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ABSTRACT

BACKGROUND AND PURPOSE: NeuroQuant is an FDA-approved software that performs automated MR imaging quantitative volu-
metric analysis. This study aimed to compare the accuracy of NeuroQuant analysis with visual MR imaging analysis by neuroradiolo-
gists with expertise in epilepsy in identifying hippocampal sclerosis.

MATERIALS ANDMETHODS:We reviewed 144 adult patients who underwent presurgical evaluation for temporal lobe epilepsy. The
reference standard for hippocampal sclerosis was defined by having hippocampal sclerosis on pathology (n ¼ 61) or not having hip-
pocampal sclerosis on pathology (n ¼ 83). Sensitivities, specificities, positive predictive values, and negative predictive values were
compared between NeuroQuant analysis and visual MR imaging analysis by using a McNemar paired test of proportions and the
Bayes theorem.

RESULTS: NeuroQuant analysis had a similar specificity to neuroradiologist visual MR imaging analysis (90.4% versus 91.6%; P ¼ .99)
but a lower sensitivity (69.0% versus 93.0%, P , .001). The positive predictive value of NeuroQuant analysis was comparable with
visual MR imaging analysis (84.0% versus 89.1%), whereas the negative predictive value was not comparable (79.8% versus 95.0%).

CONCLUSIONS: Visual MR imaging analysis by a neuroradiologist with expertise in epilepsy had a higher sensitivity than did
NeuroQuant analysis, likely due to the inability of NeuroQuant to evaluate changes in hippocampal T2 signal or architecture. Given
that there was no significant difference in specificity between NeuroQuant analysis and visual MR imaging analysis, NeuroQuant
can be a valuable tool when the results are positive, particularly in centers that lack neuroradiologists with expertise in epilepsy, to
help identify and refer candidates for temporal lobe epilepsy resection. In contrast, a negative test could justify a case referral for
further evaluation to ensure that false-negatives are detected.

ABBREVIATIONS: HS ¼ hippocampal sclerosis; PPV ¼ positive predictive value; NPV ¼ negative predictive value

H ippocampal sclerosis (HS) is one of the most common
neuropathologic substrates of temporal lobe epilepsy,

which often requires surgical resection in patients who are
drug resistant. The current clinical standard of practice for
the evaluation of drug-resistant seizures requires a neuroradi-
ologist’s assessment of the patient’s brain MR imaging. The
ability to detect lesions (HS or other lesions) is known to

correlate with marked improvement in surgical outcomes and
may motivate the treating neurologist to initiate a surgical
evaluation. Literature that compares the ability of general
radiologists with that of neuroradiologists with expertise in
epilepsy in identifying HS is limited but suggests a superiority
that favors trained specialists.

A study from 2002 by Von Oertzen et al1 claimed that “non-
expert” neuroradiologists who evaluated standard MRIs in
patients with temporal and extra-temporal epilepsies had a sensi-
tivity of 39% in detecting epileptogenic abnormalities compared
with 50% by neuroradiologists who had expertise in epilepsy
reading standard MRIs and 91% when reading epilepsy-dedicated
MRIs. These figures include different types of lesions; however,
the exact figures for HS sensitivity and specificity are not clear in
that study.1 Nevertheless, such performance discrepancies con-
tribute to a health care delivery gap that needs to be bridged to
allow centers without dedicated expertise to detect epileptogenic
lesions, including HS, and to better identify patients in need of
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surgical evaluation. This gap is particularly relevant, given abun-
dant literature that demonstrates the underutilization of epilepsy
surgery, partly attributed to the reluctance to refer patients who
are “nonlesional” for a surgical evaluation for fear of a lower odds
of postoperative seizure freedom.2-4

