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Abstract: Glucose and platelet are two easily obtained clinical indicators; the present research aimed
to demonstrate their association with hemorrhagic transformation (HT) in acute ischemic stroke
(AIS) patients without thrombolytic or thrombectomy therapy. This was a single-center retrospective
study. Patients who were diagnosed with HT after AIS were included in the HT group. Meanwhile,
using the propensity score matching (PSM) approach, with a ratio of 1:2, matched patients without
HT were included in the non-HT group. Serum G/P levels were measured on the first morning
after admission (at least eight hours after the last meal). Characteristics were compared between the
two groups. Multivariate logistic regression was used to determine the independent relationship
between G/P and HT after AIS, with G/P being divided into quartiles. From January 2013 to
March 2022, we consecutively included 643 AIS patients with HT (426/643 [66.25%] with HI and
217/643 [33.75%] with PH), and 1282 AIS patients without HT, at the First Affiliated Hospital
of Wenzhou Medical University. The HT group had higher G/P levels than the non-HT group
(0.04 ± 0.02 vs. 0.03 ± 0.02, p < 0.001). However, there was no difference in G/P levels between HI
and PH subgroups (0.04 ± 0.02 vs. 0.04 ± 0.02, p > 0.05). Moreover, the G/P levels were divided
into quartiles (Q1 ≤ 0.022; Q2 = 0.023–0.028; Q3 = 0.029–0.039; Q4 ≥ 0.040), with Q1 being settled
as the reference layer. After controlling the confounders, multivariate regression analyses showed
that the Q4 layer (Q4: G/P ≥ 0.040) was independently associated with elevated HT risk (odds ratio
[OR] = 1.85, 95% CI = 1.31–2.63, p < 0.001). G/P levels on admission were independently associated
with HT risk in AIS patients. In clinical practice, adequate attention should be paid to AIS patients
with elevated G/P levels (G/P ≥ 0.040).

Keywords: stroke; hemorrhagic transformation; glucose; platelet; ratio

1. Introduction

Acute ischemic stroke (AIS), a major cerebrovascular disorder with high morbidity,
disability, and mortality, is caused by a cerebral artery blockage that inevitably results
in a lack of oxygenation, ultimately leading to localized neurological impairments and
irreversible clinical symptoms, threatening human health and life [1,2]. In China, AIS’s
societal and familial cost has grown significantly in recent decades [3]. Hemorrhagic trans-
formation (HT), which can be classified as hemorrhagic infarction (HI) and parenchymatous
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hematoma (PH), based on the European cooperative acute stroke study (ECASS II), is one
of the most common and severe complications of AIS. HT may be triggered by either
the normal progression of AIS or reperfusion treatment, often resulting in poor clinical
outcomes [4,5]. Therefore, early identification of patients at high risk of HT is crucial.

Risk factors related to HT include massive cerebral infarction, cerebral cortex infarction,
atrial fibrillation (AF), low cholesterol levels, higher National Institute of Health Stroke Scale
(NIHSS) scores, poor collateral vessels, application of intravenous recombinant tPA, and
early CT signs [4,6]. Previous studies have shown that glucose levels and platelet counts
were also associated with HT [7–11]. Blood glucose levels can reflect physiological stress,
metabolism, and nutritional status [12–14]. In experimental middle cerebral artery occlusion
models with reperfusion, high glucose levels induced HT [15,16]. A prospective cohort
study showed increased glucose levels predisposed to HT [17]. Acutely elevated glucose
levels, regardless of a previous diagnosis of diabetes, were a significant predictor of HT
in patients with AIS [18]. Other studies observed that low glucose levels were also linked
to HT [8,19]. In the first 36 h following successful endovascular recanalization treatment,
time-related glycemic variability was strongly correlated with symptomatic intracerebral
hemorrhage and poor functional outcomes [8]. Due to their hemostatic function and their
significant participation in the inflammatory response, platelets have been regarded as a
crucial factor against HT during ischemia/reperfusion [4,11]. A prospective multicenter
intravenous thrombolysis register-based study suggested that a lower platelet count was
related to an increased risk of symptomatic intracranial hemorrhage. By comparison, a
higher platelet count indicated increased mortality [20]. Given that the roles of glucose and
platelet count in HT remain controversial, we need to find a new indicator that combines
serum glucose and platelet count to replace them as a more accurate predictor for HT.

The association between the glucose-to-platelet ratio (G/P) and HT in AIS patients
has not been thoroughly investigated. Previous studies have investigated the risk factors
of HT in patients with thrombolytic or thrombectomy therapy, but few have investigated
the risk factors of HT in patients without thrombolytic or thrombectomy treatment [21].
This study aimed to determine if G/P was connected with HT independently in patients
without thrombolytic or thrombectomy therapy.

2. Materials and Methods
2.1. Study Population

As shown in Figure 1, this study included consecutive AIS patients from the depart-
ment of neurology in the First Affiliated Hospital of Wenzhou Medical University, from
January 2013 to March 2022. Patients were included in this retrospective study if they met
all the following inclusion criteria: (1) ≥18 years old; (2) hospitalized within one week
from the onset of AIS; (3) confirmed diagnosis of AIS with brain computerized tomog-
raphy (CT) or brain magnetic resonance imaging (MRI). Patients were excluded if they
met one of the following exclusion criteria: (1) were diagnosed with transient ischemic
attack (TIA); (2) received thrombolytic or thrombectomy therapy; (3) were diagnosed with
cerebral venous sinus thrombosis (CVST); (4) patients’ medical records were incomplete.

The research was approved by the ethics committee of the First Affiliated Hospital of
Wenzhou Medical University with the registration number KY2021-R077, and complied
with the local Research Ethics Committee’s ethical criteria on human experimentation.
Every procedure followed the Helsinki Declaration. Although we could not gain the
patients’ informed consent, owing to the use of a retrospective research design, we were
granted permission to gather data from our stroke registry.



