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CLINICAL REPORT
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Stroke-Like Migraine Attacks after Radiation Therapy (SMART)
Syndrome Is Not Always Completely Reversible: A Case Series

D.F. Black, J.M. Morris, E.P. Lindell, K.N. Krecke, G.A. Worrell, J.D. Bartleson, and D.H. Lachance
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ABSTRACT

SUMMARY: We retrospectively reviewed clinical and imaging findings in 11 patients with stroke-like migraine attacks after radiation
therapy (SMART) syndrome to better understand this disorder previously thought to be reversible. Six men and 5 women had complex
bouts of neurologic impairment beginning, on average, 20 years after cerebral irradiation. All had characteristic, unilateral gyriform
enhancement on MR imaging that developed within 2-7 days and typically resolved in 2-5 weeks. Unlike prior reports, 45% had incomplete
neurologic recovery manifesting as dysphasia, cognitive impairment, or hemiparesis. The remaining 55% recovered completely over an
average of 2 months. Three of 11 patients developed cortical laminar necrosis. Brain biopsies in 4 of 11 did not demonstrate a specific
pathologic substrate. These additional 11 patients contribute to the understanding of variability in stroke-like migraine attacks after
radiation therapy syndrome, which often but not uniformly manifests with headaches and seizures, demonstrates a typical evolution of
imaging findings, and may result in permanent neurologic and imaging sequelae.

ABBREVIATIONS: SMART = stroke-like migraine attacks after radiation therapy; CLN = cortical laminar necrosis; CJD = Creutzfeldt-Jakob disease; PIPG =

peri-ictal pseudoprogression

Stroke—like migraine attacks after radiation therapy (SMART)
is a syndrome presumed to be a delayed complication of
whole-brain irradiation wherein patients have recurrent attacks
of complex neurologic signs and symptoms, often including
headache and seizures that start many years after radiation ther-
apy and demonstrate characteristic imaging findings.' > Patients
may or may not have an antecedent history of migraine headaches
or seizures. Attacks are typically subacute in onset and involve
stroke-like deficits such as homonymous hemianopsia, hemiple-
gia, aphasia, and/or seizures. In all reported cases thus far, symp-
toms have been debilitating but ultimately resolve completely,
usually after weeks. MR imaging findings that correlate with these
clinical manifestations include unilaterally increased T2 signal
within temporal, parietal, or occipital cortices and an exuberant,
thick, gyral cortical gray matter enhancement that disappears as
symptoms resolve. The MR imaging findings do not respect vas-
cular borders.

Although SMART appears to be a delayed consequence of re-
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mote cerebral irradiation, the pathophysiology is unknown and
pathologic specimens have not been previously reported.

Between March 1, 2006, and March 1, 2012, the authors ob-
served 11 patients in their daily practice who met the proposed
diagnostic criteria for SMART and underwent head MR imaging
while symptomatic." We obtained approval from our internal re-
view board to retrospectively report the clinical, pathologic, and
imaging findings of these patients.

Case Series

The 11 subjects ranged in age from 37—60 years (mean, 50 years)
at the time of diagnosis with SMART. All had received cerebral
irradiation for various indications many years before onset of the
clinical syndrome (Table 1). Table 2 describes the frequency of
their presenting signs and symptoms. Each patient was retrospec-
tively included in this study only after completing a comprehen-
sive neurologic and medical evaluation at our institution that ex-
cluded other alternative diagnostic possibilities. Interval between
radiation therapy and SMART diagnosis ranged from 630 years
(mean, 20), and the average age at the time of radiation therapy
was 30 years. Six patients (55%) had more than 1 SMART episode.
Five patients (45%) had a seizure history before SMART episodes,
8 (72%) patients had interictal epileptiform activity recorded on
EEG, 4 (36%) had focal electrographic seizures recorded, and 2
patients had only focal slowing (Table 3). Four patients (37%) had
recurrent severe migrainous headaches before SMART episodes,



Table 1: Summary of demographics for patients with SMART

Seizures Seizure Headache Headache

Patient Radiation Indication Interval,y Age at Diagnosis,y Before With  Before With Therapies Used
1 Pituitary lesion 22 60 ? Y N N Phenytoin, levetiracetam
2 Pineal tumor 30 42 Y N ? Y Corticosteroids
3 Astrocytoma 32 44 N N ? Y Verapamil, phenytoin
4  Oligoastrocytoma 14 53 Y Y N N Phenytoin, levetiracetam
5 Dysgerminoma 19 50 N N Y Y Corticosteroids
6 Fibrillary astrocytoma 13 45 Y Y N N Levetiracetam, valproate,
corticosteroids

7 Astroblastoma 27 58 Y N N Y Phenytoin, aspirin

8 Lymphoma 16 37 N Y Y Y Levetiracetam, verapamil, aspirin

9 Oligoastrocytoma 10 50 N Y Y Y Levetiracetam, verapamil,
corticosteroids

10  Metastatic melanoma 6 50 Y Y N Y Levetiracetam, verapamil,
corticosteroids

1l Brain stem glioma 30 58 N Y Y Y Levetiracetam, verapamil

Note:—“Interval” indicates the interval in years between radiotherapy and the diagnosis of SMART. “Seizures before” and “Seizure with,” “Headache before” and “Headache

with” refer to symptoms preceding initiation and during SMART episodes, respectively.

