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Abstract
Objective: To evaluate in a real clinical scenario the impact of the ILAE-
recommended “Harmonized neuroimaging of epilepsy structural sequences”- 
HARNESS protocol in patients affected by focal epilepsy.
Methods: We prospectively enrolled focal epilepsy patients who underwent a 
structural brain MRI between 2020 and 2021 at Modena University Hospital. For 
all patients, MRIs were: (a) acquired according to the HARNESS-MRI protocol 
(H-MRI); (b) reviewed by the same neuroradiology team. MRI outcomes meas-
ures were: the number of positive (diagnostic) and negative MRI; the type of ra-
diological diagnosis classified in: (1) Hippocampal Sclerosis; (2) Malformations 
of cortical development (MCD); (3) Vascular malformations; (4) Glial scars; (5) 
Low-grade epilepsy-associated tumors; (6) Dual pathology. For each patient we 
verified for previous MRI (without HARNESS protocol, noH-MRI) and the pres-
ence of clinical information in the MRI request form. Then the measured out-
comes were reviewed and compared as appropriate.
Results: A total of 131 patients with H-MRI were included in the study. 100 pa-
tients out from this cohort had at least one previous noH-MRI scan. Of those, 
92/100 were acquired at the same Hospital than H-MRI and 71/92 on a 3T scan-
ner. The HARNESS protocol revealed 81 (62%) positive and 50 (38%) negative 
MRI, and MCD was the most common diagnosis (60%). Among the entire pool 
of 100 noH-MRI, 36 resulted positive with a significant difference (p < .001) com-
pared to H-MRI. Similar findings were observed when accounting for the expert 
radiologists (H-MRI = 57 positive; noH-MRI = 33, p < .001) and the scanner field 
strength (H-MRI 43 = positive, noH-MRI = 23, p < .001), while clinical informa-
tion were more present in H-MRI (p < .002).
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1   |   INTRODUCTION

Brain MRI is essential in the management of patients with 
epilepsy being one cornerstone in the diagnostic work-up 
together with seizure's semiology, ictal/interictal EEG, 
and advanced imaging (e.g., Fluorodeoxyglucose-positron 
emission tomography [FDG-PET]).1,2 It is especially cru-
cial to detect the presence of epileptogenic lesions in 
patients with focal epilepsy as the identification of a clear-
cut lesion on structural MRI is associated with favorable 
seizure outcomes after surgery.3,4 Around 18%–43% of 
patients with focal epilepsy evaluated presurgically have 
an MRI scan not showing structural abnormalities poten-
tially causative of epilepsy (referred to hereafter as MRI 
negative).5,6 Focal epilepsies with a negative MRI are not 
necessarily nonlesional.5 Previous studies showed that 
30%–46% of examinations at first considered MRI nega-
tive were instead positive (i.e., with a lesion linked to the 
patient's epilepsy) after improved MRI acquisition (field 
strength and sequence selection) and/or experienced 
evaluation.7,8 Furthermore, lesions might not be visible on 
MRI but can have histopathological correlates.9

In 2019, the International League Against Epilepsy 
(ILAE) published the official recommendation of struc-
tural MRI for focal epilepsy.10 In that, the following se-
quences were recommended as the minimum required 
protocol: 3D millimetric T1-weighted images (T1WI) and 
fluid-attenuated inversion recovery (FLAIR) images, and 
2D sub millimetric coronal T2-weighted images (T2WI) 
acquired perpendicular to the long axis of the hippo-
campus. The “Harmonized neuroimaging of epilepsy 
structural sequences” (HARNESS) protocol has been de-
veloped with the idea to standardize the best-practice neu-
roimaging of epilepsy in outpatient clinics and specialized 
surgery centers. Technical differences in MRI acquisition 
protocol (e.g., slice thickness, interslice gaps) could indeed 
potentially impact lesion detection.11–13 So far, the diag-
nostic yield of the HARNESS protocol has been verified 
throughout single case descriptions14–16 while prospective 
studies on larger cohort of patients are missed. Such type 
of study would be of importance in resource-poor com-
munities where the access to MRI is limited.

In this study, we aimed to assess the clinical utility of 
the HARNESS protocol in a prospective cohort of patients 
with focal epilepsy who underwent a structural MRI for di-
agnostic purposes in the last 18 months. Our purpose was 
to investigate whether the adoption of this standardized 
and optimized protocol, together with relevant clinical in-
formation, would impact the detection of epileptogenic le-
sions thus improving the clinical management of patients 
with focal epilepsy.

