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Abstract 

Background  Hyponatremia (< 135 mmol/L) is the most common electrolyte disturbance in patients with stroke. 
However, few studies have reported the relationship between hyponatremia at admission and outcomes in patients 
with acute ischemic stroke (AIS) treated with mechanical thrombectomy (MT). This study is aimed to explore the asso-
ciation between hyponatremia and clinical outcomes following MT.

Methods  A retrospective study was conducted at our center. The primary outcome was postoperative malignant 
brain edema (MBE). The secondary outcomes included mortality and adverse function at the 90-day follow-up, which 
were defined as modified Rankin scale scores of 6 and > 2, respectively. Patients were classified into hyponatremia 
and nonhyponatremia groups based on their serum sodium concentration at admission before drug use. The occur-
rence of MBE was evaluated via computed tomography after MT, and 90-day outcomes were obtained through in-
person interviews at the clinic or via telephone. Multivariate analysis was performed to investigate the associations 
among postoperative MBE, 90-day mortality, adverse function and hyponatremia.

Results  A total of 342 patients were enrolled into the study, of whom 52 (15.2%) had hyponatremia, 86 (25.1%) 
developed postoperative MBE, 93 (27.2%) died within 90 days after MT, and 201 (58.8%) had adverse functions 
at the 90-day follow-up. Multivariate analysis revealed that hyponatremia was significantly associated with postop-
erative MBE (odds ratio [OR] 3.91, 95% confidence interval [CI] 1.66 − 9.23, p = 0.002), 90-day mortality (OR 5.49, 95% 
CI 2.48 − 12.14, p < 0.001), and 90-day adverse function (OR 3.25, 95% CI 1.29 − 8.12, p = 0.012). In addition, mediation 
analysis revealed that postoperative MBE may partially account for the 90-day mortality/adverse function of patients 
with hyponatremia (regression coefficients changed by 18.6% and 23.9%, respectively).

Conclusion  Hyponatremia is an independent predictor of postoperative MBE, 90-day mortality, and adverse func-
tion. Correction of hyponatremia may reduce the postoperative MBE to improve the prognosis of patients.

Keywords  Hyponatremia, Acute ischemic stroke, Mechanical thrombectomy, Malignant brain edema, Mortality, 
Adverse function

Introduction
Acute ischemic stroke (AIS) is characterized by a high 
risk of morbidity and mortality, imposing substantial 
economic burdens on patients and society [1]. Persistent 
arterial occlusion leads to oxygen depletion in ischemic 
cerebral tissue, which may irreversibly convert the 
penumbra into a core infarct [2]. Thus, emergent reperfu-
sion therapy is the basis of treatment for AIS, especially 
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for large artery occlusion (LAO), in which rapid reca-
nalization of blocked vessels and reperfusion of affected 
brain tissue can not only effectively promote the survival 
of patients but also relieve the deterioration of neurologi-
cal function. Currently, mechanical thrombectomy (MT) 
has become the standard therapeutic method for LAO of 
the anterior circulation [3]. Despite the efficacy of MT, 
postoperative complications certainly hinder the achieve-
ment of favorable prognoses. Malignant brain edema 
(MBE) is a catastrophic complication that can result in 
rapid neurological deterioration and cerebral herniation 
[2, 4]. Furthermore, even when aggressive therapy, such 
as enhanced osmotic or decompressive craniectomy, 
is applied for MBE, a high risk of neurological dysfunc-
tion is still inevitable [5]. Therefore, it is vital to identify 
risk factors for MBE to reduce associated mortality and 
disability.

Hyponatremia is the most common electrolyte dis-
order in stroke patients and may exacerbate seizures or 
cerebral edema in the acute phase of stroke [6]. Many 
studies have revealed that hyponatremia is a risk factor 
for unfavorable outcomes in patients with intracerebral 
hemorrhage (ICH) and subarachnoid hemorrhage (SAH) 
[7–10]. Recently, several studies have reported that 
hyponatremia in patients with AIS is consistently related 
to increased mortality and disability [11–14]. However, 
the relationship between hyponatremia and MBE in AIS 
patients after MT has not been confirmed. Therefore, 
we conducted a retrospective study and set a primary 
objective to explore the relationship between admission 
hyponatremia and postoperative MBE in patients treated 
with MT. Our secondary purpose was to identify the 
value of hyponatremia for predicting mortality and func-
tional outcomes at the 90-day follow-up.

