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Abstract: Chronic pain patients frequently report memory and concentration difficulties. Objective

testing in this population points to poor performance on memory and cognitive tests, and increased

comorbid anxiety and depression. Recent evidence has suggested convergence between chronic pain

and memory deficits onto the hippocampus. The hippocampus consists of heterogenous subfields

involved inmemory consolidation, behavior regulation, and stressmodulation. Despite significant stud-

ies outlining hippocampal changes in human and chronic pain animalmodels, the effect of pain relief on

hippocampal abnormalities remains unknown. Trigeminal neuralgia (TN) is a chronic neuropathic pain

disorder which is highly amenable to surgical interventions, providing a unique opportunity to investi-

gate the effect of pain relief. This study investigates the effect of pain relief on hippocampal subfields in

TN. Anatomical MR images of 61 TN patients were examined before and 6 months after surgery. Treat-

ment responders (n = 47) reported 95% pain relief, whereas non-responders (n = 14) reported 40%

change in pain on average. At baseline, patients had smaller hippocampal volumes, compared to con-

trols. After surgery, responders’ hippocampal volumes normalized, largely driven by CA2/3, CA4, and

dentate gyrus, which are involved in memory consolidation and neurogenesis. We propose that hippo-

campal atrophy in TN is pain-driven and successful treatment normalizes such abnormalities.

Perspective: Chronic pain patients have structural abnormalities in the hippocampus and its sub-

fields. Pain relief normalizes these structural abnormalities and impacts patients in a sex-dependent

manner.
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Abbreviations: AHN, Adult Hippocampal Neurogenesis; BEST, Bayesian Estimation Supersedes the t-

test; BNI, Barrow Neurological Institute; CA, Cornu Ammonis; Cam-CAN, Cambridge Centre for Ageing

and Neuroscience; CIHR, Canadian Institutes of Health Research; DG, Dentate Gyrus; GKRS, Gamma

Knife Radiosurgery; ML HP, Molecular Layer of Hippocampus Proper; MRI, Magnetic Resonance Imag-

ing; NRS, Numeric Rating Scale; SD, Standard Deviation; SGV, Subcortical Grey Volume; TN, Trigeminal

Neuralgia; VOI, Volume of Interest.
Introduction
Chronic pain adversely affects cognitive performance and

significantly impacts the quality of life.58,63 Chronic pain
patients frequently experience poor memory and concen-
tration, often accompanied by increased anxiety and
depression.3,8,14,15,23,35−37,40,57,64,66−68,74,75,82,85,90,102 The hip-
pocampal formation consists of anatomically and function-
ally distinct subfields including the subiculum, Cornu
Ammonis (CA1 − CA4), and dentate gyrus (DG). These sub-
cortical regions play a significant role in memory forma-
tion,51 emotional processing, and stress modulation.103 In
particular, prolonged exposure to stress, such as chronic
neuropathic pain,95 adversely affects memory, and this has
been related to blunted hippocampal plasticity.47−49,73,89

Microstructural changes in the hippocampus have been
reported in chronic pain conditions.26,29,30,61,99 For exam-
ple, studies using rodents with neuropathic pain demon-
strated alterations in hippocampal gene expression
profiles and blunted neurogenesis.4,26,71,82 Similarly, hip-
pocampal volumetric abnormalities have also been
reported in other chronic neuropathic pain conditions
including trigeminal neuralgia (TN).39,71 TN is a debilitat-
ing chronic neuropathic facial pain disorder characterized
by intense electric shock-like pain episodes.12,20,42,54,107 TN
has several unique features that distinguish it as an ideal
model for the study of chronic pain: TN is largely unilat-
eral; is severe in its nature; has stereotypical presentation
among patients; and is not associated with other sensory
deficits observed in other chronic pain disorders, such as
numbness. Utilizing TN as a model, our group recently
investigated the impact of chronic neuropathic pain on
hippocampal subfields.99 We reported atrophy in selected
hippocampal subfields—with changes being positively
related with pain duration.99 These findings were in con-
cordance with other studies which investigated the effect
of chronic pain on the hippocampus and its
subfields.4,70,71,82

Previous studies have found reversible changes in some
structural brain abnormalities following effective pain
treatments.55,87 However, no previous study has identified
reversible hippocampal alterations reported in chronic
pain conditions. Given that prior efforts defined an effec-
tive treatment as a 20-40% improvement in pain ratings, it
remains unknownwhether complete pain resolution could
affect hippocampal abnormalities. Uniquely, TN can offer
valuable insight because it is oneof the fewpain conditions
that are highly amenable to surgical interventions. Surger-
ies such as Gamma Knife Radiosurgery (GKRS) can result to
complete TN pain resolution,52,62,79 thereby permitting the
investigation of a possible reversal of hippocampal abnor-
malities following pain relief.
Here, we aim to investigate the structure of the hippo-

campus and its subfields in TN patients before and after
surgery to examine the effect of pain resolution on these
structures. We hypothesize that pain relief will lead to an
overall increase in hippocampal volume, and normalize pre-
viously observed abnormalities.99 Furthermore, as neuro-
genesis is negatively affected in chronic pain conditions,4,27

we hypothesize that pain relief will affect subfields impor-
tant in neurogenesis, such as DG and CA4. Towards this
goal, we plan to investigate structural magnetic resonance
images (MRI) of TN patients before and after pain relief.
Given that there are sex differences in hippocampal
neurogenesis,9,31,41,106 stress physiology,72 and hippocampal
subfields in TN patients,99 we additionally, hypothesize that
therewill be sex differences after pain relief in TN patients.
Methods

