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Abstract
Background  Early neurological deterioration (END) occurs in many patients with acute ischemic stroke due to a 
variety of causes. Although pharmacologically induced hypertension (PIH) and anticoagulants have been investigated 
in several clinical trials for the treatment of END, the efficacy and safety of these treatments remain unclear. Here, we 
investigated whether PIH or anticoagulation is better as a rescue therapy for the progression of END in patients with 
lacunar stroke.

Methods  This study included patients with lacunar stroke who received rescue therapy with END within 3 days 
of symptom onset between April 2014 and August 2021. In the PIH group, phenylephrine was administered 
intravenously for 24 h and slowly tapered when symptoms improved or after 5 days of PIH. In the anticoagulation 
group, argatroban was administered continuously intravenously for 2 days and twice daily for next 5 days. We 
compared END recovery, defined as improvement in NIHSS from baseline, excellent outcomes (0 or 1 mRS at 3 
months), and safety profile.

Results  Among the 4818 patients with the lacunar stroke, END occurred in 147 patients. Seventy-nine patients 
with END received PIH (46.9%) and 68 patients (46.3%) received anticoagulation therapy. There was no significant 
difference in age (P = 0.82) and sex (P = 0.87) between the two groups. Compared to the anticoagulation group, the 
PIH group had a higher incidence of END recovery (77.2% vs. 51.5%, P < 0.01) and excellent outcomes (34.2% vs. 
16.2%, P = 0.04). PIH was associated with END (HR 2.49; 95% CI 1.06–5.81, P = 0.04). PIH remained associated with END 
recovery (adjusted HR 3.91; 95% CI 1.19–12.90, P = 0.02). Safety outcomes, like hemorrhagic conversion and mortality, 
were not significantly different between the two groups.

Conclusions  As a rescue therapy for the progression of END in lacunar stroke patients, PIH with phenylephrine was 
more effective with similar safety compared to anticoagulation with argatroban.
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Introduction
Early neurological deterioration (END) often occurs in 
patients with acute ischemic stroke [1–3] and is linked to 
a poor prognosis [4]. Therefore, when END occurs, many 
stroke physicians attempt various treatments to mitigate 
it [5]. A primary cause of END among several mecha-
nisms is cerebral hypoperfusion [6, 7]. In this case, physi-
cians aim to increase cerebral perfusion by augmenting 
cerebral blood flow (CBF).

For treating END, colloids and crystalloids, which are 
volume expanders, are utilized to boost intravascular 
blood volume. More patients showed an improvement 
in their NIH stroke scale (NIHSS) score after END when 
administered low doses of colloids compared to crys-
talloids [3, 8]. However, using colloids at high doses or 
for prolonged durations can lead to acute kidney injury 
(AKI), and colloids are inappropriate for acute ischemic 
stroke patients with kidney disease [9–11].

Alternative treatments for END include pharmaco-
logically induced hypertension (PIH) and anticoagula-
tion. The efficacy of PIH in promoting END recovery and 
improving functional outcomes has been demonstrated 
[8, 12, 13]. While anticoagulation using low molecular 
weight heparins or heparinoids is not recommended for 

acute ischemic stroke [14], argatroban has been approved 
as a therapeutic option to improve END recovery in acute 
ischemic stroke in Japan and Korea [15–18]. However, 
previous studies have not clarified whether PIH or arg-
atroban is effective and safe for treating stroke progres-
sion-related END in lacunar stroke patients. This study 
aims to determine which treatment is more beneficial as 
rescue therapy for lacunar stroke patients who experi-
ence END.

Methods
Study population
This retrospective study was based on a prospective sin-
gle-center stroke registry from Inha University Hospi-
tal. We screened individuals over 19 years old who were 
admitted between April 2014 and August 2021 and diag-
nosed with acute ischemic stroke within 7 days of symp-
tom onset. We selected lacunar stroke patients (both 
small vessel occlusion and branch atheroma) with END 
who showed no symptom improvement after normal 
saline loading (about 300 to 500 mL) for analysis (Fig. 1). 
A diagnosis of lacunar stroke was made if the patient 
had typical clinical lacunar syndromes [19], had a neu-
rological deficit lasting over 24 h, showed no evidence of 

Fig. 1  Study flow. mRS, modified Rankin Scale; END, early neurological deterioration; PIH, pharmacologically induced hypertension; brain MRA; brain 
magnetic resonance angiography

 



Page 3 of 9Park et al. BMC Neurology          (2024) 24:329 

cerebral cortical dysfunction, and had computed tomog-
raphy (CT)/magnetic resonance image (MRI) indicating 
a focal infarction in the distribution of perforator ves-
sels with a diameter ≤ 20  mm [20]. END was defined as 
an increase of 2 or more in the total NIHSS score or an 
increase of 1 or more in the motor NIHSS score within 
the initial 72 h of admission [21, 22].

The following exclusion criteria were applied: (1) age 
less than 19 years (n = 126), (2) END related to stroke 
recurrence (n = 479), (3) previous modified Rankin Scale 
(mRS) score greater than 2 (n = 364), (4) etiology other 
than lacunar stroke (n = 3401), (5) presence of other 
major neurological diseases such as brain tumor, seizure, 
infectious disease, etc. (n = 214), (6) improvement of END 
after normal saline loading (n = 45), (7) concomitant use 
of phenylephrine and argatroban (n = 7), (8) lack of brain 
magnetic resonance angiography (MRA) assessment 
(n = 69), and (9) lack of information on mRS at 3 months 
after acute ischemic stroke (n = 30).

