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Introduction: Ischemic stroke in patients with a systemic tumor disease or cancer
not in remission (active tumors) is less well understood. Some aspects of such
paraneoplastic strokes remind on a generalized cerebrovascular disorder. We
hypothesized that cerebrovascular regulation in active tumor patients with a
stroke is different from other patients with stroke who have no active tumor disease.

Methods:Within the first 72 h after the acute ischemic stroke, cerebral blood flow
regulation was analyzed by means of transfer function analysis between middle
cerebral artery blood flow velocity and blood pressure with estimation of
coherence, gain and phase in the very low (0.02–0.07 Hz), low
(0.07–0.20 Hz) and high frequencies (0.20–0.5 Hz) in four stroke groups:
active tumors, inactive tumors (untreated and in remission), hypertensive
lacunar stroke (LS), and non-hypertensive embolic stroke (NHES).

Results: The 4 groups did not differ regarding age, sex distribution, and brain infarct
size on magnet resonance imaging Between the four stroke groups, phase was not
different in any frequency range in both hemispheres. Gain was highest (either
significant or by trend) in the active tumor group in the HF range in comparison to all
other stroke subgroups, it was also higher in the LF range in the stroke affected
hemisphere when compared to the LS group. The HF gain findings were
independent of end-tidal CO2 levels but exhibited some dependency of coherence.

Discussion: The high gain can be interpreted as a generalized high vascular
resistance. The cerebrovascular regulation in active tumor patients seems to
exhibit some analogy to hypertensive patients with lacunar stroke.

Clinical Trial Registration: clinicaltrials.gov, identifier NCT04611672.
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Introduction

Ischemic stroke can grossly be classified into cerebral ischemia in the distribution of a
cortical artery (territorial infarction; Figure 1A) or in the vicinity of a small subcortical
artery not being larger than 1.5 cm in diameter (lacunar ischemia, Figure 1B; Fazekas et al.,
2002).While lacunar strokes are associated nearly exclusively with arterial hypertension and
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other vascular risk factors, the etiology of territorial strokes is wide
and includes cardiac embolism due to different cardiac diseases,
large artery disease due to atherosclerotic lesions, some vasculitis
disorders, or coagulopathies (Adams et al., 1993). Very often a
distinct cause of a territorial stroke is not identified. Patients with
tumors or cancer can be divided into those in remission (inactive
tumor patients) and into those with clinical signs of tumor/cancer
activity including being under treatment (active tumor patients).
Specifically in active tumor patients with systemic extracranial
tumors and no accompanying intracranial tumor manifestation,
the pathophysiology of stroke is - in the absence of more common
causes of stroke (cardiac embolism, large vessel disease and cerebral
microangiopathy) - not well understood (Dardiotis et al., 2019).
Many strokes in these patients show imaging findings in agreement
with embolic stroke (Bang et al., 2020; Navi et al., 2021) and an
involvement of multiple vessels in different territories of the brain
supplying arteries (Figure 1C). The involvement of multiple brain
arteries is suggestive of a process affecting the brain arteries in a
generalized manner, for example, via tumor associated systemic
inflammatory processes or coagulation disturbances (Dardiotis
et al., 2019; Bang et al., 2020; Navi et al. 201). Clinically, patients
with active systemic tumors exhibit a poorer long term neurological
prognosis and a higher risk of stroke recurrence (Navi et al., 2021).
Such a clinical course provides some analogies to the well-known
course of cerebral microangiopathy due to arterial hypertension
with its clinical deterioration over time and recurrent stroke events
(Markus and de Leeuw, 2023; Hainsworth et al., 2024).

