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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 partic-
ular role of the three components of triple-H therapy remains
controversial. The aim of the study was to investigate the influ-
ence 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, cere-
bral 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 crys-
talloids were administered to stepwise establish the three com-
ponents of triple-H therapy.

Measurements and Main Results: In the animals, neither in-
duced hypertension nor hypervolemia had an effect on intracra-
nial pressure, brain tissue oxygenation, or regional cerebral blood

flow. In the patient population, induction of hypertension (mean
arterial pressure 143 � 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, hypervol-
emia/hemodilution (intrathoracic blood volume index 1123 � 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 re-
versed the effect of induced hypertension on brain tissue oxygen-
ation.

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 subarach-
noid 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 hyper-
volemia on regional cerebral blood flow and the negative conse-
quences 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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Aneurysmal subarachnoid hem-
orrhage (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 vaso-
spasm (1–3). Studies of cerebral blood
flow (CBF) showed that cerebral vaso-
spasm 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 inade-
quate oxygen delivery capacity (8–11).
More than 20 yrs ago, hypertensive, hy-
pervolemic, hemodilution therapy was
introduced into clinical care. The so-
called “triple-H” therapy improves cere-
bral perfusion, because the only way to
increase blood flow through the nar-
rowed vessels is to increase perfusion
pressure or to decrease blood viscosity.
Several studies described the effective-
ness of triple-H therapy for preventing
neurologic deficits due to cerebral vaso-
spasm (6, 12–15). However, the efficacy
of triple-H therapy has not been proven
in controlled trials. Furthermore, tri-
ple-H therapy has serious side effects,
such as pulmonary edema and cardiac

arrhythmias. Particularly elderly patients
with poor cardiac reserve may not toler-
ate induced hypertension with vasopres-
sor agents or volume loading (16). Nev-
ertheless, 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 treat-
ment of cerebral hypoperfusion and hyp-
oxia. Studies investigating the efficacy of
the three arms of triple-H therapy in
treating cerebral hypoperfusion are rare.
Recent studies have shown that hypervol-
emia may carry more risks than benefits
(16, 17).

In consideration of the fact that each
component of the triple-H therapy is as-
sociated with major medical complica-
tions, the effectiveness of the individual
arms of triple-H therapy on cerebral perfu-
sion and oxygenation has to be evaluated.
Therefore, we undertook the present study
to investigate the efficacy of catecholamine-
induced arterial hypertension, hypervol-
emia/hemodilution, and hypervolemic ar-
terial hypertension on intracranial
pressure (ICP), regional CBF (rCBF), and
brain tissue oxygenation (PtiO2). In the
first part of the study, multimodal mon-
itoring was performed in a healthy por-
cine model under physiologic conditions,
serving as a control with preserved cere-
bral 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 aneu-
rysmal SAH.

MATERIALS AND METHODS

Experimental Part

Animal Preparation. The study was ap-
proved by the animal care and use committee
of the local government authorities. Experi-
ments were performed in five healthy female
pigs (34.6 � 2.3 kg of body weight), and ani-
mal preparation was described previously in
detail (18). In brief, anesthesia was induced
using ketamine and midazolam and was main-
tained by fentanyl and midazolam. Neuromus-
cular 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 cath-
eter, 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 perfu-
sion 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 posi-
tion, and an intraparenchymal sensor for ICP
measurement (Codman, Raynham, MA), a po-
larographic microprobe for PtiO2 recordings
(Licox, Kiel, Germany), and a thermal diffu-
sion rCBF microprobe (Hemedex, Cambridge,
MA) were placed intracerebrally.

Clinical Part

Patient Population. The prospective obser-
vational study was approved by the local re-
search ethics committee and institutional re-
view 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 rup-
tured saccular aneurysm, and informed con-
sent obtained from the patient or their rela-
tives.