Baseline characteristics and image findings
Baseline characteristics of patients, including risk fac-
tors and laboratory results, were reviewed using elec-
tronic medical records. Neurological assessments were 
conducted using the NIHSS and mRS. The NIHSS scores 
were assessed by specialized nurses or neurointensivists 
every 8 h for 7 days, according to the stroke center pol-
icy in Korea. MRI and MRA diagnostics were conducted 
using a 3T whole-body scanner. The location of infarc-
tion was categorized as thalamus, corona radiata, internal 
capsule, basal ganglia, and pons. The severity of cerebral 
white matter intensity was evaluated based on the Faze-
kas criteria, using fluid-attenuated inversion recovery 
and T2 sequences (T2 FLAIR). The number of micro-
bleeds was determined using gradient echo sequences 
(GRE) [23]. When END occurred, brain CT or MRI was 
reassessed within 24 h from the END event.

Procedures
When END occurred, clinicians first administered a 
normal saline loading (approximately 300 to 500  ml) to 

expand the intracranial volume. If END did not improve 
after the normal saline loading, physicians determined a 
rescue treatment to improve END. The decision between 
PIH and anticoagulation was based on the physician’s 
discretion (Fig. 2).

In cases of PIH, phenylephrine (0.12  mg/mL) was 
administered. As a selective α1-agonist, phenylephrine 
increases blood pressure by peripheral vasoconstric-
tion without direct cerebral vasoconstriction, because 
of the low α1-receptors in cerebral vessels [24, 25]. The 
method for administering phenylephrine was accord-
ing to recommendations from a previous study [12, 13]. 
Phenylephrine was slowly tapered (10 mL/h) after 24 h if 
neurological stabilization was observed in the responders 
or after 5 days of use. If clinical deterioration occurred 
again during this tapering period, PIH was restarted to 
raise the systolic blood pressure (SBP) for neurological 
improvement. The maximum systolic blood pressure of 
patients treated for PIH was 180 mmHg, and the goal was 
to increase blood pressure by 15–25% from baseline [12, 
13].

In cases where anticoagulation is required, argatro-
ban has been selected. As a selective thrombin inhibitor, 
argatroban has recently gained attention for its ability to 
increase blood flow effectively. Argatroban was admin-
istered according to recommendations from previous 
studies: for the first 2 days, 60 mg was diluted with intra-
venous (IV) fluid and infused continuously over 24  h. 
For the next 5 days, 10 mg was diluted with IV fluid and 
injected twice daily (morning and evening) over 3 h each 
time [14, 16, 26, 27].

For safety considerations, phenylephrine was imme-
diately discontinued if patients developed symptoms. 
Argatroban infusion was also discontinued if it was inter-
rupted for ≥ 4 consecutive hours or if intracranial or 
major bleeding occurred.

Outcomes
The primary outcome was the proportion of END recov-
ery, defined as a decrease in NIHSS by more than 2 
points or improved motor symptoms within the first 7 

Fig. 2  Schematic overview of the protocol. E*, enrollment; END, early neurological deterioration; PIH, pharmacologically induced hypertension; NIHSS, 
National Institutes of Health Stroke Scale; mRS, modified Rankin Scale. E*, * If the patient’s symptoms did not improve despite normal saline loading, the 
treatment option was determined by the physician’s preference. END, neurological deterioration within 2 days after symptom onset
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days when using either phenylephrine or argatroban. The 
secondary outcome was the proportion of excellent func-
tional outcomes (mRS 0 to 1) at 3 months from the onset 
of acute ischemic stroke.

Additionally, we assessed safety outcomes, including 
stroke recurrence, hemorrhagic complications, coronary 
events, all-cause death, and various side effects from the 
use of phenylephrine or argatroban. Hemorrhagic com-
plications included events such as hemorrhagic stroke, 
gastrointestinal bleeding, craniotomy for hematoma 
removal, administration of tranexamic acid, and transfu-
sion of ≥ 1 unit of blood.

Statistical methods
Mean (± standard deviation) or median (interquartile 
range, [IQR]) was calculated for continuous variables 
and compared using either a Student’s t-test or a Mann–
Whitney U test. Categorical variables were presented 
as frequencies (percentages) and compared using the 
χ2 test or Fisher’s exact test. Logistic regression analysis 
was applied to identify potential factors associated with 
END recovery. Covariates with statistically significant 
differences (P < 0.1) from univariate analysis and those 

with clinical importance were adjusted for multivariate 
analysis.

Propensity score matching (PSM) analysis was exe-
cuted to reduce selection bias in this study. To estimate 
PSM, a patient in the phenylephrine group was matched 
with a patient in the argatroban group using the near-
est neighbor rule within a caliper width of 0.1 of the 
standard deviation of the propensity score [28]. In the 
matched populations, continuous variables were com-
pared between the argatroban and phenylephrine groups 
using a Student’s t-test, whereas categorical variables 
were compared with the Fisher exact test or the χ2 test.

