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Background and purpose: Significant differences in the outcomes observed in patients with acute ischemic stroke (AIS) have led to research investigations for identifying the predictors. In this retrospective study, we aimed to investigate the relationship of different clinical and imaging factors with the prognosis of AIS.

Materials and methods: All clinical and imaging metrics were compared between the good and poor prognosis groups according to the modified Rankin Scale (mRS) score at 90 days after discharge. Clinical factors included gender, age, NIHSS scores at admission, and other medical history risk factors. Imaging markers included the lesion’s size and location, diffusion, and perfusion metrics of infarction core and peripheral regions, and the state of collateral circulation. Spearman’s correlations were analyzed for age and imaging markers between the different groups. The Chi-square test and Cramer’s V coefficient analysis were performed for gender, collateral circulation status, NIHSS score, and other stroke risk factors.

Results: A total of 89 patients with AIS were divided into the good (mRS score ≤ 2) and poor prognosis groups (mRS score ≥ 3). There were differences in NIHSS score at the admission; relative MK (rMK), relative MD (rMD), relative CBF (rCBF) of the infarction core; relative mean transit time (rMTT), relative time to peak (rTTP), and relative CBF (rCBF) of peripheral regions; and collateral circulation status between the two groups (p < 0.05). Among them, the rMK of infarction lesions had the strongest correlation with the mRS score at 90 days after discharge (r = 0.545, p < 0.001).

Conclusion: Perfusion and diffusion metrics could reflect the microstructure and blood flow characteristics of the lesion, which were the key factors for the salvage ability and prognosis of the infarction tissue. The characteristics of the infarction core and peripheral regions have different effects on the outcomes. Diffusion of infarction core has strong relations with the prognosis, whereas the time metrics (MTT, TTP) were more important for peripheral regions. MK had a more significant association with prognosis than MD. These factors were the primary markers influencing the prognosis of cerebral infarction patients.
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Introduction

Acute ischemic stroke (AIS) is one of the common causes of death and disability worldwide (1). The recurrence rate is also high, which greatly reduces the patient’s quality of life. Many stroke survivors continue to experience dysfunction or long-term negative effects despite continuous rehabilitation (2). Therefore, stroke is a significant health problem and a financial burden on society (3). Prognostic prediction of AIS is essential to help patients and caregivers set appropriate clinical plans and monitor treatment during recovery and adaptation. In recent years, the mRS score has been used to evaluate neurological functional status after stroke (4), which can reflect characteristics of stroke recovery that are directly relevant to patients’ daily activities (5). Yet, it is challenging to predict neural function after an ischemic stroke. There are some potential indicators for long-term outcomes, such as age (6) and NIHSS score (4).

Magnetic resonance imaging (MRI) is commonly used for the diagnosis and evaluation of ischemic stroke, in which diffusion-weighted imaging (DWI) is particularly sensitive to reveal the range of cytotoxic edema (7, 8). Diffusion kurtosis imaging (DKI) complements the directionality of molecular diffusion (9). Both DWI and DKI could reveal the microstructure characteristics of the brain tissue (10). The lesion size obtained by DWI is an independent risk factor for the clinical outcome (11). Previous studies have shown that MD and MK closely relate to the necrotic regions at follow-up (12, 13). In addition, PWI provides the hemodynamic status of the infarct lesion and surrounding tissues. It can detect the severity and extent of the impaired perfusion for both the ischemic core and the surrounding brain regions (14, 15). Previous research has demonstrated a strong correlation between impaired brain perfusion and stroke recurrence and functional outcomes (16). MRA results can be used to evaluate the feeding artery of the lesion and can reflect the status of collateral circulation. Studies have found that the status of collateral circulation at the distal end of the lesion is significantly correlated with different prognoses (17).

This study aimed to investigate the correlation between the characteristics of an infarction, including the clinical and imaging features with its neurological outcome at the follow-up to explore the key factors in predicting the prognosis of an ischemic stroke.