Exclusion criteria were congestive heart
failure, electrocardiographic abnormalities,
pulmonary complications, and renal insuffi-
ciency. All patients underwent surgical clip-
ping of their anterior circulation aneurysms
on the day of their bleeding. An internal jug-
ular venous catheter and a radial artery cath-
eter were placed directly after admission for
administration of drugs and blood pressure
control. A 4-Fr thermistor catheter (Pulsio-
cath 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. Micro-
probes to measure subcortical rCBF (21) and
PtiO2 (22) were inserted into the vascular ter-
ritory at risk for developing cerebral vaso-
spasm, defined as the ipsilateral middle cere-
bral artery territory in patients with a middle
cerebral artery or internal carotid artery an-
eurysm and in the right anterior communicat-
ing 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 pro-
tocol, which includes sedation with midazo-
lam and fentanyl and ventilation in a volume
control mode with tidal volume of 6–7 mL/kg
of body weight. Positive end-expiratory pres-
sure 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 per-
formed 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 nega-
tive transcranial Doppler studies, a stable xe-
non-enhanced CT study and a cerebral panan-
giography were routinely performed on day 7
after bleeding. In neurologically assessable pa-
tients, vasospasm was defined as delayed isch-
emic neurologic deficit combined with a stable
xenon-enhanced CT study and angiographi-
cally verified vasospasm. In comatose or se-
dated patients, the definition of vasospasm was
based only on the stable xenon-enhanced CT
study and cerebral angiography. A hemody-
namic relevant vasospasm was defined by an
angiographic vessel narrowing �33% in com-
parison 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 aneurys-
mal SAH. In the latter setting, the study pro-
tocol was applied on days 1, 3, and 7 after
bleeding. After induction of anesthesia and a
30-min accommodation period, baseline record-
ings 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 calcu-
lated 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, hyper-
tension was induced by norepinephrine infu-
sion to achieve a MAP �130 mm Hg. Regional
CBF, ICP, and PtiO2 recordings as well as he-
modynamic measurements were recorded af-
ter monitoring variables had stabilized. Fol-
lowing induced hypertension, norepinephrine
infusion was terminated. When normotension
was reestablished and all other hemodynamic
and cerebral variables returned to baseline val-
ues, 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. Hemodilu-
tion was passively achieved through volume

expansion when hypervolemia was estab-
lished. Monitoring of hemodilution was ac-
complished with repeated blood samples at
baseline and after induction of hypervolemia
and hypertension to check the hemoglobin
values. Measurements were taken after a 10-
min stabilization period. To achieve hypervol-
emia/hemodilution and hypertension, norepi-
nephrine 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 in-
dex (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 val-
ues 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 nor-
epinephrine administration from 99.4 �
5.3 mm Hg to 140 � 6.7 mm Hg (p � .05).
ITBVI measurements revealed a normovol-
emic state in all animals (882 � 57 mL/
m2). After norepinephrine administration
was stopped and normotension was rees-
tablished, 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 re-
sulted only in a slight increase of MAP
from 99.6 � 23 mm Hg to 108.5 � 14.7
mm Hg. To induce hypervolemia and hy-
pertension, norepinephrine was adminis-
tered 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 mea-
sured 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 signif-
icant 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 in-
duced 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 pre-
sented 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 clas-
sification (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 peri-
callosal 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 in-
creased by vasopressors from 95.3 � 7.2
mm Hg to 143 � 9.7 mm Hg (p � .05). At
baseline, all patients were in a normovol-
emic 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 tri-
ple-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 demon-
strated in Table 1, induced hypertension
and hypervolemia had a statistically sig-
nificant impact on ICP. However, ICP el-
evation was clinically not relevant be-
cause the effect on ICP could be treated
by cerebrospinal fluid drainage in all pa-
tients. CPP increased as MAP was ele-
vated 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
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slightly on study day 7 to 23.1 � 14.1
mL/100 g/min. An elevation of MAP �130
mm Hg by vasopressors (catecholamine-
induced arterial hypertension) resulted in
a statistically significant increase of rCBF
on all observation time points (Fig. 3). In
contrast, changes in rCBF following hy-
pervolemia and hemodilution were rather
moderate (Fig. 3). Induced hypervolemia/
hemodilution combined with arterial hy-
pertension led to a further increase of
rCBF. However, the effect of the three
components of triple-H therapy was sta-

tistically significant compared with base-
line, but the additional effect of hypervol-
emia/hemodilution and hypertension
compared with induced hypertension
alone was rather moderate (not signifi-
cant).

In parallel, vasopressor-induced hyper-
tension 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

hypervolemia, PtiO2 remained unchanged
or even decreased slightly. With hyper-
volemia/hemodilution and hypertension,
no changes in PtiO2 compared with base-
line 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 nor-
mal range, it revealed a disturbed cere-
brovascular autoregulation for all pa-
tients 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.

DISCUSSION

Since 1976, when Kosnik and Hunt
(25) reported on the reversal of neuro-
logic deficits by use of induced hyperten-
sion and hypervolemia in seven patients
who had deteriorated due to vasospasm,
the use of triple-H therapy in the man-
agement of patients with cerebral vaso-
spasm after SAH has been widely ac-
cepted. However, based on the existing
experimental and clinical data, the effi-
cacy of this therapy remains unproven.
Induced hypertension in combination
with volume expansion is not always ef-
fective in reversing neurologic deficits
and may cause intracranial and medical
complications (3, 16, 26). It remains un-
clear whether all three components of
triple-H therapy optimize brain perfu-
sion.

