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1.1 Abstract

Objective: Decompressive craniectomy (DC) is an established part of treatment in patients
suffering from malignant infarction of the middle cerebral artery (MCA) or traumatic brain
injury (TBI). However, no clear evidence for intracranial pressure (ICP)-guided therapy after DC
exists. This lack of this evidence might be due to the frequently used, but simplified threshold of
20 mmHg, which determines further therapy. The objective of this study was therefore to
evaluate this threshold’s accuracy and to investigate the course of ICP-values with respect to the

neurological outcome.

Methods: Data on clinical characteristics and parameters of the course on the intensive care unit
were collected retrospectively in 102 patients who underwent DC from December 2007 through
April 2014 in our institution. The postoperative ICP-course in the first 168 hours was recorded
and analyzed. From these findings ICP-thresholds discriminating favorable from unfavorable
outcome were calculated using conditional inference tree analysis. Additionally, survival
analysis was performed using the Kaplan-Meier method. Prognostic factors were assessed via
univariate analysis and multivariate logistic regression. Favorable outcome was defined as a

score of 0—4 on the modified Rankin scale.

Results: Multivariate logistic regression revealed that anisocoria, diagnosis and ICP-values
differed significantly between the outcome groups. ICP-values in the favorable and unfavorable
outcome groups differed significantly (p < 0.001), while the mean ICP of both groups lay below
the limit of 20 mmHg (17.5 and 11.5, respectively). These findings were reproduced when
analyzing the underlying pathologies of TBI and MCA infarction separately. Based on these
findings, optimized time-dependent threshold values were calculated, lying between 10 and 17
mmHg. These values significantly distinguished favorable from unfavorable outcome and

predicted 30-day mortality (p < 0.001).

Conclusions: Our study systematically evaluated ICP-levels in a long-term analysis after DC and



provides new, surprisingly low, time-dependent ICP-thresholds for these patients. Future trials
investigating the benefit of ICP-guided therapy should take these thresholds into consideration

and validate them in further patient cohorts.

1.2 Introduction

Decompressive craniectomy (DC) has been a well-established neurosurgical intervention for
more than 100 years in patients suffering from space-occupying cerebral infarctions of the
middle cerebral artery (MCA) and leads to reduced intracranial pressure (ICP).> DC verifiably
prevents secondary brain injury, optimizes perfusion of the penumbra and results in an overall
reduction in mortality and an improvement in functional recovery, especially in younger

22,40

patients. The lifesaving benefit and outcome improvement of the DC has been proven by

16,21,22,40

several randomized-controlled studies in the past. DC is also a common treatment in

patients with traumatic brain injury (TBI), although clear evidence from prospective clinical
trials is still missing.'***

Regardless of the underlying diagnosis, brain ischemia and injury may lead to an increased ICP
caused by cerebral edema.® ICP-monitoring is generally recommended for patients with severe
TBI.>*® There are no guidelines for [CP-monitoring in patients suffering from malignant MCA
infarction, but ICP-monitoring after DC is often part of further therapy in the intensive care unit
(ICU).»

Although ICP-monitoring is a common practice, there is no level I evidence for the benefit of
ICP-monitoring and ICP-guided therapy. A recently published prospective-controlled trial failed
to fill this void.” BEST TRIP showed that ICP-guided treatment does not lead to increased
therapeutic success compared with a CT-based clinical assessment.” The authors of this study
expressed concern that these findings may lead to a premature end of ICP-monitoring in ICUs

and noted that the failure of ICP-guided therapy may be due to simplified strategies and the lack

of evidence for 20 mmHg as the threshold, although this determines further therapy.®’



This lack of evidence and the simplified threshold of 20 mmHg should be questioned even more
in patients after DC, since the integrity of the skull is compromised and the physical
preconditions are completely different. Factors associated with favorable outcome are still a
matter of debate and ICP-recordings did not sufficiently correlate with the neurological
outcome.’'”’ It is undisputed that ICP decreases rapidly after DC in TBI or MCA infarction
patients,” but little data is available on the ICP-course following DC, since most studies
evaluated only a small number of patients with a limited recording of ICP-values.*******'7 In
particular, the validity of the ICP-threshold has not been addressed thoroughly. The present
recommendations regarding ICP-thresholds do not take surgical interventions into consideration
or the lack of clear evidence.>*’

The aim of this single-center study was to analyze the ICP-level and -course after DC in cerebral
infarction and TBI patients and to correlate these parameters with the neurological outcome.

Particular emphasis was placed on the evaluation of the commonly accepted threshold of 20

mmHg.

1.3 Material and Methods

This single-center study retrospectively analyzed patients who underwent unilateral
decompressive craniectomy from December 2007 through April 2014. In order to increase
comparability, only TBI patients with an acute subdural hematoma causing a critical mass effect
on the brain were enrolled in this study. Procedures that were not comparable due to the use of a
different surgical technique (bifrontal decompressive craniectomy) or patient criteria (age < 14
years, death before arriving on ICU) were excluded. The patients' postsurgical ICP-values for the
next 168 hours following DC as well as their functional outcome, assessed via the modified
Rankin Scale (mRS) at the end of rehabilitation, were analyzed. Favorable outcome was defined
as a score of 0-4 on the mRS according to Vahedi et al. (2007).* This study was conducted
according to the Declaration of Helsinki, local and institutional laws and was reported to the

local ethics committee.



Clinical data

Demographic and clinical data were collected, including sex, age, primary diagnosis, side and
size of DC, pupillary status, duration of sedation, Glasgow Coma Scale (GCS) and National
Institutes of Health Stroke Scale (NIHSS), respectively.

The patients’ level of sedation was measured using the Richmond Agitation Sedation Scale
(RASS), and logged initially after DC and subsequently once every 24 hours.’® The presence of
postoperative anisocoria was recorded.

To determine the patients’ morbidity, the Simplified Acute Physiology Score (SAPS II) on the
day of surgery was analyzed.”> SAPS II was calculated semi-automatically via the clinical
information system (Integrated Care Manager, Driger, Liibeck, Germany), which filters all
relevant data in a given 24-hour period for the worst value.

The size of the trepanation (A) was calculated by A = w/4 x b x ¢, where b is the maximal fronto-
occipital and ¢ the maximal parieto-temporal extent of the defect.'' These data were collected on
postoperative CT-scans.

