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Abstract 

Background: Delayed cerebral ischemia associated with cerebral vasospasm (CVS) in aneurysmal subarachnoid 
hemorrhage significantly affects patient prognosis. Levosimendan has emerged as a potential treatment, but clinical 
data are lacking. The aim of this study is to decipher levosimendan’s effect on cerebral hemodynamics by automated 
quantitative measurements of brain computed tomography perfusion (CTP).

Methods: We conducted a retrospective analysis of a database of a neurosurgical intensive care unit. All patients 
admitted from January 2018 to July 2022 for aneurysmal subarachnoid hemorrhage and treated with levosimendan 
for CVS who did not respond to other therapies were included. Quantitative measurements of time to maximum 
(Tmax), relative cerebral blood volume (rCBV), and relative cerebral blood flow (rCBF) were automatically compared 
with coregistered CTP before and after levosimendan administration in oligemic regions.

Results: Of 21 patients included, CTP analysis could be performed in 16. Levosimendan improved Tmax from 14.4 s 
(interquartile range [IQR] 9.1–21) before treatment to 7.1 s (IQR 5.5–8.1) after treatment (p < 0.001). rCBV (94% [IQR 
79–103] before treatment and 89% [IQR 72–103] after treatment, p = 0.63) and rCBF (85% [IQR 77–90] before treat-
ment and 87% [IQR 73–98] after treatment, p = 0.98) remained stable. The subgroup of six patients who did not 
develop cerebral infarction attributed to delayed cerebral ischemia showed an approximately 10% increase (rCBV 85% 
[IQR 79–99] before treatment vs. 95% [IQR 88–112] after treatment, p = 0.21; rCBF 81% [IQR 76–87] before treatment 
vs. 89% [IQR 84–99] after treatment, p = 0.4).

Conclusions: In refractory CVS, levosimendan use was associated with a significant reduction in Tmax in oligemic 
regions. However, this value remained at an abnormal level, indicating the presence of a persistent CVS. Further analy-
sis raised the hypothesis that levosimendan causes cerebral vasodilation, but other studies are needed because our 
design does not allow us to quantify the effect of levosimendan from that of the natural evolution of CVS.
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Introduction
Delayed cerebral ischemia (DCI) in the setting of aneu-
rysmal subarachnoid hemorrhage (aSAH) is a complex 
phenomenon with a largely unknown physiopathology 
involving neuroinflammation, microthrombosis, vascu-
lar dysfunction, and even spreading depolarizations [1, 
2]. Cerebral vasospasm (CVS) is a transient phenomenon 
that results in extensive constriction of cerebral arter-
ies and is also closely associated with the occurrence of 
DCI. Although the exact relationship with DCI remains 
unclear, CVS can cause an imbalance between local oxy-
gen delivery and consumption and remains the most 
important therapeutic target to prevent DCI [3, 4].

Levosimendan is a calcium-sensitizing inodilator 
that appears attractive as a novel therapeutic approach 
for CVS [5]. Levosimendan is most commonly used for 
decompensated chronic heart failure cases [6, 7], show-
ing favorable results in terms of in-hospital mortality 
rates and hospitalization duration. Other uses have been 
discovered, such as treatment for cardiogenic shock, 
postoperative cardiac surgery, and right ventricular fail-
ure, owing to its positive inotropic effects without raising 
myocyte oxygen consumption [7, 8]. In continuous infu-
sion, levosimendan has a reduced half-life of about 1.5 h 
[6]. Although some of its metabolites are quickly elimi-
nated in the feces and urine, this molecule has a unique 
specificity of having an active metabolite, OR-1896, 
whose maximum concentration is achieved between 48 
and 72 h after the treatment begins, and its elimination 
takes much longer, with a half-life of about 70–80 h [6]. 
Thus, the efficacy duration on the heart and vessels after 
a 24-h infusion of levosimendan is estimated to be 1 week 
[6], with maximum efficacy at approximately the 24th h. 
This pharmacological feature of levosimendan, because 
of its extended duration of action, presents an especially 
interesting aspect in cases of CVS, as this complication 
typically persists for approximately 10 days [9].

By opening the ATP-sensitive  K+ channel in smooth 
muscle fibers surrounding the vascular bed, it induces 
sustained arterial vasodilation, even in combination 
with norepinephrine infusion. Its effect has already been 
described in vitro in animal models of CVS of the basi-
lar artery in rabbits [10] and cerebral arteries in rats [11, 
12]. To date, there have been few case reports indicat-
ing neurological improvement in patients after the use 
of levosimendan [13, 14]. Also, a recent case series of 18 
patients with aSAH treated with levosimendan for Tako-
Tsubo cardiomyopathy showed an increase in mean ves-
sel diameter between days 1 and 5–7 [15].