This is the first human study investi-
gating the three arms of triple-H therapy
with multimodal neuromonitoring, in-
cluding continuous measurements of re-
gional cerebral blood flow and cerebral
oxygenation. In the first part of the study,
we used a healthy porcine model to in-
vestigate the effects of triple-H therapy
on cerebral hemodynamics in subjects
with preserved cerebral autoregulation.
We are aware that an experimental ani-
mal 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, in-
cluding the first day after SAH. As a con-
sequence, rCBF was dependent on MAP
so that rCBF increased with induced hy-

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.
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pertension on days 1, 3, and 7 after bleed-
ing. Our results demonstrate that cere-
bral 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

stepwise investigation of triple-H thera-
py—including a) induced hypertension;
b) induced hypervolemia with accompa-
nying hemodilution; and c) added in-
duced hypertension to the hypervolemic
state—is a practicable method. The he-
modynamic measurements show that
guidance of volume therapy with pulse
contour cardiac output monitoring is a
feasible method to optimize hemodynam-
ics and to achieve therapeutic goals un-
der control of cardiopulmonary compli-
cations (27).

Induced Hypertension

There are several reports on the effec-
tiveness 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 phen-
ylephrine-induced hypertension, the au-
thors reported on a drug-induced im-
provement 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) dem-
onstrated a MAP-dependent increase of
CBF only in the setting of vasospasm.

In our study, we observed a MAP-
dependent increase of rCBF in all pa-
tients. The observed improvement of
rCBF with induced hypertension is likely
to be a result of the impaired autoregu-
lation, so that CBF increases passively
following the elevation of cerebral perfu-
sion pressure. Due to technical limita-
tions of the regional CBF monitoring
method, we were not able to elucidate the
effects of induced hypertension on differ-
ent cerebral regions in a patient. Al-
though MAP was elevated with induced
hypertension alone to the same level
(mean 143 mm Hg) as with the combina-
tion of hypervolemia/hemodilution and
induced hypertension by norepinephrine,
the greatest increase in rCBF was
achieved with hypervolemia/hemodilu-
tion and hypertension. One possible ex-
planation might be the reduced hemato-
crit and blood viscosity that have been
demonstrated in experimental settings to
correlate inversely with cortical blood
flow and lead to a reduced cortical vascu-
lar resistance (30). On the other hand,
the further increase in rCBF by hypervo-
lemic/hemodilution hypertension did not
lead to an improvement in PtiO2 com-
pared with hypertension alone. This
might be due to a reduced oxygen deliv-
ery in the setting of hypervolemia and

Table 1. Intracranial perfusion pressure (ICP)
and cerebral perfusion pressure (CPP) in patients
with triple-H therapy

ICP CPP

Day 1
bl 16.6 � 8.6 79.9 � 11.4
H 22.9 � 9.1a 118.8 � 13.2
HH 20.8 � 5.7 75.5 � 8.1
HHH 26.7 � 9.2a 118 � 9.9a

Day 3
bl 15.5 � 8.4 82.3 � 9.4
H 18.5 � 9.4 129.6 � 12.9
HH 18.8 � 5.2a 80.1 � 13.7
HHH 25.6 � 6.8a 118.9 � 9.5

Day 7
bl 15.4 � 7.1 76.3 � 10.5
H 19.2 � 7.6 120.1 � 9.5
HH 17.3 � 4 68.6 � 28.8
HHH 22.5 � 6.3a 104.4 � 40.4

bl, baseline; H, hypertension; HH, hypervol-
emia/hemodilution; HHH, hypervolemia/he-
modilution/hypertension.

ap � .05. Data are mean � SD mm Hg.