One could consider that such clinical differences could be caused by
cerebral blood flow (CBF) regulation disturbances. The investigation of
CBF regulation with the transfer function analysis (TFA) method
(Panerai et al., 2023) provides information on the dynamics of
cerebral autoregulation (dCA) over a frequency range of
0.02 Hz–0.5 Hz, corresponding to CBF changes occurring between
50 and 2 s. The target variables of TFA are coherence, gain and phase.
Coherence describes the stability over time of the relation between

arterial blood pressure (BP) and CBF velocity (CBFV, as assessed by
transcranial Doppler sonography), gain the transmural power
transmission between both, and phase the phase shift between the
two. Compared to healthy subjects, the main finding in non-tumor-
associated strokes is that the phase between CBF(V) and BP is reduced
in the frequency range of 0.02–0.07 Hz (very low frequency, VLF) or of
0.07–0.15 Hz (low frequency, LF) while gain and coherence have been
less affected (Nogueira et al., 2022). In the high frequency range
(0.15–0.5 Hz) coherence, gain and phase are usually not relevantly
changed. Arterial hypertension affects the brain arteries in a generalized
manner. If assessed by the dCA assessing techniques (Panerai et al.,
1999; Ainslie et al., 2008; Müller and Osterreich, 2014; Panerai et al.,
2023; Nogueira et al., 2022) and compared to healthy controls, patients
with untreated hypertension (Lipsitz et al., 2000; Serrador et al., 2005;
Zhang et al., 2007) and treated patients with a long history of
hypertension (Müller et al., 2019) show distinct changes in the
regulation of cerebral blood flow best explained by differences in the
vascular tone. We investigated in this retrospective study on patients
with extracranial tumor disease (without intracranial tumor
manifestation) and an acute ischemic stroke how their cerebral
blood flow (or its velocity, CBFV) is regulated in terms of dCA. We
hypothesized, that CBFV regulation in terms of phase, gain and
coherence in active tumor patients with a stroke are different from
other patients with stroke who have no active tumor disease. We
compared acute stroke patients with extracranial tumor disease to a)
patients with a pure lacunar stroke due to hypertension (lacunar stroke,
LS) as a model of a known generalized brain artery disorder (Pires et al.,
2013), and b) to non-hypertensive patients with embolic strokes
(NHES) as a counter model without hypertensive microangiopathy.

Materials and methods

The study was approved by the Ethics Committee of
Northwest and Central Switzerland, was conducted adhering

FIGURE 1
Examples of the characteristic diffusion weighted imaging (DWI) pattern of the three stroke groups investigated in this study. In DWI an acute
ischemic stroke is indicated by bright/white color on the image (arrows) in contrast to the intact dark brain tissue. (A) embolic cortical territorial infarction;
(B) hypertensive lacunar infarction; (C) multiple small left hemispheric cortical infarction of a patient with a pancreatic carcinoma.
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to the Declaration of Helsinki, using good standards of clinical
practice, and is part of a larger trial (registered at ClinicalTrials.
gov NCT04611672) in which routine data from stroke unite
patients were collected prospectively between 1 January 2020,
until 31 April 2022. The corresponding author can provide all the
data upon reasonable request.

