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ABSTRACT

SUMMARY: Diagnosis of brain death is made on the basis of 3 essential findings: coma, absence of brain stem reflexes, and apnea.
Although confirmatory tests are not mandatory in most situations, additional testing may be necessary to declare brain death in patients
in whom results of specific components of clinical testing cannot be reliably evaluated. Recently, arterial spin-labeling has been incorpo-
rated as part of MR imaging to evaluate cerebral perfusion. Advantages of arterial spin-labeling include being completely noninvasive and
providing information about absolute CBF. We retrospectively reviewed arterial spin-labeling findings according to the following modified
criteria based on previously established confirmatory tests to determine brain death: 1) extremely decreased perfusion in the whole brain,
2) bright vessel signal intensity around the entry of the carotid artery to the skull, 3) patent external carotid circulation, and 4) “hollow skull
sign” in a series of 5 patients. Arterial spin-labeling findings satisfied the criteria for brain death in all patients. Arterial spin-labeling imaging
has the potential to be a completely noninvasive confirmatory test to provide additional information to assist in the diagnosis of brain
death.

ABBREVIATION: ASL � arterial spin-labeling

Brain death is defined as irreversible loss of brain and brain

stem function. The diagnosis of brain death is made on the

basis of 3 essential findings: coma, absence of brain stem reflexes,

and apnea.1 Sometimes it is very difficult to make the clinical

diagnosis, however, due to confounding factors such as uncertain

reliability of neurologic examination or an inability to use the

apnea test.2 For example, patients with trauma to the eyes or ears,

neuromuscular paralysis, or heavy sedation may not be amenable

to appropriate neurologic assessment. In addition, patients who

are carbon dioxide retainers cannot undergo an apnea test.3 In

these cases, additional confirmatory tests are helpful to determine

the diagnosis. Confirmatory tests for brain death can be divided

into those that demonstrate loss of bioelectrical activity and those

that show absence of CBF. As a test to demonstrate the loss of

bioelectrical activity, electroencephalography is used in many

countries and remains one of the most well-validated confirma-

tory tests.1 Although electroencephalography is sensitive to hypo-

thermia, drugs, or extreme hypotension and confounding arti-

facts can appear in the environment of the intensive care unit

because of the presence of multiple devices, this technique is still

used extensively as a confirmatory test to diagnose brain death.1,2

Another category of confirmatory test involves demonstrating

the absence of CBF.3 Bernat4 emphasized that the surest way to

demonstrate irreversible global loss of clinical brain function is to

show complete absence of intracranial blood flow. Cerebral an-

giography was the first technique used to demonstrate the absence

of intracranial circulation distal to the intracranial portions of the

internal carotid and vertebral arteries in brain death.5 Other tech-

niques used to determine the absence of CBF include cerebral

intravenous DSA, intravenous radionuclide angiography, SPECT,

echoencephalography, measurement of arm-to-retina circulation

time, ophthalmic artery pressure measurement, xenon-enhanced

CT, MRA, CTA, CT perfusion, and transcranial Doppler sonog-

raphy.6 The preferred confirmatory test for CBF is angiography or

a radiotracer method.2,3 However, cerebral angiography is inva-

sive with the risk of vessel injury. Furthermore, both angiography

and radiotracer methods require not only an injection of exoge-

nous material such as contrast media or radioisotopes but also

additional exposure to radiation.

Arterial spin-labeling (ASL) is a noninvasive MR imaging
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method to evaluate cerebral perfusion that does not require injec-

tion of any exogenous contrast agent or tracers.7 Instead, it uses

endogenous arterial water labeled by radiofrequency pulses as a

freely diffusible tracer. Therefore, there is no radiation exposure

with ASL. In addition, ASL is beneficial in terms of resource allo-

cation compared with DSC or radionuclide scans because it has

lower cost and is time-efficient. Furthermore, because ASL can

provide information regarding CBF values noninvasively, it is

quite appropriate for the unique clinical setting of suspected brain

death, in which the patient’s family frequently refuses any addi-

tional invasive examinations. One case has been previously re-

ported on the use of ASL to evaluate brain death.8 The purpose of

this study was to investigate the potential of ASL as a confirmatory

test to determine brain death.