Table 2: SMART presenting signs and symptoms

Signs and Symptoms No. of Cases %
Interictal epileptiform activity, 9/M 82
electrographic seizures,
or clinical seizure activity®
Headache 8/M 73
Speech disturbance 7/M 64
Visual field defect 7/M 64
Altered mentation 5/M 45
Hemiparesis 5/M 45
Hemisensory change 2/M 18

? Interictal epileptiform spikes, sharp waves, electrographic seizures, or witnessed
seizure. One of the patients without EEG interictal epileptiform activity had a wit-
nessed convulsion.

Table 3: EEG results during SMART symptoms
Patient EEG Results

1 Electrographic seizure activity over the right
temporal region
2 Potentially epileptogenic discharges over the left
temporal region
3 Potentially epileptogenic discharges over bilateral
temporal regions
4 Electrographic seizure activity over the left
temporal region
5  Focal slowing over the right hemisphere
6 Electrographic seizure activity over the left
temporal region
7  Focal slowing over the left occipito-parietal region
8  Potentially epileptogenic discharges over the right
frontal region (note: left temporo-parietal MRI changes)
9  Potentially epileptogenic discharges over the
midline, right parietal, and bilateral temporal regions
10 Electrographic seizure activity over the right
parietal region
T No potentially epileptogenic activity on EEG but
had witnessed generalized seizure

Note:—Eight patients (72%) had epileptiform activity recorded with EEG and 4 (36%)
had focal electrographic seizures recorded.

and 8 (73%) had migraine-like headaches as part of their SMART
presentation.

All patients demonstrated the typical gyriform, unilateral cor-
tical gadolinium enhancement with minimal leptomeningeal en-
hancement that is characteristic of SMART as well as the correla-
tive abnormal T2 and FLAIR signal with mild mass effect (Fig 1).

Although the radiation dose received was not known in most
cases, we believe that the MR imaging findings were in regions
that were included in the radiation ports. There was prominent
involvement of the temporo-parietal and occipital lobes with rel-
ative sparing of the frontal lobes in all cases. Gyriform enhance-
ment began 2-7 days after the initiation of neurologic signs and
symptoms and typically resolved in 2-5 weeks but lasted from
11-84 days. Gadolinium T1-weighted images demonstrated the
most conspicuous findings followed by FLAIR images.

Three patients (27%) developed cortical laminar necrosis
(CLN) involving the same regions seen to enhance (Table 2). In
case 2, CLN developed 17 days after symptoms began (Fig 2). No
diffusion restriction was evident in the regions of enhancement or
CLN.

The clinical course in cases 1, 9, and 10 was complicated by a
superimposed cerebral infarction and symptoms of stroke (Figs 3
and 4). Each of these infarctions occurred within a subregion of
the more typical changes of SMART in the right occipital lobe. In
patients 1 and 9, right occipital infarctions were discovered in
regions of resolved gyriform enhancement that had been present 7
and 9 days previously, respectively. There had been no evidence of
restricted diffusion on the prior examinations. Patient 10 pre-
sented with a generalized seizure and had a new right occipital
infarct with adjacent gyriform enhancement and cortical edema
in the right temporoparietal and occipital lobes. Patients 9 and 10
went on to have full clinical recovery documented in the medical
record. The residual deficits in patient 1 were not anatomically
correlated to the region of infarction.

Patient 1 was initially diagnosed with Creutzfeldt-Jakob Dis-
ease (CJD) because of an elevated CSF 14-3-3 protein, but, over
the next month, her neurologic status improved and she was able
to walk short distances. Eventually, she was able to return home,
though she required greater assistance from her husband with
activities of daily living. She had no new neurologic difficulties for
the next 5 years of follow-up.

Five patients (45%) demonstrated various degrees of multiple
magnetic susceptibility foci most compatible with cavernomas,
probably a consequence of prior radiation therapy.

Various medications were used in the care of these patients,
most commonly levetiracetam, which appeared to improve sei-
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FIG 1. A, Patient 3; B, patient 4; C, patient 7; D, patient 11. Tl-weighted images with gadolinium
enhancement demonstrate typical patterns of enhancement seen in SMART.