The Lucerne Hospital is a large tertiary teaching hospital with a
complete stroke center service. All patients with a stroke syndrome
receive standardized care, with initially a focused clinical
examination followed by a multimodal cranial computed
tomography [native CT; perfusion CT, postprocessed by
Syngo.via (Siemens, Germany) and Rapid CTP (RAPID AI,
United States)], and CT angiography. If indicated, intravenous
thrombolysis and/or arterial thrombectomy follow immediately.
All patients diagnosed with stroke syndrome are transferred to
the stroke unit for intensive clinical monitoring. The monitoring
includes National Institute of Health Stroke Scale (NIHSS) (Lyden
et al., 1994) and modified Rankin score (mRs) (van Swieten et al.,
1988) assessments upon hospital entry, as well as daily assessments
while on the stroke unit and 3 months after the ischemic event.
Blood pressure, heart rate, body temperature, blood glucose levels,
and oxygen saturation are closely monitored. Extensive ultrasound
examinations of all brain-supplying arteries (including dCA
assessment), an echocardiogram, and brain magnetic resonance
imaging (MRI) with DWI, T2, and SWI sequences on either a
Vida fit (3 Tesla, Siemens, Germany) or aa Aera (1,5 Tesla, Siemens,
Germany) or an Achieva (3 Tesla, Philips, Netherlands) follow
within 72 h after hospitalization. Infarct size estimation on MRI
was calculated by the ABC/2 method, which demonstrated in our
hands a good agreement with automatic software (Lakatos et al.,
2022). For this work, we additionally classified the cortical infarcts
into small if the largest lesion diameter was 2 cm or less, and into
large if the largest lesion diameter was greater than 2 cm (the 2 cm
limit was arbitrarily chosen). Lacunes were defined as infarcts with a
diameter of 1.5 cm or less present in the subcortical structures (basal
ganglia, white matter) (Fazekas et al., 2002). Patients whose
neurological deficit resolved within 24 h and whose DWI
remained negative were classified as having suffered from a TIA.

Patients

For this study, we retrospectively analyzed all patients treated at
our stroke unit from 1 January 2020, to 31 April 2022. Inclusion
criteria were: age over 18 years, absence of pregnancy, the presence
of a characteristic hemispheric syndrome diagnosed as a definitive
supratentorial ischemic stroke in the middle cerebral artery territory
after initial multimodal imaging and later confirmed by DWI
imaging, the presence of an ischemic stroke in only one
hemisphere to classify the results into belonging to the affected
hemisphere (AH) and the unaffected hemisphere (UH), no
secondary severe bleeding into the infarcted area to avoid
recordings under the influence of hemorrhage caused space
occupying lesions, TCD recordings of good quality in the middle
cerebral artery at a depth of 45–60 mm, at least of the AH, and
determination of dCA within 48 h of the stroke event. Exclusion
criteria included the final diagnosis of a stroke mimic, a primary
intracranial hemorrhage, a TIA, as well as a cerebral sinus or vein

thrombosis, or the presence of a brain metastasis or a primary brain
tumor as a cause of the neurological deficit.

dCA assessment

We performed all investigations with the subject in a resting
supine position with the head elevated by approximately 30°. The
spontaneous fluctuations of middle cerebral artery CBFV (2 MHz
probe; MultidopX, DWL; Compumedics, Sipplingen, Germany)
and BP (Finometer Pro; Finapres Medical Systems, Amsterdam,
Netherlands) were simultaneously recorded for at least 6 min.
End-tidal pCO2 (EtCO2) concentration was measured via nostril
tubes and the capnograph embedded in the TCD device. BP,
CBFV, and EtCO2 data were collected at 100 Hz. The data were
analyzed using Matlab (2023a; Math Works Inc., Natick, MA,
United States). The data were visually inspected for artifacts, and
only artifact-free data periods of 5 min were used for analysis.
Each raw data time series was averaged over a 1-second interval
to create a new time series with fewer data points. The coherence,
phase and gain between the new BP and CBFV time series were
extracted from their respective power auto-spectra or cross-
spectra using Welch’s averaged periodogram method, with a
Hanning window length of 100 s, window overlap of 50%, and
total Fast Fourier transformation data length of 300 s. For each
subject, the coherence, the phase (in radians), and the gain (in
cm/s/mmHg) were averaged over the VLF, LF and HF ranges.
Severe wrap-arounds in the frequency range <0.1 Hz were
removed before averaging. For averaging we used only those
values whose coherence was ≥0.4.

