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Optimal Cerebral Perfusion Pressure During
Delayed Cerebral Ischemia After Aneurysmal

Subarachnoid Hemorrhage

OBJECTIVES: The recommendation of induced hypertension for delayed cere-
bral ischemia treatment after aneurysmal subarachnoid hemorrhage has been chal-
lenged recently and ideal pressure targets are missing. A new concept advocates
an individual cerebral perfusion pressure where cerebral autoregulation functions
best to ensure optimal global perfusion. We characterized optimal cerebral per-
fusion pressure at time of delayed cerebral ischemia and tested the conformity of
induced hypertension with this target value.

DESIGN: Retrospective analysis of prospectively collected data.
SETTING: University hospital neurocritical care unit.

PATIENTS: Thirty-nine aneurysmal subarachnoid hemorrhage patients with in-
vasive neuromonitoring (20 with delayed cerebral ischemia, 19 without delayed
cerebral ischemia).

INTERVENTIONS: Induced hypertension greater than 180mm Hg systolic
blood pressure.

MEASUREMENTS AND MAIN RESULTS: Changepoint analysis was used
to calculate significant changes in cerebral perfusion pressure, optimal cere-
bral perfusion pressure, and the difference of cerebral perfusion pressure and
optimal cerebral perfusion pressure 48 hours before delayed cerebral ischemia
diagnosis. Optimal cerebral perfusion pressure increased 30 hours before the
onset of delayed cerebral ischemia from 82.8 £ 12.5 to 86.3 £ 11.4mm Hg
(p<0.05). Three hours before delayed cerebral ischemia, a changepoint was also
found in the difference of cerebral perfusion pressure and optimal cerebral perfu-
sion pressure (decrease from —0.2 + 11.2 to =7.7 £ 7.6 mm Hg; p < 0.05) with a
corresponding increase in pressure reactivity index (0.09 + 0.33 to 0.19 + 0.37;
p < 0.05). Cerebral perfusion pressure at time of delayed cerebral ischemia was
lower than in patients without delayed cerebral ischemia in a comparable time
frame (cerebral perfusion pressure delayed cerebral ischemia 81.4 = 8.3mm Hg,
no delayed cerebral ischemia 90.4 = 10.5mm Hg; p < 0.05). Inducing hyperten-
sion resulted in a cerebral perfusion pressure above optimal cerebral perfusion
pressure (+12.4 £ 8.3mm Hg; p < 0.0001). Treatment response (improvement
of delayed cerebral ischemia: induced hypertension* [n = 15] or progression of
delayed cerebral ischemia: induced hypertension™ [n = 5]) did not correlate to ei-
ther absolute values of cerebral perfusion pressure or optimal cerebral perfusion
pressure, nor the resulting difference (cerebral perfusion pressure [p = 0.69];
optimal cerebral perfusion pressure [p = 0.97]; and the difference of cerebral per-
fusion pressure and optimal cerebral perfusion pressure [p = 0.51]).

CONCLUSIONS: At the time of delayed cerebral ischemia occurrence, there is
a significant discrepancy between cerebral perfusion pressure and optimal cere-
bral perfusion pressure with worsening of autoregulation, implying inadequate but
identifiable individual perfusion. Standardized induction of hypertension resulted in
cerebral perfusion pressures that exceeded individual optimal cerebral perfusion
pressure in delayed cerebral ischemia patients. The potential benefit of individual
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blood pressure management guided by autoregulation-
based optimal cerebral perfusion pressure should be
explored in future intervention studies.

KEY WORDS: brain ischemia; cerebrovascular
circulation; critical care; subarachnoid hemorrhage

noid hemorrhage (aSAH) may be further ag-

gravated by delayed cerebral ischemia (DCI)
(1). This phenomenon comprises several deleterious
processes leading to breakdown of normal cellular
functions (2). In this particularly vulnerable phase,
the appropriate adjustment of vessel tone to fluctua-
tions of blood pressure and local energy demand (ce-
rebral autoregulation) is important to avoid further
mismatch. Cerebral autoregulation is disturbed dur-
ing DCI, promoting cerebral infarction and poor clin-
ical outcome (3, 4). Although this correlation is well
known, autoregulation is not usually integrated into
diagnostic algorithms for DCI as there are no estab-
lished means for intervention.

