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Abstract
Objective: To evaluate the influence of quantitative reports (QReports) on the radiological assessment of hippocampal
sclerosis (HS) from MRI of patients with epilepsy in a setting mimicking clinical reality.
Methods: The study included 40 patients with epilepsy, among them 20 with structural abnormalities in the mesial temporal
lobe (13 with HS). Six raters blinded to the diagnosis assessed the 3TMRI in two rounds, first using MRI only and later
with both MRI and the QReport. Results were evaluated using inter-rater agreement (Fleiss’ kappa k) and comparison
with a consensus of two radiological experts derived from clinical and imaging data, including 7TMRI.
Results: For the primary outcome, diagnosis of HS, the mean accuracy of the raters improved from 77.5% with MRI only
to 86.3% with the additional QReport (effect size d = 1.43). Inter-rater agreement increased from k = 0.56 to k = 0.72.
Five of the six raters reached higher accuracies, and all reported higher confidence when using the QReports.
Conclusion: In this pre-use clinical evaluation study, we demonstrated clinical feasibility and usefulness as well as the
potential impact of a previously suggested imaging biomarker for radiological assessment of HS.
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Introduction

Hippocampal sclerosis (HS) is the most frequently ob-
served pathology in treatment-refractory mesial temporal
lobe epilepsy [1]. For detecting such structural epilepto-
genic lesions, magnetic resonance imaging (MRI) with
appropriate protocols is pivotal [2–5]. Radiological signs
of HS include volume loss and T2/FLAIR signal alterations
[6], whereas a loss of the hippocampal internal architecture
is difficult to demarcate on 3T imaging [7]. The radio-
logical interpretation from MRI is predominantly a visual
task by qualitatively assessing the images, although quan-
titative volumetry has been generally recommended [8].
Ultra-high-field (UHF) MR imaging at 7 Tesla has shown
promising results in epilepsy [9–11], e.g., better visualiza-
tion of the hippocampal internal architecture [12]. Since
2017, 7TMRI has been cleared for clinical applications and
implemented beyond research setting in neuro – and mus-
culoskeletal imaging1. The available evidence and current

1 FDA news release, 2017. https://www.fda.gov/news-events/press-an
nouncements/fda-clears-first-7t-magnetic-resonance-imaging-device.
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consensus recommendations support the use of 7TMRI in
patients with epilepsy with specific clinical questions [13,
14]. However, only a minority of patients will have access
to 7T imaging due to the limited availability of the devices
and high costs.

The literature contains a plethora of suggestions for auto-
mated methods to analyze MRI in epilepsy, increasingly by
employing artificial intelligence [15]. Such techniques are
often evaluated by assessing the accuracy against a ground
truth [16–19], or contrasting accuracies with radiological
reading alone [18, 20]. Given that medical decision support
tools are usually intended to be used as supportive informa-
tion for radiologists and not as a replacement, evaluation
should be performed accordingly. However, even among
commercial products with CE/FDA label, only a minority
have tested and demonstrated clinical efficacy [21–23] as
this is currently not a requirement for CE/FDA clearance.

The quantitative neuroradiology initiative (QNI) [24] has
proposed a framework comprising six steps for the techni-
cal and clinical validation necessary to embed automated
image quantification software (QReports) into the clinical
neuroradiology workflow. Likewise, [21] described six lev-
els of efficacy to assess the contribution of automated tools
in a diagnostic process, ranging from technical efficacy in
level I over diagnostic thinking (level III) and therapeutic
(IV) efficacy to societal effect in level VI.

An imaging biomarker for HS using cross-sectional area
and T2 relaxometry profiles along the hippocampal poste-
rior-anterior axis was described by [25]. In a subsequent
evaluation study, [26] reported increased accuracies with
a very large effect size (d = 1.23 for neuroradiologists)
when using the additional QReports.

We have previously proposed an imaging biomarker to
support the radiological assessment of HS [19]. In brief, it is
based on accurate segmentation from T1-weighted MRI us-
ing deep-learning (DL) [27, 28] from which the surface-to-
volume ratio of the hippocampi is calculated. The metrics
are presented in a graphical report allowing direct inter-
pretation by radiologists. A standalone evaluation against
a ground truth revealed higher robustness and accuracies
compared to non-DL based methods. In the present clinical
validation study, we extend the evaluation by quantifying
the impact when used to complement and inform expert
assessment. MRI from 40 patients with epilepsy were as-
sessed by six raters with and without additional QReports
for the presence of HS and hippocampal volume abnor-
malities. Owing to the increased attention of amygdala en-
largement in TLE [29, 30], the raters were asked to estimate
amygdala volume abnormalities as well.

Materials andMethods

Patient Cohort

A total of 40 patients with an established diagnosis of
epilepsy were included in this evaluation study, all exam-
ined with both 3T and 7T MR imaging at the Bern Univer-
sity Hospital (Inselspital) between August 2019 and May
2022. Patients were referred to 7T imaging during phase
I or phase II evaluation [31]. Among these patients were
20 cases with radiological abnormalities in the mesial tem-
poral lobe, thereof 13 who fulfilled the imaging criteria
of HS. Additional 20 cases were added to the cohort with
no known abnormalities in the mesial temporal lobe, re-
sulting in a total of 40 cases (demographic details listed
in Table S1).

A radiological “ground truth” for the presence of ra-
diological signs of hippocampal sclerosis was established
by consensus of two experienced imaging experts (R. W.,
7 years experience in neurology/epileptology and 20 years
in neuroradiology, and P. R., 10 years experience in neu-
roimaging, expert in 7T neuroimaging), taking into account
all available clinical information including the 7T imaging
and quantitative information from morphometry as recom-
mended by [8].

