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Abstract Objective: Barbiturate
therapy or hypothermia precludes
proper diagnosis of brain death ei-
ther clinically or by EEG. Specific
intracranial flow patterns indicating
cerebral circulatory arrest (CCA) can
be visualized by transcranial Doppler
ultrasonography (TCD). The aim of
this study was to assess the validity
of TCD in confirming brain death.
Design: Meta-analysis of studies
assessing the validity of TCD in
confirming brain death. Methods:
A systematic review of articles in
English on the diagnosis brain death
by TCD, published between 1980 and
2004, was performed. An oscillating
or reverberating flow and systolic
spikes were considered to be compat-
ible with CCA. The quality of each
study was assessed using standardized
methodological criteria. The literature
was searched for any article reporting
a false-positive result. Results: Two
high-quality and eight low-quality

studies were included. Meta-analysis
of the two high-quality studies
showed a sensitivity of 95% (95%
CI 92–97%) and a specificity of 99%
(95% CI 97–100%) to detect brain
death. Meta-analysis of all ten studies
showed a sensitivity of 89% and
a specificity of 99%. In the literature
we found two false-positive results;
however, in both patients brain-stem
function did show brain death shortly
thereafter. Conclusions: CCA by
TCD in the anterior and posterior cir-
culation predicted fatal brain damage
in all patients; therefore, TCD can
be used to determine the appropriate
moment for angiography. Further
research is needed to demonstrate that
CCA by TCD on repeated examina-
tion can also predict brain death in all
patients.

Keywords Brain death · Cerebral
circulatory arrest · Ultrasonography ·
Transcranial Doppler

Introduction

Since transplant surgery became a common procedure,
early diagnosis of brain death has become an important
issue. The duration of the diagnostic process should
be as short as possible to avoid cardiac arrest and to
preserve function of donor organs [1, 2]. In general,
brain death is primarily diagnosed by absence of any
clinical sign of brain stem activity [3, 4, 5, 6] and can
additionally be confirmed by absence of electric activity
on the electroencephalogram (EEG) [7, 8]. Barbiturate
therapy or hypothermia precludes proper diagnosis of

brain death either clinically or by EEG [9]. In these
situations demonstrating cerebral circulatory arrest (CCA)
by angiography or radionuclear cerebral flow studies
can be used to support the diagnosis of brain death, as
CCA will lead to brain death; however, angiography is
an invasive technique and both additional tests require
transport of a critically ill patient. Theoretically, contrast
can cause vascular obstruction harmful to any residual
brain function or precipitate renal failure [10].

Intracranial flow patterns demonstrating CCA can also
be visualized by transcranial Doppler ultrasonography
(TCD). The TCD is a non-invasive and inexpensive tech-
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nique which can be performed at the bedside. A number
of investigators have used TCD to document CCA in
brain-dead patients [11, 12, 13, 14]. Persistent CCA leads
to the state of brain death as blood supply to the brain
is mandatory to establish cerebral function. The TCD
can demonstrate CCA by specific intracranial Doppler
flow patterns caused by increased intracranial pressure
due to brain death. Diastolic perfusion pressure drops
first when intracranial pressure increases, and it finally
diminishes to zero. If intracranial pressure is elevated
to values above diastolic blood pressure, an oscillatory
movement of blood with reversal of diastolic flow appears.
With increasing intracranial pressure a pattern of systolic
spikes appears. Both an “oscillating flow,” also described
as “reverberating flow,” and “systolic spikes” are flow
patterns without any net forward flow, i. e., no cerebral
blood supply, and are considered to be compatible with
CCA [15].

We did a systematic review of relevant literature to as-
sess the validity of TCD in confirming brain death [16].
Medical and legal communities can only accept TCD as
a confirmatory test when false-positive results, i. e., diag-
nosing CCA by TCD in a non-brain-dead patient, do not
occur; therefore, we paid special attention to any article
reporting possible false-positive results.

