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Objective: Hypertensive, hypervolemic, hemodilution therapy
(triple-H therapy) is a generally accepted treatment for cerebral
vasospasm after subarachnoid hemorrhage. However, the particular role of the three components of triple-H therapy remains
controversial. The aim of the study was to investigate the influence of the three arms of triple-H therapy on regional cerebral
blood flow and brain tissue oxygenation.
Design: Animal research and clinical intervention study.
Setting: Surgical intensive care unit of a university hospital.
Subjects and Patients: Experiments were carried out in five
healthy pigs, followed by a clinical investigation of ten patients
with subarachnoid hemorrhage.
Interventions: First, we investigated the effect of the three
components of triple-H therapy under physiologic conditions in an
experimental pig model. In the next step we applied the same
study protocol to patients following aneurysmal subarachnoid
hemorrhage. Mean arterial pressure, intracranial pressure, cerebral perfusion pressure, cardiac output, regional cerebral blood
flow, and brain tissue oxygenation were continuously recorded.
Intrathoracic blood volume and central venous pressure were
measured intermittently. Vasopressors and/or colloids and crystalloids were administered to stepwise establish the three components of triple-H therapy.
Measurements and Main Results: In the animals, neither induced hypertension nor hypervolemia had an effect on intracranial pressure, brain tissue oxygenation, or regional cerebral blood
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flow. In the patient population, induction of hypertension (mean
arterial pressure 143 ⴞ 10 mm Hg) resulted in a significant (p <
.05) increase of regional cerebral blood flow and brain tissue
oxygenation at all observation time points. In contrast, hypervolemia/hemodilution (intrathoracic blood volume index 1123 ⴞ 152
mL/m2) induced only a slight increase of regional cerebral blood
flow while brain tissue oxygenation did not improve. Finally,
triple-H therapy failed to improve regional cerebral blood flow
more than hypertension alone and was characterized by the
drawback that the hypervolemia/hemodilution component reversed the effect of induced hypertension on brain tissue oxygenation.
Conclusions: Vasopressor-induced elevation of mean arterial
pressure caused a significant increase of regional cerebral blood
flow and brain tissue oxygenation in all patients with subarachnoid hemorrhage. Volume expansion resulted in a slight effect on
regional cerebral blood flow only but reversed the effect on brain
tissue oxygenation. In view of the questionable benefit of hypervolemia on regional cerebral blood flow and the negative consequences on brain tissue oxygenation together with the increased
risk of complications, hypervolemic therapy as a part of triple-H
therapy should be applied with utmost caution. (Crit Care Med
2007; 35:1844–1851)
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A

neurysmal subarachnoid hemorrhage (SAH) is a potentially
disastrous illness that leads to
severe disability and a high
mortality rate. One of the most important
determinants of outcome after SAH is
delayed cerebral ischemia from vasospasm (1–3). Studies of cerebral blood
flow (CBF) showed that cerebral vasospasm is associated with reduced CBF
(4 –7). Experimental and clinical studies
suggest that changes in CBF are coupled
to changes in oxygen delivery so that
cerebral hypoperfusion leads to inadequate oxygen delivery capacity (8 –11).
More than 20 yrs ago, hypertensive, hypervolemic, hemodilution therapy was
introduced into clinical care. The socalled “triple-H” therapy improves cerebral perfusion, because the only way to
increase blood flow through the narrowed vessels is to increase perfusion
pressure or to decrease blood viscosity.
Several studies described the effectiveness of triple-H therapy for preventing
neurologic deficits due to cerebral vasospasm (6, 12–15). However, the efficacy
of triple-H therapy has not been proven
in controlled trials. Furthermore, triple-H therapy has serious side effects,
such as pulmonary edema and cardiac
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arrhythmias. Particularly elderly patients
with poor cardiac reserve may not tolerate induced hypertension with vasopressor agents or volume loading (16). Nevertheless, triple-H therapy is widely
accepted in the clinical management of
patients after SAH, mainly because of the
lack of alternative treatment options.
It is unclear which components of the
triple-H therapy are crucial for the treatment of cerebral hypoperfusion and hypoxia. Studies investigating the efficacy of
the three arms of triple-H therapy in
treating cerebral hypoperfusion are rare.
Recent studies have shown that hypervolemia may carry more risks than benefits
(16, 17).
In consideration of the fact that each
component of the triple-H therapy is associated with major medical complications, the effectiveness of the individual
arms of triple-H therapy on cerebral perfusion and oxygenation has to be evaluated.
Therefore, we undertook the present study
to investigate the efficacy of catecholamineinduced arterial hypertension, hypervolemia/hemodilution, and hypervolemic arterial hypertension on intracranial
pressure (ICP), regional CBF (rCBF), and
brain tissue oxygenation (PtiO2). In the
first part of the study, multimodal monitoring was performed in a healthy porcine model under physiologic conditions,
serving as a control with preserved cerebral autoregulation. In the second part of
the study, the experimental protocol was
transferred to the clinical setting and the
three components of triple-H therapy
were investigated in patients after aneurysmal SAH.