Participants

Ethics

The University Health Network (UHN) Research Ethics
Board approved this retrospective TN study. Patient
data used in this study were analyzed retrospectively
and no active participation. As such, individual patient
consent was not required for this retrospective study.
The UHN Research Ethics Board approved the recruit-
ment of healthy controls and the image acquisition pro-
cedure. An individual written informed consent form
was obtained from healthy individuals. All MRI scans
were anonymized prior to any imagine analysis.
TN Patients

A total of 61 patients who was treated at Toronto
Western Hospital in Canada were included in this study.
Patients in this study met the following criteria: I) diag-
nosis of classical TN according to ICHD-3 criteria; II)
GKRS treatment with no prior surgical interventions for
TN; III) structural brain MRI prior to and 6 months after
GKRS; IV) clinical follow-up 6 months after surgery.
Patients with neurodegenerative disorders, TN second-
ary to multiple sclerosis, stroke, other chronic pain con-
ditions, cranial tumors, and other neurological diseases
were excluded from this study.

Images acquisition All T1-weighted images of TN
patients were acquired with a 3 Tesla GE Signa HDx MRI
scanner (General Electric, Boston, MA) fitted with an 8-
channel head coil (fast-spoiled gradient echo,
TE = 5.1 ms, TR = 12.0 ms, TI 300 ms, flip angle = 20°,
voxel size = 0.86 mm £ 0.86 mm £ 1.00 mm, 256 £ 256
matrix, field of view = 22 cm, 146 slices). It should be
noted that TN patients scheduled for GKRS were gener-
ally scanned on the day of surgery. These images were
used to guide the stereotactic surgery. However, in
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some cases, due to limited scanner time availability,
some scans only captured subcortical regions of interest.
In these cases, all subcortical regions, including the
entire hippocampus, were captured, and some cortical
regions were lost.
Healthy Controls

To assess whether hippocampal abnormalities nor-
malize after pain relief, 61 neurologically healthy indi-
viduals from the Cambridge Centre for Ageing and
Neuroscience (Cam-CAN) dataset88 were used as age-
and sex-matched controls (age difference < 2 years).
Exclusion criteria included: (1) depression, and (2) any
report of pain. The ipsi- and contralateral sides for
healthy individuals were determined based on their
matched TN subjects: therefore, if a healthy subject was
matched to a right TN patient, the right hemisphere
was marked as ipsilateral. We used Cam-CAN dataset
instead of healthy controls collected on site, as sex- and
age-matched controls could not be recruited. The use of
this control group was validated (see below).
Images acquisition All T1-weighted images of subjects

from the Cam-CAN dataset were acquired with a 3 Tesla
SIEMENS MAGNETOM TrioTim syngo MR B17 32-chan-
nel head coil (fast-spoiled gradient echo, TE = 2.99 ms,
TR = 2250 ms, TI: 900 ms, flip angle = 9°, voxel
size = 1.0 mm isotropic, 256 £ 240 matrix, field of view
=25.6 cm, 192 slices).
Healthy Controls Validation

To validate our approach to include Cam-CAN subjects
in our analyses, we compared 76 healthy controls with
T1 anatomical scans collected at Toronto Western Hospi-
tal and 76 age- and sex-matched (age difference < 1
year) neurologically healthy individuals from the Cam-
CAN database. Both groups underwent the same proc-
essing pipeline as performed in the main analyses of this
study (see below), including brain segmentation, parcel-
lation, and hippocampal subfield segmentation using
FreeSurfer 6.0. The volumetric results were compared at
the group level using Wilcoxon test, to investigate their
differences, as well as Bayesian Estimation Supersedes
the t-test (BEST) test, to investigate their similarities.53

All corrected p-values were above 0.05 in the Wilcoxon
tests of the hippocampus and its subfields comparing
the two groups. Additionally, the 95% Highest Density
Interval of a true difference in means included zero in
all BEST tests. As such, we showed that the hippocampus
its subregions were statistically similar between the
examined groups. Therefore, these two datasets, col-
lected with different scanning protocols on different
scanners, not only were not statistically different at the
group level when comparing volumetric segmentations,
but also statistically similar.
Automated Subcortical Segmentation
FreeSurfer 6.0 (https://surfer.nmr.mgh.harvard.edu/)

was employed for subcortical segmentation33 (including
the hippocampus). Additionally, we used the Hippocam-
pal Subfields Segmentation44 protocol to automatically
extract the volumetric values from 12 hippocampal sub-
fields. Given recent evidence suggesting that the hippo-
campus has functionally meaningful subregions along
its longitudinal axis,1,6,76,91 we evaluated the volume of
the head, body, and tail of the hippocampus using the
FreeSurfer 6.0 developmental package.84 Results were
individually inspected for accuracy.
Surgical Intervention and Treatment
Response
All patients underwent GKRS at Toronto Western Hos-

pital, using an Elekta Perfexion system utilizing 4 mm col-
limators. One single fraction of 80 Gy was delivered to
the 100% isodose to the cisternal segment of the symp-
tomatic trigeminal nerve. To minimize the radiation
effects, brainstem radiation was restricted to 15 Gy/mm3.
Pain intensity and clinical outcomes were assessed

