Original Article

Vagus Nerve Stimulation Therapy in Pediatric
Patients With Refractory Epilepsy:
Retrospective Study
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ABSTRACT

This six-center, retrospective study evaluated the effectiveness, tolerability, and safety of vagus nerve stimulation in chil-
dren. Data were available for 126 patients at baseline, 95 patients at 2 months, 656 patients al 6 months, and 12 patients at
12 months. The typical patient, aged 12 vears, had onsel of selzures al age 2 years and had tried nine anticomvulsants before
implantation, Collected data included preimplant history, seizures, implant, device settings, quality of life, and adverse
events, Average seizure reduction was 36, 1% at 3 months and 44, 7% al 6 months, Common adverse events included voice
alteration and coughing during stirmulation. Rare adverse events, unique to this age group, included inereased drooling
and inereased hyperactivity, Quality of life improved in aleriness, verbal communication, school performance, clustering
of seizures, and postictal periods, We coneluded that vagus nerve stimulation is an elfective treatment for medically vefrace-
tory epilepsy in children, (o Cldld Mewrol 2001 16:843-848,

[n July 1987, the US Food and Drug Administration
approved the NeuroCybernetic Prosthesis? System
{Cyberanics, Houston, Texas) to deliver vagus nerve stim-
ulation for adjunctive therapy in patients aged 12 years and
older with refractory partial seizures,. Clinical studies
showed average reductions of 25% in seizure frquency over
the first 3 months of vagus nerve stimulation therapy and
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4l Lo 50% reductions through the first year to 18 months,
These results are comparable with the efficacy of the
newer anliconvulsants.'

Since the LS Food and Drug Administeation approved
the NeuroCybernetic Prosthesis, more than 11,000 patients
have been implanted, Nevertheless, very litthe information
is available regarding patients aged 18 years or younger™"
The combined, preapproval clinical studies (BOL-EOS)
included G0 patients aged 18 years or vounger, 16 of them
yvounger than age 12 years. Registration cards, supplied
with all implanted devices and filled out by the implanting
physician, indicated that approximately 14% of the 11,00
patients implanted since July 1997 were vounger than age
12 years (data on file at Cyberonies).

This multicenter, retrospective study was undertaken
to gadher and provide more information on the effectiveness
aned salely of vagos nerve stimulation therapy in children,

METHODS

Inclusion Criteria

Six centers {Children's Hospital-Boston, Universivy of Texas Fed-
il Sehool-Houston, Minnesota Epilepsy Group, The Children’s Hlos-
pitak-Diesnver, Children's Mational Medical Center, and Louisiana State
Universily Comprehensive Epilepsy Centery collaborated on this
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sty during Late 1S Towor centers { Boston auvd Honston ) hued been
involved in the preapproval olinical studies of vagus nerve stimu
Fatieny tharapy, aond the other four conters had postapproval expe-
vience only, Informed consem and approval by e Institu ional
Review Board were oblabived i those centers where such approval
wais requived for relrospective stoldies,

All patients from the six conters who were aged LS yoears or
younger al implantation and had medically velractory epilepsy
were ineluded in the anadysis. Approvad oo the 125 Food and Deag
Adtministration includes use of the NeuroUsybemmetic Prosthoesis Sys-
tem in patients aged 12 years or older with partial-onset sciznes
ot awe refractory o antiepileptic medications, Therefone, in cases
of paticnts younger than 12 years or with sebare types other than
et ial onsaed, the patkent and paren or guardian wore informesd of
e limivarions of the VS Food and Deag Administeation approval,
All patiens and parents or guandians elected 1o proceed with the
nplant.

Implantation

Implantation of the vagns nerve stimulitor in children was per-
formed using a technigue similar oohat used in adnlts and pre-
viowsly deseribed by Madsen and Helmers™ and Amar ot al.”* In
oy o Ehee children, e deviee was activared invnediately after
plandation.

