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Abstract

Background: Resection of cerebral arteriovenous malformations (AVM) is technically demanding because of size,
eloquent location or diffuse nidus. Controlled arterial hypotension (CAH) could facilitate haemostasis. We performed
a study to characterize the duration and degree of CAH and to investigate its association with blood loss and
outcome.

Methods: We retrospectively analysed intraoperative arterial blood pressure of 56 patients that underwent AVM-
resection performed by the same neurosurgeon between 2003 and 2012. Degree of CAH, AVM size, grading and
neurological outcome were studied. Patients were divided into two groups, depending on whether CAH was
performed (hypotension group) or not (control group).

Results: The hypotension group consisted of 28 patients, which presented with riskier to treat AVMs and a higher
Spetzler-Martin grading. CAH was achieved by application of urapidil, increasing anaesthetic depth or a
combination thereof. Systolic and mean arterial blood pressure were lowered to 82 ± 7 and 57 ± 7 mmHg,
respectively, for a median duration of 58 min [25% percentile: 26 min.; 75% percentile: 107 min]. In the hypotension
group, duration of surgery (4.4 ± 1.3 h) was significantly (p < 0.001) longer, and median blood loss (500 ml) was
significantly (p = 0.002) higher than in the control group (3.3 ± 0.9 h and 200 ml, respectively). No case fatalities
occurred. CAH was associated with a higher amount of postoperative neurological deficits.

Conclusions: Whether CAH caused neurological deficits or prevented worse outcomes could be clarified by a
prospective randomised study, which is regarded as ethically problematic in the context of bleeding. CAH should
only be used after strict indication and should be applied as mild and short as possible.

Keywords: Blood loss, surgical, Controlled hypotension, Intracranial Arteriovenous malformations, Neurosurgery,
Urapidil
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Background
Blood flow through a vessel is determined by both
perfusion pressure and vessel diameter. Whenever a
vessel is injured by surgery, it will be occluded by co-
agulation, ligation or clipping. However, some vessels
cannot be occluded immediately which could result in
profound blood loss. In these instances, a lowering of
perfusion pressure will reduce blood loss and allows
the surgeon a better view (and control) of the bleed-
ing source. As a consequence, controlled arterial
hypotension (CAH), defined as a lowering of arterial
blood pressure (ABP) by pharmacologic measures, is
an established procedure [15] in ophthalmic, ear,
endoscopic or vascular surgery.
For cerebral vessels, the pathophysiology is at least

partially different, since cerebral autoregulation will
maintain cerebral blood flow (CBF) despite lowering of
arterial blood pressure. Only if ABP drops below the
lower threshold of cerebral autoregulation, then CBF will
decrease and blood loss through an injured cerebral ves-
sel will be reduced. Anaesthesia affects cerebral autoreg-
ulation depending on the hypnotic drugs used: It is
maintained during propofol anaesthesia but impaired
when using volatile anaesthetics in a dose depending
fashion: While cerebral autoregulation is preserved dur-
ing concentrations up to 1 MAC, it is impaired at higher
concentrations (> 1.5 MAC) [32].
Cerebral arteriovenous malformations (AVM) are

vascular abnormalities characterized by a direct con-
nection via pathological vessels between arteries and
veins without a normal interposed capillary bed.
Therefore, vessel resistance is reduced resulting in a
low perfusion pressure but high blood flow through
the AVM. The autoregulatory curve of the adjacent
brain tissue is shifted to the left [15, 22] to compen-
sate for the reduction in perfusion pressure and to
prevent cerebral ischemia.
The different anatomical structure of AVMs makes

them fragile and difficult or impossible to occlude by
coagulation. In addition, cerebral autoregulation is ab-
sent in these vessels, which makes controlled arterial
hypotension an effective measure to reduce blood
flow and blood loss during AVM resection [14, 15,
17, 24]. While CAH might be helpful to control blood
loss during surgery, it may cause harm especially
when ABP drops below the lower limit of cerebral
autoregulation leading to cerebral ischemia and neur-
onal damage [24].
There is a gap of knowledge about what degree of

CAH can be considered safe. Therefore, we analysed the
extent of the reduction in blood pressure, as primary ob-
jective. Secondary objectives were the duration of CAH,
the methods used to induce and terminate CAH, blood
loss and neurological outcome. We hypothesized, that

the application of CAH does not impair the neurological
outcome.

Methods
All patients who ever harboured an AVM that was re-
moved by the senior neurosurgeon (J.S.) at our institu-
tion between 1990 and 2012 were included. Patients for
whom no anaesthetic protocol was available were ex-
cluded. Based on the anaesthesia records, the intraopera-
tive course of ABP, blood loss, duration of surgery and
the methods used to induce, maintain and terminate
CAH were studied. Additional information with respect
to clinical presentation on admission, AVM characteris-
tics according to the Spetzler-Martin Grading [35], and
outcome specified by the modified Rankin Scale (mRS)
[28] were retrieved from the local AVM database.
Either a balanced or a total intravenous anaesthesia

was performed. All patients received cis-atracurium and
remifentanil for muscle relaxation and antinociception,
respectively. Patients were intubated and mechanically
ventilated. Arterial blood pressure was determined inva-
sively by a radial arterial line, which was referenced to
the level of the right cardiac atrium. Any substantial
blood loss was replaced by packed red blood cells, and
haemoglobin concentration was determined via arterial
blood gas analysis whenever it was deemed necessary.
The details of the surgical technique are described else-
where [30]. The neurosurgeon expressed the wish for
CAH, usually because of expected difficulties, sometimes
because of unexpected severe bleeding. Criteria used by
the surgeon to wish for CAH were large size of nidus,
high flow AVMs as deducted from the size of feeders,
and diffuse periphery of the nidus, i.e. not well-
demarcated borders to the healthy brain tissue, or a
combination of these three factors. The neuroanaesthe-
tist then discussed with the surgeon whether pre-
existing conditions or special circumstances spoke
against CAH. Finally, the anaesthetist and the neurosur-
geon made a team decision and determined the degree
of CAH, i.e. the target ABP as well as the start and end
time of CAH. Usually, this decision for CAH was made
before the start of surgery and discussed at the begin-
ning of the operation. Depending on the team’s decision,
patients were assigned to the hypotension or control
group, respectively. The choice of the agents used to in-
duce, maintain and terminate CAH was at the discretion
of the anaesthesiologist. By definition, CAH started as
soon as a drop in ABP was visible in the anaesthesia rec-
ord and ended, when ABP rose above the lowered level.
The target ABP to be achieved during the CAH-period
was documented in the anaesthesia record. If the blood
pressure was lowered but the target value - for whatever
reason - was not reached, the patient was still left in the
hypotension group.
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The patient records were searched for evidence of
acute renal failure or acute myocardial infarction in
the postoperative course. The former was defined as
the occurrence of oliguria or the need to perform a
renal replacement therapy. The latter was assumed if
a cardiologist made the corresponding diagnosis based
on clinical symptoms as well as ECG and troponin
changes. Neurological complications were defined as
occurrence of any non-pre-existing intracerebral
haemorrhage or neurological deficit in terms of
motor, sensory, visual, or speech deficit. Neurological
outcome was assessed immediately postoperative until
discharge, as well as 6 months thereafter using the
modified Rankin Scale [3].
Statistical analysis was performed using SigmaPlot

