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High glycemic albumin 
representing prestroke glycemic 
variability is associated 
with hemorrhagic transformation 
in patients receiving intravenous 
thrombolysis
Sang‑Hwa Lee1,5, Min Uk Jang2, Yerim Kim3, So Young Park4, Chulho Kim1,5, Yeo Jin Kim1 & 
Jong‑Hee Sohn1,5*

We evaluated the impact of prestroke glycemic variability estimated by glycated albumin (GA) on 
symptomatic hemorrhagic transformation (SHT) in patients with intravenous thrombolysis (IVT). 
Using a multicenter database, we consecutively enrolled acute ischemic stroke patients receiving 
IVT. A total of 378 patients were included in this study. Higher GA was defined as GA ≥ 16.0%. The 
primary outcome measure was SHT. Multivariate regression analysis and a receiver operating 
characteristic curve were used to assess risks and predictive ability for SHT. Among the 378 patients 
who were enrolled in this study, 27 patients (7.1%) had SHT as defined by the Safe Implementation 
of Thrombolysis in Stroke-Monitoring Study (SHTSITS). The rate of SHTSITS was higher in the higher 
GA group than in the lower GA group (18.0% vs. 1.6%, p < 0.001). A higher GA level (GA ≥ 16.0%) 
significantly increased the risk of SHTSITS (adjusted odds ratio [OR], [95% confidence interval, CI], 
12.57 [3.08–41.54]) in the logistic regression analysis. The predictive ability of the GA level for SHTSITS 
was good (AUC [95% CI]: 0.83 [0.77–0.90], p < 0.001), and the cutoff value of GA in SHT was 16.3%. GA 
was a reliable predictor of SHT after IVT in acute ischemic stroke in this study.

Hemorrhagic transformation (HT) is a devastating complication that leads to severe disability and high mortality 
after intravenous thrombolysis (IVT) in acute ischemic stroke patients1–3. The occurrence rates of symptomatic 
HT (SHT) after IVT ranged from 2.4 to 8.8%, and the rates of asymptomatic HT after IVT ranged from 4.5 to 
39.6% in several major clinical trials4. Because the use of IVT has increased, the rate of HT after IVT may also 
be increased5.

The pathophysiology of HT is disruption of the cerebral microvasculature by acute ischemic events4. Several 
previous studies showed that chronic hyperglycemia estimated by glycated hemoglobin (HbA1c) increased the 
risk of HT and poor functional outcomes after IVT by inducing microvascular injury6–9. A recent experimental 
study and clinical studies showed that glycemic variability led to more oxidative stress and microvascular injury 
than chronic hyperglycemia10–13. If glycemic variability prior to stroke worsens microvascular injury, then explor-
ing the role of glycemic variability in acute ischemic stroke treated with IVT in clinical practice is important. 
However, evidence demonstrating whether glycemic variability increases HT and functional outcomes after 
IVT is sparse.
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Glycated albumin (GA) reflects glycemic variability within 4 weeks prior to stroke and may be a useful marker 
for predicting recent prestroke glycemic variability14,15. Using a multicenter registry database, we investigated the 
effects of glycemic variability estimated by GA on SHT and functional outcomes in patients treated with IVT.

Results
Study subjects.  Among the 2894 consecutive patients with acute ischemic stroke, 401 patients (13.9%) 
received recombinant tissue plasminogen activator (tPA) during the study period. Of the 401 patients, 378 
patients who met the inclusion criteria were enrolled. Of those 378 patients, 128 patients (33.9%) were in the 
higher GA group (GA ≥ 16.0%). To perform subgroup analysis, we stratified the 239 of the 378 patients (63.2%) 
who received only IVT. The higher GA group was more likely to be older, female, have hypertension, diabetes 
mellitus (DM) and higher initial random glucose, fasting blood glucose and HbA1c levels than the lower GA 
group. The stroke mechanism (TOAST), acute stroke management and tPA dose were not different between the 
higher GA and lower GA groups (Table 1). Twenty-seven of the 378 enrolled patients (7.1%) had SHTSITS, and 
48 patients (12.7%) had any HT. The baseline characteristics of patients receiving IVT only and combined IVT 
and EVT are described in Supplementary Tables S1 and S2.

Rates of SHT.  The rate of SHTSITS was higher in the higher GA group than in the lower GA group (SHTSITS: 
18.0% vs. 1.6%, p < 0.001, Fig. 1). The rate of any HT was also higher in the higher GA group than in the lower 
GA group (24.2% vs. 6.8%, p < 0.001, Fig. 1). The proportion of individuals who had poor functional outcomes at 
3 months (mRS score of 3–6) was higher in the higher GA group than in the lower GA group (55.5% vs. 36.8%, 
p = 0.001, Fig. 1). The rates of SHT in the patients receiving IVT only and combined IVT and EVT were higher 
in the higher GA group (1.8% vs. 12.0% in the IVT only group; 1.2% vs. 26.4% in the combined IVT and EVT 
group, Supplementary Tables S1 and S2 online).

