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CT brain perfusion patterns and clinical outcome N
after successful cardiopulmonary resuscitation: —

A pilot study

Arsany Hakim?®*, Mattia Branca®, Christoph Kurmann?, Benedikt Wagner?,
Manuela Iten ¢, Matthias Hanggi®, Franca Wagner?

Abstract

Aim: CT perfusion is a valuable tool for evaluating cerebrovascular diseases, but its role in patients with hypoxic ischaemic encephalopathy is
unclear. This study aimed to investigate 1) the patterns of cerebral perfusion changes that may occur early on after successful resuscitation, and
2) their correlation with clinical outcome to explore their value for predicting outcome.

Methods: We conducted a retrospective analysis of perfusion maps from patients who underwent CT brain perfusion within 12 h following success-
ful resuscitation. We classified the perfusion changes into distinct patterns. According to the cerebral performance category (CPC) score clinical
outcome was categorised as favourable (CPC 1-2), or unfavourable (CPC 3-5).

Results: A total of 87 patients were included of whom 33 had a favourable outcome (60.6% male, mean age 60 + 16 years), whereas 54 exhibited
an unfavourable outcome (59.3% male, mean age 60 + 19 years). Of the patients in the favourable outcome group, 30.3% showed no characteristic
perfusion changes, in contrast to the unfavourable outcome group where all patients exhibit changes in perfusion. Eighteen perfusion patterns were
identified. The most significant patterns for prediction of unfavourable outcome in terms of their high specificity and frequency were hypoperfusion of
the brainstem as well as coexisting hypoperfusion of the brainstem and thalamus.

Conclusion: This pilot study identified various perfusion patterns in patients after resuscitation, indicative of circulatory changes associated with
post-cardiac-arrest brain injury. After validation, certain patterns could potentially be used in conjunction with other prognostic markers for stratifying
patients and adjusting personalized treatment following cardiopulmonary resuscitation. Normal brain perfusion within 12 h after resuscitation is pre-
dictive of favourable outcome with high specificity.

Keywords: CT perfusion, Brain, Prognosis, Hypoxic brain injury, Cardiopulmonary resuscitation, post-cardiac-arrest brain injury

tissue inflammatory response, a condition known as post-cardiac-

Introduction arrest brain injury (PCABI). PCABI causes changes in the cerebral
perfusion,® contributing significantly to mortality and morbidity follow-

Cardiac arrest is a significant global health issue with an incidence ing cardiac arrest.

rate of 38-55 per 100,000 person-years.' Re-establishing the spon- Hypoxic brain injury remains the primary cause of death and long-

taneous circulation with restoration of the cerebral blood flow (CBF) term disability in patients who survive the acute phase after resusci-

to the ischaemic brain tissues can induce secondary brain injury and tation,” as 80% of patients after resuscitation are comatose due to

Abbreviations: CBF, cerebral blood flow, CBV, cerebral blood volume, CPC, cerebral performance category, CPR, cardiopulmonary
resuscitation, CTP, CT perfusion, FO, favourable outcome, MTT, mean transit time, NECT, non enhanced CT, NSE, Neuron specific enolase,
PCABI, post-cardiac-arrest brain injury, ROSC, return of spontaneous circulation, Tmax, time to maximum of residue function, TTD, time to drain,
TTP, time to peak, TTS, time to start, UO, unfavourable outcome
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PCABI and most of them die or suffer severe neurological disability.?
Timely clinical evaluation of these patients is often challenging, due
to the effects of therapeutic temperature management and seda-
tives. Multimodal outcome prognostication relies heavily on the
absence of sedative medication. Hence, imaging markers play an
important role in providing appropriate information to the relatives
and in guiding treatment decision, particularly in severe cases of
PCABI where recovery is unlikely.

CT perfusion (CTP) is a valuable tool in assessing changes of
both the macro- and microvascular circulation. Yet, its role in the
context of post-resuscitation care is underexplored. Our study aims
to investigate perfusion patterns observed following cardiopulmonary
resuscitation (CPR), aiming to improve our comprehension of imag-
ing changes associated with cerebral perfusion after restoration of
the circulation. Furthermore, we aim to explore the potential of these
patterns as prognostic markers.

Methods

Patients and clinical data

The study was approved by the local ethics committee (KEK BE No.
126/15, KEK BE No. 2020-01761). We retrospectively analysed data
from patients with cardiac arrest who were successfully resuscitated
and subsequently underwent CTP, mainly for the detection or exclu-
sion of ischemic lesions.

