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CASE REPORTS

PerrUSION AND DIFFUSION TENSOR IMAGING IN A PATIENT
WITH LOCKED-IN SYNDROME AFTER NEUROSURGICAL
VASCULAR BYPASS AND ENDOVASCULAR EMBOLIZATION OF A
BAsiLAR ARTERY ANEURYSM: CASE REPORT

OBJECTIVE AND IMPORTANCE: Locked-in syndrome is a state of preserved consciousness
in the setting of quadriplegia, anarthria, and usually also includes lateral gaze palsy. It is most
commonly associated with upper brainstem infarction variably sparing the third cranial nerve
nucleus. There are likely many etiologies that contribute to this clinical syndrome. These are
incompletely understood, and the syndrome remains a rare but devastating complication that
can occur after neurosurgical and neurovascular interventions. Advanced magnetic resonance
imaging techniques such as perfusion and diffusion tensor imaging may help to elucidate the
mechanism behind locked-in syndrome. To the authors’” knowledge, there are no reports in the
literature of perfusion and diffusion tensor findings in patients with this syndrome. A postpro-
cedural case of locked-in syndrome is described with abnormalities on perfusion and diffusion
tensor imaging in the absence of any changes in conventional magnetic resonance imaging.

CLINICAL PRESENTATION: A 57-year-old man who presented with acute onset
headache, ataxia, and other nonspecific symptoms was found on imaging to have a
giant fusiform basilar artery aneurysm.

INTERVENTION: A saphenous vein graft bypass between the proximal right external
carotid artery and P2 segment of the right posterior cerebral artery followed immedi-
ately by endovascular embolization of the aneurysm sac and distal left vertebral artery
was performed.

CONCLUSION: Postprocedural angiography demonstrated patency of the bypass
graft, and diffusion weighted imaging showed no evidence for acute brainstem infarc-
tion. Nevertheless, despite technically successful procedures and the absence of
abnormalities on conventional magnetic resonance imaging, the patient developed
quadriplegia and anarthria and remained in a locked-in state until he expired. Abnor-
malities were, however, seen on both perfusion and diffusion tensor imaging, where
hypoperfusion, increased mean diffusivity, and decreased fractional anisotropy were
observed in the ventral brainstem. The findings suggested a disruption of pontine white
matter tracts. Advanced imaging techniques may allow us to image important micro-
structural changes that were previously not discernable and assist in the evaluation of
patients with complex neurological sequelae such as locked-in syndrome.
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Plum and Posner (11) in 1966, is a clinical
diagnosis made by the presence of upper
motor neuron quadriplegia and lower cranial
nerve dysfunction most commonly with pres-
ervation of the oculomotor nucleus that leaves
the patient conscious and able to communi-

Locked-in syndrome, a term coined by
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cate only via blinking and most frequently
preserves vertical movements of the eyes. The
most common etiology is stroke, with 75 to
85% of cases attributable to upper brainstem
infarction (5, 9). Other etiologies include pon-
tine hemorrhage, trauma (5), tumor (6), central
pontine myelinolysis (10), and infection (7). It
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has been described as a rare complication of surgery in which
the underlying etiology was also most frequently ischemic (1).

Despite new surgical and endovascular techniques, giant
fusiform basilar artery aneurysms present a therapeutic chal-
lenge because of their location at the cranial base, adjacent to
critical brainstem structures (2). We describe diffusion tensor
and perfusion magnetic resonance imaging (MRI) findings in
a case of locked-in syndrome after neurovascular bypass and
embolization of a giant basilar artery aneurysm and discuss
the potential role of advanced MRI techniques in the evalua-
tion of such patients.