Methods


Patients and groups

AIS patients admitted to the Tianjin First Central Hospital were recruited for the study. All patients had an apparent onset of neurological impairment (communication dysfunction, unilateral face or limb numbness, etc.). Acute cerebral infarction was confirmed by the admission MRI scan, which included T1WI, T2WI, DWI, DKI, Magnetic Resonance Angiography (MRA), and perfusion-weighted imaging (PWI). The clinical history, including demographics, risk factors, neurological evaluation, and NIHSS score (18), was collected. The NIHSS score ranged from 0 to 42, where 0–1 was defined as normal or nearly normal; 2–4 was considered mild; 5–15 was considered moderate; 16–20 was considered moderate–severe and 21–42 was defined as a severe stroke (19). The exclusion criteria were small lesions (minimum diameter < 10 mm), bilateral lesions, intracranial hemorrhage or lesions, craniocerebral trauma or surgery history, and endovascular or intravenous thrombolytic therapy.

During the study period, 250 AIS patients were collected. Of them, 161 patients were excluded due to other intracranial space occupation or history of craniocerebral surgery, bilateral cerebral infarction (62 patients), and the maximum diameter of DWI high signal <10 mm. Finally, 89 patients were enrolled in the present study (Figure 1). After 3 months of admission, the mRS score was assessed and used as an indicator of the prognosis of AIS (20), with mRS ranging from 0 (asymptomatic) to 6 (death). For the patients with mRS Score between 0 and 2, it indicated that the patients could live independently, while the patients with mRS Score higher than 2 would need different degrees of help from others (21–23). Therefore, 89 patients were divided into two groups: the good prognosis group and the poor prognosis group. The good prognosis was defined as mRS score ≤ 2, and the poor prognosis was defined as mRS score ≥ 3 at 90 days after discharge. Their demographic characteristics are shown in Table 1.
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FIGURE 1
 Flow chart of patients’ enrollment and exclusion processes.




TABLE 1 The demographic, clinical and imaging features in different groups of patients (mean ± SD).
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MR protocol

All MRI examinations (including T1WI, T2WI, DWI, DKI, MRA, and PWI) were performed using a 3 T Siemens Trio imager with a 32-channel head coil (Siemens Healthineers, Erlangen, Germany). The DWI was performed using a single-shot echo-planar sequence with repetition time (TR)/echo time (TE) = 5,000/93 ms, field of view (FOV) = 221 × 211 mm2, matrix = 183 × 384, axial slices (number/thickness/gap) = 20/5.0 mm/1.25 mm, and three diffusion directions with two b values (0, 1,000 s/mm)2; DKI was performed using a multi-band echo-planar sequence with TR/TE = 3,000/95 ms, FOV = 230 × 230 mm2, matrix = 183 × 384, axial slices (number/thickness/gap) = 20/5.0 mm/1.25 mm, and 20 diffusion directions with three b values (0, 1,000, 2,000 s/mm)2. PWI was collected after the injection of intravenous contrast agent, TR/TE = 1,480/32 ms, FOV = 230 × 230 mm2, axial slices (number/thickness/gap) = 20/5 mm/1.25 mm; MRA sequence was performed using TOF-3D technology, TR/TE = 27/3.59 ms, FOV = 230 × 230 mm2, slice thickness = 0.7 mm; total scan time for the imaging protocol was about 15 min.



Data processing

The DKI data were converted to the NIfTI format and then processed for motion correction, eddy current correction, and Gaussian smoothing noise reduction (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/). The mean diffusivity (MD) and mean kurtosis (MK) maps were derived from diffusional kurtosis estimator software.1

The PWI data were post-processed by Siemens “Neuro Perfusion” software package to obtain the mean transit time (MTT) (s) and the time to peak (TTP) (s), cerebral blood flow (CBF) (ml/min/100 g), and cerebral blood volume (CBV) (ml/100 g).



Infarction lesions, peripheral regions, and collaterals evaluation

The volume of the lesions was obtained by the area of all slices multiplied by the slice thickness. All other imaging metrics of infarction lesions and peripheral regions were measured at the maximum slice of the lesions.