Methods
Study design and data collection
This study was approved by our institutional ethics com-
mittee (KYLLKS20240174). Patients treated with MT at 
Suining Central Hospital from January 2021 to June 2024 
were screened. The inclusion criteria were as follows: (1) 
LAO in the terminal internal carotid artery (ICA) or (M1 
or M2) middle cerebral artery (MCA); (2) age greater 
than 18  years; (3) symptoms at admission ≤ 24  h. The 
exclusion criteria were as follows: (1) patients with LAO 
in the posterior circulation; (2) patients without data on 
serum sodium at admission and clinical outcomes at fol-
low-up; (3) patients with decompensated or progressive 
comorbidities before AIS onset; (4) patients with a his-
tory of stroke with obvious residual dysfunction before 
AIS onset (modified Rankin scale [mRS] score > 1). Data, 
including demographics, neurological function assessed 
by the National Institute of Health Stroke Scale (NIHSS), 

intravenous thrombolysis, previous medical history, time 
from onset to recanalization, laboratory parameters, 
imaging findings, vascular patency evaluated by the mod-
ified Thrombolysis in Cerebral Infarction (mTICI) score, 
etiology of the AIS, and outcomes, were reviewed. The 
medical history was determined by reports of patients 
or family members, medical records, and the presence of 
relative drug use. Smokers were those who had smoked at 
least one cigarette per day for at least one year [15]. Alco-
holism was defined as drinking at least 80 g of liquor per 
day [16]. The etiology of AIS in our study was classified 
as large-artery atherosclerosis (LAA), cardioembolic, and 
undermined or other thrombi based on the Trial of Org 
10,172 in Acute Stroke Treatment (TOAST) criteria [17].

Noncontrast head computed tomography (CT) was 
used for all stroke patients admitted to our hospital to 
rule out ICH, and CT angiography was used to determine 
the existence and location of the LAO simultaneously. 
The presence of the hyperdense middle cerebral artery 
sign (HMCAS) was defined as a high-density signal in the 
MCA trace [18]. The standard Alberta Stroke Program 
Early CT Score (ASPECTS) was used to determine stroke 
burden [19]. Blood samples for hematologic tests, includ-
ing peripheral blood cells, hsCRP, hepatorenal function, 
electrolytes, coagulation indicators, glucose, triglyc-
eride, and cholesterol, were collected within 30  min 
after admission before drug use. In addition, the serum 
sodium level at 24 h after MT was also measured. Intra-
venous thrombolysis with alteplase was used for patients 
within 4.5 h after AIS onset after exclusion of contrain-
dications. CT perfusion (CTP) was performed at 6–24 h 
after symptom onset to evaluate the difference between 
the penumbra and core volume [20]. The collateral score 
was evaluated by digital subtraction angiography at the 
beginning of the procedure and categorized as follows: 
grade 0 (filling less than one-third of the occluded terri-
tory), grade 1 (collaterals are less than two-thirds of the 
occluded region), and grade 2 (collateralization fills more 
than two-thirds of the occluded territory) [4]. Successful 
recanalization was considered an mTICI ≥ 2b [21]. The 
time from onset to recanalization was defined as the time 
from symptom appearance or last known normal to rep-
erfusion or abortion of the surgery if recanalization was 
not achieved [3].

Outcome measures
The normal range of serum sodium at admission was 
135 − 145  mmol/L in our center, and sodium concen-
tration < 135  mmol/L was regarded as hyponatremia 
[7]. MBE was defined as an increase in the NIHSS score 
of ≥ 4 or consciousness evaluation part of the NIHSS 
score ≥ 1 combined with (1) parenchymal hypodensity 
in more than 50% of the middle cerebral artery supply 
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territory, accompanied by local brain edema, such as 
lateral ventricle compression and sulcal effacement; (2) 
more than 5 mm of midline shift at the septum pelluci-
dum or pineal gland with basal cistern occlusion; or (3) 
brain swelling of more than one-third of the hemisphere 
with an obvious midline shift [4, 19, 20, 22, 23]. To con-
firm the presence of MBE, planned head CT scans were 
performed immediately after the procedure and at 24 h 
and 48  h after surgery. CT was also conducted when-
ever there was a change in neurological symptoms or a 
trend toward deteriorated edema in the postoperative 
imaging findings. For patients with MBE, imaging exami-
nations were performed every 12–24  h to evaluate cer-
ebral edema. The mortality and functional outcome were 
evaluated by qualified personnel or physicians through 
in-person interviews at the clinic or telephone based on 
the mRS score (favorable functional outcome: mRS score 
0–2; adverse functional outcome: mRS score 3–6; and 
mortality: mRS score 6). The imaging data (CT or MRI) 
acquired at least 30 days after MT were also reviewed to 
calculate the final infarct volume using the Pullicino for-
mula [24, 25].

Statistical analysis
The selected variables were common in clinical prac-
tice or potentially related to the outcomes according to 
previous studies or our experience. The categorical vari-
ables are expressed as numbers (percentages) and were 
compared via the chi-square test or Fisher’s exact test. 
Continuous variables with a normal distribution are pre-
sented as the means ± SDs and were compared via the 
Student’s t test; otherwise, they are presented as medi-
ans (interquartile ranges) and were compared using the 
Mann‒Whitney U test. Parameters that reached sta-
tistical significance (p < 0.05) in the univariate analysis 
were included in the multivariate regression model to 
explore the predictive value of hyponatremia for clini-
cal outcomes (MBE, 90-day mortality and adverse func-
tion). Moreover, the relationships between the serum 
sodium concentration as a continuous variable and 
patient outcomes were also investigated via the above 
multivariate regression models. Considering that the 
serum sodium level can be affected by glucose, a sensi-
tivity analysis was employed to explore the associations 
between glucose-corrected hyponatremia and clinical 
outcomes [26]. Moreover, a sensitivity analysis was also 
performed after excluding patients with hypernatremia 
(> 145 mmol/L) [2]. Weighted linear regression was used 
to assess the multicollinearity among variables in mul-
tivariate models, defined as a variance inflation factor 
(VIF) ≥ 5. A planned subgroup analysis was conducted by 
stratifying by age (either younger than 70 years or older 
than 70 years), sex, intravenous thrombolysis, history of 