before surgery, and at a 6-month post-treatment follow-
up visit. Pain intensity was measured using two instru-
ments: a Numeric Rating Scale (NRS)45,80 and the Barrow
Neurological Institute (BNI) scale.81 The NRS was an 11-
point scale, rated between 0 and 10, with the anchors:
0 = no pain and 10 = the worst imaginable pain. The BNI
scale comprised five categories of pain for TN: class I−no
trigeminal pain, no medication; class II−occasional pain,
no medication; class III−some pain, adequately controlled
with medication; class IV−some pain, not adequately con-
trolled with medication; and class V−severe pain, no pain
relief. In accordance to the previous literature,43,56,96

patients who achieved >=75% reduction in pain (or com-
plete pain resolution) on the NRS scale and score of I-III
on the BNI scale at follow-up were classified as respond-
ers, whereas those who achieved <75% pain improve-
ment on the NRS scale and score of IV-V on the BNI scale
were classified as non-responders. There were seven
patients that fit within the BNI III category but had some-
what less than 75% improvement of their pain with the
NRS scale (please refer to Table 1). Each of these subjects
was reviewed separately to determine whether they fit
the category of responders or non-responders. Those
who experienced a lower frequency of attacks after treat-
ment, and had lowered their medication dose were con-
sidered as responders. The two non-responders in this
group continued to experience frequent attacks and had
in fact continued or increased their medication dose after
an initial attempt to taper. All TN subjects’ demographics
are summarized in Table 1.
Subcortical Volume Correction
To account for head size differences in our partici-

pants, we employed the residual approach explained by
Buckner et al.18 Given that some participants did not
have whole-brain MRI scans, we normalized the volume
of the structures of interest using subcortical grey vol-
ume (SGV). As previously described,18,83,99 we adjusted
whole hippocampal volume using the residual method
with the following formula:



