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Abstract
Introduction The purpose of the present studywas to determine
the role of diffusion-weighted imaging (DWI) and to investigate
the use of DWI in the diagnosis of brain death (BD).
Methods We prospectively evaluated 22 patients diagnosed
with clinical BD (9 women, 13 men; mean age, 39.63±
15.1 years; age range, 9–66 years). All clinical criteria for
BD were present in all 22 patients before magnetic
resonance imaging, including a positive apnea test. For all
cases, DW images, T2-weighted images, and fluid-
attenuated inversion recovery were obtained. Thirteen
distinct neuroanatomical structures were selected for anal-
ysis in all the cases. For each region of interest, the mean,
standard deviation, and range of the average apparent
diffusion coefficient (ADCav) values were obtained.
Results For BD patients, ADC values in all neuroanatomical
structures were significantly lower than those for control
subjects. We determined how ADC values in all structures
were related to the diagnostic condition as well as the
appropriate threshold ADC values to classify a subject as BD

or control. The sensitivity, specificity, positive and negative
predictive values, and correct classification rate of ADC cutoff
values to distinguish BD from control groups were 100%.
Conclusions DWI might be used as a noninvasive confir-
matory test for the diagnosis of BD in the future.

Keywords Brain death . DWI .MRI . Apparent diffusion
coefficient values

Brain death (BD) is defined as the irreversible loss of all brain
function, including brainstem function. Three essential find-
ings in BD are coma, absence of brainstem reflexes, and apnea
[1–5]. An evaluation for BD should be considered in patients
who have suffered a massive, irreversible brain injury of
identifiable cause. A patient determined to be brain dead is
legally and clinically dead. The diagnosis of BD is primarily
clinical and has been demonstrated using angiography or
radiotracer methods. Magnetic resonance imaging (MRI) has
been reported to demonstrate brain herniation and absent
vascular flow [6–9]. Diffusion-weighted imaging (DWI) of
the brain is establishing itself as a sensitive method for the
detection of cerebral ischemic changes. The use of DWI to
determine BD has been reported in only one case report. No
study about this topic currently exists. The purpose of the
present study was to determine the role of DWI and
investigate the use of DWI in the diagnosis of BD.

Methods

Patients

The present study was approved by our ethics committees
and it was performed according to the principles of the
Declaration of Helsinki and institutional guidelines. All
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relatives of each BD patient and control subjects provided
written informed consent before their enrollment in the study.

We prospectively evaluated 22 patients diagnosed with
clinical BD from June 2007 to July 2010. The intensive
care unit (ICU) referred 22 BD patients for evaluating MRI
(9 women and 13 men; mean age, 39.63±15.1 years; age
range, 9–66 years). Initial causes of BD were head trauma
(n=7), intracerebral hemorrhage (n=2), subarachnoid hem-
orrhage from an aneurysm rupture (n=10), anoxia with
cardiac arrest (n=2), and an intracranial tumor (n=1).

Neurologic states that can mimic BD, including drug
intoxication or poisoning, hypothermia, locked-in syndrome,
and cases with bilateral cerebral hemisphere involvement,
were excluded. All of the patients were evaluated with the
Glasgow Coma Scale. The BD diagnosis was made according
to criteria established by local law, including absence of eye
opening, lack of spontaneous respiration, lack of spontaneous
or evoked movement other than spinal cord reflex move-
ments, absence of all brainstem reflexes, no return of
neurologic function after a 6-h observation, and no spontane-
ous respiratory effort after an apnea challenge.

Since we designed this study in order to present the
accuracy of diffusion imaging, we did not study other MR
sequences. All clinical criteria for BD were present in all 22
patients before MRI, including a positive apnea test (duration,
10–15 min; 15-min preoxygenation with 100% oxygen;
oxygenation catheter at the trachea level at a rate of 6 L/min;
a partial pressure of carbon dioxide value of 60 mmHg or
higher confirmed apnea). MRI was performed within the first
3 h after the decision of BD.

Control group patients were chosen from our hospital,
had applied for knee MR examination, had no neurological
problem, and were in the same age and gender group.
Subjects in the control group were informed about the DWI
application and they provided informed consent.

Imaging

All studies were performed using a Symphony imager
(Siemens Medical Systems, Erlangen, Germany) operating
at 1.5 T. A standard head coil with standard restraints was used
to fix the subject’s head position. In addition to axial DW
images, conventional T1-weighted, T2-weighted, fluid-
attenuated inversion recovery, and proton density-weighted
images were obtained. Two neuroradiologists (H.S. and S.A.)
evaluated all the images.

