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Abstract: Aneurysmal subarachnoid hemorrhage (aSAH) is a severe neurocritical condition often 
complicated by cerebral vasospasm (CVS), leading to delayed cerebral ischemia (DCI) and significant 
morbidity and mortality. Despite advancements in management, therapeutic options with robust 
evidence remain limited. Milrinone, a phosphodiesterase type 3 (PDE3) inhibitor, has emerged as a 
potential therapeutic option. Intravenous milrinone demonstrated clinical and angiographic 
improvement in 67% of patients, reducing the need for mechanical angioplasty and the risk of 
functional disability at 6 months (mRS ≤ 2). Side effects, including hypotension, tachycardia, and 
electrolyte disturbances, were observed in 33% of patients, occasionally leading to early drug 
discontinuation. Based on the evidence, we propose a treatment algorithm for using milrinone to 
optimize outcomes and standardize its application in neurocritical care settings. 

Keywords: aneurysmal subarachnoid hemorrhage; milrinone; neurocritical care; cerebral vasospasm; 
delayed cerebral ischemia 
 

1. Introduction 

Aneurysmal subarachnoid hemorrhage (aSAH) is a severe neurovascular condition resulting 
from the spontaneous rupture of an intracranial aneurysm, leading to subarachnoid blood 
accumulation and significant morbidity and mortality [1,2]. It affects 6 to 16 individuals per 100,000 
annually, with notable regional disparities: higher incidence rates are reported in East Asia and parts 
of Europe [1,2]. At the same time, resource-limited settings face substantial diagnostic and 
therapeutic challenges [1,2]. Women are predominantly affected, with a peak incidence between 55 
and 62 years of age [3–5]. Despite advancements in microsurgical and endovascular interventions, 
global mortality rates and severe disability remain persistently high, affecting approximately 30% of 
cases [4,6–9]. 

Complications such as cerebral vasospasm (CVS) and delayed cerebral ischemia (DCI) further 
exacerbate outcomes, with DCI—a significant determinant of poor prognosis—occurring in 25–30% 
of patients [4,10,11]. This condition emerges within a critical temporal window, providing preventive 
and therapeutic opportunities. Diagnostic approaches include computerized tomography (CT) and 
magnetic resonance imaging for detecting irreversible infarctions, alongside non-invasive methods 
like transcranial Doppler (TCD) and CT perfusion imaging to identify vasospasm’s impact on 
cerebral perfusion [12–16]. Nevertheless, effective treatment strategies remain limited and 
inconsistent across regions [15–17]. 

This manuscript adopts a narrative review approach due to the nuanced and multifaceted nature 
of its topic. Unlike systematic reviews, which adhere to rigorous inclusion criteria and predefined 
search methodologies, narrative reviews prioritize the synthesis of diverse evidence to provide a 
comprehensive understanding of a specific subject [18]. In this case, the therapeutic role of milrinone 
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in cerebral vasospasm requires integrating mechanistic insights, clinical data, and expert 
interpretations. This format is particularly suitable given the complexity of the subject and the limited 
pool of high-quality studies directly addressing milrinone in this context. A narrative review also 
facilitates the exploration of clinical implications and the development of actionable treatment 
algorithms, which are central to the manuscript’s objectives [19]. By allowing flexibility in study 
selection and evidence integration, this approach ensures a thorough and practical evaluation of the 
available data. However, we will transparently acknowledge the inherent limitations of this format, 
including potential selection bias, in the limitations section. 

Historically, CVS management relied on nonspecific and often suboptimal strategies, such as 
triple-H therapy, which posed significant risks. While mechanical angioplasty was effective, it was 
restricted to specialized centers with inherent procedural challenges and risks. Pharmacological 
advances, notably nimodipine and milrinone, represent a paradigm shift, offering targeted therapies 
with enhanced safety profiles[1,2,20–22]. 

Milrinone, in particular, has emerged as a pivotal agent in CVS management. Its dual 
mechanism of action—direct vasodilation via phosphodiesterase type 3 (PDE3) inhibition and 
inotropic support—addresses both vascular and perfusion deficits. By improving cerebrovascular 
autoregulation, reducing endothelial dysfunction, and mitigating neuroinflammation, milrinone 
offers comprehensive benefits in addressing the multifaceted pathophysiology of CVS [1,23–26]. 
However, its clinical application necessitates vigilant monitoring due to potential side effects, 
including hypotension and electrolyte imbalances [1,20,27]. 

This article evaluates the current evidence supporting milrinone’s role in CVS management. It 
proposes an evidence-based treatment algorithm that addresses existing gaps in neurocritical care. 

