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ABSTRACT

BACKGROUND AND PURPOSE: Identification of mesial temporal sclerosis is critical in the evaluation of individuals with temporal lobe
epilepsy. Our aim was to assess the performance of FDA-approved software measures of hippocampal volume to identify mesial temporal
sclerosis in patients with medically refractory temporal lobe epilepsy compared with the initial clinical interpretation of a neuroradiologist.

MATERIALS AND METHODS: Preoperative MRIs of 75 consecutive patients who underwent a temporal resection for temporal lobe
epilepsy from 2011 to 2016 were retrospectively reviewed, and 71 were analyzed using Neuroreader, a commercially available automated
segmentation and volumetric analysis package. Volume measures, including hippocampal volume as a percentage of total intracranial
volume and the Neuroreader Index, were calculated. Radiologic interpretations of the MR imaging and pathology from subsequent
resections were classified as either mesial temporal sclerosis or other, including normal findings. These measures of hippocampal volume
were evaluated by receiver operating characteristic curves on the basis of pathologic confirmation of mesial temporal sclerosis in the
resected temporal lobe. Sensitivity and specificity were calculated for each method and compared by means of the McNemar test using
the optimal threshold as determined by the Youden J point.

RESULTS: Optimized thresholds of hippocampal percentage of a structural volume relative to total intracranial volume (�0.19%) and the
Neuroreader Index (��3.8) were selected to optimize sensitivity and specificity (89%/71% and 89%/78%, respectively) for the identifi-
cation of mesial temporal sclerosis in temporal lobe epilepsy compared with the initial clinical interpretation of the neuroradiologist (50%
and 87%). Automated measures of hippocampal volume predicted mesial temporal sclerosis more accurately than radiologic interpreta-
tion (McNemar test, P � .0001).

CONCLUSIONS: Commercially available automated segmentation and volume analysis of the hippocampus accurately identifies mesial
temporal sclerosis and performs significantly better than the interpretation of the radiologist.

ABBREVIATIONS: EEG � electroencephalography; MTS � mesial temporal sclerosis; NRI � Neuroreader Index; %Vol � percentage of a structural volume relative
to total intracranial volume

Mesial temporal lobe epilepsy is one of the most common

forms of epilepsy.1 Temporal lobectomies for resection of

an epileptogenic lesion are effective in reducing or even eliminat-

ing seizures and/or reducing the number of medications required

for seizure management.2,3 Seizure semiology and scalp electro-

encephalography (EEG) remain critical for defining seizure onset.

Concordant scalp EEG demonstrating a unilateral mesial tempo-

ral onset with unilateral mesial temporal sclerosis (MTS) predicts

postresection seizure freedom in up to 78% of patients.4 In the

absence of an identifiable abnormality on MR imaging, invasive

monitoring with surgical placement of intracranial electrodes is

often necessary to confirm the localization of seizures measured

by scalp EEG. In these instances, nonlesional MR imaging and

intracranial monitoring demonstrating a mesial temporal seizure

focus predict postresection seizure freedom in approximately

76% of patients.5 The presence of a positive MR imaging finding

with concordant scalp EEG may be equivalent to more invasive

monitoring for the localization of seizure and concordant EEG

and MR imaging demonstrating MTS are considered sufficient to

proceed directly to surgical resection.6 Thus, sensitive identifica-

tion of MTS is critical to identify patients who may benefit from a

resection.

Radiologically, mesial temporal sclerosis is suggested by the

recognition of volume loss and T2 signal hyperintensity. This sub-
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jective interpretation can be difficult, especially with underlying

diffuse cerebral volume loss as is commonly present in elderly

individuals or in individuals with prior brain injury from trauma

or infection, for example. Furthermore, although radiographi-

cally defined MTS relies on the presence of T2 signal abnormality,

it is well-established that pathologically defined lesional MTS is

discovered in cases in which the radiographic findings are very

subtle and resection is primarily directed by invasive monitoring

and seizure semiology. Reliable, objective tools to quantify vol-

ume loss, accounting for age and sex, would help overcome inter-

observer variability and false-negative reporting, which can lead

to delay or failure to identify an epileptogenic lesion potentially

amenable to surgical intervention.