GA level and risk of SHT.  The logistic regression analysis showed that a higher GA level (GA ≥ 16.0%) 
significantly increased the risk of SHTSITS (adjusted OR, [95% CI], 12.57 [3.08–41.54], Table 2 and see Sup-
plementary Table S3 online). A higher GA level also increased the risk of any HT (adjusted OR, [95% CI], 5.50 
[2.60–11.66], Table  2 and see Supplementary Table  S3 online). A higher GA level also increased the risk of 
SHTSITS in both separate databases in the subgroup analysis (Supplementary Tables S4 and S5 online). For the 
secondary outcome measures, a higher GA level (GA ≥ 16.0%) was significantly associated with poor functional 
outcomes at 3 months.

Predictive ability of GA on SHT.  The receiver operating characteristic (ROC) curve showed that the pre-
dictive ability of GA and HbA1c levels for SHTSITS was close to good (AUC of GA: 0.83, 95% CI [0.77–0.90], 
p < 0.001; AUC of HbA1c: 0.78, 95% CI [0.71–0.84], p < 0.001). However, there were no significant differences in 
the prediction of SHTSITS between GA and HbA1c levels (Fig. 2). The cutoff values of GA and HbA1c were 16.3% 
and 6.3%, respectively, for SHTSITS. For patients who received only IVT, the predictive ability of GA and HbA1c 
levels for SHTSITS was close to good (AUC of GA: 0.77, 95% CI [0.65–0.89], p < 0.001; AUC of HbA1c, 95% CI 
[0.62–0.85], p < 0.001). The cutoff values of GA and HbA1c were 16.0% and 6.3%, respectively, for SHTSITS (see 
Supplementary Fig. S1 online).

Sensitivity analysis.  Sensitivity analysis revealed that the GA/HbA1c ratio and raw GA significantly 
increased the risk of SHTSITS and any HT. GA/HbA1c was significantly associated with poor functional outcomes 
at 3 months (see Supplementary Tables S6 and S7 online). When we stratified the patients by the presence of DM, 
a higher GA level significantly increased the risk of any HT, and the GA/HbA1c ratio significantly increased the 
risk of SHTSITS and any HT (see Supplementary Tables S8 and S9 online). A higher HbA1c level also increased 
the risk of SHTSITS and any HT but not poor functional outcomes (see Supplementary Table S10 online).

Discussion
The main findings of the present study are as follows: (1) The higher GA group had more occurrences of SHT 
and poor functional outcomes in acute ischemic stroke patients receiving IVT. (2) GA was a strong independent 
marker for predicting SHT and poor functional outcomes after receiving IVT. (3) The predictive ability of GA 
for SHT was reliable and the cutoff value of GA was 16.3%.

Glycemic variability exacerbates the breakdown of the blood–brain barrier via oxidative stress and aggra-
vates microangiopathy, which induces HT after IVT13,16,17. Therefore, we hypothesized that GA, which measures 
recent prestroke glycemic variability quickly and easily in an acute stroke setting, would be a reliable parameter 
for predicting postthrombolytic bleeding. This multicenter cohort study is the first to evaluate the association 
between GA and SHT in patients receiving IVT, and the results support this hypothesis. The rates of SHTSITS 
in our study were comparable to those in previous clinical studies4,18, and a high GA level increased the risk of 
SHTSITS and any HT. The sensitivity analysis revealed that the impact of the GA/HbA1c ratio and GA in patients 
treated with IVT and DM on SHT improved the robustness of our results. We also showed that GA and HbA1c 
increased the risk of SHT (see Supplementary Table S10 online), which is consistent with previous studies. GA 
may be useful to predict SHT after IVT in real-world practice.

Our study revealed the predictive ability and cutoff point of GA for SHT after IVT. The ROC curve analysis 
showed that GA and HbA1c were reliable for predicting SHTSITS after IVT, but GA was not superior to HbA1c 
in predicting SHTSITS. Notably, the best cutoff points for predicting SHTSITS were 16.3% and 6.3% with GA and 
HbA1c, respectively. This result is the novel finding of our study. The cutoff point for predicting SHT with HbA1c 
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(6.3%) in our study was comparable to that in a previous study (cutoff point of HbA1c, 6.5%)6. We identified that 
GA and HbA1c levels may be useful markers for predicting SHT in patients receiving IV tPA using multivariate 
analysis and ROC curves.