All tests of significance were 2-tailed, and P < 0.05 was 
considered significant. All statistical analyses were per-
formed using SPSS Statistics version 26.0 (SPSS Inc., Chi-
cago, IL, USA).

Results
A total of 4818 acute ischemic stroke patients were 
screened. Figure  1 illustrates the selection process. Of 
these, 4671 patients were excluded, resulting in 147 
patients being recruited for the study. Among these, 79 
patients received PIH treatment, and 68 received argatro-
ban treatment.

The baseline characteristics are presented in Table  1. 
Rescue therapy was administered irrespective of the pres-
ence of microbleeds or cerebral white matter hyperinten-
sities. The two groups showed no significant difference 
in age (64.4 years for PIH vs. 64.8 years for argatroban, 
P = 0.82) and sex (58.2% male in the PIH vs. 55.9% male 
in the argatroban, P = 0.87). However, there were signifi-
cant differences between the two groups in dyslipidemia 
(22.8%, in the PIH vs. 42.6% in the argatroban; P = 0.01) 
and branch atheroma presence (30.4% in the PIH vs. 
55.9% in the argatroban; P < 0.01). When END occurred, 
the PIH group had lower SBP (137 mmHg vs. 157 mmHg) 
and DBP (77.8 mmHg vs. 88.9 mmHg) compared to the 
argatroban group (P < 0.01). Most other characteristics 
showed no statistically significant difference.

After PSM, 48 patients who received phenylephrine 
were matched to 48 patients who received argatroban. 
A significant difference in branch atheroma remained 
between the two groups (Supplementary file 1). SBP over 
145mmHg was more prevalent in the argatroban group 
(74.5%) than in the PIH group (34.0%; P < 0.01).

The two groups showed no difference in NIHSS score 
on admission (P = 0.61), as presented in Table  2. END 
recovery was noted in 77.2% of the PIH group and 51.5% 
of the argatroban group (P < 0.01). A more favorable 
trend in NIHSS score distribution was observed in the 
PIH group at discharge (median 4 vs. 5; P < 0.01, Fig. 3). 
Regarding mRS at 3 months, the PIH group showed bet-
ter functional outcomes, with 34.2% achieving mRS 0–1, 
compared to 16.2% in the argatroban group (P = 0.04).

Table 1  Baseline characteristics of the study population
Characteristics Treatment

Phenyleph-
rine
(n = 79, 
53.7%)

Argatroban
(n = 68, 
46.3%)

P 
value

Age†, years 64.4 ± 11.5 64.8 ± 11.1 0.82
Sex (man)¶ 46 (58.2) 38 (55.9) 0.87
Diabetes mellitus¶ 35 (44.3) 20 (29.4) 0.09
Hypertension¶ 54 (68.4) 42 (61.8) 0.49
Dyslipidemia¶ 18 (22.8) 29 (42.6) 0.01
History of smoking¶ 28 (35.4) 22 (32.4) 0.73
History of prior stroke¶ 7 (8.9) 8 (11.8) 0.60
Intravenous thrombolysis¶ 8 (10.1) 5 (7.4) 0.77
Body mass index†, Kg/m2 24.8 ± 3.6 24.6 ± 3.0 0.72
Laboratory results
Total cholesterol†, mg/dL 186.46 ± 42.85 185.68 ± 48.23 0.92
HbA1C†, % 6.7 ± 1.7 6.6 ± 1.9 0.78
C-reactive protein†, mg/dL 0.36 ± 0.89 0.61 ± 2.29 0.40
Branch atheroma¶ 24 (30.4) 38 (55.9) < 0.01
Existence of cerebral 
Microbleeds¶

12 (15.6) 14 (20.6) 0.52

Fazekas scale (2 or more) ¶ 18 (22.8) 20 (29.4) 0.45
SBP on admission†, mmHg 157.4 ± 29.3 167.1 ± 27.3 0.19
DBP on admission†, mmHg 90.9 ± 17.8 97.8 ± 18.3 0.14
SBP on END†, mmHg 137.0 ± 21.9 157.1 ± 20.0 < 0.01
DBP on END†, mmHg 77.8 ± 13.2 88.9 ± 16.0 < 0.01
Data are presented as mean ± standard deviation†, or number (%) ¶

END, early neurological deterioration; SBP, systolic blood pressure; DBP, diastolic 
blood pressure
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There was no significant difference between the two 
groups in major safety outcomes, both at admission and 
during the 3 months follow-up period. Three patients 
experienced a stroke recurrence over the 3 months 

follow-up (1.5% in the PIH vs. 2.9% in the argatroban, 
P = 0.54). In the PIH group, no patient had major hem-
orrhagic complications during admission. However, one 
patient in the argatroban group experienced symptom-
atic intracranial hemorrhage (P = 0.46). One patient in the 
PIH group died of pneumonia-related respiratory failure, 
which was unrelated to phenylephrine. Three patients 
reported other side effects (palpitation in 1, dyspnea in 
1, urticaria in 1) related to rescue therapy. No coronary 
events were reported in either group.

