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Abstract
Small trials have demonstrated promising results utilising intravenous milrinone for the treatment of delayed cerebral
ischaemia (DCI) after subarachnoid haemorrhage (SAH). Here we summarise and contextualise the literature and discuss
the future directions of intravenous milrinone for DCI. A systematic, pooled analysis of literature was performed in accor-
dance with the PRISMA statement. Methodological rigour was analysed using theMINORS criteria. Extracted data included
patient population; treatment protocol; and clinical, radiological, and functional outcome. The primary outcome was clinical
resolution of DCI. Eight hundred eighteen patients from 10 single-centre, observational studies were identified. Half (n = 5)
of the studies were prospective and all were at high risk of bias. Mean age was 52 years, and females (69%) outnumbered
males. There was a similar proportion of low-grade (WFNS 1–2) (49.7%) and high-grade (WFNS 3–5) (50.3%) SAH.
Intravenous milrinone was administered to 523/818 (63.9%) participants. Clinical resolution of DCI was achieved in 375/
424 (88%), with similar rates demonstrated with intravenous (291/330, 88%) and combined intra-arterial-intravenous (84/
94, 89%) therapy. Angiographic response was seen in 165/234 (71%) receiving intravenous milrinone. Hypotension (70/
303, 23%) and hypokalaemia (31/287, 11%) were common drug effects. Four cases (0.5%) of drug intolerance occurred.
Good functional outcome was achieved in 271/364 (74%) patients. Cerebral infarction attributable to DCI occurred in 47/
250 (19%), with lower rates in asymptomatic spasm. Intravenous milrinone is a safe and feasible therapy for DCI. A signal
for efficacy is demonstrated in small, low-quality trials. Future research should endeavour to establish the optimal protocol
and dose, prior to a phase-3 study.
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Introduction

Aneurysmal subarachnoid haemorrhage (SAH) is a
neurovascular emergency associated with substantial morbid-
ity and mortality. Delayed cerebral ischaemia (DCI) compli-
cates SAH in the days and weeks that follow, and its

prevention and treatment is the cornerstone of SAH manage-
ment. Treatment of DCI with induced hypertension is now
well-established practice, despite a lack of definitive support-
ive evidence [31, 32]. Earlier institution of intra-arterial
spasmolysis is associated with better outcomes [41], but is
not without complication risk [2]. Good functional outcome
is dependent on the absence of vasospasm and cerebral infarc-
tion [72], and improvements in medical therapy would im-
prove patient outcome whilst reducing healthcare costs and
interventional risks.

Intravenous milrinone is an emerging therapy for the treat-
ment of DCI, with the potential to address multiple therapeutic
targets including macrocirculatory and microcirculatory dys-
function, and vessel inflammation. This systematic review
will contextualise and summarise the latest data published
on intravenous milrinone for DCI, and highlight potential
steps forward for future research.

* Mendel Castle-Kirszbaum
mdck.journal@gmail.com

1 Department of Neurosurgery, Monash Health, 246 Clayton Road,
Clayton, Melbourne, VIC 3168, Australia

2 Department of Surgery, Monash University, Melbourne, Australia
3 Department of Neurointerventional Radiology, Monash Health,

Melbourne, Australia
4 Department of Radiology, Monash Health, Melbourne, Australia

https://doi.org/10.1007/s10143-021-01509-1

/ Published online: 8 March 2021

Neurosurgical Review (2021) 44:3107–3124

http://crossmark.crossref.org/dialog/?doi=10.1007/s10143-021-01509-1&domain=pdf
http://orcid.org/0000-0003-1769-2712
mailto:mdck.journal@gmail.com


A primer on the potential effects of milrinone
in DCI

Delayed cerebral ischaemia

DCI is the culmination of a complex cascade of neurovascular
dysfunction initiated by products of thrombus dissolution
(Fig. 1). DCI is defined as the occurrence of focal neurological
impairment or a ≥ 2 point decrease in Glasgow Coma Scale,
delayed from ictus and aneurysm occlusion, that cannot be
attributed to another pathology [95]. Although commonly as-
cribed to spasm of the large arteries of the Circle of Willis,
accumulating evidence suggests other factors may be at play,

such as microcirculatory dysfunction, an inverted haemody-
namic response to depolarisations, and cortical spreading de-
pressions (of Leão) [23, 66, 67, 89]. In the days following
SAH, a complex cascade of interactions between
haemoglobin metabolites and vasoactive molecules culmi-
nates in a tendency toward vasoconstriction [54]. Key
spasmogens include oxyhaemoglobin [73], ferrous iron, aden-
osine [46, 55], and bilirubin oxidation products [18].
Together, these products of thrombus dissolution are thought
to be responsible for both macrocirculatory and microcircula-
t o ry dys func t i on . Spa sm of th e l a rge a r t e r i e s
(macrocirculatory dysfunction) is an independent risk factor
for DCI, although ischaemic lesions may still occur in its