Statistics

For all data analysis, the Matlab Statistical Toolbox was used.
Normally distributed data are reported as mean ± SD, not
normally distributed data as median with their interquartile
range (IQR). Most continuous variables were not normally
distributed. We considered all patients as one stroke
population with four subgroups, and used nonparametric
One-Way ANOVA analog Kruskal-Wallis-test for all between
group comparisons for continuous variables. Fisher’s exact test,
or chi2 statistics, was used to compare categorical variables.
Regression analysis was used to evaluate whether EtCO2 or
coherence confounded the dCA parameter gain and phase
within each stroke group (the reported r2 values are the
adjusted r2 values). Finally, fixed effect ANCOVA models were
used to test whether the covariate (either ETCO2 or coherence)
affected phase or gain differently between the four stroke groups.
P < 0.05 was considered statistically significant.

Results

Patients

During the reported period, we treated a total of 337 patients
who fulfilled the inclusion criteria, particularly the dCA
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assessment of good quality. Among them, 39 patients had a history
of an extracranial tumor disease (Figure 2), with 20 suffering from
active tumors, and 19 having inactive tumorsafter adequate
treatment. We compared these patients with two kinds of
stroke cohorts: one consisting of 45 patients with a pure LS due
to hypertension as their most likely stroke cause; the second cohort
consisting of 39 NHES patients who had had a similar age and sex
distribution, and not significant different MRI infarct volumes.
Clinically, the four stroke cohorts were comparably balanced
regarding the cerebrovascular risk factors (apart from arterial
hypertension). As to be expected large artery disease,
intravenous and mechanical thrombolysis were less present in
the hypertensive pure LS group (Tables 1, 2). Within the tumor
patients, stroke severity and 3 months outcome were not different.
Notably, the NHES group exhibited significantly more left
hemispheric infarctions than the tumor patients and the
LS patients.

In patients with active tumors coagulopathies are suggested
to be causative for the strokes (Navi et al., 2021). As gross
markers of the state of coagulation, we found the International
Normalized Ratio (INR) and the Partial Thromboplastin Time
(PTT) not different between the four stroke groups [LS group,
INR 1 (IQR 1–1.1), PTT 30 (IQR 27–32); NHES group, INR 1
(0.9–1.1), PTT 30 (28–34); inactive tumors, 1.1 (0.9–1.1); active
tumors, INR 1.1 (1.0–1.2), PTT 30 (27–33). P-value for INR 0.68,
for PTT 0.14].

Dynamic cerebral autoregulation

EtCO2, BP and CBFV over the recording period did not differ
significantly between the four patient groups. Only for EtCO2 there
was a trend to be higher in the LS group compared to the active
tumor group (Table 3).

Affected hemisphere

Coherence, was not significantly different between the four
groups in all three frequency ranges. Between the four stroke
groups, gain was not different in the VLF range. It showed a
strong trend in the LF range with the active tumor patients
exhibiting a higher gain than the LS patients. HF gain was
significantly higher in the active tumor patients compared to the
LS, NHES, and the inactive tumor patients. Phase was not significant
different between the four stoke groups in all frequency ranges.

Unaffected hemisphere

Coherence was not different in the VLF range between the four
groups (Table 4). LF coherence was significantly lower in the
inactive etumor patients compared to the NHES and active
tumor patients. HF coherence was lowest in the inactive tumor
patients achieving a significant difference to the active tumor
patients. Gain was not different in the VLF and LF ranges. HF
gain showed strong trends to be highest in the active tumor patients
compared to the other three stroke groups. Phase was not different
between the 4 stroke groups in neither frequency range.

Assessing dCA some confounders are to consider:first, EtCO2which
affects coherence, gain and phase; and secondly, coherencewhich is also a
marker of the quality of the recordings. Even if coherence, gain or phase
are not different between the groups, EtCO2 and coherence could
influence the dCA parameter results within each stroke group. We,
thus, controlled within each stroke group phase and gain for possible
effects of EtCO2 and coherence by regression analysis models. To avoid
redundance, we report only the significant result:

Effect of EtCO2 over the recording period: in the LS group,
EtCO2 influenced gain in the VLF [AH: β = 0.031 (95% CI
0.004–0.58), r2 = 0.08, F(2,43), p = 0.03; UH: β = 0.031 (95% CI

FIGURE 2
Patients recruitment.
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TABLE 1 Basic clinical characteristics of the three different stroke cohorts.

