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Editorial on the Research Topic
Post-stroke complications: mechanisms, diagnosis, and therapies

Introduction

Stroke is a leading cause of disability and death that primarily affects arteries in the
brain (1). When a stroke occurs, blood vessel blockages or narrowing restrict the supply
of oxygen and nutrients to the brain, resulting in severe consequences including cell
death and subsequent brain damage. Depending on the volume of ischemic lesion and
the availability of immediate medical treatment following a stroke, the severity of post-
stroke complications varies, spanning from temporary to permanent disabilities. These
complications encompass pain, paralysis, language or swallowing difficulties, and sensory
deficits, ultimately leading to psychiatric and cognitive impairments that profoundly impact
patients’ daily existence. While tremendous progress has been made in understanding the
mechanisms underlying post-stroke complications in recent decades, the diagnosis and
treatment of these complications are still in need of further development.

Within this Research Topic titled “Post-stroke complications mechanisms, diagnosis, and
therapies; we have presented novel research focused on different aspects of post-stroke
complications. These studies advance our understanding of the pathogenesis and prognosis
of post-stroke complications. In this editorial, our goal is to present a summary of the
key findings in each published article. Besides the text discussion, a summary of the main
findings of these articles is depicted in Figure 1.

Post-stroke complications and inflammation
Systemic inflammation has been identified as an important factor that can impact both

the early and long-term prognosis in stroke survivors (2). Within this Research Topic, we
have three articles that delve into this subject.
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FIGURE 1
A summary of the main findings of the articles in the Research Topic "Post-stroke complications: mechanisms, diagnosis, and therapies”. CR, chronic
rhinitis; HSP, hemiplegic shoulder pain, HT, hemorrhagic transformation; IVT, intravenous thrombolysis; PLR, platelet/lymphocyte ratio; PSD,
post-stroke depression; rTMS, repetitive transcranial magnetic; SAP, stroke-associated pneumonia; SBI, silent brain infarction; Sll, systemic
immune-inflammation index; SIRI, systemic inflammation response index; USN, unilateral spatial neglect.

First, Yu et al. perform a retrospective study that enrolls
patients with spontaneous intracerebral hemorrhage (SICH).
Through the analysis of data from these patients, the authors
develop a predictive nomogram that incorporates factors
such as systemic inflammation response index (SIRI) and
platelet/lymphocyte ratio (PLR). They demonstrate the prognostic
significance of these inflammatory biomarkers, outperforming
conventional factors, in predicting stroke-associated pneumonia
(SAP) following SICH. This study could help identify the risks of
SAP, thus potentially improving patients’ clinical outcomes and
shorten the length of hospital stays.

Frontiersin Neurology

Second, Xiao et al. conduct a retrospective study in patients
with spontaneous basal ganglia intracerebral hemorrhage (ICH)
who underwent surgical procedures. The authors discover that
lower levels of preoperative systemic immune-inflammation index
(SII) are linked to a reduced risk of prolonged mechanical
ventilation (PMV) in these patients. Therefore, the study suggests
that preoperative SII can serve as a prognostic marker for PMV.

Patients with stroke are reported to suffer from chronic
rhinitis (CR), which results in symptoms such as rhinorrhea, nasal
obstruction, and sneezing. Choi et al. conduct a retrospective
study examining the association between CR and stroke in stroke
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patients. They find that, while clinical evaluation does not reveal
a significant difference between CR and non-CR patients, patients
with cortical and subcortical stroke are at a higher risk of
developing CR. Furthermore, they identify autonomic symptoms
and gender as risk factors for stroke patients to develop CR.

Intervening and predicting post-stroke
depression

Depression is commonly seen among individuals who have
survived a stroke. According to the DSM-5, post-stroke depression
(PSD) is characterized as a mood disorder with depressive features
resulting from stroke (3). Our Research Topic has published three
articles that reveal the key connection between PSD and stroke.

First, Pan et al. conduct a meta-analysis comprising 16
randomized controlled trials that enrolled 1,463 PSD patients.
They find that combining low-frequency repetitive transcranial
magnetic stimulation (low-frequency rTMS) with antidepressants
leads to a significant reduction in depression scores, improved
cognitive function, and lower levels of inflammatory factor when
compared to antidepressant therapy alone. Furthermore, this
analysis demonstrates that low-rTMS is generally considered safe
with fewer adverse effects. Nonetheless, the authors recommend
that future research should investigate the optimal intervention
sites and frequencies for the treatment of PSD.

To investigate miRNA and mRNA biomarkers with predictive
potential for PSD, Qiu et al. conduct a transcriptional analysis
using data from two GEO databases that include patients diagnosed
with both stroke and depression. Following the identification
of differentially expressed miRNA and mRNA, the authors
employ three machine-learning methods to uncover key signatures,
including three genes (SPATA2, ZNF208, and YTHDCI) and
their upstream miRNAs, forming a miRNA-mRNA network. This
network could offer novel insights into the pathogenesis of PSD.