Fig. 1 Mechanisms underlying DCI. Delayed cerebral ischaemia is a
clinical syndrome likely underpinned by a complex interplay of several
pathological neurovascular responses. Macrovascular and microvascular
dysfunction is initiated by products of thrombus dissolution after SAH.
Macrovascular dysfunction can be appreciated radiologically as spasm of
the large arteries of the Circle of Willis. Macrovascular spasm is
associated with DCI, but whether it is directly involved in its
pathogenesis, or rather an epiphenomenon of DCI, is unclear. Cortical
spreading depressions are common after SAH, and leave in their wake a

prolonged period of cortical electrochemical inhibition. In normal
subjects, CSD is generally associated with cerebral hyperaemia. After
SAH, however, these periods of cortical inhibition are associated with
microvascular dysfunction and cerebral ischaemia. Together, these
factors are thought to produce the clinical syndrome of DCI. GCS =
Glasgow Coma Scale, rCBF = regional cerebral blood flow, SAH =
subarachnoid haemorrhage, DCI = delayed cerebral ischaemia, CSD =
cortical spreading depression
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absence [67]. Microcirculatory dysfunction manifests as het-
erogeneous, and occasionally cessation of, capillary flow [25,
26]. It may be due to disturbed neurovascular coupling,
microvascular- and thrombo- inflammation, and an inverted
haemodynamic response to cortical spreading depolarisations,
the latter possibly mediated by precapillary sphincter dysfunc-
tion [34, 48]. Capillary flow heterogeneity reduces oxygen
extraction efficiency and predisposes to neuronal calcium
overload and hypoxia, culminating in apoptosis/necrosis
[44]. Improvement of macrocirculatory and microcirculatory
dysfunction is the basis of SAH therapy, as good functional
outcome is dependent on the absence of vasospasm and cere-
bral infarction [72].

Detection of DCI relies on a combination of clinical and
radiological assessment [81]. Clinical deterioration should
prompt vascular imaging, which may demonstrate angio-
graphic vasospasm or perfusion deficits [20]. The presence
of correlated clinical and imaging findings confirms DCI.
Discordant findings do not necessarily preclude DCI, as
asymptomatic ischaemia and infarction is not uncommon
[83], and the limited neurological repertoire of poor-grade
patients limits the diagnostic sensitivity of clinical examina-
tion [68]. Moreover, current imaging techniques may not de-
tect microvascular or metabolic derangements [15], and thus,
DCI in the absence of macrovascular dysfunction may be
underdiagnosed.

Pharmacology of milrinone

Milrinone is an inhibitor of the peak III cAMP phosphodiester-
ase isozyme (PDE3) in cardiomyocytes and vascular smooth
muscle. In the heart, it is a positive inotrope, whilst peripherally,
it possesses strong vasodilatory effects; milrinone is thus an
inodilator. It possesses minimal intrinsic chronotropy and po-
tentiates its action primarily by increasing intracellular cyclic
mononucleotide concentration [97]. Milrinone has a half-life of
2.3–2.4 h, a volume of distribution of 0.38 L/kg, is 70% protein
bound, and excreted mostly unmetabolised in the urine [99]. As
a result, renal dose adjustment may be necessary.
Hypokalaemia can occur from intracellular shift, and electro-
lytes should be regularly monitored during therapy.

Milrinone pharmacodynamics and possible
therapeutic mechanisms in DCI

Direct vasodilation

⍺- and β-adrenoceptors are expressed on the endothelium and
smooth muscle of the cerebral vasculature [36, 64], with β1-
adrenoceptors preferentially upregulated after SAH [93]. The
vasodilatory effect of milrinone is due to inhibition of phos-
phodiesterase and thus increases cAMP and cGMP levels.
These cyclic mononucleotides activate cAMP- and cGMP-

dependent protein kinases, which through multiple mecha-
nisms, produce vasodilation [39, 60, 74] (Fig. 2). Notably,
these pathways are downstream of the adrenoceptor, and thus,
the majority of the effect of PDE3 inhibition is independent of
the endothelium [47, 50]. Moreover, it is unaffected by chang-
es in adrenoceptor expression or the presence of adrenoceptor
antagonists (e.g. “beta-blockers”). Similarly, disruption of the
blood-brain barrier does not alter the pial vascular response to
milrinone [40]; however, endothelium-dependent relaxation
through the NO-cGMP pathway may contribute to vasodila-
tion to a small degree [13].

Intra-arterial and intracisternal milrinone dilates cerebral
arteries [65] and the effect of intravenous milrinone on cere-
bral blood flow (CBF) has been reported in small human and
non-human animal studies [11, 27, 40, 62, 90]. Overall,
milrinone appears to increase CBF; however, these results
are limited by the variable methods of measuring CBF and
concomitant changes in PCO2, and to a lesser extent, mean
arterial pressure (MAP). Increases in CBF from PDE3 inhibi-
tion are associated with decreased cerebral vascular resistivity
index, increased cardiac output (CO), and potentially an in-
crease in cerebral metabolic rate [62, 63, 82].

Precapillary sphincters lie at the branch points of penetrat-
ing arterioles of the brain, and are thought to be at least partly
responsible for the prolonged vasoconstriction and oligaemia
during cortical spreading depressions [34, 48]. PDE inhibitors
have been shown to directly dilate precapillary sphincters [34]
and thus may be particularly useful in aborting DCI resulting
from cortical spreading ischaemia.

