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a b s t r a c t

Neuroimaging can capture brain restructuring after anterior temporal lobe resection

(ATLR), a surgical procedure to treat drug-resistant temporal lobe epilepsy (TLE). Here, we

examine the effects of this surgery on brain morphology measured in recently-proposed

independent variables.

We studied 101 individuals with TLE (55 left, 46 right onset) who underwent ATLR. For

each individual we considered one pre-surgical MRI and one follow-up MRI 2e13 months

after surgery. We used a surface-based method to locally compute traditional morpho-

logical variables, and the independent measures K, I, and S, where K measures white

matter tension, I captures isometric scaling, and S contains the remaining information

about cortical shape. A normative model trained on data from 924 healthy controls was

used to debias the data and account for healthy ageing effects occurring during scans. A

SurfStat random field theory clustering approach assessed changes across the cortex

caused by ATLR.

Compared to preoperative data, surgery had marked effects on all morphological

measures. Ipsilateral effects were located in the orbitofrontal and inferior frontal gyri, the

pre- and postcentral gyri and supramarginal gyrus, and the lateral occipital gyrus and

lingual cortex. Contralateral effects were in the lateral occipital gyrus, and inferior frontal

gyrus and frontal pole.
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The restructuring following ATLR is reflected in widespread morphological changes,

mainly in regions near the resection, but also remotely in regions that are structurally

connected to the anterior temporal lobe. The causes could include mechanical effects,

Wallerian degeneration, or compensatory plasticity. The study of independent measures

revealed additional effects compared to traditional measures.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
(Panizzon et al., 2009). Further, the measures of average

1. Introduction

Anterior temporal lobe resection (ATLR) is a common surgical

procedure to treat drug-resistant temporal lobe epilepsy (TLE).

It removes the anterior (3e3.5 cm) of the middle and inferior

temporal gyri and uncus, amygdala, anterior hippocampus,

and parahippocampal gyrus (Foldvary-Schaefer & Wyllie,

2007).

The effect of surgery on the cortical morphology of the

remaining brain could inform how neighbouring, or con-

nected regions affect each other’s morphology, and the pro-

cesses of postoperative plasticity. Previous studies found

widespread, bilateral changes to cortical thickness (Elias et al.,

2021; Galovic et al., 2020; Li et al., 2022; Zhao et al., 2021) or

volume (Pajkert et al., 2020). However, these studies had

relatively small sample sizes (between 12 and 56 subjects), and

there is little overlap in regions identified as affected by

morphological changes between the studies. In fact, some of

these studies found conflicting effects, such as increased

(Elias et al., 2021) or decreased (Galovic et al., 2020) cortical

thickness in the contralateral anterior and middle cingulate

cortex. ATLR has also been associated with altered white

matter tract properties (Concha et al., 2007; da Silva et al.,

2020; Faber et al., 2013; McDonald et al., 2010; Pustina et al.,

2014; Winston et al., 2013), particularly the ipsilateral unci-

nate fasciculus, inferior longitudinal, inferior fronto-occipital

fasciculi, optic radiation, cingulum, fornix, and the corpus

callosum; these alterations may also differ in individuals

rendered seizure free and those experiencing seizures after

surgery (da Silva et al., 2020). Other studies have found

widespread reductions in functional connectivity after sur-

gery compared to healthy controls in connections that were

not different to controls before surgery (Morgan et al., 2020), as

well as dissimilar functional reorganisation for individuals

rendered seizure free and individuals with recurrent seizures

(Liao et al., 2016). Finally, 25e50% of individuals with TLE

experience significant declines in memory and language

functions after ATLR (Davies et al., 1998; Martin et al., 1998),

and postoperative changes in white matter are reported to be

associated with recovery of language function (Winston et al.,

2013; Yogarajah et al., 2010). However, in terms of brain

morphology, the spatial characteristics of postoperative

changes and their relationship with seizure and cognitive

outcomes are currently not clear.