NeuroQuant is the first FDA-approved automated software
(CorTechs Labs, San Diego, California) that provides absolute
volumes of brain structures as well as the relative volume between
left- and right-sided structures (eg, left hippocampus relative to
the right hippocampus) and compares the structural volumes to a
normative control (with results reported as percentiles compared
with the normative cohort). It was previously used to assess hip-
pocampal volume changes in patients with Alzheimer disease,5

traumatic brain injury,6 and multiple sclerosis,7,8 but studies in
epilepsy have been limited by heterogeneous patient cohorts,9,10

and small sample sizes.11 Furthermore, none of these studies
were based on a histopathologic confirmation of HS as a refer-
ence standard. These limitations complicate the clinical applic-
ability and generalizability of NeuroQuant analysis for epilepsy.
The purpose of this study was to compare the clinical accuracy,
sensitivity, and specificity of a neuroradiologist with expertise in
epilepsy with that of volumetric analysis with NeuroQuant.

METHODS
Study Design and Patient Selection
We selected adult patients from our tertiary-care center who
underwent a comprehensive presurgical evaluation for temporal
lobe epilepsy resections from 2010 to 2017. The presurgical evalu-
ation consisted of clinical history, video electroencephalography,
PET, and MR imaging, in addition to SPECT, magnetoencepha-
lography, and invasive electroencephalography when indicated.
Patients were included if they had a 3T preoperative MR imaging
and a postoperative hippocampal pathology report. We excluded
patients with hippocampal tumors on pathology (n ¼ 8) to avoid
the volumetric software counting tumor as hippocampal volume
or patients with a history of epilepsy surgery (n ¼ 22). We
included a total of 144 patients in the analysis, 61 with HS con-
firmed by histopathology and 83 patients with histopathology
negative results for HS. This study was approved by the
Cleveland Clinic Institutional Review Board.

Definition of HS
Postoperative histologic analysis was reviewed by an epilepsy-
trained neuropathologist (I.B.). Each patient in this study was
classified as HSþ (histopathology diagnostic of HS) as defined by
using the most recent International League Against Epilepsy clas-
sification system of clinical-neuropathologic subtypes of mesial
temporal sclerosis,12,13 or as HS– (the hippocampus is normal on
histopathology or shows nonspecific findings). This histologic
classification was the reference standard that we used to assess
the accuracy of expert visual MR imaging analysis relative to
NeuroQuant analysis in identifying HS.

MR Imaging Visual Analysis
All MRIs in this study were acquired on a 3T scanner and were
reviewed before surgery by a neuroradiologist with expertise in
epilepsy in the setting of an interdisciplinary epilepsy patient

management conference in which patients are assessed for
potential surgical interventions. The interdisciplinary team con-
sists of neuroradiologists with epilepsy expertise, epileptologists,
epilepsy-trained neurosurgeons, and neuropsychologists. There
are 4 main neuroradiologists at our institution who provide the
preoperative MR imaging assessments for the patient manage-
ment conferences, with an average of 20 years of experience
(minimum of 3 years) with epilepsy imaging and research. Only
1 neuroradiologist at a time attends the meeting to provide an
official reading of the MR imaging.

After the case is presented, the MR imaging is reviewed and
the neuroradiologist confirms the final impression. The standard
MR imaging protocol for this study consisted of a 3T sagittal T1-
weighted sequence, axial FLAIR and DWI sequences, volumetric
coronal T1-weighted MPRAGE, thin-section coronal FLAIR, and
T2-weighted sequences. In addition, the team had access to past
MR imaging studies, the patient’s semiology, and other studies
(eg, PET, SPECT, electroencephalography) to aid in the holistic
determination of the patient’s HS status. The inclusion of other
studies beyondMR imaging also helped to lower the risk of favor-
ing a solely imaging-based diagnosis because patients could be
referred for surgery even in the absence of MR imaging findings.

Criteria for MR Imaging Signs of HS
Each patient was classified as having MR imaging signs of HS
(visual MR imaging HSþ) or not (visual MR imaging HS–) by
using features such as an increased T2/FLAIR signal, loss of
hippocampal architecture, and loss of hippocampal volume.
Ancillary signs included volume loss of the temporal pole and a
corresponding subcortical white matter signal abnormality.
There were a total of 80 visual MR imaging HS– and 64 visual
MR imaging HSþ included in this study. Any MR imaging stud-
ies that showed questionable signs of HS were classified as visual
MR imaging HS–.