The unadjusted hazard ratio (HR) for END recovery 
was 2.81 (95% CI 0.17–0.73, P < 0.01) for those under 65 

Table 2  Treatment efficacy and safety outcome of the study 
population
Characteristics Treatment

Phenyl-
ephrine
(n = 79, 
53.7%)

Argatro-
ban
(n = 68, 
46.3%)

P 
value

Treatment efficacy
END recovery¶ 61 (77.2) 35 (51.5) < 0.01
NIHSS on admission§* 5 (3–6) 5 (2–7) 0.61
NIHSS on END§* 7 (5–9) 8 (6–10) < 0.01
NIHSS on discharge§* 4 (1–6) 5 (4–8) < 0.01
Excellent outcome (mRS 0–1) at 3 
months§*

27 (34.2) 11 (16.2) 0.04

Safety outcome
Stroke recurrence†, n (%) 1 (1.5) 2 (2.9) 0.54
Hemorrhagic complication£, n (%) 0 (0) 1 (1.6) 0.46
Coronary events¥, n (%) 0 (0) 0 (0) N/A
All-cause death¥, n (%) 1 (1.5) 0 (0) 0.93
Other side effect¥, n (%) 2 (2.5) 1 (1.6) 0.54
Data are presented as mean ± standard deviation†, median (interquartile range, 
IQR) §, or number (%)¶

*The Mann-Whitney U test was used
£during 3 months; ¥ during admission

N/A, not applicable

NIHSS, National Institutes of Health Stroke Scale; END, early neurological 
deterioration

Table 3  Multivariate logistic regression analysis of the factors 
related to END recovery
Value Unadjusted 

odds ratio
(95% CI)

P 
value

Adjusted 
odds ratio
(95% CI)

P 
value

Age < 65 years 2.81 (1.38–5.75) < 0.01 2.29 (1.03–5.10) 0.04
Sex, man 0.60 (0.30–1.21) 0.15 0.76 (0.35–1.68) 0.50
Dyslipidemia 1.44 (0.70–2.96) 0.32 0.93 (0.40–2.19) 0.88
Branch atheroma 1.96 (0.98–3.91) 0.06 0.69 (0.31–1.54) 0.37
Phenylephrine
(versus 
argatroban)

3.20 (1.57–6.49) 0.01 2.49 (1.06–5.81) 0.04

NIHSS on END ≥ 8 0.46 (0.23–0.93) 0.03 0.67 (0.30–1.50) 0.33
SBP on END > 145 
mmHg

0.36 (0.18–0.75) < 0.01 0.60 (0.26–1.37) 0.23

Adjusted covariates were age, sex, dyslipidemia, branch atheroma, 
phenylephrine, NIHSS on END (≥ 8), and SBP on END (> 145 mmHg)

NIHSS, National Institutes of Health Stroke Scale; END, early neurological 
deterioration; SBP, systolic blood pressure

Fig. 3  Functional outcomes at 3 months. PIH, pharmacologically induced hypertension; mRS, modified Rankin Scale
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years and 3.12 (95% CI 1.57–6.49, P = 0.01) for PIH treat-
ment (Table 3). Additionally, HRs for other factors associ-
ated with END recovery were 0.46 for an NIHSS over 8 at 
END (95% CI 0.23–0.93, P = 0.03) and 0.36 for a SBP > 145 
mmHg at END (95% CI 0.23–0.93, P = 0.03). After adjust-
ment for age, sex, dyslipidemia, branch atheroma, use of 
phenylephrine, NIHSS score on END (≥ 8), and SBP on 
END (> 145 mmHg), both PIH (HR 2.49; 95% CI 1.06–
5.81, P = 0.04) and being under 65 years (HR 2.29; 95% CI 
1.03–5.10, P = 0.04) were associated with END recovery. 
Branch atheroma was not a significant factor affecting 
END recovery (unadjusted HR 1.96; 95% CI 0.98–3.91, 
P = 0.06, adjusted HR 0.69; 95% CI 0.31–1.54, P = 0.37).

Further, when categorizing patients by small vessel 
occlusion and branch atheroma, the impact of PIH and 
argatroban on END recovery was evident (Additional file 
2). PIH was more effective in promoting END recovery 
than argatroban for both small vessel occlusion (80.0% vs. 
60.0%, P = 0.05) and branch atheroma (75.0% vs. 44.7%, 
P = 0.02).

The comparison of END recovery between propen-
sity-matched patients who received PIH and those who 
received agatroban is presented in Table  4. Univariate 
analysis demonstrated that PIH was significantly asso-
ciated with END recovery (HR 3.37; 95% CI 1.34–8.48, 
P = 0.01). This association persisted in multivariable 
analysis (selective variables, HR 3.91; 95% CI 1.19–12.90, 
P = 0.02; all covariates, OR 7.30, 95% CI 1.56–34.19, 
P = 0.01).

Discussion
We investigated the efficacy and safety of PIH versus 
argatroban in the treatment of END in lacunar stroke. 
Our findings showed that PIH appears to be a safe and 

superior rescue treatment for END, enhancing functional 
independence at 3 months compared to argatroban.

Shutdown of collateral circulation is associated with 
the growth of the infarct core, leading to the occur-
rence of END [29]. There is a relationship between 
arterial blood pressure and collateral circulation of intra-
cranial vessels [30–32]. When cerebral autoregulation is 
impaired in ischemic lesions due to stroke, cerebral blood 
flow becomes increasingly dependent on arterial pressure 
[33]. Elevated blood pressure, especially when SBP > 170 
mmHg, is associated with improved development of col-
lateral circulation [32].