Traditional morphological analyses generally rely on

measures such as cortical thickness, volume, and surface

areas. However, these measures can yield conflicting results

(Alhusaini et al., 2012) and a single measure, such as volume,

could be driven by multiple independent biological processes
cortical thickness (T), total surface area (At), and exposed

surface area (Ae) covary tightly across species, individuals, and

regions (Mota & Herculano-Houzel, 2015; Wang et al., 2016,

2019) according to a scaling law of cortical folding. More

recently developed morphological measures were presented

by Wang et al., (2021). That study showed that traditional

morphological measures can miss substantial information

about cortical shape, and suggested alternativemorphological

measures of tension (K), isometric size (I), and shape (S). These

morphological measures are theoretically and statistically

independent, capture all morphological information in T, At

and Ae, and can detect morphological changes that might

otherwise not be detected due to the covariance of the tradi-

tional variables.

In this study we examined 101 individuals with TLE who

underwent ATLR. We performed a localised, surface-based

analysis of cortical morphology to derive maps of cortical

changes after ATLR using both traditional and recently

developed morphology measures. Quantifying these changes

after ATLR on a regional cortical basis could lead to a better

understanding of the consequences and processes of reor-

ganisation following ATLR, and the inter-relationships be-

tween connected regions.
2. Methods

2.1. Independent morphological measures

We performed a morphological analysis in the recently

developed framework (Wang et al., 2021) to study cortical

morphology based on the universal scaling law of cortical

folding. This law states that across mammalian species (Mota

& Herculano-Houzel, 2015), individual human brains (Wang

et al., 2016), their lobes (Wang et al., 2019), and small local

areas (Leiberg et al., 2021), the average cortical thickness T, the

total surface area At, and the exposed surface area Ae covary

according to the equation

At

ffiffiffi
T

p
¼ kA1:25

e : (1)

Here, k is a constant that is relatively preserved across species

compared to the range of variation in the traditional

morphological measures T, At, and Ae, but shows consistent

changes across age groups and between cohorts of healthy

and diseased subjects (Mota & Herculano-Houzel, 2015; Wang

et al., 2016, 2019). This interdependence of the traditional

morphological measuresmeans that their interactionmust be

considered when studying effects in this framework. We use

http://creativecommons.org/licenses/by/4.0/
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independent morphological measures that are derived from

said scaling law as combinations of the traditional measures,

and capture all morphological information they contain. Fig. 1

shows a schematic example of how the interdependence of

the traditional measures can hide information, which is

revealed in the independent measures.

Importantly, the scaling law also directly challenges the

direct use of these traditional morphological measures of

surface and thickness, without consideration for their

covariance. Instead an independent set of morphological

measures is proposed, derived from the scaling law (Wang et

al., 2021). Solving equation (1) for log k gives the first

morphometric measure K in this framework of describing

cortical morphology. It is a dimensionless measure that we

interpreted as the tension acting on the cortex (Leiberg et al.,

2021; Wang et al., 2016, 2019, 2021). The second measure is I,

a term of isometric size in all three traditional variables T2, At,

and Ae. I is orthogonal to K. The final measure S is the cross

product of K and I, so that all three are orthogonal to each

other. S contains all remaining information about cortical
4.5 5 5.5

5

5.5

6

6.5

log10 Ae

lo
g 1

0 (
A

t  
 √

T)

K

Fig. 1 e Schematic illustration with example data on how

traditional measures can hide information due to their

covariance, and how a change of coordinate system can

reveal this information. The plot shows a 2-dimensional

projection of data points measured in thickness T, total

surface area At, and exposed surface area Ae. Their

agreement with the scaling law can be seen as the

alignment with a slope of 1.25 (thin grey line). The two

processes of changing from the initial black point to either

blue or red appear similar on the original axes, both being

increases in the same directions. It becomes apparent that

they are in fact opposing processes when looking at

changes along the new axis K (thick black line).
shape that is not captured in K or I, and is a measure of

complexity in cortical folding. The three new measures span

orthogonal vectors in the three-dimensional morphological

space of T2, At, and Ae, and hence using K, I, and S is simply a

change of coordinate systems:

K ¼ log At þ 1
4
log T2 � 5

4
log Ae; (2)

I ¼ log At þ log T2 þ log Ae; (3)

S ¼ 3
2
log At � 9

4
log T2 þ 3

4
log Ae: (4)

2.2. Data & preprocessing

We report how we determined our sample size, all data ex-

clusions, all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established prior to data analysis, all

manipulations, and all measures in the study.

