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Introduction

Abstract

Objective: We conducted a retrospective, case—control study of neurocysticer-
cosis patients to ascertain early markers that identify subjects likely to develop
treatment-resistant seizures. Methods: Clinical histories and imaging studies
from 38 neurocysticercosis patients who had been followed for 18 months after
treatment were evaluated. Both pairwise and multifactorial analyses were con-
ducted to identify factors associated with continued seizures. Results: Eleven of
38 patients continued to have seizures during the follow-up period. On univari-
ate analysis, the number of neurocysticercosis lesions, number of bands on the
baseline neurocysticercosis western blot, edema volumes on follow-up MRI
scans, edema volume changes between baseline and follow-up images, and pro-
portion of calcified lesions with perilesional edema were all significantly
increased in subjects who had persistent seizures during the 18-month follow-
up period. On multivariate analyses using recursive partition and random forest
algorithms, variables associated with persistent seizures included: the number of
total and calcified lesions, presence of perilesional edema, the rate of change in
the lesion and edema volumes from baseline to follow-up, and the number of
bands on the neurocysticercosis western blot. Interpretation: Measures of both
inflammation and disease burden are key risk factors for persistent seizures
despite anticonvulsant treatments in patients with neurocysticercosis. Inflamma-
tion is therefore a potentially modifiable risk factor for the frequently seen sev-
ere seizure disorders in patients with neurocysticercosis.

epilepsy (a disease of chronic recurrent seizures). NCC is
the most common cause of acquired adult epilepsy

The parasitic infection neurocysticercosis (NCC) fre-
quently presents with seizures and lesions in the degener-
ating and calcified stages.'> These seizures are thought to
be caused by perilesional gliosis, inflammation, and/or
neurotoxicity from calcified lesions"*” and may lead to

worldwide.*”"* Epilepsy due to NCC can lead to severe
health consequences as seizures are associated with an
increased risk of sudden death'*'” and 20-30% of NCC
patients with epilepsy continue to have seizures despite
treatment.’
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Early identification of patients at high risk for persistent
seizures is essential. This is because epilepsy involves the cre-
ation of abnormal electrical circuits that become increasingly
well-established with each seizure.'®'® ' Ideally, subjects
would remain on anticonvulsant medications until their
NCC lesions are no longer active, they have received an ade-
quate treatment course, and they are no longer at high risk
for seizure relapses. It is not optimal to keep subjects on
anticonvulsants for longer than necessary as these medica-
tions can have severe side-effects.”> Therefore, the ability to
risk-stratify NCC patients for persistent seizures early on
would be beneficial to help identify subjects eligible for
tapering of anti-epileptic medications.

We retrospectively analyzed a subset of cases from a
large clinical trial of NCC patients with seizures™ to iden-
tify clinical parameters associated with an increased risk
for persistent seizures despite treatment. We found that
disease burden and a strong and enduring immune
inflammatory response to the parasite were the best pre-
dictors of persistent seizures.

Methods

Study design and population

Thirty-eight patients from a blinded, placebo-controlled
phase 3 treatment trial for NCC** were selected for retro-
spective study using an unmatched case—control design.
The treatment trial had been conducted at the National
Institute of Neurologic Sciences in Peru in conjunction
with the National Institute of Neurological Disorders and
Stroke at the US National Institutes of Health (NIH Pro-
ject Number NS054805). The study randomly assigned
subjects to receive dexamethasone, anticonvulsants, and
one of three different antiparasitic treatment regimens
(Table 1). Randomization was stratified by the number of
viable lesions. All subjects had experienced a seizure in
the preceding year, were ages 16-65, and had a positive
NCC western blot. Close surveillance of anti-inflamma-
tory and anticonvulsant medications was performed to
ensure compliance, including routine pill counts at each
study visit and phone calls to assess compliance between
visits. Patients were followed up for 18 months after
treatment. MRI and CT scans were performed at baseline
and 6-months posttreatment.