Another frequently occurring post-stroke complication, known
as hemiplegic shoulder pain (HSP), has been reported to have
a high prevalence of 80% among post-stroke patients even after
recovery (4). HSP can evolve into a chronic condition and become
associated with higher rates of depression, ultimately leading to
poor quality of life (5). In order to examine the relationship between
HSP and muscle stiffness, specifically focusing on internal rotation
muscle stiffness, Jia et al. perform a prospective observational study.
They enroll 20 stroke patients with HSP and 20 healthy controls
and discover that increased stiffness of the teres major muscle
is correlated with greater pain intensity and reduced shoulder
mobility in patients with HSP. Thus, this study proposes that
stiffness of internal rotation muscles can be used as an indicator
for the evaluation and management pf HSP.

Applying Al and machine learning
tools to the treatment of post-stroke
complications

Zhu et al. perform a network meta-analysis that includes
randomized controlled trials. Through a comparison of the efficacy
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of six different artificial intelligence (AI)-based rehabilitation
techniques aimed at enhancing upper limb function and daily
living ability in stroke patients, the authors identify one technique
that can effectively enhance both proximal and distal upper limb
function. Thus, these findings not only indicate the potential
advantages of Al-based interventions for stroke patients but also
underscore the importance of taking patient characteristics into
account in future research.

To predict SAP using a readily accessible approach like brain
CT scans, Yang G. et al. introduce a registration method that
aligns brain images from both CT and MRI scans. The authors
use three machine learning models (logistic regression, support
vector machine, random forest) based on these scans and extract
image features pertaining to the distribution and lesion areas of
ICH. The results reveal key brain structures that exhibit a strong
correlation with SAP, as determined through feature extraction
from the scanned images. This provides potential insights into
predicting SAP and its relationship with brain lesions.

Managing stroke patients receiving
thrombolysis

Zhan et al. perform a retrospective study in which they analyze
CT data from patients diagnosed with acute ischemic stroke (AIS)
who underwent intravenous thrombolysis (IVT) treatment. The
findings indicate that severe leukoaraiosis, severe brain atrophy,
and a greater burden of cerebral small vessel disease (CSVD)
are linked to an elevated risk of hemorrhagic transformation
(HT) occurring within 24-36h of IVT. Therefore, this study
provides potential therapeutic strategies for preventing HT in
stroke patients.

Zhang et al. perform a retrospective study on patients
diagnosed with ischemic stroke who underwent IVT. Using clinical
and neuroimaging data, the authors categorize the patients into
groups with silent brain infarction (SBI) and those without (non-
SBI group), revealing that patients with SBI have a reduced
likelihood of achieving favorable functional outcomes at 3 months
compared to non-SBI patients. Thus, the authors conclude that SBI
is an independent factor that predicts a higher risk of unfavorable
outcomes in AIS patients receiving IVT treatment.

Huang et al., perform a randomized, controlled clinical trial
to assess the efficacy of different stereotactic minimally invasive
catheter placement positions during urokinase thrombolysis for
small- to medium-sized basal ganglia hemorrhages. The results
show that catheterization along the long axis of the hematoma led to
shorter catheterization times, reduced urokinase dosage, improved
hematoma clearance, and fewer complications when compared to
catheterization at the hematoma center. However, there are no
significant differences in short-term patient outcomes as measured
by NIHSS scores.

Unplanned readmission, which is defined as hospital admission
for the same diagnosis within 30 days of discharge after the
initial admission (6), has long been viewed as a challenge to
healthcare performance and a potential risk to patients. It has been
reported that unplanned readmission rates following a stroke are
20% within 30 days. To identify methods for reducing unplanned
readmission, Jun-O’Connell et al. conduct a retrospective cohort
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study that enrolls 447 stroke patients who underwent thrombolysis.
By utilizing a stroke nurse navigator team, comprising two
professionally trained nurses with expertise in stroke care, the
authors find a substantial reduction in unplanned readmission rates
within the implementation period (i.e., 3 days following hospital
discharge). This indicates that the nurse navigator intervention,
which encompasses medication reviews and follow-up planning,
contributes to improved outcomes in stroke patients treated
with thrombolysis.

Managing stroke patients with
diabetes

Shao et al. examine the stress

hyperglycemia and AIS through a retrospective study that

relationship between

enrolls patients with AIS. The study reveals that the primary
functional outcome, the glucose-to-HbAlc ratio, is associated
with more severe AIS, particularly in patients without diabetes.
Thus, the authors conclude that the glucose-to-HbAlc ratio is an
independent predictor of stroke severity in non-diabetic patients.