We used 3T T1-weighted structural magnetic resonance

images (MRIs) of 101 individuals with TLE who underwent

ATLR at theNational Hospital for Neurology andNeurosurgery

(NHNN). The analysis was carried out under approval by the

Newcastle University Ethics Committee (8841/2020). No part of

the study procedures or analyses were pre-registered prior to

the research being conducted. We included individuals with

TLE in our study that received a preoperative and post-

operative T1-weighted MRI scan between 2010 and 2018 at

NHNN or Chalfont Centre for Epilepsy. For each subject we

analysed an image acquired up to three years before surgery

and one follow-up scan 2e13 months (median ¼ 3.6 months)

after surgery. If patients had more than one follow-up scan,

we used the one closest to surgery. MRI scans were taken

under two different scanning protocols: 52 subjects were

scanned with a resolution of .94 � 0.94 � 1.1 mm (scanning

protocol 1; for detailed acquisition parameters see Nowell

et al. (2016)) and the remaining 49 with 1 � 1x1mm (scan-

ning protocol 2; for detailed acquisition parameters see Vos et

al. (2020)). Surgery outcomes were recorded 12 months after

surgery according to the ILAE classification of seizure outcome

(Wieser et al., 2001). We also used MR images of cross-

sectional cohorts of 924 healthy controls, 91 of which were

taken together with patients. Specifically, 22 were taken with

scanning protocol 1 and 69 with scanning protocol 2 at the

NHNN. The remaining 833 controls are subjects from the

Nathan Kline Institute (NKI) data set (Nooner et al., 2012). 96

other subjects of the NKI data set were rejected prior to the

analysis due to inadequate image quality and motion arti-

facts. Table 1 shows the demographics of the data used.

MRI scans were preprocessed with the FreeSurfer (Fischl,

2012) 6.0 recon-all pipeline, which produces a mesh repre-

sentation of the grey matter surface, along with the grey

matter thickness for each point on the grey matter surface.

We manually corrected the grey- and white matter segmen-

tation by using control points and corrected grey matter

boundaries where necessary. The local gyrification index

processing stream (https://surfer.nmr.mgh.harvard.edu/

fswiki/LGI) was then used to acquire the smooth pial

https://surfer.nmr.mgh.harvard.edu/fswiki/LGI
https://surfer.nmr.mgh.harvard.edu/fswiki/LGI
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Table 1 e Demographics of individuals with TLE and
controls. *ILAE scale for classification of outcome of
epilepsy surgery.

Left TLE Right TLE Controls

Subjects (n) 55 46 924

Sex (M/F) 24/31 16/30 362/562

Median postoperative

interval in months (IQR)

3.6 (1.52) 3.6 (1.05) e

Median TLE duration

in years (IQR)

19 (27.99) 21.5 (21.23) e

Seizure outcome group*3 þ
(recurrent seizures)

after one year (n)

12 11 e

c o r t e x 1 6 6 ( 2 0 2 3 ) 2 3 3e2 4 2236
surface. This surface, which is obtained by closing sulci of the

pial surface with a 15mmdiameter sphere, is an outer surface

wrapped tightly around the pial surface (Schaer et al., 2008).

We visually ensured that there were no distortions to the

Desikan-Killiany atlas surface ROI labels around the resected

area by comparing pre- and postoperative scans.

2.3. Computation of localised morphological measures

To analyse the effects of epilepsy surgery, we used a surface-

based approach rather than a parcellation-based approach for

increased sensitivity. We obtained surface-based morpho-

logical measures of the local cortical thickness, local surface

area and local exposed area.

We employed our previously published pipeline (Fig. 2)

(Leiberg et al., 2021). In summary: we first downsampled the

FreeSurfer pial surface to 5% of its original density. We then

defined a contiguous surface patch of 3 cm radius surrounding

each point in the pial. We closed potential holes in the patch

which can arise at the top of gyri or the bottom of sulci. We

computed the pointwise average cortical thickness ðpTÞ and

total surface area ðpAtÞ from this patch around each point.