Methods

Literature search

A search for English-language articles on the diagno-
sis of brain death by TCD published between 1980
and January 2004 was performed using Pub Med. The
search terms used were “transcranial,” “transforaminal,”
“transorbital,” “transtemporal,” and “Doppler” or “ultra-
sonography” combined with “brain death” or “cerebral
circulatory arrest.” Reference lists of retrieved articles
were scanned for additional studies. Literature was also
searched for any false-positive result of TCD examination
of intracranial vessels using the same search terms.

Study selection

Letters, editorials, case reports, commentaries and reviews
were excluded. To be included a study had to meet the fol-
lowing criteria: (a) specification of a persistent intracranial
flow pattern specific for CCA: oscillating flow or systolic
spikes (Fig. 1); (b) presence of a specified reference test
(clinical diagnosis alone or combined with EEG, angiogra-
phy or radionuclear cerebral flow studies); (c) brain death
defined as a non-reactive coma with complete loss of the
brain-stem reflexes and apnea; (d) prospective study; and
(e) extractable data of patients classified as brain dead or
non-brain dead. Studies only involving examination of ex-

Fig. 1 Transcranial Doppler flow patterns. Transcranial Doppler
flow patterns demonstrate normal flow with systolic and diastolic
forward flow (top), oscillating flow with systolic forward flow and
reversed diastolic flow (middle), and brief systolic forward flow
(bottom)

tracranial vessels or neonates and infants (< 1 year) were
excluded.

The quality (validity) of each article was assessed in-
dependently by two authors (L.M. and C.B.). High-quality
studies, low-quality studies, and non-valid studies were
distinguished according to a checklist for diagnostic tests
published by the Dutch Cochrane Center. Disagreements
were resolved by discussion. Four primary criteria were
used: (a) presence of an independent blind comparison
with a reference (gold) standard; (b) the population studied
included an appropriate spectrum of patients to whom the
test would be applied in clinical practice; (c) inclusion of
consecutive patients who fulfilled the inclusion criteria;
and (d) sufficient description of TCD to allow reproduc-
tion of the method. High-quality studies had to fulfill all
four criteria. Low-quality studies had to fulfill criterion (a)
[but not necessarily a blind comparison with a reference
(gold) standard] and criterion (d). All other studies were
qualified as non-valid studies.

Data extraction

A result was considered false positive when the reference
test was performed according to standardized criteria and
did not confirm brain death while TCD did show a flow
pattern indicating CCA. If TCD showed a flow pattern con-
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sistent with brain death in a non-brain-dead patient, but the
TCD examination was incomplete, i. e., only the anterior
circulation (middle cerebral arteries) or the posterior cir-
culation (basilar artery) was visualized, the result was not
defined as false positive. Moreover, a TCD pattern specific
for CCA had to be persistent (steady state) during TCD
examination. Clinically brain-dead patients with CCA by
TCD in the middle cerebral arteries and basilar artery with
skull defects who died of cerebral damage, but in whom
angiography still showed some flow, were defined as true
positives.

Statistical analysis

Data from high-quality studies and low-quality stud-
ies were combined in two-by-two tables that specified
brain-dead and non-brain-dead patients according to the
reference test and positive (CCA) or negative (no CCA)
TCD results. Heterogeneity was assessed by visual exami-
nation of overlap of 95% confidence intervals of estimates
of sensitivity and specificity. If no significant heterogene-
ity was assumed, weighted averages of sensitivity and
specificity were calculated from results of high-quality
studies. Sensitivity analysis to test the robustness of these
estimates was performed by adding low-quality studies to
the meta-analysis.

Results

Initially, the literature search yielded 223 citations.
Forty-three eligible diagnostic studies that evaluated the
validity of TCD in brain death were identified. Finally,
10 studies (684 patients) were included (Fig. 2). Two stud-
ies were classified as high-quality studies [17, 18].