FIG 2. Patient 2. A, Tl-weighed image without gadolinium demonstrates typical findings of right
temporoparietal cortical laminar necrosis on day 17 of symptoms. B, TI-weighted image with
gadolinium demonstrates concordant unilateral gyriform enhancement on the same
examination.

1, 2, and 5) had transient problems with
sodium and water balance during their
symptoms.

Four patients (36%) had brain biop-
sies because of concerns of tumor recur-
rence. All demonstrated mild, nonspe-
cific gliosis without a specific pathologic
substrate for SMART or evidence of re-
current tumor.

Six patients (55%) recovered com-
pletely back to their antecedent clinical
baseline, with recovery taking 1.5-2.5
months (mean, 2). Five patients (45%)
showed gradual but incomplete recov-
ery with residual deficits most often in-
cluding dysphasia, cognitive impair-
ment, and mild hemiparesis (Table 4).

DISCUSSION

This series provides several new insights
into the poorly understood and possibly
under-recognized syndrome of SMART.
Prior publications described a benign
natural history with complete return to
clinical baseline; however, in this series,
45% of patients had incomplete clinical
recovery. All the patients in this series
met the proposed diagnostic criteria of
SMART, except for this unexpected in-
complete recovery.' Permanent imaging
sequelae from SMART were demon-
strated in 27%, with MR imaging find-
ings typical of cortical laminar necrosis
developing as early as 17 days after
symptom onset.

We demonstrated that the thick gyri-
form cortical enhancement characteris-
tic of SMART develops only after 2—7
days, typically resolves in 14-35 days,
but may last between 11-84 days. Diffu-
sion-weighted abnormalities were mini-
mal and primarily demonstrated T2
shine through without convincing evi-
dence of restricted diffusion except in
the 3 cases that had superimposed in-
farcts. The small occipital infarcts seen
in patients 1 and 9 occurred after the
more typical changes of gyral edema and
enhancement had resolved, again sug-
gesting that the mechanisms causing
SMART are complex. A process driven
by some form of cerebral hyperexcitabil-
ity with impaired autoregulatory pa-
rameters and endothelial damage occur-

zure control in several patients. Patient 2 was treated with a  ring as a consequence of remote radiation therapy seems

3-month steroid taper and began to improve within the firstweek,  plausible. Stabilizing seizure threshold and vascular reactivity are

though she did not return to her baseline. Three patients (patients  logical therapeutic interventions to consider.
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FIG 3. Patient 1. A, Gadolinium-enhanced T1 image demonstrating characteristic unilateral,
thick gyriform enhancement during an episode of SMART. B, FLAIR sequence showing gyral
T2 signal that corresponds to the regions of enhancement. C and D, Diffusion-weighted
sequence and ADC map demonstrate no convincing diffusion restriction upon initial presen-
tation until 7 days later (E and F), when enhancement resolved but a new right occipital

infarction was found.

The pathologic substrate for SMART is unknown, and biopsy
in 4 of the 11 patients (36%) failed to demonstrate pathologic
etiology. Also, 3 of 11 patients in this series had comorbid prob-
lems with high or low sodium or diabetes insipidus, but to what
extent this may have contributed is not known.

Similar to previous reports, the inter-
val between radiation and SMART diag-
nosis was on average 20 years, with an
average age at diagnosis of 50." All pa-
tients had somatosensory findings, 82%
had various levels of evidence of seizure
activity temporally and spatially corre-
lated with imaging findings, 73% had
migraine-like headaches, and all had
unilateral, thick gyriform enhancement
during their symptoms.

Limitations of this series include its
retrospective nature. We did not actively
recruit suspected cases but simply came
across them during our daily practice. We
saw 1-2 cases per year at our tertiary care
center. Many of the subjects had received
radiation therapy many years previously at
other institutions; thus, radiation doses
were largely unknown, though the radia-
tion ports probably included regions af-
fected by SMART in all cases.

Inherent to their history of cerebral
irradiation and tumor, patients with
SMART may have seizures as a premor-
bid condition and possible contributor
to their neurologic problems. Many re-
ports have demonstrated that noncon-
vulsive status epilepticus or frequent
partial seizures may produce transient
cortical edema, T2 hyperintensity, lep-
tomeningeal or cortical enhancement,
and permanent sequelae, including cor-
tical laminar necrosis.®” Postictal MR
imaging findings in patients without
prior radiation therapy appear different
from SMART, suggesting that SMART
may represent a unique syndrome with a
complex poorly understood pathophys-
iology occurring in a subset of patients
long after radiation therapy.'®"!