Next, we found a corresponding surface patch on the

smooth pial surface by selecting all vertices on it for which

their nearest vertex on the pial surface is part of the pial

surface patch. From this, we calculated the exposed surface

area ðpAeÞ of the patch. We then fitted a convex hull over the

patch on the smooth pial surface and calculated its integrated

Gaussian curvature ðpIGÞ as the sum of Gaussian curvatures of

all points on the convex hull that are not lying on its edge.

Since the integrated Gaussian curvature is conserved in closed

surfaces, we used the proportion of curvature of a patch over
Fig. 2 e Method to extract local morphological measures. a) Defi

around each point. b) Computation of average thickness pT and t

the patch.
the full pial surface to correct both surface areas pAt and
pAe

according to the reasoning laid out in previous publications

(Leiberg et al., 2021; Wang et al., 2019): pA0
t ¼ pAt � 4p

pIG
and pA0

e ¼
pAe � 4p

pIG
.

The method of correcting surface areas does not perform

well for regions that are particularly flat or located in deep

sulci, so some vertices were missing data. Where possible, we

imputed data on vertices that were missing values as the

mean over their direct neighbouring vertices, but had to

exclude the insula and the regions around the corpus cal-

losum from our analysis, since these regions had entirely

missing values.We then converted back to the full pial surface

by using the value of the vertex on the downsampled pial

surface that was closest to the pial surface.

To avoid the morphology of the resection affecting mea-

sures of nearby vertices, we excluded the entire ipsilateral

temporal lobe from the pial surface before applying our

method. We also applied this exclusion to the preoperative

surfaces and processed all controls twice, once with the

temporal lobes and once without, to keep the analysis

consistent and comparable.

2.4. Scaling law fit in data of individuals with TLE

We assessed the fit of the scaling law to the cortical folding of

individuals with TLE before surgery by regressing between the

quantities log 10ðpA0
eÞ and log 10ðpA0

t

ffiffiffiffiffiffi
pT

p Þ across each hemi-

sphere, and comparing the slope of this regression to the

predicted slope of 1.25.

2.5. Age, sex and scanning protocol correction

After registering all subjects to the FreeSurfer fsaverage sur-

face and performing a log transform of the three traditional

morphological measures pT, pA0
t, and pA0

e, we performed a

correction of these measures based on a normative model of

the controls using generalised additive mixedmodels (GAMM)

for each patch on the cortical surface. This correction ac-

counts for differences due to age, sex, and scanning protocol.

We did this with the R package mgcv (https://CRAN.R-project.

org/package¼mgcv). We trained a model with the formula

y ¼ sðageÞ sexþ b scanning protocolþ ε; (5)

where b is amodel coefficient, s is a smooth spline, ε is the error

term, and y is one of the measures pT, pA0
t, or pA0

e, using
nition of neighbourhood of connected vertices within 3 cm

otal area pAt of patch. c) Computation of exposed area pAe of

https://CRAN.R-project.org/package=mgcv
https://CRAN.R-project.org/package=mgcv
https://CRAN.R-project.org/package=mgcv
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Fig. 3 e Distribution of observed scaling law slopes in

individuals with TLE preoperatively. Each subject’s

hemisphere is a single measurement of a slope and the

distribution is formed across subjects. The mean of slopes

is marked by the black line.
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restricted maximum likelihood as the method for smoothing

parameter estimation. We used the controls to provide a

normative model of age and sex with scanning protocol as a

random effect. Even though the large NKI data set did not

match the patients in scanning protocol, we used them for

training to ensure we had robust models for the entire age

range, given that the site-specific control data sets were rela-

tively small (Rutherford et al., 2023). The site-specific controls

matching the patients then informed effects for the specific

scanning protocols. We used the control data processed

without/with the temporal lobes for correcting the ipsilateral/

contralateral sides respectively by predicting the values of in-

dividuals with TLE both in pre- and postoperative data and

using those predictions for correcting the individuals' data.
Note how this automatically accounts for changes to the brain’s

morphology that occur due to healthy ageing between the time

points of the pre- and postoperative scans.