In our neurointensive care unit, levosimendan has been 
used off-label since 2018 in rare cases of clinical deterio-
ration attributable to a catastrophic CVS, with a refrac-
tory course in which no further conventional treatment is 

deemed appropriate, and as the last compassionate thera-
peutic option.

This analysis aimed to decipher the effects on cerebral 
hemodynamics of levosimendan by automated compari-
son of computed tomography perfusion (CTP) in our 
local patient cohort by performing quantitative meas-
urements in oligemic regions before and after this treat-
ment. This was a retrospective observational study with 
perfusion imaging analysis before and after treatment. 
In addition, the evolution of cerebral tissue oxygen pres-
sure  (PtiO2) was studied, and clinical outcomes were 
recorded.

Methods
Criteria for the Inclusion and Management of CVS
We retrospectively reviewed the medical prospective 
database of all consecutive patients admitted to our 
center for aSAH from January 2018 to July 2022. This 
study complies with national and European guidelines 
on the protection of personal health data (RGPD), as our 
clinical data warehouse is quality certified in EHDEN. 
Approval for this study was obtained from the local eth-
ics committee. As required by national regulations, sys-
tematic inquiries were made to ensure that patients did 
not object to the use of their data. For this type of study, 
formal consent is not required.

All patients with aSAH hospitalized in our department 
are secured within 48 h of bleeding, either through embo-
lization or surgical clipping depending on the aneurysm’s 
conformation. This is followed by neurological monitor-
ing and prevention of DCI with nimodipine orally. Many 
patients with aSAH have external ventricular drains, 
and  PtiO2 sensors are installed in patients with the most 
severe aSAH who remain comatose after securing the 
aneurysm. CTP is used as a diagnostic test for CVS when 
clinical suspicion is present, which is based on clinical 
findings, transcranial Dopplers, and neuromonitoring. 
CTP is not performed systematically but only in cases in 
which symptomatic CVS is suspected. CTP is also used 
for assessing the effectiveness of our therapies: we rely on 
concordant clinical and paraclinical parameters as well as 
improvement in arterial caliber and resolution of perfu-
sion abnormalities.

We included in the present study all patients treated 
with levosimendan for clinical deterioration attributable 
to severe CVS who were refractory to other therapies. 
The therapeutic algorithm used in our unit is explained 
later in the text.

The only exclusion criterion was the absence of CTP 
performed both before and after treatment with levosi-
mendan or unusable perfusion sequences (e.g., due to 
patient movement). Clinical deterioration was defined 
as a new onset of focal neurological impairment, a drop 
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of at least 2 points on the Glasgow Coma Scale (GCS), 
or a sustained drop in  PtiO2 below 20 mm Hg without 
confounding factors. In such cases, CVS could also be 
suspected using transcranial Doppler technology by 
observing an acceleration of the mean velocities in the 
middle cerebral arteries above 120 cm/s, an increase of 
50 cm/s from their baseline value, or a maximum veloc-
ity in the same arteries above 200 cm/s. CVS was finally 
diagnosed by an experienced neuroradiologist either by 
computed tomography [CT] angiography and CTP or 
directly by cerebral arteriography.

CVS management follows a precise algorithm: the 
first step is to induce hypertension and optimize blood 
volume. If there is no clinical improvement and there 
are no contraindications, treatment with intravenous 
milrinone is then initiated. If these two steps fail to pro-
duce any effect, endovascular angioplasty is performed 
as a final measure. The procedure combines chemi-
cal angioplasty with nimodipine and/or milrinone and 
mechanical angioplasty at the operator’s discretion. If 
this endovascular procedure proves ineffective, addi-
tional similar procedures may be performed. Discon-
tinuation of these repeated endovascular therapies is 
decided on a collegial basis between the critical care 
team and the interventional neuroradiology team only 
when the expected benefit no longer appears to be 
more than futile. In these situations, levosimendan 
infusion is proposed as a last resort. Our local pro-
tocol mandates at least one attempt of endovascular 
procedure before abandoning it, unless marked other-
wise. We strive to provide two attempts, but this may 
not be technically feasible (e.g., due to brain navigation 
difficulties).