(version 14.0, Systat Software GmbH, Erkrath,
Germany). Data are shown as mean ± standard deviation
in case of normal distribution or as median [25, 75%
percentile] otherwise. Groups were compared using the
unpaired t-test or the Mann-Whitney Rank Sum Test,
respectively, and statistical significance was assumed at a
p < 0.05. To identify predictors of outcome, a Receiver

Operating Characteristic (ROC) as well as a Stepwise Re-
gression Analysis were performed.

Results
Preoperative data of the study cohort
Of the 226 patients operated on by the senior neurosur-
geon JS, 67 operations took place during the period
(from 2003) when anaesthesia records were available. In
11 patients in the AVM database, no corresponding an-
aesthesia protocol could be found, so that 56 patients
were available for the final analysis. Patient’s age ranged
from 11 to 61 years (mean age = 34.3 ± 12.5 years).
Twenty-one patients presented with a ruptured AVM,
and 35 with an unruptured malformation. Preoperative
embolization was used as an adjunct in seven of our pa-
tients. The hypotension and control group consisted of
28 patients each, and did not differ with respect to age,
gender, body weight, height and the proportion of rup-
tured AVMs (Table 1). However, patients of the
hypotension group presented with a significant (p =
0.025) lower modified Rankin scale grade (mRS) on ad-
mission (mRS = 0 [0; 1] versus 1 [0; 2]) and tended to be

Table 1 Preoperative data of the study cohort

Hypotension group Control group p-value

Epidemiology

Number of patients 28 28

Gender ratio (female: male) 14:14 14:14

Age (years) 35 ± 12 34 ± 13

Height (cm) 173 ± 9 172 ± 10

Weight (kg) 74 ± 19 68 ± 17

Characteristics of the AVM

Clinical presentation:

pts. with ruptured AVM 7 14 0.098

mRS on admission 0 [0; 1] 1 [0; 2] 0.025

pts. without disability (mRS = 0) 19 11 0.061

AVM size:

< 3 cm 13 22 0.027

3–6 cm 15 6

Venous drainage of the AVM:

Superficial 20 22 0.32

Deep 13 8

AVM location:

within eloquent area 18 13 0.35

Spetzler-Martin grading:

grading on admission: 3 [2; 3] 2 [1.25; 2] < 0.001

pts. with grade 1 & 2 10 23 0.001

pts. with grade 3 & 4 18 5

Data are shown as mean ± standard deviation in case of normal distribution or as median [25%, 75% percentile] otherwise. AVM arteriovenous malformation, mRS
modified Rankin Scale, pts. patients
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more often without disability (19 versus 11 patients, p =
0.061) than the control group patients (Table 1). In con-
trast, hypotension group patients showed significantly
higher AVM size grading (15 versus 6 patients with
AVM size of 3–6 cm, p = 0.027) and Spetzler-Martin
grading (grade 3 [2; 3] versus grade 2 [1.25; 2],
p < 0.001) than control patients (Table 1). A high
Spetzler-Martin grade as high as 3 or 4 occurred signifi-
cantly (p = 0.001) more often in the hypotension (18 pa-
tients) than in the control group (5 patients).

Course of arterial blood pressure
During CAH, the systolic and mean arterial blood pres-
sure (MABP) were lowered to 82 ± 7 and 57 ± 7mmHg,
respectively, for a duration of 58 [26; 107] minutes. At
the end of anaesthesia, MABP was lower in the
hypotension group (71 ± 10 versus 78 ± 10mmHg);
otherwise, there was no difference in ABP between
groups (Fig. 1). General anaesthesia was performed with
isoflurane (n = 46) or propofol (n = 10).
We found a negative correlation between the Spetzler-

Martin grading and the mean ABP (r = − 0.288; r2 =
0.083; p = 0.031) and a positive correlation between the
size of the AVM and the duration of hypotension (r =
0.517; r2 = 0.267; p = 0.005).

Methods used to induce and terminate CAH
CAH was induced most often by urapidil, either as a sole
agent (n = 11 patients) or in combination with a deepen-
ing of general anaesthesia (n = 6). In another 3 patients,

urapidil was combined with one or two other antihyper-
tensives. In further 4 patients, CAH was induced by
deepening of general anaesthesia without application of
antihypertensive drugs. In 4 cases, no clear method
could be identified.
Neuroanaesthetist and neurosurgeon jointly decided

on a systolic ABP target of 80 mmHg during CAH. This
target could be achieved in 35.7% of patients during the
entire period of CAH and in 14.3% of patients during
more than 50% of the time. In the remaining 50% of pa-
tients, the target was either never reached or in less than
50% of the time only. The mean ABP was below 60
mmHg in 18 out of the 28 patients (68%).
CAH was most frequently (n = 12) terminated by ad-

ministration of akrinor, which is a mixture of 200 mg
cafedrine and 10mg theodrenaline. In addition, CAH
was finished by using akrinor combined with noradren-
aline (n = 2), stopping the administration of urapidil (n =
3) or nitroglycerine (n = 1), a reduction of general anaes-
thesia (n = 4) or a combination of akrinor and reduction
of general anaesthesia (n = 1). In three cases, no clear
method could be identified, and in two patients
hypotension was continued beyond the end of surgery.
None of the patients required catecholamines to support
blood pressure at the end of surgery or during transfer
to intensive care. For the postoperative period of 24 h,
an upper limit for systolic blood pressure was set in 15
patients, with a target of 120, 100 and 90mmHg in 3,
10, and 2 patients, respectively.