In traumatic brain injury, functionality of autoregu-
lation varies according to the current level of cerebral
perfusion pressure (CPP) (5). From this observation,
the concept of an optimal CPP (CPP ) was derived
(6). In essence, CPP_ is a constantly updated CPP
value at which cerebral autoregulation is observed to
function best. Deviation from this patient- and time-
varying value has been linked to poor clinical outcome
in traumatic brain injury and, in initial investigations,
also in subarachnoid hemorrhage (7, 8). Blood pres-
sure management is typically liberal after the ruptured
aneurysm is secured, allowing for intrinsic blood pres-
sure regulation with only a lower safety limit to avoid
hypotension (9). This may result in divergence of CPP
and CPP_, particularly during DCI where local hypo-
perfusion is frequently observed in imaging (10, 11).

The vast majority of treatment regimens for DCI
include some form of induced hypertension (iHTN)
that is recommended in the American guidelines (12,
13). The European guidelines warn against the po-
tential risks that are referable to not knowing the in-
dividual upper limits of perfusion (including edema,
hemorrhagic transformation of infarct, reversible
leukoencephalopathy, and cardiac adverse effects)
(9). Due to the lack of robust evidence around iHTN,
the controversy surrounding its benefit persists and
has been sparked anew with the results from the

Poor clinical status after aneurysmal subarach-
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randomized controlled Hypertension Induction in the
Management of AneurysmalL subArachnoid haemor-
rhage with secondary IschaemiA (HIMALAIA) trial
that yielded inconclusive results (14). Implementing
autoregulation-guided, individualized perfusion man-
agement (CPP ) may prove beneficial in the context
of DCI. We hypothesized that discrepancies of (spon-
taneous or induced) CPP from CPPOpt contribute to the
occurrence of DCI, and we investigated whether these
parameters are associated with treatment response
from uniformly applied iHTN.

MATERIALS AND METHODS

We prospectively enrolled patients with aSAH greater
than or equal to 18 years at a single tertiary care institution
from May 2014 to September 2020 (Fig. 1) into an insti-
tutional databank. Patients without invasive neuromoni-
toring were not included for analysis. Patients without
DCI with neuromonitoring data at day 7 (matched to the
mean time of DCI occurrence in the DCI group) served
as a control group. All data were collected prospectively
except CPP_ | that was recalculated at the end of the in-
clusion period due to the availability of an updated calcu-
lation method (15). Consent for inclusion was obtained
by patients or their representatives. The data collection
was approved by the local ethics committee (EK 062/14).
Reporting adhered to the Strengthening the Reporting
of Observational Studies in Epidemiology guideline for
observational studies (16).

Standard Operating Procedure

Monitoring Protocol. Our standard operating pro-
cedure for DCI monitoring and management has
been detailed previously (17, 18). All awake patients
are monitored for DCI clinically. In nonassessable or
awake patients with high risk of DCI (Hunt and Hess
grade > 3 or grade 1-2 with modified Fisher grade >
3, unless early mortality is anticipated), monitoring is
augmented by invasive, multimodal neuromonitor-
ing (intracranial pressure [ICP], brain tissue oxygen
[p,0,], microdialysis; Neurovent PTO, Raumedic,
Helmbrechts, Germany). Minimal CPP threshold is
greater than 60 mm Hg after aneurysm occlusion, with
arterial blood pressure zeroed at heart level.