MRI were acquired on 7T and 3T scanners from Siemens
following the HARNESS-MRI protocol recommendations
[4] which includes high-resolution 3D isotropic T1 and
FLAIR, and 2D sub-millimeter T2 acquired perpendicular
to the long axis of the hippocampus.

Quantitative Reports

The QReports were generated based on the T1-weighted
sequences of 3TMRI using the previously described
method [19]. The publicly available version of DL+DiReCT
(https://github.com/SCAN-NRAD/DL-DiReCT) was used
for anatomical segmentation [27] from which volumes and
surface-to-volume ratios were extracted.

A report comprises four parts as shown in Fig. S2. First,
the hippocampal surface-to-volume ratios from both hemi-
spheres are plotted against each other. In this display, sym-
metric hippocampi tend to appear close to the diagonal line.
In addition, the volumes of the hippocampi and amygdalae
are shown in a similar scheme. Lastly, a 3D rendering of
the hippocampus segmentations is presented.

Neuroradiological Rating

Six MDs with different specialization and levels of experi-
ence participated as raters in the study, among them three
neurologists (two specialized in epilepsy), two neuroradiol-
ogists and one radiologist in training (Table 1). The raters
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Fig. 1 Study design: The raters
assessed all 40 cases twice,
first using MRI only and after
a wash-out period using MRI
and QReports

assessed all 40 cases twice: in the first round using only
the MRI and in the second round using both the MRI and
the quantitative reports (Fig. 1). Blinded to the exact di-
agnosis at referral and clinical information, the raters were
instructed to assess the mesial temporal structures of these
patients with epilepsy. Findings were captured in a struc-
tured form (Fig. S1) and included the presence of radiologi-
cal appearance of hippocampal sclerosis, as well as volume
asymmetries and abnormalities of hippocampus and amyg-
dala. For each question, the raters’ confidence scores from
1 (“not at all”) to 5 (“very confident”) were recorded.

The anonymized MR images were assessed directly in
the viewer of the clinical picture archiving and communi-
cation system (PACS) (Sectra IDS7, version 23.1; Sectra
AB, Linköping, Sweden), allowing the raters to work in
their routine environment. Besides the MRI, only informa-
tion about the sex and age of the patient was available to
the raters.

The second assessment was performed after a break of
at least 30 days (“wash-out” period) using both, the MRI
and the QReports. Before starting their assessments, the
raters received a detailed introduction and explanation of
the quantitative reports. They were informed that the cases
and corresponding reports were not pre-selected, i.e., reflect
clinical reality and might, therefore, potentially also contain
false positives/negatives. Raters were advised to first look
at the MRI and then the QReport and that the final decision
shall be made based on all available information as well
as on their individual experience. Although the cases were
identical to the first round, they were presented in a different
random order.

Both rounds were preceded by a warm-up phase in which
the raters assessed a different set of 10 cases according to
the rating procedures described above. The purpose of this
phase was to identify any ambiguities resulting from the
procedure, uncover potential technical issues, and for the
raters to become familiar with the procedure and flatten
their learning curves before the actual rating. The raters
received no feedback on their performance, neither after
the warm-up phases nor after the first round.

Statistical Analysis

We compared the categorical ratings to the ground truth and
calculated per rater accuracies for each round (a rating was

considered as correct only if identical to the ground truth,
including lateralization). Differences in accuracies between
the two rounds were quantified using effect sizes. Effect
sizes were reported using Cohen’s d [32], considering d >

0.8 as large [33] and d > 1.2 as very large effect sizes [34].
Inter-rater agreements were calculated using Fleiss’ kappa
k7 [35, 36].

Volume asymmetries were quantified by calculating an
asymmetry index:

AI.lh; rh/ =
lh − rh

lh + rh
(1)

where lh and rh represent the volumes measured on the
left and right hemisphere, respectively.

Statistical analyses were performed in R version 4.2.1
[37] with the packages effsize [32] for Cohen’s d and irr
[36] for Fleiss’ kappa. Plots of the reports were created with
ggplot2 [38] and the renderings of the hippocampi with the
freeview tool from FreeSurfer 7.0 [39].

Results

Including the warm-up phases, a total of 600 examinations
with � 1800MRIs were assessed, and 3600 data points
were recorded by the six raters altogether (6 raters, 50 cases
with 2 readings, at least 3 images per examination, 6 an-
swers in the reporting form). The mean accuracy across all
six raters regarding presence of HS was 77.5% in the first
round with the availability of MRI only (Table 1). Five out
of six raters reached a higher accuracy in the second round
with the additional QReport available, resulting in a mean
accuracy of 86.3% (Fig. 2). The accuracies improved by
a very large effect size of d = 1.43. All raters perceived
a higher confidence of their rating in the second round. In
contrast, if one would use the QReports alone with three
standard deviations (SD) as the decision boundary, an ac-
curacy of 87.5% would result (Fig. S3). The presence of
HS was overestimated by the raters in the first round (in
total 36 false positive [FP] ratings and 16 false negative
[FN] ratings pooled across all raters), with a more balanced
ratio in the second round (13 FP, 17 FN), as depicted in the
pooled confusion matrices (Fig. S11).
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Table 1 Overview of the six raters. R1–R3 are neurologists, R4 a radiologist in training and R5–R6 neuroradiologists. Accuracy (Acc.) is
calculated by comparing the exact rating (normal / HS left / HS right / HS bilateral) to the ground truth. Rater confidence (Conf.) is the mean over
all 40 cases

Rater Experience [years] Round 1 Round 2

Neurology Radiology Neuroradiology Acc. [%] Conf. Acc. [%] Conf.