Variable Active tumor
patients N = 20

Inactive tumor
patients N = 19

Hypertensive patients
with pure lacunar
stroke (LS) N = 45

Non-hypertensive
patients with embolic
infarcts (NHES) N = 39

P-value

Female/male 7/13 4/15 14/31 17/22 p = 0.36

Age in years 71 [67–76] 75 [64–79] 73 [60–80] 69 [66–76] p = 0.23

Tumors Bronchial Ca 7 Prostatic Ca 4 0 0

Mamma Ca 2 Mamma Ca 3

Polycytemia vera
JAK2 positive 2

Urothelial Ca 3

Pancreatic Ca 2 Chronic Lymphoma 2

Oropharyngeal Ca 1 Malignant Melanoma 2

Non hodgkin
lymphoma 1

Renal cell Ca 1

Hepatocellular 1 Bronchial Ca 1

Esophageal 1 Basal cell Ca 1

Heart sarcoma 1 Pharyngeal Ca 1

Retroperitoneal
sarcoma 1

Neuroendocrine
Tumor 1

Chronic myeloid
leukemia 1

Arterial
Hypertension

16 14 45 (by definition) 0 (by definition) p = 0.0000

Diabetes mellitus 3 2 11 12 p = 0.27

Dyslipidemia 16 15 40 31 p = 0.45

Body mass index 24.2 [21.1–25.7] 25.9 [23.7–28.5] 26.4 [23.4–19.4] 24.4 [22.8–28.7] p = 0.05
Subgroup analysis:
NHES vs. inactive
tumor p = 0.04

Active Smoking 2 8 15 8 p = 0.18

Atrial fibrillation 6 3 5 3 p = 0.17

Large vessel disease 3 4 0 6 p = 0.15

Coronary artery
disease

2 6 7 6 p = 0.89

Stroke infarct
volume (mL)
on MRI

1.03 [0.40–5.0] 0.42 [0–7.75] 0.30 [0.06–0.65] 0.62 [0.05–7.6] p = 0.34

Stroke affected
hemisphere right/
left

10/10 9/10 21/24 9/30 p = 0.02

Iv lysis 4 4 6 14 p = 0.04

Mechanical
thrombectomy

2 3 0 4 p = 0.10

NIHSS on
admission

2.5 [1–7] 4 [0.25–7] 3 [1–3.25] 3 [1–5] p = 0.85

mRs after 3 months 1 [0–3] 0 [0–2] 1 [0–1] 1 [0–1.25] p = 0.95

Ca, carcinoma; MRI, magnetic resonance imaging; iv lysis, intravenous thrombolysis; NIHSS, national institue of health stroke scale; mRs, modified Rankin scale. Data in numbers or in median

and interquartile range.
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0.004–0.058), r2 = 0.09, F(2,42), p = 0.04] only, gain and phase in all
other frequency ranges remained unaffected. In the inactive tumor
group, only phase in the LF range was affected by EtCO2 [AH:
β = −0.011 (95% CI −0.001 to −0.021), r2 = 0.211, F(2,18), p = 0.05;
UH: β=−0.016 (95%CI −0.004 to−0.028), r2 = 0.314, F(2,17), p= 0.02],
gain and phase in all other frequency ranges remained unaffected. In the
NHES group and in the active tumor group EtCO2 did not affect gain
and phase in any frequency range. EtCo2 was unrelated to coherence in

all frequency ranges in both hemispheres. In the ANCOVAmodels the
mean effects of ETCO2 on the phase/gain means were not different
between the four stroke groups.