Blood loss and postoperative outcome
Intraoperative blood loss was 375 [200; 775] ml (range
from 50 to 3400 ml), with significantly (p = 0.002) more
blood loss (by 300 ml, Table 2) in the hypotension group
than in the control group. Blood transfusion was neces-
sary in 2 cases in the control group and in 7 cases in the
hypotension group. The lowest intraoperative haemoglo-
bin concentration was 11.7 ± 2.1 (range from 7.5 to 15.8)
g/dl, with Hb tending to be slightly lower (p = 0.15) in
the hypotension than in the control group (11.3 ± 2.2 g/
dl vs. 12.1 ± 2.0 g/dl, Table 2). The lowest peripheral
oxygen saturation was 99 [98; 199] %, with no difference
between the groups.
In the hypotension group, the duration of surgery and

anaesthesia was significantly longer (by 66 min) as com-
pared to the control group (Table 2). Follow up was 8
[3; 57] months. None of the patients died (Fig. 2), devel-
oped acute renal failure or myocardial infarction. There
was no difference in the overall complication rate be-
tween the groups. However, the number of patients with
either transient (16 versus 7 patients) or permanent (8
versus 2 patients) neurological deficits was significantly
higher in the hypotension group than in the control
group, respectively (Table 2). A significant correlation

Fig. 1 Intraoperative course of mean arterial blood pressure (MABP)
in the hypotension group (n = 28 patients) and the control group
(n = 28). The boxplots indicate the median, 10th, 25th, 75th and 90th
percentiles, with a dashed line showing the mean value. Early and
late surgery stage refer to the first and last third of the surgical
procedure. Groups do not differ in their ABP, except for the end of
anaesthesia. In the control group, neither hypotension nor blood
pressure normalization was performed by definition
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between the occurrence of postoperative neurological
deficits and both the mean ABP (r = − 0.387; r2 = 0.15;
p = 0.003) and the duration of CAH (r = 0.322; r2 = 0.104;
p = 0.016) was observed.
Comparing patients with and without postoperative

neurological deficits, the former had higher values

on the Spetzler-Martin scale (3 [2; 3] vs. 2 [2; 3];
p = 0.082; Fig. 3), a significantly lower mean ABP
(60 ± 9 mmHg vs. 69 ± 11 mmHg; p = 0.003; Fig. 4)
and spent approximately 30 min longer in CAH (p =
0.017). In addition, patients with postoperative hemi-
paresis showed a significant lower mean ABP (58 ± 9
mmHg vs. 67 ± 10 mmHg; p = 0.01) and CAH was ap-
proximately 1 hour longer (p = 0.004, Fig. 5). Even
when considering the hypotension group alone, the
duration of CAH was significantly (p = 0.017) longer
in case of postoperative hemiparesis (2.1 ± 1.7 h vs.
1.0 ± 0.7 h).

Table 2 Intra- and postoperative characteristics of both groups

Hypotension group Control group p-value

Intraoperative findings

Duration of surgery (h) 4.4 ± 1.3 3.3 ± 0.9 < 0.001

Duration of anaesthesia (h) 5.4 [4.7; 6.5] 4.3 [4.1; 5.2] 0.013

Blood loss (ml) 500 [300; 950] 200 [100; 400] 0.002

Lowest Hb conc. (g/dl) 11.3 ± 2.2 12.1 ± 2.0 0.15

Lowest SpO2 (%) 99 [99; 99] 99 [98; 100] 0.67

Postoperative findings

mRS after surgery 1 [0; 2] 0 [0; 2] 0.87

Any new neurological deficits

Transient 16 7 0.03

Permanent 8 2 0.08

Any new hemiparesis 9 2 0.04

Data are shown as mean ± standard deviation in case of normal distribution or as median [25%, 75% percentile] otherwise. Hb conc. haemoglobin concentration,
SpO2 peripheral oxygen saturation, mRS modified Rankin Scale

Fig. 2 The pre- and postoperative modified Rankin Scale (mRS)
grade is shown in relation to the intraoperative mean arterial blood
pressure (MABP). Postoperative mRS grades are shown as circles.
They are displayed in black colour in patients in which the mRS
grade remained unchanged. Otherwise, arrows indicate the change
from pre- to postoperative mRS grades. Patients with equal or
worsened outcomes (red arrows) are shown in the upper part, and
patients with equal or improved outcomes (blue arrows) in the
lower part

Fig. 3 Postoperative occurrence of neurological deficits depending
on the intraoperative mean arterial blood pressure (MABP) and the
Spetzler-Martin grading. There were no neurological deficits when
the MABP was > 75 mmHg. Patients with and without postoperative
neurological deficits are shown as black or white circles, respectively.
Two patients with a MABP ≤51mmHg developed no deficit (as
marked by the red circle). In both, hypotension was performed for a
short duration (5 and 10 min) only
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Predictors of postoperative neurological deficits
Best Subset Regression analysis yielded Spetzler-Martin
grading, duration of CAH, intraoperative mean ABP,
blood loss and lowest intraoperative haemoglobin con-
centration as potential predictors for the occurrence of
any new postoperative neurological deficit. However, the
final Backward Stepwise Regression Analysis showed
that the occurrence of postoperative neurological deficits
could be best predicted by intraoperative mean ABP (co-
efficient of determination R = 0.39, adjusted R2 = 0.13,
standard error of the estimate = 0.47, p = 0.003, Table 3),
whereas the above-mentioned variables did not signifi-
cantly add to the ability to predict outcome. ROC ana-
lysis showed the highest area under the curve (AUC) to
predict any new neurologic deficit for intraoperative
mean ABP (AUC = 0.73, p < 0.001), followed by the dur-
ation of CAH (AUC = 0.68, p = 0.03) and the product of
duration and extent of CAH (AUC = 0.68, p = 0.02). In
contrast, the AUC for Spetzler-Martin grading (0.63)

was not significant different from 0.5 (Fig. 6). An intra-
operative mean ABP of < 72mmHg predicted a postop-
erative neurological deficit with a sensitivity of 0.96 and
a specificity of 0.45. If a mean ABP threshold of 65
mmHg was specified instead, a sensitivity of 0.57 and a
specificity of 0.70 resulted.
The occurrence of postoperative hemiparesis was

best predicted by the duration of hypotension (Back-
ward Stepwise Regression with coefficient of deter-
mination R = 0.52, adjusted R2 = 0.27, standard error
of the estimate = 0.35, p < 0.001, Table 3), whereas
other variables such as age, preoperative seizures,
Spetzler-Martin grading, and mean ABP did not add
significantly to the ability to predict hemiparesis. The
ROC analysis showed for a period of hypotension of
> 15 min a sensitivity of 0.82 and a specificity of 0.64
to predict hemiparesis with an AUC of 0.77. When a
duration of 30 min was selected instead, a sensitivity
of 0.64 and a specificity of 0.71 was obtained. Long
term outcome in terms of the modified Rankin Scale
was best predicted (Backward Stepwise Regression
with coefficient of determination R = 0.54, adjusted
R2 = 0.29, standard error of the estimate = 0.88,
p < 0.001, Table 3) by the three independent variables
mRS before surgery, intraoperative MABP and the
lowest haemoglobin concentration (Table 3).