Neuroreader (Brainreader, Horsens, Denmark) calculates vol-

umes and volumetric indices of specified brain regions, including

hippocampal formations, on the basis of high-resolution T1-

weighted MR imaging of the brain, using a variety of age- and

sex-variable templates and normative data bases.7 MR imaging–

based estimates of volume correlate with the interpretation of

radiologists in a study of hippocampal volume loss in Alzheimer

disease but perform better than radiologists when the clinical

manifestations (and presumably the pathology) are more subtle.8

A different commercially available software platform, Neuro-

Quant (CorTech Labs, San Diego, California) was shown to be

equivalent to the identification of hippocampal volume asymme-

try by a radiologist.9 Manual estimation of hippocampal volumes

failed to routinely identify a distinguishing threshold to identify

abnormal hippocampi in epilepsy, and is time-prohibitive.10,11

The predictive value of imaging-based hippocampal volume esti-

mation before epilepsy surgery has, however, been established

using a variety of research-based automated techniques,12-18 but

not with a clinically applicable or standardized solution. Valida-

tion of a clinically integrated method is necessary for implemen-

tation into routine practice. We chose this software on the basis of

its FDA-approved status, robust and automated registration, and

availability of normative comparison adjusted for age and sex.

We propose that automated volumetric analysis of MR imag-

ing using the Neuroreader will correctly identify MTS by detect-

ing hippocampal volume loss. The purpose of this study was to

assess the performance of automated MR imaging– based mea-

sures of hippocampal volume to identify MTS in patients with

medically refractory temporal lobe epilepsy compared with the

interpretation of a neuroradiologist and to establish normative

values to validate the method for clinical application.

MATERIALS AND METHODS
This study was approved by the University of Pittsburgh institu-

tional review board. Informed consent was not required by the

institutional review board given the retrospective nature of the

study and the use of data acquired as part of an ongoing quality-

assurance initiative.

Study Population
In this retrospective study, all subjects were adults (older than 18

years of age) who had undergone temporal lobectomy between

2011 and 2016 for treatment of epilepsy following consensus rec-

ommendation of the operation by the University of Pittsburgh

Medical Center Multidisciplinary Epilepsy Patient Management

team. Seventy-five consecutive patients were identified during

this time period. Preoperative evaluations included a detailed his-

tory, physical examination performed by a neurologist specialized

in epilepsy care, scalp EEG, and 3T epilepsy protocol MR imaging

in all patients. Magnetoencephalography, ictal single-photon

emission CT, positron-emission tomography, and/or evaluation

in an inpatient epilepsy-monitoring unit, including intracranial

EEG monitoring, were added when indicated for seizure localiza-

tion. Review of the clinical record was performed to obtain age,

sex, and side of the operation. Four subjects were excluded for

lack of imaging suitable for volumetric analysis.

Pathologic Reference Standard
Pathology reports of the resections were reviewed by a board-certi-

fied neuropathologist (C.A.W.) with �25 years of experience, and

findings were classified as normal, MTS, or other (non-MTS lesion,

including low-grade tumors, cavernous malformations, and dyspla-

sia), with the reviewer blinded to the volumetric results. MTS was

identified by the following criterion: discrete hippocampal damage

consisting of neuronal loss and astrocytosis predominantly in the

CA1 region but potentially including the end folium (CA4) and

subiculum.

MR Imaging and Analysis
All included subjects had at least 1 clinical epilepsy protocol MR

imaging performed, including an isotropic T1-weighted sequence

acquired in either axial or coronal planes. The specific parameters

varied slightly during 6 years (Discovery MR750w or Optima

MR450w, BRAVO [GE Healthcare, Milwaukee, Wisconsin]:

1.5T–3T 3D fast spoiled gradient (FSPGR) BRAVO [GE Health-

care]; TR, 9.8 –10.9 ms; TE, 4.1– 4.5 ms; TI, 450 ms; flip angle,

8°–13°, NEX, 1; FOV, 250; matrix, 320 � 256 –350 � 288; 1.2-mm

thickness; 0.6- to 1.2-mm spacing; Tim Trio [Siemens, Erlangen,

Germany]: 3T MPRAGE; TR, 2110 ms; TE, 2.6 ms; TI, 1100 ms;

flip angle, 8°; NEX, 1; FOV, 75%; matrix, 256 � 192; 1.5-mm

thick). All volumetric series were inspected for artifacts or large

structural lesions that would interfere with the segmentation pro-

cess. The volumetric sequence was then analyzed using Neu-

roreader.7 Output included measures of total intracranial and

hippocampal volumes with calculation of the relative hippocam-

pal volume as a percentage of total intracranial volume (%Vol)

and the Neuroreader Index (NRI), a nonparametric index of size

compared with a normative data base accounting for age and sex.

If a subject had both axially and coronally acquired volumetric

studies before the operation, both were analyzed and the resulting

values were averaged.