Table 1 Included studies. TP true positive, FN false negative,
TN true negative, FP false positive, CA cerebral angiography,
EEG electroencephalogram, RCS radionuclide scan, MCA middle

cerebral artery, BA basilar artery, VA vertebral artery, ICA internal
carotid artery

Reference Number TP FN TN FP Quality Reference test Vessel

[18] 133 97 7 29 0 High Clinical criteria (64) MCA, BA, ICA < 50%
and CA (47) when no MCA/BA

[17] 137 80 3 53 1 High Clinical criteria ICA, MCA, VA, BA
[19] 54 21 5 28 0 Low Clinical criteria and EEG Anterior circulation, BA
[21] 37 18 4 15 0 Low Clinical criteria and EEG MCA
[22] 75 22 4 49 0 Low Clinical criteria and EEG MCA
[23] 135 123 12 0 0 Low Clinical criteria and EEG (88) ICA, MCA, BA (24/130)

and/or CA (64)
[20] 15 8 7 0 0 Low Clinical criteria and CA MCA
[24] 29 26 3 0 0 Low Clinical criteria and CA (9) Willis, BA

25 3 0 1 Clinical criteria and EEG (8)
[14] 12 11 1 0 0 Low Clinical criteria and RCS MCA
[25] 57 45 12 0 0 Low Clinical criteria BA, VA, MCA

Total 684

Fig. 2 Meta-analysis profile

Eight studies were classified as low-quality stud-
ies [14, 19, 20, 21, 22, 23, 24, 25]. In these studies,
investigators performing TCD were not blinded to clinical,
electroencephalographic, or radiographic results (Table 1).

Zurynski et al. [18] studied 140 consecutive comatose
patients. According to the reference test 111 patients
were brain dead. In 100 brain-dead patients reliable
intracranial signals were obtained. In 6 patients results
of intracranial TCD examination were not in agreement
with the reference test. In 3 cases TCD showed CCA, but
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angiography failed to confirm this. All of these patients
had skull defects and none survived. In 3 cases TCD
did not show CCA while the reference test showed brain
death. Hadani et al. studied 137 consecutive comatose
patients [17]. The CCA was demonstrated by TCD in 80
of 83 brain-dead patients. In two of 83 brain-dead patients
no intracranial signals were obtained. In 1 brain-dead
patient a flow pattern not consistent with CCA was
obtained. Petty et al. [19] examined 54 comatose patients.
In 5 patients no adequate signal was obtained. Three of
these 5 patients met the clinical criteria for brain death.
Twenty-three of the remaining 49 patients with TCD
examinations were brain dead. The CCA was found in 21
of those 23 brain-dead patients. Feri et al. [21] performed
TCD examination in 37 patients with intracranial hyper-
tension. In 18 of 22 brain-dead patients TCD showed
CCA. In 4 patients it was impossible to obtain an adequate
TCD signal. Dominguez-Roldan et al. [22] recorded TCD
waveforms in 26 brain-dead patients and in 49 non-brain-
dead patient. In 22 of the 26 brain-dead patients TCD
showed CCA. Ducrocq et al. [23] did a TCD study in 135
brain-dead patients. In 12 patients no detectable signal
was found or TCD did not show bilateral CCA. The TCD
showed CCA in 123 patients. Paolin et al. [20] studied
15 patients with clinical diagnosis of brain death. The
TCD showed CCA in 8 patients. Angiography confirmed
CCA in all 8 cases. Van Velthoven et al. [24] performed
TCD examination in 29 patients. In 26 brain-dead patients
a flow pattern specific to CCA was found. In 9 clinically
brain-dead patients an angiography was performed which
confirmed CCA. In 8 clinically brain-dead patients an
EEG was performed. Newell et al. [14] performed a TCD
study in 12 clinically brain-dead patients. In 1 patient they
were unable to obtain an adequate signal. In 11 patients
TCD confirmed CCA. Lample et al. [25] examined 57
clinically brain-dead patients. In 45 patients TCD showed
CCA. In 4 patients no flow was visualized. In all other
patients CCA was not confirmed.