Discussion
We hypothesized that CAH would lower blood loss
compared to a procedure without CAH. Since it is
unfeasible to operate the same case without CAH and
then again with CAH, it is impossible to determine
whether the use of CAH lowered an expected blood
loss or not. We expected that CAH would have no
negative effect on postoperative outcome but observed
an association with more neurological deficits. Com-
plications of surgery must be seen in the light of the
complication rate of untreated AVMs, which carry a
life-long risk for stroke due to rupture of about 2 to
4% per year [12, 18]. Therefore, surgery appears justi-
fied when considering that AVM rupture and subse-
quent intracerebral haemorrhage are associated with
high morbidity and mortality. It is important to keep
in mind that CAH was applied in a subgroup of diffi-
cult cases with a higher surgical risk in order to pre-
vent excessive blood loss and to minimize the
expected frequency of neurological deficit.
In this context, we would like to discuss two possible

scenarios, one is cerebral injury caused by CAH and the
other the prevention of worse outcomes by CAH.

Cerebral injury due to CAH
The observed correlation between degree (or duration)
of CAH and neurological outcome suggests a

Fig. 4 Mean arterial blood pressure (MABP) in comparison between
patients with and without postoperative neurological deficits.
Boxplots indicate median, 10th, 25th, 75th and 90th percentile. The
mean value is shown as dashed line

Fig. 5 Duration of hypotension comparing patients with and
without the occurrence of postoperative hemiparesis. Control group
patients had a duration of hypotension of 0 h by definition. Boxplots
indicate median, 10th, 25th, 75th and 90th percentile. The mean
value is shown as dashed line
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relationship between hypotension and outcome. Both
depth and duration of CAH also turned out to be pre-
dictors for the incidence of neurological deficits and
seemed to have more influence than the location, gradu-
ation or size of the AVM. However, these findings can-
not distinguish whether there is an association or a
causal relationship between hypotension and outcome.
To clarify this matter, a prospective randomized-
controlled study would be necessary. However, such a
study would likely be considered unethical since the
non-CAH group would be at an increased risk of bleed-
ing and adverse surgical conditions.
The AVM serves as a low-pressure, high-flow shunt,

so that cerebral ischaemia can develop in the surround-
ing tissue due to the resulting arterial hypotension and
steal phenomena [24]. Therefore, the deliberate use of
CAH as a technique for minimising blood loss must be
used with caution and serious consideration given to the

haemodynamic changes within the AVM and the adja-
cent tissue that occur during and early after AVM occlu-
sion [24]. However clinical studies have shown that
despite the lowered perfusion pressure, severely ischemic
hypoxic areas are uncommon in the cortex adjacent to
AVMs [22, 23, 42]. But in few patients, which are prone
to hyperaemic complications, some areas of local low
blood anoxia may exist [22, 23].
The MABP of 57 ± 7 mmHg observed during

hypotension in our study is well below the lower
threshold of cerebral autoregulation, which is un-
known in a given patient but commonly assumed to
be around 70 mmHg in the normotensive adult, al-
though autoregulation limits are reported to be sub-
ject to interindividual variability [2, 8]. We can
therefore expect a reduced CBF during the period of
CAH, although the extent of flow reduction remains
unknown. Since the brain is protected by luxury per-
fusion, cerebral ischemia is thought to occur in a su-
pine position below a MABP of 45–55 mmHg [8],
which was not reached in our study. These blood
pressure limits must always be considered in the con-
text of the reference level of measurement and the
patient’s position. Following our clinic standards, we
referenced the arterial line to the right cardia atrium
and not the meatus acusticus externus. The latter re-
flects the driving forces of CPP much better, espe-
cially when the head is positioned above heart level,
however that was not the case with our patients.
A leftward shift of the autoregulation curve in the brain

tissue around the AVM has been reported, predisposing
these patients to postoperative hyperperfusion while pro-
viding some resistance against hypoperfusion [15, 22].
Moreover, profound arterial hypotension would cause a
rather global than focal cerebral ischemia with corre-
sponding symptoms. In contrast, the neurological deficits
we observed after surgery were focal rather than global.
We therefore conclude that the patients treated with CAH
suffered not from global cerebral ischemia and regard the
connection between hypotension and outcome as an asso-
ciation and not as a causal relationship.

Table 3 Predictors of outcome

Outcome Backward stepwise regression Predictor P-value

(Independent variable) R Adjusted R2 SE (Dependent variable)

Any early, non-pre-existing, neurological deficit 0.39 0.15 0.47 Intraoperative mean ABP 0.005

Any transient or permanent hemiparesis 0.52 0.27 0.35 Duration of CAH < 0.001

Long-term modified Rankin Scale 0.54 0.29 0.88 mRS before surgery < 0.001

Intraoperative mean ABP 0.03

Lowest haemoglobin conc. 0.014

Prediction of outcome as determined by backward stepwise regression. R = correlation coefficient, adjusted R2 = adjusted R2 according to the degrees of freedom.
SE standard error of the estimate

Fig. 6 Receiver Operating Characteristic (ROC) of four parameters to
predict an early neurological deterioration, i.e. any non-pre-existing
neurological deficit. ROC analysis was significant for the three
parameters mean intraoperative MABP (p < 0.001), duration of CAH
(p = 0.03) as well as for the product of duration and extent of CAH
(p = 0.02), but not for the Spetzler-Martin grading (p = 0.10). MABP =
mean arterial blood pressure, CAH = controlled arterial hypotension,
A = area under the curve
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CAH to enable resection and to prevent worse outcomes
The patient cohorts were not comparable with respect
to their AVMs: Patients treated with CAH showed
higher Spetzler-Martin grading mainly due to their lar-
ger AVM size. We can therefore assume that the pa-
tients in the hypotension group suffered from AVMs,
which were more difficult to resect with a higher risk of
neurological complications. In fact, because of the ex-
pected difficulty, a higher incidence of side effects was
anticipated, with these anticipated difficulties being the
main reason for wishing induced hypotension. In gen-
eral, there were no neurological deficits when the MABP
was > 75 mmHg regardless of the Spetzler-Martin
grading.
Since all of our patients were operated by the same

neurosurgeon, differences in the duration of surgery and
in blood loss may be regarded as indicators for the diffi-
culty/complexity of AVM-resection. Surgery in the CAH
group lasted on average 66 min longer and was associ-
ated with higher blood loss than in the control group,
suggesting a more difficult/complex resection in the
hypotension group. This can be attributed to the fact
that the neurosurgeon wished for the initiation of CAH
because he experienced or anticipated difficulties for ex-
ample due to bleeding. In the vast majority of patients,
CAH was not started as a reaction to diffuse bleeding,
but it was a preoperative decision in nearly all cases.
Usually, the ABP range was already decided by anaesthe-
tist and neurosurgeon prior to skin incision. Due to the
large experience of the surgeon, it was usually no prob-
lem to decide which case might pose difficulties with
haemostasis. In general, CAH was not a panic reaction
to some surprising event but a well-planned resection
policy.
AVM-vessels are fragile and difficult to coagulate [17].

