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Abstract: Objectives: Our aim is to assess the subfield-specific histopathological correlates of hippocampal
volume and intensity changes (T1, T2) as well as difflusion MRI markers in TLE, and investigate the
efficacy of quantitative MRI measures in predicting histopathology in vivo. Experimental Design: We cor-
related in vivo volumetry, T2 signal, quantitative T1 mapping, as well as diffusion MRI parameters
with histological features of hippocampal sclerosis in a subfield-specific manner. We made use of on
an advanced co-registration pipeline that provided a seamless integration of preoperative 3 T MRI
with postoperative histopathological data, on which metrics of cell loss and gliosis were quantitatively
assessed in CA1l, CA2/3, and CA4/DG. Principal Observations: MRI volumes across all subfields were
positively correlated with neuronal density and size. Higher T2 intensity related to increased GFAP frac-
tion in CA1, while quantitative T1 and diffusion MRI parameters showed negative correlations with neu-
ronal density in CA4 and DG. Multiple linear regression analysis revealed that in vivo multiparametric
MRI can predict neuronal loss in all the analyzed subfields with up to 90% accuracy. Conclusion: Our
results, based on an accurate co-registration pipeline and a subfield-specific analysis of MRI and
histology, demonstrate the potential of MRI volumetry, diffusion, and quantitative T1 as accurate in vivo
biomarkers of hippocampal pathology. Hum Brain Mapp 37:1103-1119, 2016. ~ © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common form of
drug-resistant epilepsy in adults [Engel, 2001]. Hippocampal
sclerosis (HS) is the histopathological hallmark of TLE and
the most common underlying etiology [Thom et al., 2009]. It
is characterized by cell loss and gliosis in the hippocampal
formation, with substantial individual variability in the
extent and spatial distribution of these changes. Since early
pathological descriptions [Sommer, 1880], it has been widely
accepted that all Cornu Ammonis (CA) subfields but CA2, as
well as the dentate gyrus (DG) present with marked changes
[Al Sufiani and Ang, 2012]. Across patients, HS encompasses
a broad spectrum of structural changes, which can be catego-
rized into different subtypes based on neuropathological
grading systems [Blumcke et al., 2012; Bliimcke et al., 2007,
2013]. Previous findings have suggested an association
between histopathological subtypes, postsurgical seizure out-
comes, and postoperative memory impairment [Bliimcke
et al., 2007, 2013; Savitr Sastri et al., 2014; Thom et al., 2010].

TLE patients with only subtle pathology have a less favour-
able prognosis and surgical outcomes than those with HS or
other epileptogenic lesions [de Tisi et al., 2011; Hennessy
et al., 2000]; moreover, these patients show a higher probabil-
ity of seizure recurrence after anti-epileptic drug (AED) dis-
continuation [McIntosh et al., 2004]. In vivo prediction of
distinct subfield pathology may lead to more accurate TLE
diagnosis and improved patient management. It may also aid
clinicians in treatment selection, and counselling patients
regarding ongoing AED use and tapering strategies. In addi-
tion, in vivo prediction of pathology might carry a broader
impact, as associations between subfield-specific pathology
and disease progression have been described in other neuro-
logical disorders, namely Alzheimer’s disease [West et al.,
2004], stress [McEwen, 1999], and schizophrenia [Harrison,
2004].

MRI has played a key role in the presurgical evaluation of
TLE, with in vivo volumetry and T2-MRI showing a high util-
ity in identifying HS [Briellmann et al., 2002; Cascino et al.,
1991; Coan et al., 2003, 2014; Goncalves Pereira et al., 2006;
Jackson et al., 1993; Kuzniecky et al., 1997; Lencz et al., 1992;
Mackay et al., 2000; Schoene-Bake et al., 2014; Van Paesschen
etal., 1997]. Landmark studies have shown that global hippo-
campal atrophy correlates with pathological grades of hippo-
campal cell loss [Cascino et al., 1991]; and that T2 signal
mainly relates to glial cell count, particularly in the dentate
gyrus [Briellmann et al., 2002]. While these studies represent
important steps towards a histopathological validation of
MRI markers of HS, assessments have been carried out either
on the whole hippocampus or have been restricted to single

subfields. Moreover, comparisons between the resected tissue
and MRI were not based on rigorous data co-registration that
would allow for a regionally specific correlation between in
vivo MRI parameters and histological features. Finally,
although previous reports have suggested that diffusion MRI
may index HS-related changes [Wieshmann et al., 1999], its
exact histopathological correlates have not been established.

The current study aims to assess histopathological corre-
lates of an ensemble of advanced MRI markers at the
subfield-level. Specifically, we evaluated hippocampal vol-
ume, T2 intensity, quantitative T1, and diffusion MRI in
TLE, and investigated their efficacy in predicting histopa-
thology in vivo. Our analysis framework is built on a
unique co-registration pipeline that allows for seamless
integration of preoperative high-resolution MRI with post-
operative histopathological data, on which metrics of cell
loss and gliosis were quantitatively assessed.

MATERIALS AND METHODS
Patients and Samples

We studied 15 subjects with drug-resistant TLE (seven males
and eight females, age =36 = 12 years, range = 20-59 years),
who underwent anterior temporal lobectomy (ATL) with
amygdalohippocampectomy surgery at the London Health Sci-
ences Centre. Hippocampal specimens were obtained from en-
bloc resection by three surgeons at our centre, with minimal
use of ultrasonic aspiration. All subjects underwent preopera-
tive 1.5 T clinical MR, including T1-weighted, T2-weighted,
FLAIR, and diffusion-weighted sequences, and neuropsycho-
logical testing, as part of their evaluation. Video-scalp EEG
telemetry was employed to identify the epileptogenic zone,
with four patients needing subdural electrode placement to bet-
ter localize the seizure onset zone. In addition to the conven-
tional 1.5 T sequences, all patients underwent a series of 3.0 T
research scans as described in the in vivo MRI subsection. Table
I summarizes clinical and demographic information for our
cohort. Among the initially recruited 15 patients, hippocampi
in two were fragmented with insufficient tissue to clinically
assess HS or perform automated neuron analysis. Informed
consent was collected from all participants before their recruit-
ment in the study. This project was approved by the office of
Research Ethics of Western University.

