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Background
Stroke-like migraine attacks after radiation therapy
(SMART) syndrome is a delayed complication of cranial
irradiation, associated with migraine-like headaches as
well as subacute onset of stroke-like symptoms.1-9 Seizure
is another common symptom of SMART syndrome,
reported in 35% to 83% of cases, and can be either focal
or generalized.10,11 Although SMART syndrome has been
reported in both adult and pediatric populations, the
overall incidence is unknown because of its rarity.3,8

18F-Fluorodeoxyglucose (FDG) positron emission
tomography (PET) is a widely used diagnostic modality
that measures regional glucose metabolism using a radio-
active form of glucose.12-14 High tissue glucose metabo-
lism, reflected by high FDG avidity, can be due to not
only cancer but also infection and inflammation.15,16

Despite challenges of physiological high FDG avidity in
normal cortical gray matter and deep gray nuclei, FDG
PET is often used in brain tumor management to differ-
entiate recurrent tumor and radiation necrosis,17
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especially because FDG is widely available and other
more targeted PET radiotracers such as amino acid ana-
logs are currently not U.S. Food and Drug Administration
−approved in the United States. FDG PET features in
SMART syndrome have not been well characterized,
although previous case reports have demonstrated
increased cortical FDG avidity in the acute phase of
disease.2,5 Here, we describe the FDG PET/magnetic reso-
nance imaging (MRI) findings of SMART syndrome in
the acute phase as well as longitudinal follow-up evalua-
tion for up to 12 months after presentation.

The clinical and imaging findings of SMART syn-
drome have long been believed to be an acute manifesta-
tion, with cortical enhancement previously described to
resolve within 35 days.2 We present a case of a 39-year-
old woman with anaplastic oligodendroglioma with
increased gyriform FDG avidity and corresponding gyri-
form enhancement on MRI, with the latter persisting for
3 months after presentation. The term “gyriform” refers
to a pattern of serpentine enhancement or FDG avidity
within the cortex, corresponding to the morphology of
the cerebral gyri.18 In SMART syndrome, this enhance-
ment pattern has been observed on follow-up MRI after
radiation therapy and is one of the key imaging features
for its diagnosis.1,2,19-22 This pattern of enhancement has
also been observed in ischemic, epileptic, inflammatory,
and neoplastic processes.18,23 Through the longitudinal
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characterization of MRI findings and the description of
PET/MRI characteristics, we aimed to improve the under-
standing of the clinical features of this rare condition and
improve diagnostic accuracy, minimizing the need for
invasive procedures such as brain biopsy to differentiate
SMART syndrome from recurrent neoplasm.
Case Report
The patient is a 39-year-old woman with a history of
left frontal World Health Organization grade 3 anaplastic
oligodendroglioma diagnosed 9 years prior to presenta-
tion (Fig. 1a, b), status post resection, and 4 cycles of pro-
carbazine, lomustine, and vincristine completed 8 years
prior to presentation. Reresection was performed 6 years
prior to presentation for tumor recurrence of tumor
observed along the anterior resection cavity margin
(Fig. 1c, d). The patient also received concurrent external
beam radiation therapy and temozolomide, with 13 cycles
of adjuvant temozolomide completed 4 years prior to pre-
sentation.

Interval history following the last cycle of adjuvant
temozolomide had been unremarkable until an episode of
speech arrest and arm shaking while on the phone with
her son at the time of presentation, with left-sided weak-
ness and left facial droop. The episode lasted for 3 to 5
minutes. Emergency workup included head computed
tomography notable for left frontal encephalomalacia
(negative for bleeding), blood work (negative for infec-
tion), and a loading dose of levetiracetam (1000 mg). The
patient had self-discontinued her recommended regimen
of levetiracetam (1000 mg daily) >1 year ago because of
headaches after taking the medication. The patient was
restarted on levetiracetam (500 mg every 12 hours) and
advised for follow-up PET/MRI to evaluate for tumor
recurrence as a possible etiology of seizure.

In addition to epilepsy secondary to tumor recurrence
and progression of disease, the differential diagnostic con-
siderations also included a primary cerebrovascular event
not detected on initial computed tomography imaging, in
addition to the possibility of peri-ictal pseudoprogression,
in which patients experience epileptic seizures or seizure-
like symptoms without true progression of neoplastic
disease.24

The patient’s last prior normal follow-up imaging
was performed 8 months prior to presentation and dem-
onstrated stable confluent pericavitary T2 fluid-attenu-
ated inversion recovery (FLAIR) hyperintensity, favored
to represent posttreatment changes (Fig. 1e, f). Subse-
quent follow-up MRI performed at 1 month after
presentation demonstrated significant gyriform
enhancement along the anterolateral resection cavity of
the left frontal lobe, observed on both T1 postcontrast
and T2 FLAIR sequences (Fig. 2b, c). Dynamic contrast-
enhanced MRI perfusion imaging demonstrated mild-
to-moderate associated plasma volume elevation along
the resection cavity; there was corresponding reduced
diffusion (Fig. 2d-f).