Quantitative Hippocampal Volumetric Analysis by Using
NeuroQuant Software
T1 MRIs were de-identified before uploading to the NeuroQuant
servers. The NeuroQuant software segments T1 volumetric
images, quantifies various volumes of the brain, and compares
them against a normative data base adjusted for age (3 to
100 years), sex, and cranial volume.14 NeuroQuant is easy to use
and is compatible with 1.5T and 3T noncontrast MR imaging,
which creates volumetric reports in roughly 5–10minutes (Figs 1
and 2).

After uploading de-identified 3D volumetric T1 images, we
used the NeuroQuant hippocampal asymmetry report to classify
all hippocampal volumes less than the 5th percentile (compared
with the normative control group) as hippocampal atrophy
(NeuroQuant HAþ group). To further ensure that we selected an
adequate cutoff point, we also analyzed cutoff values of 7, 6, 4, 3,
and 2, and found that the 5th percentile cutoff mark recom-
mended by NeuroQuant analysis was the most sensitive and spe-
cific for hippocampal atrophy (Table 1). We further classified the
hippocampal volumes based on the side of surgery as right or left,
and used the surgical side to compare with pathology and visual
analysis results.

592 Louis Apr 2020 www.ajnr.org



Statistical Analysis
We used the first 30 cases to determine the a priori discordance rate
(how many times the results from MR imaging and NeuroQuant
analysis differed), and, by using an alpha of 0.05 to achieve a power
of 0.80, we determined that we needed at least 60 study subjects
with HS and 60 without HS. Our final study had 61 patients with
HS and 83 patients without HS. A McNemar paired test of propor-
tions was then used for sensitivity and specificity testing between
NeuroQuant analysis and MR imaging (Table 2). Because the posi-
tive predictive value (PPV) and negative predictive value (NPV) in
this study are specific to the Cleveland Clinic’s epilepsy population
and the prevalence of HS in that population, we wanted to evaluate
how the PPV and NPV would change with changes in HS preva-
lence so that our results could be applied in settings with a varying

prevalence of HS. We used the Bayes theorem (Equations 1 and 2)
to calculate PPV and NPV based on the prevalence, sensitivity, and
specificity found in this study (Figs 1 and 2).

1)
PPV ¼ sensitivity� prevalence=sensitivity�
prevalenceþ ð1 � specificityÞ � ð1� prevalenceÞ

2)
NPV ¼ specificity� ð1� prevalenceÞ=

ð1� sensitivityÞ � prevalenceþ specificity ¼ ð1 � prevalenceÞ

RESULTS
Cohort Characteristics
To examine potential confounding variables, we analyzed sex,
mean age at surgery, hippocampal volume, and side of surgery in

FIG 1. NeuroQuant triage brain atrophy report provides volumetric percentiles of left and right regions of the brain.
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the pathology HSþ and pathology HS– groups. There were no
differences between these 2 groups, except for age at surgery with
the pathology HS– group having a lower mean age (35.36 years)
compared with the pathology HSþ group (40.4 years; P ¼ .047),
with otherwise comparable cohorts (Table 3).

NeuroQuant Analysis versus MR Imaging Visual Analysis
Comparison
Next, we compared the sensitivity and specificity of NeuroQuant
analysis with MR imaging visual analysis. By using a cutoff value
of 5% for volume, NeuroQuant analysis correctly identified 42 of

61 positive cases of pathology HSþ, whereas expert visual MR
imaging analysis detected 57 of 61 cases of pathology HSþ (Table
2). NeuroQuant analysis correctly identified 75 of 83 cases of
pathology HS–, whereas expert visual MR imaging analysis
correctly identified 76 of 83 cases of pathology HS– (Table 2).
The sensitivity of the NeuroQuant analysis in detecting HS was
68.8% compared with 93.4% for visual MR imaging analysis

FIG 2. NeuroQuant hippocampal atrophy report provides volumetric percentiles of the left and right regions of the hippocampus as well as
the normative percentile of the hippocampus compared with the normative control group of patients.