Systemic haemodynamics

Milrinone is a positive inotrope and lusitrope, as well as sys-
temic and pulmonary vasodilator. Increased inotropy and
lusitropy are associated with increases in cardiac output
(CO) and pulse pressure (Pp), which, combined with vasodi-
lation, decreases mean systemic filling pressure (PMS) and
right atrial pressure (RAP). Together, these macrocirculatory
effects may improve CBF [16] (Fig. 3).

Decreased venous pressures may decrease intracranial
pressure (ICP), as per the Davson equation [6], increasing
cerebral perfusion pressure (CPP). Wall shear stress is the
most important regulator of vessel morphology and tone
[71]. Increased pulsatility produces oscillatory wall shear
stress which may induce NO-mediated dilation of vasospastic
territories [45, 92]. High systolic peaks may also open small
collateral vessels.

Peripheral baroreceptors are exquisitely sensitive to
pulsatile pressure, and sympathetic output increases when
Pp decreases independent of MAP [9]. Conversely, in-
creases in Pp and cardiac output produced by milrinone
may prompt a reflex sympatholysis of endogenous sym-
pathetic tone. Surgical ablation of sympathetics to the
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cerebral vasculature is associated with increases in CBF
[43, 85, 86, 91], suggesting that reflex sympatholysis
would also influence the cerebral circulation. As a result
of direct vasodilation as well as downregulation of intrin-
sic sympathetics, the cerebral autoregulation curve is
shifted upwards (i.e. more flow per unit CPP) and the
lower limit of autoregulation is shifted rightwards (i.e.
maximal vasodilation is achieved at a higher CPP).

Neurogenic cardiomyopathy is common after SAH,
subclinical cardiomyopathy perhaps more so, and
milrinone therapy may ameliorate failing cardiac
haemodynamics in these cases. Finally, the vasodilation
induced by milrinone therapy may induce systemic hypo-
tension which compromises CBF to territories with im-
paired pressure-autoregulation. Indeed, the presence of
impaired pressure-autoregulation predicts DCI and poor

outcome after SAH [14, 42], and many protocols utilising
milrinone employ a concomitant vasopressor.

Endothelial protection and anti-inflammatory properties

Thrombo-inflammation is purported to contribute to mi-
crovascular dysfunction after SAH. Products of thrombus
dissolution activate leukocytes which secrete pro-
thrombotic and pro-inflammatory cytokines. Inflamed en-
dothelium secretes tissue factor (TF) and von Willebrand
factor (vWF) which perpetuate microthrombosis. Given
the role of vessel inflammation in the pathophysiology
of SAH-associated vasospasm, the anti-inflammatory ef-
fects of PDE inhibition may contribute to the potential
benefit of milrinone therapy in DCI (Fig. 4). PDE3 is
highly expressed in monocytes, and milrinone has been

Fig. 2 The effect of milrinone on vascular smooth muscle. B2
andrenergic stimulation, nitrous oxide, and other vasodilatory pathways
produce cAMP and cGMP. Phosphodiesterases degrade the
phosphodiester bond in cAMP and cGMP producing AMP and GMP,
respectively. Inhibition of phosphodiesterase thus increases cAMP and
cGMP levels. cAMP and cGMP active cAMP-dependent protein kinase
(PKA) and cGMP-dependent protein kinase (PKG), respectively. PKA
and PKG have multiple direct effects which induce vasodilation. PKA
and PKG increase the open-state probability of the calcium-dependent
potassium (KCa) channel, which in turn increases potassium efflux,
producing hyperpolarisation. This is augmented by increased frequency

of subcellular calcium release, termed “calcium sparks” via ryanodine-
sensitive calcium channels of the sarcoplasmic reticulum, which also
increase the open-s ta te probabi l i ty of the KCa channel .
Hyperpolarisation closes voltage-dependent calcium channels, leading
to reduced intra-cytosolic calcium and thus vasodilation. cAMP and
cGMP also directly interact with myosin light chain kinase and
phosphatase, leading to dephosphorylation of the myosin light chain
and thus vasodilation. AC = adenylyl cyclase, eNOS = endothelial NO
synthase, GC = guanylyl cyclase, MLCK = myosin light chain kinase,
MLCP = myosin light chain phosphatase, PKA = cAMP-dependent
protein kinase, PKG = cGMP-dependent protein kinase
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shown to reduce both secretion of tumour necrosis factor
alpha (TNF-⍺) in models of endotoxaemia [10, 58] and
pro-inflammatory interleukins 1β and 6 after cardiopul-
monary bypass [37]. PDE inhibition reduces TNF-⍺-de-
pendent nuclear factor-κB reporter gene transcription in
vascular smooth muscle, decreasing the expression of in-
flammatory mediators that facilitate leukocyte chemotaxis
and diapedesis such as vascular cell adhesion molecule-1,
intercellular adhesion molecule-1, and monocyte
chemoattractant protein-1 [4]. Indeed, PDE3 inhibitor–
treated mice have significantly reduced numbers of neu-
trophils and activated microglia invading their brain after
experimental stroke [12]. PDE3 inhibition may also have
anti-apoptotic effects and neuroprotective effect, with re-
ductions in pro-apoptotic BAX protein and cytochrome C,

increases in pro-survival Bcl-2 protein, and reduction of
calcium-dependent ischaemic apoptosis seen after treat-
ment in experimental stroke [17, 80].