Delayed Cerebral Ischemia. The decision to classify
and treat DCI is based on interdisciplinary consensus
between the treating neurosurgical, neuroradiological,
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patients with aSAH
n=240
(05/2014 — 09/2020)
excluded DCI+iHTN no DCI excluded
n=64 n=84 n=156 n=137
- no invasive probe n=23 (day 7) - no invasive probe n=106
- no data at DCI+iHTN n=11 - no data at day 7 n=27
- CPPgpt not calculated n=3 - CPPgpt not calculated n=4
- iHTN not reached n=15
- DCI at admission n=12 . _styqy_ir_w_/tl_spg _______________
DCI+iHTN control
n=20 n=19
I
iHTN* iHTN-
n=15 n=5
(responsive) (refractory)

Figure 1. Flow chart of study enroliment and subgroups. aSAH = aneurysmal subarachnoid hemorrhage, CPPOpt = optimal cerebral
perfusion pressure, DCI = delayed cerebral ischemia, iHTN = induced hypertension.

and neurointensive care physicians. New neurologic
impairment or decrease in Glasgow Coma Scale of
greater than or equal to 2 for greater than 1 hour unre-
lated to other causes establishes the clinical diagnosis of
DCI in conscious patients (19). Worsening of transcra-
nial Doppler measurements, p,0, or lactate/pyruvate
ratio is considered a warning sign of DCI, triggering
CT perfusion (CTP) imaging to confirm DCI in case
of characteristic territorial or watershed hypoperfu-
sion (20, 21). Minimum CTP thresholds for DCI in
this cohort were time to drain greater than 10 seconds
and mean transit time greater than 6.7 seconds, while
minor hypoperfusion is excluded from DCI diagnosis
and treatment.

Induced Hypertension. iHTN is introduced via
continuous central venous infusion of noradrenaline
to achieve a standardized systolic blood pressure target
greater than 180 mm Hg. Additional measures include
optional RBC transfusion (hemoglobin target > 10g/
dL) and fluid optimization toward normovolemia (12).
Response to treatment is closely monitored via neu-
rologic examination in conscious patients, by neuro-
monitoring parameters and timely repetition of CTP.
In patients with DCI and spontaneous hypertension
greater than 180 mm Hg, pressure is not raised further
and the second stage of rescue treatment is considered.

Critical Care Medicine

Endovascular Rescue Treatment. Lack of timely
improvement triggers urgent cerebral angiography to
consider endovascular rescue treatment (balloon an-
gioplasty or continuous intra-arterial nimodipine)
if significant proximal or distal vasoconstriction and
perfusion delay is detected.

Analysis Parameters

Waveform data at 100 samples per second (ICP, mean
arterial pressure [MAP], CPP) logged by the Raumedic
probe were acquired using the MPR2 logO Datalogger
and Datalogger software (Raumedic) or, after July
2018, with the Moberg CNS monitor (Component
Neuromonitoring System; Moberg Research, Ambler,
PA). ICM+ software (University of Cambridge,
Cambridge Enterprise, Cambridge, United Kingdom)
was used to automate artifact removal and calculate
extended parameters (15, 22). This included the pres-
sure reactivity index (PR ) for cerebral autoregulation
measured as a moving Pearson correlation coefficient
between MAP and ICP. PR is calculated for a 5-minute
data frame consisting of 30 10 seconds means of MAP
and ICP. PR_less than 0.2 is considered normal, while
values greater than or equal to 0.2 may indicate disturbed
autoregulation (23). Finally, PR_was used to calculate
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CPP,, according to the protocol used in the CPP |
Guided Therapy: Assessment of Target Effectiveness
(COGITATE) trial (22). In brief, using a maximally
8-hour long data time frame, 5-minute medians of CPP
were allocated into 5mm Hg bins (x-axis) and corre-
sponding PR . A best-fit automated U-shaped curve was
generated, with the nadir indicating the CPP | at which
PR was minimal in that data time frame. The CPP_|
value was updated every minute. ACPP was calculated
as the difference of CPP and CPP_ .