The lesions were delineated in MRIcron software, and the ROI of the maximum slice was saved and copied to the DKI and PWI maps to obtain MD, MK, MTT, TTP, CBF, and CBV values. In addition to the acute infarct lesions, the ROI were also flipped to the opposite side to obtain the above metrics of the contra-lateral normal brain regions. The relative metrics of diffusion and perfusion were the ratio between the lesion’s values and the contra-lateral normal values, referred to as the rMTT, rTTP, rCBF, rCBV, rMD, and rMK of the infarction lesions.

Besides the characteristics of the infarction lesions, the relative metrics (rMTT, rTTP, rCBF, rCBV, rMD, and rMK) of the peripheral regions outside the infarction were also measured. The ROI of the peripheral region would be within the 2 cm outside the lesions and at the same blood supply region of the infarction.

The MRA vessels distal to the occlusion were evaluated as an indication of leptomeningeal collateral supply to the ischemic area. Compared to the contra-lateral normal cerebral hemisphere, a 3-point grading scale was used (0 = none/poor, 1 = fair, 2 = good/normal) (24).



Statistical analysis

Statistical analysis was performed using the Statistical Product and Service Solutions software (SPSS, Chicago, Ill). Medcalc and GraphPad Prism 82 software packages were used for graph rendering. All clinical and imaging metrics were compared between the good and poor prognosis groups. Student’s t-test or Mann–Whitney U-test was used for continuous variables with a normal or nonnormal distribution, and the Chi-square test was used for categorical variables. Continuous variables included age, lesion size, rMTT, rTTP, rCBF, rCBV, rMD, and rMK of infarction lesions and peripheral regions. Categorical variables included gender, history of hypertension, diabetes, smoking, drinking, previous stroke, NIHSS score, and grading of collateral circulation. Spearman’s correlations were determined between age, imaging markers, and different prognoses. The chi-square test and Cramer’s V coefficient were determined between gender, all risk factors, NIHSS score, grading of collateral circulation, and different prognoses. The ROC curve was used to compare the predictive efficacy of clinical and imaging metrics on the prognosis of the infarction, and the area under the curve (AUC) was calculated. p < 0.05 was considered a significant difference.




Results

A total of 250 patients with AIS were collected, among which seven cases with surgery or intracranial lesions, 92 cases with small lesions, and 62 cases with bilateral lesions were excluded. Finally, 89 cases (68 males, 21 females; mean age 61.9 ± 9.7 years, age range 37–80 years) were included. A flow chart of the patient inclusion process in the study is depicted in Figure 1. The NIHSS score of all patients was assessed on admission (mean score 4.876 ± 3.867, score range 0–16). Meanwhile, 41 cases were diagnosed as mild stroke by the neurologist, 33 as moderate stroke, 2 as moderate to severe stroke, and the remaining 13 patients had no significant neurological impairment. The collateral circulation status evaluated by MRA was grade 0 in 38 cases, grade 1 in 33 cases, and grade 2 in 18 cases. At 90 days after discharge, 42 patients had a good prognosis and 47 patients had a poor prognosis. The demographic and clinical features of all patients in the two groups are shown in Table 1.

All 89 patients completed imaging examinations successfully. DWI images showed high signal in all cases, and most cases showed low signal lesions on MD images, high signal lesions on MK images, increased MTT, TTP, and decreased CBF. In some cases, MK and MD images showed heterogeneous signals, and CBF changes were not obvious. These patients without significant imaging changes (MK, MD, and CBF) had a better prognosis. Two typical cases are shown in Figure 2.
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FIGURE 2
 Two representative cases with acute ischemic stroke. (A) A 56-year-old man with left limb numbness for 3 days. The lesion adjacent to the right basal ganglia showed a low MD, high MK lesion, with a large area of increased MTT, TTP and decreased CBF. The admission NIHSS score was 3, 90-day mRS score was 4, indicating a poor prognosis. (B) A 62-year-old man with dysarthria for 2 h. The lesion at the left frontal cortex showed heterogeneous low MD, high MK, CBF, MTT, and TTP changes were not noticeable. The admission NIHSS score was 10, 90-day mRS score was 1, indicating a good prognosis.