Levosimendan was administered at a rate of 0.4  µg/
kg/min for a 24-h infusion concomitantly with the 
complete cessation of milrinone in such extremely 
rare situations in which the disease progression was 
catastrophic and unresponsive to previous treatments. 
Chemical or mechanical angioplasty was not used after 
this infusion, which was deemed the final therapeu-
tic alternative. The dosage was selected by our center 
after consulting with a knowledgeable cardiac surgery 
critical care team who frequently administers this drug 
to patients with heart failure. The dosage is primar-
ily based on the percentage of patients who respond, 
which is maximum at 0.4 µg/kg/min. It also marks the 
point at which hypotensive episodes begin to be worri-
some [8].

This decision to attempt compassionate treatment was 
made collaboratively by the intensive care and neurora-
diology teams because of the catastrophic nature of the 
disease following the reappearance of clinical symptoms 
despite ongoing treatment.

Radiologic Method of CTP Comparison
For the radiological data, repetitive CTP scans were 
obtained on a 64-slice CT scanner (Optima 660; GE 
Healthcare). CTP acquisitions were obtained with the 
following parameters: 80  kV, 150  mA, 250  mm FOV, 
512 × 512 matrix, 16 slices covering 80  mm, 3-s time 
resolution (time rotation, 0.5  s). Images were acquired 
after injection of a 1-mL/kg bolus of iodinated contrast 
agent (XENETIX 300 mg iodine/mL) injected at a rate 
of 5 mL/s.

For each patient, we obtained a pair of CTP scans 
corresponding to the last CTP scan before and the first 
CTP scan after levosimendan administration (pre-CTP 
and post-CTP). Parametric maps (time to maximum 
[Tmax], cerebral blood volume [CBV], cerebral blood 
flow [CBF]) were obtained from Olea Sphere 3.0 (Oléa 
Medical) using the Bayesian deconvolution method. 
The extraction of quantitative data from these maps 
was then fully automated to eliminate any operator-
dependent bias. The parametric maps generated by the 
Olea software were postprocessed offline. Brain extrac-
tion was performed using Functional Magnetic Reso-
nance Imaging of the Brain Software Library (FSL) 6.0 
[16]. Affine linear registration was performed between 
pre-CTP and post-CTP using advanced normalization 
tools [17]. Registration accuracy was visually verified 
for each patient.

Regions of interest (ROIs) with significant hypoperfu-
sion defined as Tmax > 6  s were automatically calcu-
lated from the pre-CTP and propagated to the 
post-CTP using the transform matrix for coregistra-
tion. Example of this method is shown in Fig. 1. Mean 
Tmax, CBV, and CBF were quantified within these 
coregistered regions. Tmax values were kept as abso-
lute values, whereas CBV and CBF were normalized to 
obtain relative parameters (relative CBV [rCBV]; rela-
tive CBF [rCBF]) using the following ratio: 

meanCBV/CBF in ROI

meanCBV/CBF in thewhole brain
.

We also analyzed cerebral arterial diameter measure-
ments by locating the most constricted area of the most 
affected cerebral artery on the angioscan performed at 
the time of the initial CTP scan prior to levosimendan 
administration. This artery’s diameter was then meas-
ured by a senior neuroradiologist using three angi-
oscans: one conducted on admission during aSAH 
diagnosis, one before levosimendan infusion (i.e., the 
first CTP scan), and one just after (i.e., the second CTP 
scan).

Radiological results are presented as number (percent-
age) or median (interquartile range [IQR]) as adjusted. 
The Wilcoxon signed-rank test was used to compare 
admission/before/after parameters.
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Clinical and Paraclinical Data Collection
The Glasgow Outcome Scale-Extended score was 
recorded at the last medical examination before hospital 
discharge. The presence of cerebral infarction attribut-
able to DCI was diagnosed by a senior neuroradiologist 
at the last CT or magnetic resonance imaging scan before 
discharge within 6 weeks after aSAH and was defined as 
infarction not present at the CT scan between 24 and 
48 h after aneurysm embolization and not attributable to 
other causes, such as a ventricular catheter or intraparen-
chymal hematoma.

The hourly GCS score was obtained. The hourly 
 PtiO2, intracranial pressure (ICP), and norepinephrine 

dose were obtained in those available from medi-
cal records 24 h before to 24 h after the end of levosi-
mendan infusion. The Licox probe (Integra LifeSciences 
Corp., Plainsboro, NJ) is used to measure  PtiO2. ICP 
is measured discontinuously in patients with external 
ventricular drainage.