2. Literature Review 

Aneurysmal subarachnoid hemorrhage (aSAH) is associated with multiple complications in 
both the acute and subacute phases, including CVS and DCI, which significantly contribute to 
morbidity and mortality. CVS, characterized by the narrowing of cerebral arteries, results from a 
complex interplay of endothelial dysfunction, neuroinflammation, and impaired autoregulatory 
mechanisms. These processes culminate in hypoperfusion and ischemic injury, often leading to long-
term neurological deficits [2]. Delayed cerebral ischemia, affecting 20–40% of aSAH cases, is the 
predominant cause of poor functional outcomes in these patients [22,23]. 

Vasospasm typically manifests between the 3rd and 14th day after the hemorrhagic event, 
peaking around the 7th day [1,20,27–29]. Its diagnosis relies on cerebral angiography, considered the 
gold standard, and transcranial Doppler (TCD), which provides a noninvasive bedside assessment 
with approximately 90% sensitivity [20]. Clinically, vasospasm is characterized by worsening pre-
existing deficits or the emergence of new neurological symptoms, often correlating with ischemic 
changes on imaging. Although CVS and DCI frequently coexist, they may occur independently 
[1,20,23]. 

Given the high prevalence and clinical impact of these complications, daily TCD monitoring is 
recommended, particularly in sedated patients with subtle clinical signs. Cerebral angiography 
serves as a diagnostic tool and a therapeutic platform, enabling interventions such as angioplasty 
[[27,30–32]. 

While nimodipine remains the only pharmacological agent with robust evidence for vasospasm 
prevention, its efficacy in treating established vasospasm is limited. Alternative approaches have 
shown promise, including intra-arterial nicardipine and nimodipine, as well as systemic vasodilators 
like milrinone. Comparative analyses reveal that milrinone’s dual action—vasodilation and inotropic 
support—provides distinct advantages in improving cerebrovascular hemodynamics [27,31]. For 
example, intra-arterial nimodipine effectively reverses vasospasm but requires specialized 
equipment and expertise, limiting its widespread use in resource-constrained settings. Conversely, 
milrinone’s systemic administration offers broader applicability with comparable clinical outcomes 
[1,20,23,27]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2025 doi:10.20944/preprints202501.1161.v1

https://doi.org/10.20944/preprints202501.1161.v1


 3 of 16 

 

Despite these advancements, existing studies exhibit significant methodological limitations, 
including small sample sizes, protocol heterogeneity, and a lack of randomized controlled trials. 
Additionally, regional disparities in the availability and application of milrinone underscore the need 
for standardized guidelines to ensure equitable access and optimized care [23,27,31]. 

The following table summarizes key studies exploring milrinone’s role in CVS management: 

Table 1. Literature summary—This table provides an overview of key studies examining the use of milrinone 
in the treatment of CVS. It highlights the study designs, sample sizes, primary findings, and associated 
limitations. 

Study Design Sample Size Key Findings Limitations 
Montreal 

Protocol (2012) 
[23] 

Observational 
Cohort 

45 
Angiographic improvement in 

67% of patients; functional 
improvement in 30% 

Small sample size; 
observational design 

MILRISPASM 
(2021) [26] 

Controlled Before-
After 120 Reduction in DCI; fewer 

mechanical interventions required 
No randomized 

control 

Bernier et al. 
(2021) [24] 

Systematic Review 500+ 
Demonstrated safety and 

moderate efficacy of milrinone 
across multiple studies 

Data heterogeneity 

Comparative 
Study: 

Nimodipine [25] 

Retrospective 
Cohort 

80 
Nimodipine superior for 

prevention; milrinone superior for 
treatment 

Limited comparative 
data 

3. Classification of Vasospasm 

Vasospasm can be classified as mild (stenosis corresponding to <25%), moderate (25-50%) or 
severe (>50%). In the case of the anterior circulation, where we use the TCD, vasospasm is classified 
according to the mean blood flow velocities and the Lindegaard Index (LI—the ratio between the 
mean velocity in the intracranial artery and the corresponding mean velocity in the internal carotid 
artery that supplies it) [23,24,28]. The classification criteria are summarized in Table 2, which outlines 
the thresholds for mean flow velocities and Lindegaard Index values used to categorize vasospasm 
severity [23,24,28]: 

Table 2. Classification of Vasospasm. 

Classification of Vasospasm Mean Velocity LI 
• Mild • <120 cm/s 3 - 4 

• Moderate • 120 – 180 cm/s 5 - 6 
• Severe • >180 cm/s >6 

While the TCD is a valuable bedside tool, it has limitations. Its accuracy depends on the 
operator's expertise, and it may be less reliable in patients with poor acoustic windows or complex 
vascular anatomy. Additionally, TCD focuses on velocity changes, which do not always correlate 
with functional hemodynamic significance [20,29]. 