hypertension, and occluded vessel region (ICA or MCA). 
The interaction between hyponatremia and these strati-
fied variables was explored via the likelihood ratio test. A 
Kaplan‒Meier curve was generated to show the cumula-
tive incidence of mortality within 90  days of follow-up 
according to the presence of hyponatremia. Restricted 
cubic splines (RCSs) were utilized to pinpoint any non-
linear associations between hyponatremia and outcomes. 
The Sobel test was applied for mediation analysis to elu-
cidate whether MBE mediated the association between 
hyponatremia and 90-day mortality/adverse function. 
The associations between hyponatremia and core volume 
(measured by CTP) or final infarct volume were analyzed 
with univariate and multivariate linear regression analy-
ses. The statistical analysis was performed using the SPSS 
25.0 (IBM SPSS Statistics, Armonk, NY, USA) and R pro-
grams (version 4.4.1), and p < 0.05 was considered statis-
tically significant.

Results
Baseline characteristics
Four hundred and ninety-eight patients were treated with 
MT between January 2021 and June 2024 in our center, 
and 342 patients were ultimately enrolled in this study; 
the mean age was 70.6 ± 12.1 years, and males constituted 
53.2% (n = 175) of the cohort. The selection process is 
depicted in Fig.  1. Fifty-two patients (15.2%) presented 
with hyponatremia at admission. Compared with 
patients without hyponatremia, those with hyponatremia 
had higher initial NIHSS scores; baseline ASPECTS; 
and potassium, platelet, and serum glucose levels. Fur-
thermore, these patients were more likely to suffer from 
ICA occlusion (all p < 0.05, Table  1). Thirteen patients 
(3.8%) presented with hypernatremia and 39 (11.4%) 
with hyponatremia based on glucose-corrected serum 
sodium. The rates of frequent outcomes are displayed 
in Table  2, revealing a significantly greater incidence of 
postoperative MBE, 90-day mortality and adverse func-
tion in patients with hyponatremia than in those with-
out hyponatremia (all p < 0.05). However, no significant 
difference in hemorrhagic transformation was found 
between the two groups (hyponatremia vs. nonhypona-
tremia = 40.2% vs. 29.3%, p = 0.112), and further multi-
variate analysis was not performed.

Relationship between hyponatremia and postoperative 
malignant brain edema
A total of 86 (25.1%) patients developed MBE after 
MT. Patients with hyponatremia had a significantly 
higher rate of MBE than those without hyponatremia 
(51.9% vs. 20.3%, p < 0.001; Table  2). The univariate 
analysis revealed that sex, initial NIHSS score, baseline 
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ASPECTS, present HMCAS, occluded vessel region, 
collateral score, total calcium, lymphocytes, platelets, 
serum glucose, and triglycerides were potential factors 
associated with postoperative MBE (all p < 0.05, Sup-
plementary Table  S1). Considering that patients with 
good baseline ASPECTS rarely develop MBE, the base-
line ASPECTS was dichotomized (> 8 and ≤ 8) in the 
multivariate regression model to predict MBE. After 
controlling for these confounding factors, multivariate 
analysis revealed that hyponatremia was significantly 
associated with postoperative MBE (OR 3.91, 95% CI 
1.66–9.23; p = 0.002; Table  3). Moreover, as a continu-
ous variable, lower serum sodium was independently 
associated with postoperative MBE (OR 0.90, 95% CI 
0.83–0.97; p = 0.009). Sensitivity analysis with hypona-
tremia based on glucose-corrected serum sodium and a 
cohort excluding hypernatremia yielded similar results 
(OR 2.73, 95% CI 1.05–7.14, p = 0.040; OR 3.72, 95% CI 
1.58–8.76, p = 0.003, respectively). No multicollinear-
ity was found among these variables (VIF = 1.04 − 1.74). 
The RCS regression modeling demonstrated that the 
risk of MBE increased linearly with decreasing serum 
sodium (p for nonlinearity = 0.235, Fig.  2a). Subgroup 
analysis revealed a significant correlation between 
MBE and hyponatremia in females, patients aged both 
younger or older than 70 years, patients with a history 
of hypertension, patients who underwent intravenous 
thrombolysis, and patients who experienced MCA 
occlusion (Fig.  3a). Moreover, hyponatremia did not 

interact with these stratified variables (all p values for 
interaction > 0.05).