DWI was performed using a spin-echo echo-planar
imaging sequence with a time to repetition/time to echo in
spin of 4,000/103, a gradient strength of 25 mT/m, 5-mm
thick sections, an intersection gap of 2.5 mm, a field of
view of 230×230 mm2, and a matrix size of 128×128
interpolated to 256×256. Diffusion was measured in three
orthogonal directions (x, y, and z) with two b values (0 and

1,000 s/mm2). The total acquisition time for the DW images
was 30 s.

Data analysis

DW images belonging to the control and BD groups were
transferred to a separate workstation for data analysis. First, the
images in the three orthogonal directions were coregistered. The
natural logarithms of the images were averaged to form a
rotationally invariant resultant image. By using a linear least
squares regression on a pixel-by-pixel basis, the resultant image
and natural logarithm of the reference T2-weighted image (b=0)
were fitted to the b values; the slope of the fitted line was the
average apparent diffusion coefficient (ADCav). Calculations
were performed using a commercially available software
program (Leonardo; Siemens Medical Solutions). We mea-
sured regions of interest (ROI) from one hemisphere (the left)
because BD is a diffuse process. In the left hemisphere (right
hemisphere in 3 cases because of left hemisphere pathology),
13 distinct neuroanatomic structures were selected for the
analysis: frontal, parietal, temporal, occipital, and cerebellar
gray matter and white matter; the putamen; the thalamus; and
the pons (Fig. 1). Gray matter is more edematous in the brains
of the BD patients. Therefore, it is easier to distinguish white
and gray matter. We tried to distinguish gray and white matter
when possible. The ROI were manually drawn on the ADC
map images on which the structures could easily be identified.
ROI measurement was repeated at least three times on every
area, and the mean value was calculated for the control and
BD groups. For each ROI, the mean, standard deviation, and
range of the ADCav values were obtained.

Statistical analysis

In this study, two neuroradiologist observers measured the
ADC values separately, and based on their measurements,
each came up with his/her diagnosis (as BD or not). Then,
Cohen’s kappa statistic is measured for this dichotomous
classification by the observers.

We first provided a table of descriptive summary
statistics (i.e., mean, median, standard deviation, and
sample size (number of subjects)) of the variables for
control and BD subjects, and then we tested the equality of
their distributions using the Wilcoxon rank-sum test.

We also compared ADC values in white matter and gray
matter of the same brain tissue (e.g., cerebellar of a BD patient
or control subject). Hence, measurements are dependent
because they are taken from the same subjects (e.g., white
matter of cerebellar versus gray matter of cerebellum). Thus,
we performed paired (or dependent) tests. We tested the
equality of the distributions of ADC values in gray matter and
white matter in each diagnostic group (i.e., in BD and healthy
subjects) using the Wilcoxon signed-rank test.

548 Neuroradiology (2012) 54:547–554



ADC values in white and gray matter of the cerebellum,
parietal lobe, occipital lobe, temporal lobe, frontal lobe, pons,
thalamus, and basal ganglion (BG) are related to the diagnosis
condition (BD versus control) and determine threshold ADC
values to classify a subject as BD or control.

Results

Since Cohen’s interrater kappa values for the two neuro-
radiologists was 0.95, the agreement is quite well. Then, we
went on to use the measurements in our further analysis,
which was conducted on the average ADC values measured
by the two observers.

We tested the distributions of ADC values between male
and female subjects separately for BD patients and healthy
controls. We only report the significant results henceforth.
ADC values for female BD patients were significantly
greater than those for male BD patients (p=0.0470).

DWI showed diffuse hyperintense areas almost entirely
covering both hemispheres, corresponding to diffuse edema
(Fig. 2). Regional ADCav values are presented in Table 1.
Additionally, in all cases, other MR images revealed diffuse
sulcal effacement with hyperintense areas in both hemispheres,
cerebellar tonsillar herniation, and no evidence of arterial flow
in the intracranial circulation above the level of the supraclinoid
portion of the internal carotid arteries (Figs. 3 and 4).