Brain Sci. 2022, 12, 1170 3 of 11

Brain Sci. 2022, 12, x FOR PEER REVIEW 3 of 12 
 

 
Figure 1. Flow chart showing the patient’s selection process. AIS, acute ischemic stroke; TIA, tran-
sient ischemic attack; CVST, cerebral venous sinus thrombosis; HT, hemorrhagic transformation. 
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We collected and documented the demographic data (age and gender), lifestyle risk 
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index [BMI], hypertension, diabetes mellitus, AF), laboratory information (glucose levels, 
platelet count, creatine, prothrombin time [PT], and international normalized ratio [INR]), 
treatment during hospitalization (antiplatelet, anticoagulation, and statins), the time in-
terval between the onset of stroke and baseline scans, and the time interval between the 
onset of stroke and follow-up scans. Blood samples were measured on the first morning 
after admission (at least eight hours after the last meal). The severity of AIS was evaluated 
by the NIHSS score at admission. All patients were categorized into large artery athero-
sclerosis, cardioembolism, small vessel occlusion, and other subtypes (including stroke of 
other determined etiology and stroke of undetermined etiology), with the trial of ORG 
10,172 in acute stroke treatment (TOAST) criteria [22]. 

Infarct locations were classified as the following subtypes, based on brain scans (MRI 
or CT): lobar (frontal, temporal, parietal, occipital, insular); subcortical (corona radiata, 
thalamus, internal capsule, basal ganglia, corpus callosum); brainstem (medulla, pons, 
midbrain); cerebellum; and mixed type (contained at least two of the subtypes listed 
above). 

According to the electronic medical records, brain CT scans (including CT scans from 
our hospital and other hospitals’ neurology outpatient or emergency departments) were 
performed on all patients before admission. HT was identified, by utilizing repeat CT/MRI 
scans during hospitalization conventionally or at times when there was any sign of clinical 
deterioration. Patients without a second CT/MRI scan were excluded. Two neuroimaging 
doctors evaluated the MRI/CT scans. According to the ECASS II categorization guidelines, 
HT was divided into HI and PH [23]. CT scan examples of HI and PH are shown in Figure 
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Figure 1. Flow chart showing the patient’s selection process. AIS, acute ischemic stroke; TIA, transient
ischemic attack; CVST, cerebral venous sinus thrombosis; HT, hemorrhagic transformation.

2.2. Data Collection

We collected and documented the demographic data (age and gender), lifestyle risk
factors for stroke (drinking and smoking history), baseline clinical parameters (body mass
index [BMI], hypertension, diabetes mellitus, AF), laboratory information (glucose levels,
platelet count, creatine, prothrombin time [PT], and international normalized ratio [INR]),
treatment during hospitalization (antiplatelet, anticoagulation, and statins), the time inter-
val between the onset of stroke and baseline scans, and the time interval between the onset
of stroke and follow-up scans. Blood samples were measured on the first morning after
admission (at least eight hours after the last meal). The severity of AIS was evaluated by the
NIHSS score at admission. All patients were categorized into large artery atherosclerosis,
cardioembolism, small vessel occlusion, and other subtypes (including stroke of other
determined etiology and stroke of undetermined etiology), with the trial of ORG 10,172 in
acute stroke treatment (TOAST) criteria [22].

Infarct locations were classified as the following subtypes, based on brain scans (MRI
or CT): lobar (frontal, temporal, parietal, occipital, insular); subcortical (corona radiata,
thalamus, internal capsule, basal ganglia, corpus callosum); brainstem (medulla, pons,
midbrain); cerebellum; and mixed type (contained at least two of the subtypes listed above).

According to the electronic medical records, brain CT scans (including CT scans from
our hospital and other hospitals’ neurology outpatient or emergency departments) were
performed on all patients before admission. HT was identified, by utilizing repeat CT/MRI
scans during hospitalization conventionally or at times when there was any sign of clinical
deterioration. Patients without a second CT/MRI scan were excluded. Two neuroimaging
doctors evaluated the MRI/CT scans. According to the ECASS II categorization guidelines,
HT was divided into HI and PH [23]. CT scan examples of HI and PH are shown in Figure 2.
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Figure 2. CT scan examples of HI and PH, according to the ECASS II classification. HI, hemorrhagic
infarction; PH, parenchymal hemorrhage; ECASS II, European Cooperative Acute Stroke Study II.

2.3. Statistical Analyses

The normally distributed continuous variables were shown as the mean ± standard
deviation (SD), while the non-normally distributed continuous variables were exhibited as
the median and interquartile range (IQR). Meanwhile, categorical variables were summa-
rized using numbers and percentages. The Student’s test and Analysis of Variance were
used to analyze the differences between normally distributed continuous variables. The
Mann–Whitney and Kruskal–Wallis tests were used, to analyze the differences between
no-normally distributed continuous variables. The categorical variables were compared,
using Chi-square and Fisher’s exact tests. Multivariable logistic regression analysis was
conducted to investigate the connection between HT and clinical features. In addition,
we compared the differences in G/P levels among the HI, PH, and non-HT groups, with
Analysis of Variance, and Bonferroni correction was used in the post-hoc analysis. Then,
a bar chart was drawn to demonstrate the differences. A forest plot was created, after
using multivariate logistic regression models to examine the effect of G/P on HT when
controlling confounders (including BMI, hypertension history, AF history, NIHSS score,
anticoagulant, antiplatelet, statins, TOAST, and infarct location). We utilized the propensity
score matching (PSM) approach, with a ratio of 1:2, to include patients with HT, and age
and gender-matched patients without HT. All statistical analyses were performed in R
version 4.1.3 (R Foundation for Statistical Computing, Vienna, Austria, 2022). Our graphical
abstract was drawn using Figdraw (Hangzhou Duotai Technology Co., Ltd., Hangzhou,
China, 2022).

3. Results
3.1. Characteristics of Enrolled Patients

As shown in Figure 1, we reviewed 4757 consecutive patients; 1208 patients were
excluded, based on the above exclusion criteria, and 3549 patients (643 individuals with
HT and 2906 individuals without HT) were initially included. Using the PSM approach, we
finally recruited 643 patients with HT, and 1282 age and gender-matched patients without
HT, in a ratio of 1:2.