MATERIALS AND METHODS
Case Series
This retrospective study was approved by our institutional review

board. Informed consent was waived. After reviewing our radiol-

ogy data base from June 2010 to April 2014, we identified 5 pa-

tients with clinically diagnosed brain death who underwent ASL

MR imaging. These 5 patients (3 men and 2 women; median age,

60 years; range, 48 –75 years) form the basis of this study, though

a case report based on 1 of these 5 subjects was published previ-

ously.8 The brain deaths occurred following the return of sponta-

neous circulation after cardiac arrest (n � 2), large cerebral in-

farction (n � 1), encephalitis (n � 1), and systemic lupus

erythematous encephalopathy (n � 1).

The diagnosis of brain death was made on the basis of 3 clinical

findings: coma (with a known cause), absence of brain stem re-

flexes, and apnea.2 These 3 clinical findings need to be present to

make the definitive diagnosis. The brain death diagnosis was

made by at least 2 neurologists according to criteria established by

local law. The prerequisites to determine brain death were an

irreversible and proximate cause of coma; deep coma without

spontaneous respiration; and no evidence of a neurologic state

that could mimic brain death, including drug intoxication or poi-

soning, use of sedatives, metabolic or endocrine abnormalities,

hypothermia, and shock. Furthermore, there was no return of the

above neurologic functions after 6 hours of observation. In addi-

tion, all patients showed generalized continuous low-voltage

background activity on electroencephalography.

All patients were clinically brain dead

before acquisition of MR imaging. Even

though the patients were already diag-

nosed as being brain dead by clinical cri-

teria, the physicians requested MR im-

aging to determine the irreversible cause

of coma and to evaluate the features of

brain parenchyma, intracranial arteries,
and perfusion. The mean interval be-
tween ASL imaging and brain death in
the 5 patients was 3 days (range, 1–7
days). All patients underwent MR imag-
ing on a 1.5T unit (Signa HDTx; GE
Healthcare, Milwaukee, Wisconsin) by
using an 8-channel head coil to acquire
ASL perfusion MR imaging. MR imag-

ing sequences including T1WI, T2WI, FLAIR, DWI (b factors, 0
and 1000 mm/s2), and ASL were acquired. The ASL protocol ap-
plied was as follows: ASL sequence parameters: TR, 4225 ms; TE,
9.9 ms; FOV, 24 � 24 cm2; section thickness, 5 mm; NEX, 3; and
number of interleaved sections, 32. Pseudocontinuous spin-label-
ing for 1.5 seconds before a post-spin-labeling delay of 1.5 seconds
was applied. Three of the 5 patients underwent 3D TOF MRA,
whereas 2 patients underwent contrast-enhanced MRA with sub-
sequent maximum-intensity-projection reconstruction during
the MR imaging examination. Specific parameters for MR imag-
ing sequences are provided in the On-line Table.

Two neuroradiologists (K.M.K. and T.J.Y., with 6 and 12 years
of experience in neuroradiology, respectively) reviewed the ASL
images with consensus. The ASL findings for diagnosing the ab-
sence of CBF were made on the basis of the findings from previous
studies by using reference standard tests, radionuclide scans, and
cerebral angiography.3,9-16 The ASL findings used to assess the
absence of intracranial blood flow were the following: 1) ex-
tremely decreased perfusion in the whole brain, 2) bright vessel
signal intensity around the entry of the carotid artery to the skull
suggesting flow stagnation, and 3) patent external carotid circu-
lation corresponding to the findings of brain death on conven-
tional angiography.3 In addition, we reviewed the “hollow skull
sign,” which was defined as a finding of extremely impaired cere-
bral perfusion with preserved perfusion in the distribution of the
external carotid artery on ASL images. The finding was modified
from the hollow skull sign described in scintigraphy for the diag-
nosis of brain death.10,12,16,17

Figure 1 shows representative images of each criterion.
All images were spatially normalized to the ethnicity-specific

