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Abstract Objective: To evaluate
the usefulness of early transcra-
nial Doppler ultrasound (TCD)
goal-directed therapy after severe
traumatic brain injury initiated be-
fore invasive cerebral monitoring
is available. Design: Prospective,
observational clinical study. Set-
ting: Surgical intensive care unit,
university hospital. Patients and
participants: Twenty-four severely
brain-injured patients. Interventions:
All patients had TCD measurements
immediately on admission (T0) and
when invasive cerebral monitoring
was available (T1). TCD was con-
sidered abnormal when two out of
three measured values were outside
the following limits: Vm < 30 cm/s,
Vd < 20 cm/s, PI > 1.4. When
admission TCD was abnormal, at-
tending physicians modified treatment
to increase cerebral perfusion pres-
sure. Measurements and results:
Admission TCD was performed
18 ± 11 min (T0) after admission,
whereas cerebral inasive monitoring
was available 242 ± 116 min (T1)
after admission. At T0, 11 (46%)
patients had abnormal TCD val-
ues (group 1) and 13 had normal

TCD values (group 2); mean arter-
ial pressure was comparable bet-
ween groups. All group 1 patients
received mannitol and/or norepine-
phrine. At T1, mean arterial pres-
sure was increased compared to ad-
mission in group 1 (105 ± 17 mmHg
vs. 89 ± 15 mmHg, p < 0.05) and
only two patients had still an abnor-
mal TCD. Although group 1 patients
had higher intracranial pressure than
those of group 2 (32 ± 13 mmHg
vs. 22 ± 10 mmHg, p < 0.01), both
cerebral perfusion pressure and jugu-
lar venous oxygen saturation were
comparable between the groups.
Conclusions: The use of TCD at
hospital admission allows identifica-
tion of severely brain-injured pati-
ents with brain hypoperfusion. In
such high-risk patients, early TCD
goal-directed therapy can restore
normal cerebral perfusion and
might then potentially help in re-
ducing the extent of secondary brain
injury.

Keywords Brain injuries · Hypox-
ia–ischemia, brain · Transcranial
Doppler ultrasonography · Time
management · Critical care

Introduction

Secondary ischemic brain injuries have been extensively
shown to be the major prognosis factors after severe trau-
matic brain injury (TBI) [1], notably during the early post-
traumatic period [2, 3, 4]. This period is at particular high

risk because of the vulnerability of the traumatized brain
to ischemic injuries [5] and the high frequency of arterial
hypotension and hypoxemia [2, 3, 4]. Early estimations of
cerebral perfusion showed low cerebral blood flow [6] and
evidence of brain ischemia [7, 8], which were related to
long-term poor outcome.
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However, at the scene of the accident and in the hospital
before invasive cerebral monitoring is available, cerebral
perfusion is not estimated and these episodes of cerebral
hypoperfusion are not detected.

International guidelines recommend maintenance of
the systolic arterial pressure above 90 mmHg [9, 10]. Fluid
loading, but also vasopressors, are frequently required and
empirically used to achieve this goal. In a previous study
at our institution, we showed that cerebral monitoring
was not implemented until a mean 7 h after trauma [11].
At this time, 37% of the patients had low jugular venous
oxygen saturation (SjvO2) values in spite of an average
mean arterial pressure (MAP) of 80 mmHg. Thus, an
unacceptable long delay before diagnosis and treatment
of secondary ischemic injuries occurred in one third of
patients.

A higher arterial pressure target would be inaccurate
and possibly deleterious for the two thirds of severe TBI
patients with no impaired cerebral perfusion. Associated
bleeding injuries can be worsened by an increase in arterial
pressure [12]. Moreover, an important and inappropriate
increase in cerebral perfusion pressure (CPP) may induce
or increase cerebral vasogenic oedema [13, 14]. If main-
taining CPP above 60 mmHg is clearly recommended,
many authors also highlight the risks of excessively high
CPP values [15, 16].

Transcranial Doppler ultrasound (TCD) is a non-
invasive method for the measurement of middle cerebral
artery (MCA) blood flow velocity commonly used in
standard care of TBI patients. TCD is particularly accurate
in detection of episodes of hypoperfusion induced by low
CPP [17]. However, there are few reports on the use of
TCD in the early post-traumatic period. McQuire et al.
reported an 80% rate of abnormal TCD measurements in
the very early post-traumatic period and suggested the use
of emergency TCD to select a group of patients for higher
arterial pressure targets and to help decide the sequence of
radiological studies and surgery [18].