All patients who underwent scanning between 2014 and 2020
were considered for inclusion in the study, which was performed in
accordance with the guidelines of the Declaration of Helsinki.® Writ-
ten informed consent was obtained from all surviving patients or their
next of kin. For patients who did not regain consciousness and sub-
sequently died, their next of kin were informed and given the oppor-
tunity to object.

The primary inclusion criterion was availability of CTP acquired
within 12 h after resuscitation. Patients for whom clinical outcome
data were unavailable were excluded.

Clinical data
Clinical data were retrospectively collected from our clinical informa-
tion system and the Resuscitation Registry at Bern University Hospi-
tal by BW who was not involved in the rating. The results of the
electroencephalogram (EEG) were classified into; benign, malignant
and highly malignant patterns.* Additionally, neuron-specific enolase
(NSE) levels were recorded, applying the threshold of 33ug/L to dis-
tinguish between favourable outcome (FO) and unfavourable out-
comes (UO).° Per guidelines, the decision regarding withdrawal of
life-sustaining therapy was not made earlier than 96 h after ROSC.°
Clinical outcomes were assessed according to the Glasgow-
Pittsburgh Cerebral Performance Criteria (CPC).” CPC 1 — as
favourable clinical performance, CPC 2 — moderate cerebral disabil-
ity, CPC 3 —severe cerebral disability, CPC 4 — coma and CPC 5 —
death. For the purpose of our analysis, outcome was dichotomized
into two categories, FO, which included CPC1 and 2, and UO, which
included CPC 3, 4 and 5.

CT acquisition and postprocessing

The standard protocol at our institution includes a nonenhanced CT
(NECT), CT angiography (CTA), followed by CTP. All scans were
performed on a 128-multidetector CT (SOMATOM definition edge),
and postprocessed using syngo.via VB10B (Siemens Healthcare,

Erlangen, Germany). The methodology for CTP acquisition and post-
processing adheres to the procedure outlined in our previously pub-
lished work.®

Evaluation of images

The perfusion studies were evaluated by a board-certified neuroradi-
ologist with over 15 years of imaging experience with a focus on
diagnostic neurovascular and perfusion imaging. This evaluation
aimed to identify and classify abnormal perfusion patterns. These
were later verified by a second board-certified neuroradiologist with
15 years of experience. Both readers were blinded to patient out-
comes. During the assessment, CTA was also reviewed to avoid pit-
falls affecting perfusion interpretations, such as vascular stenosis, or
vascular variants.® Additionally, NECT were evaluated by a single
reader for signs indicative of hypoxia.'® The findings were cate-
gorised as normal, equivocal or hypoxia.

Statistical analysis

Descriptive statistics are presented as frequencies and percentages
for categorical variables and either mean with standard deviation
(SD) or median with interquartile range (IQR) for continuous vari-
ables. Continuous variables were evaluated using Student’s t-test
or Wilcoxon-Mann-Whitney U test, whereas categorical variables
were evaluated using Fisher's exact test or the chi-squared test,
as appropriate. For more than two groups, comparisons for continu-
ous variables were made using either ANOVA or the Kruskal-Wallis
test. Other measures of accuracy were computed, such as sensitiv-
ity, specificity, positive predicted value (PPV), negative predicted
value (NPV) and accuracy with 95% confidence interval (Cl). The
statistical analysis was performed with the statistical software Stata
17.0 and R 4.3.1.

Results

Demographics

A search in PACS/RIS identified 846 patients with keywords ‘Rean-
imation’, ‘REA’ or ‘ROSC’. Of these, only 109 patients underwent
CTP. After excluding cases with missing outcomes, scanning
>12 h after resuscitation, unknown time to CT or suboptimal quality,
the analysis included 87 patients, 33 patients in the favourable out-
come (FO) group and 54 patients in the unfavourable outcome
(UO) group (Fig. 1). The mean age was 60 (+18) years, 52 male
(59.8%).

No-flow, low-flow, and time to CT

Duration of no-flow phase was available for 80 patients. The median
duration was recorded as zero minutes (indicating instances where it
was less than a minute), with an IQR of 0—6 min. The duration of low-
flow was available for 86 patients. The median duration was 21 min
with an IQR of 10-35 min (Table 1).