Radiology reports from the relevant imaging acquired before

the operation were reviewed and classified as having normal find-

ings, MTS, or other (non-MTS lesion or equivocal abnormalities

not meeting the radiologic criteria for MTS as defined by volume

loss and T2 signal hyperintensity).19 All MR imaging studies were

interpreted by 1 of 12 Certificate of Added Qualification– certified

academic neuroradiologists as part of routine clinical practice, to

reflect real-world comparison of the software with radiologic in-

terpretation. The volumetric T1 sequence was used along with all

other routine clinical pulse sequences in the radiologic assess-
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ment. The interpretation of a radiologist was considered positive

for MTS if MTS was offered as the most likely diagnosis in the

radiology report.

Statistical Analysis
The reference standard was pathologic interpretation of either

MTS or non-MTS (including other pathologies or normal find-

ings). Receiver operating characteristic curves were generated for

the hippocampal NRI and %Vol for both sides of the operation

and contralateral brain. Area under the curve and Youden J point

were calculated for each measure. Sensitivity, specificity, and ac-

curacy based on a threshold value determined by the Youden J

point were then compared with the radiologic interpretation us-

ing the nonparametric McNemar test. All statistics were per-

formed with SPSS Statistics for Windows, Version 24.0 (IBM,

Armonk, New York).

RESULTS
Seventy-five subjects underwent temporal lobectomy during the

study period. Four subjects were excluded for inadequate imag-

ing. Twenty-six subjects had pathologic findings consistent with

MTS, while 45 subjects had either normal findings or demon-

strated other pathology. Basic demographics, incidences of non-

MTS pathologies, and other features comparing the 2 groups are

presented in Table 1. There were no significant differences be-

tween relevant demographics between the groups classified as

MTS versus non-MTS. Minor variations in the T1 volumetric

imaging acquisition parameters did not differ between the 2

groups.

Receiver Operating Characteristic Curves for
Identification of MTS
Hippocampal %Vol classified the presence or absence of ipsilat-

eral MTS with an area under the curve of 0.818 (P � 0.001);

contralateral %Vol was not significantly correlated with MTS sta-

tus (area under the curve � 0.602, P � .151). The NRI of the

hippocampus classified the presence or absence of ipsilateral MTS

with an area under the curve � 0.800 (P � 0.001); the contralat-

eral NRI was not significantly correlated with MTS status (area

under the curve � 0.560, P � .399). Receiver operating charac-

teristic curves are demonstrated in Fig 1.

Comparison of Automated
Segmentation Measures and
Radiology Reporting
The Youden J point identified ideal

thresholds for hippocampal NRI ��3.80

and %Vol �0.19% (Table 2). Pair-wise

comparisons with the McNemar non-

parametric test demonstrated that auto-

mated volumetric techniques performed

significantly better than the interpretation

of a radiologist for classification of MTS;

there was no significant difference be-

tween the 2 automated volumetric mea-

sures, NRI or %Vol. Figure 2 presents 3

examples of left mesial temporal sclerosis,

the corresponding clinical read, and the re-

sults from Neuroreader volumetric analysis.

DISCUSSION
Objective identification of hippocampal

volume loss is associated with improved

outcome from an epilepsy operation.12

We used a commercially available soft-

ware platform to demonstrate that auto-

mated volumetric measurements of pre-

operative brain MR imaging accurately

predict pathologic evidence of MTS in

TLE. Because MTS is one of the most

FIG 1. Receiver operating characteristic curve for mesial temporal sclerosis. The volume of the
hippocampi corrected for total intracranial volume and the Neuroreader Index, a nonparametric
comparative statistic derived from age- and sex-adjusted normative data, were calculated and
evaluated for their ability to classify patients with pathology-proved mesial temporal sclerosis.
Receiver operating characteristic curves from ipsilateral and contralateral hippocampal volume
measures relative to the subsequent side of surgery are presented. Note that contralateral
volumes appear skewed away from the 45° diagonal.

Table 1: Demographics and details of the operation, pathology,
and imaging evaluation

MTS
(n = 26)

Normal
or Other
Findings
(n = 45)

Age at operation (mean) (SD) (yr) 43.7 (12.9) 42.0 (13.1)
Female sex (No.) (%) 14 (54%) 18 (40%)
Left temporal lobectomy (No.) (%) 14 (54%) 23 (51.1%)
Normal pathologic findings (No.) (%) 0 (0%) 23 (51.1%)
Other pathology (No.) (%)

Low-grade glioma 0 (0%) 7 (15.5%)
Dysplasia 1 (3.8%) 3 (6.7%)
Cavernous malformation 0 (0%) 3 (6.7%)
Gliosis or old infarct 0 (0%) 4 (8.9%)