There were no differences between the three treatment
arms in the number of seizures during the follow-up per-
iod. The 38 subjects selected for our retrospective evalua-
tion comprised the stratified group with 1-2 viable cysts.
This group was chosen in an effort to minimize bias
caused by the treatment provided, because within this
subgroup no differences were seen in efficacy between the
three treatment arms.
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Table 1. Demographics and baseline presentation of 38 subjects with
NCC and seizures.

Characteristic Value (N = 38)
Treatment arm, N (%)
Standard-dose albendazole’ 16 (42.1)
High-dose albendazole? 13 (34.2)
Standard-dose albendazole with praziquantel® 9(23.7)

32 (16-63, 13.3)
22/16 (57.9)
15.7 (1-293, 64.7)

Age, median years (range, SD in years)
Gender, male/female, N (% male)
Time between first seizure and study
enrollment, mean months,
(range, SD in months)

Time between most recent seizure 1.6 (1-15, 3)
and study enrollment, mean months,
(range, SD in months)
Seizure type reported at baseline visit, N (%)
Partial without generalization 29 (76.3)
Partial secondarily generalized 22 (57.9)
Generalized 17 (44.7)
Additional symptoms reported at baseline, N (%)
Headache 35(92.1)
Dizziness 20 (52.6)
Paresthesia/paresis 20 (52.6)
Decreased memory 19 (50)
Number of NCC lesions per 4.0 (1-11.8)
patient,* median (IQR)
Number of bands on baseline 4.3 (2)
NCC western blot, mean (SD)
Subjects with persistent seizures 11 (28.9)

during follow-up,® N (%)

NCC, neurocysticercosis; N, Number of subjects; TStandard dose
albendazole = 15 mg/kg/day; 2High-dose albendazole = 22.5 mg/kg/
day; 3praziquantel dose = 50 mg/kg/day; SD, standard deviation; “to-
tal number of NCC lesions seen on CT and MRI scans at baseline;
IQR, interquartile range; °defined as seizures which occurred greater
than 60 days following the start of antiparasitic therapy.

Study procedures

Clinical data and imaging studies from 38 subjects were
obtained. Calcified lesions were identified on CT scans,
degenerating (colloidal and nodular stages) lesions were
identified on T1 and T2 MRI images, and perilesional
edema was assessed on T2 FLAIR images. Viable lesions
were not evaluated as all subjects were from a stratified
group with 1-2 viable cysts. Imaging scans were reviewed
by JH, GG, and JK for the number of lesions and the
location, size, and stage of each lesion. EEGs were evalu-
ated by two trained epileptologists (AG and JL).

Identification of patients with persistent
seizures

Persistent seizures were defined as those that occurred
greater than 2 months following the start of antiparasitic
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therapy. This time frame was chosen to avoid confusing
epileptic seizures with those provoked by treatment-
associated inflammation.** As all enrolled subjects were
treated with anticonvulsant medications, any persistent
seizures were considered treatment resistant.

Edema volume

A reviewer blinded to the patients’ seizure histories and
using digitized images taken of the original films calcu-
lated volumes of edema. On the T2 FLAIR MRI images,
areas of edema were marked on each brain slice and the
number of pixels within the marked area was determined
using standard Adobe Photoshop tools. The number of
pixels within a square area based on the 5- or 10-cm scale
printed on the films was counted and used as a reference
to convert the edema regions in pixels to cm®. The slice
thickness was multiplied and the volume measurements
were then summed to get total volumes of edema.

Statistical analysis

Data were summarized using frequency with percentage
for categorical variables and geometric mean with stan-
dard deviation (SD) or median with interquartile range
(IQR) for continuous variables. Fisher’s exact test was
used to evaluate correlations between covariates and the
main outcome, persistent seizures, for categorical vari-
ables and Mann—Whitney U test was used for continuous
variables. Repeated measurements from the same subjects
were compared using the Wilcoxon matched-pairs signed-
rank test.

Multifactorial analysis

Data were further evaluated using machine-learning algo-
rithms (variable importance as well as model fit) to pre-
dict the primary outcome, persistent seizures. The
consolidated data were processed using a recursive parti-
tion algorithm (rpart in R)**> and a random forest algo-
rithm®® to classify patients with persistent seizures.
Important variables contributing to continuing seizures
were calculated using gene index and a classification
model was built to predict the primary outcome.