Study Design

The development of all parameters (MAP, ICP, CPP,
CPP_, ACPP, and PR)) was plotted for 48 hours be-
fore DCI diagnosis. We used changepoint analysis to
identify significant changes in this period leading up to
DCI (24). To characterize parameters immediately be-
fore DCI, a mean of all parameters was calculated for
a 3-hour baseline prior to DCI diagnosis. This base-
line was compared with values from the no DCI group
matched to the mean time of DCI occurrence in the
DCI group (=day 7 after hemorrhage, incorporating
all data from this day [24 hr] to account for natural
fluctuations).

Mean CPP was calculated for the first 3 hours of
iHTN and compared with the 3-hour baseline CPP_|
(ACPP_,,,) to evaluate how well a target greater than
180mm Hg is conform to CPP , at time of DCL
Patients were further dichotomized according to their
response to iHTN to characterize whether treatment
response is associated with how well CPP__ is met:

1) refractory patients (iHTN"): Patients without re-
versal of DCI (no improvement of neurologic
symptoms and/or persistent hypoperfusion on
CTP), requiring endovascular rescue treatment
within 24 hours.

responsive patients (iHTN*): Patients with reversal
of DCI symptoms.

2)

Statistical Analysis

Statistical tests were conducted with IBM SPSS
Statistics 26 (SPSS, Chicago, IL) and R Version 4.1.0
(R Core Team [2021]. R: A language and environment
for statistical computing. R foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-
project.org/). Graphical elements were created with
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GraphPad Prism 8.0 (GraphPad Software, La Jolla,
CA). Categorical parameters were compared with
Fisher exact test. Comparisons between the DCI and
no DCI groups were made using Mann-Whitney U test
after normality testing with the Kolmogorov-Smirnov
test. Paired comparisons were made using paired ¢ test
or Wilcoxon rank-sum test as appropriate. Statistical
significance was defined as two-sided p value of less
than 0.05.

RESULTS

In all patients from the databank with any ICP/MAP
monitoring (n = 110), using the multiwindow CPP
calculation resulted in 81.0% + 17.8% of CPP_ calcu-
lated. A total of 20 patients with DCI were included
for analysis (Fig. 1). The diagnosis of DCI was estab-
lished clinically in two patients (10.0%) by a combi-
nation of clinical symptoms and CTP deficits in n = 3
patients (15.0%) or in n = 15 (75.0%) analgosedated
patients based on CTP alone. Nineteen patients with
neuromonitoring in place did not develop DCI (no
DCI group) with comparable baseline demographics
except for higher age (Table 1).

Changes Before DCI

A significant changepoint of CPP_ occurred 30 hours
before onset of DCI, with increase from 82.8 + 12.5 to
86.3+ 11.4mm Hg (p < 0.05) (Fig. 2). CPPOpt was 89.1 +
8.1mm Hg 3 hours before DCI. Three hours before
DCI, a changepoint was found in ACPP (-0.2 + 11.2
to -7.7 + 7.6mm Hg; p < 0.05) with a corresponding
increase in PR, (0.09 + 0.33 to 0.19 + 0.37; p < 0.05) 7
hours prior to DCI, illustrating deteriorating autoreg-
ulation. Inspection of the CPP and MAP curves identi-
fied a decrease in the 3 hours prior to DCI (CPP 84.0 +
14.0 to 77.0 = 10.0mm Hg, MAP 93.5 + 14.0 to 88.1 +
11.7mm Hg) but these were not found as significant
changepoints. ICP before DCI was stable (9.6 + 6.8 to
9.1 + 42mm Hg; p = not significant).

When comparing patients with and without DCI,
calculated CPP_ was comparable (CPP_ DCI 89.1 +
8.1mm Hg, no DCI 89.3 + 8.3mm Hg; p = 0.79) and
autoregulation was also close to the suggested patho-
logic threshold (PR_DCI 0.18 + 0.23, no DCI 0.15 +
0.19; p = 0.60). At time of DCI, CPP was significantly
lower in patients with DCI (CPP DCI 81.4 + 8.3 mm
Hg, no DCI 90.4 + 10.5mm Hg; p < 0.05), resulting
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TABLE 1.