In our institution, we routinely use admission TCD for
all trauma patients but also TCD goal-directed therapy in
the case of abnormal TCD measurements. Our hypothesis
was that admission TCD helps to rapidly identify severe
TBI patients with impaired cerebral perfusion and guides
the initial phase of brain resuscitation to attenuate the dele-
terious consequences of secondary brain injury. The aim
of this study was to assess the efficacy of this strategy in
a preliminary prospective observational study.

Patients and methods

This preliminary, prospective, observational study was
conducted in the intensive care unit of Bicêtre Hospital
between August 2002 and November 2002. All adult
patients with severe TBI, defined by a best Glasgow Coma
Scale (GCS) score ≤ 8 before arrival at hospital, were in-

cluded. Patients with bilateral unreactive mydriasis and/or
cardiac arrest were not included. Because no change to our
current clinical practice or randomization was performed,
the institutional review board waived informed consent.

All severe TBI patients were intubated and venti-
lated in the field by the pre-hospital medical team. On
arrival at hospital, all trauma patients were directly
admitted to our surgical intensive care unit. All patients
included in this study underwent advanced trauma life
resuscitation according to our protocol for severe TBI
patients, with or without multiple injuries. All patients
received intravenous sedation with midazolam and fen-
tanyl. Mechanical ventilation was adjusted to maintain
normocapnia (PaCO2 35–40 mmHg) and arterial oxygen
saturation (SaO2) > 95%. Femoral artery catheterization
allowed continuous monitoring of arterial pressure and
blood sampling. Normal saline and/or colloids and/or
blood derivatives were used as needed to maintain the
intravascular volume based on heart rate (HR < 120/min),
arterial pressure, and estimated blood losses (with a target
haemoglobin concentration > 10 g/dl). Norepinephrine in-
fusion was used early to maintain MAP above 75 mmHg.

TCD was performed according to the method described
by Aaslid et al. [19]. Right and left MCA were insonated
through temporal windows. The depth of insonation giving
the highest mean velocity was chosen for recording. Peak
systolic (Vs), end-diastolic (Vd) and time-averaged mean
(Vm) velocities were measured and the pulsatility index
(PI) was calculated as: PI = (Vs – Vd)/Vm. Previous litera-
ture showed that early decreased Vm (below 30–35 cm/s)
was correlated with poor long-term outcome but also with
early death [20, 21]. When CPP decreases, Vd decreases
precociously with a Vd/Vm ratio rapidly under approxi-
mately 0.6 [22], and the strongest correlation is observed
between PI and CPP [17, 23]. Based on these data and our
personal experience, TCD was considered abnormal in the
present study when two of the three measured values were
abnormal using the following thresholds: Vm < 30 cm/s,
Vd < 20 cm/s, PI > 1.4. The worst values were considered
if the measurements were asymmetric.

The first TCD measurements were performed as soon
as possible upon admission (admission TCD). Patients
were classified in group 1 if admission TCD was abnor-
mal, in group 2 if admission TCD was normal. In group 1,
attending physicians tried to increase cerebral perfusion
using vascular loading and/or blood transfusion and/or
norepinephrine to increase MAP and/or 20% mannitol
(0.7 g/kg) to decrease cerebral oedema. A second TCD
was performed at the time invasive cerebral monitoring
became available. The same intensivist was responsible
over the whole admission period and performed both TCD
measurements (T0 and T1).

Invasive cerebral monitoring was performed as soon
as possible after hemodynamic stabilization, comple-
tion of diagnostic procedures and emergency surgery if
needed, and when adequate coagulation parameters were
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obtained [11]. A 7-Fr catheter (Vigon®, Rouen, France)
was placed in the internal jugular vein at the bulb level to
monitor SjvO2. The intracranial pressure (ICP) device was
an intraparenchymal electric transducer-tipped catheter
(Codman®, Mass., USA). CPP was calculated as the
difference between MAP and ICP.

Measurements were performed at T0 = admission TCD
and at T1 = availability of first ICP and SjvO2 values. The
time delays between trauma and arrival at hospital, T0
and T1 were recorded. The Marshall classification [24]
was used for cerebral CT scans. Glasgow Outcome Score
(GOS) [25] was measured 3 months after trauma.

