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Background: This study was designed to determine diagnostic accuracy of computed tomographic perfusion (CTP) compared
to computed tomographic angiography (CTA) for the diagnosis of brain death (BD).
Material/Methods: Whole-brain CTP was performed in patients diagnosed with BD and in patients with devastating brain injury
with preserved brainstem reflexes. CTA was derived from CTP datasets. Cerebral blood flow (CBF) and volume
(CBV) were calculated in all brain regions. CTP findings were interpreted as confirming diagnosis of BD (posi-
tive) when CBF and CBV in all ROIs were below 10 mL/100 g/min and 1.0 mL/100 g, respectively. CTA findings
were interpreted using a 4-point system.
Results: Fifty brain-dead patients and 5 controls were included. In brain-dead patients, CTP results revealed CBF
0.00-9.98 mL/100 g/min and CBV 0.00-0.99 mL/100 g, and were thus interpreted as positive in all patients.
CTA results suggested 7 negative cases, providing 86% sensitivity.
In the non-brain-dead group, CTP results revealed CBF 2.37-37.59 mL/100 g/min and CBV 0.73-2.34 mL/100 g.
The difference between values of CBF and CBV in the brain-dead and non-brain-dead groups was statistically
significant (p=0.002 for CBF and p=0.001 for CBV). CTP findings in all non-brain-dead patients were interpret-
ed as negative. This resulted in a specificity of 100% (95% Cl, 0.31-1.00) for CTP in the diagnosis of BD. In all
non-brain-dead patients, CTA revealed preserved intracranial filling and was interpreted as negative. This re-
sulted in a specificity of 100% (95% Cl, 0.31-1.00) for CTA in diagnosis of BD.
Conclusions: Whole-brain CTP seems to be a highly sensitive and specific method in diagnosis of BD.
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Background

The essential clinical diagnostic components of brain death
(BD) must include evidence of an established etiology capa-
ble of causing BD, exclusion of confounders that can mim-
ic BD, 2 independent confirmations by physical examination
for the absence of all brainstem reflexes, and an apnea test.
Numerous confounders can render clinical diagnosis of BD vir-
tually impossible (e.g., the use of barbiturates or other seda-
tives, severe craniofacial trauma preventing appropriate clini-
cal neurological examination, and high cervical spine injuries
preventing the performance of the apnea test). Many of those
confounders are increasingly in use in clinical practice (e.g.,
therapeutic hypothermia and decompressive craniectomy), al-
though ancillary tests are required in situations where the clin-
ical evaluation is impossible. Widely accepted ancillary tests
include cerebral catheter angiography, perfusion scintigraphy,
and transcranial Doppler ultrasonography. Recently, computed
tomographic angiography (CTA) was introduced to the diagno-
sis of cerebral circulatory arrest. However, its use for confir-
mation of BD raises particular diagnostic challenges such as
the potential persistence of blood flow in patients with clini-
cally confirmed diagnosis of BD [1]. This diagnostic confusion
is caused by the preserved filling of the cortical branches of
the middle cerebral artery (MCA), the internal cerebral veins
(ICV), or both, and this preservation is observed in 15% of
brain-dead patients, according to recent meta-analyses [2,3].

However, the phenomenon of persistent intracranial opacifi-
cation, also known as stasis filling, does not necessarily pre-
clude the diagnosis of BD, as was shown by Sawicki et al. [4].
This hypothesis was supported by Shankar et al., who found
computed tomographic perfusion (CTP) parameters consistent
with nonviable brainstem in patients with preserved filling of
supratentorial vessels when using CTA [5]. However, that study
was limited to qualitative assessment of brainstem perfusion
not providing values of perfusion parameters for the entire
brain. In our study, calculations of perfusion parameters for
the whole brain, with simultaneous assessment of vascular
filling with CTP-derived CTA, were performed.

CTP is routinely used for evaluation of cerebral ischemia and
vascularization of brain tumors. The technique enables calcu-
lation of cerebral blood flow (CBF) and volume (CBV) based
on the first passage of a contrast bolus through the brain tis-
sue. Confirmation of BD with CTP, as proposed in our study,
is a new application of the method.