In the normal control group, the mean ADCav values
were (0.76±0.03)×10−3 mm2/s for the frontal white matter,
(0.88±0.05)×10−3 mm2/s for the frontal cortical gray
matter, (0.72±0.03)×10−3 mm2/s for the temporal white
matter, (0.86±0.04)×10−3 mm2/s for the temporal cortical
gray matter, (0.77±0.04)×10−3 mm2/s for the parietal white
matter, (0.87±0.04)×10−3 mm2/s for the parietal cortical
gray matter, (0.72±0.03)×10−3 mm2/s for the occipital
white matter, (0.85±0.04)×10−3 mm2/s for the occipital
cortical gray matter, (0.69±0.03)×10−3 mm2/s for the
cerebellar white matter, (0.79±0.06)×10−3 mm2/s for the
cerebellar cortical gray matter, (0.75±0.03)×10−3 mm2/s

for the pons, (0.76±0.03)×10−3 mm2/s for the thalamus,
and (0.77±0.03)×10−3 mm2/s for the putamen. ADC values
for all locations in BD patients were significantly smaller
than those in control subjects (p<0.0001; Table 2).

We compared the ADC values for gray matter versus white
matter in BD patients and in healthy control groups. The ADC
values for white matter in all neuroanatomic areas were
significantly smaller than those for the gray matter in both BD
patients and healthy control subjects (p<0.0001).

We examined the relationship between ADC values for
white and gray matter of the cerebellum, parietal lobe,
occipital lobe, temporal lobe, frontal lobe, pons, thalamus,
and BG and the diagnosis condition (BD versus control) and
assessed threshold ADC values required to classify a subject
as BD or control (Table 3). The sensitivity, specificity,
positive predictive value, negative predictive value, and
correct classification rate of ADC cutoff values to distinguish
BD from control groups were 100%. Importantly, we
obtained perfect classification of brain dead and control
subjects using ADC values for all locations.

Discussion

When a full clinical examination is conclusively performed,
including assessments of both brainstem reflexes and the
apnea test, no additional testing is required to determine
BD. In some patients, skull or cervical injuries, cardiovas-
cular instability, or other factors may make it impossible to
complete parts of the assessment safely. Under such
circumstances, a confirmatory test verifying BD is neces-
sary [5]. In several European, Central and South American,
and Asian countries, confirmatory testing is required by
law. Certain countries (e.g., Sweden) require only cerebral
angiography. In the US, the choice of tests is left to the
discretion of the physician; however, bedside tests seem to be
preferred [1]. Confirmatory tests for the determination of BD
include electroencephalography (EEG), angiography, trans-
cranial Doppler ultrasonography, and MRI [5].

Fig. 1 ROI used in data analysis are superimposed on axial ADCav
maps. 1 frontal gray matter, 2 frontal white matter, 3 parietal gray
matter, 4 parietal white matter, 5 putamen, 6 thalamus, 7 occipital

white matter, 8 occipital gray matter, 9 temporal gray matter, 10
temporal white matter, 11 pons, 12 cerebellar white matter, 13
cerebellar gray matter
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In EEG, BD is confirmed by documenting the absence of
electrical activity during at least 30 min of recording that
adheres to the minimal technical criteria for EEG recording
in suspected BD as adopted by the American Electroen-
cephalographic Society using 16-channel EEG instruments.
However, setting the EEG machine at a high level of
sensitivity may increase artifacts, which are abundant in the
ICU because of the presence of multiple devices [10]. In
transcranial Doppler ultrasonography, BD is confirmed by
small systolic peaks in early systole without diastolic flow,
or reverberating flow, indicating very high vascular resis-
tance associated with greatly increased intracranial pres-
sure. Because as many as 10% of patients may not have
temporal insonation windows because of skull thickness,
the initial absence of Doppler signals cannot be interpreted
as being consistent with BD [3, 5, 11].

In angiography (conventional, computerized tomographic,
magnetic resonance, and radionuclide), BD is confirmed by
demonstrating the absence of intracerebral filling at the level
of the carotid bifurcation or Circle of Willis. The external
carotid circulation is patent, and filling of the superior sagittal
sinus may be delayed [12]. Cerebral radionuclide angiogra-
phy does not adequately image the vasculature of the
posterior fossa [13]. The traditional gold standard has been
four-vessel cerebral angiography. However, this technique
has certain drawbacks that have limited its routine use: it is
invasive, costly, and of limited availability because it requires

a neuroradiology room with expert staff [12, 14]. Cerebral
arteriography is often difficult to perform in a critically ill,
unstable patient. Additionally, repeated contrast injections
may increase the risk of nephrotoxicity and decrease the
acceptance rate in organ recipients. Therefore, new noninva-
sive radiological tests like MRI, magnetic resonance angi-
ography (MRA), and computerized tomography angiography
(CTA) have been proposed to replace catheter angiography.
Studies on MRI and MRA dated back to 2002 [9, 15], but
CTA has recently attracted attention. BD was first diagnosed
with CTA by Dupas et al. [16]. The sensitivity and specificity
was 100% in the study. Based on this publication, France and
the Netherlands accepted CTA as a confirmatory test for BD
diagnosis. However, the sensitivity and specificity have been
lower in recent studies [17–20]. Although many of the
methods evaluate blood flow, DWI shows neuronal damage
fundamentally.