Patterns

We identified 18 perfusion patterns: a) diffuse hypoperfusion of the
supratentorial cortical grey matter, b) diffuse supra- and infratentorial
hypoperfusion, c) regional cortical hypoperfusion, d) regional cortical
hypoperfusion sparing the motor cortex, e) asymmetrical hypoperfu-
sion, f) hyperperfusion — partial or global with perfusion delay, g)
hypoperfusion of the basal ganglion, h) hypoperfusion of the globus
pallidus (without involvement of other structures), i) hypoperfusion of
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109 patients

(CTP after resuscitation)

87 patients

CPC1
23 patients

CPC2
10 patients

Y
Favorable outcome

N33

CPC3
5 patients

22 excluded:
- missing clinical outcome: N 2

- CTP >12h after resuscitation: N 9

- unknown time of resuscitation: N 9
- suboptimal quality: N 2

CPC4
0 patient

CPC5
49 patients

Y
Unfavorable outcome
N 54

Fig. 1 - Flow diagram showing the process for inclusion and exclusion in the study population. Abbreviations:

CPC = cerebral performance category, CTP = CT perfusion.

the thalamus, j) hypoperfusion of the brainstem, k) cerebellar hypop-
erfusion, |) supratentorial hypoperfusion with infratentorial hyperper-
fusion, m) hypoperfusion of the white matter, n) reduction in the
gradient between grey and white matter in the colour coded CBV
map, o) diffuse perfusion delay, p) bilateral border zone perfusion
delay, q) regional perfusion delay, and r) territorial infarct(s). Fig. 2
provides a visual summary of these patterns. For comparison
Fig. 1 in the supplemental material shows a normal CT perfusion.

In this study, we observed 10 patients (11.5%) in the FO group
had normal perfusion, while in the UO group, no patient exhibited
normal perfusion. The diagnostic performance of normal perfusion
for predicting FO was as follows: sensitivity 30%, specificity 100%,
false negative rate 69.7%, false positive rate 0%, precision 100%
and accuracy 74%. In the other patients, the patterns identified were
observed either in isolation or in combination. Fig. 3 provides the fre-
quencies of each perfusion pattern.

The sensitivity for prediction of UO was generally low whereas
the specificity for several patterns was notably high. It exceeds
80% in: diffuse supra- and infratentorial hypoperfusion, regional cor-
tical hypoperfusion, hypoperfusion of the basal ganglia, reduction in
the gradient between grey and white matter in CBV, hyperperfusion
and supratentorial hypoperfusion with infratentorial hyperperfusion
(Table 2). Of particular significance were the perfusion patterns that
demonstrated both high specificity (greater than 90%) and notewor-
thy frequency — “key patterns”: hypoperfusion of the thalamus,
hypoperfusion of the brainstem, regional perfusion delay, and bilat-
eral border-zone perfusion delay. Although certain patterns exhibited
high specificity, their lower occurrence rate in our sample precluded
them from being statistically significant indicators.

Concurrent patterns
Coexistence of patterns was observed more frequently in the UO
group. The most significant correlation occurred between diffuse

hypoperfusion of the supratentorial gray matter and either diffuse
perfusion delay or reduction in the gradient between gray and white
matter. Additionally, a high correlation was found between hypoper-
fusion of the basal ganglia and either hypoperfusion of the thalamus,
or reduction in the gradient between the gray and white matter (Fig. 2
supplemental). However, after excluding patterns common to FO
group, and less common patterns, concurrent hypoperfusion of tha-
lamus and brainstem was frequently identified (n9) (Fig. 4). This par-
ticular coexistence was not observed in the FO group. In the FO
group, diffuse hypoperfusion of the supratentorial gray matter and
diffuse perfusion delay commonly coexisting (n9); however, this
coexistence was observed in 3 instances in the UO group (Fig. 4)
(Fig. 3 supplemental).

NECT

Thirteen patients (24.1%) had signs of hypoxia, all of whom showed
UO. In eight patients (9.2%) the signs were equivocal, six of them
(11.1%) had UO. Sixty-six patients (75.9%) showed no signs of
hypoxia and 35 out of those (64.8%) showed UO (Table 1 supple-
mental). In our cohort, the diagnostic performance of NECT for pre-
diction of UO was as follows: sensitivity 24.1%, NPV 44.6%,
specificity 100%, PPV 100%, and accuracy 52.9%.

Perfusion patterns and hypoxia signs on NECT
This subanalysis includes 74 patients who had either no signs of
hypoxia or equivocal findings on NECT compared to 13 patients
who showed clear signs of hypoxia. Different patterns were more
prevalent in patients with hypoxic signs on NECT than in
those without, specially hypoperfusion of the basal ganglia,
hypoperfusion of the thalamus, diffuse perfusion delay and
hyperperfusion.