R1 1.5 0 0 72.5 3.53 85.0 4.08

R2 7.5 0 1 67.5 3.78 92.5 4.53

R3 1.5 0 0.5 77.5 2.08 80.0 4.20

R4 0 0 1 80.0 4.33 87.5 4.70

R5 0 5 4 90.0 4.25 85.0 4.48

R6 0 4 6 77.5 4.20 87.5 4.48

Mean 77.5 86.3 d = 1.43

Fig. 2 Accuracies for all six raters. The arrow points from the first
round (MRI only) to the second round (MRI+QReport). The horizon-
tal dashed line indicates accuracy of the predictions from the QReports
when thresholded at three standard deviations

Independent of the ground truth, inter-rater agreement
improved from k = 0.56 to k = 0.72 (Fig. 3). We have
observed a tendency of the neurologists (R1–R3) to change
their assessment more frequently than the neuroradiologists
(R4–R6). A qualitative example of the case P05 is shown
in Fig. 4, where two raters changed their decision in the sec-
ond round. Additional cases are discussed in the Appendix:
Case P13, where two raters erroneously changed their rat-
ing (Fig. S4), possibly because the QReport was ambiguous
with measures lying between two and three SD, P38 with-
out HS that was erroneously classified as HS right by three
raters in the first round (Fig. S5), and P28 as an example
where additional clinical context is crucial for establishing
a diagnosis (Fig. S6).

Inter-rater agreement for hippocampal volume abnor-
malities increased from k = 0.50 in the first round to
k = 0.63 in the second round (Figs. S7–8). Also for the
amygdala, where inter-rater agreements for volume were
generally much lower, they increased from k = 0.16 to
k = 0.28 (Figs. S9–S10). On average, the raters reported an
abnormality of the amygdala volumes in 30.4% of the cases
in the first round, whereas this fraction reduced to 16.7%
in the second round using the QReports.

Discussion

This study investigated the use of quantitative reports (QRe-
ports) along with MRI for radiological assessment of hip-
pocampal sclerosis (HS). The cohort comprised 40 patients
with epilepsy, all examined using both 3T and 7TMRI with
dedicated epilepsy protocols. Six qualified raters examined
all cases twice, first using MRI only and after a “wash-out”
period using both MRI and QReports. Mean accuracy for
the primary rating of HS as well as inter-rater agreement
among the raters improved by using the additional QRe-
port. For accuracy, the improvement from 77.5% to 86.3%
had very large effect size.

In agreement with the findings by [26] who performed
a comparable study with a different imaging biomarker
[25], we have observed a similar trend-level improvement
of the diagnostic accuracies with a very large effect size.
This suggests that these results are likely robust, and statis-
tical significance is mainly a matter of the small number of
raters in both studies.

Overall, we have observed a lower accuracy (77.5% in
the first round) compared to the study of [26] (87.5%).
This difference might be explained by the high complexity
of our cases. The 7TMRI examinations of all patients were
clinically indicated during detailed phase I or phase II eval-
uation [31] because the previous 3TMRI yielded equivocal
results that did not answer all clinical questions.
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Fig. 3 Visualization of all individual ratings (first two panels) compared to ground truth (GT) and prediction from the QReport (right panels) based
on two and three standard deviations (SD). For each of the 40 cases, the number of times the raters changed their decision is depicted (# changed)
with green bars where the change was in agreement with ground truth and red otherwise. Corresponding changes per rater are shown below round
2. Note: The cases were sorted by diagnosis to improve the clarity of this visualization but were presented to the raters in random order

Neurologists changed their decision more frequently
than neuroradiologists during the second rating round
when the QReports were available. This might indicate that
radiologists with more experience in visual MRI interpre-
tation are more confident in their assessment. No apparent
dependence of the results on the seniority of the raters was
noticed for the primary diagnosis. For the hippocampal
volume asymmetries, more experienced raters tended to
change their rating less frequently (cf. Fig. S7). Although
of no statistical significance, it is noteworthy that a neu-
rologist (with several years of experience in epileptology)
reached the highest accuracy overall in the second round
with the QReports.

We intentionally included not only experienced neurora-
diologists in this study. Tools available to support MRI in-
terpretation with quantitative evaluation are designed to be
also used in primary and secondary care centers where im-
ages might be interpreted by radiologists and neurologists
with regular training. On the other hand, clinical epileptol-
ogists in tertiary centers might use such tools as assistance
in image interpretation.

Estimating amygdala volume abnormalities is a difficult
task, as indicated by the low inter-rater agreements. The
high fraction of 30.4% reported abnormalities in the first
round might indicate an overestimation by the raters owing
to the study setting. As we explicitly requested for an esti-
mation, raters might have reported minor perceived asym-
metries that would otherwise be described less frequently in
a routine medical report. Nevertheless, by using the QRe-
ports the inter-rater agreement increased and the number of
abnormalities decreased (16.4%). These findings suggest
that results based on pure visual assessment of amygdala
enlargement [29] should ideally be complemented by quan-
titative methods.