Because cerebral circulatory arrest commences at the capil-
lary level, we hypothesized that the addition of whole-brain
CTP to the commonly used CTA approach would reduce the
frequency of negative findings obtained using CTA alone, in-
creasing the sensitivity of the test for the confirmation of BD.
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Therefore, the present study was designed to determine the
diagnostic accuracy of CTP compared to CTA for the diagno-
sis of BD.

Material and Methods

Study design

This prospective clinical study was approved by the responsi-
ble Ethics Committee.

The study participants were recruited from consecutive pa-
tients admitted to the intensive care unit of our university
hospital (tertiary center) showing clinical signs of BD: deep,
unresponsive coma of established etiology capable of caus-
ing neurological death; requiring artificial ventilation; and ab-
sence of brainstem reflexes, including pupil, oculocephalic, oc-
ulovestibular, corneal, pharyngeal and tracheal reflexes. These
patients comprised the study (brain-dead) group. The control
(non-brain-dead) group consisted of patients with devastat-
ing brain injury, in coma, and on artificial ventilation, but with
preserved brainstem reflexes. We excluded patients with re-
fractory mean arterial blood pressure <60 mmHg.

All participants underwent brain volume scanning using CTP
and CTA.

Shortly after radiological examinations, all patients from the
brain-dead group underwent the procedure of BD declaration.
This declaration was made after determination of coma, brain-
stem areflexia, and absence of respiratory drive using a 10-
min apnea criterion. In concordance with national legal reg-
ulations, these tests were performed twice by 3 specialists.
The study flowchart is presented in Figure 1. Transplantable
organs were procured from most of the brain-dead patients. In
some cases, organ donation was abandoned for medical rea-
sons or because of a lack of consent from family members.
In such situations, all forms of life support, including ventila-
tion, were withdrawn, and patients underwent cardiopulmo-
nary collapse within a short time.

CT data acquisition

Data were acquired using a 128-slice Siemens Definition AS+
CT scanner (Siemens Healthcare, Erlangen, Germany) after ad-
ministration of iodinated contrast material (50 mL; lomeron
400, Bracco Imaging, Konstanz, Germany) at a rate of 6 mL/s
via a power injector through an 18-gauge intravenous line, fol-
lowed by saline (30 mL) administered at the same rate. The
scanning parameters were 80 kVp and 200 mAs. Scans were
performed every 1.5 s for 60 s and were started with a delay
of 4 s after contrast material injection, providing a total of 40
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Figure 1. Study flow diagram.
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volume datasets. The total coverage in the z-axis was 96 mm,
with a slice width of 10 mm obtained in 5-mm increments us-
ing a shuttle mode (adaptive 4-D spiral).

Postprocessing
cTP

Perfusion parameters were calculated using the commercial
perfusion software package syngo.via(R) CT Neuro Perfusion
Version 2012B (Siemens Healthcare, Forchheim, Germany)
based on a deconvolution algorithm with least mean-square
fitting. Processing was performed semiautomatically with the
default settings used in routine clinical practice. The use of
automatic motion correction was necessary to eliminate pos-
sible artifacts caused by ventilation and to-and-fro (shuttle)
movement of the table during acquisition. Additional noise
was removed using an automatic 4-D noise reduction tool
to improve the quality of the image. An arterial input func-
tion (AIF) and a reference vessel were chosen from time-av-
eraged maximum intensity projection (MIP) images. The AIF
was manually set to the cavernous segment of the internal
carotid artery (ICA). To eliminate partial volume averaging,
the original AIF was corrected to the maximal enhancement
measured in the reference vessel. This was the only possible
choice, as none of the remaining arteries showed satisfactory
enhancement in brain-dead patients. In all cases, this same
vessel (i.e., the same cavernous segment of the ICA that was
used for AIF) was used as a surrogate of venous output func-
tion. In the brain-dead group, the intracranial veins (including
the routinely used superior sagittal sinus, torcular herophili,

or transverse sinus) could not be used for the venous output
function because they showed vestigial enhancement or en-
tirely lacked enhancement. Major vessels were removed by
relative “thresholding” applied to the maximal enhancement.
Relative thresholds were set at 8% of the maximal enhance-
ment. A normalization step, routinely used in clinical practice,
was not performed in the present study because neither of
the cerebral hemispheres could be used as a reference point
for normal perfusion in brain-dead patients.