T1 template before determining CBF by using SPM5 software
(http://www.fil.ion.ucl.ac.uk/spm/software/spm5) and custom
scripts in Matlab 7.6.0, R2008 (MathWorks, Natick, Massachu-
setts). CBF values were measured in ethnicity-specific volume of
interest for whole-brain parenchyma by a neuroradiologist
(T.J.Y., with 12 years of experience in neuroradiology).18-20

Extremely impaired perfusion was detected in the whole brain
in all 5 cases. In addition, bright signal intensity was observed at
the cavernous or petrous ICA levels in all cases. The bright signal
intensity occurred at the unilateral petrous ICA in 2 patients and
at the bilateral cavernous or petrous ICAs in 3 patients. In con-
trast, perfusion supplied by the external carotid artery branches

FIG 1. Representative arterial spin-labeling images for each criterion: extremely decreased per-
fusion in the whole brain (asterisk, A); patent external carotid circulation and the hollow skull sign
(arrows, B), and bright vessel signal intensity around the entry of the carotid artery to the skull
(arrows, C). The darker signal intensity in the bilateral parieto-occipital lobes seems to be due to
the long transit time exceeding that of the postlabeling decay. Scale units: mL � 100 g�1 �
min�1.

910 Kang May 2015 www.ajnr.org

http://www.fil.ion.ucl.ac.uk/spm/software/spm5


was normal in all cases. In addition, the hollow skull sign was seen
in all patients on ASL. No intracranial arterial flow was detected
on MRA in 3 patients (Table). The CBF values for the whole-brain
parenchyma ranged from 6.9 to 10.0 mL � 100 g�1 � min�1,
with a mean value of 8.0 � 1.3 mL � 100 g�1 � min�1, and all
CBF values were �15 mL � 100 g�1 � min�1 (Table). Represen-
tative MR images, including ASL in patients who were brain dead,
are shown in Figs 2 and 3. ASL and MRA images of a healthy
subject and a patient who was brain dead or with cardiac arrest are
shown in Fig 4.

DISCUSSION
Brain death is a clinical diagnosis based on neurologic assessment

and confirmatory tests conducted according to the situation. In

our study, all brain death cases showed severe compromise in the

intracranial circulation and patent external carotid artery perfu-

sion. Very bright vessel signal intensity in the ICA around the

entry of carotid artery to the skull without signal intensity in the

intracerebral circulation was also observed. This “bright vessel

signal” represents labeled blood with a notable transit delay, pre-

sumably secondary to elevated intracranial pressure, especially

when relatively normal external carotid artery blood flow is seen.

This finding corresponds to visualizing the extracranial ICA with

no visualization of the anterior circulation beyond the level of the

supraclinoid ICAs on conventional angiography.3 In cases of pa-

tients showing unilateral bright vessel signals, there had been

chronic occlusion in the contralateral ICA. Therefore, we assume

that the bright vessel signal around the entry of the carotid artery

to the skull might not be seen in cases of chronic stenoses in the

bilateral ICAs.

According to the criteria we used, ASL revealed the absence of

CBF in brain death by both visual and quantitative analysis. Be-

cause the absence of CBF is generally accepted as a definite sign of

brain death,3,5,11,12,16 ASL has the potential to be a noninvasive

and reliable confirmatory test for diagnosing brain death. How-

ever, the assessment of criteria should be performed carefully and

strictly. If either the absence of intracranial flow or the preserva-

tion of extracranial flow is not observed, then the case should not

be diagnosed as brain death. We had a 20-year-old female patient

who experienced cardiac arrest during an MR imaging examina-

tion. Because the patient had a myocardial infarction after acqui-

ASL findings in 5 patients in whom brain death was diagnosed

Case
Age
(yr) Sex Causes

ASL Findings

CBF
(Mean � SD,

mL × 100 g−1 × min−1) MRA

Extremely Decreased
Perfusion in the

Whole Brain

Bright Vessel Signal Intensity
around the Entry of Carotid

Artery to the Skull
(� Level)