The investigated imaging biomarker is based on a previ-
ously proposed metric along with the QReport for commu-
nicating the results [19]. Artificial intelligence (AI) is used
for high-quality anatomy segmentation, but not to predict
a diagnosis directly. Instead, the surface-to-volume ratio is
derived from the segmentation and depicted in a quantita-
tive report. These results are interpretable, making it par-
ticularly suited as complementary information for expert
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Fig. 4 Example of patient P05
with HS right. The main report
is shown on top, depicting the
surface-to-volume ratio of the
hippocampi and below relevant
images from 3T and 7TMRI.
Only 3TMRI was available
to the raters, whereas 7TMRI
served to generate the ground
truth. In the first round (MRI
only), 2/6 raters classified this
case as HS right, whereas in the
second round (MRI+QReport)
4/6 raters classified it correctly.
Case summary: A 26-year-old
male patient with pharmacore-
sistant epilepsy referred for
7TMRI with strong suspicion
of hippocampal sclerosis on
the right side based on clin-
ical characteristics, previous
3TMRI, FDG-PET and SPECT,
including SISCOM (Subtrac-
tion ictal SPECT coregistered
to MRI) analysis, for evaluation
of the presence of other struc-
tural abnormalities in the right
hemisphere. The hippocampal
internal architecture (HIA) is not
identifiable on 3T, whereas on
7T, the HIA is visibly intact in
the left hippocampus (appearing
on the right side of the image)
but lost on the right side (cf.
axial and coronal 2D T2 TSE
7T)
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reading and mitigating the black-box challenge of AI-based
systems [40].

An abundance of learning-based methods for classifica-
tion of hippocampal sclerosis from MRI [17, 18, 41–46]
stands in stark contrast to scarce clinical evaluations [21].
While the importance of scrutinizing the standalone perfor-
mance of such imaging biomarkers is undisputed, estimat-
ing the potential for a future translation into clinical appli-
cations requires an assessment of the diagnostic efficacy in
a setup mimicking clinical routine. Because the implemen-
tation of a decision support system is most likely alongside
a radiologist (i.e., “human vs. human + machine” and not
“human vs. machine”), we have designed this evaluation
study as a level 3 [21] assessment accordingly.

Limitations

A radiological ground truth reflecting the presence of ra-
diological signs of hippocampal sclerosis was established
using all available clinical information, including 7T imag-
ing by consensus of two experts. While a histopathological
diagnosis is commonly seen as the gold standard [6] for
stand-alone evaluation of machine performance, the aim
of this study was to assess the impact of using QReports
on the radiological finding rather than the diagnostic yield.
Importantly, while putative HS negative cases can rarely be
examined by histology [47], the availability of 7T imaging
in all 40 cases likely contributed to an improved radiologi-
cal diagnosis [11], especially in these negative cases where
histological confirmation is seldom available.

It is worth considering whether the raters have overesti-
mated the occurrences of HS because they were explicitly
requested to examine the MRI for the presence of HS. To
a certain extent, however, this reflects the clinical reality,
where referring physicians frequently ask neuroradiologists
to explicitly review mesiotemporal structures in cases of
semiology consistent with MTLE. Overestimation of HS
in clinical routine can potentially also be due to intensity
asymmetries caused by the scanner, leading to non-biolog-
ical artifacts that are misinterpreted by the readers [48].

The chosen study design might still have limitations. De-
spite a warm-up phase preceding each round and a wash-out
period of at least 30 days, during which the raters worked
in clinical routine, we cannot exclude with certainty the
possibility of some learning effects. Such a bias might be
mitigated by a cross-over design where half of the cases
are assessed using the QReport already in the first round
(and with MRI only in the second round). Ideally, the dif-
ferences between the two rounds could be contrasted to
an intra-rater variability. However, this would require the
raters to assess each case multiple times under identical
conditions, increasing the risk of memorizing cases and
significantly prolonging the study due to multiple wash-out

periods. Most likely no study design can address all pos-
sible issues. Instead of fine-tuning the design of a pre-use
evaluation study in conditions mimicking clinical reality,
we suggest to increase the effort to monitor, scientifically
evaluate and communicate the effect of using this or similar
techniques in routine diagnostics (cf. the Outlook section).

We acknowledge the limitations of evaluating our own
method. Although the assessment was performed on 40 new
cases not used in our previous study [19], and none of the
raters were involved in the development of the method,
an unbiased evaluation should ideally be performed by an
independent group [49].

Outlook

Following the quantitative neuroradiology initiative (QNI)
[24] framework, the previous publication [19] covered steps
1-3 (i.e., identify clinical need and appropriate imaging
biomarker / method for automated analysis / communica-
tion via QReports), whereas the present study corresponds
to the fourth step (technical and clinical validation pre-use).
The fifth step would be an integration into the clinical re-
porting workflow. This next step might also reveal whether
the user behavior changes over time when the radiologists
gain more experience interpreting the reports and learn how
to integrate this additional information into their decision,
such as interpreting the QReports as a continuum and not as
a binary decision (cf. case P13 in Fig. S2). Incorporation of
a broad spectrum of clinical, diagnostic and, increasingly,
quantitative information fits well into the concept of estab-
lishing an epilepsy characterization based on converging
evidence.

Conclusions

Additional quantitative reports supporting the radiological
assessment of hippocampal sclerosis decreased the inter-
rater variability of raters compared to visual interpretation
of 3T MR images alone. With the QReports, an increased
mean accuracy by a very large effect size was observed
when comparing the diagnosis to a consensus derived from
7T imaging.

The online version of this article (https://doi.org/10.1007/s00062-023-
01308-9) contains supplementary material, which is available to autho-
rized users.

Acknowledgements The authors acknowledge the infrastructure and
support of the Translational Imaging Center at sitem-insel and open
access funding provided by University of Bern.