Patterns that were more prevalent in patients without hypoxic
signs on NECT include: diffuse hypoperfusion of the supratentorial
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Table 1 - Summary of the study data including demography, durations, EEG, NSE results, NECT and number of

perfusion patterns.

Total Favourable Unfavourable Mann-Whitney statistic, P value
outcome outcome mean difference
or risk difference (95% ClI)

Number 87 33 (37.9%) 54 (62%)
Age

Mean (SD) y 60 (18) 60 (16) 60 (19) 0.51 (-7.5 to 8.5) 0.90

Median [lg, uq] 62 [49,74] 62 [52,71] 65 [47,75] 0.49 (0.37 to 0.61) 0.83
Sex (M) — n (%) 52 (569.8%) 20 (60.6%) 32 (59.3%) 1.3% (—19.9 to 22.6%) 0.90
Duration of no-flow, min*

mean (SD) 4.1 (6.2) 2.0 (5.8) 5.3 (6.2) —3.3 (—6.1 to —0.55) 0.020

median [lg, uq] 0.00 [0.00,6.0] 0.00 [0.00,1.0] 5.0 [0.00,10] 0.31 (0.21 to 0.43) 0.002
Duration of low flow, min*

Mean (SD) 24 (17) 17 (14) 29 (18) —-12 (—19to —4.7) 0.001

Median [lg, uq] 21[10,35] 11 [6.5,23] 26 [15,40] 0.28 (0.19 to 0.41) <0.001
EEG classification according to Westhall n (%) <0.001

Normal 1 (2.9%) 0 (0.0%) 1(4.2%) —4.2% (—12.2 to 3.8%)

Benign 14 (41.2%) 10 (100.0%) 4 (16.7%) 83.3% (68.4 to 98.2%)

Malignant 11 (32.4%) 0 (0.0%) 11 (45.8%) —45.8% (—65.8 to —25.9%)

Highly malignant 8 (23.5%) 0 (0.0%) 8 (33.3%) —38.3% (—52.2 to —14.5%)
NSE'

>33ug/L, n (%) 30 (71.4%) 5 (33.3%) 25 (92.6%) —59.3% (—85.1 to —33.4%) <0.001
Time to CT, min

Mean (SD) 101 (80) 112 (73) 93 (84) 19 (—16 to 54) 0.29

Median [lg, uq] 80 [60,120] 90 [60,120] 73 [60,105] 0.61 (0.49 to 0.72) 0.08
Time between CT & death, days®

Median [lg, uq] 2.0 [1.0,3.0] N/A 2.0 [1.0,3.0]
NECT — n (%) 0.001

No signs of hypoxia 66 (75.9%) 31 (93.9%) 35 (64.8%) 29.1% (14.0 to 44.2%)

Equivocal 8 (9.2%) 2 (6.1%) 6 (11.1%) —5.1% (—16.7 to 6.6%)

Signs of hypoxia 13 (14.9%) 0 (0.0%) 13 (24.1%) —24.1% (—35.5t0 —12.7%)
Number of patterns per patient —n (%)

Mean (SD) 2.9 (1.8) 1.7 (1.4) 3.6 (1.7) —1.9 (2.6 to —1.2) <0.001

Median [lg, uq] 3.0 [2.0,4.0] 2.0 [0.00,3.0] 3.5[2.0,5.0] 0.21 (0.13 to 0.33) <0.001
Number of patterns per patient — n (%) <0.001

No patterns 10 (11.5%) 10 (30.3%) 0 (0.0%) 30.3% (14.6 to 46.0%)

1 pattern 9 (10.3%) 3 (9.1%) 6 (11.1%) —2.0% (—14.9 to 10.9%)

2 patterns 20 (23.0%) 10 (30.3%) 10 (18.5%) 11.8% (—7.0 to 30.6%)

3 patterns 17 (19.5%) 6 (18.2%) 11 (20.4%) —2.2% (—19.2 to 14.8%)

4 patterns 14 (16.1%) 4 (12.1%) 10 (18.5%) —6.4% (—21.6 to 8.8%)

5 patterns 11 (12.6%) 0 (0.0%) 11 (20.4%) —20.4% (—31.1 to —9.6%)

6 patterns 3 (3.4%) 0 (0.0%) 3 (5.6%) —5.6% (—11.7 to 0.6%)

7 patterns 2 (2.3%) 0 (0.0%) 2 (8.7%) —3.7% (—8.7 to 1.3%)

8 patterns 1(1.1%) 0 (0.0%) 1 (1.9%) —1.9% (—5.4 to 1.7%)

The median duration was recorded as zero minutes, indicating instances where it was less than a minute).