External
Carotid

Circulation

Hollow
Skull
Sign

1 71 M Cardiac arrest � �, Rt petrous ICA � � 10.0 � 2.3 NV
2 60 M Cardiac arrest � �, Bilateral cavernous ICAs � � 8.5 � 3.2 NA
3 75 F Cerebral infarction � �, Lt petrous ICA � � 7.0 � 4.5 NV
4 50 M Encephalitis � �, Rt cavernous ICA and Lt petrous ICA � � 7.5 � 6.4 NV
5 48 F SLE encephalopathy � �, Rt petrous ICA and Lt cavernous ICA � � 6.9 � 2.8 NA

Note:—Lt indicates left; NA, not available; NV, no visualization of intracranial arterial flow; Rt, right; SLE, systemic lupus erythematous; �, present.

FIG 2. Representative MR imaging and arterial spin-labeling images in a 50-year-old man with brain death. Sagittal T1WI (A) shows tonsillar
impaction in the foramen magnum. Axial T2WI (B) reveals gyral swelling with decreased ventricle size, and DWI (C) shows diffuse hyperintensity
involving the whole brain. Contrast-enhanced MRA (D) shows an abrupt cutoff in the bilateral ICAs around the entries of carotid arteries to
the skull (arrowheads, D) and the absence of intracranial arterial flow. The ASL images (E–H) satisfy all ASL criteria supporting brain death:
extremely decreased perfusion in the whole brain (asterisk, F), bright signal intensity in the ICA around the entry of the carotid artery into
the skull suggesting flow stagnation (arrows, G), and patent external carotid circulation and the hollow skull sign (arrowheads, E). Scale units:
mL � 100 g�1 � min�1.
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FIG 3. Representative arterial spin-labeling images in a 75-year-old woman with brain death following an infarct. The images in the upper row
were acquired when the patient was admitted with an infarct. The images in the lower row were acquired when the patient was declared
brain dead. T2WI (A) shows hyperintense parenchymal swelling in the left MCA territory, and DWI (B) demonstrates increased signal
intensity in the corresponding area. TOF MRA (C) reveals total occlusion in the left proximal MCA (arrowhead). The patient also had
chronic stenosis in the right proximal ICA. Although cerebral perfusion is severely impaired in the left MCA territory on the ASL image (D),
the CBF values in other areas of the brain are preserved. T2WI (E) and DWI (F) performed shortly after the diagnosis of brain death depict
diffuse gyral swelling and diffusion hyperintensity, respectively, in the whole brain. TOF MRA (G) shows an abrupt cutoff of the left distal
ICA (arrowhead) and absence of intracranial vessels. ASL image (H) demonstrates markedly decreased CBF in the whole brain. Scale units:
mL � 100 g�1 � min�1.

FIG 4. Representative arterial spin-labeling images in a healthy subject, a patient with brain death, and a patient who had cardiac arrest during
an MR imaging examination. These figures show representative ASL and MRA images in a 46-year-old woman as a healthy subject (upper row),
a 75-year-old woman with brain death (middle row), and a 20-year-old woman who had sudden cardiac arrest just before the acquisition of ASL
images during an MR imaging examination (bottom row). ASL images from the patient with brain death show extremely impaired brain perfusion
in the whole brain, bright vessel signal intensity around the level of entry of the carotid artery to the skull (arrowhead), and patent
external carotid circulation (arrows) compared with the ASL images from the healthy subject. An MRA image in the patient with brain
death (right column of middle row) shows an abrupt cutoff in the left distal ICA (arrow). Although the ASL images from the patient with
cardiac arrest also show extremely impaired brain perfusion in the whole brain, there is neither bright vessel signal intensity around the
entry of carotid artery to the skull nor patent external carotid circulation. Even though TOF MRA acquired just before the cardiac arrest
had normal findings, acquisition of contrast-enhanced MRA after cardiac arrest failed. Scale units: mL � 100 g�1 � min�1. NA indicates not
available.
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sition of TOF intracranial MRA, the intracranial MRA findings