The sympathetic nerve fibers that wrap around cerebral 
arteries play a role in improving CBF by increasing cere-
brovascular tone [34, 35]. The outflow of cerebral nor-
adrenaline into the internal jugular vein influences tonic 
sympathetic activity towards the cerebral vasculature 
[34]. This mechanism supports the role of α-adrenergic 
modulation in the cerebral vasculature in the treatment 
of END.

Phenylephrine, a sympathomimetic drug, more effec-
tively and directly prevents a decrease in CBF than arg-
atroban by elevating blood pressure, either through an 
increase in cardiac output and/or total peripheral resis-
tance [34]. Therefore, the difference in efficacy can be 
attributed to the cerebrovascular structure and mecha-
nisms involved. PIH might enhance collateral circulation 
by elevating cerebral perfusion pressure [13, 34, 36].

Argatroban directly inhibits platelet aggregation and 
endothelin-1 release during thrombin clotting [14]. It 
may constrain microthrombi formation by inhibiting 
thrombin due to ischemia, protecting neuronal cells, and 
limiting neurological deficits [14, 37]. It can also increase 
cerebral blood flow and reduce infarct size, particularly 
in the penumbral area.

Our results showed that both phenylephrine and arg-
atroban appear to be beneficial in improving END in 
lacunar stroke. Interestingly, phenylephrine seems to 
offer better recovery from END than argatroban, due 
to the different therapeutic effects mentioned above. In 
the phenylephrine group, 77.2% of patients experienced 
END recovery compared to 51.5% in the argatroban 
group (P < 0.01). A higher proportion of patients treated 
with phenylephrine had an excellent outcome (mRS 0–1) 
at 3 months compared to those treated with argatroban 
(34.2% vs. 16.2%, P = 0.04). After adjusting for covariates 
through propensity matching, phenylephrine remained 
a more effective treatment for END recovery than 
argatroban.

We further evaluated the effect of rescue therapy on 
END recovery by stratifying subjects into small ves-
sel occlusion (SVO) and branch atheroma. In our study, 
branch atheroma was identified in nearly one-third of 
cases, while the remaining two-thirds were classified 

Table 4  Univariable and multivariable analysis association 
between treatments and END recovery among propensity-
matched patients
Model Odd ratio (OR, 

95% CI)
P 
value

Univariable for propensity 0.01
Phenylephrine 3.37 (1.34–8.48)
Argatroban 0.30 (0.12–0.75)
Multivariable for propensity and selective 
variables†

0.02

Phenylephrine 3.91 (1.19–12.90)
Argatroban 0.26 (0.08–0.84)
Multivariable for propensity and all 
covariates¶

0.01

Phenylephrine 7.30 (1.56–34.19)
Argatroban 0.14 (0.03–0.64)
† Selective variables included age, man, dyslipidemia, branch atheroma, NIHSS 
on END (≥ 8), and SBP on END (> 145 mmHg)

¶ For a list of covariates, see supplementary 1
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as small vessel occlusion. The use of phenylephrine for 
improving END demonstrated efficacy in 80% of small 
vessel occlusion cases (compared to 60% with argatroban, 
P = 0.05) and in 75% of branch atheroma cases (compared 
to 44.7% with argatroban, P = 0.02). This suggests that 
phenylephrine is superior to argatroban in treating both 
branch atheroma and small vessel occlusion.

The benefits of PIH and anticoagulant therapy for acute 
ischemic stroke patients remain controversial in previous 
studies [13, 38–40]. To date, there have been no studies 
directly comparing the safety and efficacy of these two 
treatments [13–16, 41–46]. Additionally, regarding END 
treatment for lacunar stroke, published guidelines do not 
offer a definitive recommendation [38]. However, our 
study suggests that both PIH and argatroban treatments 
are safe and effective for patients with END. Especially, 
phenylephrine is more effective than argatroban in treat-
ing both branch atheroma and small vessel occlusion.

PIH and argatroban did not result in a significant 
increase in serious adverse events. This finding is consis-
tent with previous studies that reported only a nonsig-
nificant increase in hemorrhagic stroke and arrhythmias 
in patients treated with PIH or argatroban [12–14, 24, 46, 
47]. These treatments do not result in clinically relevant 
increases in intracranial pressure [48]. Although PIH 
increased cerebral perfusion pressure more in the dam-
aged hemisphere, it did not cause a significant increase 
in intracranial pressure during intracranial monitoring 
[12, 13]. These results indicate that the risk of intracranial 
hemorrhage is low in patients receiving PIH. Argatroban 
does not induce or potentiate heparin-induced thrombo-
cytopenia, causes less bleeding than heparin for the same 
anticoagulant effect, and is well tolerated in various set-
tings [14]. Due to its rapid onset of action, low bleeding 
tendency, and lack of immunogenicity, argatroban has 
demonstrated both efficacy and safety in acute ischemic 
stroke [14]. These findings suggest that PIH and argatro-
ban therapy are theoretically and clinically associated 
with a low risk of intracranial hemorrhage. Addition-
ally, our study confirmed that physicians should consider 
SBP and potential related side effects, such as intracra-
nial hemorrhage, when making treatment decisions for 
patients with END. In cases with initially elevated SBP, 
argatroban treatment was preferred. In contrast, PIH was 
preferred in cases with low SBP.