Abbreviations: EEG = Electroencephalogram, NSE = Neuron specific enolase, NECT = Nonenhanced CT, Cl=_confidence interval LQ =Lower quartile;
SD = Standard deviation, UQ = Upper quartile.
" data available for only 80 patients.
# data available for only 86 patients.
 data available for only 34 patients.
! data available for only 42 patients.
2 data available for only 49 patients.

cortical grey matter, regional perfusion delay, asymmetrical hypoper-
fusion, hypoperfusion of the white matter, and reduction in the gradi-
ent between grey and white matter in the CBV map (Fig. 4
supplemental).

Discussion

In this study, we identified 18 patterns of perfusion changes occur-
ring either in isolation or in combination following the restoration of
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Fig. 2 - Visual summary of the 18 perfusion patterns identified in the study, taken from 16 different patients. Cerebral
blood flow (CBF) (a-m), cerebral blood volume (CBV) (n) and time to drain (TTD) (o-r) parametric maps: a) diffuse
hypoperfusion of the supratentorial cortical grey matter, b) diffuse supra- and infratentorial hypoperfusion, c)
regional cortical hypoperfusion, d) regional cortical hypoperfusion sparing the motor cortex, e) asymmetrical
hypoperfusion, f) hyperperfusion, g) hypoperfusion of the basal ganglia, h) hypoperfusion of the globus pallidus,
sparing other basal ganglia, i) hypoperfusion of the thalamus, j) hypoperfusion of the brainstem, k) hypoperfusion of
the cerebellum, 1) supratentorial hypoperfusion with infratentorial hyperperfusion, m) hypoperfusion of the white
matter, n) reduction in the gradient between grey and white matter on CBV, o) diffuse perfusion delay, p) bilateral
border zone perfusion delay, q) regional perfusion delay, r) territorial infarct(s). Subfigure a and o as well as
subfigures | and p are from the same patients, otherwise the subfigures are taken from different patients.

Unfavourable Outcome

Normal perfusion — |

Hypoperfusion of the globus pallidus

Regional cortical hypoperfusion sparing the motor cortex

Cerebellar hypoperfusion

Asymmetrical hypoperfusion

Hypoperfusion of the white matter =

Territorial infarct(s) =

Diffuse supra- and infratentorial hypoperfusion -
Hyperperfusion -

Regional cortical hypoperfusion .
Bilateral borderzone perfusion delay =
Supratentorial hypoperfusion with infratentorial hyperperfusion -

Regional perfusion delay ==
||

Hypoperfusion of the brainstem

Hypoperfusion of the thalamus

Diffuse perfusion delay

Hypoperfusion of the basal ganglia I=——=1|
Diffuse hypoperfusion of the supratentorial cortical gray matter _

Reduction in the gradient between gray and white matter in CBV

|

0% 20% 40% 60% 80% 100% 20% 40% 60% 80% 100%

Fig. 3 - Stacked column chart illustrates the frequency of each perfusion pattern identified in both the favourable
and unfavourable outcome groups.

circulation. These diverse perfusion patterns highlight the haemody- such as hypoperfusion of the brainstem and thalamus. The high
namic complexity inherent to the pathophysiology of hypoxia and specificity of certain patterns suggests that they could be valuable
help to improve our understanding of perfusion dynamics in this con- in predicting UO, thereby aiding early decision-making and family

text. Although the sensitivity of these patterns in predicting UO was counselling. It's noteworthy that a normal perfusion in the first 12 h
generally low, certain patterns had a particularly high specificity, after ROSC predicts FO with very high specificity and precision.



Table 2 - Summary of the diagnostic performance of the most frequent perfusion patterns in predicting unfavourable outcome or death.