Yao et al. review stress-induced hyperglycemia (SIH) in AIS
patients. SIH is characterized by elevated blood glucose levels
during and after AIS, and it is linked to larger infarct sizes and
poorer outcomes. Despite efforts to control it with insulin therapy,
clinical outcomes continue to be unsatisfactory, pressing need for
new therapeutic approaches. Furthermore, this review explores
the definitions, mechanisms, and challenges in achieving effective
glucose control in patients with AIS.

Other topics

Yan et al. recruit patients with acute cerebral infarction
(CI) and healthy controls and evaluate cognitive performance
and early brain microstructural changes, revealing a significant
correlation between T1 relaxation times in various brain regions
and cognitive test scores. Specifically, CI patients exhibit a
significantly reduced cerebral blood flow, reflecting dysfunction
in brain microstructure. Furthermore, the authors identify
T1 relaxation times in the right temporal and frontal lobes
as potential biomarkers for cognitive impairment following
acute cerebral infarction. Thus, this study suggests a link
between brain microstructure and cognitive function through
cerebral hemodynamics.

Yang Y.-x. et al. describe a study protocol for a prospective
randomized controlled clinical trial. Their objective is to examine
the efficacy of a combined therapeutic approach, namely, prism
adaptation with eye movement training, for patients with unilateral
spatial neglect (USN) following a stroke. After evaluations at
baseline and post-intervention follow-ups, the authors seek to
identify an innovative treatment strategy, thereby providing a new
evidence-based treatment option for patients with USN.

Tang et al. perform a retrospective study to investigate the sex-
dependent relationship between serum uric acid (UA) levels and
the occurrence of spontaneous HT in ischemic stroke patients.
They discover that elevated UA levels are independently linked to a
higher risk of spontaneous HT in males but not in female patients.
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These findings indicate a sex-dependent association between UA
and the occurrence of spontaneous HT in male patients who have
suffered from ischemic stroke.

Song et al. investigate the potential link between stroke
gastrointestinal peptic
ulcer disease (PUD) and gastroesophageal reflux disease
(GERD). Using Mendelian randomization, the authors do
not uncover any evidence suggesting that genetic predisposition

and common disorders such as

to ischemic stroke directly influences the development of
gastrointestinal disorders. However, the authors do identify an
association between complications arising from intracerebral
hemorrhage, specifically deep ICH, and an increased risk of
developing PUD and GERD. Therefore, this study suggests
a brain-gut axis connection that links stroke and common
gastrointestinal disorders.

Dumas et al. perform a retrospective study to evaluate the
impact of infarct laterality on functional clinical outcomes in
AIS patients who had low ASPECT (0-5), the main quantitative
score used by brain imaging studies including CT and MRI scans
(7). The study enrolls patients with either intracranial internal
carotid artery or middle cerebral artery occlusions with a low
ASPECT score (0-5) and finds that clinical outcomes at day
90 post-stroke do not significantly differ based on the laterality
of the stroke. This suggests that mechanical thrombectomy
treatment is equally valuable regardless of stroke laterality in this
patient group.

Conclusion

In conclusion, although post-stroke complications still
represent a significant challenge in stroke care and management,
the articles published in this Research Topic represent a substantial
contribution to enhancing our understanding of the mechanisms
and diagnosis of, and therapies for, post-stroke complications.
The newly identified diagnostic tools, including neuroimaging and
biomarkers such as miRNA and mRNA, hold promise for the early
detection of and intervention in post-stroke complications, thus
potentially increasing the efficacy of treatment and improving the
recovery journey for stroke survivors.
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Objective: This study aimed to investigate early brain microstructural changes
discovered using magnetization-prepared two rapid acquisition gradient echo
(MP2RAGE) sequence and cerebral hemodynamic using TCD for cognitive
impairment after acute cerebral infarction.

Methods: We enrolled 43 patients with acute cerebral infarction and 21
healthy people in the study, who were subjected to cognitive assessments,
the MP2RAGE sequence, and a cerebral hemodynamic examination. A total of
26 brain regions of interest were investigated. Furthermore, we used cerebral
hemodynamics to explain brain microstructural changes, which helped us
better understand the pathophysiology of cognitive impairment after acute
cerebral infarction and guide treatment.

Results: T1 relaxation times in the left frontal lobe, right frontal lobe,
right temporal lobe, left precuneus, left thalamus, right hippocampus,
right head of caudate nucleus, and splenium of corpus callosum were
substantially different across the three groups, which were significantly
correlated with neuropsychological test scores. Cl group patients had
significantly lower cerebral blood flow velocity than those in the N-ClI and
Normal groups. The receiver operating curve analysis revealed that most
T1 relaxation times had high sensitivity and specificity, especially on the
right temporal lobe and right frontal lobe. There was a potential correlation
between T1 relaxation times and MMSE scores through TCD parameters.
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Conclusion: The MP2RAGE sequence can detect alterations in whole brain
microstructure in patients with cognitive impairment after acute cerebral
infarction. Brain microstructural changes could influence cognitive function
through cerebral hemodynamics. T1 relaxation times on the right temporal
lobe and the right frontal lobe are expected to be a prospective biomarker of
cognitive impairment after acute cerebral infarction.