Table 1. Trigeminal Subject Demographics

ID SEX AGE LATERALITY DISTRIBUTION NRS BNI MEDICATIONS GROUP

PRE POST PRE POST PRE POST

TN1 M 59 Right V2, V3 10 0 V III CBZ CBZ Resp

TN2 M 79 Left V2, V3 10 3 V III CBZ CBZ Respy

TN3 M 70 Left V1, V2, V3 10 3 IV III CBZ CBZ Respy

TN4 M 53 Left V2 10 0 IV I No med* No med Resp

TN5 M 71 Right V2, V3 10 0 V I CBZ - GBP No med Resp

TN6 M 58 Right V2 10 0 IV I CBZ No med Resp

TN7 M 63 Right V3 10 0 V III CYM - BCL CYM - BCL Resp

TN8 M 31 Left V2 10 0 IV III CBZ - BCL CBZ - BCL Resp

TN9 M 66 Left V3 10 0 V III PGB - CBZ - BCL CBZ Resp

TN10 M 40 Right V2, V3 10 0 IV III PGB - CBZ PGB - CBZ Resp

TN11 M 63 Left V2, V3 7 0 V I PGB No med Resp

TN12 M 84 Right V3 5 0 IV I TOL No med Resp

TN13 M 72 Right V1, V2 10 0 IV III CBZ CBZ Resp

TN14 M 62 Right V2, V3 8 0 IV I CBZ No med Resp

TN15 M 61 Right V1, V2 9 0 V I PGB No med Resp

TN16 M 38 Right V3 8 0 IV III CBZ - PGB CBZ Resp

TN17 M 73 Left V1, V2, V3 8 0 IV I CBZ - GBP - TCA No med Resp

TN18 M 73 Right V2, V3 8 2 V II GBP - HMO No med Resp

TN19 M 43 Left V2 10 2 IV III CBZ CBZ Resp

TN20 F 82 Right V2, V3 8 3 IV III CBZ - PGB - GBP PGB Respy

TN21 F 69 Left V2, V3 10 3 V III PGB PGB Respy

TN22 F 65 Right V1, V2, V3 10 3 V III GBP - CBZ CBZ Respy

TN23 F 72 Left V2 0 0 III I CBZ No med Resp

TN24 F 70 Right V1 8 0 IV I CBZ No med Resp

TN25 F 74 Right V3 10 0 V I No med No med Resp

TN26 F 56 Left V3 10 0 IV III PGB - CBZ - TCA PGB - CBZ Resp

TN27 F 79 Right V2 10 0 V III GBP GBP Resp

TN28 F 79 Left V3 10 0 IV III CBZ CBZ Resp

TN29 F 60 Right V2, V3 10 0 IV II PGB - CBZ No med Resp

TN30 F 67 Left V3 10 0 V I GBP - CBZ No med Resp

TN31 F 49 Left V1, V2, V3 10 0 V I PGB No med Resp

TN32 F 46 Right V2 10 0 IV III CBZ - PGB CBZ Resp

TN33 F 55 Right V2 10 0 V I No med* No med Resp

TN34 F 71 Left V1, V2, V3 8 0 IV III CBZ CBZ Resp

TN35 F 68 Right V1, V2 10 0 IV III CBZ CBZ Resp

TN36 F 61 Right V1, V2, V3 10 0 V II PGB No med Resp

TN37 F 63 Right V2, V3 8 0 IV III PGB PGB Resp

TN38 F 76 Right V1, V2, V3 8 0 IV II GBP No med Resp

TN39 F 71 Left V2, V3 8 0 IV III CBZ - GBP - BCL CBZ Resp

TN40 F 70 Left V2, V3 9 0 V II No med* No med Resp

TN41 F 79 Left V2 9 0 IV I GBP No med Resp

TN42 F 79 Right V3 8 1 IV III PGB PGB Resp

TN43 F 74 Right V2, V3 10 1 IV III GBP - CBZ GBP - CBZ Resp

TN44 F 70 Left V2, V3 10 2 V III CBZ CBZ Resp

TN45 F 66 Left V3 9 0 V III CBZ CBZ Resp

TN46 F 68 Right V2, V3 8 0 IV I CBZ - GBP No med Resp

TN47 F 49 Left NA 10 0 V III PGB PGB Resp

TN48 M 78 Right NA 10 4 IV IV PGB - GBP PGB - GBP Non-Resp

TN49 M 63 Left V3 10 4 IV IV CBZ CBZ Non-Resp

TN50 M 65 Left V3 5 6 IV IV CBZ CBZ Non-Resp

TN51 M 73 Right V2 10 7 IV IV GBP GBP Non-Resp

TN52 M 59 Right V2 10 8 V IV CBZ CBZ Non-Resp

TN53 M 38 Left V1, V2 10 9 V V PGB PGB Non-Resp

TN54 F 58 Right V1, V2, V3 10 3 IV III CBZ CBZ Non-Respy

TN55 F 81 Right V2 10 3 IV III CBZ CBZ Non-Respy

TN56 F 65 Left V3 10 4 V IV GBP - ACV GBP - ACV Non-Resp

TN57 F 71 Right V2, V3 10 4 V IV PGB PGB Non-Resp

TN58 F 68 Left V2, V3 9 6 IV V GBP GBP - ACV Non-Resp

TN59 F 59 Right V2, V3 10 6 V IV GBP - PGB GBP Non-Resp

(continued on next page)
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Table 1. Continued

ID SEX AGE LATERALITY DISTRIBUTION NRS BNI MEDICATIONS GROUP

PRE POST PRE POST PRE POST

TN60 F 52 Right V2, V3 10 6 IV IV CBZ CBZ Non-Resp

TN61 F 46 Right V1, V2, V3 10 7 V IV No med* No med* Non-Resp

Distribution indicates the affected peripheral branches of the trigeminal nerve with (V1: ophthalmic branch; V2: maxillary branch; V3: mandibular branch). NRS corre-
sponds to the 0-10 Numeric Rating Scale (Anchors: 0 = no pain; 10 = worst imaginable pain). BNI is Barrow Neurological Institute scale (class I: no trigeminal pain, no
medication; class II: occasional pain, no medication; class III: some pain, adequately controlled with medication; class IV: some pain, not adequately controlled with
medication; class V: severe pain, no pain relief). Groups are based on the pain relief and BNI scale 6 months after the surgical intervention (Resp: responders; Non-
Resp: non-responders).
Abbreviations: M, male; F, females; CBZ, Carbamazepine; GBP, Gabapentin; BCL, Baclofen; LYC, Lyrica; PGB, pregabalin; TOL, Toradol; CYM, Cymbalta; HMO,
Hydromorphone; TCA, Tricyclic Antidepressant; ACV, Anticonvulsant; No med, no medication.
*Indicates situation in which patients could not tolerate pharmacological treatments.
yIndicates patients that were reviewed in detail for their treatment response according to criteria outlined in section 2.3.
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VOIadj ¼ VOI� b SGV� SGVmeanð Þ

Where VOIadj is the adjusted volume of interest, VOI is
the output volume from the FreeSurfer pipeline, b is the
slope of the linear regression between VOI and on SGV,
and the SGVmean is the sample mean of the SGV. As
such, this approach normalizes the hippocampal volume
by removing the influence of the subcortical grey vol-
ume. All reported volumes are adjusted with this
method.
To validate our approach to use SGV instead of total

intracranial volume (ICV) to correct for individual hippo-
campal size, we performed a Pearson’s correlation anal-
ysis between hippocampal size and SGV and ICV
separately among 434 healthy subjects.
Volumetric Percent Change After Surgery
To assess sex effects in pain relief, we additionally cal-

culated the percentage of volumetric change in the
whole hippocampus using the following formula, in
males and females:

Hippochange ¼ Hippopost�treatment � Hippopre�treatment

� �
=

�

Hippopre�treatment�X100
Where Hippochange is the volumetric percent change

after the surgery compared to the pre-surgery time
point.
Statistical Analysis
All statistical analyses were conducted in R 3.5.1.77 The

non-parametric Wilcoxon test was used in our analyses for
data that were not normally distributed. The statistical
analyses include comparison of age between TN subjects
and healthy controls, using a Student's t-tests; comparing
hippocampal volumes pre- and post-surgery using paired
Wilcoxon-test; comparing the pre- and post-surgery volume
to healthy controls using Mann-Whitney U Test65; assess-
ment of hippocampal volumetric percent change after
treatment to pre-treatment time point using Wilcoxon
singed-rank test (pre-treatment time point = no change
baseline); comparison of sex differences in hippocampal
changes after pain relief, using Wilcoxon signed-rank test.
All the reported p-values are corrected for multiple

comparisons using Bonferroni's test with statistical anal-
yses determined significant if p < 0.05.
Results