MRI has already been shown to demonstrate phenomena
such as the absence of cerebral perfusion and increased
enhancement of facial structures (e.g., the “hot nose sign”).
Orrison et al. [6] have reported the MR criteria of BD to
include transtentorial herniation and foramen magnum
herniation, absent intracranial vascular flow voids, poor
differentiation between gray and white matter, absent
intracranial enhancement, carotid artery enhancement, and
the hot nose sign. MR angiography does not display
supraclinoid carotid arteries.

Fig. 2 Four sequential diffusion-weighted (a) and ADC map (b)
images. DW images and ADC maps show diffuse hyperintense areas
and decreased ADC values almost entirely covering both hemispheres,

corresponding to diffuse edema. Note that white matter involvement is
more prominent than gray matter involvement
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Changes in the brain following BD occur as a
function of time. The pathogenesis includes direct
cellular injury potentiated by a vicious cycle from
failure of blood flow, hypoxia, cerebral acidosis, and
endothelial swelling to brain edema, herniation, and
aseptic necrosis of the brain. Gross examination of such
brain specimens shows a dusky, congested cerebral
cortex, generalized brain swelling, a swollen pituitary
gland, and macerated cerebellum. Microscopically, there
is pan-necrosis of the nervous tissue and extensive foci
of necrosis throughout the cerebrum, brainstem, and

cerebellum. Physiological changes following BD are so
severe that progressive somatic deterioration and cardiac
standstill will inevitably occur despite extensive life
support. Several subsequent studies have suggested that
BD does not always rapidly lead to somatic death [21].

During acute cerebral ischemia, the rapid failure of high-
energy metabolism and associated ionic pumps leads to the
migration of sodium and calcium into the cell. The subsequent
influx of osmotically obligated water results in cellular swelling
and a decrease in the extracellular volume fraction. Decreases
in the ADC of brain water have been shown to coincide with
the onset of acute cerebral edema, and this relationship allows
for visualization of the extent of the ischemic territory as a
hyperintense region in a DW image [22–26].

Fig. 4 a–c T2-weighted axial sequences show diffuse sulcal
effacement with hyperintense areas in both hemispheres, cerebellar
tonsillar herniation, and no evidence of arterial flow in the

intracranial circulation above the level of the supraclinoid portion
of the internal carotid arteries

Fig. 3 T1-weighted fast spin-echo sagittal sequence shows the
downward displacement of the diencephalon and brainstem with
tonsillar herniation

Table 2 Mean ADCav values for BD in all the locations compared
with mean ADCav values for controls groups

Location BD Normal p values

Cerebellar WM 0.32±0.10 0.69±0.03 0.0001

Cerebellar GM 0.48±0.08 0.79±0.06 0.0001

Pons 0.42±0.05 0.75±0.03 0.0001

Parietal WM 0.28±0.05 0.77±0.04 0.0001

Parietal GM 0.45±0.06 0.87±0.04 0.0001

Occipital WM 0.33±0.06 0.72±0.03 0.0001

Occipital GM 0.48±0.06 0.85±0.04 0.0001

Temporal WM 0.31±0.07 0.72±0.03 0.0001

Temporal GM 0.47±0.07 0.86±0.04 0.0001

Frontal WM 0.28±0.07 0.76±0.03 0.0001

Frontal GM 0.48±0.08 0.88±0.05 0.0001

Thalamus 0.44±0.04 0.76±0.03 0.0001

Putamen 0.45±0.05 0.77±0.03 0.0001
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To our knowledge, no DWI study of BD has been
previously reported. The only case report that has been
published, by Lowblad and Bassetti [27], reported a
decrease in the measured ADC values in the cerebral and
cerebellar white and gray matter in a BD patient. We found
a statistically significant decrease in ADC for all areas in
patients compared with the control group. The decrease in
ADC values was greater in white matter than in gray matter
for both cerebral and the cerebellar hemispheres.