Relationship between hyponatremia and 90‑day mortality
Ninety-three patients (27.2%) died within 90  days after 
MT. The details of the survivors and nonsurvivors are 
shown in Supplementary Table S2. Patients with hypona-
tremia had a more than twofold increased 90-day mor-
tality rate compared with those without hyponatremia 
(57.7% vs. 21.7%, p < 0.001; Table  2). The Kaplan‒Meier 
survival curve from Day 0 to Day 90 demonstrated the 
association between hyponatremia and a higher risk of 
mortality (Fig. 4). The multivariate analysis revealed that 
hyponatremia was significantly associated with 90-day 
mortality (OR 6.58, 95% CI 2.88 − 15.02, p < 0.001) after 
adjusting for sex, age, systolic pressure at admission, 
initial NIHSS score, present HMCAS, occluded vessel 
region, collateral score, successful recanalization, lym-
phocytes, platelets, serum glucose, and triglycerides, all 
of which reached significance in the univariate analy-
sis. The multicollinearity among these variables was not 
apparent (VIF = 1.04 − 1.77). Furthermore, a low serum 
sodium concentration was a significant predictor of 
90-day mortality (OR 0.89, 95% CI 0.83–0.96, p = 0.002; 
Table  3). Sensitivity analysis also revealed a significant 
relationship between 90-day mortality and hyponatremia 
with glucose-corrected serum sodium (OR 5.48, 95% 
CI 2.16 − 13.89, p < 0.001) and in the cohort excluding 
hypernatremia (OR 6.61, 95% CI 2.87 − 15.21, p < 0.001; 
Table  4). A linear relationship was found between 
reduced serum sodium and increased risk of 90-day 

Fig. 1  Process of patient selection
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Table 1  Baseline characteristics between patients with and without admission hyponatremia

Variables Hyponatremia Non-hyponatremia P value

Patients, n (%) 52 (15.2) 290 (85.8) -

Demongraphics
  Female, n (%) 25 (48.1) 134 (46.2) 0.802

  Age (years) 70.5 ± 13.5 70.6 ± 11.7 0.936

  Smoker, n (%) 11 (21.2) 43 (14.8) 0.249

  Alcoholism, n (%) 10 (19.2) 51 (17.6) 0.775

Medical history, n (%)
  Hypertension 29 (55.8) 136 (46.9) 0.238

  Diuretics for medication 12 (23.1) 49 (16.9) 0.284

  Diabetes mellitus 10 (19.2) 48 (16.6) 0.635

  Coronary heart disease 5 (9.6) 38 (13.1) 0.485

  Atrial fibrillation 23 (44.2) 164 (56.6) 0.100

  Rheumatic heart disease 6 (11.5) 25 (8.6) 0.443

  Heart failure 2 (3.8) 18 (6.2) 0.750

  Prior stroke 6 (11.5) 36 (12.4) 0.859

  Antiplatelet at onset 3 (5.8) 14 (4.8) 0.731

  Anticoagulant at onset 6 (11.5) 29 (10.0) 0.736

Clinical and imaging characteristics
  Systolic pressure at admission (mmhg) 150.7 ± 36.9 143.1 ± 27.9 0.164

  Diastolic pressure at admission (mmhg) 83.7 ± 19.7 83.8 ± 17.4 0.955

  Intravenous thrombolysis, n (%) 13 (25.0) 96 (33.1) 0.248

  Initial NIHSS score 17 (13–22) 14 (11–18) 0.014
  Baseline ASPECTS 8 (7–9) 8 (8–9) 0.014
  Present HMCAS, n (%) 16 (30.8) 108 (37.2) 0.371

Occluded vessel region, n (%)  < 0.001
  ICA 32 (61.5) 97 (33.4)

  MCA 20 (38.5) 193 (66.6)

TOAST classification, n (%) 0.691

  LAA 17 (32.7) 85 (29.3)

  Cardioembolic 29 (55.8) 179 (61.7)

  Undetermined or others 6 (11.5) 26 (9.0)

Collateral score, n (%) 0.247

  Grade 0 16 (30.8) 61 (21.0)

  Grade 1 21 (40.4) 120 (41.4)

  Grade 2 15 (28.8) 109 (37.6)

  Time from onset to imaging (min) 276 ± 168 265 ± 126 0.596

Procedure details
  Time from onset to puncture (min) 328 ± 169 314 ± 124 0.489

  Time from puncture to recanalization (min) 75 ± 47 68 ± 39 0.199

  Time from onset to recanalization (min) 403 ± 173 382 ± 129 0.297

  Stent implantation, n (%) 15 (28.8) 73 (25.2) 0.577

  Successful Revascularization, n (%) 48 (92.3) 263 (90.7) 1.0

Laboratory findings
  Total calcium (mmol/L) 2.2 ± 0.1 2.2 ± 0.2 0.497

  Potassium (mmol/L) 4.0 ± 0.5 3.8 ± 0.4 0.042
  hsCRP (mg/L) 10.4 (2.0–18.4) 4.5 (1.4–13.1) 0.060