Effect of coherence: In the LS group, coherence was related only
to HF gain in both hemispheres [AH: β = 0.483 (95 CI 0.124–0.745),
r2 = 0.132, F(2,43), p = 0.04; UH: β = 0.552 (95% CI 0.062–0.972),
r2 = 0.108, F(2,43), p = 0.02]. In the NHES group, only HF gain in
both hemispheres was related to coherence [AH: β = 0.543 (95% CI

TABLE 2 Distribution of infarct type among the different patient groups.

Hypertensive pure lacunar
stroke (N = 45)

Non-hypertensive embolic
stroke (N = 39)

IInactive tumor
(N = 19)

Active tumor
(N = 20)

Lacunar infarctions 45 4 2 2

Single small cortical
infarctions

0 11 8 2

Multiple small cortical
infarctions

0 10 4 11

Large cortical infarction 0 14 5 5

Cortical infarctions were classified as small if their largest diameter was 2 cm or less; they were classified as large when their diameter was more than 2 cm. Lacunes are small infarcts in the

subcortical white matter or in the basal ganglia.

TABLE 3 Coherence, gain and phase in the stroke affected hemisphere in the different patient groups.

Hypertensive pure
lacunar stroke (LS)

Non-hypertensive
embolic stroke (NHES)

IInactive
tumor

Active
tumor

P-value

Mean arterial blood
pressure (mm Hg)

97 [85–107] 99 [90–105] 95 [(87–106] 92 [84; 99] Overall p= 0.38

End-tidal pCO2
(mmHg)

38.9 [37.5–40.5] 39.4 [38.6–41] 39.4 [38.2–40.7] 40 [39.4; 41.8] Overall p= 0.09
Subgroup analysis LS vs. active
tumor p = 0.06

CBFV (cm/s) 43 [38–50] 47 [39–58] 42 [36–51] 48 [37–59] Overall p = 0.29

Coherence

-VLF 0.57 [0.48–0.66] 0.57 [0.52–0.64] 0.58 [0.46 0.68] 0.57 [0.47–0.65] Overall p = 0.99

-LF 0.59 [0.50–0.73] 0.63 [0.565–0.79] 0.63 [0.44–0.75] 0.72 [0.65–0.78] Overall p = 0.12

-HF 0.70 [0.58–0.76] 0.69 [0.60–0.77] 0.66 [0.53–0.75] 0.78 [0.71–0.83] Overall p = 0.10

Gain (cm/s/mmHg)

-VLF 0.23 [0.14–0.38] 0.18 [0.13–0.40] 0.17 [0.11–0.29] 0.26 [0.23–0.36] Overall p = 0.21

-LF 0.35 [0.22–0.51] 0.38 [0.26–0.57] 0.35 [0.22–0.42] 0.47 [0.32–0.58] Overall p = 0.07
Subgroup analysis:
Active tumors vs. LS strokes
p = 0.08

-HF 0.47 [0.36–0.59] 0.46 [0.35–0.58] 0.39 [0.31–0.63] 0.61 [0.48–0.72] Overall p = 0.03
Subgroup analysis: active tumors
vs. NHES p = 0.03 active tumors
vs. LS .09
active tumor vs. inactive tumors
p = 0.04

Phase (radian)

-VLF 0.84 [0.62–1.12] 0.81 [0.60–1.00] 0.72 [0.51–1.06] 0.70 [0.37–1.12] Overall p = 0.56

LF 0.67 [0.49–1.01] 0.68 [0.50 0.96] 0.68 [0.51–0.83] 0.58 [0.39–0.77] Overall p = 0.23

-HF 0.20 [0.05–0.38] 0.24 [0.04–0.46] 0.25 [0.17–0.41] 0.13 [0.04–0.25] Overall p = 0.50