CASE REPORT

Clinical History

A 57-year-old man with past medical history of peripheral
neuropathy, presumptively diagnosed as Charcot Marie Tooth
Syndrome, was referred for treatment of a giant fusiform
aneurysm of the proximal basilar artery. Three months earlier,
he was hospitalized with acute onset of crushing headache
accompanied by dizziness, unsteady gait, blurred vision, and
nausea. The diagnostic workup, including head computed
tomography, brain MRI, intracranial computed tomographic
angiography, and conventional cerebral angiography, was sig-
nificant for a partially thrombosed giant fusiform aneurysm
with evidence of acute intramural hemorrhage involving the
distal left vertebral, vertebrobasilar junction, and basilar artery
proximal to the anterior inferior cerebellar artery segment.
There was considerable mass effect on the ventral pons and
medulla (Fig. 1). His diplopia and ataxia gradually resolved;
however, he continued to experience severe headaches daily,
and, on admission for treatment, his neurological examination
was significant for spastic myelopathy and unsteady gait.
After consideration of the risks and benefits of surgical and
neurointerventional therapies versus conservative manage-
ment, the patient was admitted for combined surgical/
endovascular treatment and subsequently underwent surgical
establishment of a saphenous vein graft bypass between the
proximal right external carotid artery and P2 segment of the
right posterior cerebral artery followed immediately by endo-
vascular occlusion of the aneurysm sac and distal left vertebral
artery with combination Guglielmi detachable and platinum
fiber coils. Posttreatment angiography demonstrated occlu-
sion of the aneurysm with collateral reconstitution of the distal
basilar artery and anterior inferior cerebellar arteries through
the surgical graft (Fig. 2).

Although able to move all extremities to command after his
emergence from generalized anesthesia, within 4 hours, the
patient became unresponsive with a flaccid quadriparesis.
Over the next 2 hours, his neurological examination evolved
with recovery of bilateral eye opening and an improved level
of consciousness with brisk responses to yes and no questions
via eye-blinking. His examination, however, was otherwise
significant for a left lateral gaze preference, decerebrate pos-
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FIGURE 1. Midline sagittal T1
weighted MRI (A), axial source
image from computed tomography
angiogram (B), and surface ren-
dered  three-dimensional  recon-
struction from computed tonogra-
phy angiogram (C) demonstrate
partially thrombosed, giant, fusi-
form  vertebrobasilar  aneurysm
(arrow) compressing and deform-
ing brainstem. Incidental note is
made on MRI of heterogeneous
sellar mass compatible with a pitu-
itary macroadenoma (arrowhead).

POST-COILING
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FIGURE 2. [mages from postprocedure digital subtraction angiogram. A,
selected injection into right vertebral artery demonstrates opacification of
anterior spinal artery (black arrow) and right posterior inferior cerebellar
artery (black arrowhead). Subtraction artifact from coil mass seen within
thrombosed aneurysm. B, selected injection into bypass graft demonstrates
patency of graph (arrowhead) with good opacification of posterior cerebral
arteries and retrograde flow into distal basilar artery. Left anterior inferior
cerebellar artery is well demonstrated (white arrow).

turing to noxious stimuli, and the inability to voluntarily
move his head or mouth.

Conventional postoperative MRI demonstrated no brain-
stem infarction. Brainstem auditory evoked potentials were
performed and were normal; however, somatosensory evoked
potentials, and motor evoked potentials were absent. Over the
following weeks, his examination gradually deteriorated.
MRI, brainstem auditory evoked potentials, somatosensory
evoked potentials, and motor evoked potentials were repeated
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FIGURE 3. Axial T2 weighted im-
age (A) demonstrates postsurgical
changes in right middle cranial fossa
and small amount of T2 hyperinten-
sity at right lateral aspect of the pons.
Diffusion weighted image at b value
of 1000 (B) and corresponding appar-
ent diffusion coefficient map (C)
through level of pons demonstrates no
restricted diffusion to suggest acute
brainstem infarction.

and were unchanged in comparison with the initial evalua-
tion.

After 4 weeks, the patient was returned to the operating
room for resection of the aneurysm sac in an effort to relieve
presumptive brainstem compression. The patient tolerated
this procedure well but remained locked-in with no change in
evoked potentials and expired approximately 6 weeks after
his initial procedure.

MRI

On postprocedure day 1, MRI was performed on a 1.5 Tesla
system (Siemens Sonata or Symphony, Siemens AG, Erlangen,
Germany). A localizing sagittal T1-weighted image was ob-
tained followed by nonenhanced axial T1-weighted spin echo
(repetition time/echo time, 600/14 ms), axial fluid-attenuated
inversion recovery (fluid attenuated inversion recovery, 9000/
110/inversion time 2500), and T2-weighted (3400/119) im-
ages). Diffusion weighted imaging and diffusion tensor imag-
ing were also performed.