Well-documented differences exist in the neurochemical
response to ischemia of white matter compared with gray
matter compartments of the brain [28]. Differences in gray
matter and white matter diffusion in stroke and/or BD could
be due to variability between these two tissue types at any
stage in the process that leads from ischemia to altered
diffusion. Specifically, the observed diffusion contrast in
gray matter and white matter could be caused by differences
in the mismatch between the blood supply and metabolic
demand, the type and/or severity of the histopathologic
response to ischemic injury, or the mechanisms by which
histopathologic changes lead to altered diffusion [29]. With
regard to the histopathologic response, gray matter has been
traditionally considered to be more vulnerable than white
matter to early ischemia [30]. However, more recent
findings in experimental models of stroke have demonstrat-
ed that ischemic damage to white matter occurs earlier and
with greater severity than previously appreciated [31, 32].
With respect to the histopathologic–biophysical diffusion
mechanisms, intracellular accumulation of water and
enlargement of the periaxonal space were found in
myelinated fiber tracts in animal models, with differences

in the dependence of ischemic gray matter and white matter
diffusion on total water accumulation [31, 32]. A significant
difference in ADC values of white and gray matter in our
study may be explained by the above-mentioned studies.
Although we measured white and gray matter separately,
ADC measures of gray or white matter can be used to
differentiate BD because the upper range of gray matter
values in BD patients was smaller than the lower range of
white matter ADC values in controls.

Oppenheim et al. [33] examined the relationship between
infarction and ADC values of the tissue. They reported that
the sensitivity and specificity of ADC and the quantitative
perfusion cutoff values to distinguish the final infarct from
the oligemic area were high. The ADC cutoff value was
0.74×10−3 mm2/s, the specificity was 95%, and the
sensitivity was 83%. However, Arakawa et al. [34] defined
threshold values for stroke in a study in which they included
21 patients within the first 24 h of ischemic stroke. They also
revealed that ADC, cerebral blood volume, and cerebral
blood flow threshold values in white matter were lower than
in gray matter. In the current study, we also searched for a
cutoff ADC value that might support BD and we detected
cutoff values for both white and gray matter. The sensitivity,
specificity, positive and negative predictive values, and
correct classification rate of ADC cutoff values to distinguish
BD from control groups were 100%. Cutoff ADC values
were reported to distinguish between ischemia and infarction
in some studies, but they were not previously studied for
BD. We have mainly planned to measure DWI and ADC
values. We have not considered comparing it with MRI. A
cutoff value has been found. However, this value may be
different for the other MRI scanners and DWI protocols.
Therefore, hospitals have to determine a cutoff value for
their own scanners and protocols, based on values in normal
controls. In addition, although there is the difference in ADC
values between female and male BD patients, this difference
does not have a clinical consequence.

Although MRI is noninvasive and fast in determining
BD, some difficulties exist. Because BD patients are
ventilated and monitored in the ICU, transporting these
patients is challenging. Additionally, MRI-compatible ven-
tilators and monitors are mandatory for performing DWI.
Technical difficulty may occur because of magnet incom-
patibility with lines, ventilator tubes, and other hardware.
However, diffusion MRI may be preferred because it is fast
and noninvasive, compared with cerebral angiography.

Consequently, confirmatory tests and investigations are
needed in specific situations and in cases of a difficult
diagnosis, although BD is a clinical diagnosis. DWI might
be preferred because it is noninvasive, can be performed
quickly (in only 30 s), and is also an alternative method
supporting diagnosis using direct quantitative values. In the
current study, cutoff values were obtained for BD diagnosis.

Table 3 The ranges (i.e., min and max) of ADC values and threshold
values in all the location

Location BD Control groups Threshold

Min Max Min Max

Cerebellar WM 18 53 62 78 57.5

Cerebellar GM 31 63 72 88 67.5

Pons 31 52 65 80 58.5

Parietal WM 18 38 71 86 54.5

Parietal GM 32 55 80 98 67.5

Occipital WM 20 44 66 78 55

Occipital GM 38 62 78 98 70

Temporal WM 15 46 66 78 56

Temporal GM 32 59 78 98 68.5

Frontal WM 15 43 72 91 57.5

Frontal GM 32 62 76 102 69.5

Thalamus 30 53 70 83 61.5

BG 35 55 70 88 62.5
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