Data are presented as mean ± SD or median [range].
Continuous variables have been compared between T0
and T1 using a Student paired t-test, and between group 1
and group 2 using a Student t-test. Non-parametric
variables were compared using a Mann–Whitney U-test.
A p-value < 0.05 was considered statistically significant.

Results

All patients

Twenty-four patients with severe TBI were included. De-
mographic data are summarized in Table 1.

The time between trauma and admission to hospital
was 169 ± 110 min [45–450]. Four patients were secon-
darily referred, three in group 1 and one in group 2. For
these four patients the delay between trauma and admis-
sion was 390 ± 74 min, compared with 125 ± 45 min for
the patients primarily referred.

The first TCD measurements were performed
18 ± 11 min after hospital admission (T0), whereas

Abnormal admission Normal admission
TCD (n = 11) TCD (n = 13)
T0 T1 T0 T1

Delay from admission (min) 16 ± 8 219 ± 96 20 ± 12 262 ± 123
Abnormal TCD (n) 11 2 0 0
Mean velocity (cm/s) 30 ± 6 43 ± 10* 49 ± 13** 51 ± 11
Diastolic velocity (cm/s) 13 ± 5 25 ± 8* 34 ± 11** 36 ± 11**
Pulsatility index 2.1 ± 0.5 1.4 ± 0.3* 1.2 ± 0.6** 0.9 ± 0.3**
MAP (mmHg) 89 ± 15 105 ± 17* 89 ± 11 93 ± 19
ICP (mmHg) 32 ± 13 22 ± 10**
CPP (mmHg) 73 ± 15 71 ± 14
SjvO2 (%) 67 ± 2 72 ± 9
pH 7.39 ± 0.04 7.39 ± 0.02 7.32 ± 0.06** 7.36 ± 0.07*
PaCO2 (mmHg) 40 ± 5 42 ± 5 45 ± 6** 41 ± 6*
Haemoglobin (g/dl) 12 ± 1 11 ± 1 12 ± 2 11 ± 2
Norepinephrine (n) 1 9 2 4
Mannitol (n) 0 5 1 0
Neurosurgery (n) - 3 - 0

* p < 0.05 between T0 and T1
** p < 0.05 between groups

Table 2 Recorded values when
first TCD was performed (T0)
and when invasive cerebral
monitoring was available (T1), in
patients with abnormal and
normal TCD at admission. Only
patients with abnormal
admission TCD received TCD
goal-directed therapy

the first ICP and SjvO2 measurements were available
242 ± 116 min after hospital admission (T1).

Pre-treatment group 1 versus group 2 (T0)

At T0, 11 patients (46%) had abnormal TCD values
(group 1) and 13 (54%) had normal TCD values (group 2)
using our criteria. Accordingly, blood flow velocities were
significantly lower and PI significantly higher in group 1
than in group 2 (Table 2). In group 1, all patients had
abnormal Vd values, 10 had abnormal PI values and 4 had
abnormal Vm values. In group 2, all patients had normal
Vm, Vd and PI values except two with high PI values
(Fig. 1).

Age, Injury Severity Score (ISS), Marshall CT scan
classification, time from trauma to hospital admission and
time from admission to T0 were not statistically signifi-
cantly different between the two groups. GCS was sig-
nificantly lower in group 1 than in group 2 (5 [3–7] vs.

Table 1 Demographic data

Abnormal Normal
admission admission
TCD (n = 11) TCD (n = 13)

Age (years) 33 ± 12 35 ± 12
Glasgow Coma Scale* 5 [3–7] 7 [3–8]
Injury Severity Score 25 [16–34] 20 [16–57]
Multiple injuries (n) 2 7
Time from trauma to 202 ± 139 142 ± 64
admission (min)
Glasgow Outcome Score* 3 [1–5] 1 [1–4]

Data are given as median [range] or mean ± SD
Glasgow Outcome Score 1 good recovery, 2 moderate disability,
3 severe disability, 4 vegetative state, 5 dead.
* p < 0.05 between groups
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Fig. 1 Individual values of Vm,
Vd and PI at admission to
hospital (T0) and at availability
of invasive cerebral monitoring
(T1) in patients with abnormal
TCD (filled squares) and in
those with normal TCD (open
squares) at admission. Dashed
lines indicate normal predefined
values for each TCD parameter
measured

7 [3–8], p < 0.01). Pre-hospital treatments included nore-
pinephrine infusion for three patients (one in group 1, two
in group 2) and mannitol bolus for one patient (group 2)
(Tables 1 and 2).