Treatment

Indication for surgical decompression in TBI patients with acute subdural hematoma followed
the recommendations of Bullock et al. and/or the German TBI Guidelines (AWMF 2015) based
on the clinical status (age, GCS, anisocoria) and CT-scan (thickness of SDH, midline shift) in an

*!41f a DC was indicated, surgery started as soon as

interdisciplinary case-by-case discussion.
possible. Concurrently, conservative treatment started following a standardized protocol. Blood
gases were analyzed frequently (at least every 4 hours). Continuous monitoring of
electrocardiography, oxygen saturation, arterial blood pressure and respiratory minute volume
and tidal volume was performed.

In patients suffering from MCA infarction at risk for a malignant clinical course, the indication
for early DC was verified by the senior neurosurgeon and the senior neurologist in charge. The

decision was based on the patient’s characteristics (age, medical history, laboratory findings),

neurological condition (clinical examination, NIHSS, GCS), imaging, exhausted conservative

9



treatment, time since onset of the neurological symptoms and clinical deterioration according to
the treatment guidelines.'®

Postsurgical treatment on ICU included ICP-guided therapy according to current guidelines.”
This treatment included elevation of the head by 20°-30°, hemodynamic stabilization in order to
avoid hypotension (systolic blood pressure <90 mmHg) and hypoxia (paO, < 60 mmHg),
sedation and hyperosmolar therapy. Patients were ventilated in BIPAP-mode (Evita Infinity®
V500 Ventilator — Driger, Liibeck, Germany) with the aim of maintaining physiological pH and

lower normal PaCO, (35-38 mmHg).

Decompressive craniectomy and ICP-monitoring

A question mark-shaped skin incision was made fronto-parieto-temporal, ending approximately
10 mm anterior of the tragus, followed by retraction of the musculocutaneous flap, removal of

the bone flap and dural opening.'**

Before readapting the temporalis muscle and scalp flap, an
intraparenchymal ICP-monitor (Codman MicroSensorTM, Johnson & Johnson Professional Inc.,
Rayham, MA) was placed ipsilaterally at the end of surgery according to the recommendations
of the Milan consensus conference on ICP-monitoring and current guidelines.*’~*

ICP-values and mean arterial pressure were measured continuously. Based on these
measurements, CPP-values were calculated. These measurements were performed automatically
and stored in the clinical information system (ICM) beginning at arrival in the ICU. Hourly ICP-

and CPP-values were extracted for the first 168 hours following DC and used to perform further

statistical analyses. A total of more than 22000 ICP- and CPP-values were analyzed in this study.

Statistical analysis

Continuous data are presented as means and range. The Wilcoxon rank-sum test was used to
compare non-parametric values. Comparisons including multiple ICP-values were corrected for
repeated measures. Categorical data are presented as counts and percentages and were compared
using chi-square and Fisher’s exact test. The prognostic significance of the models was analyzed

via multivariate logistic regression. ICP-thresholds were assessed using conditional inference
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tree analysis.'” Survival analysis was performed using the Kaplan-Meier method and log-rank
test. Statistical analyses were performed using IBM SPSS® v. 19 (IBM Corp., Armonk, NY,
USA) and MATLAB R2014b® (The MathWorks, Inc., Natick, MA, USA). Probability values of

p < 0.05 were considered statistically significant.

1.4 Results

A total of 102 patients (38 females; 37.3%) were included in this study. The mean age of the
cohort was 53.2 years (range 14 - 79). Fifty-seven patients underwent DC due to a space-
occupying MCA infarction and 45 patients suffered from an acute subdural hematoma due to
severe TBI. In detail, 33 patients (73.5%) suffered from an acute subdural hematoma (SDH) with
a thickness of more than 10mm and/or a midline shift of more than 5Smm regardless of the
patients’ Glasgow Coma Scale (GCS), while eight comatose patients (17.8%) presented with a
SDH of less than 10mm thickness and a midline shift of less than 5Smm but presented with either
a drop in the GCS of more than 2 points or asymmetric or fixed and dilated pupils. In four

patients the decision was based on a clinical decision according to the German TBI guidelines.

Forty-two patients (41%) showed a favorable outcome at the end of rehabilitation (mean follow-
up of 129 days after DC). No statistically significant differences between the outcome groups
were detected regarding sex, age, side of DC, size of trepanation, GCS, NIHSS, RASS, SAPS II
or presence of an external ventricular drain (Table 1). External ventricular drains were only
present in four patients in the unfavorable outcome group (two patients with mRS 6). Univariate

analysis revealed that anisocoria and diagnosis differed between the outcome groups.

In 91.2% of the MCA infarction patients, DC was performed within the first 72h after onset of
the neurological symptoms and 75.4% within the first 48h."® We performed a subgroup analysis
and compared clinical characteristics and outcome in patients with DC <48h versus patients in

whom DC was performed >48h after stroke onset. We found no significant differences regarding
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age (p=0.977), NIHSS (p=0.231), anisocoria (p=0.708), mean ICP (p=0.330), SAPS II (p=0.992)

or mRS (p=0.303).

ICP-analysis of the first 168 hours:

The mean ICP-values in both outcome groups were analyzed. Figure 1 shows an ICP-versus-
time plot of the first 168 hours after DC. The ICP-values of the favorable outcome group started
and remained at lower levels than those of the unfavorable group. Values did not exceed 14
mmHg (mean 11.5 mmHg; maximum 13.4 mmHg) at any point.

The ICP-values in the unfavorable group were higher, but rarely exceeded 20 mmHg (mean
(168h) 17.5 mmHg, range 10.7-25.0). In the first 72 hours, the ICP-values of the unfavorable
group were below 20 mmHg (mean (72 h) 17.2 mmHg). The mean ICP-values crossed the 20
mmHg threshold on only 11 (15.1%) occasions. In 31 (51.7%) patients with an unfavorable
outcome, the ICP-values did not exceed 20 mmHg at any point during the first 3 days. When
corrected for repeated measures, statistical analysis revealed a significant difference (p < 0.001)
between the two groups. In the last few hours of ICP-measurement, the curves began to
approximate each other. The mean ICP-curves were also analyzed separated by diagnosis. In
both subgroups the mean ICP in the first 168 hours was below 20 mmHg in the favorable and
unfavorable outcome group. More precisely, the ICP-values of the favorable outcome remained
below 15 mmHg regardless of the underlying diagnosis. For more details see Figure 2.

In the following sections, only the results of analyses of ICP-values are presented since the
analysis of CPP-values did not provide additional information in our cohort (for an overview of

the CPP-course see Supplementary Fig. 1).