2   |   MATERIALS AND METHODS

We prospectively and consecutively enrolled all the pa-
tients (older than 14 years of age) who fulfilled the fol-
lowing inclusion criteria: (a) a diagnosis of focal epilepsy 
according to electroclinical data collected at outpatients' 
clinics and (b) access to the epilepsy program at the 
Neurology Unit, Modena University Hospital (Modena, 
Italy). We excluded patients with intracranial tumors (i.e., 
high-grade gliomas; meningiomas), postischemic neona-
tal damages, stroke, and suspected neurodegenerative dis-
eases (i.e., Alzheimer Disease).

The HARNESS-MRI protocol was performed for all 
patients using a 3.0 Tesla GE Healthcare MRI scanner 
(Chicago, United States). All the MRI datasets were ac-
quired in a dedicated session occurring once or twice every 

Significance: The adoption of a standardized and optimized MRI acquisition 
protocol together with adequate clinical information contribute to identify a 
higher number of potentially epileptogenic lesions (especially FCD) thus impact-
ing concretely on the clinical management of patients with focal epilepsy.

K E Y W O R D S

drug-resistant epilepsy, focal cortical dysplasia, focal epilepsy, HARNESS-MRI, magnetic 
resonance imaging, structural imaging

Key points

•	 The adoption of an optimized imaging protocol 
together with adequate clinical information im-
prove the detection of potentially epileptogenic 
lesions.

•	 A dedicated and optimized MRI protocol might 
be particularly helpful for detection of FCD in 
focal epilepsies.

•	 An optimized imaging protocol might improve 
access to the MRI services even in poor-resource 
countries.
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month. The protocol follows the ILAE-recommended 
HARNESS-MRI10 and included as minimum sequences a 
3D 1 mm-isotropic voxels T1-weighted sequence, a fluid-
attenuated inversion recovery (FLAIR), and a bidimen-
sional coronal T2-weighted image acquired perpendicular 
to the long axis of the hippocampus. Additional sequences 
were a bidimensional axial Diffusion Weighted Imaging 
(DWI) and Gradient Echo (GRE) sequence (Table 1).

All the HARNESS-MRI scans were reviewed by the 
same team of neuroradiologists (MM, MG, FC, and AT) 
with expertise in epilepsy. Images were reviewed using 
PACS workstation that contains the patient's clinical his-
tory. The images were inspected at their original thickness 
(1 mm for 3D and 2 mm for T2) without any reformatting 
process. MM, FC, and AT had more than 15 years of prac-
tice in reading MRI images, MG had 10 years of practice. 
Clinical information was made available to the neurora-
diologists in the motivation for the MRI scan (usually one-
to-two sentences) and in clinical letters attached to the 
request.

For each recruited patient, we checked for previous 
MRI scans performed in the same hospital or outside. 
For all MRI datasets with (H-MRI) or without (noH-MRI) 
HARNESS, we collected the following information by in-
specting the radiological reports and when available the 
MRI images: strength of the MRI scanner; type of MRI 
sequences; presence/absence of clinical information in 
the MR request form. Clinical information was consid-
ered “present” if it includes at least one of these data: (a) 
epilepsy side/lobe of the suspected epileptic focus; (b) sei-
zure semiology; (c) EEG (electroencephalogram) findings. 
Otherwise, clinical information was labeled as “absent” 
(e.g., if the information was simply “focal epilepsy” it was 
considered absent). If a patient had more than one previ-
ous noH-MRI scan, the more recent to the H-MRI was con-
sidered for evaluation and comparison. Review process of 
H-MRI and noH-MRI was performed independently and 
at different times. The team of experts was the same for 
H-MRI and noH-MRI only for those MRI scans acquired 
at Modena University Hospital. For these datasets, each 
H-MRI and noH-MRI examination (not necessarily of the 

same patient) was reviewed by one of the four expert read-
ers. In case of unclear radiological diagnosis, the related 
images were discussed within the expert team until a con-
sensus was achieved and summarized in the report.