MRI Acquisition

In vivo imaging

Tesla. Patients underwent in vivo imaging on a 3.0 T Discov-
ery MR750 scanner (General Electric, Milwaukee, WI) using a
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TABLE I. Patient demographics and clinical information including age, gender, onset age, seizure origin as well as
clinical MRI and pathology findings for our patient cohort

Sz freq./

Patient Sex Age Age of onset Sz origin month MRI Hp. path. Engel Yrssincesurgery
1 F 22 15 R 8 Normal HS 2 3.52
2 M 52 45 L 2 L. arachnoid cyst in Gliosis 2 3.37

temporal pole
3 F 40 7 R 20 HS, Porencephaly HS 2 2.5
4 M 20 3 L 16 HS HS 2 2.1
5 F 48 36 L 28 HS HS 2 1.7
6 M 30 2 L 4 HS HS 1 1.87
7 M 31 28 R 2 Normal Gliosis 1 13
8 F 49 12 R 2 HS HS 1 1.3
9 F 43 3 R 4 HS HS 1 14
10 M 39 22 R 2 Mild sylvian Gliosis 1 0.94

bilateral PMG
11 M 23 18 L 12 Normal Gliosis 2 1
12 M 34 15 L 2 HS HS 3 12
13 F 33 20 R 16 HS HS 1 1.34
14 F 56 15 R 8 Normal Gliosis® 1 1.12
15 M 39 13 R 12 DNET or CD Gliosis® 2 1.16

“Not enough tissue to make diagnosis of HS.
HS = hippocampal sclerosis, Hp. Path. = hippocampal pathology.

32-channel head coil. The DESPOT1-HIFI technique [Deoni,
2007] was employed for quantitative T1 mapping, whereby
two three-dimensional (3D) spoiled gradient echo (SPGR)
sagittal T1-weighted scans (TR =8.36 ms, TE =3.71 ms, flip
angles = 4°/18°, matrix =220 X 220, slice thickness =1 mm,
FOV =220 X 220 mm?), as well as an additional sagittal
inversion-prepared SPGR volume for Bl mapping (TR = 6.4
ms, TE=3.1 ms, flip angle=>5°, matrix =220 X 128, slice
thickness = 1 mm, FOV = 220 X 200 mmz) were acquired. For
T2-weighted MRI, we employed a sagittal balanced steady-
state free precession (bSSFP) sequence (TR = 4.6 ms, TE =23
ms, flip angles = 35°, matrix =220 X 220, slice thickness =
1 mm, FOV = 220 X 220 mm?). An axial spin-echo echo-planar
imaging (EPI) sequence was used to obtain diffusion weighted
MRI, with a b-value of 1,000 s/mm? and 41 diffusion directions
(TR =1,100 ms, TE = 63.2 ms, flip angle = 90°, matrix =96 X
96, slice thickness = 2.5 mm, FOV = 240 X 240 mm?).

Tesla. We performed an additional high-resolution scan
on a subset of patients (n =7), to validate our lower reso-
lution in vivo structural data. The scan was acquired on a
70 T neuroimaging optimized MRI scanner (Agilent,
Santa Clara, CA/Siemens, Erlangen, Germany) using a
16-channel transmit-receive head coil array constructed in-
house. The sequence used for this study was a multiecho
gradient-echo sequence with six echoes acquired and a
0.5 mm in-plane resolution (TR=40 ms, TE; =4.57 ms,
echo spacing =4.89 ms, flip angle=13°, N=1, matrix =
256 X 360 X 80, slice thickness=1.5 mm, FOV = 128 X
180 X 120 mm, total time =12 min), with slices acquired
perpendicular to the long axis of the hippocampus in a
coronal oblique orientation.

Ex vivo imaging

To validate our in vivo DTI measurements, high-
resolution ex vivo DTI was performed on cases, where
overnight imaging was feasible and not disruptive to the
clinical workflow (N =5). Scanning was performed on a
9.4 T small bore Varian MR magnet (Varian, Palo Alto,
CA) in a millipede birdcage MP30 coil (Agilent, Santa
Clara, CA) after overnight fixation in 10% formalin. Each
specimen was immersed in a fluorine-based lubricant
‘Christo-lube MCG 1046" (Lubrication Technology, Inc.)
before imaging to avoid susceptibility artifacts at tissue
boundaries. Spin-echo diffusion sequences were acquired
with an in-plane resolution of 0.1 X 0.1 mm (TR=7.6 ms,
TE = 3.8 ms, matrix =380 X 256, slice thickness = (0.4mm,
FOV =38 X 25.6 mm?). We also acquired structural images
employing a balanced steady-state free precession sequence
for in vivo to ex vivo image registration (TrueFISP,
resolution= 0.1 mm isotropic, TR=7.6 ms, TE=3.8 ms,
flip angle = 30°, FOV =38 X 25.6 X 19.2 mm?).

MRI Processing
Quantitative TI

The T1-weighted volumes co-registered to the first image
volume of the session using a rigid transformation obtained
with FLIRT (FSL 4.1, http:/ /fsl.fmrib.ox.ac.uk). Quantitative
T1 maps were reconstructed using the approach described
by Deoni et al. [2007].
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Diffusion MRI

Nonlinear distortions were corrected by deformable regis-
tration of the average unweighted volume to the undistorted
T1 map using a diffeomorphic registration method [Beg et al.,
2005; Huang et al., 2008]. FMRIB'’s Diffusion Toolbox (FDT)
was used for motion and eddy current correction and estima-
tion of the diffusion tensor. We computed the two diffusion
tensor imaging (DTI) parameters; fractional anisotropy (FA)
and mean diffusivity (MD), also known as apparent diffusion
coefficient (ADC), which are the most commonly used indi-
ces in literature, defined as:

on VB0 0= 0 00— 0
2(Af+23+13)

)

where

<)L>:MD: (X1+7‘-2+}"3) ’
3
M, Ap,A3 are the eigenvalues of the diffusion tensor.
Using linear registration (FLIRT), we transformed and
resampled the resulting diffusion maps to the coordinate
system defined by T1 map (1 mm isotropic voxel size).