Overview of Baseline Characteristics and Treatment Details in All Patients With Induced
Hypertension and After Stratification According to Treatment Response

Parameter
n (%) 20 5
Age (yr) 550+ 14.8 60.4+16.6
Female sex, n (%) 12 (60.0) 4 (80.0)
Body mass index (kg/m?) 28.1 £5.0 26.6 1.4
Hypertension, n (%) 0 (50.0) 2 (40.0)
Smoking, n (%) 6 (30.0) 2 (40.0)
Hunt and Hess 4-5, n (%) 8 (40.0) 1 (20.0)
Modified Fisher 3—-4, n (%) 16 (80.0) 4 (80.0)
Anterior circulation 18 (90.0) 5 (100)
aneurysm, n (%)
Clipping, n (%) 6 (30.0) 2 (40.0)
Endovascular, n (%) 14 (70.0) 3 (60.0)
Time to iHTN (d) 6.5 * 3.1 72+1.9
Total duration of iIHTN (d) 12.7 £5.2 144 £ 5.1
DCl-related cerebral 7 (385.0) 2 (40.0)
infarction, n (%)
Glasgow Outcome 7 (36.8) 3 (60.0)

Scale 4-5, n (%)

p DCI
Cohort vs p iHTN- vs
No DCI No DCI iHTN*
15 19

53.1+£143 64.7+10.0 0.011 0.221
8 (53.3) 5 (78.9) 0.301 0.603
28.5+5.7 279 £ 5.8 0.663 0.457
8 (53.5) 9 (47.5) 1.000 1.000
4 (26.7) 4 (21.1) 0.716 0.613
7 (46.7) 7 (36.8) 1.000 0.603
12 (80.0) 10 (52.6) 0.096 1.000
13 (86.7) 12 (63.2) 0.065 1.000
4 (26.7) 7 (36.8) 0.741 0.613

11 (73.3) 12 (63.2)
6.3+ 3.4 - = 0.358
12.1 £5.2 = = 0.407
5 (33.3) — = 1.000
4 (28.6) 10 (52.6) 0.335 0.280

DCI = delayed cerebral ischemia, iIHTN = induced hypertension.

Glasgow Outcome Scale 3 mo after discharge (follow-up lost for one patient).
Boldface value indicates significance. Dashes indicate the parameters time to iHTN, total duration of iHTN, and DClI related infarction do
not exist for the No DCI group as they are specific to patients with DCI.

in a significant difference in ACPP (ACPP DCI -7.7 +
7.6mm Hg, no DCI +1.3 + 5.4mm Hg; p < 0.01). This
was due to a significantly lower MAP (MAP DCI 88.1 +
11.7mm Hg, no DCI 100.1 + 11.1mm Hg; p = 0.01),
whereas no difference was found in ICP (ICP DCI 9.1 +
4.2mm Hg, no DCI 9.8 + 5.8 mm Hg; p = 0.32).

Follow-Up Analysis

We conducted a follow-up analysis to identify reasons
for negative ACPP before DCI. Noradrenaline demand
was comparable (DCI 0.09 + 0.08 vs no DCI 0.07 £ 0.08
pg/kg/min; p = 0.37). There were also no differences in
hemoglobin (DCI 10.1 + 1.2g/dL, no DCI 10.0 + 1.7 g/
dL; p = 0.53), the proportion of patients under anal-
gosedation (at least one of propofol, midazolam, or ke-
tamine with an opioid analgesic; DCI n = 15 [75%], no
DCI n =11 [57.9%]; p = 0.32) or whether patients re-
ceived full dose of oral nimodipine (360 mg/d) or less

Critical Care Medicine

(< 180mg/d) (DCI full dose n = 11 [55.0%], no DCI
n =12 [63.2%]; p = 0.75). However, patients with DCI
received antibiotic treatment significantly more often or
were currently sampled for infection due to fever and/
or increasing laboratory markers (DCI n = 19 [95.0%],
no DCIn=9 [47.4%]; p < 0.01). There was a nonsignif-
icant trend for a lower overall fluid balance (since ad-
mission, without adjustment for transpiration) in DCI
patients (DCI -498.9 + 1,757.5mL, no DCI 836.5 +
2,654.8 mL; p = 0.06). Fluid balance on the day of DCI
was comparable (DCI-16.9+636.7mL,noDCI118.5 +
554.1mL; p = 0.51).