Standard protocol approvals, registrations,
and patient consents

The original treatment study was approved by the main
institutional review board at the Universidad Peruana
Cayetano Heredia (IRB Code 51070, FWA 00002541)
and was registered with ClinicalTrials.gov, number
NCT00441285. All subjects signed informed consent prior
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to enrollment. The retrospective analysis was granted an
exemption from the University of Illinois at Chicago IRB
as all data had previously been de-identified. The original
trial that provided these data was supported by NINDS
grant RO1 NS058405.

Results

Patient demographics

Thirty-eight subjects from a stratified group with 1-2
viable cysts, and from all three of the study treatment
arms (Table 1), were randomly selected. The median age
was 32 years and 22 were male. Thirty-one of 38 subjects
(81.6%) had experienced generalized or secondarily gener-
alized seizures prior to enrollment; 8 of 38 subjects (21%)
reported having had more than one type of seizure. No
significant abnormalities were seen on neurologic exam
for any subjects.

On baseline imaging, the median number of NCC
lesions per patient was 4 (Table 1). The mean number of
bands on the baseline NCC western blot was 4.3 (of 7
possible bands),”” and 69.4% of patients (25 of the 36
subjects with documented western blot results) had a
strong serologic reaction (>4 bands).'” Eleven of the 38
subjects (28.9%) experienced persistent seizures during
the follow-up period.

Disease burden, continued edema on
follow-up imaging, and perilesional edema
surrounding calcifications were all
associated with persistent seizures

The median number of degenerating lesions was the same
(1) in both groups (Fig. 1D). However, the median num-
ber of calcified (Fig. 1E) and total lesions on baseline
imaging was increased in the persistent seizure group
(median number of calcified lesions 11; median total
number of lesions 12) compared to those who were sei-
zure free (calcified lesions 1; total lesions 2, both P-
values = 0.006). The number of viable lesions was not
compared since all subjects were from a stratified group
with 1-2 viable cysts.

On the baseline imaging scans, nearly all subjects had
edema. All areas of edema (at both baseline and follow-
up) surrounded an NCC lesion. For all evaluations of
perilesional edema on follow-up imaging studies, mea-
surements were also compared with scans obtained within
60 days of a seizure excluded in order to avoid confusing
inflammation for a postictal vasogenic response.”® Exclud-
ing these scans did not significantly alter any of the mea-
sured variables, so all data included in the results show
the complete dataset with no scans excluded.
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Figure 1. Number and stage of lesions on baseline imaging in those with and without persistent seizures. Representative baseline T1 MRI images
that exemplify the four stages of NCC lesions are shown on the top row. Image A shows a vesicular lesion without a visible scolex (solid arrow).
Image B shows lesions in the degenerating (colloidal and nodular) stages. The image has two colloidal lesions (solid arrows) and one nodular
lesion (hollow arrow). All three lesions demonstrate perilesional enhancement. Image C shows multiple calcified lesions on a CT scan, with a solid
arrow pointing to a cluster of calcifications. Images D and E (bottom row) show the median number of degenerating (Image D) and calcified
(Image E) lesions at baseline in subjects from the persistent seizure group (in red) compared to those who were seizure free on follow-up (blue).
The box plots delineate the interquartile range and the whiskers span the 10th-90th percentile, with a horizontal line and number at the median.
Viable lesions were not evaluated since all subjects in this retrospective study were from a stratified group with 1-2 viable cysts.

At Dbaseline, no significant differences were seen
between the groups in median edema volumes per scan
or per lesion (Table 2). On the follow-up imaging studies
obtained 6 months after treatment, however, subjects with
persistent seizures had markedly increased total and per
lesion edema volumes compared to those who were sei-
zure free. When evaluating edema volume changes from
baseline to follow-up within subjects, follow-up MRI
scans from the seizure-free group showed a considerable
reduction in both the total edema volume per scan and
the edema volume per lesion compared to baseline values
(median total edema 10.4 cm’ at baseline and 0.2 cm® on
follow-up, Figure 2A; median edema volume per lesion
6.3 cm’ at baseline and 0.2 cm® on follow-up, both P -
values < 0.001). In contrast, follow-up imaging subjects
in the persistent seizure group showed no statistically sig-
nificant reductions in either of these volumes (median
total edema per scan 7.7 cm’ at baseline and 3.1 on