Funding This work was supported by the Swiss National Science
Foundation (SNSF) under grant numbers CRSII5_180365 (The Swiss-
First Study) and 204593 (ScanOMetrics). SV was supported by the
SNSF grants 192749 and CRSII5_209470.

K

https://doi.org/10.1007/s00062-023-01308-9
https://doi.org/10.1007/s00062-023-01308-9


1052 M. Rebsamen et al.

Conflict of interest M.R., C.R. and R.W. are authors of the non-com-
mercial and freely available DL+DiReCT tool. The remaining authors
have no relevant conflicts of interest to disclose.

Ethics Statement This study was carried out in accordance with the
recommendations of Kantonale Ethikkommission Bern with written in-
formed consent from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The proto-
col was approved by the Kantonale Ethikkommission Bern (protocols
2017-00697 and 2020-02902).

Data Availability Statement DL+DiReCT, the morphometry tool for
segmentation and extraction of the radiomics measures is publicly
available, including trained models for non-enhanced and contrast-
enhanced T1-weighted MRI (https://github.com/SCAN-NRAD/DL-
DiReCT).

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. M. Thom, Hippocampal sclerosis in epilepsy: a neuropathology
review, Neuropathology and applied neurobiology 40 (2014)
520–543. https://doi.org/10.1111/nan.12150.

2. J. Von Oertzen, H. Urbach, S. Jungbluth, M. Kurthen, M. Reuber,
G. Fernández, C. Elger, Standard magnetic resonance imaging is
inadequate for patients with refractory focal epilepsy, Journal of
Neurology, Neurosurgery & Psychiatry 73 (2002) 643–647. https://
doi.org/10.1136/jnnp.73.6.643.

3. J. Wellmer, C. M. Quesada, L. Rothe, C. E. Elger, C. G. Bien, H. Ur-
bach, Proposal for a magnetic resonance imaging protocol for the
detection of epileptogenic lesions at early outpatient stages, Epilep-
sia 54 (2013) 1977–1987. https://doi.org/10.1111/epi.12375.

4. A. Bernasconi, F. Cendes, W. H. Theodore, R. S. Gill, M. J. Koepp,
R. E. Hogan, G. D. Jackson, P. Federico, A. Labate, A. E. Vaudano,
et al., Recommendations for the use of structural magnetic reso-
nance imaging in the care of patients with epilepsy: a consensus
report from the international league against epilepsy neuroimaging
task force, Epilepsia 60 (2019) 1054–1068. https://doi.org/10.1111/
epi.15612.

5. B. Kreilkamp, K. Das, U. Wieshmann, S. Biswas, A. Marson,
S. Keller, Neuroradiological findings in patients with “non-le-
sional” focal epilepsy revealed by research protocol, Clinical Ra-
diology 74 (2019) 78–e1. https://doi.org/10.1016/j.crad.2018.08.
013.

6. I. Blümcke, M. Thom, E. Aronica, D. D. Armstrong, F. Bar-
tolomei, A. Bernasconi, N. Bernasconi, C. G. Bien, F. Cendes,
R. Coras, et al., International consensus classification of hippocam-
pal sclerosis in temporal lobe epilepsy: a task force report from the
ILAE Commission on Diagnostic Methods, Epilepsia 54 (2013)
1315–1329. https://doi.org/10.1111/epi.12220.

7. L. W. Ver Hoef, F. B. Williams, R. E. Kennedy, J. P. Szaflarski,
R. C. Knowlton, Predictive value of hippocampal internal architec-

ture asymmetry in temporal lobe epilepsy, Epilepsy research 106
(2013) 155–163. https://doi.org/10.1016/j.eplepsyres.2013.05.008.

8. J. S. Duncan, G. P. Winston, M. J. Koepp, S. Ourselin, Brain imag-
ing in the assessment for epilepsy surgery, The Lancet Neurology
15 (2016) 420–433. 10.1016/S1474-4422(15)00383-X.

9. E. Springer, B. Dymerska, P. L. Cardoso, S. D. Robinson, C. Weis-
stanner, R. Wiest, B. Schmitt, S. Trattnig, Comparison of routine
brain imaging at 3 T and 7 T, Investigative radiology 51 (2016)
469. https://doi.org/10.1097/RLI.0000000000000256.

10. R. E. Feldman, B. N. Delman, P. S. Pawha, H. Dyvorne, J. W. Rut-
land, J. Yoo, M. C. Fields, L. V. Marcuse, P. Balchandani, 7T MRI
in epilepsy patients with previously normal clinical MRI exams
compared against healthy controls, Plos one 14 (2019) e0213642.
https://doi.org/10.1371/journal.pone.0213642.

11. R. van Lanen, A. Colon, C. Wiggins, M. Hoeberigs, G. Hoogland,
A. Roebroeck, D. Ivanov, B. Poser, R. Rouhl, P. Hofman, et al.,
Ultra-high field magnetic resonance imaging in human epilepsy:
A systematic review, NeuroImage: Clinical 30 (2021) 102602.
https://doi.org/10.1016/j.nicl.2021.102602.

12. Y. Zhang, Y. Lv, H. You, W. Dou, B. Hou, L. Shi, Z. Zuo, W. Mao,
F. Feng, Study of the hippocampal internal architecture in temporal
lobe epilepsy using 7 T and 3 T MRI, Seizure 71 (2019) 116–123.
https://doi.org/10.1016/j.seizure.2019.06.023.