Natremia, glycemia, arterial oxygen and carbon diox-
ide pressures, hemoglobinemia, oxygen saturation, and 
hemodynamic variables were also collected at the time 
point closest to the time of both CTP scans. Troponin, 
plasmatic creatinine, and lactatemia were collected the 
day before levosimendan infusion, the day of infusion, 

Fig. 1 Cerebral hemodynamic indicators during levosimendan treatment. The Wilcoxon signed-rank test was used to compare before/after 
parameters. Stars were used to show statistically significant comparisons. a Individual cerebral oxygen pressure  (PtiO2) as a function of the start of 
levosimendan infusion for the eight patients with Licox probe. The general trend was plotted using generalized additive models with smoothing in 
R. b Time to computed tomography perfusion (CTP). c Comparison of time to maximum (Tmax) before and after levosimendan infusion in the two 
CTP scans. Orange dots correspond to patients who did not develop delayed cerebral ischemia. d Comparison of relative cerebral blood volume 
(rCBV) before and after levosimendan infusion in the two CTP scans. Orange dots correspond to patients who did not develop delayed cerebral 
ischemia. e Comparison of relative cerebral blood flow (rCBF) before and after levosimendan infusion in the two CTP scans. Orange dots correspond 
to patients who did not develop delayed cerebral ischemia. f Example of automatic segmentation of the oligemic region of interest, propagated 
from the first to the second CTP scan
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the day after infusion, and the third and the seventh 
days after the end of the infusion.

Clinical and paraclinical outcomes are presented as 
number (percentage) or median (IQR) as adjusted. The 
Wilcoxon signed-rank test was used to compare before/
after parameters.

Results
Twenty-one patients received levosimendan for refrac-
tory CVS during the study period. Of these, only 16 
had complete automated CTP analysis before and after 
levosimendan; perfusion analysis was not possible in 
one patient who was brain dead after treatment and in 
another who had a purely clinical evaluation without 
CTP after levosimendan. In the remaining three patients, 
technical difficulties in obtaining perfusion sequences 
(e.g., movement) made automated analysis impossible. A 
flow chart is provided in Online Appendix.

In the included patients, aSAH was severe, with a 
median WFNS score of 5 (IQR 2–5) and a Fisher score 
of 4 for all the patients. In all cases, the causative intrac-
ranial aneurysm was initially treated with embolization. 
Two patients (13%) died during the primary hospitali-
zation, and ten (63%) had a cerebral infarction attribut-
able to the DCI detected on final cerebral imaging before 
discharge. Good neurological outcome was observed in 
seven (44%) patients with a Glasgow Outcome Scale–
Extended score > 3 at hospital discharge.

The first episode of CVS was diagnosed 5  days (IQR 
4–7) after admission and was treated in all patients with 
hemodynamic optimization and intravenous milrinone 
treatment up to 2 µg/kg/min. Because of recurrent clini-
cal signs, patients underwent two arterial angioplasties 
(IQR 1–2), including ten (63%) patients with at least one 
mechanical balloon dilatation in the arteries with the 
spasm.

Levosimendan was initiated 5  days (IQR 3–7) after 
the initial diagnosis of vasospasm, with a 24-h infusion 
and concomitant discontinuation of milrinone to avoid 
increasing cardiac side effects, and after the last attempt 
at arterial angioplasty, when clinical signs recurred. The 
first scan was performed 4.7 h (IQR 2.2–7.1) before the 
start of levosimendan infusion, and the second scan was 
performed 61.5 h (IQR 44.3–68.06) after the start of levo-
simendan infusion (see Fig. 1 for timeline).  PtiO2 meas-
urement was performed during levosimendan infusion in 
8 of the 16 enrolled patients (50%).

Patient demographics, enrollment, treatment, and 
outcomes are shown in Table  1. Levosimendan globally 
improved Tmax by significantly reducing the mean delay 
within the initially hypoperfused regions (14.4  s [IQR 
9.1–21] vs. 7.1  s [IQR 5.5–8.1] for pre-CTP and post-
CTP, respectively; p < 0.001). Parametric Tmax maps 

for all patients are shown in Fig. 2. In the overall popu-
lation, rCBV and rCBF were not statistically different 
before and after levosimendan treatment (rCBV was 94% 
[IQR 79–103] before treatment and 89% [IQR 72–103] 
after treatment, p = 0.63; rCBF was 85% [IQR 77–90] 
before treatment and 87% [IQR 73–98] after treatment, 
p = 0.98).