Predictive power analysis (ROC):

Based on the results of the univariate analysis, diagnosis, anisocoria and the mean ICP in the first
12 hours were tested further regarding their prognostic value using multivariate logistic
regression. Figure 3 shows the predictive power of diagnosis, ICP and anisocoria compared with

diagnosis and SAPS II as a validated score to assess hospital mortality regardless of the
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underlying diagnosis.'”**** Combining diagnosis, ICP and anisocoria resulted in a significantly
larger AUC (0.837 vs. 0.707; p < 0.001), while adding SAPS 1I to the calculation did not further

improve its significance (data not shown).

Threshold analysis:

Since the mean ICP-values of both outcome groups lay clearly below 20 mmHg and their
predictive power could be demonstrated, new threshold values discriminating the outcome
groups were calculated. These optimized threshold values were determined by conditional
interference tree analysis in several time periods (Figure 4). Twelve-hour time frames were used
for the calculation. Due to the dynamics of the ICP-values, 6-hour intervals were chosen in order
to achieve better resolution during the first 48 hours. These new thresholds lay between 9.8
mmHg and 16.9 mmHg and were able to significantly distinguish favorable from unfavorable
outcome. Between hours 12 and 24 the calculated values were not quite significant. After 120

hours, no significant threshold values could be calculated.

Kaplan-Meier survival estimates:

With the aim of detecting an early predictive parameter regarding survival, an ICP-threshold was
calculated via conditional inference tree analysis based on the ICP-values of the first 12 hours.
As aresult, 15 mmHg was determined as the cut-off value between a low- and a high-ICP group.
The Kaplan-Meier method was used to analyze both groups’ 30-day survival rate, showing a
significantly higher survival rate in the low-ICP group (p < 0.001; Figure 5).

The survival probability of the low-ICP group lay above 75%. In the high-ICP group, survival

probability fell below 40% in the first 10 days following DC.

1.5 Discussion

Our study demonstrates that postsurgical ICP-values in a selected study population differed

between the favorable and unfavorable outcome groups. Surprisingly, the ICP-values were

13



generally below 20 mmHg in both outcome groups. As expected from pathophysiological
mechanisms, the ICP-values of the unfavorable outcome group were persistently higher than
those of the favorable group.’® This difference was observed regardless of the underlying
diagnosis. In the last few hours of ICP-measurement the curves began to approximate each other
due to the dropout of patients who had passed away.

The type of ICP-monitoring was standardized in our study, since only ipsilateral
intraparenchymal probes were used. The accuracy and comparability of this technique has
recently been proven.' Prospective analyses conducted with the utilized ICP-sensor
demonstrated an overall small zero drift of 2.0 mmHg over more than 100 hours.' Thus, relevant
drifts occurred in a small number of cases. Since zero drift increases over time, it is unlikely to
confound the results presented here, since the further analysis of the ICP-thresholds was based
on the initial period after DC (Fig. 3-5).

To assess the extent of sedation as a possible confounder of the ICP-level, the Richmond
Agitation and Sedation Scale was used as an established reliable parameter of sedation status."
Since all patients in this study were deeply sedated postoperatively, RASS did not differ between
the two outcome groups. The level of sedation was therefore unlikely to be a confounder
regarding patients’ ICP.

In the next step the early postsurgical ICP-values combined with diagnosis and anisocoria
showed a highly predictive power in determining the neurological outcome after rehabilitation.
This demonstrates the value of the ICP-level as an independent predictor, whereas SAPS II did
not show any additional predictive power. This may be a result of the highly selected subgroup
of surgically treated neurointensive care patients. SAPS II primarily focuses on non-neurological
parameters and therefore might not be suitable for assessing functional outcome in our
cohort.”>*” GCS alone did not differ in the outcome groups either, reflecting its vague
significance in outcome prediction.’” Anisocoria was associated with an unfavorable outcome as
previously demonstrated.”” In the TBI group, we focused on patients with acute subdural

hematoma as the leading radiological finding, since the indication for surgery is well defined in
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these cases.™'* However, DC is often performed in diffuse TBI as well, and this remains to be
studied.

The mean ICP-values of both outcome groups lay well below 20 mmHg. Moreover, the analysis
of the ICP-course revealed a surprisingly low range of values in the unfavorable outcome group,
predominantly staying below the threshold of 20 mmHg, especially in the first 72 hours after
intervention. Therefore, the 20 mmHg threshold was unable to distinguish between the outcome
groups. In general 20 mmHg-25 mmHg is recommended as the threshold above which
additional therapy should be strongly considered, yet level 1 evidence is missing due to
insufficient studies.” As a consequence, we calculated new time-dependent threshold values
and investigated their correlation with the neurological outcome (Figures 4 and 5). These
calculations revealed that a mean ICP-value below 15 mmHg in the first 12 hours was associated
with lower mortality. Moreover, our findings suggest a higher probability of favorable
neurological outcome in a time-dependent corridor between 10 and 17 mmHg in patients after
DC.

Courses of CPP were also evaluated analogously (see supplementary data). Since CPP-values
differed significantly in both outcome groups, a confounding effect of lower MAP in patients
with unfavorable outcome appears unlikely.

The surprisingly low calculated threshold values may be due to the previously performed DC.
This may lead to the missing evidence of the benefit of ICP-monitoring and ICP-guided
therapy.”° Studies evaluating the use of ICP-guided therapy in patients suffering from TBI or
malignant MCA infarction may have failed due to a higher and fixed threshold that served as the
crucial parameter for further therapeutic interventions or clinical assessment.®*' In the BEST
TRIP trial, almost one third of the patients in the pressure-monitoring group and in the imaging-
clinical examination group received a craniectomy.” This may have influenced the overall

findings, since 20 mmHg was the treatment threshold, regardless of neurosurgical procedures.
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Although lower ICP-thresholds guiding therapeutic strategies in patients after craniectomy have
been discussed previously, this has not had an effect on current guidelines and further studies.”'
Our study offers a new perspective on the current nonspecific threshold concept.