The baseline characteristics of patients with and without HT were presented in Table 1.
The levels of G/P were significantly higher in HT patients compared to those without
HT (0.04 ± 0.02 vs. 0.03 ± 0.02, p < 0.001). HT patients had higher BMI levels, history of
hypertension, history of AF, higher NIHSS scores, higher glucose levels, and lower platelet
counts (all p < 0.05). They were more likely to undergo anticoagulants, and less likely to
undergo antiplatelet or statin (all p < 0.05). Patients with cardioembolic cerebral infarction
had a higher HT risk than patients with non-cardioembolic cerebral infarction (p < 0.001).
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Regarding infarct location, brainstem or subcortical infarcts were less prone to undergo
HT (all p < 0.05). The results showed that patients with HT had a longer time interval
between the onset of stroke and follow-up scans than those without HT (5 [3–7] vs. 7 [5–11],
p < 0.001). In addition, there were no significant differences between drinking history,
smoking history, diabetes, creatinine, PT, and INR (all p > 0.05).

Table 1. Characteristics of AIS patients with or without HT.

Variables Non-HT
(n = 1282)

HT
(n = 643) Statistic p

Age (years), Mean ± SD 69.64 ± 11.85 69.57 ± 11.9 0.114 0.909
Gender, n (%) 0.06 0.806

Male 858 (66.93) 426 (66.25)
Female 424 (33.07) 217 (33.75)

BMI (kg/m2), Mean ± SD 23.72 ± 2.59 24.36 ± 7.57 −2.061 0.04
Drinking, n (%) 393 (30.66) 216 (33.59) 1.575 0.209
Smoking, n (%) 467 (36.43) 257 (39.97) 2.14 0.143
Hypertension, n (%) 919 (71.68) 416 (64.7) 9.512 0.002
Diabetes, n (%) 360 (28.08) 191 (29.7) 0.476 0.49
AF, n (%) 209 (16.3) 266 (41.37) 143.41 <0.001
NIHSS, Median (Q1, Q3) 2 (1, 6) 3 (1, 8) 338,743.5 <0.001
Time interval a (days), Median (Q1, Q3) 0 (0–1) 0 (0–1) 1.409 0.159
Time interval b (days), Median (Q1, Q3) 5 (3–7) 7 (5–11) 11.874 <0.001
TOAST classification, n (%) 129.742 <0.001

Large artery atherosclerosis 449 (35.02) 184 (28.62)
Small vessel occlusion 47 (3.67) 16 (2.49)
Cardioembolism 204 (15.91) 251 (39.04)
Other 582 (45.4) 192 (29.86)

Infarct location, n (%) 448.145 <0.001
Lobar 174 (13.57) 158 (24.57)
Subcortical 570 (44.46) 43 (6.69)
Brainstem 164 (12.79) 6 (0.93)
Cerebellum 25 (1.95) 50 (7.78)
Mixed type 349 (27.22) 386 (60.03)

Drugs, n (%) 161.61 <0.001
None 101 (7.88) 146 (22.71)
Antiplatelet 952 (74.26) 309 (48.06)
Anticoagulant 75 (5.85) 98 (15.24)
Antiplatelet + Anticoagulant 154 (12.01) 90 (14)

Statin, n (%) 1202 (93.76) 522 (81.18) 71.106 <0.001
Creatinine (umol/L), Mean ± SD 81.29 ± 61.23 79.21 ± 55.09 0.751 0.453

PT, Median (Q1, Q3) 13.8 (13.2, 14.3) 13.9 (13.3, 14.3) 393,247 0.1
INR, Median (Q1, Q3) 1.07 (1.01, 1.12) 1.08 (1.02, 1.11) 397,520 0.202

Glucose (mmol/L), Mean ± SD 6.17 ± 2.61 7.03 ± 3.26 −5.806 <0.001
Platelet (109/L), Mean ± SD 215.09 ± 68.66 200.52 ± 62.57 4.663 <0.001
G/P, Mean ± SD 0.03 ± 0.02 0.04 ± 0.02 −7.338 <0.001

Notes: AIS, acute ischemic stroke; HT, hemorrhagic transformation; BMI, body mass index; AF, atrial fibrillation;
NIHSS, Institutes of Health Stroke Scale; Time interval a, time from stroke onset to baseline scans; Time interval
b, time from stroke onset to follow-up scans; TOAST, the trial of ORG 10,172 in acute stroke treatment; PT,
prothrombin time; INR, international normalized ratio; G/P, glucose to platelet ratio.

3.2. Characteristics of HI and PH Patients

Among the HT patients, 426 (426/643, 66.25%) were diagnosed with HI, and
217 (217/643, 33.75%) were diagnosed with PH. The baseline characteristics of non-HT, HI,
and PH patients are presented in Table 2. There was no difference in G/P levels between
the HI and PH subgroups (0.04 ± 0.02 vs. 0.04 ± 0.02, p > 0.05) (Figure 3). There were
substantial differences in BMI, hypertension, NIHSS scores, glucose levels, platelet counts,
anticoagulants, antiplatelet, statin, TOAST criteria, time interval a, time interval b, and
infarct location in non-HT, HI, and PH groups (all p < 0.05). At the same time, there were
no significant differences in drinking history, smoking history, diabetes, creatinine, PT, and
INR in the three groups (all p > 0.05).
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Table 2. Characteristics of patients with HI or with PH.