Relationship between clinical features and the prognosis

Clinical information included age, gender, risk factors (hypertension, diabetes, previous stroke, smoking, and drinking history), and NIHSS score. As shown in Table 1, age and all history risk factors did not differ significantly with different prognoses. The prognosis of males was worse than that of females (p = 0.04). In addition, there was a significant positive correlation between NIHSS score and different prognoses (r = 0.384, p < 0.001). Despite having a weak correlation with prognosis, gender cannot be used as an independent indicator of prognosis, among all clinical features.



Relationship between imaging features of infarction lesions and the prognosis

Infarction was categorized into cortical, subcortical, basal ganglia, and subtentorial based on the locations and blood supply. Other imaging features included lesion size, normalized diffusion (rMD and rMK), perfusion metrics (rMTT, rTTP, rCBF, and rCBV), and collateral circulation status. As shown in Table 1, lesion size and the types of cerebral infarction did not differ significantly with different prognoses. The other imaging metrics were statistically different between the two prognosis groups. rMK (r = 0.545, p < 0.001), rMD (r = −0.449, p < 0.001), and rCBF (r = −0.348, p < 0.001) were significantly correlated with functional prognosis, rMTT (r = 0.261, p = 0.01), rTTP (r = 0.325, p = 0.001), and rCBV (r = −0.268, p = 0.008) were correlated with functional prognosis.

In addition, different collateral circulation status also showed a significant correlation with prognosis (r = 0.477, p < 0.001).



Relationship between imaging features of peripheral regions and the prognosis

As shown in Table 1, The diffusion characteristics (rMD and rMK) of the peripheral regions were not significant to the outcomes (Both p > 0.05). The rCBF of peripheral regions was mildly significant to the prognosis (r = −0.278, p = 0.011), but the time metrics (rMTT, rTTP) of peripheral regions showed more significant to the final prognosis (r = 0.329, p = 0.003 and r = 0.332, p = 0.002, respectively). The rCBV of peripheral regions showed no significance to the prognosis (r = −0.125, p = 0.263).



The efficiency of clinical and imaging metrics in predicting the prognosis

In all clinical and imaging metrics, the NIHSS score, rMD, rMK, rCBF of infarction lesions, and collateral circulation were most significantly correlated with the prognosis (p < 0.001). The ROC curves of these key markers in predicting the prognosis are presented in Figure 3. Areas under the curve of NIHSS score, rMD, rMK, rCBF, and collateral circulation were 0.701, 0.759, 0.815, 0.704, and 0.697, respectively.
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FIGURE 3
 The predictive efficiency of different metrics for the prognosis of strokes.





Discussion

AIS is one of the leading causes of disability and a significant cause of mortality among adults (25). The prevalence of AIS is high, and the annual incidence is steadily increasing, bringing a severe burden to patients and society. Therefore, early diagnosis, prognosis assessment, and treatment are essential.

Magnetic resonance imaging (MRI) is a commonly used diagnostic tool for stroke in the clinical setting (15). Imaging indicators are critical and can provide detailed information about the lesions. The prognosis of AIS is highly correlated with the imaging markers. The DWI sequence is widely used in the diagnosis of early cerebral infarction, and it is especially sensitive for detecting the location of cerebral infarction and the size of necrotic lesions in brain tissue (26). In addition to DWI, PWI can non-invasively and intuitively reflect the degree of cerebral blood flow perfusion attenuation. The changes in its perfusion indicators are consistent with the pathophysiological process of cerebral ischemia. PWI can detect a decrease in blood perfusion before DWI detects a cerebral infarction and can be used to assess perfusion improvement before and after cerebral ischemia treatment. Hence, PWI has clinical utility in the early detection and prognosis assessment of cerebral ischemic events (27).