At T0, MAP, temperature, haemoglobin, PaO2 and
SaO2 were not significantly different between the two
groups. PaCO2 was significantly lower (40 ± 5 vs.
45 ± 6 mmHg, p < 0.05) and pH significantly higher
(7.39 ± 0.04 vs. 7.32 ± 0.06, p < 0.05) in group 1 than in
group 2 (Table 2).

Treatment group 1 (abnormal admission TCD)

Between T0 and T1, all patients in group 1 received a treat-
ment to improve cerebral perfusion: nine, norepinephrine
infusion, five, a mannitol bolus and three, an emergency
neurosurgical procedure.

MAP significantly increased from 89 ± 15 mmHg to
105 ± 17 mmHg (p < 0.05), blood flow velocities signifi-
cantly increased, and PI significantly decreased from T0 to
T1 (Table 2). At the same time, temperature, haemoglobin,
pH, PaO2, PaCO2 and SaO2 did not vary significantly.

At T1, all patients but two had normalized TCD meas-
urements.

Treatment group 2 (normal admission TCD)

In group 2, no patient received mannitol or under-
went a neurosurgical procedure before T1. Four patients

received a norepinephrine infusion. Between T0 and T1,
MAP, TCD measurements, PaO2, SaO2, haemoglobin and
temperature did not vary significantly. PaCO2 decreased
significantly (45 ± 6 vs. 41 ± 6 mmHg, p < 0.05) and
pH increased significantly (7.32 ± 0.06 vs. 7.36 ± 0.07,
p < 0.05) between T0 and T1.

Post-treatment group 1 versus group 2 (T1)

Time from admission to T1 was not statistically different
between the groups. At T1, there was still a statistically
significant difference for Vd and PI between groups, with
a lower Vd and a higher PI in group 1 than in group 2.

ICP was significantly higher in group 1 than in group 2
(32 ± 13 vs. 22 ± 10 mmHg, p < 0.01) but CPP was com-
parable between the groups. All patients but one in each
group had the first measured CPP value above 60 mmHg.
SjvO2 measurements were not significantly different be-
tween groups, and all patients but one in each group had
a SjvO2 value above 55% (Table 2).

Outcome

Three patients (13%) died and four more patients (17%)
had an unfavourable outcome (GOS 3–4). Seventeen pa-
tients (70%) had a moderate to good outcome (GOS 1–2).

Three-month GOS was not correlated to admission
GCS or ISS, but was significantly poorer in group 1 than
in group 2 (3 [1–5] vs. 1 [1–2], p < 0.006) (Fig. 2).
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Fig. 2 Three-month Glasgow Outcome Score in patients with ab-
normal admission TCD (filled columns) and in patients with normal
admission TCD (open columns). 1 Good recovery, 2 moderate dis-
ability, 3 severe disability, 4 vegetative state, 5 dead

Discussion

Using our criteria, 11 (46%) of 24 patients with severe
TBI had an abnormal admission TCD and received
specific treatment to increase cerebral blood flow. After
this treatment TCD measurements were normalized for
all but two patients. When invasive cerebral monitoring
was available, ICP was higher in patients with abnormal
admission TCD than in patients with normal admission
TCD. However CPP and SjvO2 were comparable between
the groups, suggesting that TCD goal-directed therapy
actually targeted patients with the most severely com-
promised cerebral perfusion and reduced the duration of
secondary ischemic injuries.

Only a few data were available on admission TCD
in severe TBI patients when this study was undertaken.
In a series of 121 patients with minor to severe TBI,
admission velocities were related to GCS, and admis-
sion Vm < 28 cm/s correctly predicted 80% of early
deaths [20]. Van Santbrink et al. reported a good cor-
relation between Vm and brain tissue pO2, with the
lowest velocities observed in the first 8 h after trauma and
associated with severity of injury and outcome [21].