cognitive impairment, acute cerebral infarction, MP2RAGE sequence, neuroimaging,
microstructural change

Introduction

12.2  million
in 2019 (1).
Approximately two-thirds of stroke patients have some

According to epidemiological studies,

new stroke incidents occurred worldwide
degree of cognitive impairment (2). Cognitive impairment
following a stroke impairs the patient’s capacity to execute daily
living activities and increases mortality (3). According
to previous research, screening patients for cognitive
function during the acute phase of stroke is critical. Early
diagnosis and timely care can dramatically improve a
patient’s prognosis and control disease progression (4).
The
Guidelines for Adult Stroke Rehabilitation and Recovery

that all patients with acute cerebral infarction be assessed

American Heart Association recommends in its

for cognitive impairment before being discharged from the

hospital (5).

However, today’s cognitive impairment diagnosis is
primarily based on the patients clinical presentation
and  neuropsychological ~measures. The scales are
susceptible to a number of factors, including subject
compliance and the test taker’s subjective opinion.
Patients with impaired hearing, manual dexterity, or

who are bedridden are unable to cooperate with the
scale. As a result, the neuropsychological scales have
some limitations. Clinicians require

a more objective

biomarker to diagnose cognitive impairment following
acute cerebral infarction.

Many studies in recent years have found a clear correlation
between cognitive impairment and neuroimaging (white matter
hyperintensities, cortical thickness, and so on) (6-8). However,
traditional neuroimaging techniques cannot be quantified.
Breakthroughs in neuroimaging may improve the ability to
detect cognitive impairment and open up new avenues for early
diagnosis. The magnetization-prepared two rapid acquisition
gradient echo (MP2RAGE) sequence is a novel quantitative
MRI approach. It successfully corrects inhomogeneity in the B1
radio-frequency transmit field and lowers proton contamination
as well as T2* contrast (9). It produces quantitative T1 images

in order to calculate T1 relaxation time. It is utilized to
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analyse microstructural alterations in the brain as well as detect
diffuse white and gray matter damage in the cranial brain
(10). A prior study used relaxation time to detect permanent
cerebral ischemia and found that it can predict stroke onset
time (11).

The incidence and the recurrence rate of ischemic stroke
can often be affected by intracranial arterial lesions (12). The
intracranial vascular lesion is the most fundamental cause of
cerebrovascular disease, so the detection and evaluation of
cerebral vessels and cerebral hemodynamics are significant for
preventing and treating cerebrovascular disease. Transcranial
Doppler (TCD) is commonly used in clinical practice to
examine cerebral hemodynamics, and TCD parameters can
reflect various pathological conditions, including atherosclerosis
and vascular endothelial dysfunction (13). TCD technique
has a high research value in the diagnosis of cerebrovascular
diseases and can even identify preclinical cerebral blood
flow changes (14, 15). Several investigations have found a
clear correlation between cerebral hemodynamic alterations
and cognitive impairment (16-18). Many researchers have
used TCD to investigate cerebral hemodynamic changes in
patients with cognitive impairment. Some researchers found
that hemodynamic dysfunction measured by TCD might
play a pathogenic role in the development of cognitive
impairment also in patients with subcortical ischemic vascular
disease (19). It has also been found that the severity
of cerebral hemodynamic abnormalities observed by TCD
may, to some extent, represent the severity of cognitive
impairment (20).

This study aimed to look at microstructural changes at
the whole-brain level in individuals with cognitive impairment
after an acute cerebral infarction utilizing the MP2RAGE
sequence, as well as the relationship between microstructural
alterations and cerebral hemodynamics. We hypothesized that
the altered brain microstructure measured by the MP2RAGE
sequence could provide neuroimaging evidence to assist
in the diagnosis of patients with cognitive impairment
after acute cerebral infarction, and TCD might be able to
provide evidence of cerebral hemodynamic for this altered
brain microstructure.
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Materials and methods