MATERIALS AND METHODS
Experimental Part
Animal Preparation. The study was approved by the animal care and use committee
of the local government authorities. Experiments were performed in five healthy female
pigs (34.6 ⫾ 2.3 kg of body weight), and animal preparation was described previously in
detail (18). In brief, anesthesia was induced
using ketamine and midazolam and was maintained by fentanyl and midazolam. Neuromuscular paralysis was achieved by vecuronium
bromide. Animals were tracheotomized and
ventilated in a volume control mode, adjusted
to yield a PaCO2 of 35– 40 mm Hg. FIO2 was set
to 0.4. Positive end-expiratory pressure was
set to 5 cm H2O. After the animal was placed
in the supine position, a central venous catheter, an arterial catheter, and a thermistor
catheter (Pulsiocath PV 2014L13; Pulsion

Medical Systems, Munich, Germany) were
placed. Mean arterial blood pressure (MAP) was
continuously monitored, and cerebral perfusion pressure (CPP) was calculated according
to the following equation: CPP ⫽ MAP ⫺ ICP.
Body temperature was maintained between
36°C and 37°C. A crystalloid solution (5 mL/kg
of body weight/hr) was given continuously.
The animals were turned to the prone position, and an intraparenchymal sensor for ICP
measurement (Codman, Raynham, MA), a polarographic microprobe for PtiO2 recordings
(Licox, Kiel, Germany), and a thermal diffusion rCBF microprobe (Hemedex, Cambridge,
MA) were placed intracerebrally.

Clinical Part
Patient Population. The prospective observational study was approved by the local research ethics committee and institutional review board. Ten patients with aneurysmal SAH
were enrolled in the study. Inclusion criteria
consisted of age 18 –75 yrs, SAH grade II–V
according to the Hunt and Hess classification
(19) and grade III according to the Fischer
scale (20), surgical clip occlusion of a ruptured saccular aneurysm, and informed consent obtained from the patient or their relatives.
Exclusion criteria were congestive heart
failure, electrocardiographic abnormalities,
pulmonary complications, and renal insufficiency. All patients underwent surgical clipping of their anterior circulation aneurysms
on the day of their bleeding. An internal jugular venous catheter and a radial artery catheter were placed directly after admission for
administration of drugs and blood pressure
control. A 4-Fr thermistor catheter (Pulsiocath PV 2014L13) was placed in one femoral
artery for extended hemodynamic monitoring.
At the time of surgery, an external ventricular
catheter was implanted in all patients. Microprobes to measure subcortical rCBF (21) and
PtiO2 (22) were inserted into the vascular territory at risk for developing cerebral vasospasm, defined as the ipsilateral middle cerebral artery territory in patients with a middle
cerebral artery or internal carotid artery aneurysm and in the right anterior communicating artery territory in the case of an anterior
communicating artery aneurysm. Thereafter,
correct probe position was documented by
computed tomography (CT) scanning, and a
stable xenon CT was performed to validate the
rCBF measurements (21, 23). All patients were
maintained in 30° head-up position and were
treated according to a standard treatment protocol, which includes sedation with midazolam and fentanyl and ventilation in a volume
control mode with tidal volume of 6 –7 mL/kg
of body weight. Positive end-expiratory pressure was set to 5 cm H2O, and respiration
rate was adjusted to maintain a PaCO2 of
35– 40 mm Hg.
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Definition of Vasospasm
Transcranial Doppler sonography was performed daily over the temporal bone windows.
If mean blood flow velocity was ⬎120 cm/sec
or increased by ⬎50 cm/sec within 24 hrs,
stable xenon-enhanced CT study and cerebral
angiography were performed. In case of negative transcranial Doppler studies, a stable xenon-enhanced CT study and a cerebral panangiography were routinely performed on day 7
after bleeding. In neurologically assessable patients, vasospasm was defined as delayed ischemic neurologic deficit combined with a stable
xenon-enhanced CT study and angiographically verified vasospasm. In comatose or sedated patients, the definition of vasospasm was
based only on the stable xenon-enhanced CT
study and cerebral angiography. A hemodynamic relevant vasospasm was defined by an
angiographic vessel narrowing ⬎33% in comparison with baseline angiography and a mean
cerebral blood flow of ⬍32 mL/100 g/min
measured by stable xenon CT.