DKI is a kurtosis imaging technology based on DWI and diffusion tensor imaging (DTI), and kurtosis is a statistical metric for quantifying the non-Gaussianity of a probability distribution (10). In normal tissues, the movement of water molecules usually deviates from Gaussian distribution due to the restrictions of the cell membrane and organelle membrane. Different physiological environments have different degrees of deviations from Gaussian distribution, and DKI technology can detect the deviation degree through high b values of diffusion gradients. A more significant deviation leads to a higher MK value. Therefore, the MK value can reflect the restricted degree of movement of water molecules in tissues, and thereby obtain information on subtle structural changes. Previous DKI studies on acute cerebral infarction have found higher MK and lower MD in infarction foci (28, 29). Although various parameters could be obtained from DKI, only MK and MD were mainly used in patients with AIS. Previous studies have shown that AK, RK, and other parameters are insufficient, and MK is the best evaluation parameter for ischemic lesions (30).

Various independent factors influence the prognosis of acute cerebral infarction. Numerous clinical metrics, including the patient’s age, onset time, symptoms, type and size of infarct lesions, concurrent diabetes and other disorders, as well as various treatment options, could affect the prognosis of patients (31, 32). The NIHSS score is frequently employed in the clinical setting to directly reflect patients’ neurological injury status. And the NIHSS score at admission was found to be correlated with the prognosis in this study; while other clinical information was not found to be significant when analyzed as independent variables. Zheng et al. (33) performed multiple evaluations of the NIHSS score after the onset of the disease and found a strong correlation between the NIHSS score at 7 days after the onset and the long-term prognosis of the patients. For imaging metrics, perfusion metrics that reflect the blood flow status of the infarct tissue are correlated with prognosis. In addition, other factors such as cell tolerance to ischemia and the presence or absence of penumbra may also affect the prognosis of patients. Due to the limitation of the examination technique, the mismatch between DWI and PWI cannot obtain the true penumbra, so the correlation between the penumbra condition around the lesion and different prognosis was not performed in this study. For the status of collateral circulation around the lesion, we found a significant correlation between it and prognosis, which is also consistent with some studies. The MK and MD metrics have a higher correlation with the prognosis and are apparent indicators of the degree of cell ischemia. They can indicate the swelling status of the cells in the infarct tissues after ischemia. The MK value has higher sensitivity and specificity than the MD value for predicting a patient’s prognosis. The inability of MD to fully capture structural complexity may be because it is influenced not only by tissue complexity but also by molecule concentration and other factors (9). Other studies also confirmed that MK has more specificity in determining tissue microstructural changes than MD (34).

Different cerebral infarction types and blood supply regions might have different sizes of infarction, as well as distinct imaging appearances and prognoses, which could be related to variations in local structure, blood supply, and peripheral circulation (35). However, our study did not find significant differences in prognosis among different types of cerebral infarctions, which may be due to the dependence of infarction types on other factors, particularly infarct size at admission.

This study had several limitations. First, the sample size was small. Due to the complexity of the clinical factors, the exclusion criteria were strict. For practical reasons, we could only include the lesions with diameter > 1 cm in the study, which might cause a bias in the results. Hence, large sample and multi-center studies are required. Second, the MRI examinations were performed on the second or third day of admission to avoid delays in emergency treatment. The imaging characteristics of the acute stage need to be further studied. Third, this study focused on the clinical history and key imaging indicators to evaluate the prognosis, but other factors, such as the laboratory tests, were not analyzed. Further studies are needed to confirm the results of this preliminary study.



Conclusion

Perfusion and diffusion metrics could reflect the microstructure and blood flow characteristics of the lesion, which were the key factors for the salvage ability and prognosis of the infarction tissue. The characteristics of the infarction core and peripheral regions have different effects on the outcomes. Diffusion of infarction core has strong relations with the prognosis, whereas the time metrics (MTT, TTP) were more important for peripheral regions. MK had a more significant association with prognosis than MD. The NIHSS score at admission could reflect the functional involvement and was correlated with patients’ outcomes. These factors were the primary clinical and imaging markers influencing the prognosis of cerebral infarction patients.
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