follow-up, P = 0.6, Figure 2B; median volume per lesion
at baseline 2.7 vs. 1.6 on follow-up, P =0.3). An
increased volume of edema on the 6-month follow-up
MRI scan was also seen in subjects with seizures during
the time period between 6 and 18 months after treatment
compared to those without (data not shown). Only one
subject in the seizure-free group demonstrated an increase
in the total volume of perilesional edema per scan from
the baseline to the follow-up imaging (1/23, 4.3%, vs. 4/
11, 36.4% of those with persistent seizures, odds
ratio = 12.6, 95% CI 1.5-159, P = 0.03).

At both baseline and follow-up, more subjects in the per-
sistent seizure group compared to those who were seizure
free had at least one calcified lesion with perilesional edema
(both P -values <0.05, data not shown). The odds that an
individual calcified lesion would have perilesional edema
were higher at baseline for calcifications from the persistent
seizure group (18/121 calcifications had perilesional edema,
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Table 2. Imaging findings and clinical variables associated with persistent seizures.

Characteristic Seizure free (N = 27) Persistent seizure (N = 11) P-value

Volume of edema on T2 FLAIR MRI scans

Total edema volume per scan, Baseline 10.4 (1.9-20.5) 7.7 (2-12.3) 0.70
median cm® (IQR) Follow-up 0.2 (0-0.9) 3.1 (0-15.8) 0.01
Edema change within groups <0.001 0.6
from baseline to follow-up, P-value'
Edema volume per lesion,? Baseline 6.3 (1-13) 2.7 (0.6-6.2) 0.10
median cm®/lesion (IQR) Follow-up 0.2 (0-0.6) 1.6 (0-2.2) 0.04
Edema change within groups <0.001 0.3

from baseline to follow-up, P-value'
Proportion of calcified lesions with perilesional edema
Number with edema/total Baseline 7/133 (5.3) 18/121 (14.9) 0.01
number of calcifications Follow-up 0/123 (0) 21/113 (18.6) <0.001
per group, (%)

N, number; IQR, interquartile range; 'determined using Wilcoxon matched-pairs signed-rank test; *defined as the total volume of edema on the
scan divided by the number of lesions with perilesional edema seen on the scan.
The bold values in this table highlight the p-values that were statistically significant (p<0.05).

>
w

60 60m
] *p<0.001 p=0.6

£

o

o

£ 40 40 o

=

@

S

g 20 = 20 =

S

; 10.4 77 —

- 3.1
0= 0
Baseline Follow-up Baseline Follow-up

C

y s S %
)
s

Baseline Follow-up Baseline Follow-up

Figure 2. Edema volumes at baseline and follow-up in subjects with and without persistent seizures. Images A and B show the total volume of
edema seen on each T2 FLAIR MRI scan for subjects in the seizure-free (Image A, denoted as blue squares) and persistent seizure (Image B,
denoted as red triangles) groups at baseline and follow-up. Numbers indicate the median values for each group. Images C and D show
representative baseline and 6-month follow-up T2 FLAIR MRI scans from subjects in the seizure-free (Image C) and persistent seizure (Image D)
groups. Areas of edema are indicated by red arrows.
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14.9%) compared to the seizure-free group (7/133, 5.3%,
odds ratio = 3.2, 95% CI 1.3-8.2, P = 0.01), and this differ-
ence persisted on follow-up imaging (Table 2).

An increased specific immunologic response
to the parasite was seen in those with
persistent seizures

The median number of bands on NCC western blot was
increased in the persistent seizure group (7) compared to
the seizure-free group (4, P = 0.02, Fig. 3B), although for
both groups this value was consistent with a strong sero-
logic reaction (>4 bands)."? Subjects with >4 bands on
their baseline western blot who had edema at follow-up
had a larger median volume of edema (1.7 cm®) com-
pared to those with 1-3 bands (median volume 0.3 cm’,
P < 0.01, Fig. 3C). Subjects with a strong serologic reac-
tion did not have an increased number of total, calcified,
or degenerating NCC lesions compared to those without
a strong reaction (all P -values >0.05). Interestingly, sub-
jects with a strong serologic reaction had a greater num-
ber of seizures during the 18 months following treatment
(median total number of seizures 2) compared to those
with 1-3 bands (median number of seizures 0, P = 0.03).