Subject Demographics
A total of 61 classical TN patients was included in

this study (36F, 25M). All patients experienced unilat-
eral facial pain (26L, 35R). All patients underwent
GKRS as their first surgical treatment. The average
pain duration prior to surgical intervention was 7.0 §
7.8 years (mean § SD, NRS scale). The average age at
the time of surgery was 64.9 § 12.0 years (F: 66.8 §
10.1; M: 62.0 § 14.1). Age was not statistically differ-
ent between males and females (P = 0.14). The
healthy cohort selected from the Cam-CAN dataset
was 64.8 § 12.1 years (36F: 66.8 § 10.1; 25M: 62.0 §
14.2). The age was not statistically different between
the healthy and TN cohort (P = 0.99). Patient demo-
graphic information is detailed in Table 1.
Six months following the surgery, 47 patients were

identified as responders (responder group), defined as at
least 75% reduction in pain (including complete pain res-
olution) on the NRS scale and BNI sore of I-III. The average
age for responders was 64.8 § 12.1 (28F: 67.4 § 9.7; 19M:
61.0§ 14.4) and they reported 95% § 11% improvement
in pain on average after surgery. The remaining 14
patients were identified as non-responders, defined as
less than 75% pain improvement on the NRS scale or BNI
score of IV-V. Non-responders were 62.6 § 11.9 years old
on average at the time of surgery (8F: 62.5 § 11.1; 6M:
62.7 § 13.9) and reported a 40% § 25% change in their
pain after the surgical intervention.
SGV Strongly Correlates With
Hippocampal Volume
A Pearson’s correlation analysis among 434 healthy

subjects from Cam-CAN dataset showed that the
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hippocampus is correlated to total intracranial volume
(ICV) by RLeft Hippocampus - ICV= 0.477 (p < 0.001), RRight Hip-

pocampus - ICV= 0.467 (p <0.001) and to SGV by RLeft Hippo-

campus - SGV= 0.780 (p < 0.001), RRight Hippocampus - ICV=
0.771 (p <0.001). As such, our analyses showed that
using SGV provides a more robust hippocampal volume
normalization for head size than traditionally used ICV
method.
Reversal of Structural Hippocampal
Abnormalities with Pain Relief
The FreeSurfer 6.033 automated protocol delineated

the volumetric values for the hippocampus. Hippocam-
pal volume changes after surgery were determined for
responders and non-responders, and were evaluated
based on pain laterality (i.e., ipsilateral referring to the
reported pain and surgical side; see Fig 1). In the
responder group, the whole hippocampus volume
increased bilaterally (pipsilateral < 0.001; pcontralateral

<0.001). In the non-responder group, the volumetric
changes in the ipsi- and contralateral side were not sta-
tistically significant compared to pre-treatment (pipsilat-

eral = 0.10; pcontralateral = 0.35). Furthermore, correlation
analyses between pain reduction and hippocampal size
change were not statistically significant (ripsilateral = -
0.063 pipsilateral = 0.62, rcontralateral = 0.030 pcontralat-

eral = 0.81). Similarly, correlation analyses between pain
duration and volume changes in the responder cohort
were not statistically significant (ripsilateral = 0.007 pipsilat-

eral = 0.96, rcontralateral = -0.127 pcontralateral = 0.45).
Figure 1. Hippocampal volumes in pre- and 6 months post-surgery
Paired Test was used for statistical analyses in pre- vs. post-surgery v
TN patients pre- and post-surgery. Black bars indicate ipsilateral resu
indicate a volumetric increase from pre- to post-surgery and red lin
ing increased bilateral whole hippocampal volume in TN responder
tion.
Additionally, TN patients were compared to healthy
individuals from the Cam-CAN database which showed
hippocampus is bilaterally smaller in TN patients (pipsilat-

eral < 0.001; pcontralateral <0.001). As the number of sub-
jects in the non-responder cohort was limited, we
focused on investigating the effect of pain relief by ana-
lyzing the responder group. Our results showed that the
responder cohort has significantly smaller ipsi- and con-
tralateral whole hippocampus compared to healthy
individuals (pipsilateral = 0.006 pcontralateral = 0.001) prior
to the surgery. However, six months after GKRS and
pain resolution, the whole hippocampus was not statis-
tically different between those with TN and healthy
individuals (pipsilateral = 0.36 pcontralateral = 0.15). The ipsi-
and contralateral hippocampi were not asymmetric in
neither TN (prior or after surgery) nor healthy individu-
als (all p values = 1). Results are summarized in Figure 2.
Hippocampal Subfields' Volume
Normalize Following Pain Relief

In the responder cohort, the CA1, CA2/3, CA4, granule
cell layer of the dentate gyrus (DG), molecular layer of
hippocampus proper (ML HP), subiculum, and whole
hippocampal body showed a significant bilateral volu-
metric increase compared to pre-surgery.