We found heterogeneity in the response to levosi-
mendan, with seven patients completely normalizing 
their Tmax (mean Tmax < 6  s after levosimendan treat-
ment). In these patients, we found increases in rCBF and 
rCBV of about 10%, although not quite at the threshold 
of statistical significance (rCBV 88% [IQR 80–97] vs. 99% 
[IQR 95–109], p = 0.47, and rCBF 84% [IQR 81–89] vs. 
95% [IQR 89–101], p = 0.03, for pre-CTP and post-CTP, 
respectively). The subgroup of six patients who did not 
develop a cerebral infarction attributable to the DCI 
also showed an approximately 10% increase in rCBF and 
rCBV, but this was not statistically significant (rCBV 85% 
[IQR 79–99] vs. 95% [IQR 88–112], p = 0.21, and rCBF 
81% [IQR 76–87] vs. 89% [IQR 84–99], p = 0.4, for pre-
CTP and post-CTP, respectively; see Fig. 1 for all perfu-
sion analysis results, differentiated between patients with 
and without DCI).

We observed diameters of the most spasmed artery (at 
the time of the first CTP) of 2.1  mm (IQR 1.9–2.2) on 
admission, 1.1 mm (IQR 1.0–1.3) prior to levosimendan 
administration, and 1.6  mm (IQR 1.5–1.8) post levosi-
mendan treatment. There was a statistically significant 
difference in these diameters between admission and the 
final scan (p < 0.001) and between the scan conducted 
before levosimendan infusion and afterward (p < 0.001) 
(Fig. 3).

Median  PtiO2 values for patients with this sensor were 
13 mm Hg (IQR 10–18) on the day before levosimendan 
administration, 11 mm Hg (IQR 7–19) on the day of the 
levosimendan administration, and 12 mm Hg (IQR 6–21) 
on the day after levosimendan administration. Individual 
trajectories of  PtiO2 are shown in Fig.  1.  PtiO2 sensors 
were removed, on average, after the 48th hour follow-
ing levosimendan infusion, and no further data were 
collected.

No significant differences were observed in physiologi-
cal variables that might influence cerebral hemodynam-
ics at the time of either CTP scan (Table 2). In particular, 
mean arterial pressure values were 108  mm Hg (IQR 
106–110) at the pre-CTP scan and 105  mm Hg (IQR 
96–115) at the post-CTP scan (p = 0.51), norepinephrine 
dosages were 0.28 µg/kg/min (IQR 0.06–0.82) at the pre-
CTP scan and 0.15 µg/kg/min (IQR 0–0.83) at the post-
CTP scan (p = 0.63), and  PaCO2 values were 42 mm Hg 
(IQR 34–45) at the pre-CTP scan and 39  mm Hg (IQR 
38–42) at the post-CTP scan (p = 0.94).
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GCS scores were 10 (IQR 8–14) the day before levo-
simendan infusion, 12 (IQR 9–13) the day of infusion, 
11 (IQR 9–13) the day after infusion, 11 (IQR 8–14) the 
third day after infusion, and 10 (IQR 8–14) the seventh 
day after infusion.

Tolerance data analysis was performed on the total 16 
included patients. Median ICP values were 5  cm  H2O 
(IQR 3–9) on the day before infusion, 8  cm  H2O (IQR 
4–11) on the day of the infusion, and 6  cm  H2O (IQR 
3–9) on the day after infusion. Two patients had ICP 
elevations above 20  mm Hg after levosimendan infu-
sion. The norepinephrine dosage was stable in all patients 
(0.28 µg/kg/min [IQR 0.13–0.58] the day before infusion, 

0.26 µg/kg/min [IQR 0.04–0.57] the day of the infusion, 
and 0.18  µg/kg/min [IQR 0.01–0.56] the day after infu-
sion). No episodes of cardiac arrhythmias or troponin 
elevations were observed during the 7  days following 
infusion. These data are detailed in Table 3.

Discussion
Levosimendan is beginning to be recognized as a poten-
tial new treatment for CVS that could help prevent 
ischemic damage in cases of aSAH with DCI. However, 
although in  vitro studies in animal models of CVS are 
promising, there is a significant gap in in  vivo physi-
ological data that would allow us to understand the 

Table 1 Demographic, enrollment, management, and outcome data

Data are expressed as number (percentage) or median (interquartile range) of the included patients

CTP, computed tomography perfusion, DCI, delayed cerebral ischemia, GCS, Glasgow Coma Scale, ICU, intensive care unit, SAPS, Simplified Acute Physiology Score, 
WFNS, World Federation of Neurologic Surgeons score

Included population 
in the CTP analysis 
(n = 16)

Demographic data

 Age (years) 52 (46–59)

 Female sex 13 (81)

 Tobacco use 8 (50)

 History of hypertension 6 (37)

Admission

 WFNS score 5 (2–5)

 Fisher grade 4 (4–4)

 SAPS II 40 (27–54)

 GCS at the beginning of levosimendan 10 (8–14)

Initial ICU management

 Endovascular embolization 16 (100)