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 re-
versed 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 pre-
vent cerebral ischemia by increasing car-
diac filling pressures and cardiac output,
which elevates blood pressure and cere-
bral blood flow (31, 32). Furthermore,
volume expansion may improve CBF, es-
pecially the microcirculation of ischemic
regions independent of perfusion pres-
sure, by lowering blood viscosity and de-
creasing cerebrovascular resistance, lead-
ing to improved blood rheology (33–35).
Indeed, uncontrolled case series have re-
ported on a reduced incidence of delayed
ischemia and an improved clinical out-
come after SAH with hypervolemic ther-
apy (12, 36, 37). However, the results of
clinical investigations are conflicting, as
there also exist a number of studies show-
ing no additional benefit from hypervole-
mic therapy (17, 38, 39). Hypervolemic
therapy may carry more risks than bene-
fits because initiation of hypervolemia is
associated with significant side effects,
including cardiac failure, electrolyte ab-
normalities, cerebral edema, and bleed-
ing 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 hyper-
volemic 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 prophy-
lactic hypervolemic therapy on CBF in 82
SAH patients and reported neither an in-
creased regional CBF with hypervolemic
therapy nor a difference in mean global
CBF values between the hypervolemic
and normovolemic subjects. Using a xe-
non blood flow tomography-based sys-
tem, Joseph et al. (17) showed that hy-
pervolemia does not increase CBF.
Furthermore, in a clinical series, Ekelund
et al. (41) demonstrated no effect of hy-
pervolemic therapy on rCBF and a pro-

nounced reduction in oxygen delivery ca-
pacity.

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 devel-
oping delayed ischemic neurologic deficit
are well known, and restoration of nor-
movolemia has become an integral part
in the management of SAH patients.

Since our patients were in a normo-
volemic state at baseline, the volume ex-
pansion did not further increase CFI or
MAP, reflecting the relationship between
cardiac output and left ventricular pre-
load, where increasing left ventricular
preload is more effective in increasing
cardiac output at low values of left ven-
tricular preload than at high values (42).

In our study, volume expansion from
normovolemia to hypervolemia moni-
tored 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 monitor-
ing. Furthermore, PtiO2 decreased with
hypervolemic therapy, possibly due to he-
modilution and the accompanying de-
crease of hemoglobin. The PtiO2 decrease
we observed is likely a direct effect of the
reduced oxygen delivery, since other vari-
ables 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 hemodilu-
tion results in a significant reduction in
blood viscosity that correlated almost lin-
early with the decrease in hematocrit and
that isovolemic hemodilution can im-
prove cerebral blood flow (43–47). How-
ever, 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% correspond-
ing to hemoglobin of 10–12 g/dL are rec-
ommended by most authors (48). Usually
the hematocrit of SAH patients is in this
range after restoration of a normovol-
emic 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 differ-
ent hemoglobin levels on PtiO2 and their
consequences on local oxygen delivery to
ischemic cerebral tissues are rare. Sev-
eral studies in nonneurosurgical patients
demonstrated that a selective increase in
oxygen delivery by augmentation of red
blood cell transfusion and oxygen-
carrying 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 lim-
itations 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 oxygen-
ation. We are aware that brain tissue
monitoring carries several methodologi-
cal 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, in-
tegrated in a multimodal neuromonitor-
ing system, it provides the best possible
monitoring to guide treatment protocols
at the time (52). In summary, our results
support the current evidence that hyper-
volemic therapy as a part of triple-H ther-
apy does not add any benefit. Further
research has to clarify if hypervolemic
therapy without an accompanying de-
crease 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 proto-
col. Our intention was to evaluate the
three arms of triple-H therapy in a clini-
cal setting and to demonstrate that the
applied therapeutic maneuvers should be
monitored carefully for their effective-
ness. 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
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period of time. For that reason, we could
evaluate neither cerebral hemodynamics
over a longer time period nor the conse-
quences of sustained hypervolemia or va-
sopressor administration. Furthermore,
we could not observe different effects of
triple-H therapy on rCBF between pa-
tients with and without vasospasm or be-
tween 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 im-
pressively that triple-H therapy should
only be performed under online monitor-
ing 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 peri-
ods that triple-H therapy was performed
in most of our patients and possibly due
to careful monitoring, no therapy-related
complications were observed. The ad-
verse effects often reported for hypervo-
lemic therapy, like pulmonary edema and
fluid overload, could be minimized by
adequate hemodynamic monitoring with
the pulse contour cardiac output moni-
tor, which provides exact information on
intravascular volumes and extravascular
lung water to help titrate the fluid man-
agement.

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 perfu-
sion, hypervolemia reverses the hyper-
tension-induced benefit on PtiO2. In view
of the questionable effect of hypervolemia
on brain tissue oxygenation and the in-
creased risk of complications, hypervole-
mic therapy should be applied with ut-
most caution in SAH patients. The results
of our study further support the impor-
tant value of CBF and PtiO2 measure-
ments to prove the response to therapeu-

tic interventions employed for the
treatment of SAH patients.
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