Table 1: Sensitivities, specificities, PPVs, and NPVs, with varying
cutoff points of NeuroQuant analysis
NeuroQuant
Cutoff Point

Sensitivity,
%

Specificity,
%

PPV,
%

NPV,
%

,7% 44.3 68.7 50.9 62.6
,6% 42.6 68.7 50.0 62.0
,5% 68.8 90.4 84.0 79.8
,4% 39.3 71.1 50.0 61.5
,3% 37.7 74.7 52.3 62.0
,2% 31.1 78.3 51.4 60.7

Table 2: Results for NeuroQuant analysis vs visual MR imaging
analysis in identifying HS by using histopathology as the refer-
ence standard for HS

Sensitivity and Specificity Analysis

Pathology Positive
HS1 (n = 61)

Pathology Negative
HS– (n = 83)

NeuroQuant
Analysis

Visual MR
Imaging
HS1

Visual MR
Imaging
HS–

Visual MR
Imaging
HS1

Visual MR
Imaging
HS–

HSþa 41 1 4 4
HS–b 16 3 3 72

a Defined as a NeuroQuant value of ,5%.
b Defined as a NeuroQuant value of .5%.
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(P ¼ .0007) (Table 4). The specificity of the NeuroQuant analy-
sis was 90.4% compared with 91.6% for visual MR imaging
analysis (P ¼ 1) (Table 4).

By using different cutoff values of 7%, 6%, 4%, 3%, and 2%,
we found that the NeuroQuant analysis had the highest sensitiv-
ity and specificity at the cutoff value of 5, which we selected for
this study (Table 1). When using a cutoff of 7 or 6 (including
some values that NeuroQuant analysis deems normal) for HS, we
found that the sensitivity was higher than when using a narrower
cutoff window of 4, 3, or 2 (Table 1). PPV, however, was low, at
50–52%, for all cutoff values, except for the cutoff value of 5, at

which the PPV was 84.0% (Table 1).
The NPV was roughly 60–62% at cut-
off values of 7, 6, 4, 3, and 2, and was
79.8% at a cutoff value of 5.

The PPV and NPV of the Neuro-
Quant analysis in this study were
84.0% and 79.8%, respectively, whereas
the PPV and NPV of the visual MR
imaging analysis were 89.1% and
95.0%, respectively (Figs 3 and 4).
How the PPV changes for both MR

imaging and NeuroQuant analysis as the prevalence of HS
changes with an increase in PPV that occurs at a higher disease
prevalence of HS is shown in Fig 3. How NPV changes for MR
imaging and NeuroQuant analysis, with an increase in NPV as
the prevalence of HS decreases is show in Fig 4. For both NPV
and PPV, the MR imaging visual analysis had higher predictive
probabilities than did NeuroQuant analysis overall.9

DISCUSSION
Typically, HS is identified by MR imaging visual analysis based
on 3 features: increased T2 signal, structural changes or loss of
structure of the hippocampus, and decreased volume of the hip-
pocampus itself.13 In this study, we sought to determine how the
automated quantitative volumetric results reported by the
NeuroQuant analysis compared with visual MR imaging analysis
in detecting HS and found that NeuroQuant had a lower sensitiv-
ity compared with visual MR imaging analysis. Because
NeuroQuant only evaluates volume changes in the hippocampus,
in contrast to a neuroradiologist’s evaluation of T2 signal and
structural changes, it makes sense that, overall, neuroradiologists
had a higher sensitivity than did NeuroQuant analysis.