In posterior circulation, the index used is the Sviri Index, which is determined by the ratio 
between the mean flow velocities in the basilar/posterior cerebral arteries and the average velocity in 
both vertebral arteries [33]. Table 3 presents the classification criteria for vasospasm in posterior 
circulation based on mean flow velocities and the Sviri Index, categorizing it as possible, moderate, 
or severe. 
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Table 3. Sviri Index. 

Posterior Circulation Mean Velocity Sviri Index 
• Possible • 70 – 85 cm/s • 2 – 2.5 

• Moderate • >85 cm/s • 2.5 - 3 
• Severe • >85 cm/s • >3 

The Sviri Index provides a structured approach to classifying vasospasm. However, baseline 
anatomic variations and coexisting pathologies can influence it in cases where TCD findings are 
equivocal; further imaging with CT or MR angiography is often required [33]. 

Cerebral angiography classifies CVS not based on circulation velocities but rather by identifying 
luminal filling defects and based on cerebral hemodynamics [33]. Remains the gold standard for 
diagnosing vasospasm in both anterior and posterior circulations. Unlike TCD-based indices, 
angiography allows direct visualization of luminal narrowing and hemodynamic alterations [34]. 
However, it is an invasive procedure with associated risks, including stroke and vessel injury. Despite 
these risks, angiography provides critical insights into the severity and distribution of vasospasm, 
informing therapeutic decisions such as chemical or mechanical angioplasty [27,35]: 
 Chemical Angioplasty involves the direct intra-arterial administration of vasoactive drugs to the 

cerebral circulation. This approach effectively targets localized vasospasm with fewer secondary 
systemic effects but requires specialized expertise [35]. 

 Mechanical Angioplasty: Utilizes inflatable balloons or stents to dilate affected arterial segments. 
It provides immediate relief but is associated with procedural risks and limited availability [35]. 
Intravenous milrinone has emerged as a promising therapy for treating established vasospasm, 

effectively addressing vascular and perfusion deficits. Studies highlight its potential to reduce 
delayed cerebral ischemia (DCI) and improve functional outcomes, although further research is 
needed to standardize its use [27,35]. 

4. Milrinone Pharmacodynamics 

Milrinone, a selective PDE3 inhibitor, has established itself as a cornerstone in the management 
of cerebral vasospasm (CVS) associated with aneurysmal subarachnoid hemorrhage (aSAH). It is a 
PDE3 inhibitor that has a positive inotropic effect on the myocyte and a vasodilatory impact on the 
smooth muscle of the vessels. It has a half-life of about 2.5 hours and a distribution volume of 0.38 
l/kg. It is a highly eliminated drug that is 70% bound to plasma proteins [1].  

Its pharmacodynamic profile encompasses a multifaceted approach, including vascular smooth 
muscle relaxation, enhanced myocardial contractility, and anti-inflammatory effects, making it a 
versatile agent in neurocritical care [1,23]. By inhibiting PDE3, an enzyme responsible for the 
degradation of cyclic adenosine monophosphate (cAMP), milrinone increases intracellular cAMP 
levels in vascular smooth muscle cells and cardiac myocytes. This elevation in cAMP promotes 
relaxation of vascular smooth muscle by reducing intracellular calcium concentrations, effectively 
decreasing vascular tone and enhancing cerebral blood flow. This vasodilatory effect, mediated 
through elevated cAMP, is pivotal in counteracting pathological vasoconstriction, enabling cerebral 
vessels to dynamically adapt to systemic pressure changes and restore perfusion in ischemic 
territories [1,20,23,27]. 

In cardiac myocytes, increased cAMP enhances calcium influx during systole, thereby 
improving myocardial contractility and overall cardiac output. This dual mechanism ensures 
adequate systemic and cerebral perfusion, particularly in hemodynamically unstable patients at high 
risk of delayed cerebral ischemia (DCI). Furthermore, milrinone’s vasodilatory action extends to the 
endothelium, enhancing nitric oxide bioavailability and reducing oxidative stress, mitigating 
endothelial dysfunction, a critical factor in the pathophysiology of CVS [24–26,29]. Emerging 
evidence also suggests that milrinone possesses significant anti-inflammatory properties, including 
modulation of inflammatory cytokines and reduction of leukocyte-endothelial interactions. These 
effects contribute to preserving cerebrovascular endothelial integrity and attenuate the 
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neuroinflammatory cascade, which is essential for maintaining autoregulatory responses and 
preventing further ischemic damage [24–26,29]. 