A high GA level was associated with poor functional outcomes at 3 months in our study, but a high HbA1c 
level was not. Recent studies showed that high HbA1c was an independent predictor of 3-month functional 
outcomes8,19,20. However, the association between HbA1c and functional outcomes remains controversial21,22. 
In contrast, previous clinical studies on prestroke glycemic variability showed consistent results, and glycemic 
variability was associated with poor outcomes in stroke patients11,23. Similar to previous studies, we showed that 
a high GA level increased the risk of poor functional outcomes in patients treated with IVT. This result may be 

Table 1.   Baseline characteristics of the population according to GA level. GA glycated albumin, SD standard 
deviation, BMI body mass index, NIHSS national institute health of stroke scale, IQR interquartile range, 
DM diabetes mellitus, SVO small vessel occlusion, LAA large artery atherosclerosis, CE cardioembolism, IVT 
intravenous thrombolysis, IAT intraarterial thrombectomy, tPA tissue plasminogen activator, MCA middle 
cerebral artery, ICA internal carotid artery, BA basilar artery, VA vertebral artery, LDL low density lipoprotein, 
INR international normalized ratio, HbA1c, glycated hemoglobin. *Calculated using the chi-square test. 
a Calculated using Student’s t-test. b Calculated using the Mann–Whitney U test.

GA < 16.0% (n = 250) GA ≥ 16.0% (n = 128) p-value

Age (SD) 64.9 (13.6) 71.5 (11.3) 0.02a

Male (%) 163 (65.2) 68 (53.1) 0.03*

BMI, kg/m2 (SD) 24.0 (3.4) 23.9 (3.5) 0.82a

Interval from onset to IVT, hour (SD) 2.9 (1.01) 3.1 (7.2) 0.81a

NIHSS, (IQR) 9 (5–15) 10 (6–15) 0.71b

Previous Stroke (%) 43 (17.2) 26 (20.3) 0.48*

Hypertension (%) 112 (44.8) 79 (61.7) 0.002*

DM (%) 25 (10.0) 69 (53.9)  < 0.001*

Hyperlipidemia (%) 32 (12.8) 20 (15.6) 0.53*

Current smoking (%) 44 (17.6) 15 (11.7) 0.18*

Atrial fibrillation (%) 75 (30.0) 50 (39.1) 0.09*

Prior antithrombotic agents (%) 63 (25.2) 41 (32.0) 0.18*

Stroke mechanism (%) 0.23*

SVO 28 (11.2) 16 (12.5)

LAA 75 (30.0) 37 (28.9)

CE 81 (32.4) 52 (40.6)

Others 66 (26.4) 52 (18.0)

Reperfusion therapy (%) 0.22*

IVT 164 (65.6) 75 (58.6)

Combined IVT & IAT 86 (34.4) 53 (41.4)

tPA dose (%) 0.26*

0.6 mg/kg 90 (36.0) 54 (42.2)

0.9 mg/kg 160 (64.0) 74 (57.8)

Lesions (%) 0.59*

Anterior 202 (80.8) 98 (76.6)

Posterior 27 (10.8) 18 (14.1)

Multiple 21 (8.4) 12 (9.4)

Vessel occlusion (%) 0.87*

MCA 145 (86.3) 81 (82.7)

ICA 3 (1.8) 3 (3.1)

BA and VA 18 (10.7) 13 (13.3)

Hemoglobin, mg/dL (SD) 13.8 (2.3) 13.6 (2.0) 0.60a

LDL, mg/dL (SD) 104.0 (37.2) 94.0 (38.1) 0.89a

Platelet count, × 1000/µL (SD) 237.3 (86.8) 219.5 (61.9) 0.14a

Prothrombin time, INR (SD) 1.03 (0.12) 1.04 (0.10) 0.84a

Creatinine, mg/dL (SD) 0.98 (0.69) 0.99 (0.10) 0.97a

Initial random glucose, mg/dL (SD) 125.7 (37.5) 154.1 (55.3)  < 0.001a

Fasting blood glucose, mg/dL (SD) 124.5 (39.3) 152.3 (54.0)  < 0.001a

HbA1c, % (SD) 5.7 (0.8) 6.8 (1.2)  < 0.001a

Systolic blood pressure, mmHg (SD) 147.8 (26.6) 153.9 (28.8) 0.15a

Infarct volume, cm3 (IQR) 2.80 (3.39–21.41) 2.98 (9.0–24.9) 0.28b
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explained by the high incidence of SHT in the high GA group, despite the similarity in infarct volume between 
the two groups3. The SHT group in this study had greater stroke severity and eventually had a high proportion 
of poor functional outcomes (see Supplementary Table S11 online). The exact mechanism of the association of 
glycemic control with poor functional outcomes is not clear. Future studies are warranted to clarify the associa-
tion between glycemic variability and poor functional outcomes.