Presurgically, bilateral CA2/3, CA4, DG, and ML HP
were smaller in TN patients compared to healthy con-
trols. However, post-surgically, these subfields were no
longer statistically different from healthy controls,
in 47 responders and 14 non-responders TN patients. Wilcoxon-
olumes (* p < 0.05, ** P < 0.01, *** P < 0.001). Lines connect the
lts, whereas grey bars indicate contralateral results. Green lines
es indicated a volumetric decrease. Whole hippocampus: show-
s but not the non-responders 6 months after surgical interven-



Figure 2. Automated hippocampal segmentation for 47 TN responders and their age- and sex-matched healthy controls. Results
indicate bilateral smaller hippocampus in TN patients prior compared to healthy controls prior to the surgery. The volumetric differ-
ences are normalized after surgical intervention and pain relief. No asymmetry was observed in ipsi- and contra-lateral side of the
hippocampus. All reported volumes are corrected for subcortical volume size (please refer to the method section). All p-values are
corrected for multiple comparison using Bonferroni correction test (*P < 0.05, ** P < 0.01, *** P < 0.001).
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indicating volumetric normalization after pain resolu-
tion. The same effect was observed on the contralateral
CA1 and ipsilateral subiculum: they were statistically
smaller in TN patients compared to healthy controls pre-
surgery, but not post-surgery. Results are summarized in
Table 2, Figure 3, and Figure 4.

Sex-dependent Changes in The
Hippocampus
Both male and female TN responders showed a

bilateral significant increase in the whole hippocam-
pus volume after pain relief (see Fig 5). Following
pain relief, male TN responders showed 1.68% § 2.53
and 2.19% § 3.43 increase on average on ipsi- and
contralateral side, respectively, compared to pre-sur-
gery time point. The volumetric increase was 4.27%
§ 4.60 and 4.34 § 4.63 in females TN responders on
the ipsi- and contralateral sides, respectively. These
sex-stratified analyses showed that female TN res-
ponders had a greater volumetric increase on aver-
age compared to males, which was significantly
different on the ipsilateral side (P = 0.031).
Discussion
Increasing animal and human evidence point to the

role of the hippocampus in chronic pain2,4,6,26,60,70,82 yet
little are known about the significance or possible
dynamic nature of the reported hippocampal abnormal-
ities. TN, a robust, unilateral pain syndrome with a sub-
stantial likelihood of surgical pain relief presents an
ideal model to study possible pain-related hippocampal
abnormalities. In our previous study of the hippocampus
in TN, we demonstrated that the hippocampal subfields
CA1, CA4, ML HP, and DG99 are bilaterally smaller in
untreated patients. In the current study, we showed
that subregions responsible for neurogenesis and mem-
ory consolidation, demonstrate a bilateral increase in
volume. Furthermore, our results indicated that the
whole hippocampus, its body, CA4, ML HP, DG subfields
are normalized to expected healthy control levels after
the resolution of pain. We further demonstrated that
the normalization or volume-recovery highlights sex-
specific hippocampal plasticity in TN with a greater volu-
metric increase in females compared to males. Our work
directly fits with important studies pointing to
decreased hippocampal volumes associated with chronic
stress,16,59,78 as well as evidence for smaller hippocampal
volumes in chronic pain patients with hypothalamic-
pituitary-adrenal (HPA) axis hyperactivity.97,98 Our study
highlights key subfields that are vulnerable to the
effects of chronic pain, and points that successful treat-
ment can lead to recovery and normalization. Addition-
ally, it is plausible to assume that recovery of many
symptoms commonly associated with pain, such as



Table 2. Summary of Hippocampal Subfield Changes After Surgical Intervention in the Responder
Cohort

SUBFIELD LATERALITY NORMALIZED VOLUME (MM
3) § SD CORRECTED P-VALUE SUBFIELD VOLUME

NORMALIZED

AFTER TREATMENTTN PRE TN POST HEALTHY TN PRE VS. POST TN PRE VS. HEALTHY TN POST VS. HEALTHY

CA1 ipsi 586 § 80 602 § 77 623 § 53 0.006y 0.326 1

contra 577 § 57 594 § 60 626 § 59 0.024* 0.004y 0.615 @
CA2/3 Ipsi 189 § 32 200 § 32 214 §26 0.002y 0.003y 0.907 @

contra 186 § 28 200 § 29 215 § 31 <0.001z <0.001z 0.486 @
CA4 Ipsi 233 § 34 246 § 33 253 § 18 <0.001z 0.011* 1 @

contra 229 § 25 244 § 28 255 § 27 <0.001z <0.001z 1 @
ML HP Ipsi 513 § 64 531 § 64 559 § 36 <0.001z <0.001z 0.465 @

contra 507 § 51 527 § 56 559 § 45 <0.001z <0.001z 0.304 @
GC ML DG ipsi 270 § 38 283 § 39 291 § 23 <0.001z 0.017* 1 @

contra 265 § 30 281 § 34 294 § 30 <0.001z <0.001z 1 @
Pre-Sub ipsi 277 § 39 277 § 36 297 § 27 1 0.271 0.072

contra 278 § 40 278 § 37 293 § 34 1 1 1

Subiculum ipsi 390 § 46 401§ 44 431§37 0.011* 0.001y 0.068 @
contra 391 § 44 400 § 46 429§38 0.026* 0.001y 0.042*