Twelve studies reported false-positive results of
TCD examination of intracranial vessels (Table 3). Two
results were consistent with our predefined criteria of
a false-positive result [17, 24]. In one study a patient
with CCA by TCD in the middle cerebral arteries and
basilar artery showed preserved weak respiration after
TCD examination [17]; however, CCA resulted in brain
death within several hours. Velthoven et al. [24] reported
a clinically brain-dead patient, with CCA by TCD in
the basilar artery and the circle of Willis, which was
confirmed by angiography, in whom EEG examination
became iso-electric only several hours later [24]. Ten
other false-positive results in literature were not in
agreement with our predefined criteria of a false-positive
result [12, 14, 20, 23, 26, 27, 28, 29, 30, 31]. Exam-
ination of the posterior circulation was not performed
in the studies by Kirkham et al. [12], Newell et al. [14],
Paolin et al. [20], Qian et al. [26], Shiogai et al. [27],

Table 2 Meta-analysis of high quality studies and sensitivity ana-
lysis of all included studies. CI confidence interval

Primary analysis: only high-quality studies
95% CI

Sensitivity (%) 95 92 97
Specificity (%) 99 97 100

Sensitivity analysis: all studies. Velthoven et al. [24]:
cerebral angiography and clinical criteria as reference test

95% CI
Sensitivity (%) 89 86 91
Specificity (%) 99 99 100

Sensitivity analysis: all studies. Velthoven et al. [24]:
EEG and clinical criteria as reference test

95% CI
Sensitivity (%) 89 86 91
Specificity (%) 99 98 100

Powers et al. [28], Steinmetz et al. [29], Grote et al. [30],
and Eng et al. [31]. In patients with subarachnoid hemor-
rhage CCA was transient (no steady state) [29, 30, 31]. In
those cases a temporary elevation of intracranial pressure
produced reversible CCA for some minutes. Ducrocq et al.
described one case with continued spontaneous respiration
for some minutes after TCD examination showed CCA.
No data are available as to which vessels were examined
and under which conditions TCD examination took
place [23].

Meta-analysis of the two high-quality studies showed
a sensitivity of 95% (95% CI 92–97%) and a specificity
of 99% (95% CI 97–100%) to detect brain death (Table 2).
After adding the results of the low-quality studies, sensi-
tivity changed to 89% (95% CI 86–91%) and specificity
changed to 99% (95% CI 99–100%) using cerebral an-
giography as a reference test in the study performed by
Velthoven et al. (Table 3) [24]. When EEG was used as
a reference test in the study by Velthoven et al. [24], sen-
sitivity remained the same and specificity changed to 99%
(CI 98–100%). When patients of the ten studies with no
intracranial signal were excluded from our meta-analysis,
specificity did not change and sensitivity of TCD of the
two high-quality studies increased to 98 and 94% of all
ten studies. On visual examination there was considerable
overlap between confidence intervals of the different stud-
ies of both sensitivity and specificity, so homogeneity be-
tween studies was assumed.

Discussion

This meta-analysis showed that TCD is a reliable test that
can extend clinical criteria in the assessment of the diag-
nosis brain death. Sensitivity and specificity for a positive
pattern of oscillating flow and systolic spikes, indicating
CCA, were high in selected patient populations. Few false-
positive cases were reported in the literature. Only two
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instances were defined as false positive according to our
predefined criteria. Both these patients became brain dead
shortly after the false-positive TCD examination.

To our knowledge, our study is the first systematic
review on the subject of TCD diagnosis of CCA. The
meta-analysis included a large population of 684 patients.
Only the high-quality studies were used to calculate
the sensitivity and specificity. Thereupon, a sensitivity
analysis, by adding the low-quality studies to the meta-
analysis, showed the robustness of our results. Possible
false-positive findings were carefully analyzed using
objective criteria.