Quantitative Histology

Resected specimens underwent accessioning and gross
description by the Department of Pathology at London
Health Sciences Centre. The numerous challenges in our
quantitative histology pipeline include the high complexity
of en-bloc resections, the difficulty in preserving atrophic
hippocampi throughout histological processing, and the
tendency for the tissue to deform and occasionally form
fissures (partially due to the differential shrinkage of gray
and white matter). To better preserve specimen architec-
ture, samples were bisected in the coronal plane; each half
was embedded in agar for stabilization and support dur-
ing processing and sectioning. Each half was sectioned
into thick coronal slices (4.4 mm spacing), parallel to the
initial cut using a deli slicer. Blocks were embedded in
paraffin and sectioned at a thickness of 8 um. Hematoxylin
and eosin (H&E) stain was applied to slides from each
block, in addition to the following immunohistochemical
(IHC) stains: neuronal nuclear protein (NeuN) (monoclo-
nal antibody; 1:400; EMD Millipore, Billerica, Massachu-
setts) as a marker for neuronal nuclei and the perinuclear
soma, and GFAP (polyclonal antibody; 1:4,000; Dako,
Agilent Technologies, Santa Clara, CA) as a marker for
gliosis. To minimize variability between slides, batch IHC
processing was performed on a Dako Autostainer Link 48.
Resulting slides were digitized on a ScanScope GL (Aperio
Technologies, Vista, CA) bright field slide scanning system
at a maximum of 20X optical zoom, and automatically

stitched to form full-frame multiresolution images stored
in BigTIFF file format (maximum pixel resolution 0.5 pm).

We quantified NeuN using field fraction estimates (i.e.,
the proportion of pixels in the field that are positively-
stained). These estimates are sensitive to the packing den-
sity and cell-size of neuronal cell bodies and processes;
they have been previously employed to describe neuronal
integrity [Eriksson et al., 2007, 2009; Lockwood-Estrin
et al., 2012]. Similarly, we quantified field fraction esti-
mates of GFAP IHC, which is sensitive to reactive astro-
gliosis, and analyzed the full resolution slides in blocks of
100 X 100 pm using MATLAB (The MathWorks Inc.,
Natick, MA). To provide local estimates of neuron density
and size, we developed a method for segmenting cell
bodies of pyramidal and granular neurons. This technique
first extracts the colour component related to immunoposi-
tive staining using colour deconvolution [Ruifrok and
Johnston, 2001] preceding a watershed-based segmentation
procedure [Soille, 2003] for splitting joined or connected
neurons, and removes objects smaller than a predefined
area defined as noise (less than 14 pm?). Resulting neuron
segmentations provide the neuronal density (number of
neurons) per field, as well as the mean area (size) of cell
bodies within the field. To further discriminate between
pyramidal neurons of CA subfields and granular neurons
of the DG, we used area thresholds (125 and 50 pm?®
respectively). Neuron-specific quantitative features in each
field of these images were extracted using a custom algo-
rithm written in MATLAB. Manual counts taken from two
randomly selected fields per slice within the CA subfields
and the DG by one rater (blinded to the automated counts)
were employed to validate our automated cell segmenta-
tion for pyramidal and granular neuron quantification.
Automated (A) and manual (M) segmentation achieved a
high agreement Kappa (x)=(A—M)(1—M)=98% for
pyramidal cell counts and x = 96% for granular cell counts.
Figure 1 illustrates this procedure and demonstrates the
quantitative histological features: neuronal density (for
both CA and DG), mean neuron size, and GFAP field frac-
tion. Neuronal density data from the least sclerotic speci-
mens were used as references to compute percent cell loss
per subfield for each patient. We also generated a three-
level qualitative HS subtype classification based on expert
clinical assessment together with radiological and histol-
ogy reports: (1) no HS; (2) moderate HS: CA1 atrophy or
mild involvement of both CA1 and C4; (3): severe: marked
global atrophy in CAl, CA3, and CA4. No subject pre-
sented as atypical CA4-only atrophy in our cohort, either
in the histology reports or the quantitative analysis.

Histology Feature Extraction

A single rater (MG) manually delineated hippocampal
subfields on down sampled histology slices (20 X 20 pm?
pixel size) using ITKSNAP [Yushkevich et al., 2006]. Seg-
mentations were confirmed by a neuropathologist (R.H.).
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NeuN IHC

GFAP IHC

Neuron size map

GFAP field fraction

Figure I.
Overview of some of the automated, quantitative histological features. Top row left: original NeuN
immunohistochemistry. Top middle: quantitative neuron density map. Top right: mean neuron size
map. Bottom row left: original GFAP IHC. Bottom right: quantitative GFAP field fraction. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Our segmentation protocol was based on the Duvernoy
hippocampus atlas [Duvernoy et al., 2005], with the fol-
lowing boundary definitions: The border between the sub-
iculum and CAl was defined as a horizontal line at the
edge of the subiculum extending from the inferior border
of the dentate gyrus and the hippocampal sulcus, shown
as black dashed lines in Figure 2. The CA1/CA2 boundary
was designated as the point at which a noticeable decrease
in width of the CA1 subfield was observed, following the
most lateral point of the DG; or the point with a noticeable
gradient of higher density of pyramidal neurons from CA1
to CA2 (relative preservation of neurons), as shown in the
zoomed-in window in Figure 2. The CA2/CA3 boundary
was defined at the most medial point of the superior curve
of the dentate gyrus where a gradient of pyramidal cell
density is observed between the subfields. The opening of
subfields into the globular region of the hippocampal for-
mation formed the CA3/CA4 border. The remaining glob-
ular region of the hippocampal formation was marked as
CA4. The DG was divided into two labels, one encompass-
ing the granular layer and another combining both molec-
ular and polymorphic layers surrounding the granular
cells. Figure 2 shows examples of subfield delineation on
histology slices from three of our subjects with mild, mod-
erate and severe sclerosis.