It may be that seizures in patients
with SMART strain an already im-
paired brain because of the chronic en-
dothelial vascular damage caused by
remote radiation, and this “double
hit” produces infarction in some in-
stances in the affected cortical areas.
Whether seizures initiate or are a con-
sequence of SMART, the combination
of radiation-induced vascular damage
and clinical and subclinical seizure ac-
tivity could explain cortical edema and impaired blood-brain
barrier integrity with persisting contrast enhancement for days
to weeks while patients’ symptoms outlast any particular seizure
activity and, at times, become permanent with evidence of cortical
laminar necrosis.
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FIG 4. Patient 10. A, Acute right occipital infarction with restricted diffusion. B, T1 gadolinium-
enhanced coronal image demonstrates the subacute enhancement of the infarction with more
extensive gyral enhancement throughout the right temporoparietal region. Postoperative

changes in the left cerebellum from prior melanoma resection.

Table 4: Correlations between Radiologic Findings, Biopsy, and
Recovery

Patient CLN DWI Biopsy Stroke Recovery
1 N N Y Y Incomplete
2 Y N N N Incomplete
3 N N N N 2mo
4 N N N N 1-2mo
5 Y N Y N Incomplete
6 N N N N 2.5mo
7 N N Y N Incomplete
8 N N Y N Incomplete
9 N N N Y 2mo
10 Y Y N Y 2.5mo
1l N N N N 2mo

Note:—“Y” and “N” indicate “Yes” or “No,” respectively. DWI indicates whether re-
stricted diffusion was seen in the region of abnormal gyral edema and enhancement on
the initial MR images (patients 1and 9 subsequently had small foci of restricted diffusion
after the other findings resolved). The stroke column indicates whether a stroke occurred
during the same symptomatic epoch as the SMART symptoms.

Reports of what has been subsequently termed peri-ictal pseu-
doprogression (PIPG) demonstrate MR imaging findings similar
to SMART but highlight absence of headache, less significant neu-
rologic impairment, and more rapid clinical recovery as differen-
tiating aspects.'? Although PIPG probably represents the same
spectrum of phenomena as SMART, reported cases tend to show
more meningeal enhancement than the cortical enhancement
seen in SMART.

Endothelial damage may also explain the interplay between
too much or too little synaptic activity producing the migrainous
headaches that occur in some patients with SMART as well as the
unilaterality of the imaging findings that are similar to those re-
ported in familial hemiplegic migraine.'> Cha et al'* reported
identical twins with hemiplegic migraine without evidence of sei-
zures who had MR imaging findings identical to SMART, though
no history of radiation was mentioned. Therefore, vascular endo-
thelial damage complicating radiation therapy may lower the
threshold required to develop episodic symptoms of a hyperexcit-
able nervous system similar to the postulated mechanism of
hemiplegic migraine and could contribute to the expression of
symptoms consistent with migraine in these cases. Furthermore,
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it is plausible to consider that this syn-
drome occurs in individuals who survive
radiation therapy and have a genetic
predisposition similar to hemiplegic
migraine.

Rapid control of seizure activity, if
present, is important in treating patients
with SMART. Intravenous fospheny-
toin, oral or intravenous levetiracetam,
and a short course of high-dose cortico-
steroids appear to be candidates for
treatment.'> Because of the ischemic na-
ture of the MR imaging findings that can
progress to cortical laminar necrosis, ve-
rapamil appears to be an intuitive,
though unproven, therapeutic option
that may have the benefit of also pre-
venting headaches. Although also un-
proven, some form of antiplatelet ther-
apy or even statin therapy seem to be
intuitive potential treatment options.

The possibility of recurrent tumor or loss of seizure control as
a cause of symptoms is omnipresent in patients with prior radia-
tion for brain tumors, and ongoing aggressive surveillance is re-
quired. Awareness and recognition of SMART syndrome signs,
symptoms, imaging findings, and recurrent attacks should serve
to guard against rendering an incorrect dire prognosis and pre-
vent aggressive interventions such as brain biopsy or cerebral an-
giography. All 4 patients who underwent biopsy in this series ex-
perienced incomplete recovery, and only 1 of the 7 patients who
did not undergo biopsy had an incomplete recovery. It should be
noted that no new signs or symptoms were temporally correlated
with the biopsy procedures; thus, the relation between biopsy and
clinical outcome is unknown. It is unclear why the 14-3-3 pro-
tein was elevated in patient 1, who ultimately did not have CJD,
but false-positives have been found with other nonspecific en-
cephalopathies, especially with ischemia.'®

For appropriate diagnosis and treatment, it is important for
clinicians and radiologists to be aware of the characteristic
imaging findings of SMART as well as their temporal evolu-
tion, the association with seizures, the possibility of permanent
sequelae, and the lack of benefit and possible detriment from
brain biopsy.
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