Volumetric T1 acquisition (No.) (%)
Axial only 6 (23%) 8 (17.8%)
Coronal only 6 (23%) 10 (22.2%)
Both 14 (54%) 27 (60%)
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common lesions identified in this population before an opera-

tion, automated methods may be useful adjuncts to help radiolo-

gists more confidently identify lesions potentially amenable to

surgical resection. Identification of epileptogenic lesions such as

MTS can alter the treatment course for individuals with medically

intractable epilepsy, prompting a more in-depth evaluation at a

center dedicated to epilepsy surgery, informing a plan to confirm

a seizure origin, and potentially avoiding more aggressive invasive

diagnostic tests before the operation.6 Indeed, intracranial seizure

monitoring is associated with a significant risk because up to 9%

of patients will experience surgical complications associated with

their procedure, such as hemorrhage, infection, or CSF leak.20

Hippocampal volume as a percentage of total intracranial vol-

ume and the NRI, a proprietary nonparametric index derived

from comparison with normative databases accounting for age

and sex, accurately identified MTS on the basis of preoperative

imaging. Of note, the NRI did not perform significantly better

than the %Vol measure, suggesting that the effect of age and sex

did not substantially confound predictions when using this soft-

ware in this population. Alternatively, the registration and

segmentation strategy used by the software, in which best-fit tem-

plates are identified before registration, may help to pre-emp-

tively account for age- and sex-related volume differences. A

larger analysis of older patients would be helpful to further un-

derstand the specific contribution of accounting for these factors.

Others have suggested using asymmetry indices. We found these

measures to be inferior to individual volumes, potentially due to

contralateral temporal lobe volume loss that has been described

with MTS21; indeed, Fig 1 demonstrates that the contralateral

temporal lobe volume was slightly skewed away from the 45°

FIG 2. Volumetric analysis. A–C, Three patients with left mesial temporal sclerosis of varying conspicuity on MR imaging. Clinical reads and
volumetric measures of the abnormal left and normal right hippocampal formations are presented below the images. D, Representative
registration and segmentation. Hippocampal volumes are denoted by bright green (right) and dark blue (left) in a patient with left mesial
temporal sclerosis.

Table 2: Comparison of Neuroreader measures with radiologist
interpretation for detection of MTS

SENS SPEC ACCUR AUC P
P,

McNemara

%Vol �0.193 89% 71% 77% 0.818 �0.001 �0.001
NRI ��3.807 89% 76% 81% 0.800 �0.001 �0.001
Radiologist 50% 87% 73% NA NA NA

Note:—SENS indicates sensitivity; SPEC, specificity; ACCUR, accuracy; NA, nonappli-
cable; AUC, area under the curve.
a The McNemar nonparametric test demonstrates significant differences using the
provided thresholds compared with the interpretation of a radiologist for detection
of mesial temporal sclerosis.
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angle line on the receiver operating characteristic curve, which

would potentially degrade the sensitivity of asymmetry indices.

T2 signal intensity in the hippocampal formation is a tradi-

tional hallmark of mesial temporal sclerosis, but it was not specif-

ically taken into consideration regarding the volumetric-based

classification of disease. Although this approach goes against the

traditional interpretation of MTS, we believe that overt MTS

characterized by asymmetric volume loss and T2 hyperintensity is

usually evident to the interpreting neuroradiologist and the pri-

mary added value of volumetric analysis would be to identify

more subtle manifestations of MTS, which may not have substan-

tial signal abnormality, thereby increasing sensitivity. Indeed,

many of the discordant analyses between the radiologist and the

automated volumetric analysis were in the context of false-nega-

tive radiology reporting. Conversely, non-MTS pathology such as

tumors or focal cortical dysplasia is likely more evident to the

radiologist, and false-positives potentially generated by auto-

mated segmentation would have little impact.

The incidence of MTS in this cohort (26/71, 37%) is not dis-

similar to the report of Cohen-Gadol et al22 of 28% in a cohort of

399 patients without lesions, and the report of Tassi et al23 of

approximately 46% (mixed and isolated hippocampal sclerosis).

Aggressive intracranial EEG monitoring using depth electrodes

and grids has become more common, identifying more subtle,

lateralizing temporal lobe epilepsy than before. Furthermore,

there is growing recognition of mesial temporal lobe epilepsy

amenable to resection, but without specific histopathology.24 The

number of cases with normal pathologic findings in this cohort

may, in part, reflect nonsclerotic temporal lobe epilepsy, while

other normal pathologic findings may simply reflect a damaged or

incomplete specimen that pathology could not reliably interpret

as anything but normal. Last, there is likely some degree of insti-

tutional bias to the overall makeup of the patients included in this

cohort, given that different subspecialty services such as oncologic

surgery may be involved with resection of more obvious tumor-

related seizure onset, and thus were not captured in this cohort.