However, the question remains whether ICP-guided treatment has a positive impact on clinical
outcome. This is beyond the scope of this analysis and will have to be assessed via prospective
randomized controlled trials. Our study does not prove the benefit of ICP-monitoring but it
provides, for the first time, a systematic analysis of ICP-thresholds in patients undergoing DC.
Since we found remarkably low ICP-values in both outcome groups following DC, it will be
necessary to reassess the ICP-thresholds used to guide therapy in future studies. Furthermore,
there might be a need to review ICP-thresholds at an individual level in all subgroups of
neurological patients in which ICP-guided therapy is applied, since ICP-values are likely to
differ significantly in patients with an intact cranium. New individualized, multimodal ICP-
threshold strategies need to be established based on an improved evidence level. This may
prevent the unjustified abandoning of ICP-measurement as an easily accessible real-time tool in
the ICU.

Surprisingly the ICP-courses were quite similar for both diagnoses, although they reflect
completely different mechanisms of brain injury. The different pathological mechanisms of TBI
and MCA infarction are of course beyond question. Yet, our findings regarding ICP-thresholds
after DC seem to be valid for both diagnoses as shown by our analyses.

The major limitations of our study are its retrospective design and single center character.
Patients who died on emergency department arrival or directly after surgery did not receive an
ICP-sensor or no ICP-recordings could be performed. This might be a potential bias in the study
results. However, our patient cohort contained those patients in whom ICP-recording after DC
might have been in any way relevant and reflects the reality of a specialized neurointensive care
unit. We also excluded patients operated on using different surgical techniques (for example
bifrontal decompression) and patients with insufficient ICP-recordings or clinical data. The goal

of the study was to investigate ICP-thresholds over a period of 7 days in an ICU after DC and
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therefore it cannot prove the effectiveness of ICP-guided therapeutic concepts at all. We
demonstrated that the ICP-level in almost all patients, regardless of the preexisting brain damage,
rarely exceeded 20 mmHg, which does not prove that lowering ICP-levels is clinically useful.
Furthermore, our analysis was not designed to determine ICP-cut-offs as an indication for
surgery.

Nevertheless we are convinced that our study produced valid and detailed data on ICP-values

after DC and will provide an impetus for further investigation of this topic.

1.6 Conclusions

Our study suggests a new time-dependent threshold based on the ICP-analysis of the first 168
hours after DC. This paper cannot provide therapeutic evidence but does give a new perspective
on ICP-monitoring. As a consequence, therapeutic concepts based on 20 mmHg as an established
but unproven cut-off should be reconsidered and evidence-based thresholds are needed for future
trials. Individual thresholds would ensure that the therapeutic concept is more than a paradigm of

keeping the pressure below a fixed threshold.
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Tables:

Table 1: Demographic and clinical parameters separated by outcome and diagnosis.

Characteristic mRS 0 -4 mRS 5-6 p-value
n=42 n=60

sex - no. (%) ns

male 23 (54.8) 41 (68.3)

female 19 (45.2) 19 (31.7)

diagnosis - no. (%) 0.003 *

TBI 11(26.2) 34 (56.7)

MCA infarction 31(73.8) 26 (43.3)

age (years) ns

mean (range) 52.2(23-72) 53.9(14-79)

side - no. (%) 23 (54.8) 37 (61.7) ns

right 19 (45.2) 23 (38.3)

left

GCS - no. (% valid) 36 (85.7) 57 (95.1) ns

mean GCS (range) 9.53-15) 8.8(3-15)

anisocoria - no. (%) 20 (47.6) 42 (70.0) 0.026 **

size of trepanation (cm”) ns

mean (range) 128.8 (82.5 - 168.0) 122.7 (64.0 - 165.7)

RASS ns

mean (range) -3.7(-5-0) -3.9(-5-3)

SAPS II ns

mean (range) 40.3 (17 - 68) 45 (21-91)

EVD - no. (%) 0(0) 4(6.7) ns

mean ICP (mmHg) of <0.001"

the first 168h (std) 11.5 (£1.4) 17.5 (£3.4)

sex - no. (%)
male

female

TBI-mRS 0 -4 MCA-I-mRS0-4 TBI-mRS5-6 MCA-I (mRS 5 - 6)

n=11 n=31 n=34 n=26

5(45.5) 18 (58.1) 26 (76.5) 15 (57.7)

6 (54.5) 13 (41.9) 8(23.5) 11 (42.3)

ns



age (years)

mean (std) 50.7 (£16.6) 52.7 (£9.7) 54.4 (£19.6) 53.3 (£12.0) ns
side - no. (%) ns
right 7 (63.6) 16 (51.6) 21 (61.8) 16 (61.5)
left 4(36.4) 15 (48.4) 13 (38.2) 10 (38.5)
GCS ns
mean GCS (std) 5.8 (+4.3) 7.7 (4.7)
} <0.001

10.9 (+4.2) 10.4 (+4.3)
NIHSS ns
mean NIHSS (std) 16.2 (£6.6) 15.7 (+4.1)
anisocoria - no. (%) 4 (36.4) 16 (51.6) 23 (69.7) 19 (73.1) ns
size of trepanation (cm”) ns
mean (std) 129.8 (£27.7) 128.5 (£20.0) 116.8 (£25.5) 130.6 (£16.3)
RASS ns
mean (std) -2.8 (£2.6) -3.7 (0.7) -4.2 (£0.9) -3.3 (£1.5)
SAPS II ns
mean (std) 47.6 (£12.0) 48.4 (£14.8)

} 0.008

37.5 (13.5) 40.0 (+£14.5)

EVD - no. (%) 0(0) 0(0) 309 1(4) ns

std = standard deviation; mRS = modified Rankin Scale; GCS = Glasgow Coma Scale; RASS = Richmond

Agitation Sedation Scale; SAPS = Simplified Acute Physiology Score; EVD = External Ventricular Drain; NIHSS =

National Institutes of Health Stroke Scale;
* in multivariate analysis p<0.01; ** in multivariate analysis p<0.05;
"assessed with Wilcoxon rank sum test

Supplementary table 2: Risk of unfavorable outcome depending on ICP separated by diagnosis.