Methods

A review of the literature was conducted as per the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement [57]. The methodo-
logical quality of included studies was rated using the
Methodological Index for Non-Randomized Studies
(MINORS) [87], and was analysed for bias as per the
Cochrane Handbook guidelines [38].

Fig. 3 The effect of milrinone on haemodynamics. Milrinone produces
macrocirculatory haemodynamic changes that may theoretically improve
CBF. Blue lines demonstrate the effects of milrinone on haemodynamic
parameters compared to baseline (shown in black); red arrows highlight
the pertinent differences. The left panel demonstrates the increase in CO
(or equivalently VR) and decrease in RAP as a result of the inodilator
effects of milrinone. A decrease in RAP is transmitted upstream to the
venous sinuses. The Davson equation, printed below the left panel,
highlights the relationship between venous sinus pressure (Pss) and
ICP. Thus, decreased RAP may lead to reductions in ICP and thus
improvement in CPP and ultimately increased CBF. The middle panel
demonstrates the change in arterial blood pressure pulsatility associated
with milrinone therapy, notably an increase in Pp. Awider Ppmay induce

oscilatory wall shear stress and flow induced vasodilation of the cerebral
vasculature, whilst higher systolic peaks may increase flow through
collateral vessels, thus increasing CBF. The rightmost panel
demonstrates the result of direct vasodilation and endogenous
sympatholysis on the cerebral vasculature. The Lassen (pressure-
autoregulation) curve is shifted upwards and rightwards, leading to a
greater CBF for a given CPP. Together, these mechanisms may explain
the indirect effects of milrinone on the cerebral vasculature to increase
CBF. VR = venous return, CO = cardiac output, Pp = pulse pressure, Pms
= mean systemic filling pressure, RAP = right atrial pressure, CPP =
cerebral perfusion pressure, ICPcsf = the component of ICP due to CSF
pressure, If = formation rate of CSF, Rout = resistance to CSF outflow,
Pss = pressure of the superior sagittal sinus, ABP = arterial blood pressure
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Search strategy

The MEDLINE and EMBASE electronic bibliographic data-
bases were consulted for articles written in the English lan-
guage over the last two decades (January 2000 until
May 2020) using the search string ((milrinone OR PDE OR
PDE3 OR phosphodies te rase OR olpr inone OR
levosimendan) AND (vasospasm OR delayed cerebral is-
ch(a)emia OR delayed isch(a)emic neurological deficit OR
subarachnoid h(a)emorrhage). The references from included
papers were hand-searched for other suitable papers.

Study selection, inclusion, and exclusion criteria

Trials were included if they studied the effects of intravenous
milrinone in human patients with aneurysmal subarachnoid
haemorrhage experiencing delayed cerebral ischaemia.
Studies were excluded if they were single case reports.
Where multiple publications utilised the same data set, only
the most recent study was included. Studies for which data
extraction was not possible were excluded. Studies that only
investigated intra-arterial milrinone were excluded, but those
that investigated intra-arterial milrinone followed by intrave-
nous milrinone were included (the latter we termed “primary
intra-arterial”).

Data extraction

Data on the characteristics of the included studies were ex-
tracted including study design; study population including
age, gender, and SAH grade; number of participants;
milrinone protocol; and haemodynamic monitoring. The pri-
mary outcome measure was reversal of neurological deficit
attributable to DCI. Secondary outcomes included angio-
graphic response, long-term functional outcome, rate of cere-
bral infarction attributable to DCI, adverse events, and follow-
up duration.

Results

A total of 10 studies were identified from the systematic
search of the literature (Fig. 5).

Overview of studies

The 10 studies identified from the literature are summarised in
Tables 1, 2, and 3 [1, 5, 7, 21, 22, 29, 51, 61, 78, 94]. All were
small or moderate sized cohort studies, either retrospective (n
= 5) or prospective (n = 5). Five trials were presented only as
conference abstracts. As no studies were randomised

Fig. 4 Endothelial protection and anti-inflammatory properties of
milrinone. Microvascular inflammation is an important factor in the
pathogenesis and perpetuation of DCI. Products of thrombus
dissolution are pro-inflammatory and activate leukocytes to secrete pro-
thrombotic and pro-inflammatory cytokines and the endothelium to
secrete TF and vWF. This creates a vicious positive feedback loop of

microthrombosis and vascular inflammation, which promotes vessel
spasm. Milrinone is anti-inflammatory and can downregulate
inflammatory signalling in monocytes, breaking this positive feedback
loop. PMN = polymorphonuclear cells, TNF-a = tumour necrosis factor
alpha, IL = interleukin, ROS = reactive oxygen species, vWF = von
Willebrand factor, TF = tissue factor
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Fig. 5 PRISMA diagram of the
systemic search process. The
search of the electronic databases
identified 855 records, which
were supplemented by 15 records
identified from the bibliographies
of studies undergoing full-text
review. After removal of
duplicates, a total of 565 unique
records were screened for
relevance, of which 134
underwent full-text review. Of
these, 124 were excluded as they
were either reviews, case reports,
non-human trials, included data
that had been subsequently re-
published, or did not include
intravenous administration of
milrinone. A total of 10 studies
satisfied our selection criteria