Study Protocol
First, we investigated the effect of the three
components of triple-H therapy on regional
cerebral blood flow and oxygen supply under
physiologic conditions in an experimental pig
model. In the next step we applied the same
study protocol to patients following aneurysmal SAH. In the latter setting, the study protocol was applied on days 1, 3, and 7 after
bleeding. After induction of anesthesia and a
30-min accommodation period, baseline recordings of MAP, ICP, CPP, PtiO2, rCBF, end-tidal
CO2 tension, cardiac output, intrathoracic blood
volume index (ITBVI), extravascular lung water
index (EVLWI), cardiac index (CI), cardiac
function index (CFI), central venous pressure
(CVP), and blood gases were performed. ICP,
CPP, PtiO2, rCBF, end-tidal CO2 tension, and
cardiac output were continuously recorded
with a sampling rate of 10 Hz and were calculated by averaging the data samples acquired
over 90 secs after each stabilization period.
Blood gases, ITBVI, EVLWI, CI, CFI, and CVP
were measured intermittently.
Following the baseline recordings, hypertension was induced by norepinephrine infusion to achieve a MAP ⬎130 mm Hg. Regional
CBF, ICP, and PtiO2 recordings as well as hemodynamic measurements were recorded after monitoring variables had stabilized. Following induced hypertension, norepinephrine
infusion was terminated. When normotension
was reestablished and all other hemodynamic
and cerebral variables returned to baseline values, hypervolemia/hemodilution was induced
by infusion of hydroxyethyl-starch (1000 mL)
and crystalloids (1000 –3000 mL) to achieve
the target ITBVI of ⬎1000 mL/m2. Hemodilution was passively achieved through volume
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expansion when hypervolemia was established. Monitoring of hemodilution was accomplished with repeated blood samples at
baseline and after induction of hypervolemia
and hypertension to check the hemoglobin
values. Measurements were taken after a 10min stabilization period. To achieve hypervolemia/hemodilution and hypertension, norepinephrine was administered additionally to
reach a MAP ⬎130 mm Hg.
In addition to the monitoring variables,
cerebrovascular autoregulation was assessed
by calculating the cerebral autoregulatory index (AI) as the ratio of the percentage change
in rCBF and the corresponding percentage
change in MAP (AI ⫽ ⌬rCBF [%]/⌬MAP[%])
(24).

Statistics
Descriptive statistics, including mean, SD,
and range, were calculated for continuous
variables. Physiologic variables, CBF, and
PtiO2 values are given as mean ⫾ SD. Both
rCBF and PtiO2 are expressed in absolute values or as the difference from baseline readings
that were defined at the beginning of each
experiment. The level of significance was set to
5%. Data analysis was performed using the
statistical analysis system program (version
8.1; SAS Institute, Cary, NC).