Conventional MRIs demonstrated expected postoperative
and postprocedural changes. There remained mass effect on
the brainstem from the aneurysm sac. Diffusion weighted
images acquired in the axial plane using an echo-planar im-
aging sequence with b values of 0, 500, and 1000 seconds mm™
demonstrated no restricted diffusion within the brainstem to
suggest acute infarction (Fig. 3).
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FIGURE 4. A and B, fractional anisotropy directional color map (A) and
fractional anisotropy map (B) demonstrating poor visualization of cortico-
spinal tracts at level of mid pons. There is decreased FA and increased
mean diffusivity in brainstem, more on B side than A. C and D, normal
control is provided for comparison, demonstrating corticospinal tracts
encoded blue in superior-inferior direction in anterior pons (arrows).

Diffusion tensor imaging using echo planar technique im-
aging (repetition time/echo time, 5300/74; 128 X 128 matrix;
220 X 220 mm field of view; 45 3 mm contiguous slices; b =
1000 s/mm?®) was also performed using six gradient direc-
tions. Mean diffusivity, fractional anisotropy (FA), and color-
coded direction of maximum anisotropy maps were then gen-
erated. There was an abnormal appearance to the brainstem
white matter tracts. In particular, at the level of the mid pons,
the corticospinal tracts were poorly visualized on the FA color
maps (Fig. 4) and region of interest FA measures in the corti-
cospinal tracts were low, measuring 0.526 and 0.343, respec-
tively, on the right and left at the level of the pons. The
corresponding mean diffusivity measures at this level were
high, measuring 0.888 and 1.478 (Table 1). Seed areas placed in
the expected location of the corticospinal tracts at the level of
the mid pons demonstrated decreased number and extent of
fiber tracts (Fig. 5) compared with a normal control.

Follow-up MRI 3 days later showed no change on conven-
tional images. Once again, there was no restricted diffusion in the
brainstem. Perfusion imaging using dynamic susceptibility con-
trast MRI was performed and showed diminished cerebral blood
flow, cerebral blood volume, and prolonged mean transit time in
the brainstem, particularly in the pons and medulla (Table 1) (Fig.
6). Diffusion tensor imaging was repeated as well on postproce-
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TABLE 1. Brainstem diffusion tensor and perfusion metrics in a patient with locked-in syndrome?

dure day 4. There was no
change in the FA measures
within the corticospinal tracts

L 0.366 (0.508) 0.799 (1.053)

DTI DSC MRI -
or in the overall appearance of
Location FA MD CBF CBV MTT the FA color maps and trac-
tography.
Midbrain R 0.529 (0.774) 0.71 (0.861) 9.3 (43.3) 0.48 (2.01) 3.11(2.79)
DISCUSSION
L 0.778 (0.747) 0.639 (.753) 14.1 (44.2) 0.73 (2.26) 3.11 (3.07) ) )
Desplte the postoperative
Pons R 0.526(0.588)  0.888 (0.715) 17.5(42.5)  0.99 (2.25)  3.4(3.17) development of a clinically ap-
parent locked-in state in our
L 0.343(0.606)  1.478(0.858) 10.8(36.3)  0.58(1.93)  3.22 (3.18) patient, supported by disrup-
tions in motor and somatosen-
Medulla ? R 0.320 (0.455) 0.875 (1.216) 16.9 (46.7) 1.02 (1.90) 3.63 (3.13) sory evoked pOtent’ials, con-

ventional spin-echo and
diffusion MRI sequences were
noncontributory, failing to

medulla were obtained from a region of interest placed in the midline.