  While blood cell, × 109/L 10.0 ± 4.3 9.4 ± 3.1 0.295

  Neutrophil, × 109/L 8.2 ± 4.1 7.6 ± 3.2 0.198

  Monocyte, × 109/L 0.5 (0.3–0.7) 0.5 (0.3–0.7) 0.268
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NIHSS National Institute of Health Stroke Scale, ICA internal carotid artery, MCA middle cerebral artery, LAA large-artery atherosclerosis, CRP C-reactive protein, PT 
prothrombin time, TT thrombin time, APTT activated partial thromboplastin time, INR international normalized ratio

Table 1  (continued)

Variables Hyponatremia Non-hyponatremia P value

  Lymphocyte, × 109/L 1.2 ± 0.8 1.4 ± 0.8 0.286

  Hemoglobin, × 109/L 124.4 ± 19.8 125.3 ± 18.9 0.749

  Platelet, × 109/L 179.4 ± 74.5 156.9 ± 72.6 0.042
  Serum glucose at admission (mmol/L) 9.0 ± 3.7 7.9 ± 2.9 0.026
  PT (s) 12.1 ± 1.3 12.5 ± 2.0 0.159

  TT (s) 17.1 (15.8–18.6) 17.4 (16.3–18.1) 0.983

  APTT (s) 29.9 ± 5.2 31.7 ± 12.2 0.290

  Fibrinogen (g/L) 3.3 ± 1.3 3.0 ± 0.9 0.122

  INR 1.0 (0.9–1.1) 1.0 (1.0–1.1) 0.542

  Creatinine (umol/L) 75.3 ± 20.2 74.6 ± 22.7 0.845

  Albumin (g/L) 38.8 ± 4.7 39.3 ± 4.2 0.456

  Cholesterol (mmol/L) 4.3 ± 1.0 4.5 ± 1.1 0.304

  Triglyceride (mmol/L) 1.3 (0.9–2.1) 1.2 (0.9–1.9) 0.589

  Sodium at admission (mmol/L) 131.6 ± 3.8 139.9 ± 2.9  < 0.001

  Sodium at 24 h after surgery (mmol/L) 138.2 ± 4.6 139.7 ± 4.1 0.013

Table 2  Frequency of frequent outcomes between patients with and without admission hyponatremia

MBE malignant brain edema

Hyponatremia Non-hyponatremia P value

Hemorrhagic transformation, n (%) 21 (40.4) 85 (29.3) 0.112

Postoperative MBE, n (%) 27 (51.9) 59 (20.3)  < 0.001

90-day mortality, n (%) 30 (57.7) 63 (21.7)  < 0.001

90-day adverse function (mRS > 2), n (%) 41 (78.8) 160 (55.2) 0.001

Table 3  Association between admission hyponatremia/serum sodium concentration and outcomes after mechanical thrombectomy

*  Adjusted for sex, initial NIHSS score, baseline ASPECTS, present HMCAS, occluded vessel region, collateral score, total calcium, lymphocyte, platelet, serum glucose, 
and triglyceride

^ Adjusted for sex, age, systolic pressure at admission, initial NIHSS score, present HMCAS, occluded vessel region, collateral score, successful recanalization, 
lymphocyte, platelet, serum glucose, and triglyceride
&  Adjusted for sex, age, hypertension, initial NIHSS score, baseline ASPECTS, present HMCAS, occluded vessel region, collateral score, time from onset to 
recanalization, successful recanalization, total calcium, neutrophil, lymphocyte, platelet, serum glucose, and triglyceride

MBE malignant brain edema, mRS modified Rankin Scale

Outcomes Crude Adjusted

OR (95% CI) P value OR (95% CI) P value

Hyponatremia

  Postoperative MBE* 4.23 (2.29–7.82)  < 0.001 3.91 (1.66–9.23) 0.002

  90-day mortality^ 4.91 (2.65–9.11)  < 0.001 5.49 (2.48–12.14)  < 0.001

  90-day adverse function (mRS > 2)& 3.03 (1.49–6.13) 0.002 3.25 (1.29–8.12) 0.012

Serum sodium concentration

  Postoperative MBE* 0.90 (0.85–0.96) 0.001 0.90 (0.83–0.97) 0.009

  90-day mortality^ 0.89 (0.85–0.95)  < 0.001 0.90 (0.84–0.96) 0.003

  90-day adverse function (mRS > 2)& 0.94 (0.89–0.99) 0.025 0.93 (0.86–0.99) 0.044
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mortality in the RCS analysis (p for nonlinearity = 0.255, 
Fig.  2b). Subgroup analysis revealed an association 
between hyponatremia and 90-day mortality under most 
conditions, except for patients who underwent intrave-
nous thrombolysis and without a history of hypertension 
(Fig. 3b).