Inclusion of all temporal lobe resections meant that a small

proportion of the studied individuals had mesial temporal in-

volvement of tumors, cavernous malformations, or dysplasia;

most important, these were not generally misclassified by volu-

metric analysis (2 of 18). In one of these cases, an oligodendrogli-

oma was correctly identified by the radiologist irrespective of the

volume measure. The single case that was classified incorrectly by

both the radiologist and Neuroreader as MTS was diagnosed as a

cortical dysplasia by pathology. Thus, it is in this mixed setting

that we suggest that the software would best complement inter-

pretation of the radiologist and contribute to greater value of

imaging interpretation.

Volumetric analysis of brain regions, particularly the hip-

pocampus, is not new. From manual, semimanual, automated,

and machine learning algorithms, the value of volumetric mea-

sures of regional brain structures has been recognized in many

studies, including in the fields of epilepsy, dementia, and trau-

matic brain injury.11,16-18,25,26 However, many of these ap-

proaches use software or processes that are not FDA-approved or

require a prohibitive amount of time to complete, rendering them

difficult to incorporate into routine clinical practice or replicate at

different sites. The relative merits of accuracy for each of these

methods could be debated; however, there is clear value in the

consistency and availability of a methodology to assist in tradi-

tional interpretation, and these data validate the use of volumetric

analysis in this clinical context and establish normative values for

clinical implementation. Future studies to determine which com-

mercial applications perform best or most reliably for specific

populations and indications would provide helpful guidance.

A limitation of this study was the retrospective nature of anal-

ysis, including only those individuals who had undergone tempo-

ral lobectomy. Future investigation requiring greater numbers of

participants will better address the role of prospective volumetric

analysis in epilepsy evaluations, including patients with bitempo-

ral seizure onset, and the contribution to prognostication of sur-

gical outcome. Our study did not directly assess the benefit of

prospective interpretation when using the volumetric software.

MR imaging interpretation was also made by a group of radiolo-

gists rather than a single reader, likely increasing variability but

reflecting typical real-world workflow. A comprehensive review

of the MRIs was not performed because we wanted to demon-

strate the contribution of volumetric analysis to the true clinical

read. Last, we did not consider the side of the operation or hand-

edness of the individuals in developing our thresholds, assuming

that a single-volume threshold could be applied to both the left

and the right hippocampal formations in the general popula-

tion, which is predominantly right-handed. Previous studies

have shown that there are no significant differences between

the left and right hippocampal volumes in right-handed indi-

viduals,27 though a small-but-statistically significant differ-

ence was reported for left-handed individuals. A variety of

scanners and volumetric protocols was included in the analy-

sis, but without bias toward one group or the other. The soft-

ware is built to robustly analyze data across platforms for con-

sistent clinical application.

Future investigation should focus on directly comparing the

performance of the volumetric software alone with the perfor-

mance of a radiologist using the volumetric software in a prospec-

tive manner. We propose that the interpretation of a radiologist

would be complemented by automated hippocampal volumet-

ric measures for optimal diagnostic accuracy. While the radi-

ologist will likely best identify obvious lesions such as ad-

vanced MTS, a cavernous malformation, cortical dysplasia, or

tumor, accuracy for identification of subtle mesial temporal

sclerosis will be increased given the improved sensitivity pro-

vided by the volumetric analysis. We predict that radiologists

will experience increased confidence in their interpretations

when using this software and describing normal study findings

or subtle manifestations of mesial temporal sclerosis based on

the thresholds and parameters presented above. The slightly

lower specificity of the volumetric analysis is acceptable and

may, in some way, be mitigated by the radiologists. In addition,

the decision to proceed with an operation takes into account

many other data, including scalp and intracranial EEG analy-

sis, seizure semiology, and neurocognitive testing as well as

other imaging modalities such as PET, ictal/interictal SPECT,

and magnetoencephalography.
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CONCLUSIONS
Automated segmentation and volumetric analysis using Neu-

roreader perform significantly better than subjective evaluation

by a radiologist for preoperative identification of MTS in patients

with mesial temporal lobe epilepsy. On the basis of this dataset, we

propose that hippocampal %Vol of �0.19% or NRI of ��3.8,

should be considered strongly suggestive of MTS.
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