To determine perfusion values from different brain regions,
1-cm? circular regions of interest (ROIs) circumscribing the
brainstem, including the midbrain (n=2), pons (2), and medul-
la oblongata (2), as well as the cerebellum (8), cortical regions
of the frontal (12), parietal (12), temporal (12), and occipital
lobes (8), and the basal ganglia (8), were drawn bilaterally and
placed on each 10-mm axial slice. This resulted in a total of
66 ROIs for each patient. Postprocessing, including selection
of ROIs, was performed by a board-certified radiologist with
over 10 years’ experience in neuroradiology who was blinded
to the results of clinical tests.

CTA

The CTA images were automatically reconstructed from the CT
perfusion source images using syngo.via(R) CT Dynamic Angio
Version 2012B (Siemens Healthcare, Forchheim, Germany) as
timing-invariant (TI)-CTA. The TI-CTA provides angiography by
overlapping all timeframes and displaying maximal enhance-
ment over time. Due to the choice of temporal maximum, this
technique is timing-invariant, which means that the maximal
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enhancement of a vessel is displayed independent of its con-
trast arrival time. Therefore, TI-CTA is not sensitive to delayed
contrast material arrival in cerebral vessels, and thus should
display any vessel present. This technique was previously de-
scribed and shown to be reliable by Smit et al. [6].

Image analysis
cTP

CTP findings were interpreted as consistent with BD diagno-
sis (i.e., positive) when CBF and CBV values in all 66 ROIs were
below the well-established thresholds for neuronal necrosis
(i.e., 10 mL/100 g/min and 1.0 mL/100 g, respectively). CTP
results were interpreted as negative (i.e., not confirming the
BD diagnosis) when CBF and/or CBV in any ROl were above
10 mL/100 g/min and 1.0 mL/100 g, respectively.

CTA

The CTA data were derived from CTP datasets as TI-CTA. The im-
ages were analyzed first for the appearance and disappearance
of contrast media in the superficial temporal artery branches
to confirm that the contrast was injected properly and to elim-
inate the potential influence of hemodynamic perturbations.
The presence of contrast in the different segments of the in-
tracranial arteries was analyzed using CTA on a 4-point scale
based on the lack of opacification of the cortical segments of
the MCA and the 2 ICVs. A score of 1 was given for each of
the non-opacified vessel segments.

The CTA findings were interpreted as consistent with a BD di-
agnosis (i.e., positive) if the exam revealed bilateral nonfill-
ing of cortical segments of the MCA and bilateral nonfilling of
the ICV (score 4). Negative results not confirming BD received
scores of 0-3. This 4-point grading system was proposed by
Leclerc et al. in 2006 [7].

A neuroradiologist with 10 years’ experience in interpreting
cerebral CTA and blinded to the results of clinical tests evalu-
ated all CTA images.

Data collection

The following demographic and clinical data were collected:
age, sex, and cause of brain injury categorized as vascular
(ischemic stroke, non-traumatic intracranial hemorrhage), or
traumatic or anoxic-ischemic injury. For each CTP ROI, the fol-
lowing parameters were recorded: CBF, CBV, and contrast-to-
noise ratio (CNR). The CNR was calculated using the formula:

CNR=(peak HU mean-baseline HU mean)/baseline HU SD

Sawicki M. et al.:
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where HU represents Hounsfield units and SD represents stan-
dard deviation.

Each CTA opacification of the cortical branches of the MCA and
ICV was noted bilaterally.