Estimation of unfavorable outcome

OR CI p-value

diagnosis: MCA infarction 0.23 0.17-0.30 <0.001
ICP in TBI 1.04 1.02 -1.07 0.001

ICP in MCA infarction 1.11 1.05-1.19 <0.001

OR = Odds ratio; CI = confidence interval
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Figure 1: Mean intracranial pressure in the first 168 hours after decompressive craniectomy.

a) In the favorable outcome group (blue) the mean ICP was 11.5 mmHg compared to 17.5 mmHg in the unfavorable
group (red; p < 0.001). The blue curve does not exceed 14 mmHg and even the red curve stays predominantly below
the limit of 20 mmHg. In the first 72 h the red curve barely exceeds 20 mmHg. Error bars indicate the standard error

of the mean.

b) Distributions of the scores on the mRS in the entire cohort (mRS = modified Rankin Scale).
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Figure 2: Mean intracranial pressure separated by diagnosis.

a) Mean intracranial pressure in the first 168 hours after decompressive craniectomy in patients with malignant
middle cerebral artery infarction. The mean ICP was 11.7 mmHg in the favorable group (blue curve) and 19.7
mmHg in the unfavorable group (red curve; p < 0.001). No crossing of the 20 mmHg threshold occurred during the
first 57 hours.

b) Mean intracranial pressure in the first 168 hours after decompressive craniectomy in patients with traumatic brain
injury. Mean ICP was 10.9 mmHg in the favorable group (blue curve) compared to 15.8 mmHg in the unfavorable
outcome group (red curve; p < 0.001). The mean ICP did not exceed 20 mmHg in the first 31 hours after DC (mRS

= modified Rankin Scale).
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Figure 3: Significance of mean intracranial pressure (12h) in outcome prediction.

In this ROC-curve, the models for outcome prediction detected via multivariate logistic regression are displayed.
Models were tested for correct outcome prediction against the null hypothesis. Diagnosis and SAPS II showed an
area under the curve (AUC) of 0.707. Including diagnosis, ICP and anisocoria resulted in a significantly higher AUC
0f 0.837 (p < 0.001; DeLong test; CI = Confidence Interval; SAPS II = Simplified Acute Physiology Score).
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Figure 4: Calculated intracranial pressure-thresholds in the first 168 hours after decompressive craniectomy.
(* p <0.05; ** p < 0.01; ns = not significant; conditional inference tree analysis; mRS = modified Rankin Scale,

merged diagnoses)
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Figure 5: Kaplan-Meier survival curves for the first 30 days after decompressive craniectomy.
Comparison of the 30-day survival probability of patients with low ICP (mean ICP < 14.9 mmHg; blue curve) with

that for patients with high ICP (mean ICP > 15.0 mmHg; red curve) showed significantly higher survival in the low
ICP-group (p < 0.001, log-rank test, merged diagnoses).
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Supplementary Figure 1: Mean cerebral perfusion pressure in the first 168 hours after decompressive craniectomy.

In the favorable outcome group (blue) the mean CPP was 81.2 mmHg compared with 72.5 mmHg in the unfavorable
group (red; p < 0.001). Please note: The zero-point of the mean arterial pressure was defined at the level of the right
atrium whereas the zero-point for ICP-measurement was at the level of the nasion. Having regard to the elevation of
the head by 20°-30°, this results in a higher range of the CPP of approximately 10 — 15 mmHg compared with a
calculation using common zero-points. However, the courses of and differences in the CPP-levels remained
unaffected. Error bars indicate the standard error of the mean.
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Supplementary Figure 2: Estimation of outcome based on ICP separated by diagnosis.

The risk of unfavorable outcome depending on the mean ICP in the first twelve hours is shown for MCA and TBI
separately. In both diagnoses the risk of an unfavorable outcome increases significantly with an elevation of the
mean ICP. Both graphs demonstrate a large increase in risk already at ICP values below 20 mmHg. In general
patients with MCA infarction have a higher chance of a favorable outcome, whereas the risk of unfavorable outcome

depending on the ICP increases even more in these patients.
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2. Summary

2.1 Introduction

The cranium contains three compartments, with brain parenchyma measuring approximately
1400 ml, followed by cerebrospinal fluid (CSF) and intracranial blood each measuring about 150
ml (1). Since the compartments’ sum stays constant, according to the Monro-Kellie-doctrine, an
expansion of one leads to the compression of one or both of the remaining (2). Due to the skull’s
inability to expand and the incompressible nature of the brain parenchyma as well as blood and
CSF, the body has only limited ways of compensating an increase in volume, such as reducing
the production of CSF and evading the same into the spinal canal (1). After the depletion of
compensatory mechanisms, pathologies causing an increase in volume in any compartment,
therefore lead to an elevation of intracranial pressure (ICP), whose normal range is 3 — 15 mmHg
(1). Moreover, since the relation between intracranial pressure and volume is nonlinear, a
disproportionate increase in ICP occurs, once the compensatory mechanisms are exhausted.
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Figure 1: Relationship between intracranial volume and pressure.

A non-linear relationship exists between the increase in intracranial pressure (p) and
volume (V). With advanced intracranial volume, intracranial pressure increases faster
(Ap2 > Apl).

Increased intracranial pressure can have various causes; however, all of them have the potential
of possibly developing into a life-threatening condition due to herniation and secondary ischemia
(1.

Since the cerebral perfusion pressure (CPP) is calculated as the difference between the mean
arterial pressure (MAP) and the ICP (CPP = MAP - ICP), elevated ICP may lead to impaired
cerebral perfusion and therefore to ischemia.
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Possible causes for elevated ICP are space-occupying infarctions, such as malignant middle
cerebral artery (MCA) infarction, intracranial hemorrhages and traumatic brain injury (TBI)
resulting in brain edema (3).

Therapeutic approaches in the management of elevated ICP aim at preventing secondary
ischemic brain damage, which could arise from a decrease of CPP.

Current guidelines recommend the extension of treatment in patients with ICP above 20 — 25
mmHg (4, 5). This treatment includes the avoidance of hypotension (systolic blood pressure < 90
mmHg) and hypoxia (Pa O, < 60 mmHg or saturation < 90%) as well as sedation, hyperosmolar
therapy with mannitol (0.25 — 1g/kg) and moderate hyperventilation (Pa CO, 30 — 35 mmHg) (5,
6).

Furthermore, decompressive craniectomy (DC) is an option in the management of elevated ICP.
In young patients suffering from malignant infarction of the middle cerebral artery treated with
DC, prospective randomized trials were able to show a reduction of mortality and an
improvement in clinical outcome (7-10). Decompressive craniectomy is recommended within the
first 48 hours from the onset of symptoms in patients suffering from malignant MCA infarction
(5).

DC is also frequently performed in TBI patients suffering from refractory elevated ICP, although
data are controversial (11-14). The RESCUEicp study revealed DC in patients with TBI to result
in lower mortality and higher rates of vegetative state, lower severe disability, and upper severe
disability than conservative treatment (15).