Image Registration and MRI
Parameter Extraction

We first applied our previously described MRI to histol-
ogy [Goubran et al., 2013a,a] registration pipeline, which
allowed for the identification of the MRI slice that best cor-
responded to the cut histology slice (Fig. 3). To summarize
the pipeline briefly, after surgical resection the anatomical
orientation labels for each specimen were marked by the
operating neurosurgeon and photographs taken of the en
bloc specimens were for future reference. The orientation
was also marked and confirmed during histological gross-
ing and processing. Then, the digitized histology images
were similarly reoriented into a standard orientation, with
the origin in the top-left image corner corresponding to
superior-right in anatomical orientation, using the corre-
sponding MRI as a reference. After histology and MRI
preprocessing, our image-based algorithm registered the
oriented histology images to the ex vivo MR, then the ex
vivo to the in vivo images. Our pipeline combined a 3D
and 2D registration algorithm that alternates between
slice-based and volume-based registration. The resulting
transformations and deformation fields provided us with
the MRI slice that best corresponded to the histological
slices.
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Figure 2.

Manual subfield delineation on histology slices (left column: with-
out segmentations, right: with segmentations) from three
patients from our cohort showing different examples across the
gliosis spectrum (top: mild sclerosis, middle: moderate sclerosis,
bottom: severe sclerosis). The labeling scheme (colour repre-
senting each subfield) is described at the bottom of the figure.
The dashed black line represents the boundary between CAl

For more robust correlations, instead of relying on imag-
ing parameters from segmented subfields along the entire
length of the hippocampus, we analyzed a select target
region encompassing the MRI slice corresponding to a
given histological slice. Moreover, we modeled uncertainty
stemming from registration error (approximately 2.5 mm)
[Goubran et al., 2013a,a] and variance in sectioning histol-
ogy slices from the face of blocks (approximately 1 mm)
[Gibson et al., 2012]; specifically, MRI data adjacent to the
corresponding slice were cropped and weighted using a
sinc function with FWHM = 3mm, giving data adjacent to
the closest corresponding MRI slice in the sagittal plane a
higher weighting than those more distant.

Within a given target region, subfields were manually
segmented by a single rater (M.G.). This segmentation pro-
tocol mirrored that employed on histology and is similar to
that described in our previous work at 7.0 T [Goubran

and subiculum, extending horizontally from the inferior border
of the dentate gyrus and the hippocampal sulcus (dotted lines).
CA (1-4): cornu ammonis, DG GL: dentate gyrus granular layer,
DG ML and PL: dentate gyrus molecular and polymorphic layers.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

et al., 2013b]. The MRI protocol was confirmed by consen-
sus with a neurologist (N.B.) and a neuropathologist (R.H.).
Assessment was restricted to CA1, CA2/3, and CA4/DG. It
should be noted that MRI parameter extraction was per-
formed in the intrinsic in vivo space (1 mm isotropic) and
not the upsampled space to avoid resampling of the quanti-
tative maps. All reported subfield volumes in this study
were normalized by the intracranial volume (ICV) as esti-
mated by the Freesurfer software [Buckner, 2004].

Statistical Analysis

Statistical analyses were performed using SPSS (version
20, IBM, Armonk, NY) and JMP statistical software (ver-
sion 10, SAS, Cary, NC). Before analysis, MRI parameters
and histological features were internally z-scored. Analysis
was stratified into four experiments:
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MRI-Histology registration

in-vivo MRI

corresponding MRI
slice

'2 Region
j extraction

Target
MRI region

ex-vivo MRI

Histology slice

Sagittal weighting
kernel

Figure 3.

Schematic outline of MRI parameter extraction in the subfields.
(1) Determination of the MRI slice best corresponding to a his-
tology cut by employing a MRI-histology co-registration pipeline
(with the ex vivo MRI as an intermediate step). (2) Extraction of
a subject-specific, target region surrounding the “corresponding
MRI slice,” to model registration and sectioning uncertainty. (3)

MRI-histology correlations

Univariate analysis. We systematically assessed pair-
wise, nonparametric (Spearman Rho) correlations between
individual histological parameters relating to neuronal char-
acteristics (neuronal size and density) and putative MRI
markers of neuronal loss (subfield volume and T1 intensity
[Goubran et al., 2015b]. In a second step, we evaluated cor-
relations between histological GFAP field fraction and MRI-
derived T2-w intensity. T2 intensity values were normalized
with respect to mean intensity in a spherical region in the
lateral ventricle ipsilateral to the HS for each patient. In a
more exploratory diffusion-histology assessment, we corre-
lated histological parameters with FA and MD. Multiple
comparisons were corrected with family-wise error rate
(FWER) control of «<0.05 using nonparametric permuta-
tion tests [Groppe et al., 2011; Nichols and Holmes, 2002],
implemented in MATLAB (The MathWorks Inc., Natick,
MA). For each comparison (i.e. the assessment of correla-
tions between a given pair of two variables), we calculated a
correlation coefficient rho using a two-tailed Spearman rank

Manual delineation of the subfields within the chosen target
region and application of a sinc sagittal weighting kernel (produc-
ing lower weighting away from the corresponding slice). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

correlation. Comparing this rho value against a permutation
distribution of rhos (in which both variables were randomly
shuffled) can be used to determine the test-wise P values of
the original observations. To further control for multiple
comparisons at a FWER of P < 0.05, we subsequently pooled
across the most extreme permutation-based rhos (maximum
absolute rho for each test), and then took the 95th percentile
of this maximum rho distribution as a critical coefficient to
compute the corrected family-wise P value. A large number
of random permutations (100,000) was computed instead of
the typically suggested 1,000 for an « of 0.05 [Manly, 2006;
Nichols and Holmes, 2002] to account for the multiple statis-
tical tests performed in our analysis.

Multiple linear regression. To test the efficacy of quanti-
tative, multiparametric MRI in preoperatively predicting
neuronal loss per subfield, multiple linear regression anal-
yses were performed between (a) subfield-specific MRI
parameters and percent loss of neurons for each subfield,
(b) MRI parameters from all subfields and percent neuro-
nal loss for each subfield.