 External ventricular drainage 14 (88)

 Decompressive craniectomy 2 (13)

Cerebral vasospasm occurrence and management

 Delay between admission and first detected vasospasm episode (days) 5 (4–7)

 Endovascular treatment before levosimendan (number per patient) 2 (1–2)

 Number of patients with mechanical angioplasty 10 (63)

 Number of patients with pharmacological angioplasty only 6 (37)

Delay between first detected vasospasm and first angioplasty (days) 1 (0–4)

Delay between first detected vasospasm and second angioplasty (days) 3 (2–6)

Delay between first detected vasospasm episode and levosimendan (days) 5 (3–7)

Outcome

 GCS at 24 h after levosimendan 11 (9–13)

 ICU length of stay (days) 32 (21–52)

 Total primary hospitalization length of stay (days) 48 (25–74)

 Death during primary hospitalization 2 (13)

 Glasgow outcome scale–extended score at hospital discharge 3 (3–4)

 Glasgow outcome scale–extended score > 3 at hospital discharge 7 (44)

 Cerebral infarction attributed to DCI at discharge 10 (63)
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Fig. 2 Time to maximum (Tmax) map before and after levosimendan infusion, with automatic segmentation of oligemic regions (Tmax > 6 s)

Fig. 3 Diameter of the most spasmed artery (at the time of the first perfusion scan) in each patient. Values given in millimeters for the computed 
tomography (CT) scan on admission, for the CT scan just before levosimendan infusion, and for the CT scan just after levosimendan infusion. Values 
for each individual are connected by a dotted line. The Wilcoxon signed-rank test was used to compare admission/after and before/after param-
eters. Stars were used to show statistically significant comparisons
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mechanisms underlying treatment efficacy. This gap rep-
resents a major obstacle both to the clinical use of this 
new drug and to the design of randomized clinical trials 
to evaluate its efficacy. Our study attempts to fill this gap 
by using an imaging-based analysis that gives us access to 
cerebral hemodynamic data using CTP before and after 
levosimendan infusion while CVS recurs and thus the 
pathophysiological mechanism is present again. Parallel-
ing these data with the few available  PtiO2 measurements 
allows further physiological analysis.

The initial CTP scan was conducted when CVS clini-
cal symptoms recurred, and a second CTP scan was 

conducted roughly 2.5  days afterward. This subsequent 
CT scan remains pertinent for evaluating the impact of 
levosimendan on cerebral hemodynamics, despite being 
completed outside the drug infusion time frame. This 
relevance derives from the drug’s distinct pharmacoki-
netics, with an active metabolite with a long elimination 
half-life allowing a persistent effect for up to a week [6, 
7]. This active metabolite, OR-1896, reaches its peak con-
centration between 48 and 72 h after treatment initiation. 
In our study, use of levosimendan was linked to a reduc-
tion of Tmax by 50% in the oligemic regions impacted by 
CVS, with a trend of preserving rCBF and rCBV in these 

Table 2 Physiological variables affecting cerebral blood flow on CTP

Data are expressed as median (interquartile range). The Wilcoxon signed-rank test was used to compare pre/post parameters

CTP, computed tomography perfusion,  PaCO2, arterial partial pressure of carbon dioxide,  PaO2, arterial partial pressure of dioxygen

Parameter Pre-CTP Post-CTP p value

Mean arterial pressure (mm Hg) 108 (106–110) 105 (96–115) 0.51

Norepinephrine dose (µg/kg/min) 0.28 (0.06–0.82) 0.15 (0–0.83) 0.63

PaCO2 (mm Hg) 42 (34–45) 39 (38–42) 0.94

PaO2 (mm Hg) 92 (87–110) 89 (85–112) 0.78

Oxygen saturation (%) 96 (95–99) 98 (97–99) 0.38

Natremia (mmol/L) 144 (136–146) 140 (139–144) 0.31

Intracranial pressure (cm  H2O) 5 (2–12) 6 (4–9) 0.42

Glycemia (g/L) 1.3 (1.2–1.5) 1.3 (1.1–1.5) 0.74

Temperature (°C) 37.1 (36.7–37.2) 37.4 (36.8–37.8) 0.45

Hemoglobinemia (g/dL) 9.5 (8.9–10.1) 9.3 (8.5–10) 0.92

Table 3 Clinical and biological parameters as a function of levosimendan infusion initiation for the included population

Results are presented as median (interquartile range)

ICP, intracranial pressure;  PaCO2, arterial partial pressure of carbon dioxide,  PaO2, arterial partial pressure of dioxygen,  PtiO2, cerebral tissue oxygen pressure