Concurrently performed FDG PET/MRI demonstrated
markedly increased FDG avidity corresponding to the
area of gyriform enhancement visualized on MRI, with a
standardized uptake value (SUV) of 31.6 in the area of
focal avidity compared with an SUV of 16.7 in the nor-
mal-appearing right frontal cortex and an SUV of 5.2 in
normal-appearing right parietal white matter (Fig. 3).
Thus, the pattern of intense FDG avidity followed the
characteristic gyriform enhancement pattern visualized
on MRI.

Overall, the gyriform left frontal enhancement with
corresponding T2 hyperintensity and intense FDG avidity
in the clinical setting of seizure-like presentation with a
prior history of radiation therapy favored the diagnosis of
SMART syndrome. Management included active MRI
surveillance with brain biopsy deferred pending imaging
findings.

While follow-up imaging at 2 months after presenta-
tion showed no changes in gyriform enhancement, fol-
low-up MRI at 3 months after presentation showed
significant interval decrease in left frontal gyriform
enhancement and no new intracranial enhancement
(Fig. 4c, d) in the absence of any treatment. There was
decreased cortical T2 hyperintensity and no associated
reduced diffusion or intrinsic T1 shortening compared
with prior imaging performed at 1 month after presenta-
tion (Fig. 4a-d). Given the marked decrease in enhance-
ment without treatment and the absence of interval
clinical history and findings, a definitive diagnosis of
SMART syndrome was made. Additional 5-month fol-
low-up on MRI demonstrated complete resolution of ini-
tial enhancement (Fig. 4e, f).

While follow-up postcontrast T1 imaging at 3 months
and 5 months after presentation demonstrated significant
regression of the gyriform enhancement (Fig. 4c-f), longi-
tudinal MRI also demonstrated persistence of marginal
enhancement along posterior enhancement at 12 months
after presentation (Fig. 5a). In addition, T2 FLAIR imag-
ing demonstrated evolving enhancement at the posterior
resection cavity margin (Fig. 4e, f), also raising the suspi-
cion of viable tumor in the background of posttreatment
changes. Thus, repeat FDG PET/MRI was performed at
12 months after presentation, which demonstrated lack of
FDG avidity associated with this focus of enhancement
along the posterior cavity margin (Fig. 5b). FDG PET/
MRI also demonstrated resolution of the gyriform avidity
previously visualized on initial FDG PET/MRI (Fig. 5b).
Repeat FDG PET/MRI further suggested evolving postra-
diation treatment-related changes rather than tumor
recurrence. In addition, during subsequent clinical fol-
low-up, the patient did not report any recurrence of the
symptoms that had led to her initial presentation to the
emergency department.