¢ 1109


http://wileyonlinelibrary.com

¢ Goubran et al. ¢

TABLE Il. Significance of Spearman correlations between MR parameters and neuronal density and size for
subfield-specific analyses

Subfield-specific MRI parameters

Histology features CA1l CA1l

Volume
Density r=0.907*% P < 0.001
Size r=0.833" < 0.001
CA2/3 CA2/3

Volume
Density r=0.736% P =0.004
Size r=0.610; p = 0.027
CA4 CA4/DG

Volume
Density r=0.683; P =0.010
Size r=0.730% P = 0.005

T1 MD
NS NS
NS NS
T1 MD
NS —
NS —
T1 MD

r=—0.781% P = 0.006
r=—0.830%; P <0.001

r=—0.833%; P <0.001
r=—0.841; P=10.039

*Corrected P value at FWE significant at <0.01.

All volume measurements were corrected by the intracranial volume (ICV).

Clinical correlations

We assessed the relationship between each of the above
variables and clinical parameters such as age of seizure onset,
duration of epilepsy and postsurgical seizure outcome. Only
significant correlations after multiple comparison correction
are reported in the results section. The clinical outcome data
were obtained by our neurologist on follow-up visits for each
patient. We relied on the Engel classes’ classification to cate-
gorize the clinical outcomes, where Class I is free of disabling
seizures, Class II: rare disabling seizures, Class IIl: worth-
while improvement and Class IV: no improvement.

Validation experiments

We performed four experiments to validate our in vivo
DTI measurements and segmentation labels, as well as
ensure that our correlation analysis was not driven by sin-
gle outliers or confounds such as the partial volume effect.

High-resolution ex vivo DTI. This experiment was per-
formed with the aim of validating our in vivo DTI meas-
urements with higher resolution ex vivo data. We first
employed our registration pipeline to obtain a mapping
between ex vivo data and histology, to warp labels drawn
on histology to the ex vivo space. These labels were then
used to initialize the segmentation and to define the ex
vivo corresponding slices. Segmentation adjustments were
applied by the same rater (if needed postregistration) on
T2-weighted structural images, before extraction of diffu-
sion parameters from FA and MD maps and comparison
with in vivo measurements. Voxels at the gray matter-CSF
boundary were not segmented to avoid CSF contamination
in our validation datasets. Correlation coefficients were
computed between both scanning sessions for both diffu-
sion parameters.

Label erosion. We eroded the subfield segmentation
labels inward and repeated all the univariate correlation

analysis as a further demonstration that partial volume
effects did not influence our results.

Bootstrapping. We employed a bootstrapping technique,
with 1,000 bootstrap samples and 95% bias corrected confi-
dence intervals on all correlations, to better estimate the
confidence intervals of the correlation coefficients and
ensure the reliability of our results. Results of this experi-
ment are presented alongside the univariate correlation
results, where each correlation coefficient is followed by
its 95% bias corrected lower and upper confidence
intervals.

Reproducibility and reliability analysis.

a. To assess the accuracy and reproducibility of our seg-
mentation protocol, all patients were re-segmented by
the same operator, and the resulting labels compared
with the first segmentation using the dice similarity
coefficient (DSC), as well as absolute percentage volume
difference (3V}). The intraclass correlation coefficient
(ICC) was also computed for intra-rater reliability anal-
ysis with values near unity indicating consistent volume
measurements.

. For those patients where we had high-resolution (0.5 X
0.5 X 1.5 mm) T2 images from an additional 7 T scanning
session (n=7), we have independently segmented the
subfields in order to assess its reliability in accurately
delineating the subfields. Dice similarity and percent
volume difference were computed between the 3 T and
7 T segmentations.

RESULTS
MRI-Histology Correlations
Univariate correlations

Across all subfields, we observed a consistent positive
correlation between MRI-derived subfield volume and
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parameters with histological features.

TABLE Ill. Model fit of multiple linear regression analysis for predicting percent neuron loss per subfield using
subfield-specific MRI parameters

Independent Standardized
Dependent variable variables coefficient () Significance (P) F-statistic R? Adjusted R? Prob > F
% Cell loss CA1 27.9 0.903 0.871 <0.001
CA4/DG Vol. 0.823 <0.001**
CA1 FA 0.280 0.022*
CA1 T2 0.175 0.086
% Cell loss CA2/3 19.2 0.881 0.835 <0.001
CA2/3 Vol. 1.050 <0.001**
CA2/3 Tl 0.869 0.005**
CA4/DG MD —0.544 0.030%
CA4/DG T2 0.209 0.034*
% Cell loss CA4 29.3 0.936 0.904 <0.001
CA4/DG MD —0.857 0.004**
CA2/3 Vol. 1.207 <0.001**
CA2/3 MD —0.102 0.039*
CA4/DG Vol. 0.863 0.009**

*Corrected P value at FWE significant at < 0.01.
**Corrected P value at FWE significant at < 0.001.
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Figure 5.
Multiple linear regression results for subfield-specific parameters depicting predicted vs. actual
percent neuron loss for each of the four CA subfields.

histology-derived neuronal density and size, with highest
effect sizes in CA1 (density: 1, = 0.907 (0.63, 0.99), pswe < 0.001,
and size: rs=0.833 (0.34, 0.99), pswe <0.001) (Table II and
Fig. 4). Correlations for the other parameters were confined
to single subfields. Specifically, MD was negatively correlated
with pyramidal cell density within CA4/DG (rs= —0.833
(—048, —0.98), prwe<0.001) and T1 negatively correlated
with both neuronal markers in the same subfield (size:
rs=—0.830 (—0.50, —0.99), pswe<0.001, and density:
rs=—0.781 (—=0.32, —0.97), prwe = 0.006). On the other hand,
higher T2-weighted intensity related to increased GFAP frac-
tion in CA1 (rs = 0.835 (0.52, 0.95), pswe < 0.001).

Multiple linear regressions

Subfield-specific. Multiple linear regression analysis dem-
onstrated that multiparametric MRI could accurately predict
subfield neuronal loss. Across all subfields, volume was a
consistent feature, and was selected together with T2 in
CAl (R*=0.90, adjusted R*=0.87, P <0.001), with T1 in
CA2/3 (R*=0.73, adjusted R*=0.68, P = 0.001) and second
to MD in CA4/DG (R*>=0.72, adjusted R* = 0.67, P = 0.005).