Pattern Total Number of Number Sensitivity Specificity PPV NPV False Precision Accuracy
number unfavourable with (95%-Cl) (95%-Cl) (95%-Cl) (95%-Cl) Positive (95%-Cl) (95%-Cl)
outcome favourable Rate (95%-
outcome Cl)
Diffuse supra and infratentorial hypoperfusion 6 4 2 7.4% 98.9% 66.7% 38.3% 6.1% 6.1% 40.2%
(2.1t017.9%) (79.8 to (22.3 to (27.7 to (0.7 to (0.7 to (29.7 to
99.3%) 95.7%) 49.7%) 20.2%) 20.2%) 50.7%)
Diffuse hypoperfusion of the supratentorial cortical43 28 15 51.9% 54.5% 65.1% 40.9% 45.5% 45.5% 52.9%
grey matter (37.81065.7%) (36.4 to (49.1 to (26.3 to (28.1 to (28.1 to (42.2 to
71.9%) 79.0%) 56.8%) 63.6%) 63.6%) 63.6%)
Regional cortical hypoperfusion 7 6 1 11.1% 97.0% 85.7% 40.0% 3.0% 3.0% 43.7%
(4210 22.6%) (84.2to (421 to (29.2 to (0.1 to (0.1 to (33.0to
99.9%) 99.6%) 51.6%) 15.8%) 15.8%) 54.3%)
Hypoperfusion of the basal ganglia 33 27 6 50.0% 81.8% 81.8% 50.0% 18.2% 18.2% 62.1%
(36.1t063.9%) (64.5 to (64.5 to (36.1 to (7.0 to (7.0to (51.7 to
93.0%) 93.0%) 63.9%) 35.5%) 35.5%) 72.5%)
Hypoperfusion of the thalamus 20 18 2 33.3% 93.9% 90.0% 46.3% 6.1% 6.1% 56.3%
(21.1t047.5%) (79.8 to (68.3 to (34.0 to (0.7 to (0.7 to (45.7 to
99.3%) 98.8%) 58.9%) 20.2%) 20.2%) 67.0%)
Hypoperfusion of the brainstem 13 13 0 241% 100.0% 100.0% 44.6% 0.0% 0.0% 52.9%
(13.5t037.6%) (89.4 to (75.3 to (33.0to (0.0 to (0.0 to (42.2 to
100.0%) 100.0%) 56.6%) 10.6%) 10.6%) 63.6%)
Diffuse perfusion delay 31 19 12 35.2% 63.6% 61.3% 37.5% 36.4% 36.4% 46.0%
(22.7t049.4%) (45.1 to (42.2 to (24.9 to (20.4 to (20.4 to (35.3 to
79.6%) 78.2%) 51.5%) 54.9%) 54.9%) 56.7%)
Regional perfusion delay 15 12 3 22.2% 90.9% 80.0% 41.7% 9.1% 9.1% 48.3%
(12.0t0 35.6%) (75.7 to (51.9to (30.2 to (1.9to (1.9to (37.6 to
98.1%) 95.7%) 53.9%) 24.3%) 24.3%) 59.0%)
Hypoperfusion of the white matter 5 & 2 5.6% 93.9% 60.0% 37.8% 6.1% 6.1% 39.1%
(1.2to 15.4%) (79.8 to (14.7 to (27.3 to (0.7 to (0.7 to (28.6 to
99.3%) 94.7%) 49.2%) 20.2%) 20.2%) 49.5%)
Bilateral borderzone perfusion delay 13 10 3 18.5% 90.9% 76.9% 40.5% 9.1% 9.1% 46.0%
(9.31t031.4%) (75.7 to (46.2 to (29.3 to (1.9to (1.9to (35.3t0
98.1%) 95.0%) 52.6%) 24.3%) 24.3%) 56.7%)
Territorial infarctions(s) 5 3 2 5.6% 93.9% 60.0% 37.8% 6.1% 6.1% 39.1%
(1.2t0 15.4%) (79.8 to (14.7 to (27.3 to (0.7 to (0.7 to (28.6 to
99.3%) 94.7%) 49.2%) 20.2%) 20.2%) 49.5%)
Reduction in the gradient between gray and white33 28 5 51.9% 84.8% 84.8% 51.9% 15.2% 15.2% 64.4%
matter in CBV (37.8t065.7%) (68.1 to (68.1 to (37.8 to (5.1to (5.1to (54.1 to
94.9%) 94.9%) 65.7%) 31.9%) 31.9%) 74.6%)
Supratentorial hypoperfusion with infratentorial 15 11 4 20.4% 87.9% 73.3% 40.3% 12.1% 12.1% 46.0%
hyperperfusion (10.6t0 33.5%) (71.8 to (44.9 to (28.9 to (3.4 to (3.4 to (35.3 to
96.6%) 92.2%) 52.5%) 28.2%) 28.2%) 56.7%)
Hyperperfusion 4 4 0 7.4% 100.0% 100.0% 39.8% 0.0% 0.0% 42.5%
(2110 17.9%) (89.4to (39.8 to (29.2 to (0.0 to (0.0 to (31.9to
100.0%) 100.0%) 51.1%) 10.6%) 10.6%) 53.1%)

Abbreviations: CBV = Cerebral blood flow, Cl = Confidence interval.