For both H-MRI and noH-MRI, the number of di-
agnostic positive (i.e., “abnormal”) and nondiagnostic, 
negative (i.e., “normal”) MRI was calculated. Further, 
the distribution of the MRI-positive scans was estimated 
according to the type of radiological diagnosis, classified 
into the following: (1) Hippocampal Sclerosis (HS); (2) 
Malformations of cortical development [Focal Cortical 
Dysplasia (FCD), polymicrogyria, tuberous sclerosis, lis-
sencephaly, subcortical band heterotopia, gray matter 
heterotopia, hemimegalencephaly, schizencephaly, and 
hypothalamic amartoma]; (3) Vascular malformations; 
(4) Glial scars; (5) Low-grade epilepsy-associated tumors 
(LEATs) (e.g., Dysembryoplastic neuroepithelial tumor, 
gangliocytoma, ganglioglioma); (6) Dual pathology (e.g., 
HS + FCD).

For each positive MRI scan, after inspecting the MRI re-
ports, the clinicians (AEV, EM, GG, MP, and SM) reviewed 
the clinical information including EEG (ictal and interic-
tal), seizure semiology, and other imaging modalities (e.g., 
FDG-PET, EEG coregistered to fMRI) and compared the 
presumed epileptogenic zone with the MRI abnormality 
location and type. The lesion/s was/were considered “con-
tributory” to the clinical assessment if concordant with 
the electroclinical hypothesis, “not contributory” other-
wise. At the end of recruitment, we verified whether any 
of the included patient had epilepsy surgery, and in this 
case, the histological reports were collected.

2.1  |  Statistical analysis

Firstly, a descriptive statistical analysis was performed to 
assess mean age, gender distribution of the recruited pa-
tients, the rate of positive and negative MRIs and of each 
radiological diagnosis.

Secondly, we compared the rate of positive and nega-
tive MRI and the type of radiological diagnosis in those 

T A B L E  1   Details of the MRI sequences of the HARNESS protocol.

MRI sequence
Slices thickness 
(mm)/gap (mm) FOV Matrix TR/TE (ms) Slice (n)

Acquisition 
time (min:s)

sag 3D MPRAGE 1/−0.5 25.6 256 × 256 2230/3 352 5:16

sag 3D FLAIR-SPACE 1.2/−0.6 25.6 256 × 256 6000/117 304 5:51

cor 2D T2-TSE 2/0 20 416 × 416 9600/120 60 7:03

ax 2D DWI-SE EPI 3.6/0.4 25 128 × 160 9140/70 36 2:46

ax 2D T2 GRE 3/0.3 25 224 × 320 1070/13 44 3:49

Note: The gray color identifies the mandatory sequences of the HARNESS protocol, the white color the additional sequences.
Abbreviations: ms, milliseconds; n, number; TE, echo time; TR, repetition time.
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patients who had at least two MRI scans, one with  
(H-MRI) and one without (noH-MRI) HARNESS proto-
col. Comparative results were obtained using a nonpara-
metric McNemar's test. Initially, the statistical analysis 
was performed considering every patient regardless the 
field strength of the scanner (i.e., 1.5 or 3 Tesla) and team 
of neuroradiologists who reviewed the noH-MRI scans. To 
account for the same neuroradiologists, we repeated the 
same analyses considering only subjects who underwent 
the previous noH-MRI at our Hospital. Finally, to account 
for the strength of the scanner, we selected only patients 
who underwent the previous noH-MRI at our Hospital 
and on a 3T scanner.

All statistical analyses were performed using SPSS soft-
ware 27 (IBM). Statistical significance for all tests was set 
at p < .05.

The study was approved by the local Ethical 
Committee of Area Vasta Emilia Nord (322/15, NET-2013-
02355313-3). Patients gave written informed consent for 
the use of their clinical records in this study. The study 
was conducted in accordance with the World Medical 
Association Declaration of Helsinki.

3   |   RESULTS

Between January 2020 and June 2021, a total of 131 pa-
tients with H-MRI datasets were prospectively included 
in the study (44 females; mean age of 36.69 + 15.60 years, 
range 15–74 years). At present 10/131 patients underwent 
surgery and the histological reports documented 3 HS, 
5 FCD (3 FCD Ia, 2 FCD IIb), 1 gliosis, and one LEAT 
(MNVT: Multinodular and vacuolating neuronal tumor). 
The histopathological reports agreed with the H-MRI di-
agnoses in all cases. The clinical follow-up (time after sur-
gery between 8 and 14 months) was Engel Class Ia for all 
patients except one FCD Ia who reported, at 12 months, 
persisting rare disabling seizures after surgery (Engel 
Class IIb).17 Table  2 summarizes the clinical and demo-
graphic variables of the patients' population.