Furthermore, neuroradiologists had access to clinical infor-
mation (eg, semiology and past MR images) to which Neuro-
Quant did not have access. As a result, there was some bias
toward a neuroradiologist being able to identify a lesion on
MR imaging and having a higher sensitivity compared with the
volumetric software of NeuroQuant, which does not use clini-
cal information. Clinically, due to the lower sensitivity of
NeuroQuant analysis, if a NeuroQuant test came back nega-
tive, then follow-up work with a neuroradiologist’s assessment
is recommended to truly rule out HS.

We acknowledge the possible selection bias due to the retro-
spective nature of this study and because all the patients in this
study were surgical candidates. Another possible limitation was
that current MR imaging sequence protocols, including other
contrasts such as double inversion recovery, may improve on the
sensitivity and specificity of visual analyses for the detection of
HS compared with the protocol used in this study. However,
even if contemporary protocols could improve the sensitivity and
specificity for visual analysis in the detection of HS (which were
already high, at 93.4% and 91.6% in this study), it would not
change the performance of NeuroQuant because high-resolution
T1-weighted volumetric sequences as used in this study are still
the reference standard for volumetric measurements.

Another potential limitation was that we excluded secondary
causes of mesial temporal sclerosis, for example, temporal lobe

Table 3: Sample Demographics

Pathology HS1 Pathology HS– P
Female, n/total n (%) 27/61 (44.3) 57.8/83 (57.8) .13
Age at surgery, mean 6 SD, y 40.40 6 14.3 35.36 6 15.6 .05
MR imaging positive for HS, n/total n (%) 57/61 (93.4) 7/83 (8.4) ,.0001
Ipsilateral hippocampus volume,
mean 6 SD (cm3)

9.98 6 22.1 56.04 6 32.3 ,.0001

Contralateral hippocampus volume,
mean 6 SD (cm3)

52.79 6 32.9 58.51 6 30.0 .29

Surgery side - left, n/total n (%) 33/61 (54.1) 43/83 (51.8) .87

Note:—SD indicates standard deviation.

Table 4: Sensitivity and specificity values for NeuroQuant anal-
ysis and visual MR imaging analysis

NeuroQuant
Analysis

Visual MR Imaging
Analysis P

Sensitivity, % 68.8 93.4 .0007
Specificity, % 90.4 91.6 .99

FIG 3. PPV of visual MR imaging analysis and NeuroQuant analysis
results as the prevalence of HS increases. In our study, HS had a prev-
alence of 42.4% (black dotted line), NeuroQuant analysis had a PPV of
84%, and MR imaging had a PPV of 89.1%. With a decreased preva-
lence of HS, both MR imaging and NeuroQuant (NQ) have a
decreased PPV, whereas an increased prevalence of HS results in a
higher PPV for both analytic methods.
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tumors, that encroached on the hippocampal area; therefore,
the generalizability of dual pathology needs to be further eval-
uated because the results of this study could not be applied to
patients with hippocampal tumors. Similarly, patients with a
previous stroke, trauma, or surgery would likely not benefit
from a NeuroQuant analysis due to morphologic variation that
NeuroQuant is likely not equipped to account for at this time.

Furthermore, it is not possible to make direct comparisons
with our study and that of Von Oertzen et al.1 This is because
Von Oertzen et al1 primarily analyzed the results of standard
MRIs reported by “nonexpert” radiologists, standard MRIs eval-
uated by epilepsy “expert” radiologists, and then epilepsy-specific
MR imaging protocols read by “expert” radiologists in 123
patients with temporal and extratemporal lobe epilepsies with
varying types of underlying lesions. In addition, because Von
Oertzen et al1 evaluated 1.5T MRIs acquired between 1996 and
1999, the resolution in our study was superior because MRIs
were acquired in a 3T scanner between 2010 and 2017.

The specificity between NeuroQuant analysis and visual MR
imaging analysis was not statistically different (P ¼ 1). Given the
high specificity of both NeuroQuant analysis and visual MR
imaging analysis by a neuroradiologist, along with NeuroQuant’s
PPV of 84% (compared with the visual MR imaging analysis PPV
of 89.1%), if a NeuroQuant test came back positive, then the
treating neurologist could be confident that HS is very likely the
potential epileptic substrate and may consider referral for an epi-
lepsy surgery evaluation if clinically indicated: the PPV and speci-
ficity of the NeuroQuant report is comparable with that of a
neuroradiologist’s assessment.