Low frequency of the following patterns, therefore, not reported: Regional cortical hypoperfusion sparing the motor cortex, Hypoperfusion of the globus pallidus, cerebellar hypoperfusion, asymmetric hypoperfusion.

9120l (y20eg) 00 NOILvVLIIOSNS3H



RESUSCITATION 200 (2024) 110216 7

Diffuse hypoperfusion of the supratentorial cortical grey matter

Hypoperfusion of the basal ganglia

Supratentorial hypoperfusion with infratentorial hyperperfusion

Reduction in the gradient between grey and white matter on CBV

Diffuse perfusion delay

Diffuse supra- and infratentorial hypoperfusion
Regional cortical hypoperfusion
Hypoperfusion of the thalamus

Hypoperfusion of the brainstem

- Bilateral border zone perfusion delay
Regional perfusion delay

Fig. 4 - Binary matrix illustrating the coexisting patterns in the favourable outcome group (green) and unfavorable
outcome group (red). For simplification, patients without patterns and those with infrequent patterns (fewer than 4
occurances) were excluded. Additionally, patterns frequently found in the favourable outcome group were removed
from the binary matrix representing the unfavourable outcome group. It is demonastrated that coexisting
hypoperfusion of the brainstem and thalamus is common in the unfavorable outcome group, while diffuse
hypoperfusion of the supratentoiral gray matter accompanied by diffuse perfusion delay is commonly observed in
the favourable outcome group. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Imaging plays a crucial role in management of patients after
resuscitation, and extensive anoxic brain injury (seen in NECT or
MRI) is one of the criteria used in the prognostication algorithm in
the post resuscitation care as outlined in guidelines of the European
Resuscitation Council and European Society of Intensive Care Med-
icine guidelines."' However, it is important to note that CT often yield
false negative results. Despite its sensitivity, the use of MRI in the
intensive care settings can be challenging. Risks associated with
transporting critically ill patients and the complexity, or sometimes,
unavailability of monitoring during MRI often limit its practicality.

CT scanners are widely available and are often utilised shortly
after CPR. However, NECT typically fails to reveal the hypoxic
changes early enough. In our sample, only 24.1% of patients exhib-
ited signs of hypoxia on NECT in the UO group. CTA, while useful in
assessing macrovascular pathologies, does not significantly con-
tribute to the detection of hypoxic ischaemic injury, as these patholo-
gies are not primarily related to macrovascular changes. In contrast,
CTP emerges as a more helpful tool in this scenario. It provides infor-
mation about intracranial vascular alterations, encompassing both
the macrovascular and microvascular circulations. This capability
makes CTP particularly valuable in assessing the complex vascular
dynamics related to hypoxic brain injury.

Studies have highlighted that cerebral perfusion undergoes dis-
tinct phases following resuscitation, "> '* illustrating the dynamic nat-
ure of perfusion changes and the critical importance of timing in
perfusion imaging. PCABI features a series of circulatory changes
resulting from global ischaemia and subsequent reperfusion which
is often inhomogeneous and incomplete, leading to multifocal perfu-
sion defects. The dynamics of CBF post-resuscitation follow a pat-
tern of transient global hyperaemia, succeeded by a phase of
delayed hypoperfusion, with a decrease in the metabolic rate and
the oxygen extraction fraction. Further complexities arise from alter-
ations in cerebral autoregulation, which can be disturbed, totally

absent, or right shifted.’*'® In animal models, an increase in reduced
CBF is not observed after increasing cerebral perfusion pressure due
to a right shift.'® Impaired autoregulation in the first 24 h after resus-
citation is associated with an UO, suggesting that autoregulation dis-
turbances may contribute to additional brain damage.'* Additionally,
hypotension, which is common post-resuscitation, can negatively
impact cerebral perfusion and exacerbate brain injury. It may be
observed 15-60 min after ROSC, but can persist for hours or even
days.'? Furthermore, incomplete filling of the cortical capillary bed
(the no-reflow phenomenon) can occur due to microcirculatory dis-
turbances and perfusion deficit. This phenomenon may be associ-
ated with post-resuscitation hypotension, increased blood viscosity,
and fibrin clots.'® Another significant factor is the development of
both cytotoxic and vasogenic oedema, which can lead to increased
intracranial pressure.” The areas most commonly affected by the
multifocal defects include the striatum, thalamus, and temporomesial
structures®'”"'® with grey matter being particularly vulnerable due to
its high oxygen demand.