Notably, blood glucose levels on admission (initial random glucose and fasting blood glucose) were not 
associated with SHT in our multivariate analysis, which is different from several studies24,25. Previous studies 
found that prestroke glycemic control was not associated with poststroke blood glucose levels26. These findings 
suggest that prestroke glycemic control is more closely related to predicting SHT than poststroke glucose levels. 
The traditional method for measuring glycemic variability is to estimate the standard deviation (SD) and coef-
ficient of variation of the mean poststroke blood glucose level. If the poststroke glucose level is not reliable for 
predicting SHT after IVT, then the clinical use of the GA test, which estimates prestroke glycemic variability 
easily with one blood sample, may be used in an acute stroke setting.

Our study has several limitations despite the use of a multicenter database. First, although we collected data 
consecutively, it was an observational retrospective study. Second, we cannot ensure the exclusion of unmeas-
ured confounding variables, but we adjusted for several confounders in the statistical analyses. Third, due to 
the small sample size of subjects with IVT only, the heterogeneity of recanalization therapies (e.g., use of tPA 
doses and addition of EVT) in our study may hinder the generalization of our results. However, the subgroup 
analysis evaluating subjects treated with only IVT showed that higher GA was also associated with SHT. This 
finding improves the robustness of our main result. Fourth, we did not consider several medical conditions that 
increase protein metabolism and affect GA levels. Thyroid function, liver function, renal dysfunction and alcohol 

Figure 1.   Distributions of SHT and mRS scores 3–6 according to GA levels. Abbreviations: SHT, symptomatic 
hemorrhagic transformation; mRS, modified Rankin Scale; GA, glycated albumin; SITS-MOST, Safe 
Implementation of Thrombolysis in Stroke-Monitoring Study; ECASS II, European-Australian Cooperative 
Acute Stroke Study II; HT, hemorrhagic transformation.

Table 2.   Logistic regression showing the impact of GA and GA/HbA1c ratio on SHT and poor functional 
outcome (mRS 3–6). GA glycated albumin, HbA1c, glycated hemoglobin; SHT symptomatic hemorrhagic 
transformation, mRS modified rankin scale, SHTSITS symptomatic hemorrhagic transformation defined per safe 
implementation of thrombolysis in stroke-monitoring study, aOR adjusted odds ratio, CI confidence interval.

SHTSITS Any HT mRS 3–6

aOR 95% CI aOR 95% CI aOR 95% CI

GA ≥ 16.0% 12.57 3.08–41.54 5.50 2.60–11.66 2.16 1.21–3.85

GA/HbA1c 3.39 1.26–9.16 2.16 1.01–4.61 2.03 1.08–3.80

raw GA 1.29 1.11–1.50 1.25 1.11–1.41 1.13 1.03–1.25
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consumption were not available in our database. However, GA was measured on a routine basis prospectively 
at the two stroke centers, and missing GA data were uncommon. This measurement is a strength of our study.

In conclusion, the results of our study showed that prestroke glycemic variability estimated by GA is associ-
ated with SHT and poor functional outcomes in patients treated with IVT. Because the GA level is measured 
quickly and is a reliable marker for predicting SHT, monitoring prestroke glycemic variability via GA levels 
may be helpful to establish strategies for the prevention of SHT and poor functional outcomes in acute stroke 
patients receiving IVT.

Methods
Subjects.  We consecutively registered all acute ischemic stroke patients between March 2016 and Decem-
ber 2020 at two university-affiliated institutions (Chuncheon Sacred Heart Hospital and Dongtan Sacred Heart 
Hospital). We identified acute ischemic stroke patients treated with IVT. All of the included patients received 
intravenous recombinant tPA according to current guidelines for acute stroke management. We excluded the 
following patients: (1) patients with unavailable GA measurements; (2) patients without follow-up brain com-
puted tomography (CT) or magnetic resonance imaging (MRI) within 24 h of stroke onset; (3) patients who 
were not available for assessment with the National Institutes of Health Stroke Scale (NIHSS) after IVT and the 
modified Rankin Scale (mRS) at 3 months; and (4) patients with a prestroke mRS score ≥ 2.