This would especially be of use in centers with limited resour-
ces and that do not have neuroradiologists with expertise in

epilepsy. These centers could use NeuroQuant to help decide
when a further work-up and referral to a center with a trained
radiologist is essential (negative NeuroQuant assessment for HS)
versus when a patient can be referred for surgery (positive result
on NeuroQuant analysis for probable HS). Even in tertiary cen-
ters where specialized neuroradiology resources are available,
NeuroQuant could help streamline workflows and optimize
resource utilization, even if it may not be able to capture all true
cases of HS due to its low sensitivity.

Other studies looked into quantifying structural changes of
the hippocampus and changes in the T2 signal as a means of cap-
turing HS on MR imaging. However, these tools are not FDA-
approved; NeuroQuant is.15,16 It is hoped that, in the future, these
tools will be more readily available to better supplement the
detection capability of NeuroQuant.

Given that many complex epilepsy cases with refractory epi-
lepsy are often referred to the Cleveland Clinic, we may have an
overinflated population of medically refractory HS (a prevalence
of 42.4% in this study). We are aware that the PPV and NPV for
visual MR imaging analysis and NeuroQuant analysis in this
study are specific to the Cleveland Clinic’s population of patients
with temporal lobe epilepsy (particularly those with medically in-
tractable epilepsy) and that the predictive power of NeuroQuant
may change with a varying prevalence of HS. To account for
ranges in HS prevalence based on different institutions across the
United States and their prevalence of pharmacoresistant temporal
lobe epilepsies, we plotted how the PPV and NPV would change
with a lower and higher prevalence of HS in Figs 3 and 4,
respectively.

The PPV of MR imaging and NeuroQuant analysis decreased
with a lower prevalence of HS; however, overall, the PPV of MR
imaging and NeuroQuant analysis were similar, with the largest
difference in PPV being 10.9% at a prevalence of 11% for HS.
This suggests that, even if the prevalence of HS at other institu-
tions is slightly under our prevalence of 42.4%, the PPVs of MR
imaging and NeuroQuant analysis are comparable enough that a
positive result on NeuroQuant analysis could potentially hold the
same value as a positive MR imaging radiologist assessment in re-
ferring a patient for surgery without needing to refer the patient
to other centers. However, at any prevalence of HS, MR imaging
had an overall higher NPV, which suggests a negative test on
NeuroQuant should always be followed up with a neuroradiolo-
gist’s assessment to ensure that any true HS cases are not missed
(Fig 3).

Because NeuroQuant works by uploading a patient’s T1 MR
imaging volumetric sequence, it is a quick and easy test to run
because most of these patients will already have MR imaging as
part of their presurgical evaluation. As a result, a positive
NeuroQuant result could be a very useful tool in helping neurolo-
gists better define and recommend patients with temporal lobe
epilepsy for surgical resection.

CONCLUSIONS
Overall, MR imaging analysis by a neuroradiologist with expertise
in epilepsy has both a higher sensitivity and specificity than
NeuroQuant analysis, which makes it an overall better assessment
tool for HS. However, there is a potential clinical role for

FIG 4. NPV of visual MR imaging analysis and NeuroQuant analysis
results as the prevalence of HS increases. In our study, HS had a prev-
alence of 42.4% (black dotted line). In areas with a lower prevalence
of HS than our institution, the NPV increases for both MR imaging
and NeuroQuant.

596 Louis Apr 2020 www.ajnr.org



NeuroQuant in lower resource centers that do not have access to
epilepsy-trained radiologists to use NeuroQuant to assess drops
in hippocampal volume status to consider referring patients with
positive NeuroQuant test results for surgery, while pursuing fol-
low-up and trained neuroradiologist consults for patients with
negative NeuroQuant test results.
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