RESULTS
Experimental Part
To achieve induced hypertension, MAP
was increased in a stepwise manner by norepinephrine administration from 99.4 ⫾
5.3 mm Hg to 140 ⫾ 6.7 mm Hg (p ⬍ .05).
ITBVI measurements revealed a normovolemic state in all animals (882 ⫾ 57 mL/
m2). After norepinephrine administration
was stopped and normotension was reestablished, hypervolemia was induced by
infusion of fluid boluses (1000 –3000 mL)
to reach an ITBVI of 1260 ⫾ 202 mL/m2
(p ⬍ .05). Induction of hypervolemia resulted only in a slight increase of MAP
from 99.6 ⫾ 23 mm Hg to 108.5 ⫾ 14.7
mm Hg. To induce hypervolemia and hypertension, norepinephrine was administered additionally in the hypervolemic
state and MAP was increased from 108.5 ⫾
14.7 mm Hg to 138.4 ⫾ 15.5 mm Hg (p ⬍
.05). Baseline hemodynamic values measured were CI 4.1 ⫾ 1 L/min/m2, CFI 5.7 ⫾
1 1/min, and EVLWI 9.2 ⫾ 1 mL/m2.
Induced hypervolemia resulted in a significant increase of CVP from 16 ⫾ 4 mm Hg
to 25 ⫾ 6 mm Hg (p ⬍ .05), while all
other variables (CI, CFI, EVLWI) did not
change significantly with induced hyper-

tension and hypervolemia. Neither induced hypertension nor hypervolemia
had an effect on ICP (3.7 ⫾ 2.5 mm
Hg), PtiO2 (19.1 ⫾ 5.6 mm Hg), or rCBF
(32.9 ⫾ 9.6 mL/100 g/min) in the
healthy porcine model. All animals presented with an intact cerebrovascular
autoregulation (AI ⬍0.2).

Patient Characteristics
Ten patients (eight female, two male)
with a mean age of 53 ⫾ 12 yrs (range
32– 67 yrs) had aneurysmal SAH— grade
II–V according to the Hunt and Hess classification (19) and grade III according to
the Fischer scale (20)—were entered into
the study. Aneurysms were located at the
middle cerebral artery (n ⫽ 3), anterior
communicating artery (n ⫽ 5), and pericallosal artery (n ⫽ 2). Angiography, stable
xenon CT studies, and rCBF measurements
revealed the presence of hemodynamically
relevant vasospasm in six of the ten patients
on day 7.

Clinical Part
To induce hypertension, MAP was increased by vasopressors from 95.3 ⫾ 7.2
mm Hg to 143 ⫾ 9.7 mm Hg (p ⬍ .05). At
baseline, all patients were in a normovolemic state (ITBVI 933 ⫾ 117 mL/m2; CVP
14 ⫾ 7 mm Hg). The patients received
1000- to 3000-mL fluid boluses to reach a
hypervolemic state (ITBVI 1123 ⫾ 152
mL/m2; CVP 20 ⫾ 7 mm Hg; p ⬍ .05),
but hypervolemia did not result in an
increase of MAP (96.6 ⫾ 12.1 mm Hg).
The stepwise induced components of triple-H therapy with the corresponding
MAP and ITBVI values are presented in
Figure 1. CI, CFI, and EVLWI remained
unchanged during induced hypertension
and hypervolemia (Fig. 2). As demonstrated in Table 1, induced hypertension
and hypervolemia had a statistically significant impact on ICP. However, ICP elevation was clinically not relevant because the effect on ICP could be treated
by cerebrospinal fluid drainage in all patients. CPP increased as MAP was elevated by vasopressors.
With hypervolemia, the hemoglobin
values decreased from 10.6 ⫾ 1.5 g/dL to
8.6 ⫾ 1.3 g/dL on day 1, from 9.4 ⫾ 0.7
g/dl to 8.1 ⫾ 0.9 g/dL on day 3, and from
9.9 ⫾ 0.9 g/dL to 8.4 ⫾ 0.9 g/dL on day 7.
Mean baseline rCBF on study day 1
was 30.4 ⫾ 19.1 mL/100 g/min. Baseline
rCBF levels were similar on day 3 (34.1 ⫾
14.9 mL/100 g/min) and decreased
Crit Care Med 2007 Vol. 35, No. 8