Relationship between hyponatremia and 90‑day adverse 
effects
Two hundred and one patients (58.8%) had obvious 
disability (mRS score > 2) at the 90-day follow-up. A 
significantly greater incidence of adverse functional 
outcomes was found in patients with hyponatremia 
than in those without it (78.8% vs. 55.2%, p = 0.001; 
Table  2). Confounding factors, including sex; age; 
hypertension; initial NIHSS score; baseline ASPECTS; 
present HMCAS; occluded vessel region; collateral 
score; time from onset to recanalization; successful 
recanalization; and total calcium, neutrophil, lym-
phocyte, platelet, serum glucose, and triglyceride 
levels, were confirmed via univariate analysis (Sup-
plementary Table  S3). After adjustment, multivariate 
analysis revealed that hyponatremia and low serum 
sodium levels were independently associated with 
90-day adverse function (OR 3.25, 95% CI 1.29–8.12, 

p = 0.012; OR 0.93, 95% CI 0.86–0.99, p = 0.044, respec-
tively) (Table  3). The multicollinearity of these factors 
was limited (VIF = 1.06 − 1.85). Sensitivity analysis of 
the cohort excluding hypernatremia also revealed this 
association (OR 3.21, 95% CI 1.25 − 8.24, p = 0.015), 
whereas the significance of glucose-corrected hypona-
tremia was marginal (OR 2.03, 95% CI 0.76 − 5.44, 
p = 0.157; Table  4). A negative linear correlation was 
observed between the serum sodium concentration and 
90-day adverse function in the RCS analysis (p for non-
linearity = 0.775, Fig. 2c). Unfortunately, subgroup anal-
ysis revealed a significant correlation only in patients 
with a history of hypertension (Fig. 3c).

Relationships among hyponatremia, MBE, and 90‑day 
outcomes
On the basis of the association between hyponatremia 
and clinical outcomes described above, we hypothe-
sized that postoperative MBE might be a mediator link-
ing hyponatremia at admission to 90-day outcomes. The 
mediation analysis revealed a mediating effect of MBE on 
the effects of hyponatremia on 90-day mortality (Fig. 5a) 
and adverse functions (Fig. 5b), and the regression coef-
ficients changed by 18.6% and 23.9%, respectively.

Fig. 2  Subgroup analysis revealing the associations between hyponatremia and clinical outcomes under different conditions. a: Malignant brain 
edema; b: 90-day mortality; c: 90-day adverse effects

Fig. 3  Restricted cubic spline for the association between serum sodium levels and outcomes. (a) Malignant brain edema; (b) 90-day mortality; (c) 
90-day adverse function
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Fig. 4  The Kaplan‒Meier curve indicating a greater risk of mortality in patients with hyponatremia than in those without hyponatremia

Table 4  Sensitive analysis involving glucose adjusted hyponatremia and cohort excluding hypernatremia to explore the association 
between admission hyponatremia and outcomes after mechanical thrombectomy

*  Adjusted for sex, initial NIHSS score, baseline ASPECTS, present HMCAS, occluded vessel region, collateral score, total calcium, lymphocyte, platelet, serum glucose at 
admission, and triglyceride

^ Adjusted for sex, age, systolic pressure at admission, initial NIHSS score, present HMCAS, occluded vessel region, collateral score, successful revascularization, 
lymphocyte, platelet, serum glucose at admission, and triglyceride
&  Adjusted for sex, age, hypertension, initial NIHSS score, baseline ASPECTS, present HMCAS, occluded vessel region, collateral score, time from onset to 
recanalization, successful revascularization, total calcium, neutrophil, lymphocyte, platelet, serum glucose at admission, and triglyceride

MBE malignant brain edema, mRS modified Rankin Scale

Outcomes Crude Adjusted

OR (95% CI) P value OR (95% CI) P value

Hyponatremia (glucose adjusted)

  Postoperative MBE* 3.35 (1.69–6.63) 0.001 2.73 (1.05–7.14) 0.040

  90-day mortality^ 3.74 (1.89–7.41)  < 0.001 4.60 (1.88–11.24) 0.001

  90-day adverse function (mRS > 2)& 1.91 (0.92–3.98) 0.083 2.03 (0.76–5.44) 0.157

Cohort excluding hypernatremia

  Postoperative MBE* 4.36 (2.35–8.09)  < 0.001 3.72 (1.58–8.76) 0.003

  90-day mortality^ 4.93 (2.65–9.17)  < 0.001 5.46 (2.46–12.15)  < 0.001

  90-day adverse function (mRS > 2)& 2.98 (1.47–6.03) 0.002 3.21 (1.25–8.24) 0.015
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Relationships between hyponatremia and the core volume 
before mechanical thrombectomy and the final infarct 
volume
CTP imaging data were available for 128 patients (37.4%) 
in the cohort, including 18 (14.1%) with hyponatremia. 
The time from onset to imaging was not significantly dif-
ferent between patients with and without hyponatremia 
(428 ± 206 vs. 365 ± 136, p = 0.097). Patients with hypona-
tremia had significantly larger core volumes than those 
without hyponatremia (25.3 [20.7–39.7] vs. 12.3 [6.3–
22.9] ml, p < 0.001). Significant associations were also 
found between a large core volume and hyponatremia, 
the serum sodium concentration, and hyponatremia in 
the cohort excluding hypernatremia (all p < 0.05) after 
adjusting for the initial NIHSS score, collateral score, 
total calcium level, lymphocyte count, and serum glucose 
level at admission (Table 5).