2.6. Converting to independent morphological measures

The traditional measures pT, pA0
t, and

pA0
e were then converted

to a set of independent morphological measures (section 2.1)

in each patch, to account for the covariance in the traditional

measures. We transformed the data, which had been cor-

rected for the covariates age, sex, and scanning protocol, to

the independentmorphologicalmeasures K, I, and S according

to their formulae

pK ¼ logðpA0
tÞ þ

1
4
logðpT2Þ � 5

4
logðpA0

eÞ; (6)

pI ¼ logðpA0
tÞ þ logðpT2Þ þ logðpA0

eÞ; (7)

pS ¼ 3
2
logðpA0

tÞ �
9
4
logðpT2Þ þ 3

4
logðpA0

eÞ: (8)

Here, K and S are dimensionless measures, whilst the iso-

metric term I is measured in multiples of 6 log(mm). We thus

obtained six maps of cortical morphology for each subject’s

pre- and postoperative brain, measured in independent

morphological measures ðpK; pI; pSÞ and traditional variables

(pT, pA0
t, and

pA0
e) in a region for each point on the cortex.

For simplicity of notations, and as we will focus our anal-

ysis on patch-based measures, we will drop the indicator p for

the patch, and in the following K, I, S are the independent

morphological measures of patches, and T, At, Ae are the

traditional measures of patches.

2.7. Surface effects

Weproceededwith an ipsilateral and contralateral analysis by

combining individuals with left and right onset (see

Supplementary Figs. 1-4 for separate results for each onset

side).

To allow for a pairwise analysis of the changes between the

pre- and postoperative scans, we centred the data subject-

wise at each vertex.

We used the Matlab toolbox SurfStat (Worsley et al., 2009)

for a surface based statistical analysis that corrects formultiple

comparison and accounts for spatial correlation with random

field theory. We employed a design matrix with effects for the
group of preoperative surfaces and the group of postoperative

surfaces and used a contrast to check for effects between the

two categories.We repeated this for all six variables (traditional

and independent), ending up with a surface map of the pair-

wise effect between the two scans for each. We applied a

threshold for effects having a cluster-wise model significance

of p � .05. We reported effects measured in Cohen’s f2.

2.8. Covariate effects

We tested for effects of the covariates: age at surgery, dura-

tion since first seizure, resection volume, side of resection,

time between surgery and postoperative scan, and seizure

outcome (ILAE 1&2 vs 3þ). We performed this by taking

subject-wise differences between pre- and postoperative at

each point and using a design matrix for each covariate

separately to test for significance of the covariate on the ef-

fects of surgery.
3. Results

3.1. Scaling law of cortical folding in individuals with
TLE

We first verified that the local folding in individuals with TLE

follows the universal scaling law. As shown in Fig. 3, the

slopes of each subject’s hemispheres are distributed around a

mean of 1.246, indicating that the scaling law also applies to

our cohort of individuals with TLE.

3.2. Morphological effects

We found morphological effects in 5 main areas.

� ipsilateral orbitofrontal and inferior frontal gyri

https://doi.org/10.1016/j.cortex.2023.04.018
https://doi.org/10.1016/j.cortex.2023.04.018
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� ipsilateral pre- and postcentral gyri and supramarginal

gyrus

� ipsilateral lateral occipital gyrus and lingual cortex

� contralateral lateral occipital gyrus

� contralateral inferior frontal gyrus and frontal pole.

In the following, we will go through changes in these areas

by hemisphere and morphometric measure.

3.2.1. Traditional morphological measures
We first assessed effects of ATLR on the traditional measures

of average cortical thickness, total surface area and exposed

surface area. On the side ipsilateral to seizure onset, cortical

thickness increased in the precentral gyrus and decreased in

the lingual cortex and lateral occipital gyrus (Fig. 4a). The total

surface area increased in the orbitofrontal and inferior frontal

gyri (Fig. 4b). The exposed area also increased in the orbito-

frontal and inferior frontal gyri, and reduced in the lingual

cortex (Fig. 4c).