hypervolemia, PtiO2 remained unchanged
or even decreased slightly. With hypervolemia/hemodilution and hypertension,
no changes in PtiO2 compared with baseline were noted. In summary, the positive
effect of induced arterial hypertension on
PtiO2 was resolved when hypervolemia
was added to the therapy (Fig. 3).
These results prompted us to compose
the AI in healthy animals and patients.
While the AI in animals was in the normal range, it revealed a disturbed cerebrovascular autoregulation for all patients during the study period. The
calculated AI of the patients was 1.6 ⫾ 0.8
on day 1, 1.7 ⫾ 0.7 on day 3, and 1.7 ⫾
0.7 on day 7 of the study period.
Figure 1. The clinical protocol in subarachnoid hemorrhage patients and the measurements of mean
arterial pressure (MAP) and intrathoracic blood volume index (ITBVI) under baseline (bl), induced
hypertension (H), hypervolemic/hemodilution (HH), and hypertensive/hypervolemic/hemodilution
therapy (HHH). Data are expressed as mean ⫾ SD. *p ⬍ .05 vs. baseline in mean arterial pressure;
#p ⬍ .05 in intrathoracic blood volume index.

Figure 2. Hemodynamic measurements in subarachnoid hemorrhage patients showed no effect of
triple-H therapy on cardiac index (CI), cardiac function index (CFI), and extravascular lung volume
index (EVLWI). Central venous pressure (CVP) increased significantly with hypervolemic therapy. Data
are expressed as mean ⫾ SD. *p ⬍ .05 vs. baseline. bl, baseline; H, hypertension; HH, hypervolemia/
hemodilution; HHH, hypervolemia/hemodilution/hypertension.

slightly on study day 7 to 23.1 ⫾ 14.1
mL/100 g/min. An elevation of MAP ⬎130
mm Hg by vasopressors (catecholamineinduced arterial hypertension) resulted in
a statistically significant increase of rCBF
on all observation time points (Fig. 3). In
contrast, changes in rCBF following hypervolemia and hemodilution were rather
moderate (Fig. 3). Induced hypervolemia/
hemodilution combined with arterial hypertension led to a further increase of
rCBF. However, the effect of the three
components of triple-H therapy was staCrit Care Med 2007 Vol. 35, No. 8

tistically significant compared with baseline, but the additional effect of hypervolemia/hemodilution and hypertension
compared with induced hypertension
alone was rather moderate (not significant).
In parallel, vasopressor-induced hypertension induced a significant increase of
PtiO2 on day 1 from 21.3 ⫾ 9.2 to 24.8 ⫾
9.9 mm Hg (p ⬍ .05), on day 3 from 29.3 ⫾
9 to 33.5 ⫾ 9.5 mm Hg (p ⬍ .05), and on
day 7 from 18.2 ⫾ 9.4 to 22.3 ⫾ 10.9 mm
Hg (p ⬍ .05). However, after induction of

DISCUSSION
Since 1976, when Kosnik and Hunt
(25) reported on the reversal of neurologic deficits by use of induced hypertension and hypervolemia in seven patients
who had deteriorated due to vasospasm,
the use of triple-H therapy in the management of patients with cerebral vasospasm after SAH has been widely accepted. However, based on the existing
experimental and clinical data, the efficacy of this therapy remains unproven.
Induced hypertension in combination
with volume expansion is not always effective in reversing neurologic deficits
and may cause intracranial and medical
complications (3, 16, 26). It remains unclear whether all three components of
triple-H therapy optimize brain perfusion.
This is the first human study investigating the three arms of triple-H therapy
with multimodal neuromonitoring, including continuous measurements of regional cerebral blood flow and cerebral
oxygenation. In the first part of the study,
we used a healthy porcine model to investigate the effects of triple-H therapy
on cerebral hemodynamics in subjects
with preserved cerebral autoregulation.
We are aware that an experimental animal control does not further support the
findings of the human study. However,
the results of the experimental part
showed that triple-H therapy does not
lead to changes in rCBF or PtiO2 in
healthy subjects with preserved cerebral
autoregulation. In contrast, patients with
SAH presented with a disturbed cerebral
autoregulation at each study period, including the first day after SAH. As a consequence, rCBF was dependent on MAP
so that rCBF increased with induced hy1847

pertension on days 1, 3, and 7 after bleeding. Our results demonstrate that cerebral autoregulation is disturbed in
patients after SAH from the beginning
and that, therefore, cerebral perfusion is
directly dependent on cerebral perfusion
pressure.
Both the experimental and clinical
parts of our study demonstrate that the
Table 1. Intracranial perfusion pressure (ICP)
and cerebral perfusion pressure (CPP) in patients
with triple-H therapy