Variables Non-HT
(n = 1282)

HI
(n = 426)

PH
(n = 217) Statistic p

Age (years), Mean ± SD 69.64 ± 11.85 69.13 ± 11.98 70.45 ± 11.72 0.893 0.409
Gender, n (%) 2.211 0.331

Male 858 (66.93) 274 (64.32) 152 (70.05)
Female 424 (33.07) 152 (35.68) 65 (29.95)

BMI (kg/m2), Mean ± SD 23.72 ± 2.59 24.63 ± 9.18 23.82 ± 2.03 5.608 0.004
Drinking, n (%) 393 (30.66) 136 (31.92) 80 (36.87) 3.331 0.189
Smoking, n (%) 467 (36.43) 165 (38.73) 92 (42.4) 3.111 0.211
Hypertension, n (%) 919 (71.68) 280 (65.73) 136 (62.67) 10.469 0.005
Diabetes, n (%) 360 (28.08) 144 (33.8) 47 (21.66) 10.93 0.004
AF, n (%) 209 (16.3) 167 (39.2) 99 (45.62) 147.944 <0.001
NIHSS, Median (Q1, Q3) 2 (1, 6) 3 (1, 8) 4 (2, 8) 47.214 <0.001
Time interval a (days), Median (Q1, Q3) 0 (0–1) 0 (0–2) 0 (0–1) 2.514 0.284
Time interval b (days), Median (Q1, Q3) 5 (3–7) 7 (5–11) 7 (5–12) 141.13 <0.001
TOAST classification, n (%) 143.875 <0.001

Large artery atherosclerosis 449 (35.02) 135 (31.69) 49 (22.58)
Small vessel occlusion 47 (3.67) 10 (2.53) 6 (2.76)
Cardioembolism 204 (15.91) 148 (34.74) 103 (47.47)
Other 582 (45.4) 133 (31.22) 49 (22.58)

Infarct location, n (%) 451.211 <0.001
Lobar 174 (13.57) 111 (26.06) 47 (21.66)
Subcortical 570 (44.46) 31 (7.28) 12 (5.53)
Brainstem 164 (12.79) 4 (0.94) 2 (0.92)
Cerebellum 25 (1.95) 32 (7.51) 18 (8.29)
Mixed type 349 (27.22) 248 (58.22) 138 (63.59)

Drugs, n (%) 188.508 <0.001
None 101 (7.88) 76 (17.84) 70 (32.26)
Antiplatelet 952 (74.26) 222 (52.11) 87 (40.09)
Anticoagulant 75 (5.85) 67 (15.73) 31 (14.29)
Antiplatelet + Anticoagulant 154 (12.01) 61 (14.32) 29 (13.36)

Statin, n (%) 1202 (93.76) 357 (83.8) 165 (76.04) 81.717 <0.001
Creatinine (umol/L), Mean ± SD 81.29 ± 61.23 80.38 ± 65.64 76.91 ± 23.13 0.509 0.601
PT, Median (Q1, Q3) 13.8 (13.2, 14.3) 13.9 (13.3, 14.3) 13.97 (13.4, 14.3) 4.285 0.117
INR, Median (Q1, Q3) 1.07 (1.01, 1.12) 1.08 (1.02, 1.11) 1.08 (1.02, 1.11) 2.204 0.332
Glucose (mmol/L), Mean ± SD 6.17 ± 2.61 7.13 ± 3.37 6.84 ± 3.04 20.203 <0.001
Platelet (109/L), Mean ± SD 215.09 ± 68.66 202.11 ± 63.8 197.4 ± 60.13 10.58 <0.001
G/P, Mean ± SD 0.03 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 30.251 <0.001

Notes: AIS, acute ischemic stroke; HT, hemorrhagic transformation; BMI, body mass index; AF, atrial fibrillation;
NIHSS, Institutes of Health Stroke Scale; Time interval a, time from stroke onset to baseline scans; Time interval
b, time from stroke onset to follow-up scans; TOAST, the trial of ORG 10,172 in acute stroke treatment; PT,
prothrombin time; INR, international normalized ratio; G/P, glucose to platelet ratio.
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TOAST classification, n (%)   143.875 <0.001 

Large artery atherosclerosis 449 (35.02) 135 (31.69) 49 (22.58)   

Small vessel occlusion 47 (3.67) 10 (2.53) 6 (2.76)   

Cardioembolism  204 (15.91) 148 (34.74) 103 (47.47)   

Other 582 (45.4) 133 (31.22) 49 (22.58)   

Infarct location, n (%)  451.211 <0.001 
Lobar 174 (13.57) 111 (26.06) 47 (21.66)   

Subcortical  570 (44.46) 31 (7.28) 12 (5.53)   

Brainstem 164 (12.79) 4 (0.94) 2 (0.92)   

Cerebellum 25 (1.95) 32 (7.51) 18 (8.29)   

Mixed type 349 (27.22) 248 (58.22) 138 (63.59)   

Figure 3. (A) The levels of G/P in the non-HT and HT groups; (B) The levels of G/P in the non-HT,
HI, and PH groups. G/P, glucose to platelet ratio; HT, hemorrhagic transformation; HI, hemorrhagic
infarction; PH, parenchymal hemorrhage. The ns stands for not statistically significant. *** p < 0.001.

3.3. Multivariable Logistic Regression Analysis of the Association between Variables and the
HT Risk

We conducted a multivariate logistic regression analysis on patients to evaluate the rela-
tionship between HT patients and risk factors. The forest plot showed the results (Figure 4).
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The G/P levels were divided into quartiles (Q1 ≤ 0.022, Q2 = 0.023–0.028, Q3 = 0.029–0.039,
Q4 ≥ 0.040), with Q1 being settled as the reference layer. After controlling the confounders,
multivariate regression analyses showed that the Q4 layer (Q4:G/P ≥ 0.040) was inde-
pendently associated with elevated HT risk (OR = 1.85, 95%, CI = 1.31–2.63, p < 0.001).
Meanwhile, higher NIHSS scores (OR: 1.05, 95%, CI = 1.02–1.09, p = 0.004), higher BMI (OR:
1.06, 95%, CI = 1.01–1.12, p = 0.012), longer time interval between the onset of stroke and
follow-up scans (OR: 1.12, 95%, CI = 1.09–1.14, p < 0.001), history of AF (OR: 1.99, 95%,
CI = 1.24–3.19, p = 0.005) and cerebellum stroke (OR: 2.37, 95%, CI = 1.35–4.15, p = 0.011)
were also independent risk factors for HT. Patients who suffered HT were less likely to
receive antiplatelet during hospitalization (OR: 0.62, 95%, CI = 0.43–0.90, p = 0.011).
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from stroke onset to follow-up scans; TOAST, the trial of ORG 10,172 in acute stroke treatment; OR,
odds ratio.