Induced CPP Versus CPPopt

WithiHTN, CPP increased significantly (81.4 + 8.3 mm
Hg to 99.4 + 11.5mm Hg; p < 0.0001). Induced CPP
exceeded baseline CPP_ at time of DCI by +12.4 +
8.3mm Hg (ACPP_, N,p < 0.0001) (Fig. 3).
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Figure 2. Hemodynamic parameters 48 hr prior to delayed cerebral ischemia (DCI) diagnosis with hourly medians and quartiles
(gray area). A, A significant changepoint in optimal cerebral perfusion pressure (CPPDm) is detected 30 hr before DCI (24). B and C,
Shortly before DCI, the difference of CPP and CPPOpt (ACPP) becomes negative with a corresponding increase in pressure reactivity
index (PR ). D=F, No significant changepoints are identified in cerebral perfusion pressure (CPP), mean arterial pressure (MAP), and
intracranial pressure (ICP) despite a negative trend in MAP and CPP prior to DCI.

Response to iHTN

Five patients (25.0%) were refractory to iHTN (iHTN")
and required endovascular rescue treatment on average
16.9 £ 12.6 hours after iIHTN. Measurements at time of
DCI were comparable (MAP iHTN- 88.2 + 8.7 mm Hg,

188
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iHTN* 91.3 + 7.3mm Hg, p = 0.51; ICP 9.8 + 6.1 mm
Hg, 7.3 + 3.1mm Hg, p = 0.43; CPP 78.3 £ 12.2mm Hg,
82.5 + 6.7mm Hg, p = 0.69; CPP_ 93.1 £ 7.0mm Hg,
89.0 + 7.7mm Hg, p = 0.97; ACPP -9.8 £ 11.9mm Hg,
-6.9+6.4mm Hg, p=0.51; PR 0.19£0.16,0.20 £ 0.25,
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Figure 3. The difference of cerebral perfusion pressure and
optimal cerebral perfusion pressure (ACPP) at time of delayed
cerebral ischemia (DCI) and with induced hypertension (IHTN).
Zero represents optimal cerebral perfusion pressure (CF’POpt)
at the 3-hr baseline prior to DCI diagnosis. Cerebral perfusion
pressure (CPP) is predominantly below CPP,, at DCI diagnosis
and exceeds CPP_ with iHTN.

p =0.63). Induced CPP did not match CPP__ better in
iHTN* than in iHTN" patients (ACPP, . iHTN +7.8 +

iHTN

4.9mm Hg, iHTN" +14.0 + 8.7mm Hg; p = 0.10).

DISCUSSION
Hypoperfusion at Time of DCI

There is a vast amount of evidence on the deteriora-
tion of brain perfusion during DCI (10, 18, 25, 26).
However, the necessary blood pressure adjustment to
counteract this deficit cannot be quantified by these
surrogate variables. Calculating CPP_ may identify an
individual level of perfusion necessary for minimizing
uncontrolled hypo- or hyperperfusion. Staying within a
+ 5mm Hg range is currently viewed as most beneficial
(22). Mean ACPP undulated + 5mm Hg around zero
early before DCI and in patients without DCI (data not
shown) but, at time of DCI, the combination of lower
CPP and higher CPP_ resulted in a significant de-
crease of mean ACPP to -8 mm Hg. This discrepancy
was accompanied by a worsening of autoregulation. The
correlation of overall poorer autoregulation in the phase
before DCI and its occurrence is established (4, 27), buta
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deterioration immediately before diagnosis as a (partial)
trigger for DCI has not been shown before. We investi-
gated potential reasons for the decrease of ACPP prior
to DCI and found a higher proportion of infection and
a trend for lower overall fluid balance in patients with
DCI. Despite rigorous monitoring and treatment, such
events cannot be completely avoided. More importantly,
most episodes of relative hypotension are currently not
recognized as such because blood pressure is within
the established limits. Empirical evidence recommends
CPP greater than 60-70 mm Hg after aSAH but CPP_|
in our cohort was considerably higher, stressing the im-
portance to research individual targets for perfusion.

