

with the greatest SPV; or (4) 10 consecutive beats any time during the peak response 

interval.25 More direction for choosing between them may be needed. Experienced 

examiners may not be conscious of their decision-making processes during these 

phases of data cleaning. Thus, it may be helpful to have a large sample of the same 

tests cleaned and interpreted by a group of experienced examiners and to then convene 
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with the purpose of creating a consensus guidance document.  In the age of burgeoning 

artificial intelligence and machine-learning, this consensus could drive the initial 

instruction required to develop a smarter computer algorithm that would require less 

examiner input. 

CONCLUSIONS 

Examiners vary in their patterns of caloric test outcome modification following 

VNG data-cleaning and peak selection.  Clinicians relying on caloric testing to 

distinguish peripheral vestibular pathology from other sources of dizziness should be 

mindful of the presence of this examiner-level effect.  Laboratories should also 

incorporate this newly identified source of variation into methods for establishing 

normative thresholds and interpreting serial testing. Future efforts should be directed at 

establishing consistent quality metrics for VNG tracings, methods for data cleaning and 

peak selection, and development of superior software algorithms.  
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FUTURE DIRECTIONS 

 

To more firmly establish the expected range of inter-observer variation, additional 

comparative study of identical tracings by multiple examiners is warranted. This 

investigation will need to include audiologists at multiple institutions and will consider 

how inter-observer variation is influenced by the level of training of the examiner, as well 

as by knowledge of the patient’s clinical history, physical exam, and other test findings. 

These data will inform best practices, consensus document development, and algorithm 

optimization efforts. 

Ongoing efforts to reduce vestibular test time and test-related morbidity (i.e., 

nausea, vomiting, and other side effects) include not only modifications to the current 

VNG and caloric test protocols but also the substitution of completely different methods 

of VOR assessment. The video Head Impulse Test (vHIT) has been proposed as a 

potential substitute for the caloric test, as it is well-tolerated and can assess the function 

of all six semicircular canals.  Accordingly, we have commenced a systematic review 

with meta-analysis to determine the diagnostic test accuracy of the vHIT for unilateral 

vestibular dysfunction compared to the bithermal caloric test.  Extant studies report 

divergent estimates of vHIT diagnostic test accuracy and have reached conflicting 

conclusions about its clinical utility.  Therefore, we are also exploring the sources of 

heterogeneity in vHIT accuracy estimates.  

In addition to addressing concerns about test accuracy and variability, there is a 

critical need to determine which diagnostic strategies for dizziness have the greatest 

value.  Particularly as our healthcare system shifts toward rewarding value-based care 

rather than the volume of services rendered, highly prevalent conditions like dizziness 

are prime targets for reform. With the long-term goal of establishing evidence-based best 
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practice protocols for the evaluation of dizziness, we have initiated a federally-funded 

(NIDCD) investigation of more than 1 million patients presenting with dizziness using a 

large complex claims dataset from a national commercial payer and affiliated 

organizations. Our work aims to characterize the variation in and costs of current 

patterns of use of tests and specialist consults for dizziness, and then to determine 

which strategies have greatest value based on their effects on downstream outcomes. 

Specifically, diagnostic strategies have value, according to a widely-adopted 

framework,51-53 when there is evidence that they improve: a) diagnostic thinking; b) 

therapeutic actions; c) patient outcomes; and, d) societal costs and benefits. By 

analyzing care pathways and their outcomes, this work will lay the groundwork for 

increasing value, effectiveness, and efficiency in evaluations of dizziness. Further, it will 

aid healthcare resource management, clinician education, guideline development, and 

policy interventions.  
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TABLES 

 

Table 1. Calculation of Bithermal Caloric Test Outcome Measures 

Outcome Formula 

Total Eye Speed (TES) 
 

TES = (RW + RC + LW + LC) 
 

Unilateral Weakness (UW) 

 

 UW% = 
(RW + RC) – (LW + LC)

(RW +RC + LW + LC)  x 100 

 
R, right; L, left; W, warm; C, cool.  Each value (e.g., RW) indicates the maximum slow 
phase velocity (SPV) of the nystagmus response to the corresponding irrigation. 