Data Collection
Dtz collection forms were designed for vetrospective collection
of daaa on all patients implanted before December 31, 1995, and
i ueded Follow-ug data throngh Mareh 51, 1950, Daka were cap-
tured fromn exisring pagient records and then documented on -
form data collection form. During the Z-month period before
implantation, caregivers had collected information on each palioms
preimplant history and had maintained an acenvate seiore dian
Typrcally, patients kepl seizore calendars thar were reviewed by the
investigators, Seizare (regquency was entered into patient records,
Investigators consulted pativm records Lo obitain monthily seizne
rades ] recorded Lo on thee dara colleetion forms Tor e study,
Sedgure connls from the 3 months belore implantation were o
aged 1o determine baseline seizure requency. Information on
sebaures, implant, device sellings, sl adverse evenls was eol-
beected adter implantation (Table 1) In some instances, investiga-
tows interviewed patients to obtain daa thar were missing from
pEient records.

Given the retrospective nalare of the stndy, seizure frequen-

ches were obtained by reviewing patient charts for exacl sckarne

counts over specific dates; monthly aveeages for the provious 3
mwnllis; or daily, weekly, or monthly ranges. Setzore-frequencey
tlata were gathered as available for each patient at baseline and i3,
G, el 12 momths after implantation, Data were collected by Ly
of selzure as had been reported by the patient or parent and then
combined to calenlate each patienls average e, To verily e cor-
rect inlerpretation of seisune counts, investigators carcelnlly
reviewed seizure records across all visits,

T adddition to examining changes in seizure Trequeney, this
analysis examined other, more subjective data Parents or cansgiviers
reported changes in U patient’s quality of life ab 3, 6, ad 12
months. Changes woene documented on a simple, unvalidated, B point

Table 1. Data Collection Forms
Pastimplant Data

Predmplant Data Implant Data

Age Al seliure onset limplant date Device settings

Gandor Waight Interval soizure
frequency 13, 6,
and 12 ma}

Inatitutionali zed Currant antiepileptic Magnet

drug treatment usefeilect

Previous antiepileptic Qurality of life (3,

drug treat ment Davice sattings B, and 12 mo}

Advarse events
Antiepiloptic drugs

Katogenic diat

Magnetic resonance
maging

Etialogy of epilepsy

Syndrome classification

Baseline seizure 1ypes
frequancy

seade that featwred eacings of el worse, worse, same, bafoer, ol
e betier,

Informed consent was obtained from the patients’ parents or
gueanians in complianee with rules governing the individoal insti-
tulbons participating in the study. After daa entrne and verification,
data were first analyzed with Microsoft Exeel { Microsoft Corpwo-
ritiom, Redmond, WA) and then conflirmed with SAS” (SAS Insii-
Tater, Cary, NCU Padred Sests wene used toanalyse percem changes
from baseline. Students Hests were used for analysis of within:
gronap comparisons, Pvalued of < 01 were considernced stacistically
significant.

RESULTS

Demographics

As of December 31, LIS, 125 paticnts meeting inclusion ori-
teria had been implanted with the NeuroCybemelic Pros-
thesis System. Because some patients were implanted
torward the end of the data collection perdod, fellow-up data
were nol available for every patient ai every lime point. Fol-
low-up data were available for 96 patients at 3 months, 56
paients at 6 months, and 12 padiencs at 12 months, The
average age at implant was 1 1.8 years (median age 12 vears,
range 3-18 years), with 41 patients younger than age 12
years at implant. The average age at onser of seizures wis
4.1 years (median 2, range 0-12.5). More males were
implanted—79 (63%) versus 46 females (37%). Only 3 (2.4%)
padients were institutionalized, but a notable number, 49
(39%), were mentally retarded (1Q bess than 70, on the basis
of an investigator's judgment ). Forty-six patients (37%) had
privionsly tried the ketogenic diet, although only 3 (2.4%)
were on Lhe diet at the Ume of implanbation.

Among this group of patients with resistant epilepsies,
the most common selzure Lypes were partial (59 patients,
A7) and generalized seizures (23 patients, 15.5%). Lennox-
Gastaut syndrome was noted in 43 patients (34.5%), Patients
with Lennox-Gastant syndrome were characlerized as hav-
ing mixed-seizure disorder with drop, atvpical absence, and
complex partial seizures. Some patients had associated
diagnoses of tuberous sclevosis complex and mitochondr-
il disovders, OF 13 patients who had previously undergone
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Patient Characteristics at Basaline and After 3 Months of Vagus Nerve Stimulation Tharapy

J-Manth Follow-up Average (Ranga)

Table 2,
Characteristic Baseline Avarage (Range)
MNumber af patiants 125 (79 males, 46 females)
Agae at implant iyl 11.8 13-181
Age at saizure anset {yr 3.1 10-12.5)
Previous AEDs B.H12-17t

Most comman AEDs

AED = antiap leptic drg,

epilepsy surgery, 13 had previous lobectomy, 18 had previ-
ous callosotomy, and 2 had previously undergone both pro-
cedures, Seizure ypes reported for patients who had
previously undergone callosotomy included drop, absence,
atypical absence, simple and complex partial, secondary gen-
eralized, and generalized tonic clonic.