Cross subfields regressions. CA4/DG volume as well as
CA1 T1 and FA, predicted CA1 percent neuronal loss with
high accuracy (R* = 0.90, adjusted R* = 0.87, P < 0.001). Vol-

ume and T1 parameters from CA2/3 as well as CA4/DG
MD and T2 predicted CA2/3 percent loss with very high
accuracy (R2 = 0.88, adjusted R*>=0.83, P < 0.001). Finally,
loss in CA4 was predicted with equivalent accuracy using
CA4/DG and CA2/3 volume and MD (R>=0.94, adjusted
R*=090, P < 0.001). Table III summarizes the multiple
linear regression results for subfield-specific experiments.
The model fit for the prediction of neuronal loss of the four
analyzed subfields from subfield-specific parameters is pre-
sented in Figure 5.

Clinical Correlations

T1 of CA2/3 negatively correlated with outcome, i.e.,
prolonged T1 values relating to better outcomes
(r=—0.701, pgwe = 0.012). CA4 GFAP field fraction was the
only histological feature to correlate with outcomes, with
increased gliosis in CA4 associating with worse outcomes
(r=10.695, pgwe=0.012). Moreover, duration of epilepsy
negatively correlated with CA2/3 volume (r = —0.701, pswe
= 0.018). Our qualitative HS subtypes classification (based
on clinical MRI and histology reports) correlated with
quantitative neuronal density within the three CA sub-
fields (CAl: r=0.842, P < 0.001, CA2/3: r=0.755,
P =0.003, CA4: r=0.920, P < 0.001).
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Figure 6.

High-resolution ex vivo validation of in vivo DTI measurements.
The top row depicts warping of the subfields from histology to
the registered ex vivo space for one subject and compares them
to the in vivo subfield segmentation (A: axial, S: sagittal, C: coro-
nal). Rows two and three demonstrate the comparison between

Validation Experiments
High-resolution ex vivo DTI

Figure 6 presents the comparison between in vivo and
ex vivo diffusion parameters (FA and MD) for five sub-
jects. The good agreement between the two sessions, in
both CA4 as well CAl, provides support for the much
larger voxel size present in the in vivo diffusion meas-
urements. CA4 had higher correlations, between ex vivo
and in vivo DTI for both MD (r=0.88) and FA
(r=0.72), than CA1 (MD: r=0.58, FA=r=0.52). This
could be due to the curved shape of CAl, which com-
promises gray matter values adjacent to CSF in in vivo
imaging. The shift in diffusion measurements, as high-
lighted by the graphs in the figure, between in vivo and
ex vivo is probably attributed to fixation and tissue

in vivo and ex vivo DTI parameters [fractional anisotropy (FA)
(middle row) and mean diffusivity (MD) (bottom row)] for both
CAIl (middle) and CA4 (right). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

processing effects on the specimens’ microstructure. CA2
and 3 were not included in this analysis due to their
relatively smaller size compared with our in vivo DTI
voxel size.

Label erosion

Findings remained highly significant even when subfield
labels were eroded before analysis as described earlier,
suggesting minimal confounds due to partial volume
effect.

Reproducibility and reliability analysis

a. Table IV summarizes the results for the reproducibility
experiment (repeat segmentation by the same rater).
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TABLE IV. Segmentation reproducibility analysis com-
puted using the Dice similarity coefficient, (DSC) abso-
lute percentage volume error (3V,), and intraclass
correlation coefficient (ICC) metrics

3 T (same images) CA1l CA2 +CA3 CA4 + DG Total
DsC 0.895 0.867 0.911 0.893
3V, 5.3 6.1 54 5.6
ICC rater 0.905 0.884 0.926 -
7 T vs.3 T (seven CA1l CA2+CA3 CA4 + DG Total
Ppatients)
DSC 0.854 0.819 0.872 0.840
3V, 7.0 9.3 5.7 74

Both Dice similarity (range: 0.867-0.911) and percent
volume difference (range: 5.3-6.1%) demonstrated a
very good correspondence between the two sets of
labels. The lowest Dice similarity coefficient was in the
CA2+ CA3, which is expected due to the effects of
label volume on the index computation. The ICC was
equally high for all subfields with the lowest correlation
being 0.88.

b. Similarly, our 7 T validation experiment demonstrated
a good agreement between labels delineated on high-
resolution (0.5 X 0.5 X 1.5) images and 3 T labels seg-
mented on our 1 X 1 X 1 mm resolution maps (DSC
range: 0.81-0.87, 3V, range: 5.7-9.3%). Figure 7 depicts
an example subject from this validation experiment,
showing the higher resolution 7 T T2-w scan, the 3 T
T1-weighted as well as T1 map of the same slice (with
and without segmentations for visual comparison).

DISCUSSION

This work correlates volume, T2, quantitative T1 relax-
ometry with histology within the subfields, using high-
resolution maps and a comprehensive mapping between
MRI and pathology. A number of studies previously corre-
lated T2 and volumetry with pathology in the context of
hippocampal sclerosis [Bernhardt et al., 2015; Briellmann
et al., 2002; Cascino et al., 1991; Coan et al., 2003, 2014;
Goncalves Pereira et al.,, 2006; Jackson et al., 1993; Kuz-
niecky et al., 1997; Lencz et al., 1992; Mackay et al., 2000;
Schoene-Bake et al.,, 2014; Van Paesschen et al.,, 1997].
However, they only focused on whole hippocampus MRI
parameters or correlated pathology findings on a histology
slice with subfield parameters extracted from the entire
hippocampus or employed in vivo scans with low out-of-
plane resolution (>3 mm) and no registration was pre-
formed to establish correspondences between MRI and his-
tology [Coan et al., 2003, 2014; Goncalves Pereira et al.,
2006; Jackson et al., 1993; Mackay et al., 2000; Van Paes-
schen et al., 1997]. Although previous studies investigated
diffusion changes in patients with HS and demonstrated
increased MD as well as decreased FA in the ipsilateral

hippocampi and white matter [Cantor-Rivera et al., 2015;
Focke et al., 2008; Khan et al., 2014; Rugg-Gunn et al.,
2002; Thivard et al., 2005], this is the first to investigate
histopathological correlates of diffusion metrics in TLE
within the hippocampal subfields. Our registration proto-
col validates our high-resolution MRI maps with quantita-
tive histology to better understand the pathological
substrates of our imaging findings. These features may be
more sensitive to neuronal degeneration as distinct from
qualitative assessment or quantitative grading of neuronal
loss as they provide a continuous measurement of
pathologies.