2 DTI, diffusion tensor imaging; DSC MRI, dynamic susceptibility contrast perfusion magnetic resonance imaging; FA,
fractional anisotropy; MD, mean diffusivity, these measures were taken in the region of the corticospinal tracts at the
levels noted; CBF, cerebral blood flow (ml/100g/min); CBV, cerebral blood volume (ml/100g); MTT, mean transit time(s);
R, right; L, left. Numbers in parentheses indicate normal values from an age/sex match control.

b Data obtained in the lower brainstem may not be as reliable because of susceptibility artifact. Perfusion data in the

confirm the anticipated brain-
stem stroke. Perfusion and dif-
fusion tensor imaging, how-
ever, demonstrated clear
abnormalities within the
brainstem. This suggests that
advanced MRI techniques can

FIGURE 5. A, tractography sagittal projection (A) superimposed on cor-
responding sagittal T1 weighted image and three-dimensional anterior-
posterior projection (B) with seeds placed within expected location of corti-
cospinal tracts bilaterally in mid pons. Sagittal projection demonstrates
relationship of fiber tracts to aneurysm with no fibers tracked inferior to
mid pontine level. C and D, normal control is provided for comparison,
demonstrating normal number and course of corticospinal tracts.
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detect critical microstructural
changes that are not visible on conventional MRIs.

In our patient, the diffusion tensor metrics and MRI trac-
tography suggested a profound disruption of ventral fibers at
the pontomesencephalic junction, which corresponded to the
clinical manifestations evident on neurological examination.
The etiology of this disruption, unfortunately, is less clear.
Two possible mechanisms might include chronic subinfarct
brainstem ischemia versus a critical exacerbation of aneurys-
mal mass effect.

In terms of brainstem ischemia, imaging obtained during the
course of the patient’s hospitalization is conflicted. Angiography
repeated 2 weeks after symptom onset confirmed maintained
bypass support of the distal basilar artery and anterior inferior
cerebellar arteries and diffusion weighted imaging showed no
acute brainstem infarction. On the other hand, MRI perfusion
demonstrated a slight prolongation in the mean transit time with
decreased blood flow and decreased blood volume compared
with published data from normal subjects (3). Global brainstem
vascular compromise may have been present because of a num-
ber of different reasons: 1) insufficient arterial collaterals, 2) a
transient critical thrombotic event involving the distal basilar
artery, the vascular stigmata of which resolved by the time of
subsequent angiographic imaging, 3) the effect of acute venous
congestion, 4) local vascular insufficiency related to worsening
brainstem compression, perhaps related to brief upward hernia-
tion, or 5) injury or thrombosis of small basilar arterial perfora-
tors.

Of note, it is possible that hypoperfusion as demonstrated
by perfusion MRI may have been present before intervention
and be a result of longstanding mass effect within the poste-
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FIGURE 6. A, dynamic B
susceptibility contrast perfu-
sion MRI signal intensity
curves show diminished per-
fusion to brainstem in com-
parison with supratentorial
white matter (region of inter-
est placed in left occipital
white matter). B, cerebral
blood volume (CBV) map
demonstrates decreased per-
fusion within brainstem (see
also Table 1).

rior fossa. Unfortunately, preoperative baseline perfusion val-
ues for the patient were not available for comparison.

Alternatively, critical mass effect on the brainstem without
ischemia may have contributed to this patient’s clinical decline. A
transient or sustained compressive event related to the aneurys-
mal mass effect could be postulated to result in mechanical
disruption of brainstem white matter tracts as supported by the
low FA in the corticospinal tracts. Recent work using diffusion
tensor imaging has demonstrated that in the normal control,
brainstem white matter tracts can be visualized on FA color maps
as well as using tractography as robust bilateral tracts running in
a superior-inferior direction within the ventral pons (8, 12). We
have been able to reproduce this in normal controls at our insti-
tution. The exact pathological correlate and clinical significance
of abnormal or poorly visualized tracts are unclear. Axonal dis-
ruption and white matter edema are among the mechanisms that
have been suggested (4).

In view of the potential reversibility of symptoms attribut-
able to persistent mass effect, a decision was made to surgi-
cally resect the thrombosed aneurysm sac through a midline
posterior suboccipital craniotomy to correct any possible
brainstem compressive effect. Although the surgery was tech-
nically successful, the patient’s clinical status did not improve.
Further follow-up imaging continued to demonstrate no
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brainstem infarction. Repeat diffusion tensor imaging was not
interpretable because of susceptibility artifact from surgical
hardware relating to the craniotomy.