Effectivencss

Drata describing outcomes at 3 months after implantation
were available for 85 of the 1256 implanted patients. The
remaining patients were not lost to follow-up buat had been
implanted more recently and did not have the opportunity
to complete 3 months of stimulation before the data caol-
lesction cutodl point, These 96 patients were demographically
similar to the entire group (Table 2).

Three months after implantation, the average reduction
in seizure requency was S6, 1% (F < 0001), with a median
reduction of SLO% (range, —=100% Lo +312%). OF the 95
parients, 27 C2HAM) hid decreases in seizure frequency
exceeding To%, and 60 (52.6%) patients had decreases
exceeding G, Two patients (2,1%) reported no seizures.
Seizure froquency inereased by more than 5O in six patients
(Figure 1) The reduction in seizure frequency did not dif-
fer among patients with aura or simple partia seizores and
patients with other types of seilzures,

Data were available for 56 patients at 6 months. The
average reduction in seizure frequency improved Lo 449, 7%
(£ < 00013, with a median reduction of 51.0% (range,
0050 Lo + 100.0%), OF the 50 patients, seizure frequency
decreased more than 75% in 17 (309} and more than 50%
in 32 (37%:). No patients reported zero seizures at 6 months,
Seizure frequency increased by more than 50% in one {2%)
patient.

Data were available for 12 patients after 12 months of
vagus nerve stimulation therapy. The percentage of reduc-
tion in selzure fregquency was similar to that in patients at
6 months.

Anticonvulsanis

An average of 8.8 (median 8, ange 2-17) anticonvulsants had
been tried before implantation. Patienls were taking an
average of 2.3 (range 1-5) anticonvulsants when they were
implanted with the pulse generator. AL months, the num-
ber ol anticonvulsant medications had decreased from hase-
lime in 100 11%) of the 96 patients, had increased in 20 (21%)
patients, and had not changed in the remaining patients
(8%, There was no difference in seizare rates across the

Topiramate (32.8%), lamotrigine (32,8%),
valproate (31.2%), carbamazopine (17.6%)

95 {60 males, 35 famalas)
12,0 43.0-18.00
2.040.0-12.5)
8.042.0-17.00
Lamotrigine (32,8%), valproate 132,9%,
topiramata (25.9%]

three groups (no change, increased, and decreased anti-
convilsants) ar 3 months, Changes in anticomvulsants at 3
months were nol appreciably different from the changes at
G months: 16% reduction, 25% increase, and 58% unchanged.

Special Populations

Among patients with Lennox-Gastant syndrome, the aver-
age pereent reduction in seizure lrequency was 26.6% at 3
months and 47.11% al 6 months, The average reduction in
selzure frequency among patients with alypical absence,
symptomatic, and idiopathic generalized seizures was 26.32%
and 47.25% al 3 and 6 months, respectively.

OF the 36 patients who had undergone epilepsy surgery,
the 16 patients with previous lobectomy did not respond as
well as the group as a whole, Median reduction in selzare
frequency was 32% at 3 months: reductions exceeded B
in 7 patients, and | patient reported no seizures, The 20
patients who had previous callosotomy responded well,
with a median reduction in seizure requency of T9% at 0
mapiths. Seizures decreased by more than S0%in 13 patients
and by more than 75% in 10 patients {Tabde 3], The two
patients with both previous lobectomy and previous cal-
losotomy were included in each analysis,

Patienis younger than age 12 vears {#n = 41) responded
similarly to the group as a whole, After 3 months of vagus
nerve stimulation therapy, average seizare requency hl
decreased by 18% (median 2740, At G months, data were
available for 20 patients and showed an average reduction
ol 46% (median 314, The responses of patents younger than
B vears were similar to the responses of the entive group:
an average reduction in seizure frequency of 164 (median