Statistical analysis

The %2 test was used to compare the sensitivities of CTP and
CTA in the diagnosis of BD. Differences between perfusion pa-
rameters of brain-dead and non-brain-dead groups was cal-
culated using the Friedman ANOVA test. A value of p<0.05
was considered statistically significant. Statistica 12 software
(StatSoft Inc., Tulsa, OK, USA) was used for statistical analy-
ses. A biomedical statistician reviewed the manuscript for clar-
ity of statistical analyses and data presentation.

Results

Fifty patients (27 females, 23 males) with a mean age of 55+18
years (range, 17-78 years) were enrolled in the brain-dead
group. No patients were excluded due to refractory mean ar-
terial blood pressure <60 mmHg. Of the 50 patients enrolled,
the cause of brain injury was vascular in 36 (72%), traumatic
in 5 (10%), and anoxic-ischemic in 9 (18%) patients.

The non-brain-dead group consisted of 5 patients (3 females,
2 males) with a mean age of 49+18 years (range, 37-71 years).
The cause of brain injury was vascular in 4 (80%) patients, and
anoxic-ischemic in 1 (20%) patient.

In the brain-dead group, the CTP findings revealed CBF from
0.00 to 9.98 mL/100 g/min (mean, 1.98+1.68 mL/100 g/min)
and CBV from 0.00 to 0.99 mL/100 g (mean, 0.14+0.12
mL/100 g). In all 50 patients, values in all ROIs (including
brainstem) were below the thresholds of 10 mL/100 g/min for
CBF and 1.0 mL/100 g for CBV. Therefore, we interpreted the
CTP findings in all brain-dead patients as positive (i.e., the re-
sults confirmed the diagnosis of BD). This resulted in a sensi-
tivity of 100% (95% Cl, 0.91-1.00) for CTP in the diagnosis of
BD. The values of the perfusion parameters for individual pa-
tients are presented in Figure 2.

The use of TI-CTA in brain-dead patients showed 7 negative
results because preserved cortical or deep venous filling was
noted, which is inconsistent with the diagnosis of BD (Table 1).
CTA and CTP results in one of these patients are presented in
Figure 3. This resulted in a sensitivity of 86% (95% Cl, 0.73-0.94)
for CTA in the diagnosis of BD.

We found a statistically significant difference between the sensi-
tivities of CTP and CTA in the diagnosis of BD (p=0.006; % test).
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Figure 2. The distribution of CBF (A) and CBV (B) in 50 patients diagnosed with BD. Box plots present values obtained from 66 ROIs
for each patient covering all brain regions. Data are presented as medians, 25-75% interquartile ranges, minimums, and
maximums. In all cases, the perfusion values are below the thresholds for nonviable tissue.

In the non-brain-dead group, the CTP findings revealed CBF from
2.37 to 37.59 mL/100 g/min (mean, 14.56+7.34 mL/100 g/min)
and CBV from 0.73 to 2.34 mL/100 g (mean, 1.75+0.69
mL/100 g). We found a statistically significant difference be-
tween the values of CBF and CBV in the brain-dead and non-
brain-dead group (p=0.002 for CBF and p=0.001 for CBV,
Friedman ANOVA test) (Figure 4).

In all non-brain-dead patients, values of CBF and CBV in all ROls
positioned in the brainstem were above 10 mL/100 g/min for
CBF and 1.0 mL/100 g for CBV. However, we found some re-
gions in the supratentorial compartment showing values be-
low10 mL/100 g/min for CBF and 1.0 mL/100 g for CBV, cor-
responding with localization of brain injury. Figure 5 presents
CTP and CTA results in one of these patients. Therefore, we
interpreted the CTP findings in all non-brain-dead patients as
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Table 1. Patient’s characteristics and imaging findings in cases of false negative CTA results.

Cause of brain
injury

MCA-M4 right MCA-M4 left

CTA opacification

ICV right ICV left

Negative

Figure 3. Results of CTA (A) and CTP (B) in the patient clinically diagnosed with brain death. CTA shows filling of cortical branches of
the right MCA (arrows) and was classified as negative (i.e., inconsistent with the diagnosis of BD). CTP reveals perfusion
values below the thresholds for nonviable tissue and was interpreted as positive (i.e., consistent with the diagnosis of BD).

negative (i.e., the results excluded the diagnosis of BD). This
resulted in a specificity of 100% (95% Cl, 0.31-1.00) for CTP
in the diagnosis of BD.