Ethics declaration.  This retrospective cohort study was conducted in accordance with the Helsinki declara-
tion and approved by the Institutional Review Board (IRB) of the Hallym University Chuncheon Sacred Heart 
Hospital (IRB number: 2021-03-002) and Hallym University Dongtan Sacred Heart Hospital (IRB number: 
2021-03-006). The need for written informed consent was waived and confirmed by the IRB of Hallym Uni-
versity Chuncheon Sacred Heart Hospital (IRB number: 2021-03-002) and Hallym University Dongtan Sacred 
Heart Hospital (IRB number: 2021-03-006) because this was a retrospective cohort study.

Data collection and definition of parameters.  The following data were directly obtained from the reg-
istry database: (1) demographics, including age and sex; (2) stroke risk factors, medical history, prior stroke, the 
presence of hypertension, DM, hyperlipidemia, atrial fibrillation, current smoking status, prestroke status, and 
prior use of statins and antithrombotic drugs; (3) stroke characteristics, acute stroke treatment, initial NIHSS 
score, ischemic stroke mechanism according to the Trial of Org 10,172 in Acute Stroke Treatment (TOAST) 
classification, tPA dose and reperfusion therapy (IVT and intra-arterial thrombectomy [IAT]), modified Throm-
bolysis In Cerebral Infarction (mTICI) grade 2b to 3 after IAT27; and (4) laboratory data, such as platelet count, 
prothrombin time, systolic blood pressure and level of hemoglobin, creatinine, initial random glucose, fasting 

Figure 2.   ROC curve showing the predictive ability and cutoff points of GA and HbA1c levels for SHT. 
Abbreviations: ROC, receiver operating characteristic; GA, glycated albumin; HbA1c, glycated hemoglobin; 
SHT, symptomatic hemorrhagic transformation; SITS-MOST; AUC, area under the curve.



6

Vol:.(1234567890)

Scientific Reports |          (2022) 12:615  | https://doi.org/10.1038/s41598-021-04716-4

www.nature.com/scientificreports/

blood glucose, low-density lipoprotein and HbA1c. The infarct volume confirmed by diffusion weighted imag-
ing was calculated using the ABC/2 method28.

The primary outcome measure was the occurrence of SHT. SHT was defined according to the Safe Imple-
mentation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST): type 2 parenchymal hemorrhage with 
deterioration in the NIHSS score of ≥ 4 points or death (SHTSITS)29. Two trained neurologists (S–H Lee and MU 
Jang) reviewed the CT/MR images to confirm the subtypes of HT in a double-blinded manner. The secondary 
outcome measures were any HT and poor functional outcomes assessed by a mRS score of 3–6 at 3 months30. 
Any HT was defined as any newly developed bleeding on the follow-up CT or MRI after IVT.

Recent previous studies established that a GA level ≥ 16.0% reflected the presence of prestroke glycemic 
variability based on the following equation of HbA1c and GA: HbA1c = 0.216 × GA + 2.97811,23,31. According to 
this equation, we divided the subjects into two groups: a higher GA group (GA ≥ 16.0%) and a lower GA group 
(GA < 16.0%). GA may be a useful marker for monitoring prestroke glycemic variability because GA is not 
affected by several medical conditions (hematologic disorder, chronic renal disease, etc.), which account for a 
large proportion of stroke patients32. All procedures were conducted in accordance with the STROBE guidelines.

Statistical analysis.  We hypothesized that high glycemic variability prior to stroke, as defined by a higher 
GA level, would increase the risk of SHT and poor functional outcomes after IVT. Statistical analyses were per-
formed using IBM SPSS version 21.0 software (IBM Corporation, Armonk, NY, USA) and R version 4.0.3 (R 
core Team 2020; R foundation for Statistical Computing, Vienna, Austria). Summary statistics are presented as 
the number of subjects (percentage) for categorical variables and the means ± SD or median [interquartile range 
(IQR)] for continuous variables. Group comparisons were made using Pearson’s chi-squared test for categorical 
variables and Student’s t-test or the Mann–Whitney U test for continuous variables, as appropriate.

For the primary and secondary outcome measures, the higher GA group and lower GA group were compared 
using Pearson’s chi-squared test for categorical variables and Student’s t-test or the Mann–Whitney U test for 
continuous variables. To evaluate the independent effects of GA level on outcome measures, we performed binary 
logistic regression analysis. Variables for adjustment in the multivariable analysis were selected when their p 
values were < 0.1 in comparisons according to the GA level and if their associations with each outcome variable 
were clinically plausible. Crude and adjusted ORs and 95% CIs were estimated.

To assess the predictive ability of GA and HbA1c levels on SHT, we generated an ROC curve using the ‘pROC’ 
package of R. The 95% CI for the area under the curve (AUC) and p value was calculated using Delong’s test. The 
cutoff values of GA and HbA1c levels for SHT were calculated using the Youden index.