The clinical implications of milrinone’s pharmacodynamics are profound. Studies have 
demonstrated significant improvements in cerebral blood flow following its administration, as 
evidenced by reductions in mean flow velocities measured via transcranial Doppler (TCD) [2]. 
Additionally, its dual action on vascular tone and cardiac function addresses the vascular and 
perfusion deficits that are hallmarks of CVS. This comprehensive approach has been associated with 
improved functional outcomes, including reduced incidence of DCI and better modified Rankin Scale 
(mRS) scores at six months [33,34]. The Montreal Protocol, a widely referenced standard for milrinone 
administration, reported angiographic improvement in 67% of patients, with complete resolution of 
vasospasm in 30%. These findings underscore the potential of milrinone to enhance recovery and 
optimize long-term outcomes [23,36]. 

Milrinone’s pharmacodynamic effects are dose-dependent, allowing for tailored treatment 
strategies. Low to moderate doses (0.75–1.25 µg/kg/min) primarily achieve vasodilation with 
minimal systemic effects, making them suitable for patients with mild to moderate vasospasm. 
Higher doses (1.5–2.0 µg/kg/min) provide additional inotropic support, which is particularly 
beneficial for patients with concurrent cardiac dysfunction. The maximum recommended dose of 2.5 
µg/kg/min is reserved for select cases under close hemodynamic monitoring to balance therapeutic 
benefits against the risk of adverse effects [23,25,37]. 

While milrinone offers significant therapeutic advantages, its use is not without challenges. 
Excessive vasodilation can lead to systemic hypotension, compromising cerebral perfusion. This 
complication often necessitates volume resuscitation and the administration of vasopressors, such as 
norepinephrine, to maintain adequate cerebral perfusion pressure [23,29]. Tachycardia, another 
potential side effect, may require dose adjustments, especially in patients with limited cardiac reserve 
[26]. Moreover, alterations in cAMP levels can impact renal function and electrolyte balance, 
particularly potassium levels, necessitating proactive monitoring to prevent arrhythmias [24]. 
Therefore, continuous monitoring of hemodynamic parameters and proactive correction of 
electrolyte imbalances are critical to minimizing these risks and ensuring safe and effective treatment. 

Emerging research has begun to explore the impact of milrinone on specific inflammatory 
biomarkers, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), which are 
implicated in the pathogenesis of neuroinflammation in CVS. Preliminary findings suggest that 
milrinone may attenuate the release of these cytokines, further supporting its role in modulating the 
inflammatory response [36,38–40]. This aspect of its pharmacodynamics highlights its potential as 
part of a comprehensive therapeutic strategy that extends beyond vasodilation and inotropic support. 

Milrinone’s versatility is particularly valuable when first-line therapies fail or are insufficient. 
However, its clinical application in resource-limited settings poses additional challenges. The need 
for advanced monitoring equipment and multidisciplinary expertise can limit its accessibility. 
Strategies to address these barriers include developing simplified protocols and training programs 
for healthcare providers to optimize its use in diverse clinical environments. Collaborative research 
efforts focusing on cost-effectiveness and integrating milrinone into existing treatment frameworks 
are crucial to expanding its applicability [23,28]. 

In conclusion, milrinone’s pharmacodynamic properties underscore its potential as a 
cornerstone therapy for managing CVS. By addressing both vascular spasms and perfusion deficits, 
it bridges critical gaps in the treatment of aSAH-associated complications. Ongoing research into its 
long-term effects, impact on inflammatory pathways, and integration with adjunctive therapies will 
further refine its role, paving the way for enhanced patient care and improved neurocritical outcomes 
[26,28,37]. 

5. Treatment Orientations 

Milrinone therapy is most beneficial in patients with moderate to severe CVS who have failed 
to respond to first-line treatments. Key criteria include [1,23,26,26,29]: 
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1. Documented moderate to severe vasospasm on TCD or angiography [20,27]. 
2. Clinical signs consistent with DCI, such as: 
o Focal neurological deficits (e.g., hemiparesis, aphasia) [1,23]. 
o Reduced level of consciousness sustained over 1 hour [10,22]. 
3. Exclusion of alternative etiologies for neurological deterioration, such as hydrocephalus, 

metabolic imbalances, or seizures [4,35] 
Contraindications 
Absolute: 

 Hypersensitivity to milrinone [23]. 
 Severe aortic stenosis or obstructive hypertrophic cardiomyopathy [24]. 
 Refractory hypotension [28]. 

Relative: 
 Cardiac dysfunction (elevated troponins, reduced ejection fraction) [25]. 
 Severe electrolyte disturbances (e.g., hypokalemia, hypermagnesemia) [26]. 
 Significant renal impairment (GFR <30 mL/min) [31]. 