Our study has several limitations. Our study was a 
single-center, retrospective study with a relatively small 
sample size. Although we performed multivariable anal-
ysis or PSM, further studies involving large and more 
diverse populations are needed to generalize our find-
ings. There is potential selection bias because physi-
cians may choose treatments for END based on their 
clinical experience and preferences. Consequently, the 
dosages and timing of administration of argatroban and 

phenylephrine were adjusted based on patient condi-
tions. The dosages of argatroban and the optimal SBP 
target followed recommendations from previous studies 
without additional validation in this study. Further stud-
ies with larger cohorts are needed to establish specific 
protocols based on patient characteristics. We did not 
evaluate the mechanisms related to PIH or argatroban. 
We plan to analyze changes in serial MRI, including brain 
perfusion imaging, in future studies. Our study subjects 
were lacunar stroke patients in Korea. Genetic or envi-
ronmental factors, as well as other etiologies, may influ-
ence systemic and cerebral hemodynamics in response 
to treatments. We excluded patients with improved END 
after normal saline loading. Further studies are war-
ranted to investigate the effect of systemic and cerebral 
hemodynamics, including treatments and normal saline 
loading, on END.

Conclusions
Our study suggests that both therapeutic-induced hyper-
tension and argatroban are safe and feasible for treating 
END in lacunar stroke. Notably, therapeutic-induced 
hypertension treatment demonstrated more promising 
results in enhanced END recovery and excellent func-
tional outcomes at 3 months compared to the anticoagu-
lation treatment.

Abbreviations
AKI	� Acute Kidney Injury
CBF	� Cerebral Blood Flow
CT	� Computed Tomography
END	� Early Neurological Deterioration
FLAIR	� Fluid-Attenuated Inversion Recovery
GRE	� Gradient Echo Sequences
HR	� Hazard Ratio
IQR	� Interquartile Range
MRA	� Magnetic Resonance Angiograph
MRI	� Magnetic Resonance Image
mRS	� modified Rankin Scale
NIHSS	� NIH Stroke Scale
PIH	� Pharmacologically Induced Hypertension
PSM	� Propensity Score Matching

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12883-024-03825-7.

Supplementary Material 1

Acknowledgements
Not applicable.

Author contributions
SHP and HKP: study concept and design, acquisition of data, analysis 
and interpretation of data, drafting of the manuscript, and revision of 
the manuscript; SHP, JWK and HKP: critical revision of the manuscript for 
important intellectual content; CWY and JHR: acquisition of data, analysis and 
interpretation of data; SHP, JWK and HKP: statistical analysis; SHP, JWK, CWY, 
HKP, and JHR: technical or material support; HKP: obtainment of funding, 
revision of the manuscript and study supervision.

https://doi.org/10.1186/s12883-024-03825-7
https://doi.org/10.1186/s12883-024-03825-7


Page 8 of 9Park et al. BMC Neurology          (2024) 24:329 

Funding
This work was supported by the Soonchunhyang University Research Fund 
and Inha University research grant.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The study protocol was approved by the institutional review board of Inha 
University Hospital, Incheon, Korea (IRB number: 2019-06-024).

Competing interests
The authors declare no competing interests.

Received: 7 June 2024 / Accepted: 26 August 2024

References
1.	 Helleberg BH, Ellekjær H, Rohweder G, Indredavik B. Mechanisms, predictors 

and clinical impact of early neurological deterioration: the protocol of the 
Trondheim early neurological deterioration study. BMC Neurol. 2014;14:201.

2.	 Gwak DS, Kwon JA, Shim DH, Kim YW, Hwang YH. Perfusion and diffusion 
variables predict early neurological deterioration in minor stroke and large 
vessel occlusion. J Stroke. 2021;23:61–8.

3.	 Park SH, Kim TJ, Jeong HB, Ko SB. Lack of association between low cumulative 
dose of hydroxyethyl starch and acute kidney injury in patients with acute 
ischemic stroke. J Korean Med Sci. 2020;35:e325.

4.	 Kim SH, Jeon ET, Yu S, Oh K, Kim CK, Song TJ, et al. Interpretable machine 
learning for early neurological deterioration prediction in atrial fibrillation-
related stroke. Sci Rep. 2021;11:20610.

5.	 Siegler JE, Samai A, Semmes E, Martin-Schild S. Early neurologic deteriora-
tion after stroke depends on vascular territory and stroke etiology. J Stroke. 
2016;18:203–10.

6.	 Zhang M, Zhu W, Ma Y, Huang K, Huang S, Chen Q, et al. Early neuro-
logical deterioration and hypoperfusion volume ratio on arterial spin 
labeling in patients with Acute ischemic stroke. J Stroke Cerebrovasc Dis. 
2021;30:105885.

7.	 Aichner FT, Fazekas F, Brainin M, Pölz W, Mamoli B, Zeiler K. Hypervolemic 
hemodilution in acute ischemic stroke: the Multicenter Austrian Hemodilu-
tion Stroke Trial (MAHST). Stroke. 1998;29:743–9.

8.	 Barron ME, Wilkes MM, Navickis RJ. A systematic review of the comparative 
safety of colloids. Arch Surg. 2004;139:552–63.