Hyperperfusion During iHTN

The induced CPP exceeded CPP__ significantly, lead-
ing to the assumption that patients may be overtreated
to a certain extent. This is important as high doses of
vasopressors can be associated with higher systemic
complications (28, 29). However, PRx and the CPPOIDt
derived from it represent global parameters, while
little is known about regional variance of cerebral auto-
regulation. It is conceivable that autoregulation could
be more disturbed in underserved areas (30); thus,
CPPopt could differ considerably (i.e., deviate upwards)
in the most critical regions. CPP_ has been primarily
validated in traumatic brain injury where such acute,
local perfusion mismatch as in DCI is less common.
Whether these pathophysiological differences need to
be taken into account for interpretation of CPP_ in
aSAH remains to be elucidated.

We also aimed to correlate the response to treat-
ment to how well-induced CPP matched CPP_ . This
was complicated by the very similar CPP and CPP_|
courses, starting with a spontaneous CPP below CPP_|
and then exceeding CPP_ . Further mechanisms likely
play a role in the responsiveness to iHTN. Severity of
DCI may be highly variable between patients but this
observation currently escapes any quantification in the
absence of a DCI grading scale. More pronounced pa-
thology may be less amenable to any treatment, stress-
ing the importance to control DCI progression before
poor functional status is reached.

Outlook

Real-time monitoring of CPP_ can be challenging,
requires an invasive ICP-probe at this point, and it is
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not clear whether targeting a regularly updated CPP_|
is even feasible (22). However, we believe that there is
promise in investigating CPPopt after aSAH in more
detail. Ultimately, and purely hypothetically, CPP_|
could be calculated live on the bedside and blood
pressure adjusted accordingly. There is potential that
CPP -guided blood pressure management could help
to optimize blood pressure early on and counteract the
development of hypoperfusion before DCI becomes
symptomatic. It would be interesting to investigate the
occurrence of DCI under these circumstances. A re-
cent trial of early, optimized volume management after
aSAH showed such positive effects on DCI, encour-
aging the principle of live adjustment of hemodynamics
(31). Additionally, CPP_ -guided blood pressure man-
agement may help prevent futile trials of aggressive
iHTN and serve as an indicator to move on to alterna-
tive treatment strategies. We propose to conduct larger,
prospective investigations on this new concept to assess
its usefulness for the management of aSAH.

Limitations

Our study remains limited in terms of statistical
power, particularly in subgroup analysis. Furthermore,
algorithms for calculating CPP_ were established for
traumatic brain injury and have not yet been tested
thoroughly on subarachnoid hemorrhage patients,
particularly in a setting of iatrogenic blood pressure
manipulation, which is why we opted to compare in-
duced CPP to the baseline CPP_ recommendation.
Finally, the classical definition of DCI includes dete-
rioration of awake patients only (19). While reaction
to hypoperfusion on CTP was deemed reasonable in
unconscious patients by neurocritical care guidelines
(21), composition of this cohort may still differ from
other cohorts investigating DCI.

CONCLUSIONS

Patients with DCI are characterized by significant
hypoperfusion in terms of CPP__ at time of deterio-
ration, indicating a need for pressure augmentation
at this critical point, for which CPP could be a new,
objective target parameter. iHTN compensates for the
perfusion deficit toward CPP_ but part of this per-
fusion plus may exceed the requirements. Further
investigation of CPP_ in larger, prospective trials is
warranted to determine feasibility and effectiveness of
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real-time CPP | calculation in aSAH patients, its effect
on outcome and its potential in future blood pressure
guidance.
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