Severe injury of the brain, independent of the underlying diagnosis, frequently induces cerebral
edema causing an increase in ICP. ICP-monitoring and ICP-guided therapeutic interventions are
generally performed in clinical practice. While ICP-monitoring is generally recommended for
patients with severe TBI (16, 17), corresponding guidelines for patients with malignant MCA
infarction are missing. ICP-monitoring after DC is nevertheless often part of the further therapy
on the intensive care unit (ICU) (5).

Although commonly performed, no class I evidence for the benefit of ICP-monitoring and ICP-
guided therapy exists so far. The objective of a multicenter controlled trial published in 2012 was
to assess the efficacy of ICP-guided treatment in improving the outcome of patients suffering
from severe TBI (18). In this trial, patients were randomly assigned to either a “pressure-
monitoring”- or “imaging-clinical examination” group. Patients in the “pressure-monitoring”
group were treated with the aim of maintaining an ICP at or below 20 mmHg. Counterintuitively,
no significant differences between these groups could be found with regards to their outcomes.
Despite the failure of this trial to provide this evidence, the authors still emphasize the likely
benefit of ICP-guided therapy and ICP-guided therapy has not been abandoned in clinical
practice (17-19).

Missing evidence for the simplified threshold of 20 mmHg, which determines further therapy,
should be considered as a possible cause for these results. In the BEST TRIP trial almost one
third of the patients in the “pressure-monitoring group” and in the “imaging-clinical examination
group” received a craniectomy. This may have influenced the study’s results, since 20 mmHg
served as the general treatment threshold regardless of neurosurgical interventions.

The effectiveness of DC in lowering ICP has been proven in various studies (12, 20), but only
limited data are available for the postsurgical ICP-course. So far, only a few studies focused on
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this topic, of which most evaluated only a small number of patients or recorded a limited number
of ICP-values (21-25).

Hence, objective of this study was to analyze the ICP-level and -course of the first week after
DC in patients suffering from malignant MCA infarction and TBI and to correlate these
parameters with their neurological outcome. A special focus was put on the evaluation of the
commonly accepted threshold of 20 mmHg.

2.2 Methods

Patients undergoing unilateral DC due to malignant MCA infarction or acute subdural hematoma
from December 2007 through April 2014 were analyzed retrospectively. Hourly postsurgical
ICP-values of the first 168 hours and the clinical outcome were evaluated. Functional outcome
was assessed via modified Rankin Scale (mRS) at the end of rehabilitation. Favorable outcome
was defined as a score of 0 — 4 on the mRS according to Vahedi et al. (2007) (9).

Demographic and clinical data, including sex, age, primary diagnosis, side (and size) of DC,
postoperative pupillary status Glasgow Coma Scale (GCS) and National Institutes of Health
Stroke Scale (NIHSS), respectively.

Furthermore, the patients’ level of sedation was assessed regularly via the Richmond Agitation
Sedation Scale (RASS) and collected initially after DC and subsequently once every 24 hours
(26). The Simplified Acute Physiology Score (SAPS 1II) on the day of surgery was analyzed to
determine the patients’ morbidity (27). Furthermore, frequent blood gas analyses were performed
as well as continuous monitoring of electrocardiography, oxygen saturation, arterial blood
pressure, respiratory minute volume and tidal volume.

After the ipsilateral placement of an intraparenchymal ICP-probe at the end of DC, according to
the recommendations of the Milan consensus conference on ICP-monitoring and current
guidelines, ICP-values and mean arterial pressure were measured continuously (5, 16). CPP-
values were calculated, based on these measurements.

2.3 Summary of results

A total of 102 patients (64 males; 62.7 %) were included in this study. Mean age of this cohort
was 53.2 years (range 14 — 79). DC was performed due to a space-occupying MCA infarction in
57 (55.9 %) cases, whereas severe traumatic brain injury led to DC in 45 (44.1 %) cases. A
favorable outcome at the end of rehabilitation (on average 129 days after DC) was assessed in 42
(41 %) patients.

Statistical analysis detected no significant differences between the outcome groups regarding
sex, age, side of DC, size of trepanation, GCS, NIHSS, RASS, SAPS II and presence of an
external ventricular drain. External ventricular drains were present in 4 patients of the
unfavorable group. Univariate analysis revealed anisocoria and diagnosis to differ significantly
in the outcome groups.

Additionally, multivariate logistic regression was used to analyze the prognostic value of
diagnosis, anisocoria and mean ICP. Early postsurgical ICP-values combined with diagnosis and
anisocoria showed a highly predictive power in determining the neurological outcome after
rehabilitation.
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We analyzed ICP-values of the first 168 hours after DC of both outcome groups.

ICP-values in the favorable outcome group started and remained lower than those of the
unfavorable group. Mean ICP in the favorable outcome group was 11.5 mmHg compared to 17.5
mmHg in the unfavorable outcome group. In the latter, ICP-values stayed in a higher range, but
barely exceeded 20 mmHg. Particularly during the first 72 hours, ICP-values of the unfavorable
outcome group only crossed the 20 mmHg threshold at 11 (15.1%) measuring points. In 31
(51.7%) patients with unfavorable outcome, ICP-values did not exceed 20 mmHg at any point
during the first 72 hours.

Statistical analysis, corrected for repeated measures, revealed a significant difference (p < 0.001)
between the outcome groups. Figure 2 shows the ICP-courses in both groups plotted over 168
hours.

2 | 7

20 —________—— il | - h LY . ™ 7‘ ¥ 4“ i .: |

ICP (mmHg)
o
T
PR
|
|
]
’ |
i#d
S

-
o

- mRS 5-6; mean ICP: 17.5mmHg***

—— mRS 1-4; mean ICP: 11.5mmHg***

***p <0.001
0 | | | | 1
0 20 40 60 80 100 120 140 160
time after DC (h)
3.9%, 59% ;4.9%
(411 02)\6/1 oz/ (51102)
| 35.3% (36/102) | 23.5% (241102) 265% 27102 | | | |
mRS 6 5 4 32 1
Figure 2: Intracranial pressure of the first 168 hours after decompressive craniectomy.

a) In the favorable outcome group (blue) the mean ICP was 11.5 mmHg compared to 17.5 mmHg in
the unfavorable group (red; p < 0.001). Univariate comparisons between the patient groups were
calculated using the Wilcoxon rank-sum test. The blue graph does not exceed 14 mmHg while the red
curve predominantly respects the limit of 20 mmHg. In the first 72 h the red curve barely exceeds 20
mmHg. In the last hours of ICP-measurement the curves approximate to each other. Error bars
indicate the standard error of the mean.