Eighty-one H-MRI (62%) were diagnostic (positive), 
and 50 (38%) were negative. In 76 patients (94%) the MRI 
finding was contributory, while for 5 patients (6%), the 
reported lesion was not contributory to the clinical as-
sessment. As far as the single diagnostic categories the 
following diagnoses were reported (Figure  1): 48 out of 
81 datasets (60%, p < .001) were malformations of cortical 
development, 17 (21%) hippocampal sclerosis, 6 (7%) vas-
cular malformations, 5 (6%) dual pathology, 3 (4%) LEAT, 
and 2 (2%) glial scars. Out of 48 patients with cortical mal-
formations, 31 had a radiological diagnosis of FCD (64%). 
Clinical information was present for the neuroradiologists 
in most of the patients (109/131, 77%).

From the original pool of 131 patients, 100 had a previ-
ous noH-MRI scan. In these patients, the average number 
of previous MRI/per patients was 1.5. Three patients (3%) 
underwent one noH-MRI, while the majority (97/100) 
had at least 2 MRI before the H-MRI, with the extreme 
situation of one patient who underwent 5 previous MRI 
examinations. Ninety-two noH-MRI out of the 100 pa-
tients were acquired at the same Hospital as the H-MRI 
(and reviewed by the same team of neuroradiologists) 
and 71 by using a 3T magnet. As far as the sequences' 
details, this information was available only for the 92 
datasets previously acquired at our hospital. The noH-
MRI protocol included a 1 mm3 3D T1 image in 56 pa-
tients (61%), a 1 mm3 3D FLAIR image in 54 (59%), both 
sequences in 41 (44%) while a 2D 0.4 × 0.4 × 2 mm coronal 
T2 was never acquired. Beside these core sequences, the 
noH-MRI included: an axial DWI sequence in all cases, 
and depending on the clinical question, an axial T2, an 
axial T2*, and for suspected tumors as an axial or 3D T1 
with gadolinium.

Out of the 100 noH-MRI examinations evaluated, 64 
were nondiagnostic (negative), and 36 were diagnostic 
(positive) (Table  S1). The mean distance in months be-
tween H-MRI and noH-MRI was 48 ± 216 (range 1–1381). 
Five reports out of the 36 positive noH-MRI (13%) were 
classified as not contributory to the clinical assessment.

When comparing the results of the H-MRI with noH-
MRI, a significant increase in the number of MRI-positive 
examinations was observed (Figure 2A and Table S1): the 
H-MRI demonstrated lesions in the 62% of patients com-
pared to 36% of noH-MRI (p < .001).

As far as the single diagnostic categories, no significant 
differences were observed between H-MRI and noH-MRI 
for HS and dual pathology, glial scars, LEATs, and vascular 
malformations. On the contrary, the detection of malfor-
mations of cortical development was significantly higher 
in H-MRI compared to noH-MRI (40 vs. 21, p < .001), and 
within this group, FCDs were the most common unrecog-
nized entity (Figure 2A and Table S1).

To account for the same group of neuroradiologists, 
we selected only patients who underwent the previous 
noH-MRI at our Hospital (92/100). Of these, 59 were re-
ported negative and 33 positives. On the contrary, in this 
group of patients, the H-MRI demonstrated 35 normal 
MRI scans and 57 with lesion/s (p < .001), with 24 scans 
previously regarded as negative turning out to be posi-
tive when adopting the H-MRI protocol. Malformation 
of cortical development, particularly FCD, confirmed to 
be the most common unrecognized pathology. The noH-
MRI examinations disclosed 20 malformations of cortical 
development that increased to 38 by the H-MRI protocol 
(p < .001). Specifically, the number of FCD raised from 12 
to 24 after the H-MRI (p = .002) (Figure 2B and Table S1).
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Finally, to account for the scanner field strength, we 
selected only the patients who underwent the previous 
MRI at our Hospital, with the same team of neuroradiol-
ogists, and on a 3T scanner (71 patients). The noH-MRI 
reported 26 positive and 45 negative MRI, while the H-
MRI protocol on the same pool of patients was positive 
in 43 and negative in 28 cases (p < .001) (Figure 2C and 
Table  S1). Specifically, 18 MRIs previously reported as 
negative, became positive, and malformations of cortical 
development were confirmed as the most unrecognized 
entity (p < .001), particularly FCD (p = .006). The Sankey 
diagram in Figure  3 displays graphically the percentage 
and distribution of radiological diagnoses that changed 
when adopting the H-MRI. To note, except for one single 
patient whose MRI diagnosis changed from positive (with 
noH-MRI) to negative with H-MRI, H-MRI contributed 

to detect lesions on MRI previously reported negative 
and FCD was the most frequent report (up to 50% of all 
changed diagnoses).