13. G. Opheim, A. van der Kolk, K. M. Bloch, A. J. Colon, K. A. Davis,
T. R. Henry, J. F. Jansen, S. E. Jones, J. W. Pan, K. Rössler, et al.,
7T epilepsy task force consensus recommendations on the use of
7T MRI in clinical practice, Neurology 96 (2021) 327–341. https://
doi.org/10.1212/WNL.0000000000011413.

14. J. E. Park, E.-N. Cheong, D. E. Jung, W. H. Shim, J. S. Lee, Utility
of 7 tesla magnetic resonance imaging in patients with epilepsy:
a systematic review and meta-analysis, Frontiers in Neurology 12
(2021) 621936. https://doi.org/10.3389/fneur.2021.621936.

15. J. Sollee, L. Tang, A. B. Igiraneza, B. Xiao, H. X. Bai, L. Yang, Ar-
tificial intelligence for medical image analysis in epilepsy, Epilepsy
Research (2022) 106861. https://doi.org/10.1016/j.eplepsyres.
2022.106861.

16. G. P. Winston, S. B. Vos, J. L. Burdett, M. J. Cardoso, S. Ourselin,
J. S. Duncan, Automated T2 relaxometry of the hippocampus for
temporal lobe epilepsy, Epilepsia 58 (2017) 1645–1652. https://doi.
org/10.1111/epi.13843.

17. J. Mo, Z. Liu, K. Sun, Y. Ma, W. Hu, C. Zhang, Y. Wang, X. Wang,
C. Liu, B. Zhao, et al., Automated detection of hippocampal sclero-
sis using clinically empirical and radiomics features, Epilepsia 60
(2019) 2519–2529. https://doi.org/10.1111/epi.16392.

18. Y. W. Park, Y. S. Choi, S. E. Kim, D. Choi, K. Han, H. Kim, S. S.
Ahn, S.-A. Kim, H. J. Kim, S.-K. Lee, et al., Radiomics features of
hippocampal regions in magnetic resonance imaging can differenti-
ate medial temporal lobe epilepsy patients from healthy controls,
Scientific reports 10 (2020) 1–8. https://doi.org/10.1038/s41598-
020-76283-z.

19. M. Rebsamen, P. Radojewski, R. McKinley, M. Reyes, R. Wiest,
C. Rummel, A quantitative imaging biomarker supporting radiolog-
ical assessment of hippocampal sclerosis derived from deep learn-
ing-based segmentation of T1w-MRI., Frontiers in neurology 13
(2022). https://doi.org/10.3389/fneur.2022.812432.

20. S. Louis, M. Morita-Sherman, S. Jones, D. Vegh, W. Bingaman,
I. Blumcke, N. Obuchowski, F. Cendes, L. Jehi, Hippocampal scle-
rosis detection with NeuroQuant compared with neuroradiologists,
American Journal of Neuroradiology 41 (2020) 591–597. https://
doi.org/10.3174/ajnr.A6454.

21. K. G. van Leeuwen, S. Schalekamp, M. J. Rutten, B. van Ginneken,
M. de Rooij, Artificial intelligence in radiology: 100 commercially
available products and their scientific evidence, European Radi-
ology 31 (2021) 3797–3804. https://doi.org/10.1007/s00330-021-
07892-z.

K

https://github.com/SCAN-NRAD/DL-DiReCT
https://github.com/SCAN-NRAD/DL-DiReCT
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/nan.12150
https://doi.org/10.1136/jnnp.73.6.643
https://doi.org/10.1136/jnnp.73.6.643
https://doi.org/10.1111/epi.12375
https://doi.org/10.1111/epi.15612
https://doi.org/10.1111/epi.15612
https://doi.org/10.1016/j.crad.2018.08.013
https://doi.org/10.1016/j.crad.2018.08.013
https://doi.org/10.1111/epi.12220
https://doi.org/10.1016/j.eplepsyres.2013.05.008
https://doi.org/10.1097/RLI.0000000000000256
https://doi.org/10.1371/journal.pone.0213642
https://doi.org/10.1016/j.nicl.2021.102602
https://doi.org/10.1016/j.seizure.2019.06.023
https://doi.org/10.1212/WNL.0000000000011413
https://doi.org/10.1212/WNL.0000000000011413
https://doi.org/10.3389/fneur.2021.621936
https://doi.org/10.1016/j.eplepsyres.2022.106861
https://doi.org/10.1016/j.eplepsyres.2022.106861
https://doi.org/10.1111/epi.13843
https://doi.org/10.1111/epi.13843
https://doi.org/10.1111/epi.16392
https://doi.org/10.1038/s41598-020-76283-z
https://doi.org/10.1038/s41598-020-76283-z
https://doi.org/10.3389/fneur.2022.812432
https://doi.org/10.3174/ajnr.A6454
https://doi.org/10.3174/ajnr.A6454
https://doi.org/10.1007/s00330-021-07892-z
https://doi.org/10.1007/s00330-021-07892-z


Clinical Evaluation of a Quantitative Imaging Biomarker Supporting Radiological Assessment of Hippocampal Sclerosis 1053

22. H. G. Pemberton, L. A. Zaki, O. Goodkin, R. K. Das, R. M. Steke-
tee, F. Barkhof, M. W. Vernooij, Technical and clinical validation
of commercial automated volumetric MRI tools for dementia diag-
nosis—a systematic review, Neuroradiology 63 (2021) 1773–1789.
https://doi.org/10.1007/s00234-021-02818-4.

23. Z. Mendelsohn, H. G. Pemberton, J. Gray, O. Goodkin, F. P. Car-
rasco, M. Scheel, J. Nawabi, F. Barkhof, Commercial volumetric
MRI reporting tools in multiple sclerosis: a systematic review of
the evidence, Neuroradiology (2022) 1–20. https://doi.org/10.1007/
s00234-022-03074-w.