Based on existing literature and the review made, the following administration steps are 
resumed in an orientation board that can be used in a pocket guide or displayed for consultation: 

Administration Protocol: 
1. Initial Bolus: Administer 0.1 mg/kg over 10 minutes [23]. 
2. Continuous Infusion: Start at 0.75 µg/kg/min and titrate in increments of 0.25 µg/kg/min every 

hour, guided by neurological improvement and hemodynamic stability [20,21,27]: 
o Mild Vasospasm: 0.75-1.25 µg/kg/min [21,27]. 
o Moderate Vasospasm: 1.0-1.5 µg/kg/min [21,23,26]. 
o Severe Vasospasm: 1.0-2.0 µg/kg/min [21,23,26,28]. 
3. Maximum Dose: Typically, it is 2.0 µg/kg/min, with selective escalation to 2.5 µg/kg/min under 

multidisciplinary consensus [21,26]. 
4. Reevaluation: Perform follow-up TCD or angiography within 24 hours. If there is no 

improvement, escalate to endovascular therapy [20,35]. 
Monitoring and Adaptations: 

1. Hemodynamic Monitoring: 
o Continuous invasive blood pressure monitoring [20,26]. 
o Vasopressor support (e.g., norepinephrine) to maintain MAP ≥90 mmHg [24,28]. 
2. Neurological Assessment: 
o Regular clinical evaluations for improvement in focal deficits [10,22]. 
o Daily TCD for the first 14 days post-aSAH or until vasospasm resolution [21,27,31]. 
3. Resource-Limited Settings: 
o Simplify monitoring by prioritizing TCD and clinical signs over advanced imaging [23,28]. 
o Adjust dosing to available resources and prioritize early identification of candidates for 

escalation [24,35]. 
This refined protocol integrates existing evidence while addressing practical challenges in 

diverse clinical environments, offering a streamlined approach to optimizing outcomes in CVS 
management. 

6. Selection of Patients 

Patients with excluded aneurysms who meet the following criteria are candidates for treatment: 
1. Clinical signs with or without Vasospasm on TCD or moderate to severe vasospasm demonstrated 

on cerebral angiography [23,24,28]. 
2. No clinical changes but moderate to severe vasospasm detected on TCD during daily monitoring and 

confirmed by cerebral angiography [38,41]. 
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3. No clinical changes but vasospasm suggested by other monitoring methods (PtiO₂- Partial Pressure 
of Brain Tissue Oxygenation, NIRS - Near-Infrared Spectroscopy, EEG - Electroencephalography) 
after confirmed by cerebral angiography [2,42–46]. 

Clinical alteration suggestive of DCI can be assumed when: 
 Sustained new focal neurological deficit for at least one hour not attributable to other clinical events 

identified by imaging or laboratory examination [25,36]. 
New Neurological Deficit/Symptom Criteria, defined as:  

I. Altered level of consciousness and/or orientation in at least two serial evaluations [23,24,28,47].  
II. Decline in the Full Outline of UnResponsiveness (FOUR) score by two or more points [23,24,28,47]. 

III. Cranial nerve paresis, speech/language alteration, apraxia, hemianopsia, neglect, and/or any new 
focal motor deficit [23,24,28,47]. 

IV. Rapid onset deficit (within a 4-hour window) [23,24,28,47]. 
V. Headache refractory to analgesic therapy [23,24,28,47]. 

Contraindications: 
Absolute: Hypersensitivity to milrinone, aortic or pulmonary valve stenosis, obstructive 

hypertrophic cardiomyopathy, acute coronary syndrome, malignant arrhythmia, severe refractory 
hypotension, significant renal insufficiency (GFR <30), and/or dialysis dependency [23,24,26,28,47]. 

Relative: Worsening cardiac output, elevated troponin, severe ionic alterations, and severe 
thrombocytopenia (<50,000) [25,36]. 

7. Initial Assessment 

In the context of aSAH, the initial assessment aims to exclude other causes of neurological 
alteration and/or confirm the presence of CVS [23,24,28]. 

Neurological Assessment: 
 Conduct a detailed neurological examination, including the FOUR Score [41,47]. 

Hemodynamic Monitoring: 
 Continuous invasive blood pressure monitoring, heart rate, and ECG tracing [28,36]. 
 Transthoracic echocardiography should be used when justified, especially before and after 

therapy initiation [28,30,36]. 
 Consider advanced hemodynamic monitoring in suspected shock or high vasopressor doses 

[28,36,41,48] 
Laboratory Tests: 

 Obtain baseline values and daily monitoring of the following: 
o Complete blood count [28,36,41]. 
o Electrolyte panel (Na⁺, K⁺, P⁺, Mg²⁺, Ca⁺) [28,36,41,49] 
o Renal and liver function tests [28,36,41,49,50] 
 Request cardiac enzymes if myocardial injury is suspected [49]. 