Day 1
bl
H
HH
HHH
Day 3
bl
H
HH
HHH
Day 7
bl
H
HH
HHH

ICP

CPP

16.6 ⫾ 8.6
22.9 ⫾ 9.1a
20.8 ⫾ 5.7
26.7 ⫾ 9.2a

79.9 ⫾ 11.4
118.8 ⫾ 13.2
75.5 ⫾ 8.1
118 ⫾ 9.9a

15.5 ⫾ 8.4
18.5 ⫾ 9.4
18.8 ⫾ 5.2a
25.6 ⫾ 6.8a

82.3 ⫾ 9.4
129.6 ⫾ 12.9
80.1 ⫾ 13.7
118.9 ⫾ 9.5

15.4 ⫾ 7.1
19.2 ⫾ 7.6
17.3 ⫾ 4
22.5 ⫾ 6.3a

76.3 ⫾ 10.5
120.1 ⫾ 9.5
68.6 ⫾ 28.8
104.4 ⫾ 40.4

bl, baseline; H, hypertension; HH, hypervolemia/hemodilution; HHH, hypervolemia/hemodilution/hypertension.
a
p ⬍ .05. Data are mean ⫾ SD mm Hg.

stepwise investigation of triple-H therapy—including a) induced hypertension;
b) induced hypervolemia with accompanying hemodilution; and c) added induced hypertension to the hypervolemic
state—is a practicable method. The hemodynamic measurements show that
guidance of volume therapy with pulse
contour cardiac output monitoring is a
feasible method to optimize hemodynamics and to achieve therapeutic goals under control of cardiopulmonary complications (27).

Induced Hypertension
There are several reports on the effectiveness of induced hypertensive therapy
to prevent vasospasm-related delayed
ischemic neurologic deficit and infarcts.
Most studies focused on the reversal of
vasospasm-related deficits, and only a few
investigated the direct effects of induced
hypertension on CBF (4, 6, 7, 28, 29).
Studying the effect of dopamine- or phenylephrine-induced hypertension, the authors reported on a drug-induced improvement of rCBF in ischemic regions
in patients with SAH (4, 6, 7, 28). Darby
et al. (28) could not observe changes in
global CBF, and Joseph et al. (17) demonstrated a MAP-dependent increase of
CBF only in the setting of vasospasm.

In our study, we observed a MAPdependent increase of rCBF in all patients. The observed improvement of
rCBF with induced hypertension is likely
to be a result of the impaired autoregulation, so that CBF increases passively
following the elevation of cerebral perfusion pressure. Due to technical limitations of the regional CBF monitoring
method, we were not able to elucidate the
effects of induced hypertension on different cerebral regions in a patient. Although MAP was elevated with induced
hypertension alone to the same level
(mean 143 mm Hg) as with the combination of hypervolemia/hemodilution and
induced hypertension by norepinephrine,
the greatest increase in rCBF was
achieved with hypervolemia/hemodilution and hypertension. One possible explanation might be the reduced hematocrit and blood viscosity that have been
demonstrated in experimental settings to
correlate inversely with cortical blood
flow and lead to a reduced cortical vascular resistance (30). On the other hand,
the further increase in rCBF by hypervolemic/hemodilution hypertension did not
lead to an improvement in PtiO2 compared with hypertension alone. This
might be due to a reduced oxygen delivery in the setting of hypervolemia and

Figure 3. Effects of vasopressor-induced hypertension (H), induced hypervolemia/hemodilution (HH), and hypertensive/hypervolemic/hemodilution therapy
(HHH) on regional cerebral blood flow (rCBF) and brain tissue oxygenation (PtiO2) in patients 1, 3, and 7 days following aneurysmal subarachnoid
hemorrhage. Data are presented as the difference from baseline (⌬) in mL/100 g/min (rCBF) and mm Hg (PtiO2). Data are expressed as mean ⫾ SD.
*p ⬍ .05.
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reduced hematocrit. One of the major
findings of our study is that the best
effect on rCBF was achieved with induced
hypertension and additional institution of
hypervolemia, but the beneficial effects of
induced hypertension on PtiO2 were reversed when hypervolemia was added.