According to Michael T. Lawton [20], “AVM bleeding
can be so brisk that it overwhelms the neurosurgeon
and spirals out of control.” In addition, he wrote that he
“can think of nothing in neurosurgery more challenging
than salvaging these desperate situations.” CAH is
thought to reduce blood loss and to help the surgeon to
keep control over the site of surgery [15]. Therefore, it is
likely that the initiation of CAH prevented more blood
loss in difficult cases where blood loss was already in-
creased instead of causing blood loss as our results sug-
gest at first glance.
AVM resection is associated with considerable mor-

bidity and mortality, with higher Martin-Spetzler grading
resulting in worse outcomes [29, 37]. No case fatalities
occurred in our study, whereas other authors reported a
mortality rate of 2.7% [39], as the same surgeon found in
his total series [30]. However, transient and permanent
neurological deficits occurred in 41 and 18% of our pa-
tients, respectively. Neurosurgical studies assume that

these deficits are more likely to be caused by surgery
and AVM location, based on the increasing risk depend-
ing on size and grading [30, 37, 39]. In addition, anaes-
thesiologic studies report that even low blood pressure
values are tolerable over a certain period. However, there
is no agreement on the actual blood pressure values and
duration [5, 19, 33, 40, 41, 43]. Due to their heterogen-
eity, these studies are only partially comparable with this
study and with each other. It is clear, however, that the
individual limits of (possibly impaired) cerebral autoreg-
ulation for the individual patient remain unknown [33].
Even though the autoregulatory curve is shifted to the
left in the brain areas adjacent to the AVM [22], it can
be assumed that in this study the lower limit of the auto-
regulation was undercut several times and therefore a
triggering or worsening of neurological deficits is pos-
sible [10]. However, we suspect that these complications
are rather due to AVM location and surgery but not due
to arterial hypotension, since the neurological symptoms
were rather focal than global.

Implementation of controlled arterial hypotension
The decision for or against CAH was made jointly by
neuroanaesthetist and neurosurgeon based on the shared
responsibility for the patient. Certainly, blood pressure
management is the responsibility of the anaesthetist and
in many countries, it is therefore unusual for the sur-
geon to be involved in blood pressure management. Es-
pecially in the situation of threatened or actual bleeding
during resection of AV malformations, we believe that
the team decision has proven its worth at our hospital.
No method to induce or terminate controlled arterial

hypotension proved superior compared to the other
methods used in this study. Although CAH is a routine
task performed by anaesthesiologists, its implementation
is by no means trivial. MABP was lowered to some ex-
tent in all patients of the hypotension group, but the tar-
get MABP was never reached in 18% of patients. Despite
the administration of highly effective vasoactive drugs,
precise control of blood pressure is often difficult, espe-
cially if a too pronounced reduction in blood pressure is
to be avoided. No consensus exists in the literature as to
which agents should be used [6], but from a patho-
physiological point of view, drugs that lead to cerebral
vasodilation should be avoided as they can exacerbate
existing vascular steal effects and increase intracranial
pressure [24]. Examples are nitroglycerine, nitroprusside
and volatile anaesthetics at high concentrations (> 1.5
MAC). Preferred drugs to induce and maintain CAH are
remifentanil, urapidil, esmolol, labetolol, or nicardipine
[24]. Often the effect of non-short acting drugs such as
urapidil must be reversed by catecholamines at the end
of the CAH phase. The patient population of our study
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is too small to investigate whether certain drugs are bet-
ter suited for CAH than others.
No consensus exists as to which target MABP should

be achieved during CAH [8, 41]. Hernesniemi proposed
a systolic ABP of usually 100 mmHg, which is lowered
to 60–70mmHg for a short interval in some AVM cases
[17], as part as of his so-called “dirty coagulation” tech-
nique for the event of difficult haemostasis. Otherwise,
we did not find any specific recommendations about the
extent of CAH for AVM resection in the literature.
Studies on perioperative myocardial infarction have

brought the intraoperative course of blood pressure
more into the focus of anaesthesiologists. Accordingly,
intraoperative MABP below 55–70mmHg is associated
with myocardial injury, myocardial infarction, renal in-
jury, and death [13, 31, 40]. Our AVM patient popula-
tion, with a mean age of 34 years, was approximately
20–30 years younger than the patients included in the
above-mentioned studies on the relationship between in-
traoperative hypotension and postoperative mortality or
morbidity [13, 31, 40]. Therefore, our patients presum-
ably suffered less frequently from cardiovascular diseases
typical of older age and could explain why in our study,
neither renal failure nor myocardial infarction occurred.
However, we cannot exclude myocardial damage in
asymptomatic patients because troponin determination
was only performed in case of cardiac symptoms at that
time and > 65% of perioperative myocardial infarctions
have been reported to occur without symptoms [7]. A
relationship between intraoperative hypotension and
postoperative stroke has been described by some authors
[1, 8, 9, 21, 38], but could not be confirmed by others
[16]. Based on the available literature, the Perioperative
Quality Initiative established a consensus statement [31]
that “intraoperative MABPs below 60-70 mmHg are as-
sociated with myocardial injury, acute kidney injury, and
death.” In addition, they conclude that “there is increas-
ing evidence that even brief durations of systolic arterial
pressure < 100 mmHg and MABP <60-70 mmHg are
harmful during non-cardiac surgery.”
Since cerebral oxygen supply is determined by cerebral

blood flow, haemoglobin concentration and blood oxygen
saturation, both anaemia and hypoxaemia could contrib-
ute to cerebral hypoxia. No hypoxia but some “mild” de-
gree of anaemia (11.7 ± 2.1 g/dl) occurred in our patients
despite transfusion of packed red blood cells. We believe
that we have performed blood gas analyses often enough
to detect the nadir of Hb concentration and identified the
lowest intraoperative Hb concentration as an independent
predictor of long-term outcome.