In this vein, a potential limitation of our report is the fact
that minor susceptibility effects attributed to the endovascular
coils theoretically could have affected the tractography and
tensor metrics obtained during the initial imaging of our pa-
tient. We believe that the diffusion tensor imaging performed
is reliable as tensor metrics, and tractography of the transverse
pontine fibers adjacent to the corticospinal tracts at the same
brainstem level were preserved.

The overall prognosis of locked-in syndrome caused by basilar
artery occlusion is poor, with clinical recovery occurring rarely,
particularly when a vascular etiology is implicated. For patients
with locked-in syndrome, conventional CT and MRI are instrumen-
tal in determining the presence and extent of brainstem infarction;
however, as demonstrated by this case (which was diagnostically
confounded by the absence of brainstem diffusion abnormalities as
well as the clinical history of Charcot Marie Tooth Syndrome),
perfusion and diffusion tensor imaging may have an additional role
in confirming an anatomic substrate for the suspected clinical phe-
nomenon and clarifying the pathogenesis and prognosis of patients
with cryptic forms of locked-in syndrome.
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COMMENTS

he authors describe a patient harboring a difficult fusiform poste-

rior circulation aneurysm that developed a post-procedure,
locked-in syndrome following revascularization and aneurysm/
parent vessel occlusion. Traditional magnetic resonance imaging
(MRI) did not fully explain the patient’s neurological condition, al-
though perfusion and diffusion tensor imaging demonstrated clear
abnormalities in the brainstem.

Fusiform aneurysms of the posterior circulation resulting in brain-
stem compression unfortunately remain formidable lesions to treat.

The neuroanatomical basis for a locked-in syndrome remains elu-
sive and may be multifactorial. The fact that perfusion and diffusion
tensor imaging may identify anatomical abnormalities not delineated
by conventional magnetic resonance sequences is interesting. The
relative contributions of true ischemic versus non-ischemic events to
fiber disruption is meritorious of further study.

The authors have highlighted the potential importance of advanced
imaging techniques to help explain clinical symptomatology when
conventional methods falter and have highlighted the need for future
investigation in this area.

Aaron S. Dumont
Sagi Harnof

Neal F. Kassell
Charlottesville, Virginia

n this case report, the authors describe a 57-year-old male who

developed a locked-in syndrome after treatment of a basilar artery
aneurysm. Conventional MRI techniques were not helpful in explain-
ing the clinical condition. By contrast, imaging abnormalities were
seen on perfusion and diffusion tensor imaging. These techniques can
be used to examine white matter structure and help understand
anatomic organization and neural connection in human brain. This
case report illustrates how advanced neuro-imaging can be applied to
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clinical problems. The authors are encouraged to pursue these studies
in a larger series.

Peter D. Le Roux
Philadelphia, Pennsylvania

In this article, the authors describe a case report of a “locked-in”
patient after an attempt to treat a fusiform basilar aneurysm. During
this period, multiple diagnostic studies were undertaken and MRI
findings, including diffusion tensor imaging and perfusion abnormal-
ities, are described. The paper primarily expresses three major points.
One is that we continue to have great difficulty in effectively treating
these giant fusiform basilar aneurysms with compression of the brain-
stem. Multiple theories have been espoused and consistent success is
not achieved. In this case, the authors make two attempts to decrease
mass effect but still had progressive fatal dysfunction of the brain-
stem. Second, the syndrome of “locked-in” described by Plum and
Posner (1), may have multiple etiologies. In this case, the authors
suggest that straightforward ischemia may be augmented by the
presence of mass effect or axonal dysfunction. Finally, the authors
show magnetic resonance perfusion and diffusion tensor imaging to
suggest that there is a differential, at least in this patient, between true
infarct and axonal disruption.

The authors emphasize the finding of disruption of white matter
tracks without diffusion weighted imaging evidence for acute infarc-
tion. Such findings would suggest that the multiple etiologies may
lead to the same clinical syndrome. This should encourage clinicians
to attempt to define new treatments for those components that may be
reversible.

Robert J. Dempsey
Madison, Wisconsin

1. Plum F, Posner JB: The Diagnosis of Stupor and Coma. Philadelphia, F. A.
Davis Co., 1966, ed 2, p 24.
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