24. O. Goodkin, H. Pemberton, S. B. Vos, F. Prados, C. H. Sudre,
J. Moggridge, M. J. Cardoso, S. Ourselin, S. Bisdas, M. White,
et al., The quantitative neuroradiology initiative framework: ap-
plication to dementia, The British journal of radiology 92 (2019)
20190365. https://doi.org/10.1259/bjr.20190365.

25. S. B. Vos, G. P. Winston, O. Goodkin, H. G. Pemberton, F. Barkhof,
F. Prados, M. Galovic, M. Koepp, S. Ourselin, M. J. Cardoso, et al.,
Hippocampal profiling: localized magnetic resonance imaging vol-
umetry and T2 relaxometry for hippocampal sclerosis, Epilepsia 61
(2020) 297–309. https://doi.org/10.1111/epi.16416.

26. O. Goodkin, H. G. Pemberton, S. B. Vos, F. Prados, R. K. Das,
J. Moggridge, B. De Blasi, P. Bartlett, E. Williams, T. Campion,
et al., Clinical evaluation of automated quantitative MRI reports
for assessment of hippocampal sclerosis, European Radiology 31
(2021) 34–44. https://doi.org/10.1007/s00330-020-07075-2.

27. M. Rebsamen, C. Rummel, M. Reyes, R. Wiest, R. McKinley,
Direct cortical thickness estimation using deep learning-based
anatomy segmentation and cortex parcellation, Human Brain Map-
ping 41 (2020) 4804–4814. https://doi.org/10.1002/hbm.25159.

28. M. Rebsamen, R. McKinley, P. Radojewski, M. Pistor, C. Friedli,
R. Hoepner, A. Salmen, A. Chan, M. Reyes, F. Wagner, R. Wiest,
C. Rummel, Reliable brain morphometry from contrast-enhanced
T1w-MRI in patients with multiple sclerosis, Human Brain Map-
ping (2022). https://doi.org/10.1002/hbm.26117.

29. M. P. Malter, G. Widman, N. Galldiks, W. Stoecker, C. Helm-
staedter, C. E. Elger, J. Wagner, Suspected new-onset autoimmune
temporal lobe epilepsy with amygdala enlargement, Epilepsia 57
(2016) 1485–1494. https://doi.org/10.1111/epi.13471.

30. A. Ballerini, M. Tondelli, F. Talami, M. A. Molinari, E. Micalizzi,
G. Giovannini, G. Turchi, M. Malagoli, M. Genovese, S. Meletti,
et al., Amygdala subnuclear volumes in temporal lobe epilepsy with
hippocampal sclerosis and in non-lesional patients, Brain commu-
nications 4 (2022) fcac225. https://doi.org/10.1093/braincomms/
fcac225.

31. P. Ryvlin, J. H. Cross, S. Rheims, Epilepsy surgery in chil-
dren and adults, The Lancet Neurology 13 (2014) 1114–1126.
10.1016/S1474-4422(14)70156-5.

32. M. Torchiano, effsize: Efficient Effect Size Computation, 2020.
https://CRAN.R-project.org/package=effsize. https://doi.org/10.
5281/zenodo.1480624, R package version 0.8.1.

33. J. Cohen, Statistical power analysis for the behavioral sciences,
Routledge, 2013. https://doi.org/10.4324/9780203771587.

34. S. S. Sawilowsky, New effect size rules of thumb, Journal of
modern applied statistical methods 8 (2009) 26. https://doi.org/10.
22237/jmasm/1257035100.

35. J. L. Fleiss, Measuring nominal scale agreement among many
raters., Psychological bulletin 76 (1971) 378. https://doi.org/10.
1037/h0031619.

36. M. Gamer, J. Lemon, I. F. P. Singh, irr: Various Coefficients of In-
terrater Reliability and Agreement, 2019. https://CRAN.R-project.
org/package=irr, R package version 0.84.1. Accessed 09.12.2022

37. R Core Team, R: A Language and Environment for Statistical Com-
puting, R Foundation for Statistical Computing, Vienna, Austria,
2022. https://www.R-project.org/.

38. H.Wickham, ggplot2: Elegant Graphics for Data Analysis, Springer,
2016, pp. 189–201. https://doi.org/10.1007/978-3-319-24277-4_9.

39. B. Fischl, FreeSurfer, Neuroimage 62 (2012) 774–781. https://doi.
org/10.1016/j.neuroimage.2012.01.021.

40. M. Reyes, R. Meier, S. Pereira, C. A. Silva, F.-M. Dahlweid, H. v.
Tengg-Kobligk, R. M. Summers, R. Wiest, On the interpretability
of artificial intelligence in radiology: challenges and opportunities,
Radiology: artificial intelligence 2 (2020) e190043. https://doi.org/
10.1148/ryai.2020190043.

41. B. Caldairou, N. A. Foit, C. Mutti, F. Fadaie, R. Gill, H. M. Lee,
T. Demerath, H. Urbach, A. Schulze-Bonhage, A. Bernasconi,
et al., MRI-based machine learning prediction framework to later-
alize hippocampal sclerosis in patients with temporal lobe epilepsy,
Neurology 97 (2021) e1583–e1593. https://doi.org/10.1212/WNL.
0000000000012699.