23 Mpntig {7 5}
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Figure 1. Changes in seizure frequency after 3 and 6 months of

vagus nerve stimulation therapy.
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Table 3. Effectiveness of Vagus Nerve Stimulation Therapy after 3
and 12 Months Among Patients Who Failed Epilepsy Surgery

Table 5. Duty Cycle Settings After 3 Months of Vagus Nerve
Stimulation Therapy (/W = 95)

M Meadian (% Range Py
Callosoromy
3 months 20 -749 —88tad
12 months 12 -43 -98.910 +3
Loebectormy
A manths 15 -32 1M o +114
-JGtod

12 months ] -52

200 for the 12 patients at 3 months and an average reduoe-
lion in seizure freguency of 42% (median 300) in the 7
patients at 6 months.

Deviee Settings

Rather than observing the patient for a 2-week period
belween implantation and initiation of vagus nerve skm-
lation therapy, physicians activated vagus nerve stimualadion
during the hospitalization for implantation of reost {91%:) of
the patients in this analysis. [nitial settings nsoally started
atL25-maA outpat current, S06Hz stimaladion frequency, B0
seconds on time, and 5 minutes off time. Meverthelesa, 28
of the 125 implanted patients (22%, all froam one site ] were
initindly starbed ad “rapid duly cycle” setlings, typically 7 soc-
onds on and 12 seconds off. At 3 months, the reduction in
seizure froquency wias no greater in patients programmsed
with the rapid-cyele setlings than the entive group.

Table 4 lists the most common deviee seftings afler 3
months of vagus nerve stimulation therapy, and Table b
lists duty cyeles for B4 of the 95 patients, Oatput current was
0 A fow one patient, an indication that vagus nerve stimu-
latiom was not turmed on at that time, The patient had no side
effects, and vagus nerve stimualation therapy was effective,
but the patient's parent had requested that the patient nol
receive vagus nerve stimuladion during this period, Chatput
current and duly cycle appeared to have little influence on
effectiveness. Higher outpul. eurrents and shorter ofT times
woere likely to be tried in patients who did not respond at
Lypical seltings, After 3 months of vagus nerve stimulation
therapy, seizore froquency decreased an average of 453,0%
among 50 patients with oulpud currents of 125 mA and less
and A1 among the 44 patients with sertings exceeding 125
A, Average output current was L5 mA in the 259 patients
with a greater than 76% reduction in seizure frequency and
L.75 maA in 9 patients with a greater than 25% increase in
seigure froquency,

Table 4. Most Commen Device Settings After 3 Months of Vagus

Maerve Stimulation Tharapy

Cutput Current [idy 1.5
Pulse width |pLsec) S0
Stimulation frequency (Hzt 30
Time an (sec) 30
Time off imin) 3
Magneat output current (ma} 1.60
Magnet pulse width (psec) 500

Magrat on time |ses) B

Mo, of Patients O fsecy ot

45 21 or 30 & or 10 min

26 21 or 30 3 min

16 7 12 ar 21 sec
51 21 or 30 1.7 ar 1.8 min
1 G0 3min

'l C s -

With regard to duty cyele, seizure frequency decreased
an average of 1% among patients with of 1 times of less than
2 minures and A% anong those with off times of 5 minutes
OF TOTE.

Al S months, 84% of patients or their family memboers
had used the magnet lo slart stimulation at the onset of a
seizure. Only 6% of the patients reported using the magnet
themselves, Success inaborting some or all of the seizures
was reported by 42% of patients or caregivers, Use of the
magnet Lo shorlen seizures was reported by 4% of the
patients and caregivers, Reporls of magned use at 6 months
woere similar: 39% aboried some or all seizures and 3%
shartened seizures, At 12 months, half of the group reported
aborting some or all of their seizures, and 42% reported
shortening the seizures.