 
 
 
Table 2. Study population, by examining audiologist (AuD) 
AuD Subjects (n) Sex  (% F) Age (yrs)  [mean (SD)] 
1 100 61 54 (14) 
2 35 69 52 (15) 
3 100 61 55 (14) 
4 61 67 53 (15) 
5 100 62 55 (18) 
6 39 69 57 (17) 
Total 435 63 54 (15) 
 
 
 
 
 
 
Table 3.  Tests for which the computer algorithm measured peak nystagmus response 
from artifact, by examining audiologist (AuD) 
AuD Bithermal Tests (N) Artifact (N (%)) Remaining tests (N) 
1 100 11 (11.0) 89 
2 35 10 (28.6) 25 
3 100 5 (5.0) 95 
4 61 5 (8.2) 56 
5 100 9 (9.0) 91 
6 39 2 (5.1) 37 
Total 435 42 (9.7) 393 
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Table 4. Computer versus AuD maximum slow phase velocity (SPV), total eye speed 
(TES), and Unilateral Weakness (UW) measures 

 Computer AuD Computer-AuD Difference 
 Mean (SD) Mean (SD) Mean 95% CI p-value 

SPV per irrigation (°/sec)      
Right Warm 32 (17) 31 (17) 0.8 (0.5 - 1.0) <0.001 
Left Warm 36 (19) 35 (18) 0.9 (0.6 - 1.1) <0.001 
Right Cool 23 (11) 22 (11) 1.1 (0.9 - 1.3) <0.001 
Left Cool 24 (11) 23 (11) 1.1 (0.9 – 1.4) <0.001 

Total Eye Speed (°/sec) 115 (47) 111 (48) 3.8 (3.2-4.4) <0.001 
Unilateral Weakness (%) 4.1 (22.8) 3.9 (24.1) 0.16 (-0.37-0.69) 0.6 
 
 

Table 5. Bland-Altman Plot Data of Total Eye Speed and Unilateral Weakness with 
Limits of Agreement of Computer and Audiologist comparisons 

 TES (°/sec) UW (%) 
   Limits of 

agreement 
  Limits of 

agreement 
AuD MD SDD Lower Upper MD SDD Lower Upper 

1 -5.88 7.21 -20.01 8.26 0.74 7.72 -14.49 15.87 
2 -3.48 5.50 -14.26 7.30 0.57 4.36 -7.98 9.12 
3 -3.60 4.35 -12.12 4.92 -0.12 3.26 -6.51 6.27 
4 -4.70 9.27 -22.86 13.46 -1.80 6.97 -15.46 11.86 
5 -2.18 3.26 -8.57 4.22 -0.07 3.51 -6.95 6.81 
6 -2.30 4.32 -10.79 6.14 -0.64 4.13 -8.73 7.45 

total -3.81 6.02 -15.61 7.98 -0.16 5.38 -10.70 10.39 
MD, mean of differences; SDD, standard deviation of differences; Upper limit of 
agreement, MD + 1.96x SDD; Lower limit of agreement, MD – 1.96x SDD 
 
 
 
Table 6.  Agreement (Intraclass Correlation Coefficients) between audiologists and 
computer algorithm on continuous measures of TES and UW 
 
 ICC 
AuD TES UW 
1 0.979 0.962 
2 0.988 0.973 
3 0.995 0.989 
4 0.975 0.949 
5 0.996 0.988 
6 0.995 0.982 
AuD, audiologist; ICC, intraclass correlation coefficient; TES, total eye speed; UW, 
unilateral weakness 
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Table 7.  Counts and level of agreement between audiologists and computer algorithm 
on determination of significant caloric asymmetry (UW>25%). 

 
 AuD (+)  AuD (-)   

AuD Comp (+) Comp (-) False 
neg (%) 

Comp (+) Comp (-) False 
pos (%) 

Kappa 

1 27 9 25 0 53 0 0.80 
2 4 0 0 0 21 0 1.0 
3 11 2 15 4 78 5 0.76 
4 11 2 15 1 42 2 0.85 
5 21 1 5 0 69 0 0.97 
6 7 0 0 1 29 3 0.92 
Total 81 14 15 6 292 2 0.87 
 
AuD(+): Audiologist analysis yielded UW>25%; AuD(-): Audiologist analysis yielded UW≤25%;                                                                                                                                                                                                                                                                                                                                                                                                                                                         
Comp(+): Computer analysis yielded UW>25%; Comp (-): Computer analysis yielded UW≤25%;  
False neg: Computer analysis yielded UW≤25%, while audiologist analysis yielded UW>25% 
False pos: Computer analysis yielded UW>25%, while audiologist analysis yielded UW≤25% 
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FIGURES 
 

 
Figure 1. Bland-Altman plot for total eye speed (TES) data from all 6 audiologists versus 
the computer algorithm. The limits of agreement are represented (dotted line), from -1.96 
SD to +1.96 SD.  
 
Abbreviations: ates, audiologist measure of total eye speed after data cleaning; ctes, 
computer automated algorithm measure of total eye speed. 
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Figure 2. Bland-Altman plot for unilateral weakness (UW) data from all 6 audiologists 
versus the computer algorithm. The limits of agreement are represented (dotted line), 
from -1.96 SD to +1.96 SD.  
 
Abbreviations: auw, audiologist measure of unilateral weakness after data cleaning; 
ctes, computer automated algorithm measure of unilateral weakness. 
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