Parameter Day–1 Day 0 Day 1 Day 3 Day 7

PtiO2 (mm Hg) 13 (10–18) 11 (7–19) 12 (6–21)

Glasgow Coma Scale score 10 (8–14) 12 (9–13) 11 (9–13) 11 (8–14) 10 (8–14)

Cardiac frequency (bpm) 93 (80–110) 97 (81–115) 93 (77–112) 103 (87–117) 93 (79–103)

Mean arterial pressure (mm Hg) 109 (98–118) 107 (98–115) 110 (100–118) 108 (99–114) 104 (93–114)

Glycemia (g/L) 1.3 (1.2–1.5) 1.4 (1.1–1.5) 1.3 (1.1–1.7) 1.3 (1.2–1.5) 1.4 (1.2–1.6)

PaCO2 (mm Hg) 39 (34–41) 38 (36–42) 36 (35–39) 37 (36–40) 37 (37–40)

PaO2 (mm Hg) 89 (85–110) 96 (86–115) 93 (81–109) 98 (84–110) 94 (90–104)

Cardiac index (L/min/m2) 4.2 (3.61–4.6) 4.4 (4.1–5.1) 4.5 (3.9–5.1) 4.7 (3.8–4.8)

ICP (cm  H2O) 5 (3–9) 8 (4–11) 6 (3–9) 5 (2–8) 4 (2–7)

Norepinephrine dose (µg/kg/min) 0.28 (0.13–0.58) 0.26 (0.04–0.57) 0.18 (0.01–0.56) 0.19 (0–0.5) 0.01 (0–0.02)

Troponin (ng/L) 70 (46–180) 68 (12–88) 48 (17–82) 46 (19–118) 35 (16–147)

Plasmatic creatinine (µmol/L) 45 (40–57) 46 (37–53) 42 (35–47) 41 (37–48) 42 (38–49)

Natremia (mmol/L) 145 (138–147) 143 (139–147) 140 (137–145) 142 (139–145) 141 (139–145)

Kaliemia (mmol/L) 3.9 (3.8–4.1) 3.9 (3.7–4.2) 3.5 (3.5–3.8) 3.6 (3.4–3.7) 3.6 (3.4–3.8)

Arterial pH 7.44 (7.43–7.46) 7.45 (7.43–7.48) 7.47 (7.45–7.48) 7.46 (7.46–7.48) 7.47 (7.45–7.49)

Lactatemia (mmol/L) 0.9 (0.7–1.1) 0.8 (0.7–1.3) 1.0 (0.8–1.0) 0.8 (0.6–1.0) 0.5 (0.4–0.8)

Hemoglobinemia (g/dL) 9.4 (9.0–10.4) 9.8 (8.9–10.8) 9.4 (8.9–10) 9.4 (8.8–9.9) 9.8 (9.2–10.2)
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areas. Median Tmax after levosimendan infusion was 
improved but remained at 7.1  s, which is still abnormal 
and prolonged, indicating persistent cerebral oligemia 
and an ongoing CVS.

The evolution of  PtiO2 should be approached with care 
because of the limited number of patients studied and 
the lack of precise statistical analysis of its progression. 
Individual trajectories appear to cease declining on intro-
duction of levosimendan and slightly increase around the 
24th hour, consistent with the pharmacokinetics of levo-
simendan, which achieves peak efficacy at this time [6]. 
However, median values remain stable, with a widening 
IQR suggesting heterogeneity in patient progression. No 
clinical changes in GCS scores were observed before or 
after treatment.

The improvement observed on CTP is consistent with 
the maintenance of a stable median  PtiO2. The deterio-
ration in cerebral hemodynamics due to CVS prior to 
levosimendan infusion appears to have stopped, suggest-
ing at least partial efficacy of this drug. The concomitant 
discontinuation of milrinone is a potential bias in our 
analysis but should impact the analysis in the direction of 
worsening cerebral hemodynamics: the positive effect of 
this drug on CVS is indeed well documented [18, 19].

All of our patients demonstrated a notable enlargement 
in the diameter of the most constricted artery between 
the angiograms prior to and following administration of 
levosimendan. Consistent with these results in humans, 
experiments in animal models of aSAH in rats [11, 12] 
have shown that incubation of the basilar artery with 
levosimendan restores the vasodilatory effects of the 
altered endothelin B1 receptor and counteracts the vaso-
constriction induced by inflammatory cytokines such as 
serotonin and prostaglandin F2-α. Therefore, we hypoth-
esize from our analysis that levosimendan allows cerebral 
vasodilation in areas affected by the pathophysiological 
process of CVS.