Information on the final infarct volume was obtained 
for 216 (63.2%) patients (85.5  ml IQR = 53.1 − 129.1), 
demonstrating that patients with hyponatremia (n = 23, 
88.5%) had significantly larger final infarct volumes than 
patients without hyponatremia (124.6 [95.1 − 167.9] 
vs. 79.8 [48.4 − 122.8], p < 0.001). The multivariate lin-
ear regression analysis revealed a significant association 
between the final infarct volume and hyponatremia, the 
serum sodium concentration, glucose-corrected hypona-
tremia, and hyponatremia in the cohort excluding hyper-
natremia (all p < 0.05, Table  5) after adjusting for age, 

intravenous thrombolysis, the occluded vessel region, the 
initial National Institutes of Health Stroke Scale (NIHSS) 
score, the baseline ASPECTS, the collateral score, the 
time from onset to recanalization, and total calcium, 
hsCRP, and neutrophil, and lymphocyte levels.

Discussion
In this study, we investigated the relationship between 
hyponatremia and clinical outcomes in patients with 
LAO involving the anterior circulation treated by MT 
and demonstrated that hyponatremia was linked to both 
postoperative MBE and 90-day outcomes, even after con-
trolling for confounding factors. Furthermore, a similar 
association was also found in the most sensitive analy-
ses with glucose-corrected hyponatremia and the cohort 
excluding hypernatremia. Therefore, hyponatremia may 
serve as an independent predictor of poor prognosis in 
patients who undergo MT with LAO in the anterior 
circulation.

Hyponatremia is a readily observed electrolyte imbal-
ance in hospitalized patients and has been recently 
reported to be associated with a poor prognosis in 
patients with AIS. In 2022, He et  al. conducted a study 
of 963 patients with AIS who received intravenous 
thrombolysis therapy and reported that lower serum 
sodium levels were an independent risk factor for hem-
orrhagic transformation and poor clinical outcomes 
[11]. Previously, Soiza et  al. published a study of 8391 

Fig. 5  Analysis of the mediating effect of postoperative malignant brain edema on the relationship between hyponatremia and 90-day mortality/
adverse function. a: 90-day mortality; b: 90-day adverse effects

Table 5  Association of hyponatremia with core infarction volume before mechanical thrombectomy, and final infarct volume

*  Adjusted for initial NIHSS score, collateral score, total calcium, lymphocyte, and serum glucose at admission

^ Adjusted for age, intravenous thrombolysis, occluded vessel region, initial NIHSS score, baseline ASPECTS, collateral score, time from onset to recanalization, total 
calcium, hsCRP, neutrophil, and lymphocyte

Core infarction volume Final infarct volume

Crude B (95% CI) Adjusted B (95% CI)* Crude B (95% CI) Adjusted B (95% CI)^

Hyponatremia 12.22 (4.27 to 20.16) 10.38 (3.01 to 17.74) 45.22 (20.32 to 70.11) 27.00 (3.83 to 50.18)

Serum sodium concentration −0.87 (−1.57 to −0.173) −0.92 (−1.56 to −0.284) - 2.82 (−4.87 to −0.769) −2.65 (−4.47 to −0.84)

Hyponatremia (glucose adjusted) 9.03 (−0.31 to 18.37) 8.42 (−0.98 to 16.94) 44.21 (16.94 to 71.48) 27.84 (2.59 to 53.10)

Cohort excluding hypernatremia 11.73 (3.60 to 19.87) 9.12 (1.79 to 16.45) 45.61 (21.41 to 69.82) 26.70 (4.12 to 49.28)
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stroke patients with a 13.8% prevalence of hyponatremia 
at admission and suggested that hyponatremia was an 
independent predictor of poor outcomes after stroke 
in the short and long term [12]. Shima et al. performed 
a meta-analysis of 15 studies of 10,745 stroke cases in 
2020 and revealed that patients with hyponatremia had 
a greater tendency toward in-hospital mortality than did 
those without hyponatremia [27]. However, only 2 stud-
ies have investigated the relationship between hypona-
tremia and outcomes in patients treated with mechanical 
thrombectomy/endovascular thrombectomy. Hong et al. 
reported that higher sodium levels at admission were an 
independent predictor of functional independence, early 
neurological recovery, and lower 3-month mRS scores 
in patients treated with endovascular thrombectomy 
[28]. In another study, in patients with reperfusion treat-
ment for AIS, Pelouto et al. reported that hyponatremia 
was associated with a worse mRS score at 3 months and 
in-hospital mortality [2]. Moreover, consistent with our 
results, Pelouto et  al. also failed to find an association 
between hyponatremia and hemorrhagic transforma-
tion. However, none of the above studies investigated the 
relationship between hyponatremia and MBE. In the pre-
sent study, we also confirmed the associations of hypona-
tremia with 90-day mortality and adverse function in a 
relatively large cohort following MT. In addition, we first 
identified that hyponatremia was an independent predic-
tor of postoperative MBE after MT.