9.	 Woessner R, Grauer MT, Dieterich HJ, Bepperling F, Baus D, Kahles T, et al. 
Influence of a long-term, high-dose volume therapy with 6% hydroxyethyl 
starch 130/0.4 or crystalloid solution on hemodynamics, rheology and 
hemostasis in patients with acute ischemic stroke. Results of a randomized, 
placebo-controlled, double-blind study. Pathophysiol Haemost Thromb. 
2003;33:121–6.

10.	 Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, et al. Hydroxy-
ethyl starch or saline for fluid resuscitation in intensive care. N Engl J Med. 
2012;367:1901–11.

11.	 Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G, Åneman A, 
et al. Hydroxyethyl starch 130/0.42 versus Ringer’s acetate in severe sepsis. N 
Engl J Med. 2012;367:124–34.

12.	 Lee MH, Kim JG, Jeon SB, Kang DW, Kwon SU, Kim JS. Pharmacologi-
cally induced hypertension therapy for acute stroke patients. J Stroke. 
2019;21:228–30.

13.	 Bang OY, Chung JW, Kim SK, Kim SJ, Lee MJ, Hwang J, et al. Therapeutic-
induced hypertension in patients with noncardioembolic acute stroke. 
Neurology. 2019;93:e1955–63.

14.	 LaMonte MP, Nash ML, Wang DZ, Woolfenden AR, Schultz J, Hursting MJ, et al. 
Argatroban anticoagulation in patients with acute ischemic stroke (ARGIS-1): 
a randomized, placebo-controlled safety study. Stroke. 2004;35:1677–82.

15.	 Zhou LS, Li XQ, Zhou ZH, Chen HS. Effect of Argatroban Combined with 
Dual Antiplatelet Therapy on early neurological deterioration in Acute 
minor posterior circulation ischemic stroke. Clin Appl Thromb Hemost. 
2020;26:1076029620904131.

16.	 Wang PF, Sun ZR, Yu JC, Geng N, Liu LY, Zhu LN, et al. Early argatroban and 
antiplatelet combination therapy in acute non-lacunar single subcorti-
cal infarct associated with mild intracranial atherosclerosis. BMC Neurol. 
2021;21:440.

17.	 Huang P, He XY, Xu M. Effect of Argatroban Injection on Clinical Efficacy in 
patients with Acute Cerebral infarction: preliminary findings. Eur Neurol. 
2021;84:38–42.

18.	 National Institute of Neurological Disorders and Stroke rt-PA Stroke Study 
Group. Tissue plasminogen activator for acute ischemic stroke. N Engl J Med. 
1995;333:1581–7.

19.	 Serena J, Leira R, Castillo J, Pumar JM, Castellanos M, Dávalos A. Neurological 
deterioration in acute lacunar infarctions: the role of excitatory and inhibitory 
neurotransmitters. Stroke. 2001;32:1154–561.

20.	 Berberich A, Schneider C, Herweh C, Hielscher T, Reiff T, Bendszus M, et al. 
Risk factors associated with progressive lacunar strokes and benefit from dual 
antiplatelet therapy. Eur J Neurol. 2020;27:817–24.

21.	 Hong KS, Kang DW, Koo JS, Yu KH, Han MK, Cho YJ, et al. Impact of neurologi-
cal and medical complications on 3-month outcomes in acute ischaemic 
stroke. Eur J Neurol. 2008;15:1324–31.

22.	 Weimar C, Mieck T, Buchthal J, Ehrenfeld CE, Schmid E, Diener HC, et al. Neu-
rologic worsening during the acute phase of ischemic stroke. Arch Neurol. 
2005;62:393–7.

23.	 Johnston SC, Easton JD, Farrant M, Barsan W, Battenhouse H, Conwit R, et al. 
Platelet-oriented inhibition in new TIA and minor ischemic stroke (POINT) 
trial: rationale and design. Int J Stroke. 2013;8:479–83.

24.	 Kim HJ, Kang DW. Induced hypertensive therapy in an acute ischemic stroke 
patient with early neurological deterioration. J Clin Neurol. 2007;3:187–91.

25.	 Bevan JA, Duckworth J, Laher I, Oriowo MA, McPherson GA, Bevan RD. Sym-
pathetic control of cerebral arteries: specialization in receptor type, reserve, 
affinity, and distribution. FASEB J. 1987;1:193–8.

26.	 Barreto AD, Ford GA, Shen L, Pedroza C, Tyson J, Cai C, et al. Randomized, Mul-
ticenter Trial of ARTSS-2 (Argatroban with recombinant tissue plasminogen 
activator for Acute Stroke). Stroke. 2017;48:1608–16.

27.	 Berekashvili K, Soomro J, Shen L, Misra V, Chen PR, Blackburn S, et al. Safety 
and feasibility of Argatroban, recombinant tissue plasminogen activator, and 
intra-arterial therapy in Stroke (ARTSS-IA Study). J Stroke Cerebrovasc Dis. 
2018;27:3647–51.

28.	 Rubin DB. Estimating causal effects from large data sets using propensity 
scores. Ann Intern Med. 1997;127(8 Pt 2):757–63.