Para-Sub ipsi 61 § 13 59 § 13 58§10 1 1 1

contra 60 § 12 59 § 12 59§11 1 1 1

Head ipsi 1612 § 223 1631 § 221 1690 § 137 1 1 1

contra 1580 § 184 1608 § 191 1700 § 136 0.872 0.028* 0.602 @
Body ipsi 1078 § 128 1114 § 119 1162 § 74 0.002y 0.013* 1 @

contra 1080 § 108 1113 § 101 1156 § 99 0.009y 0.047* 1 @
Tail ipsi 506 § 83 516 § 85 521 § 59 1 1 1

contra 505 § 69 515 § 71 523 § 62 1 1 1

Wilcoxon-Paired Test was used for statistical analyses in pre- vs. post-surgery volumes, and Mann-Whitney U Test was used for comparing the pre- and post-surgery
volumes to healthy controls. All reported volumes are corrected for subcortical volume. All p-values are corrected for multiple comparison using Bonferroni correction.
Abbreviations, CA, cornu ammonis; ML-HP, molecular layer of hippocampus proper; GC-ML-DG, granule cell and molecular layer of the dentate gyrus; Pre-Sub, pre-
subiculum; Para-Sub, para-subiculum.
*p < 0.05
yp < 0.01
zp < 0.001).

Figure 3. Automated hippocampal subfields segmentation for 47 TN responders and their age- and sex-matched healthy controls
using FreeSurfer 6.0 and its developmental package. Hippocampal segmentation for an MRI scan delineated by FreeSurgery 6.0. A-
D are coronal views. E and F are sagittal view.

Abbreviations: CA, cornu ammonis; ML-HP, molecular layer of hippocampus proper; GC-ML-DG, granule cell and
molecular layer of the dentate gyrus.
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Figure 4. Hippocampal subfields change after pain relief. Wilcoxon-Paired Test was used for statistical analyses in pre- vs. post-sur-
gery volumes, and Mann-Whitney U Test was used for comparing the pre- and post-surgery volumes to healthy controls. All
reported volumes are corrected for subcortical volume size (please refer to the method section). All p-values are corrected for multi-
ple comparison using Bonferroni correction. (*P < 0.05, ** P < 0.01, *** P < 0.001).

Abbreviations: CA, cornu ammonis; ML-HP, molecular layer of hippocampus proper; GC-ML-DG, granule cell and
molecular layer of the dentate gyrus.

Noorani et al The Journal of Pain 149
difficulty with concentration, decreased focus, and rou-
tinely reported mental fatigue23,57,85 may in fact relate
to the recovery and normalization of hippocampal
structures.

Bilateral Increase in the Hippocampus and
its Subregions Following Pain Resolution
The findings of our current study revealed that hippo-

campal volume recovers after pain relief in the responder
cohort (see Fig 1). However, this increase is not observed
in the non-responder cohort, who still suffer from
persistent TN attacks. The recovery in responders suggests
that pain relief could reverse the volumetric and micro-
structural abnormalities previously seen in the hippocam-
pus. This is important to ponder when considering older
individuals who are prone to cognitive decline character-
ized chiefly by hippocampus atrophy.5,46,69

Our findings demonstrated bilateral volumetric
increase and normalization in hippocampal subregions
including the CA2/3, CA4, ML HP, DG, and subiculum
(see Fig. 4). These hippocampal subfields are involved in
various roles including behavioral regulation, stress,



Figure 5. Hippocampal segmentation stratified by sex in the responder cohort. Subfield volume changes are calculated as:
VOIchange = [(VOIpost-treatment − VOIpre-treatment)/VOIpre-treatment] X 100. Wilcoxon test is used for statistical analyses (*P < 0.05, ** P <
0.01, *** P < 0.001). Black bars indicate ipsilateral results, whereas grey bars indicate contralateral results.
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and shaping chronic pain experience.7,13,92,94 Morpholog-
ical changes including atrophy in hippocampal CA3 pyra-
midal neurons have been observed in stress-induced
situations.25,101,105 As such, our results suggest pain relief
which is followed by reduced TN attacks could reverse the
changes in the CA3 hippocampal subfield. The hippocam-
pus has complex afferent and efferent connections to
diverse brain regions including the entorhinal cortex, cin-
gulate cortex, prefrontal cortex, anterior thalamic
nucleus, and hypothalamic mammillary bodies. Both the
sensory afferent pathway (through the perforant path-
way) and the efferent outputs (through the fornix)
directly innervate the CA1 hippocampal subregion.28,86,104

Here, we show a bilateral increase in CA1 subfield volume
after pain relief in the responder cohort. This confirms our
hypothesis that pain relief leads to increased neuroplastic-
ity in the hippocampal region.
Neurogenesis Could Explain the
Hippocampal Volume Recovery
As demonstrated in Figure 4, CA4 and DG, two hippo-

campal subfields involved in neuronal plasticity and
neurogenesis, bilaterally increased in size, and normal-
ized after pain resolution in TN responders. Grey matter
plasticity can be due to changes in both neuronal and
non-neuronal cells, including neurogenesis, gliogenesis,
synaptogenesis, and other neuronal morphological
changes.108 Previous studies have reported altered adult
hippocampal neurogenesis (AHN) in animal models of
chronic pain.34,100 Specifically, several studies have
reported that neuropathic pain negatively affects
neurogenesis22,24,82,93, and other persistent pain condi-
tions are related to decreases in AHN.4,26,70 In line with
these previous findings, the current study and our previ-
ous investigation reported significant bilateral volume
loss in the CA4, DG, and ML HP in TN patients − all of
which considered primary hippocampal subfields
involved in AHN.99