After adjusting confounding variables, when G/P was introduced as a continuous
variable to the multivariate logistic regression analysis, similar results were obtained
(p < 0.05). Furthermore, we performed a receiver operating characteristic (ROC) curve, to
compare the predictive ability of the G/P, glucose, and platelet. The results (Supplement
Figure S1) showed that G/P had the best predictive value (AUC: 0.616, 95% CI 0.594–0.637),
superior to both glucose (AUC:0.594, 95% CI 0.571–0.616) and platelet (AUC: 0.563, 95% CI
0.541–0.585) (both p < 0.05).

4. Discussion

HT often leads to poor outcomes in AIS [4,6]. To strike a balance between risks
and benefits, it is crucial to identify influential prognostic factors for patients at high HT
risk. To the best of our knowledge, this is the first research to investigate the connection
between G/P and HT in patients with AIS. According to the present study, high G/P levels
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(G/P ≥ 0.040) were independently related to increased incidence of HT following AIS, and
there was no difference in G/P levels between HI and PH subtypes.

A substantial amount of research has been devoted to reducing the risk of HT in AIS to
enhance patients’ outcomes [6]. A high glucose level has been identified as a risk factor for
HT, particularly for symptomatic intracranial hemorrhage and PH [17,24]. When blood glu-
cose levels exceed 150 mg/dL, the risk of HT triples, compared to normoglycemia [17]. In
addition, several studies have linked high glucose levels to increased death rates and poorer
functional results [25]. Animal models have also shown this relationship [26,27]. Consis-
tent with previous studies, this study showed that the glucose levels in HT patients were
significantly higher than those in non-HT patients [17]. Several theories may explain the
reported connection between high glucose levels and HT, even if the underlying processes
are not well known. Firstly, high glucose levels increase endothelial dysfunction, leading
to blood–brain barrier damage, increasing the HT risk in the case of AIS [17,28]. Secondly,
massive oxidative stress is created by high glucose levels and ischemia/reperfusion dam-
age, severely compromising the blood–brain barrier, and resulting in HT [28–30]. Thirdly,
inflammation is exacerbated by the production of proinflammatory cytokines, apoptosis,
and the exacerbation of cytotoxic edema when glucose levels are high [28,31]. Inflammation
plays a vital role in HT. The neutrophil-to-lymphocyte ratio can accurately predict symp-
tomatic hemorrhagic transformation in AIS patients who undergo revascularization [32].
AIS patients having endovascular treatment, and achieving effective recanalization with
a higher systemic inflammatory response index at admission, had an increased risk of a
poor functional outcome at three months [33]. Early ficolin-1 is one of the most sensitive
predictors of functional prognosis in AIS [34]. Furthermore, there is increasing evidence
that readily available serum biomarkers of inflammation can also be reliable predictors
of outcomes in patients with ICH, and improve the outcome prediction when added to
validated prognostic scales. C-reactive protein, an important inflammatory marker, is
associated with intracerebral hemorrhage outcomes [35]. Matrix metalloproteinases have
a pleiotropic and biphasic effect on acute intracerebral hemorrhage [36]. In addition, the
neutrophil-to-lymphocyte ratio is associated with 30-day functional status after acute in-
tracerebral hemorrhage [37]. On the other hand, the literature has also shown that low
glucose levels may lead to HT in AIS patients through numerous possible routes, including
releasing inflammatory markers, acute hypertensive response, and platelet activation [8,19].

Platelets—tiny blood cells renowned for their traditional function in hemostasis—
have a crucial role in inflammation, angiogenesis, and regulated apoptosis after tissue
injury [38,39]. The function of platelets as a predictor of HT following thrombolysis has
been studied, but the findings were contradictory [40]. According to a prior study, low
platelet counts did not substantially raise the risk of HT, and waiting for platelet counts
caused an unsubstantiated delay in intravenous thrombolysis therapy [41]. By contrast,
another study suggested that lower baseline platelet counts were linked to higher HT risk
after intravenous thrombolysis. Clinical guidelines published in 2018 by the American
Heart Association/American Stroke Association did not recommend reperfusion therapy
in patients with platelets <100,000/mm3 [20,42]. Low baseline platelet counts were related
to an increased risk of HT after AIS without thrombolysis, according to the present study.

This study suggested that higher G/P levels (G/P ≥ 0.04) were independently related
to increased HT risk. In addition, G/P had the best predictive value when compared with
glucose and platelets. Consistent with previous research, we also found that patients with
higher BMI levels, higher NIHSS scores, history of AF, and location in the cerebellum were
more likely to suffer HT [6,29].

This research has certain limitations that should be noted. Firstly, as this was a ret-
rospective single-center study, cause-and-effect linkages could not be determined, and
prospective multicenter trials are required, to prove the causation and give more trust-
worthy long-term prognostic information. Secondly, the G/P was only recorded once,
and the relationship between dynamic changes in G/P and HT should be studied in the
future. Thirdly, we did not explore the underlying mechanism between G/P and HT in
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animal models. Fourthly, patients with thrombolytic or thrombectomy treatment in this
study were excluded. In the future, we will investigate the relationship between G/P and
HT in patients with thrombolytic or thrombectomy therapy, with a larger sample. Fifthly,
we analyzed the time interval between the onset of symptoms and scans (baseline and
follow-up). The results showed that patients with HT had a longer time interval between
baseline and follow-up imaging than those without HT, which may have led to bias. Finally,
although we routinely repeated CT or MRI scans, we still could not completely confirm
that all the patients with asymptomatic hemorrhagic were identified in this study, which
may have led to bias. Thus, more rigorous prospective studies are needed in the future.

5. Conclusions

In conclusion, G/P may function as a biomarker for HT in AIS patients. In clinical
practice, AIS patients with high G/P levels (G/P ≥ 0.040) should get more attention, to
reduce the risk of HT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12091170/s1, Figure S1: The ROC was used to compare
the predictive ability of the G/P, glucose, and platelet in HT. ROC, receiver operating characteristic
curve; G/P, glucose to platelet ratio; HT, hemorrhagic transformation; AUC, area under the curve.

Author Contributions: W.R. and R.P.: methodology, data curation, validation, formal analysis, and
supervision; L.C. and N.C.: investigation, data collection, and curation; Y.L., H.R., Q.H., X.J., X.Z., and
Q.H.: data collection. All authors have read and agreed to the published version of the manuscript.