42. E. Gleichgerrcht, B. C. Munsell, S. Alhusaini, M. K. Alvim, N. Bar-
galló, B. Bender, A. Bernasconi, N. Bernasconi, B. Bernhardt,
K. Blackmon, et al., Artificial intelligence for classification of
temporal lobe epilepsy with ROI-level MRI data: A worldwide
ENIGMA-Epilepsy study, NeuroImage: Clinical 31 (2021) 102765.
https://doi.org/10.1016/j.nicl.2021.102765.

43. Y. Ito, M. Fukuda, H. Matsuzawa, H. Masuda, Y. Kobayashi,
N. Hasegawa, H. Kitaura, A. Kakita, Y. Fujii, Deep learning-based
diagnosis of temporal lobe epilepsy associated with hippocampal
sclerosis: An MRI study, Epilepsy Research 178 (2021) 106815.
https://doi.org/10.1016/j.eplepsyres.2021.106815.

44. Z. Cao, F. Shi, Q. Xu, G. Liu, T. Sun, X. Xing, Y. He, G. Lu,
Z. Zhang, D. Shen, Diagnosis of hippocampal sclerosis from clini-
cal routine head MR images using structure-constrained super-res-
olution network, in: International Workshop on Machine Learning
in Medical Imaging, Springer, 2021, pp. 258–266. https://doi.org/
10.1007/978-3-030-87589-3_27.

45. J. P. Princich, P. A. Donnelly-Kehoe, A. Deleglise, M. N. Vallejo-
Azar, G. O. Pascariello, P. Seoane, J. G. Veron Do Santos,
S. Collavini, A. H. Nasimbera, S. Kochen, Diagnostic perfor-
mance of MRI volumetry in epilepsy patients with hippocampal
sclerosis supported through a random forest automatic classifica-
tion algorithm, Frontiers in Neurology 12 (2021) 613967. https://
doi.org/10.3389/fneur.2021.613967.

46. D. Kim, J. Lee, J. Moon, T. Moon, Interpretable deep learning-
based hippocampal sclerosis classification, Epilepsia Open (2022).
https://doi.org/10.1002/epi4.12655.

47. E. Kogias, D.-M. Altenmüller, J.-H. Klingler, B. Schmeiser, H. Ur-
bach, S. Doostkam, Histopathology of 3 Tesla MRI-negative tem-
poral lobe epilepsies, Journal of Clinical Neuroscience 47 (2018)
273–277. https://doi.org/10.1016/j.jocn.2017.10.012.

48. A. Arani, C. G. Schwarz, H. J. Wiste, S. D. Weigand, P. M.
Cogswell, M. C. Murphy, J. D. Trzasko, J. L. Gunter, M. L. Senjem,
K. P. McGee, et al., Left–right intensity asymmetries vary depend-
ing on scanner model for FLAIR and T1 weighted MRI images,
Journal of Magnetic Resonance Imaging (2022). https://doi.org/10.
1002/jmri.28105.

49. P. Omoumi, A. Ducarouge, A. Tournier, H. Harvey, C. E. Kahn,
F. Louvet-de Verchère, D. Pinto Dos Santos, T. Kober, J. Richiardi,
To buy or not to buy—evaluating commercial AI solutions in ra-
diology (the ECLAIR guidelines), European radiology 31 (2021)
3786–3796. https://doi.org/10.1007/s00330-020-07684-x.

K

https://doi.org/10.1007/s00234-021-02818-4
https://doi.org/10.1007/s00234-022-03074-w
https://doi.org/10.1007/s00234-022-03074-w
https://doi.org/10.1259/bjr.20190365
https://doi.org/10.1111/epi.16416
https://doi.org/10.1007/s00330-020-07075-2
https://doi.org/10.1002/hbm.25159
https://doi.org/10.1002/hbm.26117
https://doi.org/10.1111/epi.13471
https://doi.org/10.1093/braincomms/fcac225
https://doi.org/10.1093/braincomms/fcac225
https://CRAN.R-project.org/package=effsize
https://doi.org/10.5281/zenodo.1480624
https://doi.org/10.5281/zenodo.1480624
https://doi.org/10.4324/9780203771587
https://doi.org/10.22237/jmasm/1257035100
https://doi.org/10.22237/jmasm/1257035100
https://doi.org/10.1037/h0031619
https://doi.org/10.1037/h0031619
https://CRAN.R-project.org/package=irr
https://CRAN.R-project.org/package=irr
https://www.R-project.org/
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1148/ryai.2020190043
https://doi.org/10.1148/ryai.2020190043
https://doi.org/10.1212/WNL.0000000000012699
https://doi.org/10.1212/WNL.0000000000012699
https://doi.org/10.1016/j.nicl.2021.102765
https://doi.org/10.1016/j.eplepsyres.2021.106815
https://doi.org/10.1007/978-3-030-87589-3_27
https://doi.org/10.1007/978-3-030-87589-3_27
https://doi.org/10.3389/fneur.2021.613967
https://doi.org/10.3389/fneur.2021.613967
https://doi.org/10.1002/epi4.12655
https://doi.org/10.1016/j.jocn.2017.10.012
https://doi.org/10.1002/jmri.28105
https://doi.org/10.1002/jmri.28105
https://doi.org/10.1007/s00330-020-07684-x

	Clinical Evaluation of a Quantitative Imaging Biomarker Supporting Radiological Assessment of Hippocampal Sclerosis
	Abstract
	Introduction
	Materials and Methods
	Patient Cohort
	Quantitative Reports
	Neuroradiological Rating
	Statistical Analysis

	Results
	Discussion
	Limitations
	Outlook

	Conclusions
	Supplementary Information
	References