Finally, in the subgroup of 18 patients in whom despite 
the same scanner field strength and the same team of ra-
diologists, the MR diagnosis was changed, we checked 
whether other variables might have impacted the clini-
cal radiological outcome. Table S2 details the clinical and 
EEG information of these subjects. The median interscan 
intervals was 6.44 months (range between 1–13 months). 
In five out of 18 patients (28%) the clinical information 
was accessible for both MRIs (noH-MRI and H-MRI), 
while for the other 72% (13/18) it was available only for 
the H-MRI scan (p = .002). Only in one patient (pt#16), 
clinical information were not present in both examina-
tions. The H-MRI radiological diagnoses were considered 
contributory to the clinical assessment in all the patients 
except one (pt#18). In patient #18, indeed, while the pre-
sumed Seizure Onset Zone (SOZ) was supposed to be left 
frontal, the H-MRI reported a bilateral frontal develop-
ment venous anomaly, thus not fully concordant with the 
clinical hypothesis. Three out of these 18 patients under-
went surgery (pt#5, pt#9, and pt#11): the histopathologi-
cal reports were in agreement with the H-MRI diagnoses 
in all cases. All the patients are seizure-free after surgery 
(Engel Class Ia) with a follow-up between 8 to 14 months. 
Figure 4 shows two representative examples of patients in 
whom the radiological diagnosis changed from noH-MRI 
to H-MRI.

4   |   DISCUSSION

To the best of our knowledge, this is the first study that eval-
uates prospectively the clinical impact of an optimized ep-
ilepsy surgery imaging protocol including the HARNESS 
recommendations (H-MRI) in consecutive focal epilepsy 
patients. By comparing the radiological outcome of the  
H-MRI protocol versus the noH-MRI in the same patients 
(a within-subjects comparison), we show a significant in-
crease in FCD diagnosis, but not of HS, LEAT, and vas-
cular malformations, when the H-MRI was adopted. Our 
results while supporting previous observations that a ded-
icated MRI protocol significantly improves the diagnosis 
of focal epilepsy,8 expand the available knowledge and 
show that it might be particularly helpful for the search of 
FCD. The increase in FCD detection seems independent 
of the neuroradiologists' expertise and the scanner's field 
strength, while the presence of adequate clinical informa-
tion contributes to the detection rate. Considering the fea-
sibility and short time of imaging acquisition of the core 
sequences of the HARNESS protocol, the findings of the 
present study are important for patients being assessed for 

T A B L E  2   Clinical details of the H-MRI population.

H-MRI (N = 131)

Age, years (range) 37.64 ± 15.74
(Range 14–74)

Gender (F/M) 61/70

Age at onset, years 24.91 ± 16.92

Epilepsy duration, years 13.37 ± 13.03

Side of epileptic focus (Left/Right/Bilat) 56/59/16

Number of ASM at MRI 1.6 ± 1

Seizure frequency

>1 per year 83

≥1 per month 21

≥1 per week 21

Daily 6

Epilepsy Syndrome

TLE 88

FLE 35

OLE 5

PLE 3

Epilepsy surgery (N = 10)

FCD 3 FCD Ia
2 FCD IIb

HS 3

Gliosis 1

LEAT 1 (MVNT)

Note: Thirty-one patients out from the original H-MRI pool underwent 
only one brain MRI as new epilepsy diagnoses; the remaining 100 patients 
had one or more brain MRI performed without the HARNESS Protocol 
(noH-MRI).
Abbreviations: ASM, antiseizure medications; Bilat, bilateral; F, female; 
FLE, frontal lobe epilepsy; H-MRI, MRI performed with HARNESS Protocol; 
M, male; MVNT, multinodular and vacuolating neuronal tumors; OLE, 
occipital lobe epilepsy; PLE, parietal lobe epilepsy; TLE, temporal lobe 
epilepsy.
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epilepsy surgery even in resource-poor locations where 
access to MRI scanners is limited.