b) Distributions of mRS-scores of the entire cohort

Since the underlying diagnosis was found to differ significantly between the outcome groups in
univariate as well as multivariate analysis (data not shown), ICP-courses were also analyzed
separated by diagnosis (Figure 3 and 4). In MCA infarction patients mean ICP of the favorable
group was 11.7 mmHg in comparison to 19.7 mmHg in the unfavorable outcome group. During
the first 57 hours mean ICP-values do not exceed 20 mmHg at any point. Mean ICP in both
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outcome groups was also found to be below 20 mmHg in patients suffering from TBI (10.9
mmHg and 15.8 mmHg, respectively). In the TBI cohort mean ICP does not cross the 20 mmHg
threshold in the first 31 hours after DC. Statistically significant differences between the outcome
groups were detected in both subgroup analyses.
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Figure 3: Postsurgical ICP-course in MCA infarction patients.

a) Mean ICP in the favorable group was 11.7 mmHg (blue curve) and 19.7 mmHg in the unfavorable
group (red curve; p < 0.001) (Wilcoxon rank-sum test). No crossing of the 20 mmHg threshold
occurred during the first 57 hours.

b) Distributions of mRS-scores of MCA infarction patients
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Figure 4: Postsurgical ICP-course in patients with traumatic brain injury.

a) Mean ICP in the favorable group was 10.9 mmHg (blue curve) compared to 15.8 mmHg in the
unfavorable outcome group (red curve; p < 0.001) (Wilcoxon rank-sum test). The mean ICP does not
exceed 20 mmHg in the first 31 hours after DC.

b) Distributions of mRS-scores of the TBI cohort

Since the mean ICP-values of both outcome groups lay clearly below 20 mmHg, new threshold
values were calculated in a next step, to discriminate between both outcome groups. These
optimized threshold values were determined by conditional inference tree analysis in several
time periods using 12-hour time frames. Due to the dynamics of the ICP-values, 6-hour intervals
were chosen in order to achieve better resolution during the first 48 hours. The new thresholds
lay between 9.8 mmHg and 16.9 mmHg and were able to significantly distinguish favorable from
unfavorable outcome as shown in Figure 5. Between hours 12 and 24 the calculated values were
not significant. After 120 hours, no significant threshold values could be calculated.
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Figure 5: Calculated ICP-thresholds in the first 168 hours after DC.
Postsurgical ICP-courses in the favorable and unfavorable outcome group are shown in addition to
calculated ICP-thresholds in 12-hour and 6-hour time frames, respectively. These thresholds lie
between 9.8 mmHg and 16.9 mmHg. All thresholds significantly distinguish favorable from

unfavorable outcome.
(* p<0.05; ** p <0.01; ns = not significant; conditional inference tree analysis; mRS = modified

Rankin Scale, merged diagnoses)

With the aim of detecting an early predictive parameter regarding survival, an ICP-threshold was
calculated via conditional inference tree analysis based on the ICP-values of the first 12 hours.
As aresult, 15 mmHg was determined as the cut-off value between a low- and a high-ICP group.
The Kaplan-Meier method was used to analyze both groups’ 30-day survival rate, showing a
significantly higher survival rate in the low-ICP group (p < 0.001). ICU-survival rates are shown
in Figure 6.

The survival probability of the low-ICP group lay above 75%. In the high-ICP group, survival
probability fell below 40% in the first 10 days following DC.
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Figure 6: Kaplan-Meier survival curves for the first 30 days after DC.
Patients with low ICP (mean ICP < 14.9 mmHg; blue curve) showed a significantly higher 30-day
survival probability compared to those with high ICP (mean ICP > 15.0 mmHg; red curve) (p < 0.001,

log-rank test, merged diagnoses).

2.4 Discussion

Only a few parameters are known so far to predict patients’ functional outcome after DC.
According to previous studies, age, postoperative midline shift (MLS) and the difference
between pre- and postoperative MLS on CT-imaging seem to be of prognostic value in patients
undergoing DC due to malignant MCA infarction (28-31). Heterogeneous data are available
regarding the quality of predictive factors in TBI patients with DC (31-34). The recently
published RESCUEipc study found that TBI patients treated with DC might profit from lower
mortality compared to conservatively treated patients, albeit showing higher rates of vegetative
state, lower severe disability and upper severe disability (15). As ethical considerations arise
from these findings, it will be necessary to evaluate what conclusions can be drawn from these
results.

In this context, this study analyzed ICP-courses after decompressive craniectomy and delivers
new time-dependent ICP-thresholds for a selected patient cohort.

ICP-monitoring was standardized, since only ipsilateral intraparenchymal probes were used. This
technique’s accuracy and comparability has been proven recently (35). Not only does this work
provide predictors of functional outcome in patients after DC, but also delivers new time-
dependent thresholds regarding ICP-guided therapy.

Postsurgical ICP-values of the first 168 hours were found to differ in patients with favorable and
unfavorable outcome. ICP-values values in the unfavorable group started and stayed higher than
in patients with favorable outcome. In the last hours of ICP-measurement the curves might
approximate to each other due to the drop out of patients passed away. Courses of CPP have
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been evaluated analogously (data not shown). Since mean CPP-values also differed significantly
in both outcome groups, the conceivable confounding effect of lower MAP in patients with
unfavorable outcome appears unlikely.

Due to the fact that mean ICP-values in both outcome groups lay well below 20 mmHg, our
study challenges current concepts. Therefore, new time-dependent thresholds were calculated
discriminating between favorable und unfavorable outcome (Figure 5).

As a possible confounder regarding the level of intracranial pressure, the extent of sedation was
assessed. This was achieved via collecting the Richmond Agitation and Sedation Scale as an
established and reliable parameter of sedation status (36). Due to the deep postoperative sedation
of all patients in this study (mean RASS -3.7 (range -5 — 0) in the favorable group versus -3.9
(range -5 — 3) in the unfavorable group), no significant difference of RASS between the outcome
groups could be detected. The level of sedation is therefore unlikely to be a confounder
regarding patients’ ICP.