As such, our current study provides a new line of
evidence for hippocampal plasticity in chronic neuro-
pathic conditions such as TN. Although it is not possi-
ble to pinpoint which mechanisms − neurogenesis,
gliogenesis, or synaptogenesis − have caused the GM
normalization, evidence suggests that the volume
increase could be partially driven by neurogenesis.
However, future studies are required to investigate
the specific mechanisms underlying the positive
effects of pain relief on AHN.
Axial Segmentation Reveals Hippocampal
Body is Affected After Pain Relief

Our results demonstrated that the hippocampal body
bilaterally increased in size in the responder cohort and
is volumetrically normalized to the level of healthy con-
trols (see Fig 3 and Fig 4). Furthermore, the hippocampal
head showed contralateral volumetric normalization
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after pain relief. These changes are important consider-
ing recent studies that showed a functional gradient
along the longitudinal axis of the human
hippocampus.11,21,76 These subregions have distinct
structural and functional connectivity, and subserve
different behaviours.1 In a recent meta-analysis of
hippocampal abnormalities in chronic pain, Ayoub et
al. reported that the right anterior hippocampus
showed consistent abnormalities across studies. Fur-
thermore, they tested the resting-state functional
connectivity of this region in a large cohort of
chronic low-back pain patients and found reduced
connectivity to the medial prefrontal cortex in these
patients compared to healthy individuals.6 Although
the hippocampus is involved in various functions,
there is evidence that the anterior hippocampus is
involved in gist memory, in other words in encoding
contextual cues.32 In the context of aversive stimuli,
the anterior hippocampus has been associated with
anxiety and fear-like behaviors.17,19 The posterior
hippocampus, on the other hand, is involved in fine-
grained memory encoding and recall, amongst other
functions.10,32,50 Our results support the idea that the
anterior hippocampus may be involved in
nociception and can be affected by nociceptive
input.
Sex Differences in Response to Pain Relief
Our study demonstrates that the bilateral hippocam-

pal volume increase is seen in both males and females
after pain relief (Fig 5). However, females showed a
larger increase on average compared to males — espe-
cially on the hippocampus ipsilateral to TN pain where
volumes were statistically greater than in males. Previ-
ous studies have delineated that there are sex differen-
ces in the adverse effects of stress on cognitive tasks and
neurogenesis.106 For example, Hillerer et al. have
reported sex-dependent neurogenesis under chronic
stress.41 In prolonged stress conditions, females showed
a reduction in neurogenesis compare to males, suggest-
ing stress exposure has a greater impact on females
compared to male.41 Interestingly, our previous TN
study reported females but not males suffer from bilat-
eral hippocampal volume atrophy.99 These results sug-
gest that pain relief − which generally closely correlates
with reduced stress − has a more significant impact on
females than males. Considering that neurogenesis in
females is more severely impacted by chronic stress, it is
possible that pain relief re-establishes neurogenesis to a
greater extent in females than males. As our study is the
first investigation of the effect of pain relief on the hip-
pocampus and its subfields, future studies are required
to further delineate the mechanisms behind sex
responses in pain relief.
Future Directions and Study Limitations
The onset of TN is usually after age 50 and the TN

cohort investigated in the current study has an average
age of 64.9 § 12.0 years. Therefore, we were limited by
the number of age-matched healthy controls collected
on-site and had to utilize the Cam-CAN online dataset.
We considered the potential impact of different imag-
ing protocols and scanners, however, we ultimately
found little evidence for that.
In the current study, the number of non-responders

who did not experience pain relief after the treatment
was relatively small. As such, we were statistically lim-
ited and had to focus on the responder cohort for sub-
field and sex-dependent analyses.
The severity of TN pain patients suffering from

requires the patients to use pain medications and anti-
convulsant drugs including carbamazepine, gabapentin,
and pregabalin (please refer to Table 1). Although long-
term use of antileptics could affect the hippocampal
neuronal circuits,38 no direct effect of these medications
on the hippocampus has been reported and further
investigation is required. It should also be noted that: I)
given the severity of TN pain, it is not tenable to investi-
gate a medication free population and TN studies are
limited to control for the effect of medications, and II)
albeit TN patients reduce their medications after GKRS,
the majority still undergo pharmacological therapy and
the effect of medications on the hippocampus is still
present after surgery. Therefore, the findings in the cur-
rent study reflect a typical TN population.
TN provides a unique opportunity to study the effect

of pain relief on hippocampal abnormalities. However,
few other pain conditions can be effectively treated as
TN. As such, the findings of this study may be limited to
TN patients and future studies are required to explore
the hippocampal changes in other chronic pain condi-
tions after treatment. Additionally, our study addresses
the hippocampal changes after pain relief delineated by
an MRI scan at 6 months post-GKRS. As such, the rate of
recovery cannot be accurately calculated and future
studies with multiple scans post-surgery are required to
address this limitation. Although our study points to
hippocampal recovery and possible cognitive function
changes as the result, future studies are required to
directly investigate this link.
Although our study did not report a statistically signif-

icant correlation between the amount of pain reduction
and hippocampal size change, we note this is an impor-
tant point to be investigated in future studies with a
larger sample size and multiple scans after the surgery.
Similarly, our analyses did not show any significant cor-
relation between pain duration and volume changes.
However, we hope future studies with a larger sample
size would investigate this question and further explore
sex difference and pain duration interactions.
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