Funding: The present study was supported by the Zhejiang Provincial Natural Science Foundation
of China (grant no. LQ22H020003; to L.C.) and Wenzhou’s Science and Technology Bureau Project
(grant no. Y2020934; to L.C.).

Institutional Review Board Statement: This study was conducted by the ethical standards of the Hu-
man Research and Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University
with the registration number KY2021-R077, and abode by the Declaration of Helsinki’s principles.

Informed Consent Statement: We could not gain the patients’ informed consent, owing to the use
of a retrospective research design; however, we were granted permission to gather data from our
stroke registry.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: We express our gratitude to all the patients in our study.

Conflicts of Interest: The authors declare that the study was conducted without any commercial or
financial relationships construed as a potential conflict of interest.

References
1. Phipps, M.S.; Cronin, C.A. Management of acute ischemic stroke. Br. Med. J. 2020, 368, l6983. [CrossRef] [PubMed]
2. Powers, W.J. Acute Ischemic Stroke. N. Engl. J. Med. 2020, 383, 252–260. [CrossRef] [PubMed]
3. Qiu, S.; Xu, Y. Guidelines for Acute Ischemic Stroke Treatment. Neurosci. Bull. 2020, 36, 1229–1232. [CrossRef]
4. Hong, J.M.; Kim, D.S.; Kim, M. Hemorrhagic Transformation After Ischemic Stroke: Mechanisms and Management. Front. Neurol.

2021, 12, 703258. [CrossRef] [PubMed]
5. Jenkinson, D. ECASS-II: Intravenous alteplase in acute ischaemic stroke. European Co-operative Acute Stroke Study-II. Lancet

1999, 353, 67–68. [CrossRef]
6. Zhang, J.; Yang, Y.; Sun, H.; Xing, Y. Hemorrhagic transformation after cerebral infarction: Current concepts and challenges. Ann.

Transl. Med. 2014, 2, 81. [CrossRef]
7. Laredo, C.; Renu, A.; Llull, L.; Tudela, R.; Lopez-Rueda, A.; Urra, X.; Macias, N.G.; Rudilosso, S.; Obach, V.; Amaro, S.; et al.

Elevated glucose is associated with hemorrhagic transformation after mechanical thrombectomy in acute ischemic stroke patients
with severe pretreatment hypoperfusion. Sci. Rep. 2020, 10, 10588. [CrossRef]

8. Kim, T.J.; Lee, J.S.; Park, S.H.; Ko, S.B. Short-term glycemic variability and hemorrhagic transformation after successful endovas-
cular thrombectomy. Transl. Stroke Res. 2021, 12, 968–975. [CrossRef]

https://www.mdpi.com/article/10.3390/brainsci12091170/s1
https://www.mdpi.com/article/10.3390/brainsci12091170/s1
http://doi.org/10.1136/bmj.l6983
http://www.ncbi.nlm.nih.gov/pubmed/32054610
http://doi.org/10.1056/NEJMcp1917030
http://www.ncbi.nlm.nih.gov/pubmed/32668115
http://doi.org/10.1007/s12264-020-00534-2
http://doi.org/10.3389/fneur.2021.703258
http://www.ncbi.nlm.nih.gov/pubmed/34917010
http://doi.org/10.1016/S0140-6736(05)74843-1
http://doi.org/10.3978/j.issn.2305-5839.2014.08.08
http://doi.org/10.1038/s41598-020-67448-x
http://doi.org/10.1007/s12975-021-00895-4


Brain Sci. 2022, 12, 1170 10 of 11

9. Hu, Q.; Manaenko, A.; Bian, H.; Guo, Z.; Huang, J.L.; Guo, Z.N.; Yang, P.; Tang, J.; Zhang, J.H. Hyperbaric Oxygen Reduces
Infarction Volume and Hemorrhagic Transformation Through ATP/NAD(+)/Sirt1 Pathway in Hyperglycemic Middle Cerebral
Artery Occlusion Rats. Stroke 2017, 48, 1655–1664. [CrossRef]

10. Desilles, J.P.; Syvannarath, V.; Ollivier, V.; Journe, C.; Delbosc, S.; Ducroux, C.; Boisseau, W.; Louedec, L.; Di Meglio, L.; Loyau,
S.; et al. Exacerbation of Thromboinflammation by Hyperglycemia Precipitates Cerebral Infarct Growth and Hemorrhagic
Transformation. Stroke 2017, 48, 1932–1940. [CrossRef]

11. Prodan, C.I.; Stoner, J.A.; Cowan, L.D.; Dale, G.L. Lower coated-platelet levels are associated with early hemorrhagic transforma-
tion in patients with non-lacunar brain infarction. J. Thromb. Haemost. 2010, 8, 1185–1190. [CrossRef] [PubMed]

12. Ngiam, J.N.; Cheong, C.W.S.; Leow, A.S.T.; Wei, Y.T.; Thet, J.K.X.; Lee, I.Y.S.; Sia, C.H.; Tan, B.Y.Q.; Khoo, C.M.; Sharma, V.K.; et al.
Stress hyperglycaemia is associated with poor functional outcomes in patients with acute ischaemic stroke after intravenous
thrombolysis. QJM 2022, 115, 7–11. [CrossRef] [PubMed]

13. Dienel, G.A. Brain Glucose Metabolism: Integration of Energetics with Function. Physiol. Rev. 2019, 99, 949–1045. [CrossRef]
[PubMed]

14. Wong, T.H.T.; Wan, J.M.F.; Louie, J.C.Y. Flash Glucose Monitoring Can Accurately Reflect Postprandial Glucose Changes in
Healthy Adults in Nutrition Studies. J. Am. Coll. Nutr. 2021, 40, 26–32. [CrossRef] [PubMed]

15. Xing, Y.; Jiang, X.; Yang, Y.; Xi, G. Hemorrhagic transformation induced by acute hyperglycemia in a rat model of transient focal
ischemia. Acta Neurochir. Suppl. 2011, 111, 49–54. [CrossRef]