Figure 1 Magnetic resonance imaging findings prior to symptomatic presentation. (a) T1 and (b) T2 fluid-attenuated inversion
recovery (FLAIR) images prior to resection (9 years prior to current presentation). Large mass corresponding to tumor in the left
frontal lobe, with mass effect on the left lateral ventricle, compatible with initial diagnosis of anaplastic oligodendroglioma. (c) T1
and (d) T2 FLAIR images corresponding to tumor recurrence (6 years prior to current presentation) following initial resection.
An area of abnormal enhancement along the anterior resection cavity was observed on T2 imaging, corresponding to recurrent
disease. (e) Postcontrast T1 and (f) T2 FLAIR imaging of the most recent follow-up scan following reresection of tumor (8
months prior to presentation) showing no suspicious enhancement with unchanged extent of confluent pericavitary T2 hyperin-
tensity involving the right centrum semiovale and left corona radiata. Imaging is favored to represent treatment-related change.
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Figure 2 Magnetic resonance imaging findings 1 month after symptomatic presentation. (a) No associated precontrast T1
shortening. Increased gyriform enhancement along the anterolateral resection cavity margin on both (b) T1 postcontrast and (c)
T2 fluid-attenuated inversion recovery (FLAIR) imaging. (d) Dynamic contrast-enhanced perfusion demonstrates mild-to-mod-
erate associated plasma elevation along the resection cavity (plasma volume (VP) up to 0.06 compared with contralateral VP
0.01 in normal brain). (e) Mildly reduced diffusion along the anterior and medial resection cavity margins, extending along the
cortices of the left superior and middle frontal gyri and into the left frontal operculum and (f) corresponding mild hypointensity
on the apparent diffusion coefficient (ADC) map along the anterior and medial resection cavity. (g) Region of curvilinear hyper-
intensity along the resection cavity observed in quantitative susceptibility mapping (QSM) as well as (h) corresponding region of
curvilinear hypointensity observed on susceptibility-weighted imaging (SWI) suggestive of pericavitary hemosiderin staining.
Abbreviation: DWI: diffusion-weighed imaging.
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Discussion
Pseudoprogression, radiographically defined as tran-
sient imaging findings suggestive of possible tumor pro-
gression and typically 3 to 6 months after radiation
therapy, can also present with symptoms such as head-
ache, seizures, and focal neurologic deficits, making clini-
cal differentiation from true tumor progression
challenging.25,26 While FDG is the most widely used PET
radiotracer for functional evaluation of brain lesions, the
use of FDG PET to distinguish radiation necrosis from
recurrent tumor has produced mixed results,25 with some
studies reporting high accuracy while others report low
sensitivity and specificity.26-29 The use of FDG PET in
diagnosing SMART syndrome has not been well charac-
terized, and given its high cortical FDG avidity observed
on PET imaging, it may be difficult to differentiate
SMART syndrome from neoplastic, infectious
etiologies.1,2,30 However, as seen in our patient’s imaging,
the metabolic activity on PET also demonstrates a unique,
gyriform enhancement pattern, similar to the enhance-
ment pattern visualized on MRI. Thus, when using FDG
PET in the diagnosis of SMART syndrome, the recogni-
tion of its unique, cortical gyriform pattern of hyperme-
tabolism is crucial in the accurate diagnosis of this disease.

Although MRI alone may be able to diagnose SMART
syndrome, the imaging findings from this case demon-
strate the utility of FDG PET as an adjunct diagnostic
tool. The radiographic differentiation between progres-
sion and post−radiation therapy pseudoprogression
remains a diagnostic challenge in the post−radiation ther-
apy setting.31 While both viable tumor and pseudoprog-
ression demonstrate contrast enhancement on MRI
imaging, features such as focal nodular enhancement,
subependymal enhancement, or larger extent of T2
FLAIR signal abnormality generally favor the diagnosis of
true neoplastic progression of disease.32-35 In our patient,
the imaging findings demonstrate both gyriform enhance-
ment atypical of disease progression as well as extensive
T2 FLAIR enhancement, which can be seen in both the
context of viable tumor and pseudoprogression. FDG
PET can be an adjunct imaging modality in the diagnosis
of progression of disease versus post−radiation therapy
change for patients with primary glioma neoplasms, and



Figure 3 18F-Fluorodeoxyglucose (FDG) positron emission tomography (PET) findings 1 month after symptomatic presenta-
tion. PET windowed to 0 to 15. Axial view of (a) T1 postcontrast and (b) fused FDG PET and magnetic resonance imaging
obtained at 1 month after initial emergency department presentation. FDG PET demonstrates gyriform intense avidity with a
standardized uptake value of 31.6 corresponding to the area of left frontal cortical enhancement. This is further illustrated on
coronal views demonstrating gyriform enhancement along the left frontal cortex was also observed in the coronal view on (c) T1
postcontrast imaging and (d) fused PET/magnetic resonance imaging windowed to a standardized uptake value of 0 to 15.
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the pattern of gyriform FDG avidity has not been
observed in cases of viable tumor on PET imaging.31,36-38

Thus, in cases where initial MRI demonstrates findings
that raise the possibility for both pseudoprogression and
progression of disease, FDG PET may serve as an impor-
tant tool in the diagnosis of SMART syndrome. Further-
more, because enhancement on MRI can persist for
several months, as demonstrated by this case of SMART
syndrome, an immediate FDG PET can serve to diagnose
pseudoprogression prior to the findings on sequential
MRIs demonstrating resolution of enhancement, advanc-
ing patient management in a timelier manner.