Table 1 Summary of the ten trials included for review. The total
number of patients (N total) and total receiving milrinone (N PDEi) are
given. SAH grade is described using the World Federation of

Neurosurgical Societies or Hunt and Hess (grading scales, with the
grades given in roman numerals and the number of patients
corresponding to each grade in Arabic numerals)

Author Publication
year

Design Selection N
(total)

N
(PDEi)

Age
(mean)

Gender (%
female)

SAH grade

Abulhasan 2020 Retrospective
cohort

All aneurysmal SAH 322 164 56 67% WFNS I–II 154, III–V 168

Alamri 2016 Retrospective
cohort

Refractory vasospasm
requiring IA milrinone

40 26 N/A N/A N/A

Arakawa 2001 Prospective
cohort

Clinical DCI and radiological
vasospasm

7 7 61 57% WFNS I 4, II 3

Crespy 2019 Retrospective
cohort

All aneurysmal SAH 101 101 52 67% WFNS I–II 53, III–V 48

De Leon 2014 Prospective
cohort

Clinical DCI and radiological
vasospasm

40 40 61 58% WFNS III 24, IV 10, V 6

Fraticelli 2008 Prospective
cohort

Clinical DCI and radiological
vasospasm

22 22 45 68% WFNS I 15, II 1, II I 3, IV 4

Lannes 2012 Retrospective
cohort

Clinical DCI and radiological
vasospasm

88 88 53 88% HH I–III 66, IV–V 22

Mutoh 2014 Prospective
cohort

Clinical DCI 110 55 N/A N/A N/A

Rouanet 2017 Retrospective
cohort

Clinical DCI and radiological
vasospasm

83 15 48.3 N/A WFNS median I,
range I–IV

Vas 2013 Retrospective
cohort

Clinical DCI and radiological
vasospasm

5 5 53 40% HH II 3, III 4, IV 4, V 1

WFNS, World Federation of Neurosurgical Societies; HH, Hunt and Hess; DCI, delayed cerebral ischaemia; PDEi, phosphodiesterase inhibitor
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controlled trials, as per the Cochrane group, all were of high
risk of bias in each domain (selection, performance, detection,
attrition, and reporting) [38]. The methodological quality of
the studies was analysed using the MINORS criteria [87]
(Supplementary Data 1).

A total of 818 patients were enrolled across the 10
studies, with intravenous milrinone administered to 523
(63.9%) participants. The mean age of patients was 52
years, and females (69%) tended to outnumber males,
consistent with previous epidemiological studies of sub-
arachnoid haemorrhage [28]. Clinical grading was com-
monly performed using the World Federation of
Neurosurgical Societies (WFNS) system, and across stud-
ies that reported individual WFNS grades, there was a
similar proportion of low- (WFNS 1–2) (n = 260,
49.7%) and high-grade (WFNS 3–5) (n = 263, 50.3%)
SAH.

How milrinone was incorporated into the clinical protocol
differed between studies, with the majority using new clinical
and/or radiological deterioration as the trigger for initiating
therapy. Concurrent vasopressor use was common; however,
methodology differed in that some instituted noradrenaline to
maintain pre-milrinone baseline blood pressure whilst others
sought to hypertense all patients in an effort to improve cere-
bral perfusion pressures against spastic vessels. Cardiac out-
put and cerebral blood flow were infrequently measured.

Dosing of milrinone varied between studies, and an intra-
venous bolus prior to commencing infusion was not universal.
Boluses, when utilised, ranged from 50 to 200 mcg/kg.
Infusion rates were initiated most commonly at 0.75 mcg/kg/
min (range 0.15–1.0 mcg/kg/min) with ceiling doses ranging
from 0.75 to 2.5 mcg/kg/min (commonly 1.25–1.5 mcg/kg/
min). The timing and criteria for increasing the rate of infusion
were not reported, nor was the rate of neurological improve-
ment at different infusion rates. Thus, a dose-response rela-
tionship could not be established. Primary intra-arterial studies
also demonstrated heterogeneous dosing regimens, though
8 mg (range 5–24 mg) was most common.

Reversal of neurological deficit

Five studies investigated the effect of primary intravenous
milrinone on neurological deficits associated with DCI [1,
21, 22, 51, 78]. Our primary outcome occurred in 291/330
(88%) of patients receiving primary intravenous therapy [1,
21, 22, 51, 78]. Response rates were similar for primary intra-
arterial therapy 84/94 (89%) [5, 7, 21, 29, 94]. Of those that
failed to respond to primary intravenous therapy, indications
for rescue spasmolysis included new neurological deficit dur-
ing milrinone therapy (80%), persistent neurological deficit
despite intravenous milrinone (10%), and worsening angio-
graphic vasospasm (10%) [1]. Time-dependent efficacy was
evident in one small study (n = 40), with 70% of patients

experiencing reversal of DCI after 36 h of intravenous thera-
py, increasing to 100% by 72 h [22].