In all non-brain-dead patients, TI-CTA revealed preserved cor-
tical and deep venous filling and was interpreted as negative
(i.e., inconsistent with the diagnosis of BD). This resulted in
a specificity of 100% (95% Cl, 0.31-1.00) for CTA in the diag-
nosis of BD.
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The evaluation of image quality showed a mean CNR of
0.3440.21 (range, 0.09-0.85) in the brain-dead group, while
mean CNR in the non-brain-dead group was 9.26+2.51 (range,
7.43-11.19). We found a statistically significant difference in
CNR values between the brain-dead and non-brain-dead groups
(p<0.001; Friedman ANOVA test).
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Figure 4. Distribution of CBF (A) and CBV (B) values in BD patients and controls. Box plots present values obtained from all ROIs
covering all brain regions in all patients from the groups. Data are presented as 25-75% interquartile ranges, minimums, and
maximums. BD — brain-dead group. We found a statistically significant difference between the values of CBF and CBV in the
brain-dead and control group (p=0.002 for CBF and p=0.001 for CBV; Friedman ANOVA test).

Discussion

An ideal ancillary test should not have any false-positive re-
sults (i.e., declaration of death when in fact the patient is not
dead). Our results show that both CTA and CTP fulfill this con-
dition, as they achieved 100% specificity.

Our study revealed 100% sensitivity of CTP in the diagnosis
of BD, revealing whole-brain nonviability in all brain-dead pa-
tients, including those in whom the results of CTA was false-
negative (i.e., it showed preserved intracranial filling).

This is consistent with the results of previous research by
Sawicki et al. and by Shankar et al., who found that preserved
intracranial opacification can be observed in cases in which
CTP shows nonviability of the brain [4,5]. This apparent dis-
crepancy may be explained by greater susceptibility of capil-
laries to intracranial hypertension compared with large- and
medium-size vessels. Therefore, the gradual increase in intra-
cranial pressure causes cessation of capillary blood flow re-
flected by CTP, as contrast can still fill more proximal arteries
for some time, which is detectable in CTA. This phenomenon
is a serious limitation in the application of CTA for the diag-
nosis of BD. A recent meta-analysis showed a sensitivity of
85% for CTA in the diagnosis of BD [2]. We achieved a similar-
ly low sensitivity of 86% using this approach, although, based
on our findings, performing CTP as an adjunct to CTA in neg-
ative CTA cases could significantly increase the sensitivity of
the test, but not affecting the its specificity.

The present study includes several improvements over previous
research. To the best of our knowledge, this is the first study
evaluating CTP and CTA results in comatose patients with pre-
served brain stem function as the control group. This enabled
us to assess specificity of CTP and CTA in the diagnosis of BD.

We assessed the whole brain using CTP, whereas Sawicki
et al. and Shankar et al. evaluated only a limited part of the
brain [4,5]. In addition, the present study is the first to use TI-
CTA to diagnose BD. This approach enables the detection of
intracranial opacification regardless of delay in contrast arriv-
al. In our study, the images obtained from the 4" to 60*" s af-
ter contrast injection were compiled into a single image. Thus,
the use of TI-CTA avoids the problem of having to select the
correct delay for CTA scanning after contrast injection in the
diagnosis of BD. This issue is still debated, and no consensus
has been reached so far [8]. Different approaches are proposed;
for example, according to current French guidelines, intracra-
nial filling is assessed 60 s after contrast injection, whereas
in German national regulations it is assessed in the arterial
phase [9-11]. Moreover, TI-CTA can be derived from CTP da-
tasets (as in the present study); thus, both tests can be per-
formed following a single injection of contrast.