Limitations of this study
A major strength of our study is that surgery was per-
formed by a single surgeon only, thus eliminating

intersubject (perhaps better inter-surgeon) variability in
outcome. However, it is limited by the retrospective de-
sign and sample size. The archived anaesthesia protocols
only go back to the year 2003, so only 56 of the 226 pa-
tients operated on in Bonn since 1990 could be included.
Hence, results should be interpreted with caution and
should not easily be generalized.
The blood pressure in the postoperative course can

also influence the treatment outcome. For example,
postoperative increases in blood pressure can lead to
neurological deterioration with cerebral oedema, based
on the Normal Perfusion Pressure Breakthrough Theory
[36]. This has been investigated and addressed in various
publications [15, 22, 24, 27], but was not the aim of our
study. Instead, we specifically focussed on the intraoper-
ative course of ABP.
Age is a predictor for outcome in AVM [37]. Since

age was similar in the hypotension and control group,
both groups were well comparable. However, some
differences in the AVM-characteristics (see Table 1)
might contribute to bias and are a limitation of the
study.
Current management options for AVMs include

microsurgical resection, embolization, stereotactic radio-
surgery, and medical treatment (i.e. observation with
pharmacological therapy for neurological symptoms as
needed) [4], whereby no definitive treatment guidelines
exist [34]. While intervention is recommended in rup-
tured AVMs with complete nidal obliteration as the
therapeutic goal to strive for [4], medical management
alone has been reported to be superior to a combined
management including intervention in ARUBA, a multi-
centre, randomised controlled trial of unruptured AVMs
[25, 26]. This has led to controversial discussions about
the different treatment options for unruptured AVMs,
details of which can be found elsewhere [4, 11]. Our re-
sults refer to microsurgical resection with or without
preceding embolization and cannot be transferred to
other therapeutic options such as stereotactic radiosur-
gery or embolization alone.

Conclusions
In case of expected difficulties during AVM-resection, a
team decision to apply CAH can be made. However, the
outcomes in our patients operated with CAH are worse
than in those operated without CAH. It remains unclear,
whether this reflects (only) the complexity of the case,
or is (also) an effect of the CAH. Therefore, CAH should
only be applied with strict indications and as mild and
short as possible.

Abbreviations
ABP: Arterial blood pressure; AUC: Area under the curve; AVM: Arteriovenous
malformation; CAH: Controlled arterial hypotension; CBF: Cerebral blood flow;
Hb: Haemoglobin; SpO2: Peripheral oxygen saturation; MABP: Mean arterial

Riedel et al. BMC Neurology          (2021) 21:339 Page 9 of 11



blood pressure; MAC: Minimal alveolar concentration; mRS: modified Rankin
scale; ROC: Receiver operating characteristic

Acknowledgements
Not applicable.

Authors’ contributions
All authors contributed to the study conception and design. Material
preparation, data collection and analysis were performed by KR, MT, AB, JS
and MS. The first draft of the manuscript was written by KR and all authors
commented on previous versions of the manuscript. All authors read and
approved the final manuscript. This manuscript contains part of the doctoral
thesis of KR.

Funding
No external funding was utilized during this study. Open Access funding
enabled and organized by Projekt DEAL.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This retrospective chart review study involving human participants was in
accordance with the ethical standards of the institutional and national
research committee and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. Ethical approval for this study
(Ethical Committee No. 278/20) was granted by the Ethical Committee of
Bonn University Hospital, Bonn, Germany (Chairperson Prof. K. Racké) on 24
June 2020. Apart from ethics approval, no additional administrative
permissions were necessitated to access the patient data. Formal informed
consent was not required for this type of study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Anaesthesiology and Intensive Care Medicine, University
Hospital Bonn, Bonn, Germany. 2Medical Faculty, University Hospital Bonn,
Bonn, Germany. 3MEDICLIN Robert Janker Hospital, Bonn, Germany.

Received: 26 April 2021 Accepted: 19 August 2021

References
1. Bijker JB, Persoon S, Peelen LM, Moons KG, Kalkman CJ, Kappelle LJ, et al.

Intraoperative hypotension and perioperative ischemic stroke after general
surgery: a nested case-control study. Anesthesiology. 2012;116:658–64.
https://doi.org/10.1097/ALN.0b013e3182472320.

2. Brady K, Joshi B, Zweifel C, Smielewski P, Czosnyka M, Easley RB, et al. Real-
time continuous monitoring of cerebral blood flow autoregulation using
near-infrared spectroscopy in patients undergoing cardiopulmonary bypass.
Stroke. 2010;41:1951–6. https://doi.org/10.1161/STROKEAHA.109.575159.

3. Broderick JP, Adeoye O, Elm J. Evolution of the modified Rankin scale and
its use in future stroke trials. Stroke. 2017;48:2007–12. https://doi.org/10.11
61/STROKEAHA.117.017866.

4. Chen CJ, Ding D, Derdeyn CP, Lanzino G, Friedlander RM, Southerland AM,
et al. Brain arteriovenous malformations: a review of natural history,
pathobiology, and interventions. Neurology. 2020;95:917–27. https://doi.
org/10.1212/WNL.0000000000010968.

5. Chestnut JS, Albin MS, Gonzalez-Abola E, Newfield P, Maroon JC. Clinical
evaluation of intravenous nitroglycerin for neurosurgery. J Neurosurg. 1978;
48:704–11. https://doi.org/10.3171/jns.1978.48.5.0704.

6. Degoute CS. Controlled hypotension: a guide to drug choice. Drugs. 2007;
67:1053–76. https://doi.org/10.2165/00003495-200767070-00007.

7. Devereaux PJ, Xavier D, Pogue J, Guyatt G, Sigamani A, Garutti I, et al.
Characteristics and short-term prognosis of perioperative myocardial
infarction in patients undergoing noncardiac surgery: a cohort study. Ann
Intern Med. 2011;154:523–8. https://doi.org/10.7326/0003-4819-154-8-2011
04190-00003.

8. Drummond JC. Blood pressure and the brain: how low can you go? Anesth
Analg. 2019;128:759–71. https://doi.org/10.1213/ANE.0000000000004034.

9. Drummond JC. Stroke and intraoperative hypotension: to sleep, perchance
to stroke-ay, There's the rub. Anesth Analg. 2016;123:814–5. https://doi.org/1
0.1213/ANE.0000000000001572.

10. Erickson KM, Cole DJ. Arterial hypotension and hypertension during
neurosurgical procedures. In: Brambrink AM, Kirsch JR, editors. Essentials of
neurosurgical anesthesia & critical care. New York: Springer; 2012. p. 363–70.

11. Feghali J, Huang J. Updates in arteriovenous malformation management:
the post-ARUBA era. Stroke Vasc Neurol. 2020;5:34–9. https://doi.org/10.113
6/svn-2019-000248.