In a single trial, at the advent of DCI, a vasopressor was
instituted to induce hypertension as an adjunct to milrinone
[21], whilst in the remaining four, a vasopressor was instituted
as necessary to counteract the systemic vasodilatory effect of
milrinone and maintain baseline blood pressure. If neurolog-
ical deficits were refractory to repeat bolus and increased
milrinone infusion, these latter protocols called for induced
hypertension with escalating doses of vasopressor. No study
compared the combination of induced hypertension and
milrinone to milrinone and vasopressor as necessary to main-
tain normotension. Moreover, no study quantified the addi-
tional number of patients that achieved reversal of neurologi-
cal deficits after induced hypertension.

Angiographic outcome

Two studies reported angiographic response to intravenous
milrinone. Combined, they demonstrated that 165/234
(71%) patients achieved an angiographic response [21, 22].
Clinically symptomatic vasospasm tended to be more resistant
to therapy than vasospasm detected on angiography alone (p =
0.06, our calculation) [21, 22]. Infusion of intravenous
milrinone reversed 36 of 70 (51%) vasospastic segments in
clinically symptomatic patients and 125 of all 194 vasospastic
segments (64%) in one cohort [21]. Results with primary
intra-arterial milrinone were similar, reversing 22/35 (63%)
vasospastic segments in clinically symptomatic patients and
37/52 (64%) vasospastic segments.

Consistent with previous data, intra-arterial milrinone pro-
duced a robust angiographic response [1, 5, 7, 21, 29]. Due to
our search strategy, all included studies followed intra-arterial
spasmolysis with an intravenous infusion of milrinone. No
study compared the effect of spasmolysis alone compared to
spasmolysis and subsequent infusion on angiographic or func-
tional outcome.

Haemodynamic outcome

Systemic hypotension (inconsistently defined as SBP < 90
mmHg) was the most common haemodynamic response to
intravenous milrinone [1, 21, 22, 29, 51, 78], seen in 70/303
(23%) cases. Tachycardia, either compensatory or a primary
effect of milrinone, was reported in five studies [1, 7, 21, 29,
61], although the incidence (9%) was significantly less than
with the adrenergic inodilator dobutamine (27%) [61].
Noradrenaline was required in 20–68% of cases when used
to supplement milrinone [1, 5, 22, 51, 78]. Moreover, when
hypertensive therapy was initiated at the advent of DCI, 45%
of cases required an increase of ≥ 25% in vasopressor dose
after initiation of milrinone [21].
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The effect of intravenous milrinone on non-invasive cere-
bral oxygen saturation was assessed in a single study [61].
Milrinone was inferior to dobutamine in improving regional
cerebral oxygen saturation in vasospastic territories, and this
effect appeared dependent on increases in cardiac output [61].
Intra-arterial milrinone significantly improved cerebral blood
flow in the corresponding territory [7], consistent with prior
reports.

Functional outcome

Functional outcome was reported in nine studies [1, 5, 7, 21,
22, 29, 51, 78, 94], four of which utilised primary intravenous
milrinone [1, 21, 22, 51]. Good functional outcome, when
defined as modified Rankin Scale (mRS) ≤ 2, was seen in
218/297 (73%) patients treated with primary intravenous
milrinone [1, 21, 51]. Similar numbers were seen after primary
intra-arterial milrinone, with 67% achieving a mRS ≤ 2 at 12
months post-ictus [21]. In small studies, 92.5% of patients
receiving primary intravenous (n = 40) [22] and 80% receiv-
ing primary intra-arterial therapy (n = 5) [94] achieved a good
outcome when the definition was extended to an mRS ≤ 3.

Infarction related to DCI

Two studies, n = 110 [1] and n = 88 [51], comprised entirely
of patients with clinically symptomatic DCI reported vaso-
spasm attributable infarcts in 15% and 36% of patients, re-
spectively. Another study (n = 101), comprised of patients
with clinical and/or radiological vasospasm, reported a low
overall rate of cerebral infarction (3%), which did not differ
between primary intravenous (3%) and primary intra-arterial
(4%) therapy [21]. The dissonance between studies suggests
that clinically symptomatic vasospasm may be inherently
more likely to cause cerebral infarction.

Adverse events

The most common adverse effects of milrinone therapy were
hypotension and tachycardia, as discussed above. New or
worsening arrhythmia (18/263, 7%) and hypokalaemia (31/
287, 11%) were also seen with milrinone therapy; however,
their incidence was similar to those who did not receive
milrinone [1, 21]. Intolerance to milrinone necessitating
downtitration or cessation of the infusion was uncommon,
encountered on four instances across all studies.

Each occurred in the setting of a relative contraindication to
chronotropic, inodilating agents such as milrinone (including
left ventricular outflow tract obstruction and tachyarrhythmia)
[1, 21].