In the contralateral hemisphere, T increased in the lateral

occipital gyrus (Fig. 4a), whilst At increased in the lateral oc-

cipital cortex and in the inferior frontal gyrus (Fig. 4b).

Average effect sizes for relevant regions can be found in

supplementary section 1. See supplementary section 2.1 for

effects by onset side.

3.2.2. Independent morphological measures
In the independent measures, on the ipsilateral side the

pressure term K decreased in the orbitofrontal and inferior

frontal gyri, and increased in the pre- and postcentral and

supramarginal gyri, as well as the lateral occipital cortex

(Fig. 5a). The isometric term I increased in the orbitofrontal

and inferior frontal gyri, and decreased in the lateral occipital

cortex (Fig. 5b). The shape term S increased in the orbito-

frontal and inferior frontal gyri (Fig. 5c).

In the contralateral hemisphere, K increased in the lateral

occipital cortex and in the frontal pole (Fig. 5a). I increased in

the lateral occipital cortex and in the inferior frontal gyrus

(Fig. 5b).

Average effect sizes for relevant regions can be found in

supplementary section 1. See supplementary section 2.2 for

effects by onset side.
Fig. 4 e Changes following ATLR in the morphological variables

exposed surface area Ae (c). Effect clusters with statistical signifi

Cohen’s f2 metric. Increases are in blue, decreases are in red. Reg

that was operated upon, are in dark grey.
Some effects, for example in the supramarginal gyrus,

were only visible in the independent variables, specifically in

K. Some effects to cortical thickness, for example in the pre-

central gyrus, were not reflected in the independent

morphological measures K, I, and S.

3.3. Covariate effects

We did not find any effects of age at surgery, duration of TLE,

resection volume, side of resection, time between surgery and

postoperative scan, or seizure outcome on the morphological

changes following ATLR at a cluster significance of .05.
4. Discussion

4.1. Morphological findings

We found significant changes in cortical morphology after

ATLR in all measures we studied. The regions affected ipsi-

lateral to the resection were the orbitofrontal and inferior

frontal gyri, where we found changes to total surface area,

exposed surface area, tension term, isometric term, and shape

term, the lateral occipital gyrus, and lingual cortex, which saw

changes in cortical thickness, exposed surface area, tension

term, and isometric term.We also found thickness changes in

parts of the ipsilateral pre- and postcentral gyri, as well as the

supramarginal gyrus. Contralaterally, we found morpholog-

ical changes in the occipital cortex in thickness, total surface

area, tension term, and isometric term, and in the frontal

cortex in total area, tension term, and isometric term. These

findings indicate widespread structural cerebral changes after

ATLR.

4.2. Comparison to previous work

Previous work has predominantly focused on changes to

cortical thickness following ATLR. Our findings of changes in

cortical thickness largely agree with those from previous

studies; this includes decreases in thickness in the ipsilateral

lateral occipital gyrus (Elias et al., 2021) and in the ipsilateral

lingual cortex (Li et al., 2022), and increased thickness in the
average cortical thickness T (a), total surface Area At (b), and

cance of p ≤ .05 are shown and effect sizes are given in

ions excluded from the analysis, such as the temporal lobe

https://doi.org/10.1016/j.cortex.2023.04.018
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Fig. 5 e Changes following ATLR in the independent morphological measures K (a), I (b), and S (c). Effect clusters with

statistical significance of p ≤ .05 are shown and effect sizes are given in Cohen’s f2 metric. Increases are in blue, decreases

are in red. Regions excluded from the analysis, such as the temporal lobe that was operated upon, are in dark grey.
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ipsilateral precentral gyrus (Zhao et al., 2021). We additionally

found cortical thickness increased in the contralateral lateral

occipital gyrus. Changes to thickness can be offset by the

surface area measures, explaining why studies might fail to

replicate findings or even be in disagreement, showing how

cortical thickness is not sufficient as a solemeasure of cortical

morphology. It may also explain why some changes in thick-

ness were not reflected in the independent measures in our

study.