Overall, Kruskal-Wallis test was used for comparisons over all four groups P -value, level of significance. pCO2, partial pressure of carbon dioxide; CBFV, cerebral blood flow velocity in the

middle cerebral artery; VLF, very low frequency; LF, low frequency; HF, high frequency. All data in median and interquartile range.
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0.183–0.903), r2 = 0.165, F(2,37), p = 0.006; UH: β = 0.773 (95% CI
0.273–1.253), r2 = 0.237, F(2,37), p = 0.003]. Coherence was related
in the active tumor group only to HF gain in the unaffected
hemisphere [β = 1.096 (95% CI 0.197–1.996), r2 = 0.244, F(2,18),
p = 0.02], and in the inactive tumor group to HF gain in the affected
hemisphere [β = 0.622 (95% CI 0.164–1.082), r2 = 0.258, F(2,17), p =
0.01]. In the ANCOVAmodels the mean effects of coherence on the
phase/gain means were not different between the four stroke groups.

Discussion

The most constant differences between the four stroke groups
were found in TFA gain. This is surprising as in ischemic stroke
VLF or LF phase is usually the parameter who indicates group
differences best (Panerai et al., 2023; Nogueira et al., 2022).
Because the amount of phase shift in ischemic stroke depends
on infarct size (Reinhard et al., 2012; Nogueira et al., 2022) it
seems plausible that our results are caused by the fact that infarct
size was similar in our four stroke groups. The lack of distinct
differences in the VLF and LF ranges in terms of gain and phase
seems not to support our hypothesis that CBF(V) regulation in
the tumor patients is different from the other stroke groups.
However, LF and HF gain in the affected hemisphere were by
trend higher in the active tumor group compared the LS group. It
was also higher by trend in the HF range in the unaffected

hemisphere. Compared to the NHES group, gain in the active
tumor group was significantly or by trend higher in the HF range
in both hemispheres. And compared to the inactive tumor group,
the active tumor patients exhibited a higher gain in the HF range
in both hemispheres.

In the high pass filter model of dCA, CBF(V) regulation takes
place in the VLF and LF ranges. In the high frequencies BP
changes (for example, by heart beats) are passed on
“unregulated” to CBF(V). As a result, the relationship over
time between BP and CBFV is very constant indicated by a
high coherence. However, this consistency over time accounts
for only 25% or less of HF gain. As a consequence, 75% or more of
HF gain variation is caused by other factors. Compared to the
NHES patients, HF gain in the active tumor group was
significantly (affected hemisphere) or short of significance
(unaffected hemisphere) higher indicative for a higher
generalized vascular tone or resistance. Compared to the LS
group, gain in the active tumor group was also higher by
trend in the LF and HF ranges, thus further supporting the
assumption of a generalized vascular resistance involvement in
the active tumor patients. An assumption that the HF gain result
in the active tumor group is only an effect of arterial hypertension
seems not plausible as the proportion of hypertensive patients in
the inactive tumor group was equally high, but the HF gain in the
inactive tumor group was significantly lower compared to the
active tumor group. Potentially other mechanisms of a

TABLE 4 Coherence, gain and phase in the stroke unaffected hemisphere in the different patient groups.

Hypertensive pure
lacunar stroke (LS)

Non-hypertensive
embolic stroke (NHES)

InInactive
tumor

Active
tumor

p-value

CBFV
(cm/s)

44 [38–51] 46 [39–57] 43 [37–51] 48 [38–58] Overall p = 0.31

Coherence

-VLF 0.56 [0.44–0.65] 0.55 [0.51–0.64] 0.61 [0.30–0.66] 0.54 [0.49–0.63] Overall p = 0.85

-LF 0.67 [0.52–0.77] 0.68 [0.54–0.80] 0.55 [0.43–0.61] 0.67 [0.59–0.79] Overall p = 0.02
Subgroup analysis: NHES vs. inactive
tumor p = 0.04
active tumor vs. inactive tumor p = 0.03

-HF 0.70 [0.55–0.79] 0.68 [0.60–0.78] 0.62 [0.55–0.69] 0.77; [0.67–0.82] Overall p = 0.08
Subgroup analysis: active tumor vs.
inactive tumor p = 0.04