8. Initiation of Milrinone Infusion 

After confirming the degree of vasospasm by TCD and cerebral angiography, initiate milrinone 
infusion according to the following protocol [24,28,29]: 
1. Administer an initial bolus of 0.1 mg/kg over 10 minutes [35]. 
2. Start continuous infusion at 0.75 µg/kg/min [24]. 
3. Titrate the infusion hourly in increments of 0.25 µg/kg/min until neurological improvement is 

observed or the target dose for the vasospasm severity is reached: 
 Mild Vasospasm: 0.75–1.25 µg/kg/min [28,29]. 
 Moderate Vasospasm: 1.0–1.5 µg/kg/min [28,29]. 
 Severe Vasospasm: 1.0–2.0 µg/kg/min [28,29,35]. 
4. The maximum recommended dose is 2.0 µg/kg/min. Some studies support up to 2.5 µg/kg/min 

for select cases under multidisciplinary review [24,28,51]. 
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5. Use isolated NA up to a maximum of 0.5 µg/kg/min. If the target MAP is not achieved, consider 
introducing vasopressin [29,48,52,53]. 

6. Whenever the dose of milrinone exceeds 1.0 µg/kg/min and NA superior to 0.5µg/kg/min must be 
simultaneously administered, invasive hemodynamic monitoring through transpulmonary 
thermodilution is recommended [29,48,52,53]. 

7. Use invasive hemodynamic monitoring via transpulmonary thermodilution for norepinephrine (NA) 
doses >1.0 µg/kg/min [29,48,52,53]. 

8. If no improvement occurs or clinical worsening persists, repeat cerebral angiography and consider 
endovascular treatment [35]. 

9. Monitoring of Milrinone Treatment 

Monitoring during milrinone treatment is critical for ensuring efficacy and safety [24,26,36]. 
Clinical Assessment: 

 Perform assessments every 30–60 minutes until symptoms improve or the maximum dose is reached, 
and after that, at least every 8 hours [36]. 

Daily TCD Monitoring: 
 Continue until 14 days post-event and aneurysm exclusion [28]. 
 Extend until vasospasm resolution [21,51]. 

Sedated or altered consciousness patients: 
 Use a second monitoring method, preferably continuous (e.g., EEG with spectral analysis, PtiO₂ 

monitoring, microdialysis, or NIRS) [2,41–46]. 
Hemodynamic Management: 
Address hypotension related to drug administration as follows: 

1. Discontinue all hypotensive agents except nimodipine [26,37]. 
2. Initiate volume resuscitation with crystalloids to achieve euvolemia [24,26,37]. 
3. Start vasopressor support with NA targeting MAP >90 mmHg or optimized CPP [28]. 
4. Use transpulmonary thermodilution monitoring if NA >0.5 µg/kg/min is needed alongside milrinone 

>1.0 µg/kg/min [36,48,52]. 
5. Reduce milrinone infusion by 0.25 µg/kg/min every 1–2 hours if hemodynamic instability persists 

[26,36]. 
Imaging: All patients should undergo a CT-CE study within the first 48 hours of treatment 

initiation [21,21,24,29,34]. 

10. Other Care (for All Patients) 

1. Administer nimodipine 60 mg every 4 hours for 21 days as standard treatment for aSAH [23,36]. 
2. Maintain euvolemia with balanced fluid monitoring and renal function assessment [51]. 
3. Ensure normothermia and normoglycemia [21,51]. 
4. Favor a hyperosmolar environment (serum sodium >140 mEq/L) [21,51]. 
5. Correct ionic and acid-base imbalances [21,51]. 
6. Optimize hematology with transfusion support targeting hemoglobin >9.0 g/dL when necessary 

[54–56]. 

11. Discontinuation 

Milrinone therapy should continue until vasospasm resolution is confirmed by TCD or 
angiography [23,24,26]: 
1. Gradually taper the infusion by 0.25 µg/kg/min every 12–24 hours until reaching 0.75 µg/kg/min, 

then discontinue [26]. 
2. In case of clinical or imaging deterioration during tapering, administer a new bolus (0.05 mg/kg) 

and increase the infusion rate to the effective dose [24,26]. 
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3. If severe side effects occur or no clinical improvement is observed after 72 hours at the optimal 
dose, discontinue therapy [18].  

12. Documentation and Communication 

We suggest documenting all clinical and imaging evaluations, dosage adjustments, and patient 
clinical responses in a standardized table (Table 3). 