Multifactorial analysis confirmed that
disease burden, chronic edema, and a
heightened immunological response to the
parasite were associated with persistent
seizures

Significant variables associated with seizures on the recur-
sive partition algorithm included: the number of calcified
lesions, total number of NCC lesions, presence of perile-
sional edema, and the rate of change in the NCC lesion
volume from baseline to follow-up.

On the random forest algorithm, variables associated
with continued seizures (arranged as decreasing value of
gene index) included: the number of total and calcified
NCC lesions, initial edema volume, rate of change in
edema volume from baseline to follow-up, number of
bands on the NCC western blot, length of time from the
initial seizure to study enrollment, and number of new
NCC lesions at follow-up. A 70/30 partition of the train
and test datasets produced 100% accuracy prediction on
the train dataset and 90% accuracy on the test dataset.

Neither clinical nor EEG variables differed
between subjects with and without
persistent seizures

There was no difference between groups in any evaluated
EEG variables or in clinical symptoms, laboratory values,

Persistent Seizures in Neurocysticercosis

or anticonvulsant therapy given. A similar proportion of
subjects with persistent seizures was seen among the three
treatment arms (4/16, 25% had persistent seizures in the
standard-dose albendazole group; 3/13, 23% in the high-
dose albendazole group, and 4/9, 44% in the combined
albendazole with praziquantel group, P = 0.5). There was
no difference between the groups in the time elapsed
from the first or most recent seizure to study enrollment
(both P -values >0.7).

Discussion

Our study found that an increased immune inflammatory
response in subjects with NCC, in addition to the burden
of disease, was associated with continued seizures despite
treatment with antiparasitic and anticonvulsant medica-
tions. This was demonstrated by the fact that subjects in
the persistent seizure group had no reduction in the vol-
ume of perilesional edema per scan or per lesion on a 6-
month follow-up MRI scan. In contrast, those who were
seizure free had nearly complete resolution of edema fol-
lowing treatment.

It has been debated whether the perilesional edema fre-
quently seen in NCC patients is due to a postictal vaso-
genic response or to inflammation.*** *° In our study, we
conducted a separate analysis with scans performed
within 60 days of a seizure episode (those likely to con-
tain vasogenic edema®®) excluded. Even with these scans
omitted from analysis, however, subjects in the persistent
seizure group showed no significant reductions in perile-
sional edema from baseline to follow-up images. It is pos-
sible that continued edema could result from a vasogenic
response to subclinical seizures. Regardless of the underly-
ing pathophysiology, however, continued perilesional
edema on a posttreatment MRI scan could be a useful
and novel biomarker predicting later treatment-refractory
seizures.

Our review found that an increased number of NCC
lesions at baseline was seen in subjects with persistent sei-
zures. Previous studies of the association between disease
burden and seizure severity in NCC patients have had
mixed results,"”" and thus it is possible that other factors
can modify the strength of this association. Our study
results suggest that the degree of the inflammatory
response to the parasite may be one of these factors.

The proportion of NCC lesions that form calcifications
rather than resolving has not been well-established. In one
study evaluating single enhancing lesions in young patients
in India, approximately 10-20% of NCC granulomas
formed calcified lesions.”> Many studies have shown an
association between the formation of calcified lesions and
seizures,">***** both of which may be more likely in sub-
jects with a strong inflammatory response. Although the
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Figure 3. Association between persistent seizures and edema volume with western blot results. (A) shows representative NCC western blots from
subjects in each group. The image on the left shows a western blot with 1 band from a subject in the seizure-free group, while the one on the
right has 7 bands (the maximum number possible) and was from a subject in the persistent seizure group. The diagnostic band groups are
labeled on the right-hand side of the western blots. (B) shows the number of bands on the baseline western blot for each subject in the seizure-
free (left, denoted by blue squares) and persistent seizure (right, denoted by red triangles) groups. The horizontal line and numbers show the
median value for each group. (C) shows the volume of edema (of subjects with edema) on follow-up T2 FLAIR images in subjects with (denoted
as diamonds) and without (denoted as triangles) a strong serologic response (>4 bands) on the baseline NCC western blot. The horizontal lines
and numbers indicate the median values in each group. Subjects from the persistent seizure group are denoted in red, and those in the seizure-
free group are denoted in blue.
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process by which calcifications form is not completely
understood, a breakdown in the blood—brain barrier due
to inflammation could allow calcium from the blood-
stream to be deposited into the brain parenchyma.*>?®