4.1  |  The clinical yield of the 
HARNESS protocol

The importance of a dedicated epilepsy imaging proto-
col applied to focal epilepsy patients has been recognized 
for more than two decades. In 2002, von Oertzen and 
colleagues11 pointed that the application of an epilepsy-
tailored MRI protocol plus an expert neuroradiologist 
reading resulted in a failure rate significantly lower than 
a “standard” MRI and nonexperts reports (9% in the for-
mer situation versus 61% in the latter). Similar conclu-
sions were reported later8,9,18 and different time-effective 
epilepsy-MRI protocol for drug-resistant epilepsy have 
been published so far.11–13,18,19 A recent systematic review 
and meta-analysis demonstrated that a dedicated MRI pro-
tocol benefits the detection rate in epilepsy surgery candi-
dates, particularly for FCD.8 Nevertheless, the same study 
(which did not include studies adopting the HARNESS 
protocol) highlighted a wide heterogeneity regarding the 
MRI type of sequences and parameters and stated that 
only 25% of the epilepsy center in Europe adhere to the 
applicable guidelines on MRI imaging standards.20

The HARNESS proposal10 represents a generalizable 
and feasible protocol, applicable worldwide regardless of 
the clinical setting and country, and identifies a set of se-
quences, with three-dimensional acquisitions at its core, 
that maximize lesion detection. However, since its pub-
lication in 2019 only single case reports14–16 verified the 

improved diagnostic yield compared to pre-HARNESS-
MRI. In this scenario, the present work might contribute 
to sensitize the epilepsy community about the need of re-
ducing the clinical and technical MRI variability through-
out a wider application of the HARNESS-MRI protocol 
in focal epileptic patients. Additionally, even in resource-
limited settings, the demonstration of its clinical impact, 
might persuade the local health organizations to improve 
access to the MRI services.

After reviewing the reports of focal epilepsy patients 
who underwent MRI with HARNESS protocol at our hos-
pital, we observed a rate of positive MRI >60% (81/131) 
(Figure 1). Of those, the majority (nearly 94%) were con-
cordant with the electroclinical hypothesis, thus impact-
ing on the patient's management (i.e., accelerating the 
decision-making process to surgery or not).

Despite different studies19,21,22 and a recent review23 
reporting the hippocampal sclerosis as the most common 
pathology, in our population the most frequent MRI-
observed lesions were the malformations of cortical devel-
opment (60%) and of those 64% were FCDs (Figure 1). Our 
epilepsy center has developed an epilepsy surgery pro-
gram recently and represents one of two hubs dedicated to 
the surgical treatment of epilepsy in the Emilia-Romagna 
region, northern Italy (about 4 500  000 population). 
Therefore, it is possible that we recruited more compli-
cated cases from a radiological perspective.

One hundred out of the original pool of H-MRI data-
sets had previous MRI scans performed with another MRI 
protocol (noH-MRI), not including or including partly 
the core sequences of the H-MRI. Interestingly, on av-
erage each patient had more than one noH-MRI (with a 

F I G U R E  1   Histograms showing the radiological findings of the H-MRI protocol in 131 prospective patients. FCD, focal cortical 
dysplasia; HS, hippocampal sclerosis; LEAT, low-grade epilepsy-associated tumors; MCD, malformation of cortical development.
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maximum of 5 scans in one case). This finding is import-
ant and confirms that an adequate standardization of MRI 
acquisition parameters and sequences might potentially 
avoid unnecessary examinations and thus contributes 
saving time and resources for patients first and national 
health system afterward.

The comparisons of the absolute number of positive 
and negative MRI between H-MRI and noH-MRI showed a 

significant increased detection of FCDs (Figure 2, Panel A).  
FCD is the epileptogenic lesion most often missed, par-
ticularly FCD type I. In a recent paper aiming to verify 
the detection rate of epileptogenic lesions by expert and 
less expert readers on more 1000 MRI scans, FCDs were 
the diagnosis less recognized.18 On the other side, the 
identification of a FCD is crucial, because of an excellent 
surgical outcome.24 Accordingly, different computational 

F I G U R E  2   Comparison between H-MRI and noH-MRI diagnostic performances. (Panel A) Histograms showing the radiological 
findings of H-MRI and noH-MRI in 100 patients. (Panel B) Histograms showing the radiological findings of H-MRI and noH-MRI in 92 
patients (patients with a previous noH-MRI reviewed by the same neuroradiologists team). (Panel C) Histograms showing the radiological 
findings of H-MRI and noH-MRI in 71 patients (patients with a previous noH-MRI reviewed by the same neuroradiologists team and on a 
3T magnet). *Statistically significant, p < .001. FCD, focal cortical dysplasia; HS, hippocampal sclerosis; LEAT, low-grade epilepsy-associated 
tumors; MCD, malformation of cortical development.
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strategies have been developed (and many are ongoing) 
to facilitate the FCD recognition on an apparent negative 
MRI.25–28