16. Couret, D.; Bourane, S.; Catan, A.; Nativel, B.; Planesse, C.; Dorsemans, A.C.; Ait-Arsa, I.; Cournot, M.; Rondeau, P.; Patche, J.;
et al. A hemorrhagic transformation model of mechanical stroke therapy with acute hyperglycemia in mice. J. Comp. Neurol. 2018,
526, 1006–1016. [CrossRef]

17. Paciaroni, M.; Agnelli, G.; Caso, V.; Corea, F.; Ageno, W.; Alberti, A.; Lanari, A.; Micheli, S.; Bertolani, L.; Venti, M.; et al. Acute
hyperglycemia and early hemorrhagic transformation in ischemic stroke. Cerebrovasc. Dis. 2009, 28, 119–123. [CrossRef] [PubMed]

18. Yuan, C.; Chen, S.; Ruan, Y.; Liu, Y.; Cheng, H.; Zeng, Y.; Chen, Y.; Cheng, Q.; Huang, G.; He, W.; et al. The Stress Hyperglycemia
Ratio is Associated with Hemorrhagic Transformation in Patients with Acute Ischemic Stroke. Clin. Interv. Aging 2021, 16, 431–442.
[CrossRef]

19. Klingbeil, K.D.; Koch, S.; Dave, K.R. Potential link between post-acute ischemic stroke exposure to hypoglycemia and hemorrhagic
transformation. Int. J. Stroke 2020, 15, 477–483. [CrossRef]

20. Gensicke, H.; Al Sultan, A.S.; Strbian, D.; Hametner, C.; Zinkstok, S.M.; Moulin, S.; Bill, O.; Zini, A.; Padjen, V.; Kagi, G.; et al.
Intravenous thrombolysis and platelet count. Neurology 2018, 90, e690–e697. [CrossRef] [PubMed]

21. van Kranendonk, K.R.; Treurniet, K.M.; Boers, A.M.M.; Berkhemer, O.A.; van den Berg, L.A.; Chalos, V.; Lingsma, H.F.; van
Zwam, W.H.; van der Lugt, A.; van Oostenbrugge, R.J.; et al. Clinical and Imaging Markers Associated With Hemorrhagic
Transformation in Patients With Acute Ischemic Stroke. Stroke 2019, 50, 2037–2043. [CrossRef] [PubMed]

22. Adams, H.P., Jr.; Bendixen, B.H.; Kappelle, L.J.; Biller, J.; Love, B.B.; Gordon, D.L.; Marsh, E.E., 3rd. Classification of subtype of
acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke 1993, 24, 35–41. [CrossRef] [PubMed]

23. Hacke, W.; Kaste, M.; Fieschi, C.; von Kummer, R.; Davalos, A.; Meier, D.; Larrue, V.; Bluhmki, E.; Davis, S.; Donnan, G.; et al.
Randomised double-blind placebo-controlled trial of thrombolytic therapy with intravenous alteplase in acute ischaemic stroke
(ECASS II). Second European-Australasian Acute Stroke Study Investigators. Lancet 1998, 352, 1245–1251. [CrossRef]

24. Bruno, A.; Levine, S.R.; Frankel, M.R.; Brott, T.G.; Lin, Y.; Tilley, B.C.; Lyden, P.D.; Broderick, J.P.; Kwiatkowski, T.G.; Fineberg,
S.E.; et al. Admission glucose level and clinical outcomes in the NINDS rt-PA Stroke Trial. Neurology 2002, 59, 669–674. [CrossRef]
[PubMed]

25. Capes, S.E.; Hunt, D.; Malmberg, K.; Pathak, P.; Gerstein, H.C. Stress hyperglycemia and prognosis of stroke in nondiabetic and
diabetic patients: A systematic overview. Stroke 2001, 32, 2426–2432. [CrossRef]

26. de Courten-Myers, G.M.; Kleinholz, M.; Holm, P.; DeVoe, G.; Schmitt, G.; Wagner, K.R.; Myers, R.E. Hemorrhagic infarct
conversion in experimental stroke. Ann. Emerg. Med. 1992, 21, 120–126. [CrossRef]

27. Elgebaly, M.M.; Ogbi, S.; Li, W.; Mezzetti, E.M.; Prakash, R.; Johnson, M.H.; Bruno, A.; Fagan, S.C.; Ergul, A. Neurovascular
injury in acute hyperglycemia and diabetes: A comparative analysis in experimental stroke. Transl. Stroke Res. 2011, 2, 391–398.
[CrossRef]

28. Yang, C.; Hawkins, K.E.; Dore, S.; Candelario-Jalil, E. Neuroinflammatory mechanisms of blood-brain barrier damage in ischemic
stroke. Am. J. Physiol. Cell Physiol. 2019, 316, C135–C153. [CrossRef]

29. Alvarez-Sabin, J.; Maisterra, O.; Santamarina, E.; Kase, C.S. Factors influencing haemorrhagic transformation in ischaemic stroke.
Lancet Neurol. 2013, 12, 689–705. [CrossRef]

30. Sun, M.S.; Jin, H.; Sun, X.; Huang, S.; Zhang, F.L.; Guo, Z.N.; Yang, Y. Free Radical Damage in Ischemia-Reperfusion Injury: An
Obstacle in Acute Ischemic Stroke after Revascularization Therapy. Oxid. Med. Cell Longev. 2018, 2018, 3804979. [CrossRef]