Gain (cm/s/mmHg)

-VLF 0.24 [0.14–0.34] 0.22 [0.13–0.33] 0.20 [0.13–0.30] 0.30 [0.15–0.40] Overall p = 0.59

-LF 0.38 [0.27–0.53] 0.39 [0.29–0.52] 0.39 [0.35–0.55] 0.54 [0.26–0.72] Overall p = 0.43

-HF 0.47 [0.38–0.61] 0.48 [0.40–0.55] 0.51 [0.39–0.64] 0.64 [0.49–0.87] Overall p = 0.06
Subgroup analysis: active tumor vs. LS
p = 0.07 active tumors vs. NHES
p = 0.06

Phase (radian)

-VLF 0.93 [0.68–1.11] 0.84 [0.50–1.01] 0.75 [0.60–1.17] 0.87 [0.68–1.21] Overall p = 0.84

-LF 0.62 ]0.50–0.86] 0.73 [0.49–0.95] 0.74 [0.57–0.95] 0.71 [0.40–0.89] Overall p = 0.67

-HF 0.22 [0.04–0.34] 0.30 [0.14–0.47] 0.22 [0.13–0.44] 0.11 [0.03–0.34] Overall p = 0.26

Overall, Kruskal-Wallis test was used for comparisons over all groups; P = level of significance. CBFV, cerebral blood flow velocity in the middle cerebral artery; VLF, very low frequency; LF, low

frequency; HF, high frequency. For end-tidal pCO2 and blood pressure values at the time of recordings, see Table 3. All data in median and interquartile range.
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generalized vascular damage in active tumor patients could be the
endothelial toxicity of chemotherapeutics which can among
others cause vessel narrowing and could induce (speculatively)
hereby a gain increase (Cadeddu Dessalvi et al., 2020; Hsu et al.,
2021; Campia, 2020), or a tumor associated (paraneoplastic)
inflammatory syndrome with or without disseminated
intravascular hyper-coagulopathy (Dardiotis et al., 2019) with
its endothelial-dependent pathophysiology. If confirmed in
larger study populations, the strong trend that HF gain in the
active tumor patients is higher than the one in the LS group,
could signal a characteristic sign of cerebrovascular regulation in
active tumor patients.

Our study is a retrospective one on routinely collected data with
the result that the two tumor groups were small in number. We
assume, that the trends in the HF gain would become significant with
a larger study population. In a clearly designed prospective study an
a-priori power calculation would have addressed the necessary size of
the tumor groups more adequately. The state of the overall
coagulation was not different in the four stroke groups; the
inclusion of detailed coagulation analyses or the estimation of
serologic parameters of endothelial functioning into our
investigation would have been helpful to support or to reject our
hypothesis that active tumor patients exhibit a generalized
cerebrovascular dysfunction. Speculatively, autonomic nervous
system disturbances, which could be part of the active tumor
disease stage, can induce dCA changes, which are, however, found
usually in the VLF (Hamner et al., 2010; Hamner et al., 2012; Lakatos
et al., 2024) but not in the HF range. The CBF is regulated integrative
by cerebral vessels with widely varying vessel diameters and varying
functions over time (Schaeffer and Iadecola, 2021; Fan et al., 2022).
We analyzed CBF velocity which is vessel diameter dependent, and
assume that it is a close representative of CBF to allow for conclusions
on CBF regulation. At present, our results are of limited clinical
usefulness. If confirmed, they could be of help to characterize a
defined subpopulation of stroke patients who, due to their poorer
prognosis, need more attention in clinical research.

To summarize, we did not find differences in cerebral regulation
phase and gain in stroke patients with active tumor disease. However,
we found the highest HF gain levels in the active tumor patient group,
indicative for a generalized high vascular resistance, at least in this
frequency range. Whether these changes are characteristic for this type
of stroke source needs further research.
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