Detection rate of epileptogenic lesions on MRI might 
be influenced by several factors beyond the MRI protocol 
itself. Some of these aspects might be difficult to control. 
In the present study, we attempted to verify the perfor-
mances of the H-MRI by controlling all the variables we 
are aware of. The expertise of neuroradiologists is one of 

them according to different evidence.7,18 This expertise 
arises from specialized training, repeated evaluations of 
images, and constant communication with the clinicians. 
At our hospital, the neuroradiologists dedicated to epi-
lepsy, established for more than 6 years, have these skills 
and there is an active and constant exchange with the ep-
ileptology team, even before the HARNESS protocol ap-
plication. We thus extracted for the 100 noH-MRI scans, 
only those reviewed by our neuroradiologists (n = 92). The 

F I G U R E  3   Sankey Chart showing the percentage and distribution of radiological diagnoses that changed when adopting the H-MRI 
versus noH-MRI. DP, dual pathology; FCD, focal cortical dysplasia; HS, hippocampal sclerosis; LEAT, low-grade epilepsy-associated tumors; 
MCD, malformation of cortical development; pts, patients; VM, vascular malformations.
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statistical comparisons between noH-MRI and H-MRI 
showed a greater number of potentially epileptogenic le-
sions with H-MRI, and FCD was again the diagnosis less 
recognized by noH-MRI (Figure 2, Panel B). This observa-
tion, while does not deny the importance of a high level of 
expertise of the neuroradiologists, suggests that the char-
acteristics of the MRI protocol might contribute to the le-
sion detection process. We cannot exclude, however, that 
other factors could also influence these results as changes 
in the level of confidence of the radiologists due to their 
continuous training or their subjective tendency to rate 
abnormalities in the cortical anatomy. Nevertheless, these 
aspects are difficult to be measured. Further studies are 

warranted to confirm our observations, ideally by involv-
ing an external pool of expert radiologists to reevaluate 
blindly the H-MRI and noH-MRI datasets.

In our H-MRI patients, the expert radiologists had 
sufficient clinical information available in most of the 
cases (77%). Several arguments stressed the importance 
of clinical information in facilitating the radiological 
reading, not only in the epilepsy field.29–31 A recent 
paper showed that the only factor that can affect the 
MRI lesion detection in focal epilepsy patients is the 
presence of focal EEG abnormalities regardless of field 
strength, the qualitative tissue contrasts, or artifact score 
on images.7 Interestingly, in the 18 patients who shown 

F I G U R E  4   Representative examples of patients in whom the radiological diagnosis changed from noH-MRI to H-MRI. (Panel A) 
Patient #4 of Table S1. The patient presented daily drug-resistant sleep hypermotor seizures from the age of 10 years old. Interictal scalp 
EEG showed left frontal epileptiform abnormalities. The noH-MRI (performed at the time of diagnosis) was reported as normal (negative). 
The H-MRI (performed 30 months later than noH-MRI) demonstrated a radiological labeled FCD at the left postcentral gyrus (yellow arrow) 
with a clear transmantle sign (red ellipse). The patient refused invasive further investigations. FLAIR axial images in the upper row, T1 
axial images in the lower row. (Panel B) Patient #9 of Table S1. The patient presented daily drug-resistant focal aware seizures and rarer 
focal to bilateral tonic–clonic seizures. A subjective premonitory feeling of forced thought and/or confusion was described. Interictal EEG 
showed right frontal epileptiform abnormalities and ictal EEG a right frontal onset (F8). The patient underwent two previous noH-MRI (the 
latest 3 years before the H-MRI) reported both as negative. The H-MRI showed on FLAIR sequences a blurring of gray matter-white matter 
boundary at the right frontal operculum (red ellipse and yellow arrow). Patient underwent surgery and he is seizure-free at 10 months (Engel 
Ia). Histology reported a Focal Cortical Dysplasia, Type Ia. L, Left; R, Right.
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a change from a negative noH-MRI to a positive H-MRI, 
despite identical readers and scanner field strength, a 
significant difference in the availability of clinical infor-
mation was observed. Thus, the present findings high-
light the importance to provide adequate clinical details 
to the radiologists being a contributing factor toward an 
improvement in lesion detection using a dedicated MRI 
protocol.