The past decade has seen the advent of multiple hippo-
campal subfield analyses based on neuroimaging. Proto-
cols for subfield volumetry have been developed based on
in vivo MRI across different field strengths, commonly
ranging from 3 T to 7 T [Malykhin et al., 2010; Mueller
et al.,, 2007, Winterburn et al., 2013; Wisse et al., 2012],
based on 9.4 T postmortem MRI [Yushkevich et al., 2009],
and more recently on the combination of histological
reconstruction and postmortem MRI [Adler et al., 2014].
There have also been attempts to standardize delineation
guidelines across protocols to produce a unified protocol
[Yushkevich et al.,, 2015]. Other groups devised high-
resolution imaging paradigms to assess the feasibility of
subfield-specific analysis [Prudent et al., 2010], study neu-
rodegeneration [Kerchner et al., 2012], construct quantita-
tive reference atlases [Goubran et al., 2013b], or visualize
micro-pathways of the hippocampus [Parekh et al., 2015].
While these studies are important steps towards subfield
analysis of normative and disease states, the presented
pipeline is the first to combine in vivo MRI, ex vivo MRI,
and histology to derive subfield-specific pathological fea-
tures from quantitative imaging.

Biological Interpretations

In our correlation analysis, preoperative subfield volu-
metry was highly correlated with subfield density (specifi-
cally in CAl). Numerous studies have reported that
neuronal density within the subfield may directly relate to
volume atrophy [Briellmann et al., 2002; Cascino et al.,
1991; Lencz et al.,, 1992; Schoene-Bake et al.,, 2014; Van
Paesschen et al., 1997]. The presented subfield-specific cor-
relation analyses confirmed these previous findings.

Mean diffusivity was the most prominent MRI marker,
other than volume, for neuronal density. In our subfield-
specific analysis, MD was negatively correlated with neu-
ronal density and size of CA4, demonstrating the impor-
tance of this MRI parameter in determining subtypes
preoperatively. A previous study analyzing relationships
between diffusion maps and cell density in malignant
brain tumours described an analogous association between
MD and tumour core cell density [Kinoshita et al., 2008].
The loss of neurons in the hippocampal subfields may
lead to less restricted, water diffusion and thus higher
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Coronal View upsampled to
0.5x0.5x0.5 mm voxel size
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Figure 7.
An example subject from the 7 T validation of our 3 T hippocampal segmentation protocol,
showing the higher resolution 7 T T2-w scan (left), the 3 T Tl-w (middle) and T| map (right) of
the same slice (with the segmentations overlaid ‘bottom’). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

diffusivity. A similar interpretation can be described for
the relationship between MD and neuronal size: as neuro-
nal cell bodies shrink, the proportion of intra-neuronal
water is reduced thereby increasing diffusivity. Given the
limitations of in vivo DTI, we cannot precisely assess the
nature of the architectural changes related to MD, but we
hope to explore these issues further using high-resolution
ex vivo DTI of the resected specimens.

It has been suggested [Briellmann et al., 2002] that in
vivo T2 relaxation relates to DG glial count, whereas a
more recent study found no correlation between ex vivo
T2-w and GFAP field fraction in the subfields [Coras et al.,
2014]. In our results, T2 also correlated with increased
GFAP field fraction expression in CAl, which represents
reactive gliosis (astrocytic and microglial proliferation), but
failed to show a significant correlation in the DG. This dis-

parity could be to methodological differences in histology
processing and quantification, as Briellmann et al. [2002]
quantified gliosis by manually counting glial cells in the
dentate, whereas in our study we automatically quantified
GFAP field fraction as a measure of gliosis. Although
GFAP field fraction estimates are widely employed for
gliosis and reactive astrocytes assessment [Coras et al.,
2014; Lockwood-Estrin et al., 2012; Thom et al., 2009], the
stain’s field fraction in the dentate may not be as sensitive
or as specific counting all the glial cell within the subfield.
T1 was correlated as well with neuronal size/density
in CA4. An analogous relationship between ex vivo GM
Tl values and neuronal density has been previously
described in patients with multiple sclerosis [Schmierer
et al., 2010]. Cell loss will likely result in an increase in the
extra-cellular space, thus the intra-cellular water will
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decrease as extra-cellular water increases, which in turn
would increase T1 [Jurcoane et al., 2013]. The presence of
a significant association between T1 and neuronal markers
in CA4/DG may be due to the high content of zinc in the
mossy fiber projections from the dentate gyrus [Howell
et al., 1984]. In addition, more signal averaging within the
CA4/DG as compared with CAl (due to the different
shapes of both subfields) could be another factor contribut-
ing to these correlations. Our previous study [Goubran
et al., 2015b], focused on investigating the histopathologi-
cal correlates of quantitative MRI within the neocortex,
demonstrated that in vivo T1 and FA negatively correlated
with density of small caliber neurons. We did not see this
relationship for FA in this analysis of the hippocampus,
which could be due to the inherent differences in mye-
loarchitecture and cytoarchitecture that exist between the
hippocampus and lateral neocortex. Both studies confirm
the power of quantitative T1 mapping and diffusion MRI
as in vivo biomarkers for hippocampal and neocortical
pathology in TLE, and their potential use to detect pathol-
ogy in other neurological disorders.