Induced Hypervolemia/
Hemodilution
Hypervolemia and hemodilution are
probably the most controversial parts of
triple-H therapy. In theory, hemodilution
achieved by volume expansion may prevent cerebral ischemia by increasing cardiac filling pressures and cardiac output,
which elevates blood pressure and cerebral blood flow (31, 32). Furthermore,
volume expansion may improve CBF, especially the microcirculation of ischemic
regions independent of perfusion pressure, by lowering blood viscosity and decreasing cerebrovascular resistance, leading to improved blood rheology (33–35).
Indeed, uncontrolled case series have reported on a reduced incidence of delayed
ischemia and an improved clinical outcome after SAH with hypervolemic therapy (12, 36, 37). However, the results of
clinical investigations are conflicting, as
there also exist a number of studies showing no additional benefit from hypervolemic therapy (17, 38, 39). Hypervolemic
therapy may carry more risks than benefits because initiation of hypervolemia is
associated with significant side effects,
including cardiac failure, electrolyte abnormalities, cerebral edema, and bleeding abnormalities (15, 16). Furthermore,
Lennihan et al. (39) demonstrated that
the fluid management is associated with
higher costs.
There are conflicting results in the
literature concerning the effect of hypervolemic therapy on CBF. Increases (33),
decreases (40), and no changes (39) in
cerebral blood flow have been reported
after hypervolemic therapy. Lennihan et
al. (39) investigated the effect of prophylactic hypervolemic therapy on CBF in 82
SAH patients and reported neither an increased regional CBF with hypervolemic
therapy nor a difference in mean global
CBF values between the hypervolemic
and normovolemic subjects. Using a xenon blood flow tomography-based system, Joseph et al. (17) showed that hypervolemia does not increase CBF.
Furthermore, in a clinical series, Ekelund
et al. (41) demonstrated no effect of hypervolemic therapy on rCBF and a proCrit Care Med 2007 Vol. 35, No. 8

nounced reduction in oxygen delivery capacity.
The main difference between the older
investigations reporting on a successful
use of hypervolemic therapy and the
newer publications showing no effect of
hypervolemia is the volume status of the
patients. Formerly, SAH patients were
kept rather dehydrated and volume status
was not monitored consequently. Today,
the hypovolemic state of SAH patients
and its associated increased risk of developing delayed ischemic neurologic deficit
are well known, and restoration of normovolemia has become an integral part
in the management of SAH patients.
Since our patients were in a normovolemic state at baseline, the volume expansion did not further increase CFI or
MAP, reflecting the relationship between
cardiac output and left ventricular preload, where increasing left ventricular
preload is more effective in increasing
cardiac output at low values of left ventricular preload than at high values (42).
In our study, volume expansion from
normovolemia to hypervolemia monitored by ITBVI and CVP resulted in a
slight increase of rCBF on all observation
time points. However, the elevated rCBF
did not result in an improved cerebral
oxygenation measured by PtiO2 monitoring. Furthermore, PtiO2 decreased with
hypervolemic therapy, possibly due to hemodilution and the accompanying decrease of hemoglobin. The PtiO2 decrease
we observed is likely a direct effect of the
reduced oxygen delivery, since other variables that may affect PtiO2, such as FIO2
and arterial oxygen saturation, did not
change and CPP increased with volume
load.
Several experimental studies have
demonstrated that isovolemic hemodilution results in a significant reduction in
blood viscosity that correlated almost linearly with the decrease in hematocrit and
that isovolemic hemodilution can improve cerebral blood flow (43– 47). However, when hematocrit is reduced to
⬍30%, insufficient oxygen delivery to the
brain may promote ischemia (47). On the
basis of the current literature, hematocrit
levels between 30% and 35% corresponding to hemoglobin of 10 –12 g/dL are recommended by most authors (48). Usually
the hematocrit of SAH patients is in this
range after restoration of a normovolemic state and after aneurysm surgery. In
our study, hemoglobin levels decreased
with hypervolemic therapy ⬍10 g/dL,
which indicated hematocrit levels ⬍30%.