Discussion

Key results

Studies utilising intravenous milrinone for the treatment
of DCI demonstrate good efficacy in uncontrolled cohorts.
Clinical and angiographic vasospasm responded to intra-
venous milrinone in over two-thirds of cases, with hypo-
tension and tachycardia the most common haemodynamic
effects of therapy. Good functional outcome was achieved
in the majority of patients. Overall, in a small number of
uncontrolled, non-randomised cohorts, intravenous
milrinone appears a safe and feasible therapy for DCI.

Limitations and unanswered questions

The major limitation of our review is the size and quality
of the included studies. We report 10 studies of which
only 3 are full journal articles on primary intravenous
therapy. Although half of the studies were prospective,
none had an adequate control or were randomised.
Although a testament to our broad and thorough search
process, many studies were presented as conference ab-
stracts alone and thus provided limited data on safety and
secondary outcomes. Findings are subject to selection bi-
as, as patients were not randomised and inclusion criteria
for studies varied; reporting bias, as no null studies have
been reported; attrition bias, as many trials had patients
lost to follow-up; detection bias, as clinicians and out-
come assessors were not universally blinded; and may
lack external validity, as few centres are experienced with
these protocols.

A milrinone-based therapeutic protocol could take many
forms (Fig. 6). The most popular framework, the “Montreal
protocol” (protocol F, Fig. 6), utilises intravenous milrinone
as first-line therapy for DCI, with vasopressors initially only
instituted to maintain baseline blood pressure; if DCI is refrac-
tory, milrinone is uptitrated and hypertension is induced. A
single study demonstrated comparable efficacy between pri-
mary intravenous and primary intra-arterial therapy [21]; how-
ever, it was not randomised. Whether this finding can be ex-
trapolated to the Montreal protocol is not clear, given the
differing utilisation of concurrent vasopressors for hyperten-
sive therapy.

The use and size of a bolus dose and the subsequent
rate of infusion differed between studies. No study pro-
vided data on the efficacy and incidence of side effects at
different infusion rates. Further studies, or post hoc anal-
ysis of existing data, are thus required to establish the
optimal dosing strategy and to confirm a dose-response
relationship exists.

Another consideration for future trials is the role of
vasopressor support and hypertensive therapy. Induction
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of hypertension at the onset of clinical DCI is a class 1
recommendation in international guidelines [19], despite a
lack of definitive evidence that induced hypertension in-
creases CBF [32] or ameliorates DCI [31] after SAH.
HIMALAIA [31], the only randomised controlled trial
on induced hypertension, was terminated early due to
poor recruitment and lack of effect on CBF in its nested
study. Long-term outcomes were not improved by hyper-
tensive therapy, but early termination determined the
study was underpowered. Of the non-randomised studies

examining the role of induced hypertension on clinical
outcome after DCI, vasopressor therapy was generally as-
sociated with improved short-term outcomes; however,
these failed to translate to any long-term functional bene-
fit [3, 8, 30, 35, 56, 59, 70, 76, 77, 79]. Serious compli-
cations, including arrhythmia, haemorrhage, and pulmo-
nary oedema, occurred in up to half of patients, and had
a dose-dependent relationship with blood pressure.
Several theories have been proposed to reconcile these
trial results with the anecdotal clinical benefits of

Fig. 6 Possible therapeutic protocols involving PDE inhibition. Protocol
A depicts standard of care, with induced hypertension for clinical delayed
cerebral ischaemia (DCI) after subarachnoid haemorrhage (SAH).
Protocol B depicts prophylactic phosphodiesterase inhibitor (PDEi)
only, which has been performed previously with intravenous milrinone
or oral cilostazol. Protocols C and D depict the addition of intravenous
milrinone to standard of care, leading to concurrent hypertensive and
PDEi therapy at the onset of DCI, with and without the addition of
PDEi prophylaxis. Protocol E represents a more aggressive option, with

earlier introduction of intra-arterial therapy, and milrinone used only after
spasmolysis. Protocol F depicts what is commonly referred to as the
“Montreal Protocol”, first published by the Montreal group, and is
similar to protocol C except vasopressors are only used to maintain
baseline blood pressure. It is one of the more popular protocols in the
literature. Protocol G is similar, but has the addition of prophylactic PDE
inhibitor therapy. SAH = subarachnoid haemorrhage; DCI = delayed
cerebral ischaemia; IA = intra-arterial; IV = intravenous; PDEi =
phosphodiesterase Inhibitor; MAP = mean arterial pressure
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hypertensive therapy. Pressure-autoregulation status may
vary between patients and within vascular territories of
the same patient, leading some regions or patients to ben-
efit from increased perfusion pressure whilst others do
not. Moreover, CBF may not be the optimal surrogate
marker of treatment success as induced hypertension
may perhaps work at a microcirculatory scale to reduce
capillary flow heterogeneity and shunt, providing a more
homogenous distribution of blood flow without increasing
total CBF. The studies included in this review varied in
their utilisation of vasopressor therapy. Whether synchro-
nous vasopressor and inodilator therapy has any detrimen-
tal effect on the latter or offers any benefit over either
therapy alone remains uncertain, and should be the focus
of a future trial (Fig. 7).