Study participants

This study included 43 patients with acute cerebral
infarction, including 23 with cognitive impairment (CI group,
mean age 68.91 years, 9 males, and 14 females) and 20 without
cognitive impairment (N-CI group, mean age 67.95 years, 12
males, and 8 females) in the Second Hospital of Dalian Medical
University. Our institution’s Ethics Review Board examined and
approved this study procedure. The following were the inclusion
criteria for patients with acute cerebral infarction: (1) first acute
onset within 7 days of cerebral infarction; (2) symptoms or signs
lasting > 24h; (3) imaging revealing a single ischemic lesion
on the relevant side with no intercerebral hemorrhage. The
following were the exclusion criteria: (1) recurrent stroke; (2)
pre-stroke significant cognitive dysfunction, which was assessed
using the informant questionnaire on cognitive decline in the
elderly (IQCODE > 3.3) by asking the informant and caregiver;
(3) aphasia, dysarthria, hearing impairment, and inability to
cooperate with examinations; (4) any other structural brain
structure damage detected by MRI; (5) Fazekas classification
for white matter hyperintensity > grade 1; (6) a history of
alcohol or drug addiction; (7) major folic acid and Vitamin By,
abnormalities; (8) pre-existing schizophrenia, severe anxiety,
depression, or other mental health disorders; (9) patients with
severe disease or severe disease aggravated by vital organ
malfunction; (10) patients with metallic materials or other
implants in the body that preclude the use of MRI; and (11)
patients who lack informed capacity and refuse to sign the
informed consent form. Simultaneously, 21 healthy individuals
of similar ages were recruited (control group, mean age 65.86
years, 9 males, and 12 females). The following were the inclusion
criteria for healthy individuals: (1) matched by gender, age,
and education to the CI and N-CI groups; (2) no history of
clinical stroke; (3) no neurological dysfunction; (4) cognitive
assessment test scores within normal range; (5) MRI studies
revealed no brain structural damage; (6) Fazekas classification
for white matter hyperintensity < grade 1; (7) no history of
alcohol or drug dependency; (8) no substantial abnormalities in
folic acid and Vitamin Bj3; (9) no schizophrenia, severe anxiety,
depression, or other mental health conditions; (10) no severely
advanced disease or severe disease complicated by vital organ
dysfunction; (11) no metallic materials or other implants in the
body prohibiting the use of MRI; and (12) have the capacity to
learn and agree to sign the informed consent form.

Neuropsychological assessment
A properly trained clinician used neuropsychological

measures to assess all patients. The Mini-mental state
examination (MMSE), the Montreal cognitive assessment scale
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(MoCA), and the Activity of daily living scale (ADL) were
among the neuropsychological assessment used. MMSE values
were used to categorize, with a score of <27 indicating objective
cognitive impairment. To determine if respondents had anxiety
or depressive disorders, the Hamilton Anxiety (HAMA) and
Hamilton Depression (HAMD) scales were employed.

Magnetic resonance imaging acquisition

All brain MRI scans were performed using a Skyra 3.0 T
equipment (Siemens) and a 20-channel head/neck coil. The
MP2RAGE sequence took 5min and 47 s [voxel size=1 mm x
Imm x 1mm, the field of view = 256*240 mm, repetition
time (TR) = 5,000ms, echo time (TE) = 2.98ms, TIl =
700 ms, TI2 = 2,500 ms, flip anglel = 4°, flip angle2 = 5°, 176
slices]. The MP2RAGE sequence created four sets of images
automatically: INV1, INV2, UNI-Images, and T1-Images, and
we used the last set of data to do quantitative measurements.
No contrast was administered during the MP2RAGE sequence.
T1-weighted images, T2-weighted images, T2 fluid-attenuated
inversion recovery (FLAIR), and diffusion-weighted imaging
(DWI) sequences were also included in the MRI protocol.

Image processing and analysis

The expert radiologist collected raw MP2RAGE images from
patients for post-processing in order to generate quantitative
T1 maps. T1 relaxation times were calculated using T1 maps
generated by the MP2RAGE sequence. In consideration of the
possibility of misidentifying brain regions by using automated
whole-brain analysis and our extensive experience in the manual
region of interest (ROI) analysis, we selected the latter as a
follow-up work. T1 maps were used to manually draw regions
of interest (ROI) on the following brain regions: bilateral
frontal lobe, bilateral parietal lobe, bilateral temporal lobe,
bilateral occipital lobe, bilateral precuneus, bilateral internal
capsule, bilateral corona radiata, bilateral centrum semiovale,
genu of corpus callosum, splenium of corpus callosum, bilateral
hippocampus, bilateral thalamus, bilateral lentiform nucleus,
and bilateral head of caudate nucleus. The radiologist chose
the central part of the biggest layer, as well as the structures
of the upper and lower adjacent layers, and drew ROIs of
the same size (10 mm?2) in the bilateral lobes symmetrical
regions. When drawing ROIs, interfering regions such as the
infarct zone, vascular space, cerebral sulcus and gray matter
were avoided. The measurements were repeated five times, and
the average of the five repeated measurements was used in the
statistical analysis.
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TABLE 1 General characteristics of the study subjects.