4.3. Interpretations

Strong effects were seen in the orbitofrontal and inferior

frontal gyri in almost all morphometricmeasures. Specifically,

in the traditional morphological measures we saw increased

total and exposed surface area, and in the independent mea-

sures an increase in the isometric term I, an increase in

morphological complexity S, and a decrease in the tension

term K. After surgery, the inferior and orbitofrontal cortex

above the resection site often drops slightly into the resection

cavity. Our observed effects are most likely explained by this

“sagging” of the frontal lobe into the resection cavity;

although, we cannot exclude that these effects are due to

additional functional or structural mechanisms. We checked

that these strong effects were not caused by distortion to the

FreeSurfer region surface labels by visually inspecting the

Desikan-Killiany atlas labelling in the post-surgery images.

The thickness remaining constant in these gyri whilst the

surface areas increase indicates that the cortical tissue is ar-

ranged differently in space, which is confirmed by changes to

K and S. The decrease in K supports the hypothesis that K

captures pressure on the cortex, which is reduced in the

orbitofrontal and inferior frontal gyri because of the cavity.

In our study, the main regions with the greatest morpho-

logical changes after ATLR were structurally connected to the

resected tissue. Previous studies on white matter tract alter-

ations after temporal lobe surgery found reductions in quan-

titative anisotropy (QA) (da Silva et al., 2020) and fractional

anisotropy (FA) (Concha et al., 2007; Faber et al., 2013;

McDonald et al., 2010; Pustina et al., 2014; Winston et al., 2013)

in the ipsilateral uncinate fasciculus, which connects the
resected tissue to the orbitofrontal cortex, the region in which

our analysis found the greatest morphological alterations. We

also saw structural changes in the ipsilateral lateral occipital

gyrus. This region is connected to the resected temporal lobe

by the inferior longitudinal fasciculus, which has been shown

to have reduced FA following surgery (Concha et al., 2007;

Faber et al., 2013; McDonald et al., 2010; Pustina et al., 2014;

Winston et al., 2013). There is evidence of reduced QA in the

ipsilateral inferior fronto-occipital fasciculus (da Silva et al.,

2020) and reduced FA in the ipsilateral inferior fronto-

occipital fasciculus and the optic radiation (Concha et al.,

2007; Faber et al., 2013; McDonald et al., 2010; Pustina et al.,

2014; Winston et al., 2013), both passing through the tempo-

ral lobe to the occipital lobe. One study found increased FA in

the contralateral uncinate fasciculus and superior longitudi-

nal fasciculus (Pustina et al., 2014), evidence of white matter

changes which could be underlying the morphological

changes we found contralateral to the resection in the inferior

frontal gyrus, frontal pole, and lateral occipital cortex. Previ-

ous studies also found alterations to the cingulum (Concha

et al., 2007; Faber et al., 2013; McDonald et al., 2010; Winston

et al., 2013). Although we did not find significant changes to

the cingulate cortex in the traditional morphometrics, we

were unable to investigate this region with independent

morphometrics due to limitations of the method for their

computation. Overall, our study suggests that the regions

whose white matter connections are affected by surgery un-

dergo structural changes. This could be due to Wallerian

degeneration of the white matter tracts, a process in which an

axon is cut or injured, causing parts of the axon distant from

the damage to degenerate. This could in turn lead to atrophy

in the connected grey matter, which is reflected in morpho-

logical changes. Future work on longitudinal structural,

diffusion, and functional MRI will be necessary to confirm if

this is in fact the underlying process.

None of the covariates we tested had significant effects on

the morphological changes we found. In particular, there was

no effect of the time since the first seizure occurred, indicating

that the brains of those who experienced seizures for longer

do not restructure differently than those with a short dura-

tion. Similarly, the age of the subject made no significant

https://doi.org/10.1016/j.cortex.2023.04.018
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difference, although as subjects in our study were in an age