Studies investigating the effect of different hemoglobin levels on PtiO2 and their
consequences on local oxygen delivery to
ischemic cerebral tissues are rare. Several studies in nonneurosurgical patients
demonstrated that a selective increase in
oxygen delivery by augmentation of red
blood cell transfusion and oxygencarrying capacity did not improve tissue
oxygen utilization (49, 50). Smith and
coworkers (51) investigated the effect of
packed red blood cell transfusion on PtiO2
in patients with SAH and traumatic brain
injury. They observed an increase of PtiO2
in 74% and a decrease in the remaining
26% of the patients with an associated
significant increase in hemoglobin and
hematocrit. Irrespective of the legitimate
considerations regarding the several limitations of this study, their results imply
that PtiO2 monitoring may be considered
as a red blood cell transfusion trigger to
correct cerebral hypoxia. In our study we
could demonstrate that hypervolemic
therapy leads to a slight increase in rCBF,
but improvement of rCBF did not result
in an improved local cerebral oxygenation. We are aware that brain tissue
monitoring carries several methodological limitations and that the relationships
between brain oxygen tension and other
physiologic variables, such as MAP, CPP,
CBF, and FIO2, have to be investigated in
further studies. However, PtiO2 reflects
cerebral oxygen concentration, and in
combination with rCBF monitoring, integrated in a multimodal neuromonitoring system, it provides the best possible
monitoring to guide treatment protocols
at the time (52). In summary, our results
support the current evidence that hypervolemic therapy as a part of triple-H therapy does not add any benefit. Further
research has to clarify if hypervolemic
therapy without an accompanying decrease in hematocrit and hemoglobin will
lead to beneficial effects on both rCBF
and PtiO2.

Limitations
One major limitation of this study is
the nonrandomized, observational protocol. Our intention was to evaluate the
three arms of triple-H therapy in a clinical setting and to demonstrate that the
applied therapeutic maneuvers should be
monitored carefully for their effectiveness. It was not our intention to perform
a randomized outcome study. We are
aware that the study protocol does not
represent triple-H therapy over a longer
1849

period of time. For that reason, we could
evaluate neither cerebral hemodynamics
over a longer time period nor the consequences of sustained hypervolemia or vasopressor administration. Furthermore,
we could not observe different effects of
triple-H therapy on rCBF between patients with and without vasospasm or between vasospastic and nonvasospastic
hemispheres. This is likely a result of the
small sample size and the high variations
in rCBF values in the patients. However,
we believe that our data demonstrate impressively that triple-H therapy should
only be performed under online monitoring of several cerebral and hemodynamic
variables so that in the future, we hope,
more data over longer time periods will
be available. Due to the short time periods that triple-H therapy was performed
in most of our patients and possibly due
to careful monitoring, no therapy-related
complications were observed. The adverse effects often reported for hypervolemic therapy, like pulmonary edema and
fluid overload, could be minimized by
adequate hemodynamic monitoring with
the pulse contour cardiac output monitor, which provides exact information on
intravascular volumes and extravascular
lung water to help titrate the fluid management.
In this study, the achieved MAP for
hypertensive therapy was aggressively
high. We chose this high MAP because of
methodological reasons. Of course, lower
MAP levels might be sufficient to increase
CBF in most patients, but there remains
the question to which level MAP should
be elevated to provide adequate cerebral
perfusion. As demonstrated in our study,
the optimal level of hypertension can
only be evaluated by CBF monitoring.

CONCLUSIONS
Vasopressor-induced elevation of MAP
causes a significant increase of cerebral
perfusion and cerebral oxygenation in
SAH patients. While volume expansion
results in an increase of cerebral perfusion, hypervolemia reverses the hypertension-induced benefit on PtiO2. In view
of the questionable effect of hypervolemia
on brain tissue oxygenation and the increased risk of complications, hypervolemic therapy should be applied with utmost caution in SAH patients. The results
of our study further support the important value of CBF and PtiO2 measurements to prove the response to therapeu1850

tic interventions employed for the
treatment of SAH patients.
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