Together, we are left with the following unanswered
questions:

& Should milrinone be used prophylactically or reactively?
& What is the optimal clinical and/or radiological trigger to

commence milrinone therapy?
& What is the optimal dose for intravenous infusion, and

does bolus dosing add or detract from efficacy?
& Should vasopressors be used to provide hypertensive ther-

apy, and if so, should this be an adjunct or rescue therapy
in the setting of milrinone infusion?

& If vasopressors are used only to maintain baseline blood
pressure, what degree of blood pressure drop should trig-
ger vasopressor support?

& What is the optimal trigger of rescue spasmolysis or an-
gioplasty in the setting of milrinone therapy?

& Are other inodilators or PDE inhibitors superior to
milrinone for this purpose?

Generalisability

Whilst milrinone is a widely available, off-patent medication,
the expertise and experience required to manage patients with
severe DCI with this novel therapy is not broadly available,
limiting the generalisability of these results. Moreover, the
cardiac and haemodynamic monitoring required during
milrinone infusion necessitates a skilled neurocritical care set-
ting. Conversely, in centres where emergent rescue
spasmolysis is not always accessible, intravenous milrinone
represents a readily implementable therapy for resistant
vasospasm.

Future directions

DCI is the clinical endpoint of a complex cascade of circula-
tory and neuronal dysfunction. Unfortunately, limitations in
the pathophysiological understanding of DCI have hindered
the development of tailored therapeutic interventions. Even
the mechanisms of established therapies (e.g. nimodipine) re-
main elusive [52]. We hope that with improved understanding
of the physiological derangements underlying DCI, in concert

Fig. 7 Framework for a clinical
trial comparing milrinone therapy
to hypertensive therapy. Patients
with DCI can be randomised to
either hypertensive therapy alone,
or milrinone infusion with or
without concomitant vasopressor.
Spasmolysis or angioplasty
would be performed for resistant
DCI. SAH = subarachnoid
haemorrhage; DCI = delayed
cerebral ischaemia; IA = intra-
arterial; PDEi =
phosphodiesterase inhibitor;
MAP = mean arterial pressure;
BP = blood pressure
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with more sophisticated monitoring and imaging, the roles for
various therapies in DCI will become clear.

DCI prophylaxis

Prophylactic use of milrinone has been explored in a two
studies [33, 88]. Prophylactic milrinone, in addition to in-
duced hypertension with noradrenaline, significantly im-
proved cerebral oxygen saturation compared to induced hy-
pertension alone; however, MAP was significantly greater in
the milrinone group [33]. Conversely, when compared to a
500-mg/day infusion of magnesium sulphate, a 0.5-mcg/kg/
min infusion of milrinone was associated with a higher inci-
dence of vasospasm, lower GCS scores, and more frequent
need for supplemental vasopressors [88]. Cilostazol, an oral
PDE3 inhibitor, has been shown to improve outcome when
used for DCI prophylaxis [75, 84]. The role of PDE3 inhibitor
prophylaxis is an area of ongoing research, and should be
considered in future trials assessing therapy for DCI.

Alternative inodilators

Although milrinone appears the favoured agent in the litera-
ture, its efficacy compared to other PDE inhibitors and
inodilators has not been established robustly. Intravenous sil-
denafil (a PDE5 inhibitor) improved angiographic vasospasm
in 8/12 (67%) cases in one study [96], but failed to demon-
strate a consistent improvement in CBF [24]. Alternative
inodilators such as levosimendan, a PDE3 inhibitor [69], and
dobutamine, a β-adrenoceptor agonist, have also been pro-
posed as therapies for DCI. In a series of 5 patients with
SAH, dobutamine was shown to increase CO and CBF inde-
pendent of changes to MAP [49] and dobutamine has also
been shown to improve neurological deficits associated with
DCI [53] and improve cerebral oxygenation [61] after SAH.
Olprinone, another PDE3 inhibitor, has been shown to in-
crease cerebral blood flow in patients with SAH [82], stroke,
and healthy controls [98]. Whether all inodilators and PDE
inhibitors are as efficacious, or whether milrinone or another
agent possesses intrinsic properties that confer it, superiority
requires further investigation.

Conclusion

The literature presented in this review demonstrates that
milrinone is safe, feasible, and possibly highly effective.
Milrinone achieved clinical and angiographic response in over
two-thirds of cases, and thus may decrease the need for inva-
sive rescue spasmolysis and its associated risks. Although a
signal for efficacy has been demonstrated, the literature is
limited and overall of low quality. Further research, with rig-
orous methodology, is required to confirm these findings. The

role of induced hypertension and vasopressor support, the role
of prophylactic PDE inhibitor therapy, and the optimal trigger
for initiation of milrinone and rescue therapy also require fur-
ther investigation. Determining if and how milrinone exerts a
protective effect will be crucial to establishing its specific role
in the treatment of DCI. The ability to identify specific de-
rangements (large artery spasm, microcirculatory dysfunction,
cortical spreading ischaemia) in each patient and provide tai-
lored therapy for each contributory pathology is an exciting
prospect.
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