All H-MRI scans were performed on a 3.0 Tesla scan-
ner. Several studies support the idea that 3 T MRI scanners 
offer a better lesion detection than 1.5 T.19,21,32 However, 
recent manuscripts and a metanalysis were concordant to 
show the lack of a significant increased diagnostic yield 
when adopting a 3 T compared to a 1.5 T in patients with 
focal epilepsy.7,8,18 Our data support these suggestions. 
In our population, among the 92 patients with noH-MRI 
and H-MRI, 71 had the examinations on a 3 T scanner for 
both MRIs. Even in this situation, the performances of the 
H-MRI protocol were better (a higher number of positive 
MRI and FCD) than noH-MRI (Figure  2, Panel C) sug-
gesting that a dedicated protocol might be superior to the 
strength of the MRI-field per se.

Despite the adoption of the H-MRI protocol, the high-
level expertise of the radiologists, and the high-field 
strength scanner, we showed a persistent percentage of 
negative MRI close to 40% (see Figure 2). This rate is in 
line with previous data.6,10,33 Many patients have subtle 
lesions that might be undetected on routine MRI but have 
an histopathological correlation.9,33 The crucial need to 
detect surgically amenable lesions in patients with focal 
epilepsy has motivated the development of sophisticated 
detection methods.27,34–36 Our findings by confirming a 
relatively consistent rate of MRI negative even adopting 
an optimized protocol, highlights the intrinsic limits of 
the visual MRI inspection and support, in specific situa-
tions, the efforts of computer-aided methods to contrib-
ute revealing the structural lesion. Similar observation 
has been endorsed by the HARNESS original paper.10 
Importantly, the HARNESS protocol accounts for two 3D 
images, which represent (particularly the 3D-T1) the com-
mon basis to the postprocessing pipelines.34,36

4.2  |  Limitations

We recognize that the study has some limitations. The 
first is the lack of the histopathological proofs of the radi-
ological diagnoses in most of the patients. By counterpart, 
we verified the HARNESS outcomes versus the clinical 
and electrophysiological hypothesis. The aim of the pre-
sent study was to investigate the diagnostic performances 
of the HARNESS protocol in a real clinical scenario when 
an MRI scan might be performed at the beginning of the 

presurgical assessment. Being a prospective study, more 
histological data will be available in the next future and 
will be used in a further study to validate the HARNESS 
findings based on visual inspection. Another potential 
limitation is the time interval between scans (noH-MRI 
and H-MRI) during which some lesions like tumors or 
vascular malformations could evolve or other events 
(like trauma, seizures) can occur, thus affecting the ad-
vanced diagnostic yield of the H-MRI. However, patients 
with rapidly growing lesions, like gliomas were excluded. 
More importantly, our data suggest that H-MRI is par-
ticularly helpful to reveal FCD, the presence of which is 
normally not influenced by the time between the MRI 
and the epilepsy diagnosis. Finally, we did not discuss 
the potential role of HARNESS optional sequences (like 
gadolinium-enhanced MRI and Susceptibility weighted 
image)23 in the detection of the epileptogenic lesions. 
This is motivated by the primary aim of this manuscript, 
which was specifically to evaluate the clinical impact of 
the HARNESS protocol, focusing on the mandatory core 
sequences.
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Test yourself

1.	 Which are the core mandatory MRI sequence(s) according to the HARNESS protocol?
A.	 Susceptibility weighted imaging (T2*)
B.	 3D-T1, 3D FLAIR and sub millimetric coronal T2
C.	 3D-T1 without and with gadolinium
D.	 Axial spin echo/T2

2.	 Focal epilepsies with MRI negative (not diagnostic)
A.	 Are necessarily not-lesional and the patients with negative MRI must be excluded from surgery
B.	� Do not exist, as a lesion can always be found using sophisticated postprocessing methods on 

MRI sequences
C.	 Can be not-lesional but efforts should be made to check for quality and completeness of the 

MRI imaging protocol, as well as evaluation by expert neuroradiologists
D.	 Do not have an histopathological correlate

3.	 Which are the factors that might improve the detection of potentially epileptogenic lesions with MRI?
A.	 The duration of the imaging epilepsy protocol
B.	 The presence of adequate clinical information in the MR request form
C.	 An optimized imaging protocol
D.	 B + C

Answers may be found in the supporting information.
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