A sensitivity analysis was also conducted to explore the impact of the GA to HbA1c ratio (GA/HbA1c ratio) 
and raw GA level on outcomes using a logistic regression model because the GA/HbA1c ratio represented a more 
accurate glycemic control status. For subgroup analyses, we performed the same statistical models to explore the 
impact of GA on outcomes in patients receiving IVT only and combined IVT and EVT separately and in those 
with DM. DM patients were defined as patients with high HbA1c levels (≥ 6.5%) at the time of hospitalization 
or patients with a history of or current use of hypoglycemic agents or insulin.

Data availability
All datasets generated and/or analyzed during the current study are not publicly available as use of the data 
requires ethical approval. To inquire access to the study data, contact the corresponding author.

Received: 14 May 2021; Accepted: 30 December 2021

References
	 1.	 Lindsberg, P. J. & Kaste, M. Thrombolysis for acute stroke. Curr. Opin. Neurol. 16, 73–80. https://​doi.​org/​10.​1097/​01.​wco.​00000​

53584.​70044.​65 (2003).
	 2.	 Demchuk, A. M. et al. Serum glucose level and diabetes predict tissue plasminogen activator-related intracerebral hemorrhage in 

acute ischemic stroke. Stroke 30, 34–39. https://​doi.​org/​10.​1161/​01.​str.​30.1.​34 (1999).
	 3.	 Rao, N. M., Levine, S. R., Gornbein, J. A. & Saver, J. L. Defining clinically relevant cerebral hemorrhage after thrombolytic therapy 

for stroke: Analysis of the national institute of neurological disorders and stroke tissue-type plasminogen activator trials. Stroke 
45, 2728–2733. https://​doi.​org/​10.​1161/​STROK​EAHA.​114.​005135 (2014).

	 4.	 Sussman, E. S. & Connolly, E. S. Jr. Hemorrhagic transformation: A review of the rate of hemorrhage in the major clinical trials 
of acute ischemic stroke. Front. Neurol. 4, 69. https://​doi.​org/​10.​3389/​fneur.​2013.​00069 (2013).

	 5.	 Leng, T. & Xiong, Z. G. Treatment for ischemic stroke: From thrombolysis to thrombectomy and remaining challenges. Brain Circ. 
5, 8–11. https://​doi.​org/​10.​4103/​bc.​bc_​36_​18 (2019).

	 6.	 Rocco, A. et al. Glycosylated hemoglobin A1 predicts risk for symptomatic hemorrhage after thrombolysis for acute stroke. Stroke 
44, 2134–2138. https://​doi.​org/​10.​1161/​STROK​EAHA.​111.​675918 (2013).

	 7.	 Masrur, S. et al. Association of acute and chronic hyperglycemia with acute ischemic stroke outcomes postthrombolysis: Findings 
from get with the guidelines-stroke. J. Am. Heart Assoc. 4, e002193. https://​doi.​org/​10.​1161/​JAHA.​115.​002193 (2015).

	 8.	 Zhang, G. et al. Hemoglobin A1c predicts hemorrhagic transformation and poor outcomes after acute anterior stroke. Eur. J. 
Neurol. 25, 1432-e1122. https://​doi.​org/​10.​1111/​ene.​13747 (2018).

	 9.	 Kamal, H. et al. Laboratory factors associated with symptomatic hemorrhagic conversion of acute stroke after systemic throm-
bolysis. J. Neurol. Sci. 420, 117265. https://​doi.​org/​10.​1016/j.​jns.​2020.​117265 (2021).

	10.	 Monnier, L. et al. Activation of oxidative stress by acute glucose fluctuations compared with sustained chronic hyperglycemia in 
patients with type 2 diabetes. JAMA 295, 1681–1687. https://​doi.​org/​10.​1001/​jama.​295.​14.​1681 (2006).

	11.	 Lee, S. H. et al. Effect of prestroke glycemic variability estimated glycated albumin on stroke severity and infarct volume in diabetic 
patients presenting with acute ischemic stroke. Front. Endocrinol. (Lausanne) 11, 230. https://​doi.​org/​10.​3389/​fendo.​2020.​00230 
(2020).