Team communication: maintain regular communication with the multidisciplinary team, 
including Neurosurgery and Neuroradiology. 

Table 3. Suggestion for data collection sheet. 

Field Description Format 
Patient ID Unique identifier of the patient (anonymous). Text/Numeric 

Inclusion Date Date of initiation of treatment with milrinone. Date (DD/MM/YYYY) 
Sex Patient’s sex. M/F 
Age Patient’s age at the time of treatment. Numeric 

Body Weight Weight in kilograms for dosage calculations. Numeric (kg) 
Initial Diagnosis Diagnosis related to vasospasm (e.g., aneurysmal SAH). Text 

Initial Vasospasm Severity Classification (mild, moderate, severe) based on TCD/angiography. Text 
Initial TCD Mean Velocity Mean velocity in cm/s before starting treatment. Numeric (cm/s) 

Initial Lindegaard Index Index calculated before initiating treatment. Numeric 
Initial Milrinone Dose Initial dose administered. Numeric (µg/kg/min) 

Maximum Milrinone Dose Maximum dose reached during treatment. Numeric (µg/kg/min) 
Treatment Duration Total duration of milrinone administration. Hours/Days 

Initial Hemodynamics Data such as MAP, HR, and other parameters before treatment. Text 
Adverse Effects Record of adverse events (e.g., hypotension, tachycardia, etc.). Text 

Additional Interventions Need for other treatments (e.g., angioplasty, other drugs). Text 
Clinical Improvement Observation of clinical or neurological improvement. Yes/No 

Follow-Up Imaging (TCD/CT) Results of tests performed during and after treatment. Text 
Associated Complications Record of complications during or after treatment. Text 

Neurological Outcome (mRS) Modified Rankin Scale score after 6 months. Numeric (0–6) 
General Comments Additional relevant observations. Text 

13. Protocol Schematics 

The treatment protocol’s complete schematics can be seen in Figures 1 and 2. 
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Figure 1. Proposed Algorithm for the Management of CVS in aSAH using Milrinone. The algorithm outlines a 
step-by-step approach to diagnosing and treating CVS in patients with aSAH. It includes criteria for patient 
selection, initiation of milrinone therapy, dosage titration, and indications for advanced monitoring and 
endovascular treatment. 
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Figure 2. Protocol for Milrinone Administration in CVS. This figure continues the protocol with a detailed 
protocol for milrinone administration, including initial bolus dosing, continuous infusion titration based on the 
severity of vasospasm, and steps for managing drug-related complications such as hypotension. 

14. Discussion 

The available evidence underscores the efficacy of milrinone as an adjunctive therapy for CVS 
management in aSAH patients. Milrinone’s integration into neurocritical care represents a paradigm 
shift in managing CVS and DCI, providing an alternative to conventional therapies with limitations. 
Nimodipine remains the gold standard for vasospasm prevention; however, its efficacy in treating 
established vasospasm is limited. Milrinone addresses this gap with its unique dual mechanism of 
vasodilation and inotropic support, which improves cerebrovascular perfusion and mitigates 
ischemic injury. Its dual vasodilatory and inotropic properties address vascular and perfusion 
deficits, which are critical in preventing DCI. Notably, the Montreal Protocol and MILRISPAN study 
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have provided a standardized framework for its administration, enhancing reproducibility and 
outcomes [24,30]. 

Comparative studies reveal nuanced advantages and limitations across therapies. Intra-arterial 
nicardipine effectively reverses vasospasm but requires specialized infrastructure and expertise, 
making it less feasible in resource-constrained environments. Systemic milrinone offers a more 
accessible alternative with demonstrated angiographic and clinical efficacy [26,51]. Mechanical 
angioplasty, another established option, provides immediate relief but carries procedural risks and 
is limited to specific indications, such as refractory vasospasm [20,41]. 

Despite its promise, milrinone’s clinical application poses challenges. Continuous hemodynamic 
monitoring necessitates advanced critical care capabilities, which may not be universally available. 
Additionally, its side-effect profile, including hypotension and electrolyte imbalances, underscores 
the need for vigilant monitoring and multidisciplinary management [26,28]. These limitations 
highlight the importance of tailoring treatment protocols to individual patient needs and institutional 
resources. 

Future research directions include large-scale RCTs to validate current findings and enhance the 
generalizability of evidence. Additionally, exploring biomarkers to predict treatment response and 
developing advanced monitoring technologies could further refine milrinone’s therapeutic role. 
Studies focusing on cost-effectiveness and resource allocation are also critical to optimizing its use in 
diverse healthcare settings. 