Quality of Life
The changes in quality of life reported by parents or care-
givers after 3 months of vagus nerve stimulation therapy
included belter or much betler alerness in 46 {458 4%} of the
95 palients, better or much better seizure clustering in 34
{almost 3640, better or much betier verbal communication
and postictal periods in 26 {27%), betler or much better
sehool achievements and rood in 21 (22%), hetler memaory
in 13 ( 14%), and betrer or much betler ambualation in 5 (just
over 5% (Figare 2 Quality of life reports wore similar
after 6 and 12 months of vagus nerve stimulation therapy.
A separate analysis of changes in the quality of life of
{he A6 nonresponders (less than 25% reduction in seizuee Ge-
queney ) at 3 months showed better or much better alertness
i 16 () patients, beller or moch betber seizure clustering
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Figure 2. Changes in quality of life after 3 manths of vagus nerve stim-
ulation therapy, Sz = selzure.




in 13 (36%), beller or mach better verbal communieation in
8 (224}, betrer or much better school achievements in 7
{1991, better or much hetler postictal periods in G (17, el
ter mood o B 14%), better memory in 4 (11%), and better
ambulation in 2 [G%).

Adverse Events

Chart review indicated that this group ol patients reported
the nsual pain and discomfon, associated with surgery,
which resolved within several days of implanlation, Ko

explants for infection were performed, and no cases of

techndeal or deviee lailure were repoarted.

[nformation about adverse evends was oblained Trom
patient records and recorded on a data collection Torm,
Adverse evenls did not lead to discontinuation of vagus
nerve stimulation therapy Tor any patients. Adverse ovents
associated with vagus nerve stimulation therapy were sim
ilar te the elinical study results reported inpatients aged 12
vears and older. The most commaonly reported adverse
events were voice alleralion (57.0%) and conghing (37 5%)
during stimulation, & less common complaint was ear pain
F1L1%Y with stimulation, which resolved with changes in
stirnulation parameters. [ncreased drooling was seen inthe
rare patient {< 1% who had preexisting problems with drool-
ing. This adverse event usually resolyved spontancously dur-
ing the months after implantation, Unigue W Uhis age group
were afow patients who had reports of increased hyper
activily associated with stimulation and fewer seizures,
This adverse effect was usually manageable with institurion
of a behavioral program and, uncormmonly, medication,

Serious adverse events and device complications were
rare. One patient reported moderatedo-severe dysphonia
characterized by diplophonic speech and swallowing diffi-
culties resulting from lefl vocal cord paralysis associated
with the surgery, Approximalely 4 meonths alter implanta-
tion, the dysphonia and swallowing difficulties had almost
completely resalved, Another patient. reported three emwer-
geney room visits for rightsided weakness and incoordi-
nation, which were evaluated with carotid nlirasonography
and eranial computed tomography, both of which were nor-
mal, An etiology remains obscure, bul the episodes resolved
spontaneously and did not vecar. Broken electrode leads
woere reported for three patients. Two broken leads were
related to the implantaion procedure, amd all three were
replaced. There were no explants, ocourrences of stidus
epileplions, or deaths,

DISCUSSION

To our knowledge, this analysis is the largest reported group
af children aged 18 years and younger who have ander-
gone NeuroCybernetic Prosthesis Pulse Generator implan-
tation for velractory epilepsy. The purpose of this study
was Lo evaloate and demonstride the effectiveness and
safety of vagus nerve stimulation therapy in children,
Comnprarison ol the curvent data with thar gathered feom
pediatric patients in the clinical studies showed similar

Vagal Nerve Stimuolation Therapy © Helaeees of af HAT

patient types with regard o the refractory nature of the
epilepsy and the types of seizures.” Whereas the pediatric
patients in the clinical trials mimbered G0, with 16 patients
agod younger than 12 years, the present group was much
Lrger with 125 patients, and 41 patients were aged younger
than 12 vears, Reductions in seizure (requency were greater
in this analysis than in the clinical trials, In the corrent
analysis, average percend reduction in seizires was St 1%
al 3 monchs and 44,7 at G months compared with 23% and
1% reported from the elinical trials” In addition, at 6
months, 17 (0% patients in the current analysis had a
areater than 76% decrease in seizure fequency thal exceeeded
the 11% reported inthe clinical trials.” There did not appear
v b any difference in effectiveness among Lhe varions
seiznre types in the present analysis,

A study of 35 pediatric patients treated at the Univer-
sily ol Alabama reported that after a median of 12 months
of vagus nerve stimulation therapy, 68% of the patients
achieved greader than S0% reductions in seizure frequency,
The Alabama study reported a greater number of patients
with S or greader veductions than the curvent stuady, but
differences inLhe data analyses of the two studies preclude
direc! comparisons,