	12.	 Ceriello, A. et al. Oscillating glucose is more deleterious to endothelial function and oxidative stress than mean glucose in normal 
and type 2 diabetic patients. Diabetes 57, 1349–1354. https://​doi.​org/​10.​2337/​db08-​0063 (2008).

https://doi.org/10.1097/01.wco.0000053584.70044.65
https://doi.org/10.1097/01.wco.0000053584.70044.65
https://doi.org/10.1161/01.str.30.1.34
https://doi.org/10.1161/STROKEAHA.114.005135
https://doi.org/10.3389/fneur.2013.00069
https://doi.org/10.4103/bc.bc_36_18
https://doi.org/10.1161/STROKEAHA.111.675918
https://doi.org/10.1161/JAHA.115.002193
https://doi.org/10.1111/ene.13747
https://doi.org/10.1016/j.jns.2020.117265
https://doi.org/10.1001/jama.295.14.1681
https://doi.org/10.3389/fendo.2020.00230
https://doi.org/10.2337/db08-0063


7

Vol.:(0123456789)

Scientific Reports |          (2022) 12:615  | https://doi.org/10.1038/s41598-021-04716-4

www.nature.com/scientificreports/

	13.	 Quagliaro, L. et al. Intermittent high glucose enhances apoptosis related to oxidative stress in human umbilical vein endothelial 
cells: The role of protein kinase C and NAD(P)H-oxidase activation. Diabetes 52, 2795–2804. https://​doi.​org/​10.​2337/​diabe​tes.​52.​
11.​2795 (2003).

	14.	 Koga, M. Glycated albumin; clinical usefulness. Clin. Chim. Acta 433, 96–104. https://​doi.​org/​10.​1016/j.​cca.​2014.​03.​001 (2014).
	15.	 Freitas, P. A. C., Ehlert, L. R. & Camargo, J. L. Glycated albumin: A potential biomarker in diabetes. Arch. Endocrinol. Metab. 61, 

296–304. https://​doi.​org/​10.​1590/​2359-​39970​00000​272 (2017).
	16.	 Hamann, G. F., del Zoppo, G. J. & von Kummer, R. Hemorrhagic transformation of cerebral infarction–possible mechanisms. 

Thromb. Hemost. 82(Suppl 1), 92–94 (1999).
	17.	 Nalysnyk, L., Hernandez-Medina, M. & Krishnarajah, G. Glycemic variability and complications in patients with diabetes mellitus: 

Evidence from a systematic review of the literature. Diabetes Obes. Metab. 12, 288–298. https://​doi.​org/​10.​1111/j.​1463-​1326.​2009.​
01160.x (2010).

	18.	 Xu, X. et al. The risk of hemorrhagic transformation after thrombolysis for acute ischemic stroke in Chinese versus North Ameri-
cans: a comparative study. J. Stroke Cerebrovasc. Dis. 27, 2381–2387. https://​doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2018.​04.​027 
(2018).

	19.	 Gao, Y. et al. Association between elevated hemoglobin A1c levels and the outcomes of patients with small-artery occlusion: A 
hospital-based study. PLoS ONE 11, e0160223. https://​doi.​org/​10.​1371/​journ​al.​pone.​01602​23 (2016).

	20.	 Lattanzi, S., Bartolini, M., Provinciali, L. & Silvestrini, M. Glycosylated hemoglobin and functional outcome after acute ischemic 
stroke. J. Stroke Cerebrovasc. Dis. 25, 1786–1791. https://​doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2016.​03.​018 (2016).

	21.	 Wang, H. et al. Impact of elevated hemoglobin A1c levels on functional outcome in patients with acute ischemic stroke. J. Stroke 
Cerebrovasc. Dis. 28, 470–476. https://​doi.​org/​10.​1016/j.​jstro​kecer​ebrov​asdis.​2018.​10.​026 (2019).

	22.	 Luitse, M. J. et al. Chronic hyperglycemia is related to poor functional outcome after acute ischemic stroke. Int. J. Stroke 12, 180–186. 
https://​doi.​org/​10.​1177/​17474​93016​676619 (2017).

	23.	 Lee, S. H. et al. Pre-stroke glycemic variability estimated by glycated albumin is associated with early neurological deterioration 
and poor functional outcome in prediabetic patients with acute ischemic stroke. Cerebrovasc. Dis. 50, 26–33. https://​doi.​org/​10.​
1159/​00051​1938 (2021).

	24.	 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 32, 2426–2432. https://​doi.​org/​10.​1161/​hs1001.​096194 (2001).

	25.	 Kamouchi, M. et al. Prestroke glycemic control is associated with the functional outcome in acute ischemic stroke: The fukuoka 
stroke registry. Stroke 42, 2788–2794. https://​doi.​org/​10.​1161/​STROK​EAHA.​111.​617415 (2011).

	26.	 Weil, Z. M. Ischemia-induced hyperglycemia: Consequences, neuroendocrine regulation, and a role for RAGE. Horm. Behav. 62, 
280–285. https://​doi.​org/​10.​1016/j.​yhbeh.​2012.​04.​001 (2012).