Elevation of ICP is a major concern with any vasodi-
lator drug. One patient who had experienced multiple 
episodes of high ICP on milrinone developed refractory 
intracranial hypertension after levosimendan treatment, 
leading to death. Levosimendan should be used with 
caution in this situation and only with continuous ICP 
monitoring.

Cardiac and hemodynamic safety may also be a con-
cern. There was no episode of cardiac arrhythmia or an 
increase in the troponin, plasmatic creatinine, or lac-
tatemia level up to day 7. We noticed that the norepi-
nephrine dosage decreased as soon as levosimendan was 
introduced, and our patients did not experience hypo-
tensive episodes, which would have been particularly 
dangerous given the altered cerebral hemodynamics. The 
simultaneous discontinuation of milrinone, which had 

previously been infused at a dosage of 2 µg/kg/min, could 
explain this relative decrease in norepinephrine because 
levosimendan may have a less vasoplegic effect than mil-
rinone. We also note that the cardiac index stays steady, 
as the inotropic impact of milrinone is presumably trans-
ferred by that of levosimendan.

A major limitation of our work could be the cofactors 
of CBF evolution, which could strongly bias the analysis. 
We have tried to list them all to assess their respective 
importance, and comparison of their respective values at 
the time of both CTP scans shows no significant differ-
ences. First, systemic hemodynamics and amine dosage 
were similar at the time of both CTP scans. All other sys-
temic cofactors (such as arterial  CO2) were also similar. 
Finally, the timeline shows that no CTP was performed 
before complete cessation of other vasospasm treat-
ments, and clinical signs of deterioration attributed to 
CVS recurred in all patients, making a delayed effect of 
these treatments implausible.

Our study has several limitations. We recognize that 
we have retrospectively included only a limited number 
of highly selected patients and over a long period of time, 
which may raise concerns about the generalizability of 
the results. However, the clinical situations are similar, 
and the management of vasospasm is nearly equivalent in 
all these patients, both in terms of the methods used and 
the chronology. It should be noted that not all patients 
had the same number of endovascular angioplasties. The 
long inclusion period is explained by the rarity of these 
catastrophic events, which are jointly judged by the 
intensive care and neuroradiology teams and justify the 
use of this off-label treatment. We attempted to search 
our cohort for similar patients who had not received lev-
osimendan to assess clinical outcomes, but only few were 
found, making any attempt at comparison risky.

The lack of a control group in our study makes it dif-
ficult to distinguish the impact of levosimendan on CVS 
from the natural progression of the disease. Our analysis 
compares perfusion parameters between the first scan 
performed approximately 10  days after the initial aSAH 
and a second scan taken 2.5  days later, nearly 13  days 
after the hemorrhage. This comparison was indeed con-
ducted after previous treatments had been attempted. 
The most common natural progression of CVS involves 
deterioration, peaking around days 7–10, and subse-
quent resolution over the following days. The measure 
of improvement between the two CTP scans could then 
only be the natural history of the disease. However, lit-
erature reports an average duration of approximately 
21 days for the CVS [20, 21]. In the case of our patients, 
the continued clinical deterioration, despite using all 
available therapies, suggests a severe form of CVS with 
a potentially extended duration, possibly nearing the 
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maximum reported one. In addition, arterial diameter 
analysis revealed vessels that were still significantly nar-
rower on the second CTP scan than on the admission CT 
scan, suggesting an ongoing pathophysiologic process 
and therefore unresolved arterial spasm. If levosimendan 
is ineffective, a large infarct of the cerebral parenchyma 
should thus be expected after 2  days without treat-
ment because milrinone and endovascular treatments 
have been discontinued. However, many patients do not 
develop infarction at discharge.

The comparison of pre- and posttreatment CTP already 
provides unique information about the potential effect 
of levosimendan on brain perfusion, paving the way for 
future prospective studies based on its use.

Conclusions
In the treatment of CVS refractory to induced hyperten-
sion, intravenous milrinone, and endovascular angio-
plasty, levosimendan administration was associated with 
a moderate improvement in cerebral hemodynamics, as 
assessed by perfusion imaging analysis, halving Tmax and 
preserving rCBF and rCBV. However, cautions should be 
exercised when using this drug in patients with intracra-
nial hypertension, as one of our patients died of this com-
plication during levosimendan treatment. Further studies 
are needed to validate this presumption of efficacy and to 
examine the clinical outcomes associated with the use of 
this treatment, as the design of this study does not allow 
the effect of levosimendan to be quantified from that of 
the natural history of CVS.
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