Research, future directions: 
1. Randomized Controlled Trials: we still need large multicenter trials to validate the efficacy and 

safety of milrinone compared to other therapies. 
2. Biomarker Research: Investigating biomarkers predictive of treatment response could facilitate 

patient stratification and optimize outcomes. 
3. Combination Therapies: Exploring the synergistic effects of milrinone with other pharmacologic 

agents or interventions may enhance therapeutic efficacy. 
4. Technological Integration: Advanced imaging and monitoring technologies, such as automated 

TCD and perfusion MRI, could refine patient selection and treatment monitoring. 
Milrinone has emerged as a viable therapeutic option for managing CVS associated with 

aneurysmal subarachnoid hemorrhage. It provides a dual mechanism of action by improving 
vascular relaxation and enhancing cardiac output, addressing critical pathophysiological elements of 
CVS and DCI. Implementing standardized protocols, such as the Montreal Protocol, has 
demonstrated reproducible benefits, particularly in reducing the incidence of DCI and improving 
long-term neurological outcomes. However, hemodynamic instability and patient-specific variability 
highlight the need for meticulous monitoring and individualized treatment plans. 

Our recommendations for Clinical Practice: 
1. Protocol Adherence: Follow evidence-based protocols for milrinone administration, ensuring 

dose adjustments based on clinical response and side effect profiles. 
2. Multidisciplinary Approach: Engage neurosurgery, neurocritical care, and interventional 

neuroradiology teams in patient management. 
3. Patient Selection: Carefully assess eligibility criteria, prioritizing patients with moderate to 

severe vasospasm refractory to standard therapies. 
4. Monitoring: Implement comprehensive hemodynamic and neurological monitoring throughout 

the treatment course to mitigate risks and optimize outcomes. 
5. Future Research Participation: Encourage institutional participation in multicenter trials to 

further refine the evidence base for milrinone use. 
This discussion underscores the evolving role of milrinone in CVS and DCI management, 

emphasizing its potential to improve patient outcomes while acknowledging the need for continued 
innovation and evidence generation. 

An analysis of the funding sources and potential conflicts of interest among the included studies 
revealed no significant economic biases that could influence the findings. Furthermore, this review 
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was conducted independently, without any financial support or sponsorship from the 
pharmaceutical or medical device industries. These factors ensure that the interpretations and 
conclusions presented are free from economic bias, reflecting an objective synthesis of the evidence. 

But, we need to underscore that this review has several limitations. First, as a narrative review, 
it is inherently subject to selection bias, as studies were chosen based on their relevance and 
significance rather than systematic inclusion criteria. Second, the limited number of high-quality 
studies specifically addressing milrinone in cerebral vasospasm restricts the generalizability of 
conclusions. Finally, while clinical applicability was emphasized, direct translation of findings into 
practice remains challenging due to varying study designs and patient populations. 

15. Conclusion 

Although milrinone is primarily a drug used in Cardiology, significant reports of its use in 
preventing CVS and DCI in aSAH have been made in the past twenty years. In 2012, the Montreal 
administration protocol promoted the widespread adoption of this therapy, and in 2021, the 
MILRISPAM study confirmed its safety and efficacy. 

Milrinone has emerged as a promising therapeutic option for managing CVS and DCI following 
aSAH. Its dual mechanisms of action—vasodilation through PDE3 inhibition and inotropic support—
uniquely address both vascular and perfusion deficits, setting it apart from conventional treatments. 
These properties enable milrinone to play a pivotal role in improving cerebral hemodynamics and 
reducing ischemic injury. 

Despite its potential, milrinone’s application is not without challenges. Careful patient selection 
and vigilant hemodynamic monitoring are essential to minimize risks associated with its use, such 
as hypotension and electrolyte imbalances. A multidisciplinary approach involving intensivists, 
neurologists, and interventional radiologists is critical for optimizing therapeutic outcomes. 
Additionally, limitations in the current body of evidence—including small sample sizes, 
methodological heterogeneity, and a lack of large-scale randomized trials—highlight the need for 
further research. 

Future studies should validate existing findings through robust multicentric randomized trials 
and explore biomarkers that can predict treatment response. Cost-effectiveness analyses and the 
development of advanced monitoring technologies are equally crucial for optimizing the utility of 
milrinone, particularly in resource-limited settings where access to alternative therapies may be 
constrained. International collaboration in research and the implementation of standardized 
protocols can help bridge regional disparities and ensure the broader applicability of milrinone in 
neurocritical care. 

In conclusion, milrinone represents a valuable addition to the therapeutic arsenal for CVS and 
DCI, addressing critical gaps in current management strategies. By continuing to advance research 
and foster collaboration, the neurocritical care community can fully realize its potential and improve 
outcomes for patients with aSAH. 
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