29.	 Campbell BC, Christensen S, Tress BM, Churilov L, Desmond PM, Parsons 
MW, et al. Failure of collateral blood flow is associated with infarct growth in 
ischemic stroke. J Cereb Blood Flow Metab. 2013;33:1168–72.

30.	 Liebeskind DS, Tomsick TA, Foster LD, Yeatts SD, Carrozzella J, Demchuk AM, 
et al. Collaterals at angiography and outcomes in the Interventional Manage-
ment of Stroke (IMS) III trial. Stroke. 2014;45:759–64.

31.	 Nam HS, Scalzo F, Leng X, Ip HL, Lee HS, Fan F, et al. Hemodynamic impact 
of systolic blood pressure and hematocrit calculated by Computational 
Fluid Dynamics in patients with intracranial atherosclerosis. J Neuroimaging. 
2016;26:331–8.

32.	 Jiang B, Churilov L, Kanesan L, Dowling R, Mitchell P, Dong Q, et al. Blood 
pressure may be Associated with arterial collateralization in anterior 
circulation ischemic stroke before Acute Reperfusion Therapy. J Stroke. 
2017;19:222–8.

33.	 Rose JC, Mayer SA. Optimizing blood pressure in neurological emergencies. 
Neurocrit Care. 2004;1:287–99.

34.	 Ogoh S, Sato K, Fisher JP, Seifert T, Overgaard M, Secher NH. The effect of 
phenylephrine on arterial and venous cerebral blood flow in healthy sub-
jects. Clin Physiol Funct Imaging. 2011;31:445–51.

35.	 Edvinsson L, Owman C, Sjöberg NO. Autonomic nerves, mast cells, and amine 
receptors in human brain vessels. A histochemical and pharmacological 
study. Brain Res. 1976;115:377–93.

36.	 Alawneh JA, Moustafa RR, Baron JC. Hemodynamic factors and perfusion 
abnormalities in early neurological deterioration. Stroke. 2009;40:e443–50.

37.	 Lyden P, Pereira B, Chen B, Zhao L, Lamb J, Lei IF, et al. Direct thrombin 
inhibitor argatroban reduces stroke damage in 2 different models. Stroke. 
2014;45:896–9.

38.	 Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, 
et al. Guidelines for the early management of patients with Acute ischemic 
stroke: 2019 update to the 2018 guidelines for the early management 
of Acute ischemic stroke: a Guideline for Healthcare professionals from 
the American Heart Association/American Stroke Association. Stroke. 
2019;50:e344–418.



Page 9 of 9Park et al. BMC Neurology          (2024) 24:329 

39.	 Sandercock PA, Counsell C, Kane EJ. Anticoagulants for acute ischaemic 
stroke. Cochrane Database Syst Rev. 2015;2015:CD000024.

40.	 Whiteley WN, Adams HP Jr, Bath PM, Berge E, Sandset PM, Dennis M, et al. 
Targeted use of heparin, heparinoids, or low-molecular-weight heparin to 
improve outcome after acute ischaemic stroke: an individual patient data 
meta-analysis of randomised controlled trials. Lancet Neurol. 2013;12:539–45.

41.	 Rordorf G, Cramer SC, Efird JT, Schwamm LH, Buonanno F, Koroshetz WJ. 
Pharmacological elevation of blood pressure in acute stroke. Clinical effects 
and safety. Stroke. 1997;28:2133–8.

42.	 Rordorf G, Koroshetz WJ, Ezzeddine MA, Segal AZ, Buonanno FS. A pilot study 
of drug-induced hypertension for treatment of acute stroke. Neurology. 
2001;56:1210–3.

43.	 Hillis AE, Ulatowski JA, Barker PB, Torbey M, Ziai W, Beauchamp NJ, et al. 
A pilot randomized trial of induced blood pressure elevation: effects on 
function and focal perfusion in acute and subacute stroke. Cerebrovasc Dis. 
2003;16:236–46.

44.	 Lim TS, Hong JM, Lee JS, Shin DH, Choi JY, Huh K. Induced-hypertension in 
progressing lacunar infarction. J Neurol Sci. 2011;308(1–2):72–6.

45.	 Kang MJ, Yang JW, Lee YB, Park KH, Park HM, Shin DJ, et al. The role of phen-
ylephrine in patients with small deep subcortical infarct and progressive 
weakness. J Neurol Sci. 2017;377:107–11.

46.	 Koenig MA, Geocadin RG, de Grouchy M, Glasgow J, Vimal S, Restrepo L, et 
al. Safety of induced hypertension therapy in patients with acute ischemic 
stroke. Neurocrit Care. 2006;4:3–7.

47.	 Lewis BE, Wallis DE, Leya F, Hursting MJ, Kelton JG, et al. Argatroban antico-
agulation in patients with heparin-induced thrombocytopenia. Arch Intern 
Med. 2003;163:1849–56.

48.	 Schwarz S, Georgiadis D, Aschoff A, Schwab S. Effects of induced hyperten-
sion on intracranial pressure and flow velocities of the middle cerebral arter-
ies in patients with large hemispheric stroke. Stroke. 2002;33:998–1004.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Rescue therapy of early neurological deterioration in lacunar stroke
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study population
	﻿Baseline characteristics and image findings
	﻿Procedures
	﻿Outcomes
	﻿Statistical methods

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