The quality of many published studies was question-
able according to standardized criteria for a diagnostic test;
only two articles were classified as high-quality articles.
The high sensitivity and specificity that were found can-
not be attributed to selective inclusion of only brain-dead
patients as 26% of patients in this meta-analysis were not
diagnosed as brain dead. Sensitivity in some studies was
as low as 70%; however, these studies were of very low
and unacceptable quality. To us, this mainly proves that
TCD examination is only reliable in experienced hands.
This meta-analysis included studies with an age distribu-
tion from infants to adults. Data of specified age groups
were not extractable; therefore, it is difficult to extrapolate
conclusions drawn from this meta-analysis to a specific age
group, in particular to children.

In the analyzed studies clinical criteria alone or
combined with an EEG, cerebral angiography and, in one
study, radionuclide cerebral scan, were used as reference
tests; however, the validity of these reference tests can
be compromised. In a clinically brain-dead patient EEG
can still show minor activity due to technical artifacts.
Furthermore, it is hypothesized that cerebral angiography
can still show some flow in a brain-dead patient because of
an active injection of contrast that increases intra-arterial
pressure [32] in case of diffuse anoxic injury [33] or
skull defect [23, 34, 35, 36] without major intracranial
hypertension.

Most authors excluded patients in their study in whom
it was impossible to obtain an intracranial signal. Failure
to detect an intracranial signal can indicate CCA but can
also result from failure to localize the vessel by TCD. In
our meta-analysis these patients were included because
in those patients TCD could not confirm brain death
and in that sense constituted negative results. Excluding
these patients from the meta-analysis would lead to
spuriously high sensitivity values. Two instances of CCA
were defined as false positives according to our prede-
fined criteria; however, the TCD pattern of the patient
demonstrated in the article by Van Velthoven et al. [24]
was not specific for CCA according to our clinical

assessment. Moreover, angiography also showed that
CCA and EEG became iso-electric only several hours
later. In the other study a patient with CCA by TCD
showed preserved weak respiration for some hours after
TCD examination but ultimately was brain death some
hours later as well. In our opinion, this demonstrates
that CCA is not the same as brain death. The CCA
must be present for a certain period to give rise to brain
death.

The CCA by TCD predicted fatal brain damage in all
patients; therefore, TCD can be used as a diagnostic test
for fatal brain damage. As a prognostic test it could be per-
formed to determine the appropriate moment for angiog-
raphy. Thereby unnecessary transportation to a radiology
department could be avoided and the observation period
to confirm the diagnosis of brain death could be reduced;
however, a CCA should be demonstrated in both the ante-
rior and posterior circulation. Furthermore, TCD examina-
tions should always be performed and analyzed by experi-
enced clinicians.

With respect to the two reported false-positive findings,
we hypothesize that TCD can predict brain death in all pa-
tients when CCA is visualized by TCD on repeated exam-
ination within a certain time frame. This way TCD could
possibly replace other confirmatory tests such as angiog-
raphy; therefore, further research to determine the window
between two TCD examinations to confirm brain death is
needed. We do not expect that with TCD a 100% sensi-
tivity can be achieved. This technique will not be usable
in all patients. Ten to 20% of patients lack a patent acous-
tic bone window. Whether the specificity is 97 or 100%
has important implications. The level of uncertainty that
can be accepted is an important subject of debate. A single
study powered to yield a confidence interval of, at most,
99–100% for an estimated specificity of 100% would re-
quire about 700 patients.

In the literature there is no evidence that barbiturate
therapy can induce a TCD flow pattern specific for CCA.
Studies showed that barbiturate therapy only leads to
a moderate decrease of middle cerebral artery blood
velocities [37, 38]. Segura et al. described a patient with
high-dose barbiturate therapy who was electroencephalo-
graphically and clinically brain dead with a normal TCD
flow pattern [39].

In conclusion, CCA by TCD in the basilar and both
middle cerebral arteries correctly predicted fatal brain
damage in all patients; therefore, TCD could be used to
determine the appropriate moment for angiography. To
accept a test for defining brain death, specificity should
be 100%. We do believe that further research is needed
to demonstrate that repeated TCD examination is able to
produce this level of specificity.
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