The variations in cerebral perfusion observed in our series can
be largely attributed to the pathophysiological mechanisms under-
lying hypoxic brain injury. The diverse regional changes can be
explained by the inhomogeneity of global ischaemia. The occur-
rence of hyperperfusion patterns could be linked to hyperaemia.
Differences in the status of cerebral autoregulation could explain
the variability among patients showing partly hypoperfusion and
partly normal or hyperperfusion. Border-zone perfusion delays
could be associated with hypotension. The presence of supraten-
torial hypoperfusion and infratentorial hyperperfusion suggests
preferential perfusion to the posterior circulation.'® Perfusion
changes were more pronounced in grey matter. Significantly, in
our cohort, certain patterns like hypoperfusion of the basal ganglia,
thalamus and brainstem exhibited high specificity for UO. How-
ever, caution is required when evaluating CTP due to potential
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artefacts, particularly in regions such as the brainstem, as well as
various technical factors that may lead to misinterpretation. Con-
sequently, expertise in CTP imaging analysis is crucial for accu-
rate interpretation. The changes in perfusion imaging following
resuscitation, and their subsequent recovery, may provide an
opportunity to identify specific patterns that facilitate personalized
medicine in PCABI for a case-based selection of the most effective
treatment strategies and interventions.

Self-fulfilling prophecy represents a significant bias in prognosti-
cation,"" highlighting the importance of vigilance to mitigate its
impact during evaluation. Relying solely on perfusion is inadequate.
Since no single predictor is reliable serves as a prognostic marker,
accurate prognostication after ROSC should ideally depend on a
combination of clinical and paraclinical predictors. It is imperative
for the treating team to integrate imaging with other clinical markers
and to interpret them in the clinical context to ensure a comprehen-
sive evaluation. Employing decision trees or a scoring system that
combines various prognostic tests with different weights can min-
imise the risk of false predictions and enhances the reliability of
assessment.”

An ideal prognostic marker in this setting should have high speci-
ficity to ensure that no patient is mistakenly predicted to have UO. In
our series, various perfusion patterns demonstrated high specificity,
suggesting their potential utility as supplementary prognostic imaging
markers. However, the precision of these patterns, as well as that of
NECT, was relatively low. Therefore, our findings advocate for a bal-
anced and comprehensive approach to prognostication, combining
imaging findings with clinical assessment for more reliable prediction.
Furthermore, CTP when revealing patterns suggestive of impaired
autoregulation, can also guide therapy. For instance, it may inform
targeted interventions for maintaining reasonable mean arterial pres-
sure, hypertension, hemodilution, or thrombolytic therapy in patients
who may benefit. However, for such targeted therapies, further stud-
ies incorporating quantitative analysis of CBF and simultaneous
measurement of mean arterial pressure and brain oxygen levels
could prove valuable.'? 1514

It is important to emphasise that the objective of our study was
not to diagnose brain death, which involves confirming the absence
of intracranial blood flow. Therefore, the results and conclusion
drawn from our study should be interpreted within the specific con-
text of hypoxic ischaemic injury.

Strengths

This study compared various perfusion patterns and their perfor-
mance within the same patient cohort, including both FO and UO.
The balanced groups facilitated a comparative analysis of the perfu-
sion patterns’ performance.

Limitations

This is a retrospective study, subject to selection bias, and included
only patients who underwent a CTP within 12 h from resuscitation.
The small sample size limits the generalizability of the findings and
is also not statistically designed to internally validate a specific per-
fusion pattern.

The mesiotemporal structures were not specifically evaluated
due to the limitations of CTP, which can produce artefacts in this

region. The timing of imaging, the duration of no-flow, and low-flow
varied among patients, introducing another layer of variation to the
results. In most patients in our cohort CTP was performed only once,
and only few cases examined after 12 h, preventing us from tracking
the evolution of this dynamic process in each individual patient
across different post-resuscitation phases. Consequently, transient
changes in perfusion could not be detected and the main outcome
analysis focused on patients who underwent CTP within 12 h post-
resuscitation, mainly capturing the hypoperfusion phase. In some
instances, the classification of UO may have influenced the decision
to withdraw life support based on prognostic expectations, rather
than actual death. Lastly, in this pilot study, we didn’t perform corre-
lations between the perfusion patterns, and other parameters such
as the clinical status during the perfusion imaging, the sedation sta-
tus or the mean arterial pressure.

Conclusion

This pilot study identified several perfusion patterns after cardiac
arrest, that may have prognostic and pathophysiological significance
in PCABI. Certain perfusion patterns demonstrated high specificity
for UO. Further studies are needed to validate our findings and con-
firm patterns that could be used as additional markers for prognostic
assessment.
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