	27.	 Dargazanli, C. et al. Modified thrombolysis in cerebral infarction 2C/thrombolysis in cerebral infarction 3 reperfusion should be 
the aim of mechanical thrombectomy: Insights from the ASTER trial (contact aspiration vs. stent retriever for successful revas-
cularization). Stroke 49, 1189–1196. https://​doi.​org/​10.​1161/​STROK​EAHA.​118.​020700 (2018).

	28.	 Sims, J. R. et al. ABC/2 for rapid clinical estimate of infarct, perfusion, and mismatch volumes. Neurology 72, 2104–2110. https://​
doi.​org/​10.​1212/​WNL.​0b013​e3181​aa5329 (2009).

	29.	 Wahlgren, N. et al. Thrombolysis with alteplase for acute ischemic stroke in the safe implementation of thrombolysis in stroke-
monitoring study (SITS-MOST): An observational study. Lancet 369, 275–282. https://​doi.​org/​10.​1016/​S0140-​6736(07)​60149-4 
(2007).

	30.	 Sulter, G., Steen, C. & De Keyser, J. Use of the barthel index and modified rankin scale in acute stroke trials. Stroke 30, 1538–1541. 
https://​doi.​org/​10.​1161/​01.​str.​30.8.​1538 (1999).

	31.	 Inoue, K. et al. A newer conversion equation for the correlation between HbA1c and glycated albumin. Endocr. J. 61, 553–560. 
https://​doi.​org/​10.​1507/​endoc​rj.​ej13-​0450 (2014).

	32.	 Koga, M. & Kasayama, S. Clinical impact of glycated albumin as another glycemic control marker. Endocr. J. 57, 751–762. https://​
doi.​org/​10.​1507/​endoc​rj.​k10e-​138 (2010).

Author contributions
Conceptualization, methodology, formal analysis, investigation, writing and original draft preparation: S.-H.L. 
Conceptualization, review, editing and supervision: J.-H.S. Data curation and review and editing: M.U.J., S.Y.P., 
Y.K., Y.J.K. and C.K. All authors read and agreed to the published version of the manuscript.

Funding
This study was supported by the Basic Science Research Program through the National Research Foundation 
of Korea funded by the Ministry of Science and ICT (NRF-2021R1G1A1013767) and was supported in part by 
the “R&D Program for Forest Science Technology (Project No. FTIS-2021397A00-2123-0107)” provided by the 
Korea Forest Service (Korea Forestry Promotion Institute). The organization did not participate in the design, 
performance, or analysis of the study or in the preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​04716-4.

Correspondence and requests for materials should be addressed to J.-H.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.2337/diabetes.52.11.2795
https://doi.org/10.2337/diabetes.52.11.2795
https://doi.org/10.1016/j.cca.2014.03.001
https://doi.org/10.1590/2359-3997000000272
https://doi.org/10.1111/j.1463-1326.2009.01160.x
https://doi.org/10.1111/j.1463-1326.2009.01160.x
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.04.027
https://doi.org/10.1371/journal.pone.0160223
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.03.018
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.10.026
https://doi.org/10.1177/1747493016676619
https://doi.org/10.1159/000511938
https://doi.org/10.1159/000511938
https://doi.org/10.1161/hs1001.096194
https://doi.org/10.1161/STROKEAHA.111.617415
https://doi.org/10.1016/j.yhbeh.2012.04.001
https://doi.org/10.1161/STROKEAHA.118.020700
https://doi.org/10.1212/WNL.0b013e3181aa5329
https://doi.org/10.1212/WNL.0b013e3181aa5329
https://doi.org/10.1016/S0140-6736(07)60149-4
https://doi.org/10.1161/01.str.30.8.1538
https://doi.org/10.1507/endocrj.ej13-0450
https://doi.org/10.1507/endocrj.k10e-138
https://doi.org/10.1507/endocrj.k10e-138
https://doi.org/10.1038/s41598-021-04716-4
https://doi.org/10.1038/s41598-021-04716-4
www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |          (2022) 12:615  | https://doi.org/10.1038/s41598-021-04716-4

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	High glycemic albumin representing prestroke glycemic variability is associated with hemorrhagic transformation in patients receiving intravenous thrombolysis
	Results
	Study subjects. 
	Rates of SHT. 
	GA level and risk of SHT. 
	Predictive ability of GA on SHT. 
	Sensitivity analysis. 

	Discussion
	Methods
	Subjects. 
	Ethics declaration. 
	Data collection and definition of parameters. 
	Statistical analysis. 

	References