10.3389/fneur.2022.1056423

CI group N-CIgroup NORM group X2/T/IF P
(N =23) (N =20) (N=21)
Age (years) 68.91 £ 8.43 67.95 £ 4.17 65.86 + 4.83 1.37 0.26
Gender Male 9(39.1) 12 (60.0) 9 (42.9) 2.07 0.36
Female 14 (60.9) 8 (40.0) 12 (57.1)
Hypertension No 3(13.0) 8(40.0) 4(19.0) 4.67 0.10
Have 20 (87.0) 12 (60.0) 17 (81.0)
Diabetes mellitus No 10 (43.5) 7 (35.0) 5(23.8) 1.89 0.39
Have 13 (56.5) 13 (65.0) 16 (76.2)
History of smoking No 17 (73.9) 10 (50.0) 16 (76.2) 3.92 0.14
Have 6(26.1) 10 (50.0) 5(23.8)
History of drinking No 20 (87.0) 16 (80.0) 19 (90.5) 0.96 0.62
Have 3(13.0) 4(20.0) 2(9.5)
Duration of education <9 6 (26.1) 6 (30.0) 6(28.6) 0.08 0.96
>9 17 (73.9) 14 (70.0) 15(71.4)
Fazekas Grade 0 16 (69.6) 15 (75.0) 15(71.4) 0.08 0.93
Grade 1 7 (30.4) 5(25.0) 6(28.6)
Size of the infarction 0-20 mm 17 (73.9) 15 (75.0) - 0.25 0.88
20-40 mm 4(17.4) 4(20.0) -
>40 mm 2(8.7) 1(5.0) -
Side of the infarction Left 11 (47.8) 9 (45.0) - 0.03 0.86
Right 12 (52.2) 11 (55.0) -
Site of the infarction Frontal lobe 5(21.7) 5(21.7) - 9.17 0.33
Parietal lobe 5(25.0) 5(25.0) -
Temporal lobe 3(13.0) 1(5.0) -
Occipital lobe 2(8.7) 0 -
Thalamus 2(8.7) 3(15.0) -
Pons 2(8.7) 0 -
Medulla oblongata 1(4.3) 2 (10.0) -
Cerebellum 2(8.7) 0 -
Corona radiata 1(4.3) 4(20.0) -
Duration (Apopiecticus insultus to 4539 £ 11.78 45.65 +11.92 - 0.01 0.94
examination)
TOAST classification Large-artery atherosclerotic 17 (73.9) 16 (80.0) - 0.21 0.65
Cardioembolism 0 0 -
Small-vessel disease 6(26.1) 4(20.0) -
Other and undetermined 0 0 -
etiologies
Intravenous thrombolysis No 19 (82.6) 16 (80.0) - 0.05 0.83
Have 4(17.4) 4(20.0) -
Antiplatelet aggregation 23 (100.00) 20 (100.00) - -
Intensive lipid lowering 23 (100.00) 20 (100.00) - -
NIHSS 1.69 +1.18 1.70 & 1.12 - —0.01 0.99
mRS 1.13 £0.69 1.05£0.51 - 0.43 0.67
(Continued)
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TABLE 1 (Continued)

CI group

(N =23)
BMI 24.1 £3.05
TG (mmol/L) 1.47 £0.34
TC (mmol/L) 49+1.17
LDL-C (mmol/L) 3.02+0.84
HCY (umol/L) 12.79 £ 3.95
UA (umol/L) 300.53 = 126.29

10.3389/fneur.2022.1056423

N-CIgroup NORM group X2/T/F p
(N =20) (N=21)
24.85 + 2.57 26.14 +3.14 2.29 0.08
1.68 £ 0.38 1.44 £ 0.32 2.77 0.07
4.26 + 1.54 4.52 +£0.83 1.54 0.22
3.02 £+ 1.06 2.7 +0.66 0.96 0.39
11.64 £+ 3.87 11.21 £3.16 1.09 0.34

321.64 +78.84 318.47 £107.28 0.25 0.78

CI, cognitive impairment; N-CI, no-cognitive impairment; NORM, normal; TOAST, Trial of Org 10172 in Acute Stroke Treatment; NIHSS, National Institutes of Health Stroke Scale; mRS,
Modified Ranking Scale; BMI, Body Mass Index; TG, Triglyceride; TC, Total cholesterol; LDL-C, Low-density lipoprotein; HCY, Homocysteine; UA, Uric Acid; Statistical significance was

set to p < 0.05.

TABLE 2 Neuropsychological tests of the study subjects.

CI group (N = 23)

MMSE 19.61 + 4.68*# 279+ 1.12
MoCA 15.65 & 5.49*# 27.4%0.6

ADL 44.74 1 16.03*# 24.55 £ 4.07
HAMA 3.69 £1.58 4.00 + 1.62
HAMD 4.13 +1.89 3.40 £ 1.53

N-CI group (N = 20)

NORM group (N = 21) F P
2848 £1.25 61.95 <0.01
27.48 £0.81 91.38 <0.01
20 % 0.00 39.29 <0.01
3714202 0.20 0.82
3.52+1.80 1.09 034

MMSE, Mini-Mental State Examination; MoCA, Montreal cognitive assessment; ADL, Activity of daily living; HAMA, Hamilton Anxiey Scale; HAMD, Hamilton Depression Scale; 'p <

0.01 vs. NORM group, #p < 0.01 vs. N-CI group.