31. Salman, M.; Ismael, S.; Li, L.; Ahmed, H.A.; Puchowicz, M.A.; Ishrat, T. Acute Hyperglycemia Exacerbates Hemorrhagic
Transformation after Embolic Stroke and Reperfusion with tPA: A Possible Role of TXNIP-NLRP3 Inflammasome. J. Stroke
Cerebrovasc. Dis. 2022, 31, 106226. [CrossRef] [PubMed]

http://doi.org/10.1161/STROKEAHA.116.015753
http://doi.org/10.1161/STROKEAHA.117.017080
http://doi.org/10.1111/j.1538-7836.2010.03851.x
http://www.ncbi.nlm.nih.gov/pubmed/20218982
http://doi.org/10.1093/qjmed/hcaa253
http://www.ncbi.nlm.nih.gov/pubmed/32810234
http://doi.org/10.1152/physrev.00062.2017
http://www.ncbi.nlm.nih.gov/pubmed/30565508
http://doi.org/10.1080/07315724.2020.1734990
http://www.ncbi.nlm.nih.gov/pubmed/32213009
http://doi.org/10.1007/978-3-7091-0693-8_9
http://doi.org/10.1002/cne.24386
http://doi.org/10.1159/000223436
http://www.ncbi.nlm.nih.gov/pubmed/19506370
http://doi.org/10.2147/CIA.S280808
http://doi.org/10.1177/1747493017743797
http://doi.org/10.1212/WNL.0000000000004982
http://www.ncbi.nlm.nih.gov/pubmed/29367438
http://doi.org/10.1161/STROKEAHA.118.024255
http://www.ncbi.nlm.nih.gov/pubmed/33755497
http://doi.org/10.1161/01.STR.24.1.35
http://www.ncbi.nlm.nih.gov/pubmed/7678184
http://doi.org/10.1016/S0140-6736(98)08020-9
http://doi.org/10.1212/WNL.59.5.669
http://www.ncbi.nlm.nih.gov/pubmed/12221155
http://doi.org/10.1161/hs1001.096194
http://doi.org/10.1016/S0196-0644(05)80144-1
http://doi.org/10.1007/s12975-011-0083-3
http://doi.org/10.1152/ajpcell.00136.2018
http://doi.org/10.1016/S1474-4422(13)70055-3
http://doi.org/10.1155/2018/3804979
http://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106226
http://www.ncbi.nlm.nih.gov/pubmed/34847489


Brain Sci. 2022, 12, 1170 11 of 11

32. Switonska, M.; Piekus-Slomka, N.; Slomka, A.; Sokal, P.; Zekanowska, E.; Lattanzi, S. Neutrophil-to-Lymphocyte Ratio and
Symptomatic Hemorrhagic Transformation in Ischemic Stroke Patients Undergoing Revascularization. Brain Sci. 2020, 10, 771.
[CrossRef] [PubMed]

33. Lattanzi, S.; Norata, D.; Divani, A.A.; Di Napoli, M.; Broggi, S.; Rocchi, C.; Ortega-Gutierrez, S.; Mansueto, G.; Silvestrini, M.
Systemic Inflammatory Response Index and Futile Recanalization in Patients with Ischemic Stroke Undergoing Endovascular
Treatment. Brain Sci. 2021, 11, 1164. [CrossRef]

34. Zangari, R.; Zanier, E.R.; Torgano, G.; Bersano, A.; Beretta, S.; Beghi, E.; Casolla, B.; Checcarelli, N.; Lanfranconi, S.; Maino, A.;
et al. Early ficolin-1 is a sensitive prognostic marker for functional outcome in ischemic stroke. J. Neuroinflammation 2016, 13, 16.
[CrossRef] [PubMed]

35. Di Napoli, M.; Slevin, M.; Popa-Wagner, A.; Singh, P.; Lattanzi, S.; Divani, A.A. Monomeric C-Reactive Protein and Cerebral
Hemorrhage: From Bench to Bedside. Front. Immunol. 2018, 9, 1921. [CrossRef]

36. Lattanzi, S.; Di Napoli, M.; Ricci, S.; Divani, A.A. Matrix Metalloproteinases in Acute Intracerebral Hemorrhage. Neurotherapeutics
2020, 17, 484–496. [CrossRef]

37. Lattanzi, S.; Cagnetti, C.; Rinaldi, C.; Angelocola, S.; Provinciali, L.; Silvestrini, M. Neutrophil-to-lymphocyte ratio improves
outcome prediction of acute intracerebral hemorrhage. J. Neurol. Sci. 2018, 387, 98–102. [CrossRef]

38. Santoro, S.A. Platelets: Platelet immunobiology. Science 1989, 245, 314–315. [CrossRef]
39. Kannan, M.; Ahmad, F.; Saxena, R. Platelet activation markers in evaluation of thrombotic risk factors in various clinical settings.

Blood Rev. 2019, 37, 100583. [CrossRef]
40. He, W.; Ruan, Y.; Yuan, C.; Cheng, Q.; Cheng, H.; Zeng, Y.; Chen, Y.; Huang, G.; Chen, H.; He, J. High Neutrophil-to-Platelet Ratio

Is Associated With Hemorrhagic Transformation in Patients With Acute Ischemic Stroke. Front. Neurol. 2019, 10, 1310. [CrossRef]
41. Breuer, L.; Huttner, H.B.; Kiphuth, I.C.; Ringwald, J.; Hilz, M.J.; Schwab, S.; Kohrmann, M. Waiting for platelet counts causes

unsubstantiated delay of thrombolysis therapy. Eur. Neurol. 2013, 69, 317–320. [CrossRef] [PubMed]
42. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.; Demaerschalk,

B.M.; Hoh, B.; 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–e418. [CrossRef] [PubMed]

http://doi.org/10.3390/brainsci10110771
http://www.ncbi.nlm.nih.gov/pubmed/33114150
http://doi.org/10.3390/brainsci11091164
http://doi.org/10.1186/s12974-016-0481-2
http://www.ncbi.nlm.nih.gov/pubmed/26792363
http://doi.org/10.3389/fimmu.2018.01921
http://doi.org/10.1007/s13311-020-00839-0
http://doi.org/10.1016/j.jns.2018.01.038
http://doi.org/10.1126/science.245.4915.314
http://doi.org/10.1016/j.blre.2019.05.007
http://doi.org/10.3389/fneur.2019.01310
http://doi.org/10.1159/000345702
http://www.ncbi.nlm.nih.gov/pubmed/23548890
http://doi.org/10.1161/STR.0000000000000211
http://www.ncbi.nlm.nih.gov/pubmed/31662037

	Introduction 
	Materials and Methods 
	Study Population 
	Data Collection 
	Statistical Analyses 

	Results 
	Characteristics of Enrolled Patients 
	Characteristics of HI and PH Patients 
	Multivariable Logistic Regression Analysis of the Association between Variables and the HT Risk 

	Discussion 
	Conclusions 
	References