Output current and duly cycle appeared to have Lkt
influence on effectiveness. ost patients head an oalpal
current of 126 mA, an on Lime of 30 seconds, and an off time
of 3 minules aller 3 months of vagus nerve stimulation ther-
apy, Higher oatpur currents and changes in duly cyele were
likeely to he used in patients who did not respond, The strat-
epy of adjusting device setfings cortainly warrants further
investigation,

One might guestion the role of placebo effect in vagus
nerve stmulation therapy, Previous stodies (FROGEO5)
allempred to address this issue by using an aclive control
(lovw versus high stimulation)} becanse patients can poer-
eeive The stimulation. Inthe B stady, the mean reduction
in seigure frequency at 12 weeks was 6.0% in the low-stim-
ulation group and 24.5% in the high-stimulation group.'!
After 3 moenths af therapy in the EOS study, average reduc-
tions in seiznre frequency wers 258% in the high vagos nerve
stimulation group and 15% in the low vagns nerve stimula:
ticn group,” I reductions in seizore frequency were entirely
attributahle to placebo effect in the B and BOG studies,
between-group differences might not have been as pro
nonneed, In the present analysis, which had no control pop-
ulation, the reduction in selzure Mrequency remained steady
or conlinued to decrease at 6 months, Such continued
improvement argues in fwvor of the effectiveness of vagus
noervie stimalation therapy.

Vagns nerve stimualation therapy was especially effective
in two groups of patients: those with Lennox-Gastanat syn-
drome and those who had previously andergone epilepsy
surgery. ALS months, seizure frequency wis reduced by more
than T5% in more than one thivd of the patients with Lennox-
Gastand, syndeome and by almost one half in the patients
who had previonsly undergone epilepsy surgery. OF the post-
operative patients, the previous callosotomy patients did
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exceptionally well, with a 61.9% average reduction in seizure
frequency. There is a suggestion that vagus nerve stimmlation
therapy may he effective in patiends with other disorders
guech s tuberous selerosis and mitochondrial disorders, but
the number of patients is too amall for further comment.

The surgical implantation of the stimulator was no dil-
ferent in children and adolescents than adualts, and vagus
nerve stimulation therapy was well lolerated by patients in
these age groups. The number and types of adverse ovents
were similar to those reported in adulls and adolescents”
Addverse evenls unique 1o children and usually associated
with preexisting conditions are increased drooling and
hyperactivity, Both of these adverse events either resolved
spontaneously or responded (o routine treatments.

[n addition toits effectiveness in decreasing seizure fre-
quency, vagus nerve stimulation therapy was associated
with marked improvements in various aspects of quality of
life including alertness, verbal communication, and school
performance, Clustering of seizures and postictal periods
were also greatly improved. These improvements did not
seem Lo depend on the degree of seizure reduction or
changes in medication.

This sty has several limitations. The retrospective
nature of the study entailed setling adate after which no data
waould he collected. As a consequence, data from all time
points were not available for each patient, Ina prospective
studdy, such missing data might be attributed to patient attri-
tion. Missing data in this study are mostly doe to the eatoff
points, although some patient records were incomplete,
Analher aspecl of the retrospective trial is reliance on doc-
umentation in patient records, The accuracy of some of
the mformation for this study (eg, changes ingquality of life
and frequency of setsures) depended on the reports of care-
givers and parents, Establishing a baseline is subjoct to the
limitations of a retrospective study, Therefore, differences
berween prospective and retrospective trials should be con-
siderod in comparisons of the results of this study with Lthe
resules of clinical trials,

In sumrmary, the effectiveness, salety, and tolerability
of vagus nerve stimulation therapy were evident in this

study, The reduction in seizare frequency in Lhis stady
excecded reductions reported in the inirial clinical trials
and are comparable with reductions reported in adoles-
conta and adults. Additionally, the gquality of life greatly
improrved inthese patients, Although further studies to cval-
uate optimal deviee settings, strategies in patient man
agement, and quality of life issues are necessary, these
dlata show thal vagus nerve stimulation therapy is an effec-
tive treatment in children and adolescents with refractory
epilepsy.
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