Transcranial Doppler ultrasound
procedure

A professional sonographer who was blind to the clinical
diagnosis performed TCD measurements (TCD 2000S, Chioy,
equipped with a 2-MHz probe). The individuals were positioned
supine, with the TCD probe situated on the temporal window.
The middle cerebral artery (MCA), anterior cerebral artery
(ACA), posterior cerebral artery (PCA), basilar artery (BA)
and vertebral artery (VA) were probed bilaterally at depths of
45-60 mm, 63-72mm, and 63-76 mm, respectively, and the
systolic velocity (Vs), diastolic velocity (Vd), mean velocity
(Vm), pulsatility index (PI) and resistivity index (RI) of each
vessel were recorded.

Statistical analysis

SPSS 11.0 was used for statistical analysis. The data is
displayed as mean =+ standard deviation (SD). The Shapiro-
Wilk test was employed to determine the normality of the
data. The association between categorical variables was used
to analyse its relationship. Chi-square tests were used to
compare categorical differences across groups. To compare
the two groups of measures, the independent samples ¢-test
was utilized. The quantitative differences between groups were
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investigated using the one-way analysis of variance (ANOVA).
The Bonferront test was used to compare factors among
groups that met the homogeneity of variance criteria. P-values
< 0.05 were deemed statistically significant (with Bonferroni
corrections for multiple testing where necessary). Pearson’s
correlation analysis was used to examine the relationship
between two continuous variables. The area under the curve
(AUC), specificity, and sensitivity of significant correlation
values were assessed individually using receiver operating
characteristic (ROC) curves. The discriminatory capacity of
measured factors to predict cognitive impairment following an
acute cerebral infarction was evaluated using ROC curves. All
P-values presented are two-tailed. In addition, SPSS 11.0 was
adopted to perform the mediation analysis.

Results

General characteristics and
neuropsychological tests

Table 1 showed that there were no significant differences
among the three groups in terms of age, gender, history
of hypertension, history of diabetes, history of smoking,
history of drinking, duration of education, Body Mass Index
(BMI), triglyceride, total cholesterol, low-density lipoprotein,
homocysteine or uric acid. Furthermore, there were no
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FIGURE 1
Means (£SD) of T1 relaxation times in each ROI, for each study group. (A) Left hemisphere and genu of corpus callosum; (B) right hemisphere
and splenium of corpus callosum. Cl patients had significantly higher T1 relaxation times in most ROls than the N-Cl and Normal groups. ROls:
L-F, left frontal lobe; L-P, left parietal lobe; L-Te, left temporal lobe; L-O, left occipital lobe; L-Pc, left precuneu; L-IC, left internal capsule; L-CR,
left corona radiata; L-CS, left centrum semiovale; L-H, left hippocampus; L-Th, left thalamus; L-CN, left corona radiata; L-LN, left lentiform
nucleus; R-F, right frontal lobe; R-P, right parietal lobe; R-Te, right temporal lobe; R-O, right occipital lobe; R-Pc, right precuneu; R-IC, right
internal capsule; R-CR, right corona radiata; R-CS, right centrum semiovale; R-H, right hippocampus; R-Th, right thalamus; R-CN, right corona
radiata; R-LN, right lentiform nucleus; gCC, genu of corpus callosum; sCC, splenium of corpus callosum.*p < 0.05 vs. Normal group, #p < 0.05
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FIGURE 2

T1 relaxation times for the temporal lobe in an Cl patient (A), a N-Cl patient (B), and a healthy control (C). T1 relaxation maps was generated for
each subject. ROIs were manually plotted on these maps and parameter values were recorded. The results showed that the T1 relaxation times
in the frontal lobe of the Cl group were higher than those in the N-Cl and normal groups (p < 0.05).

Frontiersin Neurology frontiersin.org
15


https://doi.org/10.3389/fneur.2022.1056423
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yan et al.

significant changes between the CI and N-CI groups in
NIHSS (National Institutes of Health Stroke Scale) scores, mRS
(Modified Ranking Scale) scores, or the characteristics (side, site,
type) and treatments of cerebral infarction (P > 0.05).

There were significant differences in MMSE, MoCA, and
ADL scores among the three groups (p < 0.01). The MMSE and
MoCA scores were lowest in the CI group and highest in the
Normal group. The ADL scores of the CI group were greater
than those of the Normal and N-CI groups. The HAMA and
HAMD scores did not differ significantly across the three groups
(Table 2).

Comparisons of T1 relaxation times
among the three groups

T1 relaxation times in the left frontal lobe, right frontal
lobe, right temporal lobe, left precuneus, left thalamus, right
hippocampus, right head of caudate nucleus, and splenium of
corpus callosum (P < 0.05) were substantially different across
the three groups.