Although the use of CTP in brain-dead patients should reg-
ister the absence of whole-brain CBF and CBV, the results of
the present study do not confirm this assumption, since CBF
and CBV values were found to be slightly higher than zero.
Darby et al.[12] reported similar results (a mean CBF of 1.6+2.0
ml/100 g/min) in 8 brain-dead patients evaluated using Xe-CT.
Additionally, using Xe-CT, Ashwal et al. [13] also found a mean
CBF of 1.3+1.6 ml/100 g/min in 10 clinically brain-dead children.

These previous results suggest the existence of preserved resid-
ual CBF, which may preclude or complicate the diagnosis of BD.
However, the ability of CTP to differentiate between extremely
reduced blood flow and the absence of blood flow was studied
by Uwano et al. [14] using digital phantoms simulating CBF of
0-2.4 ml/100 g/min and CBV of 0-0.16 ml/100 g. Using differ-
ent software packages, they discovered that CBF and CBV val-
ues for true zero-flow phantoms were actually slightly higher
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Figure 5. Results of CTA (A, €) and CTP (B, D) in the patient with devastating brain injury following cardiac arrest, in coma on artificial
ventilation, but with preserved brainstem reflexes. CTA shows preserved bilateral filling of cortical branches of the MCAs
(arrows in A) and the basilar artery (arrow in C); this result was interpreted as negative (i.e., inconsistent with the diagnosis
of BD). CTP reveals decreased CBF in the right fronto-parietal region (arrows in B) with preserved cerebral perfusion in all
other regions, including the brainstem (arrow in D). This result was interpreted as negative (i.e., not consistent with the
diagnosis of BD).
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than zero. These results suggest that the precision of analysis
of tissue-attenuation curves with very small amplitude can be
affected by noise. In the present study, this small amplitude
is reflected by low CNR (0.34+0.21), which was close to 10 in
the non-brain-dead group. With such a low CNR, small fluctu-
ations in the tissue-attenuation curve caused by image noise
could be mistaken for a slight degree of blood flow.

It should be noted that CBF and CBV values in our study were
slightly higher than the values noted for zero-flow phantoms by
Uwano et al. [14]. There are 2 other factors which could contrib-
ute to the data discrepancy. Firstly, Uwano et al. used mathe-
matical models to generate AIF and the reference vessel curves.
These models are known to be different from the tissue-attenu-
ation curves registered in vivo in brain-dead patients. The selec-
tion of both AIF and the maximal enhancement reference vessel
is known to affect calculation of CBF and CBV. Kealey et al. [15]
reported that low maximum enhancement of the reference ves-
sel resulted in overestimation of CBF and CBV. It should be noted
that the mean maximal enhancement in the present study was
markedly lower when compared to those routinely observed in
brain-dead groups in CTP studies. The lower maximal enhance-
ment of the reference vessel in brain-dead patients is likely
caused by poor infiltration of contrast medium into the ICAs as-
sociated with intracranial hypertension, resulting in an overesti-
mation of CBF and CBV in our study. Secondly, although Uwano
et al. also found substantial differences in values between algo-
rithms, reflecting the different susceptibility to image noise, they
did not use the same software used in our study. It remains pos-
sible, therefore, that the software used in the present study is
associated with a higher susceptibility to noise than those uti-
lized in previous studies involving phantom tests.
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Taken together, these data suggest that the positive CBF and
CBV values observed in the present study should be inter-
preted as the effect of image noise, not an indicator of resid-
ual cerebral flow in brain-dead patients. The problem of the
inability of CTP software to show zero CBF and CBV values in
dead brain tissue might be addressed with further improve-
ments in denoising techniques and/or the use of a deconvo-
lution algorithm.

Limitations of the study

Limitations of the present study include its relatively small sam-
ples, particularly in the non-brain-dead group. Furthermore, it
cannot be excluded that application of different perfusion al-
gorithms and choice of different vessels for AIF or VOF may
affect the results of CTP. Therefore, the evaluation of differ-
entially calculated perfusion algorithms and use of alternative
AlFs or reference vessels, such as the superficial temporal ar-
tery and vein, are warranted.

Conclusions

We found that whole-brain CTP is a highly sensitive and spe-
cific method for diagnosis of BD. CTP used together with the
commonly applied CTA may increase the sensitivity of the test.
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