12. Flemming KD, Brown RD. The natural history of intracranial arteriovenous
malformations. In: Winn HR, editor. Youmans neurological surgery. 6th ed.
Philadelphia: Elsevier Saunders; 2011. p. 4016–33.

13. Hallqvist L, Granath F, Huldt E, Bell M. Intraoperative hypotension is
associated with acute kidney injury in noncardiac surgery: an observational
study. Eur J Anaesthesiol. 2018;35:273–9. https://doi.org/10.1097/EJA.
0000000000000735.

14. Hashimoto N, Nozaki K, Takagi Y, Kikuta K, Mikuni N. Surgery of cerebral
arteriovenous malformations. Neurosurgery. 2007;61:375–87; discussion 387-
379. https://doi.org/10.1227/01.NEU.0000255491.95944.EB.

15. Hashimoto T, Young WL. Anesthesia-related considerations for cerebral
arteriovenous malformations. Neurosurg Focus. 2001;11:e5. https://doi.org/1
0.3171/foc.2001.11.5.6.

16. Hsieh JK, Dalton JE, Yang D, Farag ES, Sessler DI, Kurz AM. The association
between mild intraoperative hypotension and stroke in general surgery
patients. Anesth Analg. 2016;123:933–9. https://doi.org/10.1213/ANE.
0000000000001526.

17. Kozyrev DA, Thiarawat P, Jahromi BR, Intarakhao P, Choque-Velasquez J,
Hijazy F, et al. “Dirty coagulation” technique as an alternative to microclips
for control of bleeding from deep feeders during brain arteriovenous
malformation surgery. Acta Neurochir. 2017;159:855–9. https://doi.org/10.1
007/s00701-017-3138-8.

18. Laakso A, Dashti R, Seppanen J, Juvela S, Vaart K, Niemela M, et al. Long-
term excess mortality in 623 patients with brain arteriovenous
malformations. Neurosurgery. 2008;63:244–53; discussion 253-245. https://
doi.org/10.1227/01.NEU.0000320439.27895.24.

19. Lam AM, Gelb AW. Cardiovascular effects of isoflurane-induced hypotension
for cerebral aneurysm surgery. Anesth Analg. 1983;62:742–8.

20. Lawton MT. Intraoperative arteriovenous malformation rupture. Thieme:
Seven AVMs: Tenets and techniques for resection; 2014. p. 36–8.

21. Mashour GA, Moore LE, Lele AV, Robicsek SA, Gelb AW. Perioperative care of
patients at high risk for stroke during or after non-cardiac, non-neurologic
surgery: consensus statement from the Society for Neuroscience in
anesthesiology and critical care*. J Neurosurg Anesthesiol. 2014;26:273–85.
https://doi.org/10.1097/ANA.0000000000000087.

22. Meyer B, Schaller C, Frenkel C, Ebeling B, Schramm J. Distributions of
local oxygen saturation and its response to changes of mean arterial
blood pressure in the cerebral cortex adjacent to arteriovenous
malformations. Stroke. 1999;30:2623–30. https://doi.org/10.1161/01.str.3
0.12.2623.

23. Meyer B, Schaller C, Frenkel C, Schramm J. Physiological steal around AVMs
of the brain is not equivalent to cortical ischemia. Neurol Res. 1998;20(Suppl
1):S13–7. https://doi.org/10.1080/01616412.1998.11740602.

24. Miller C, Mirski M. Anesthesia considerations and intraoperative monitoring
during surgery for arteriovenous malformations and dural arteriovenous
fistulas. Neurosurg Clin N Am. 2012;23:153–64. https://doi.org/10.1016/j.nec.2
011.09.014.

25. Mohr JP, Overbey JR, Hartmann A, Kummer RV, Al-Shahi Salman R, Kim H,
et al. Medical management with interventional therapy versus medical
management alone for unruptured brain arteriovenous malformations
(ARUBA): final follow-up of a multicentre, non-blinded, randomised
controlled trial. Lancet Neurol. 2020;19:573–81. https://doi.org/10.1016/S14
74-4422(20)30181-2.

26. Mohr JP, Parides MK, Stapf C, Moquete E, Moy CS, Overbey JR, et al. Medical
management with or without interventional therapy for unruptured brain

Riedel et al. BMC Neurology          (2021) 21:339 Page 10 of 11

https://doi.org/10.1097/ALN.0b013e3182472320
https://doi.org/10.1161/STROKEAHA.109.575159
https://doi.org/10.1161/STROKEAHA.117.017866
https://doi.org/10.1161/STROKEAHA.117.017866
https://doi.org/10.1212/WNL.0000000000010968
https://doi.org/10.1212/WNL.0000000000010968
https://doi.org/10.3171/jns.1978.48.5.0704
https://doi.org/10.2165/00003495-200767070-00007
https://doi.org/10.7326/0003-4819-154-8-201104190-00003
https://doi.org/10.7326/0003-4819-154-8-201104190-00003
https://doi.org/10.1213/ANE.0000000000004034
https://doi.org/10.1213/ANE.0000000000001572
https://doi.org/10.1213/ANE.0000000000001572
https://doi.org/10.1136/svn-2019-000248
https://doi.org/10.1136/svn-2019-000248
https://doi.org/10.1097/EJA.0000000000000735
https://doi.org/10.1097/EJA.0000000000000735
https://doi.org/10.1227/01.NEU.0000255491.95944.EB
https://doi.org/10.3171/foc.2001.11.5.6
https://doi.org/10.3171/foc.2001.11.5.6
https://doi.org/10.1213/ANE.0000000000001526
https://doi.org/10.1213/ANE.0000000000001526
https://doi.org/10.1007/s00701-017-3138-8
https://doi.org/10.1007/s00701-017-3138-8
https://doi.org/10.1227/01.NEU.0000320439.27895.24
https://doi.org/10.1227/01.NEU.0000320439.27895.24
https://doi.org/10.1097/ANA.0000000000000087
https://doi.org/10.1161/01.str.30.12.2623
https://doi.org/10.1161/01.str.30.12.2623
https://doi.org/10.1080/01616412.1998.11740602
https://doi.org/10.1016/j.nec.2011.09.014
https://doi.org/10.1016/j.nec.2011.09.014
https://doi.org/10.1016/S1474-4422(20)30181-2
https://doi.org/10.1016/S1474-4422(20)30181-2


arteriovenous malformations (ARUBA): a multicentre, non-blinded, randomised
trial. Lancet. 2014;383:614–21. https://doi.org/10.1016/S0140-6736(13)62302-8.