were normal. However, ASL images acquired immediately after

the myocardial infarction showed extremely impaired extracra-

nial flow and extremely decreased CBF calculated at 8.62 mL �

100 g�1 � min�1, resulting from severely impaired cardiac out-

put (Fig 4). The ASL findings of this patient and patients with

brain death were different in that external carotid artery perfusion

was always preserved in brain death. In addition, insufficient la-

beling of arterial flow caused by atherosclerosis or stent placement

at the level of labeling might prevent demonstrating signals for

both intracranial and extracranial flow on ASL. Therefore, both

intracranial circulatory cessation and preserved external carotid

artery perfusion are necessary to determine the cessation of intra-

cranial flow in cases of brain death.

In contrast to other perfusion techniques, including dynamic

susceptibility contrast MR perfusion and SPECT, ASL provides an

absolute CBF value. In the present study, the CBF values in the

whole brain parenchyma ranged from 6.9 to 10.0 mL � 100 g�1 �

min�1. Even though there is no established threshold or CBF

cutoff that defines brain death, according to several reports, min-

imal CBF in viable brain is 15 mL � 100 g�1 � min�1.21-25 Al-

though quantifying CBF with ASL could help reveal the lack of

CBF in cases of brain death, a postlabel delay of 1.5 seconds used

in our study might be relatively short in the setting of markedly

prolonged transit.26,27 In such cases, one should use caution in

applying absolute quantitative CBF values across practice settings.

Using a multidelay longer postlabel decay time may be helpful in

overcoming this limitation.26,27 Furthermore, there is no well-

defined threshold or CBF cutoff that defines irreversible and/or

definite brain death. Future work may further explore such a pos-

sible threshold.

In our study, we observed the hollow skull sign with ASL in all

patients with brain death. The hollow skull sign was originally a

scintigraphic finding to confirm brain death.12 Now, it serves as a

secondary sign of brain death. Among scintigraphic examinations

for brain death, SPECT imaging provides information additional

to that of planar imaging.18 SPECT imaging has some benefit for

differentiating scalp, parotid, or neck muscle uptake from brain

uptake. In addition, evaluation of the posterior fossa is better with

SPECT imaging than with planar imaging because of its tomo-

graphic nature. Furthermore, ASL provides not only the same

advantages as SPECT without injecting exogenous material, it

also has other potential advantages such as resource allocation,

lower cost, and time-efficiency compared with DSC and radionu-

clide scans. Therefore, ASL seems to be a promising method to

replace scintigraphic methods.

The concept of brain death is often difficult for families to

accept when dealing with a tragic loss. Grieving family members

are understandably occasionally against any invasive test to con-

firm brain death. Hence, easily applied clinical tools that help a

patient’s kin understand brain death are needed. In our study, we

introduced 4 ASL findings to determine brain death. These find-

ings are fairly straightforward features to interpret. We think that

applying ASL in cases of suspected brain death can help family

members accept the grave condition of the patient so that they

might be approached about possible organ donation before organ

viability becomes a concern.

Our study had several limitations. First, there is selection bias

because this is a clinical report for a case series of patients with

known brain death. Future studies need to be performed prospec-

tively to determine diagnostic accuracy and clinical effectiveness.

Second, only a limited number of patients with brain death were

evaluated. Thus, we could not perform a statistical analysis to

investigate the diagnostic accuracy of ASL to determine brain

death. Perfect diagnostic accuracy is an essential prerequisite as a

brain death diagnostic tool because the presence of a false-positive

case would be unacceptable. Further studies with a larger sample

size and a prospective design are required to validate whether ASL

imaging could be used to determine brain death. Third, ASL re-

quires transfer of a critically ill patient to the MR imaging scanner.

Its lack of portability is a major limitation of ASL as a confirma-

tory test for brain death. Finally, a postlabel delay of 1.5 seconds

used in our study might be relatively short in the setting of se-

verely impaired cerebral perfusion.

CONCLUSIONS
ASL imaging has the potential to serve as a noninvasive confirma-

tory test to provide additional information to assist in the diagno-

sis of brain death.
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