The most reliable indicators of low cerebral perfusion
are probably low Vd with high PI. In our study, Vm was
abnormal in only 4 of the 11 patients in group 1 and Vd
and PI were concordant (both normal or both abnormal) in
nearly all patients (21/24 at T0 and 22/24 at T1). Within
autoregulation range, TCD velocities are poorly correlated
with cerebral blood flow [23, 26]. Below autoregulation
range, however, experimental [27] and clinical [22, 23]
studies showed that Vd decreases with CPP more rapidly

than Vm and Vs, with the strongest correlation observed
between CPP and PI [23]. In brain-dead patients, the first
step in cerebral circulatory arrest is a decrease in Vd to-
ward a zero value without significant variation of Vs [28].
In addition, TCD recorded velocities vary with the real
blood velocity according to the cosine of the angle of in-
sonation, but PI is dimensionless and therefore independ-
ent of sampling techniques [17]. An increase in PI confirms
that low velocities are related to an increase in pulse ampli-
tude, not to a high insonation angle. Thus, the use of a low
threshold for Vd associated with an increased PI is highly
predictive of compromised cerebral perfusion.

Recent studies confirmed the value of early PI and Vd
measurements after severe TBI. Trabold et al. reported that
admission Vd < 25 cm/s and PI > 1.3 were associated with
a poor outcome [29]. Voulgaris et al. found a strong corre-
lation between PI and ICP for ICP values > 20 mmHg, and
between PI and CPP for CPP values < 70 mmHg [30]. Fi-
nally, in a series of 78 patients with mild to moderate TBI,
Jaffres et al. observed a significantly higher admission PI
in the subgroup of patients suffering a secondary neurolog-
ical deterioration [31].

Patients with abnormal TCD measurements at admis-
sion (group 1) using our definition comprised patients with
a more severe TBI than patients with normal TCD values
(group 2). Group 1 patients had an ICP 10 mmHg higher
than group 2 patients despite the previous use of mannitol
in five of them. Group 1 patients also had a significantly
lower initial GCS, and six patients in group 1 compared to
only one patient in group 2 had an unfavourable outcome.
Thus, admission TCD, using our thresholds, identifies pa-
tients with an impaired cerebral perfusion associated with
a poorer outcome.

TCD goal-directed therapy permitted improvement of
cerebral perfusion in patients presenting abnormal admis-
sion TCD (group 1). After treatment, all group 1 patients
but two had normalized TCD measurements. Moreover, all
group 1 patients but one had appropriate CPP or SjvO2
values despite an ICP 10 mmHg higher than in group 2.
Because these patients received norepinephrine (with a sig-
nificant effect on MAP) and/or mannitol, it can be assumed
that without these treatments CPP and SjvO2 values would
have been much lower.

We previously reported a group of 27 severe TBI
patients managed without admission TCD [11]. The
time before invasive monitoring was approximately
the same as in the present study. Seven hours after
trauma, 37% of these patients had SjvO2 values below
55%, and 63% had CPP values below 60 mmHg. In
the present study, when invasive cerebral monitoring
was available only 2/24 patients (8.3%) had low SjvO2
values and 2/24 (8.3%) had low CPP, suggesting a ma-
jor improvement in our management due to the early
use of TCD. Regarding the time between admission
and availability of invasive cerebral monitoring in our
hospital, the use of TCD at admission permitted the
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diagnosis and guided treatment of impaired cerebral
perfusion 3 h before invasive cerebral monitoring became
available.

This study had several limitations. Firstly, at admis-
sion, mean PaCO2 was significantly higher in group 2
than in group 1. This difference could partly explain
the higher velocities in group 2 than in group 1. How-
ever, at T1, mean PaCO2 was normalized in group 2
without significant variation of TCD measurements.
Secondly, the thresholds used to define abnormal TCD
in this study were based on few data from the lit-
erature and mainly on our own clinical experience.
Treatment TCD threshold values must be defined
by larger-scale studies. Thirdly, compared with our
previous study [11], we observed an important improve-
ment in first measured invasive cerebral parameters
with the use of admission TCD. However, a random-
ized study with a non-intervention group would be
necessary to definitely prove the usefulness of TCD

goal-directed therapy but also to evaluate its impact on
outcome.

Conclusion

Cerebral perfusion should be estimated as soon as possible
after severe TBI to limit the burden of secondary ischemic
brain injury. TCD is a simple and non-invasive method for
cerebral perfusion evaluation and is particularly accurate
to detect hypoperfusion. Our study confirms that early
TCD permits to identify high-risk patients with impaired
cerebral perfusion and poor outcome. Moreover, our
study suggests that TCD goal-directed therapy improves
cerebral perfusion before availability of invasive cerebral
monitoring and reduces the duration of secondary brain
injuries. Further studies are needed to define optimal treat-
ment TCD threshold values for the initial management of
TBI, and its effect on outcome.
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