27. Rangel-Castilla L, Spetzler RF, Nakaji P. Normal perfusion pressure
breakthrough theory: a reappraisal after 35 years. Neurosurg Rev. 2015;38:
399–404; discussion 404-395. https://doi.org/10.1007/s10143-014-0600-4.

28. Rankin J. Cerebral vascular accidents in patients over the age of 60. II. Prognosis.
Scott Med J. 1957;2:200–15. https://doi.org/10.1177/003693305700200504.

29. Schaller C, Schramm J, Haun D. Significance of factors contributing to
surgical complications and to late outcome after elective surgery of cerebral
arteriovenous malformations. J Neurol Neurosurg Psychiatry. 1998;65:547–54.
https://doi.org/10.1136/jnnp.65.4.547.

30. Schramm J, Schaller K, Esche J, Bostrom A. Microsurgery for cerebral
arteriovenous malformations: subgroup outcomes in a consecutive series of 288
cases. J Neurosurg. 2017;126:1056–63. https://doi.org/10.3171/2016.4.JNS153017.

31. Sessler DI, Bloomstone JA, Aronson S, Berry C, Gan TJ, Kellum JA, et al.
Perioperative quality initiative consensus statement on intraoperative blood
pressure, risk and outcomes for elective surgery. Br J Anaesth. 2019;122:563–
74. https://doi.org/10.1016/j.bja.2019.01.013.

32. Slupe AM, Kirsch JR. Effects of anesthesia on cerebral blood flow,
metabolism, and neuroprotection. J Cereb Blood Flow Metab. 2018;38:
2192–208. https://doi.org/10.1177/0271678X18789273.

33. Soehle M. Cerebral ischemia: options for perioperative neuroprotection. In:
Brambrink AM, Kirsch JR, editors. Essentials of neurosurgical anesthesia &
critical care. New York: Springer; 2012. p. 175–84.

34. Solomon RA, Connolly ES Jr. Arteriovenous malformations of the brain. N
Engl J Med. 2017;376:1859–66. https://doi.org/10.1056/NEJMra1607407.

35. Spetzler RF, Martin NA. A proposed grading system for arteriovenous malformations.
J Neurosurg. 1986;65:476–83. https://doi.org/10.3171/jns.1986.65.4.0476.

36. Spetzler RF, Wilson CB, Weinstein P, Mehdorn M, Townsend J, Telles D.
Normal perfusion pressure breakthrough theory. Clin Neurosurg. 1978;25:
651–72. https://doi.org/10.1093/neurosurgery/25.cn_suppl_1.651.

37. Steiger HJ, Fischer I, Rohn B, Turowski B, Etminan N, Hanggi D. Microsurgical
resection of Spetzler-Martin grades 1 and 2 unruptured brain arteriovenous
malformations results in lower long-term morbidity and loss of quality-
adjusted life-years (QALY) than conservative management--results of a
single group series. Acta Neurochir. 2015;157:1279–87. https://doi.org/10.1
007/s00701-015-2474-9.

38. Sun LY, Chung AM, Farkouh ME, van Diepen S, Weinberger J, Bourke M,
et al. Defining an intraoperative hypotension threshold in association with
stroke in cardiac surgery. Anesthesiology. 2018;129:440–7. https://doi.org/1
0.1097/ALN.0000000000002298.

39. Theofanis T, Chalouhi N, Dalyai R, Starke RM, Jabbour P, Rosenwasser RH,
et al. Microsurgery for cerebral arteriovenous malformations: postoperative
outcomes and predictors of complications in 264 cases. Neurosurg Focus.
2014;37:E10. https://doi.org/10.3171/2014.7.FOCUS14160.

40. Walsh M, Devereaux PJ, Garg AX, Kurz A, Turan A, Rodseth RN, et al.
Relationship between intraoperative mean arterial pressure and clinical
outcomes after noncardiac surgery: toward an empirical definition of
hypotension. Anesthesiology. 2013;119:507–15. https://doi.org/10.1097/ALN.
0b013e3182a10e26.

41. Yamada S, Brauer F, Knierim D, Purtzer T, Fuse T, Hayward W, et al. Safety
limits of controlled hypotension in humans. Acta Neurochir Suppl (Wien).
1988;42:14–7. https://doi.org/10.1007/978-3-7091-8975-7_3.

42. Young WL, Kader A, Ornstein E, Baker KZ, Ostapkovich N, Pile-Spellman J,
et al. Cerebral hyperemia after arteriovenous malformation resection is
related to “breakthrough” complications but not to feeding artery pressure.
The Columbia University Arteriovenous Malformation Study Project.
Neurosurgery. 1996;38:1085–93; discussion 1093-1085. https://doi.org/10.1
097/00006123-199606000-00005.

43. Zäll S, Edén E, Winsö I, Volkmann R, Sollevi A, Ricksten SE. Controlled
hypotension with adenosine or sodium nitroprusside during cerebral
aneurysm surgery: effects on renal hemodynamics, excretory function, and
renin release. Anesth Analg. 1990;71:631–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Riedel et al. BMC Neurology          (2021) 21:339 Page 11 of 11

https://doi.org/10.1016/S0140-6736(13)62302-8
https://doi.org/10.1007/s10143-014-0600-4
https://doi.org/10.1177/003693305700200504
https://doi.org/10.1136/jnnp.65.4.547
https://doi.org/10.3171/2016.4.JNS153017
https://doi.org/10.1016/j.bja.2019.01.013
https://doi.org/10.1177/0271678X18789273
https://doi.org/10.1056/NEJMra1607407
https://doi.org/10.3171/jns.1986.65.4.0476
https://doi.org/10.1093/neurosurgery/25.cn_suppl_1.651
https://doi.org/10.1007/s00701-015-2474-9
https://doi.org/10.1007/s00701-015-2474-9
https://doi.org/10.1097/ALN.0000000000002298
https://doi.org/10.1097/ALN.0000000000002298
https://doi.org/10.3171/2014.7.FOCUS14160
https://doi.org/10.1097/ALN.0b013e3182a10e26
https://doi.org/10.1097/ALN.0b013e3182a10e26
https://doi.org/10.1007/978-3-7091-8975-7_3
https://doi.org/10.1097/00006123-199606000-00005
https://doi.org/10.1097/00006123-199606000-00005

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Preoperative data of the study cohort
	Course of arterial blood pressure
	Methods used to induce and terminate CAH
	Blood loss and postoperative outcome
	Predictors of postoperative neurological deficits

	Discussion
	Cerebral injury due to CAH
	CAH to enable resection and to prevent worse outcomes
	Implementation of controlled arterial hypotension
	Limitations of this study

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