range of 19e60 years, theremight be age-dependent effects for

individuals outside this range. Further, we did not see signif-

icant correlation with seizure outcome, despite evidence of

larger white matter tract alterations in those who were

seizure-free after surgery (da Silva et al., 2020). This suggests

that effects sizes of white matter and grey matter restructur-

ing may not be correlated. Due to lack of data, we did not test

for differences in morphological changes when grouping

subjects by language lateralisation, but since language

network differences are known in left and right TLE (Neudorf

et al., 2020), in future such studies of structural changes after

ATLR would be interesting. We did however test for the effect

of onset side in our model, and although there are some dif-

ferences in morphological effects between left and right onset

(see Supplementary Figs. 1-4), the covariate had no significant

effect in our model. Future work may also explore additional

outcome measures and covariates, such as language, visual,

memory and cognitive function. Given that structural

morphology relates to cognitive functioning in epilepsy

(Garcia-Ramos et al., 2022), investigating structural changes

after surgery using independent components could help un-

derstand the mechanisms of, and treatment for, cognitive

impairment.

We postulate that the structural changes we found are

truly due to the surgery, rather than the progression of the

disorder itself, for three reasons: First, although previous

literature suggests that the progression of TLE affects

cortical morphology, the changes described are not in re-

gions such as the bilateral lateral occipital cortex or frontal

poles (Galovic et al., 2020; Whelan et al., 2018), where we

found changes between the pre- and postoperative scans.

Additionally, these changes occur at longer time scales,

with effects of up to .02 mm reduction in cortical thickness

per year (Galovic et al., 2020; Whelan et al., 2018). Thus, we

would not expect strong effects over a relatively short

period of two years. Second, we found no correlation be-

tween the duration of TLE and the morphological changes

after ATLR. Third, the regions that we found to be affected

by morphological changes are also connected to the resec-

ted temporal lobe by white matter tracts, suggesting a

spatially specific non-random effect.

We cannot decisively determine if morphological change

is a sign of atrophy or reorganisation, or potentially even

increased function to compensate for the loss of tissue. A

recent study on brain age changes after surgery found that

an increased brain age in those with mesial TLE is reversed

following surgery (de B�ezenac et al., 2021). Similarly, pro-

gressive cortical thinning in unilateral TLE ceases after

successful surgery to the rate of healthy ageing (Galovic et

al., 2020; Zhao et al., 2021). These findings suggest that

structural changes following surgery are linked to a restor-

ative effect on brain health, which future work using inde-

pendent morphometrics with longitudinal data may be able

to verify. Of course, the processes of restructuring do not

require spatial uniformity across the cortex, and there are

likely region-specific effects with different causes. Further

studies linking structural changes to postsurgical deficits

such as visual field impairment will be necessary to deduce

the nature of the processes causing the changes to
morphology after ATLR. Furthermore, a focus on differences

in morphological changes between individuals with persis-

tent seizures after surgery and those rendered seizure free

would also be valuable. One may hypothesise that abnor-

malities in morphological measures could be useful for

localisation during pre-surgical evaluation with the biggest

changes pertaining to seizure-freedom located within the

ipsilateral anterior temporal lobe, which was excluded from

our analyses. Future studies could investigate the location

of these abnormalities in such focal areas.

4.4. Novel morphological measures

We identified changes to cortical regions, such as the ipsilat-

eral postcentral gyrus or the contralateral frontal pole, that

the traditional measures did not find. This is in line with

previous work (Wang et al., 2021), which showed that using

the variables K, I, and S can reveal morphological information

otherwise concealed in the covariance between the measures

thickness, exposed surface area, and total surface area. We

found that the tension term K detected even subtle morpho-

logical changes, likely due to its near-invariant value in con-

trols, highlighting the benefits of independent measures for

quantifying cortical shape.
5. Conclusions

We found widespread morphological changes following

anterior temporal lobectomy, mainly in regions near the re-

sections, but also remotely in regions that are structurally

connected to the anterior temporal lobe, even contralaterally.

This could be evidence of a reorganisation of the cortex after

surgery, or atrophy caused by Wallerian degeneration of

connected white matter structures. Future work correlating

these structural changeswith functional change can be useful

to inform surgery strategy. We found that the morphological

effects were more pronounced and, in some cases, only

detectable in a set of new, independent morphological mea-

sures of cortical morphology, rather than in traditional

morphometric measures.
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