Seizures in subjects with calcified lesions could be
caused by a neurotoxic effect of calcium or, as some
authors have suggested, might be unrelated to calcifica-
tions.* The role of inflammation as a contributing factor
to seizures in subjects with calcified lesions has not been
well studied, as these lesions have traditionally been
thought to be immunologically inert. However, recent
studies have provided evidence that calcifications may
experience periodic remodeling that can expose parasite
antigen and thus provoke a host immune response.'>>?’
Perilesional edema has been seen surrounding calcified
lesions in symptomatic NCC patients,”*® and PET scans
evaluating this perilesional edema showed increased
markers of neuroinflammation.?’ Additionally, two case
reports of excised calcified granulomas from NCC
patients with recurrent seizures and perilesional edema
demonstrated a marked mononuclear infiltrate surround-
ing these lesions,>”’ suggesting that the perilesional
edema was due to an immune inflammatory response.

Our results suggest that the seizure risk in subjects with
calcifications may be associated with a subset of calcified
lesions provoking an inflammatory response. As evidence
for this, calcified lesions from subjects in the persistent
seizure group were more likely than those in subjects
without seizures to demonstrate perilesional edema. Why
some calcifications provoke an inflammatory response
while others do not is not well understood,” and merits
further study.

In population-based studies performed in an endemic
region, a strong serologic reaction (>4 bands) on NCC
western blot was shown to be associated with epilepsy.’®
In our study, an increased number of bands was seen in
subjects in the persistent seizure group, suggesting that
the western blot results may also be associated with an
increased risk for treatment-refractory disease. Interest-
ingly, the volume of perilesional edema, but not the num-
ber of NCC lesions, was increased in subjects with a
strong serologic response. These results suggest that the
immune reaction to the parasite, in conjunction with the
burden of infection, determines the risk for treatment-
resistant seizures in subjects with NCC.

No differences were seen on any of the evaluated EEG
parameters between the two groups. However, future
evaluations using quantitative EEG analysis may prove to
be helpful.

This study had several limitations. The sample size was
small, and our review was retrospective. Additionally, as
the clinical trial was not designed to evaluate imaging
findings in subjects with persistent seizures, the MRI and

Persistent Seizures in Neurocysticercosis

CT scans were not always done at the same time. It is
also possible that subjects with reactive calcified lesions
(those showing perilesional edema) and an increased
number of bands on the NCC western blot reflected an
earlier stage of disease and these findings might not con-
tinue to be associated with persistent seizures at later dis-
ease stages. However, there was no difference between the
two groups in the time between their first or most recent
seizures and study enrollment, which argues against a dif-
ference in stages between the groups.

Despite our small sample size, we still identified factors
that seemed to distinguish between subjects with and
without persistent seizures. Our study results, including a
multifactorial analysis, suggest that an inflammatory
response to the parasite that does not resolve following
treatment may be a key marker of an increased risk for
persistent seizures in NCC patients. These findings raise
intriguing questions about whether other measures of
inflammation (such as erythrocyte sedimentation rate or
c-reactive protein) could be useful in identifying subjects
with NCC at risk for persistent seizures and what effect
treatment with intensive anti-inflammatory regimens in
high-risk patients could have on seizure control. Because
much of the research evaluating persistent seizures in
NCC patients is retrospective, prospective and controlled
studies using digital imaging and quantitative EEG analy-
ses are urgently needed.
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