Hyponatremia is commonly associated with poor 
prognosis in stroke patients. However, the mechanism 
of the relationship between hyponatremia and clinical 
outcomes is unclear in terms of whether hyponatremia, 
as a direct pathogenesis, contributes to poor prognosis 
or simply serves as an indicator reflecting disease sever-
ity. According to the above findings, we suggest that 
this association may be related to the following mecha-
nisms. First, under the pathological conditions of AIS, 
hyponatremia is well known to aggravate cerebral edema 
by increasing the ionic gradient between the vascular 
compartment and interstitial fluid to provide the driv-
ing force for fluid shifts [11]. Even a small change in the 
percentage of the brain water content can reflect large 
changes in brain swelling that increase intracranial pres-
sure and exacerbate capillary perfusion, which may lead 
to further ischemia [2]. Second, hyponatremia may dis-
turb ionic transport between the internal and interstitial 
fluid, leading to deterioration of the AIS. For example, 
hyponatremia may activate the reverse mode of Na+/
Ca2+ exchange, causing an increase in the intracellular 
Ca2 + concentration and the generation of reactive oxy-
gen species that may reduce the recoverability of penum-
bral tissue [2, 29, 30]. Moreover, decreased serum sodium 
levels disrupt Na + /K + -ATPase activity, which can 

aggravate cytotoxic edema [31, 32]. Third, the increased 
permeability of the blood–brain barrier (BBB) contrib-
utes to the increase in serum components in the brain, 
leading to vasogenic cerebral edema, which serves as 
a vital etiology for postoperative MBE. Unfortunately, 
obvious ischemia secondary to LAO and mechanical 
injury of the vessel endothelium due to the MT proce-
dure may aggravate dysfunction of the BBB [33]. More-
over, with breakdown of the BBB, hyponatremia can 
accelerate the development of vasogenic cerebral edema 
through disrupted ionic homeostasis [11]. Finally, the 
poor diagnosis of patients with hyponatremia may be 
the result of inappropriate sodium correction. Poststroke 
hyponatremia may be caused by comorbidities, medi-
cation used prior to admission, and syndromes such as 
inappropriate antidiuretic hormone (SIADH) or cerebral 
salt wasting syndrome (CSWS), but treatment for these 
etiologies is rather different [2, 34]. For example, SIADH 
is generally treated with fluid restriction, whereas CSWS 
is treated with sodium fluid [35]. However, on the basis of 
our data, we cannot identify the specific cause of hypona-
tremia to formulate a relevant therapeutic schedule. Fur-
thermore, for patients with AIS caused by LAO, the early 
purpose of treatment is focused primarily on the reperfu-
sion of ischemic brain tissue, and detecting the etiology 
of hyponatremia may be mostly neglected. In addition, 
we could not confirm the rapidity of the onset of hypona-
tremia, namely, acute or chronic hyponatremia, which is 
very common, with demyelination associated with rapid 
sodium correction [36]. Nevertheless, from a clinical per-
spective, we revealed that hyponatremia was significantly 
associated with postoperative MBE in patients treated 
with MT, even after controlling for confounding factors 
and verifying the results in a sensitivity analysis. There-
fore, appropriate correction of hyponatremia may reduce 
the risk of MBE and improve patient prognosis.

The predictive value of hyponatremia for prognosis has 
been widely studied in patients with AIS; however, the 
potential process by which early sodium disorder affects 
later outcomes has not been reported. Although our 
study is unable to address causality, mediation analysis 
demonstrated that postoperative MBE may be a media-
tor linking hyponatremia at admission to 90-day out-
comes. MBE is a catastrophic complication that leads to 
increased intracranial pressure, rapid deterioration of 
neurological function, and brain herniation [4]. In addi-
tion, the treatment efficacy of MBE is limited in that 
even with enhanced osmotic diuresis or decompressive 
craniectomy, a high risk of neurological dysfunction and 
mortality is still inevitable [5]. Therefore, the results of 
the mediation analysis indicated that restoring hypona-
tremia may be beneficial for reducing the risk of MBE 
and improving patient prognosis.
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Certainly, there were also some limitations in this 
study. First, the retrospective, single-center design may 
limit the wide application of these results. Second, the 
etiology and duration of hyponatremia could not be iden-
tified based on our data, and further research in this area 
is encouraged to address this confusion. Third, potential 
bias may be introduced by the limited size of the cohort, 
which manifested as wide confidence intervals in some 
whole and subgroup analyses. Fourth, other potential 
variables that might be associated with clinical out-
comes were not thoroughly explored in this study. Fifth, 
the results of this study were obtained based on statisti-
cal inference and merely showed a statistical correla-
tion rather than a causal relationship, and interpretation 
should be combined with clinical practice.

Conclusion
Hyponatremia is a common electrolyte disturbance 
in AIS patients with LAO treated by MT and serves as 
an independent predictor of postoperative MBE and 
90-day mortality and adverse function. Correction of 
hyponatremia may be appropriate to reduce the risk of 
postoperative MBE and unfavorable outcomes. Further 
experimental studies are essential to explore the basic 
mechanisms linking hyponatremia to outcomes.
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