When there is a persistent component of enhancement
visualized on longitudinal MRI, as in this case with T1
postcontrast, longitudinal FDG PET may also serve to
determine whether there is a component of viable tumor
in the setting of evolving post−radiation therapy treat-
ment-related changes. In this case, repeat FDG PET at 12
months after presentation demonstrated no correspond-
ing avidity to the enhancement on T1 postcontrast imag-
ing (Fig. 5a, b), further suggesting post−radiation therapy
treatment-related changes instead of true tumor progres-
sion. Thus, for any cases of SMART syndrome that con-
tinue to demonstrate findings raising the possibility of
viable neoplasm on follow-up MRI imaging, longitudinal
FDG PET may also play an additional role in ruling out
progression of disease.

When considering additional differential diagnoses,
epilepsy also demonstrates a similar cortical gyriform
avidity on FDG PET.39-41 While seizure is not the most
common clinical manifestation of SMART syndrome, it
has been reported in many cases.10,11 Previous studies



Figure 4 Longitudinal magnetic resonance imaging findings following initial symptomatic presentation. (a, b) T1 postcontrast and
T2 fluid-attenuated inversion recovery (FLAIR) images obtained at 1 month after presentation. (c, d) T1 postcontrast and T2 FLAIR
images obtained at 3 months after presentation. (e, f) T1 postcontrast and T2 FLAIR images obtained at 5 months following the
emergency department presentation. Continued decrease in heterogeneous gyriform enhancement and T2 FLAIR intensity over a
5-month period without any additional intervention. Temporal evolution in gyriform enhancement pattern suggests a self-limiting
process such as stroke-like migraine attacks after radiation therapy syndrome as the underlying cause of imaging findings.
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examining the use of FDG PET in epilepsy patients
showed the highest sensitivity of these imaging findings
in the ictal and postictal states42 immediately following
the episode of epilepsy. Thus, the presence of FDG avidity
1 month following initial presentation of symptoms dem-
onstrates the additional utility of FDG PET for differenti-
ating SMART syndrome from the diagnosis of epilepsy.

Previously, the findings of hypermetabolism on FDG
PET were only reported up to 4 days after the initial epi-
sode of symptoms,30 but the persistence of FDG avidity 1
month following symptomatic presentation highlights a
longer time course in both the development and resolu-
tion of characteristic imaging findings.

Brain MRI is currently the primary imaging technique
of choice, demonstrating unilateral cortical enhancement
on T2 and FLAIR sequences.2-5,8 These imaging findings
have previously been reported to develop within 2 to 7
days of symptomatic presentation and resolve within 13
to 35 days.2 This case demonstrates the persistence of cor-
tical enhancement on MRI at 3 months after presentation,
with resolution of imaging findings only at 5 months after
presentation. Thus, when determining follow-up imaging,
recognition of a gradual attenuation of enhancement
rather than quicker resolution than previously described
is critical in the diagnosis of SMART syndrome and dif-
ferentiation from acute processes like epilepsy and infec-
tion or progressive disorders like neoplasm.

Although SMART syndrome is most commonly self-
resolving with transient symptoms, there have been cases
of recurrent SMART syndrome reported, with seizure-
like symptoms returning 6 weeks following initial
presentation.20,43 While enhancement observed on MRI
at 3 months after presentation represents a novel length
in the persistence of imaging findings for SMART
syndrome,2,6,7,43 the patient reported no recurrence of
symptoms following her initial presentation to the



Figure 5 18F-Fluorodeoxyglucose (FDG) positron emission tomography (PET) findings 12 months after symptomatic presenta-
tion. (a) T1 postcontrast magnetic resonance imaging (MRI) at 12 months after presentation demonstrating resolution of cortical
gyriform enhancement. There is a slightly increased curvilinear enhancement along the posterior resection cavity (yellow arrow).
(b) Concurrently performed FDG PET/MRI demonstrating no associated FDG avidity (white arrow), supporting evolving post-
treatment changes rather than viable tumor. Fused FDG PET/MRI images windowed to a standardized uptake value of 0 to 15.
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emergency department, suggesting that the duration of
imaging findings diagnostic of SMART syndrome may
exceed clinical symptom duration.
Conclusion
While an extremely rare complication, imaging has
proven crucial to the clinical workup for SMART syn-
drome.5 Through establishing a longitudinal characterization
of imaging findings on MRI, as well as the appearance of
SMART syndrome on FDG PET/MRI, this report aimed to
enhance the understanding of its time course and manifesta-
tions in diagnostic imaging, as well as validate the utility of
FDG PET imaging in differentiating SMART syndrome
from alternative diagnoses such as tumor recurrence or epi-
lepsy. Through improved diagnostic understanding of pseu-
doprogression manifestations such as SMART syndrome,
fewer invasive procedures like brain biopsies will be needed
in the future in order to rule out recurrent neoplasm.
Disclosures
None.
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