Clinical Findings and Insights

Multiple linear regression analysis revealed that volume
and MD are the most prominent parameters in predicting
neuronal loss, with increased accuracy when adding T2.
This observation mirrors the correlation analysis where
MD and volume were the parameters with the highest
number of associations with histological features. T2 was
correlated with GFAP field fraction in CA1 whereas MD
was correlated with density in CA4, while both have simi-
lar insignificant trends in other subfields. A larger cohort
may be needed to observe their predictive ability in other
subfields. Hippocampal neuronal loss has been previously
shown to potentially predict patient outcomes [Jardim
et al., 2012] and memory deficits [Pauli et al., 2006]. Pre-
dicting subfield loss from in vivo quantitative MRI has the
potential to noninvasively localize pathology and deter-
mine the extent of hippocampal atrophy, with a precision
previously unachievable. It may also help classify patients
into different HS subtypes and decide on the merit of their
surgical candidacy. Moreover, it may help identify select
hippocampal subfields for targeting electrodes used for
neurostimulation therapy or MRI-guided laser ablation, as
an alternative to resective surgical intervention.

The association between the qualitative HS subtype clas-
sification and neuronal density within the CA subfields,
validates the accuracy of our automated neuron quantifica-
tion procedure. Some reports have previously shown that
hippocampal sclerosis subtypes have different postopera-
tive outcomes [Bliimcke et al., 2007; Savitr Sastri et al.,
2014; Thom et al., 2010], and correlate with seizure dura-
tion and onset [Fuerst et al., 2001]. The Engel outcomes
presented in this study are reported in the short-term fol-
low-up with the average time since surgery for our cohort

being just under two years (22 months). There was one
patient in Engel class III and no class IV patients in our
cohort. CA2/3 T1 was the only in vivo MRI parameter to
correlate with outcomes in our cohort, and CA2/3 volume
negatively correlated with duration of epilepsy, which
mirrors the classification results demonstrating CA2’s abil-
ity to represent the spectrum of atrophy across patients.
One explanation for not observing a correlation between
subfield volume and outcome could be the presence of
neocortical pathology in patients with normal hippocam-
pal volume or patients considered as ‘HS negative’ in our
cohort. On the histology side CA4 GFAP field fraction was
the only feature that negatively correlated with clinical
outcomes.

Histological studies have extensively demonstrated that
hippocampal subfields are selectively affected in Alzhei-
mer’s disease (AD) [Mueller et al., 2010; West et al., 2004]
and that neuronal loss patterns differ across the spectrum
of neurodegeneration: aging [Morrison and Hof, 1997],
mild impairment [Gémez-Isla et al., 1996] and advanced
AD [Simi¢ and Bogdanovié, 1997]. Imaging studies have
shifted their focus to hippocampal subfield analysis
(instead of whole hippocampus volumetry) using high-
field MRI as more specific markers of atrophy and demen-
tia [Ali et al., 2015]. The presented pipeline for in vivo
assessment of neuronal integrity within the subfields has
the potential to complement standard imaging and mor-
phometry biomarkers of dementia and AD. Moreover,
accurate prediction of histological features through multi-
parametric MRI is applicable to numerous other neuro-
science disciplines, as unique subfield atrophy is also
present in neurological disorders such as post-traumatic
stress [McEwen, 1999] and schizophrenia [Harrison, 2004].

Limitations and Technical Considerations

A limitation of this work is the lack of normative control
data for histology, and hence in our assessment, the least
sclerotic specimens were used as reference for computa-
tion of percentage cell loss. We also employed histological
measurements from one optimal slide per subject, which
may have biased the results. This was due to the restricted
size of the resected specimens (only a fraction of the hip-
pocampus is resected at times) and the large variability in
specimen sizes, as well as effects of tissue breakage and
fragmentations. These limitations, in addition to the need
to reserve part of the specimen in tissue banks for clinical
use, restricted the analysis to a maximum of one histology
slide (for some subjects) where all the CA subfields are
clearly visible. In addition, we employed an approxima-
tion of T2 values using intensity-normalized T2-weighted
images, as some failed T2-weighted acquisitions for an ear-
lier subset of patients prevented us from computing DES-
POT?2 for all subjects.

Obtaining higher resolution images, than those employed
in this study would help better delineate the subfields. This is
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because 1 mm images limit the rater, as layers such as
stratum-laconosum moleculare or small structures as the
endfolial pathway are not resolvable. In our protocol, we
ensured accurate subfield analysis by relying on manually
delineated subfields (since automated techniques, particu-
larly those based on in vivo atlases, may not perform opti-
mally on very sclerotic cases), as well as expert assessment of
the segmentations after delineation by the rater. Although
this approach is more time consuming and possibly prone to
rater-bias, it produces more accurate labels specifically in
very sclerotic hippocampi, and those with malrotation where
the image signal to noise, contrast and resolution, as well as
morphology are not sufficient to guide the automated tech-
nique. Another way to correlate preoperative MRI and
pathology is through direct registration of both modalities
[Goubran et al., 2013a] and warping of regions of interest
from histology to in vivo space. However, for this technique
to be effective, image resolution of preoperative volumes
needs to be submillimetric. For example, if in vivo maps have
a 1 mm isotropic resolution, smaller subfields (i.e. CA2 and
CAB) warped from histology would only occupy two or three
voxels on a slice in the in vivo space, which would challenge
the accuracy of the results.

CONCLUSION

This is the first study to investigate the histopathological
substrates of in vivo volume, T2, quantitative T1 relaxome-
try in the subfields while employing high resolution maps
at 3.0 T and a comprehensive mapping between MRI and
pathology. It is also the first direct investigation of histo-
pathological correlates of diffusion metrics in TLE within
the hippocampal subfields. Moreover, we developed and
validated an automated quantitative histology procedure
for quantification of neuronal density, size and NeuN and
GFAP field fractions. We have demonstrated that volume,
MD and T1 are sensitive markers for neuronal integrity in
the subfields and confirmed that T2 is a marker of gliosis.
Finally, we have shown that in vivo multiparametric MRI
can predict subfield neuronal loss in all subfields with
very high accuracy. This work suggests that in vivo sub-
field volumetry, diffusion and quantitative MRI have the
potential to noninvasively localize pathology and deter-
mine the extent of hippocampal subfield atrophy, with
increased precision.
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