Early postsurgical ICP-values combined with diagnosis and anisocoria showed a high power in
predicting functional outcome. This demonstrates the value of the ICP-level as an independent
predictor, whereas SAPS II as a validated score to assess hospital mortality, independent of the
underlying diagnosis, did not show any predictive power (27, 37, 38). A reason for this finding
might be the highly selected subgroup of surgically treated neurointensive care patients in this
study. Since SAPS II primarily focuses on non-neurological parameters, it might not be adequate
in assessing this cohort’s mortality (39, 40). Anisocoria and diagnosis differed significantly in
the outcome groups as revealed by uni- and multivariate analyses. The association of anisocoria
with unfavorable outcome has previously been demonstrated (41).

Due to the different pathologies causing an increase in intracranial pressure, ICP-courses of the
underlying diagnoses were analyzed separately (Fig. 3, 4). Both diagnosis-subgroup analyses
independently showed significant differences in mean ICP-values in both outcome groups. Brain
swelling during the first few days after malignant MCA infarction can be reproduced in the ICP-
courses. The first exceeding of the 20 mmHg threshold occurs on the third day after DC (58"
hour) (42). While the 20 mmHg threshold in TBI patients is crossed on day 2 (32™ hour), mean
ICP-values in both outcome groups were found to be lower than in patients suffering from
malignant MCA infarction. Although underlying pathophysiological mechanisms differ and have
to be further investigated, 20 mmHg appears to be an insufficient threshold in the early
postsurgical phase in both subgroups, since patients with favorable and unfavorable outcome did
not exceed it

However, these new thresholds are only applicable for patients after DC and might be lower here
than in a comparison group of conservatively treated patients. The surprisingly low threshold
may be due to the previously performed DC.

Although this is a retrospective and single-center study, it nonetheless provides new insights into
the field of neurointensive care.

The question is, whether future trials will be able to reproduce our findings. Furthermore,
prospective trials should investigate possible new ICP-thresholds in conservatively treated
patients.

Should future prospective multicenter studies be able to reproduce our findings in a greater
cohort, the currently missing evidence for the benefit of ICP-guided therapy will have to be
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revised. As a consequence, a new study may have to be initiated with the aim of re-evaluating
the benefit of ICP-guided therapy, taking into account new ICP-thresholds.
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2.5 List of abbreviations

CPP

CSF

GCS

ICP

ICU

MAP

MCA

MLS

mRS

NIHSS

RASS

SAPS II

TBI

cerebral perfusion pressure
cerebrospinal fluid

Glasgow Coma Scale

intracranial pressure

intensive care unit

mean arterial pressure

middle cerebral artery

midline shift

modified Rankin Scale

National Institutes of Health Stroke Scale
Richmond Agitation Sedation Scale
Simplified Acute Physiology Score

traumatic brain injury
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3. Zusammenfassung in deutscher und englischer Sprache

This doctoral thesis investigated postoperative intracranial pressure (ICP)-levels and their
correlation with clinical outcome in patients who underwent decompressive craniectomy (DC).
DC is an established part of the treatment in patients suffering from malignant infarction of the
middle cerebral artery or severe traumatic brain injury. While the ICP lowering effect of
decompressive craniectomy has been proven before, the benefit of ICP-guided therapy remains
unclear. Currently, an ICP of 20 mmHg frequently serves as threshold, which determines further
therapy. The objective of this study was therefore to evaluate this threshold’s accuracy and to
investigate the course of ICP-values with respect to the neurological outcome in patients who
underwent DC. A retrospective evaluation of ICP-values of the first 168 hours after DC in 102
patients revealed significant differences between patients with favorable and unfavorable
outcome. Since mean postsurgical ICP-values in both outcome groups lay below 20 mmHg, a
new time-dependent threshold concept was assessed. Kaplan Meier survival estimates were
calculated based on this new threshold concept and showed significantly higher survival
probability in patients with "low" ICP. Although this study has its biases and limitations due to
its retrospective design, it nonetheless provides new insights into the field of ICP-management.
However, the question remains whether ICP-guided treatment has a positive impact on clinical
outcome. This is beyond the scope of this analysis. Should future prospective multicenter studies
be able to reproduce our findings in a greater cohort, the currently missing evidence for the
benefit of ICP-guided therapy will have to be revised.

Diese Dissertation untersuchte den postoperativen intrakraniellen Druck und seine Korrelation
mit dem klinischen Ergebnis bei Patienten, bei denen eine dekompressive Hemikraniektomie
durchgefiihrt wurde. Die dekompressive Hemikraniektomie ist ein etablierter Bestandteil in der
Behandlung von Patienten, welche an einem malignen Infarkt der Arteria cerebri media oder
einem schweren Schédelhirntrauma leiden. Wihrend der Hirndruck senkende Effekt der
dekompressiven Hemikraniektomie bereits bewiesen werden konnte, bleibt der Nutzen der
Hirndruck gesteuerten Therapie an sich unklar. Aktuell dient ein Wert von 20 mmHg héufig als
Grenzwert, welcher die weitere Therapie bestimmt. Das Ziel dieser Studie war es daher, die
Genauigkeit dieses Grenzwertes sowie die intrakraniellen Druckwerte im Hinblick auf das
neurologische Ergebnis bei Patienten nach dekompressiver Hemikraniektomie zu untersuchen.
Die retrospektive Analyse intrakranieller Druckwerte der ersten 168 postoperativen Stunden
zeigte signifikante Unterschiede zwischen Patienten mit gutem und schlechtem Outcome. Da die
mittleren Druckwerte in beiden Outcome-Gruppen unter 20 mmHg lagen, wurde ein neues
zeitabhiingiges Grenzwertkonzept erstellt. Kaplan-Meier Uberlebenszeit Analysen wurden,
basierend auf diesem neuen Grenzwertkonzept, berechnet und zeigten eine signifikant hohere
Uberlebenswahrscheinlichkeit bei Patienten mit "niedrigem" Hirndruck.

Obwohl diese Studie durch ihr retrospektives Design limitiert ist, bietet sie dennoch neue
Einsichten in das Feld der Hirndrucktherapie. Die Frage, ob die Hirndruck gesteuerte Therapie
einen positiven Effekt auf das klinische Ergebnis hat, bleibt jedoch unbeantwortet. Dies entzieht
sich der Aussagekraft dieser Analyse. Sollten zukiinftige prospektive Multicenterstudien unsere
Ergebnisse in einer grofleren Kohorte reproduzieren kdnnen, miisste die aktuell fehlende Evidenz
fiir Hirndruck gesteuerte Therapie iiberdacht werden.
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