The following ROIs had significant differences in TI
relaxation times between the CI and Normal groups (P < 0.05):
left frontal lobe, right frontal lobe, left parietal lobe, left temporal
lobe, right temporal lobe, left praecuneus, right praecuneus,
right internal capsule, left hippocampus, right hippocampus,
left thalamus, left head of the caudate nucleus, right head of
caudate nucleus, right lentiform nucleus, and splenium of the
corpus callosum.

T1 relaxation times for each ROI differed significantly
between the N-CI and Normal groups (P < 0.05): left frontal
lobe, right frontal lobe, left temporal lobe, right temporal lobe,
left precuneus, right centrum semiovale, left hippocampus, right
hippocampus, left thalamus, left head of the caudate nucleus,
right head of caudate nucleus, splenium of the corpus callosum.

T1 relaxation times differed significantly between the N-CI
and CI groups in the following ROIs (P < 0.05): left frontal
lobe, right frontal lobe, left parietal lobe, right temporal lobe, left
praecuneus, right praecuneus, left internal capsule, left centrum
semiovale, right centrum semiovale, right hippocampus, left
thalamus, right head of caudate nucleus, splenium of corpus
callosum (Figures 1, 2).

Abnormalities in TCD parameters

Table 3 showed significant differences in Left MCA Vd, Left
MCA Vm, Left MCA PI, Left MCA RI, Right MCA Vd, Right
MCA Vm Left ACA Vd, Left ACA Vm, Left ACA PI, Right ACA
Vs, Right ACA RI, Right PCA Vd, BA Vd, BA Vm, BA PI, and
BA RI, among the three groups.

There were significant variations in TCD parameters
between the CI, and the Normal groups were as follows (P <
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0.05): Left MCA Vd, Left MCA Vm, Left MCA PI, Left MCA RI,
Right MCA Vd, Right MCA Vm, Left ACA Vd, Left ACA Vm,
Right ACA RI, Left ACA PI, Right ACA Vs, BA Vd, BA Vm, BA
PI, and BA RIL.

There was a significant variation in Right PCA Vd between
the N-CI and Normal groups (P < 0.05).

Correlation analysis between T1
relaxation times and neuropsychological
tests

The examination of T1 relaxation times revealed a total
of 8 ROIs that differed considerably, as indicated above. T1
relaxation times were thought to be helpful in assessing the
pathological alterations in brain tissue associated with cognitive
impairment in patients with acute cerebral infarction. As a
result, we did a follow-up correlation study for T1 relaxation
times and Neuropsychological Tests.

T1 relaxation times in the left frontal lobe, right frontal
lobe, right temporal lobe, left praecuneus, right hippocampus,
left thalamus, right head of caudate nucleus, and splenium of
the corpus callosum were significantly negatively correlated with
MMSE scores, significantly negatively correlated with MoCA
scores, and significantly positively correlated with ADL scores.
The most robust correlation coefficient was found between T1
relaxation times in the right frontal lobe and MMSE scores (full
Pearson’s coeflicient values are included in Table 4).

Correlation analysis between TCD
parameters and neuropsychological tests

Neuropsychological scores, except for Left MCA PI, Left
MCA RI, Right MCA Vd, Right MCA Vm, Right ACA Vs
and BA Vm (Table 5), all cerebral hemodynamic indicators
with statistical significance, were substantially linked with
cognitive scores.

Correlation analysis between T1
relaxation times and TCD parameters

To determine if cerebral hemodynamic variations can
partially explain brain microstructure changes. For the
correlation study, we chose T1 relaxation times and TCD
parameters that differed statistically across the three groups. T1
relaxation times in most ROIs, save the left praecuneus, were
strongly linked with TCD parameters, as shown in Table 6.
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TABLE 3 TCD parameters of the study subjects.

CI group (N = 23) N-ClIgroup (N = 20) Normal group (N = 21) F P
Left MCA Vs 109.09 + 25.38 126.75 + 48.77 127.33 +£27.1 1.96 0.15
Left MCA Vd 33.3+8.28* 41.85+18.1 49.81 £ 12.67 8.35 <0.01
Left MCA Vm 58.57 £ 11.17* 70.15 + 26.31 75.65 4+ 16.28 4.84 0.01
Left MCA PI 1.29 % 0.29* 1.21+0.26 1.03 £0.19 5.86 <0.01
Left MCA RI 0.69 =+ 0.79* 0.66 == 0.08 0.61 %+ 0.06 6.04 <0.01
Right MCA Vs 109.52 + 30.74 118.25 + 38.36 130.24 % 35.83 1.94 0.15
Right MCA Vd 42.78 + 14.34% 43.85 + 16.34 56.67 % 20.17 437 0.02
Right MCA Vm 65.03 % 16.62* 68.65 + 22.41 81.19 +22.92 3.62 0.03
Right MCA PI 1.04 £ 0.34 1.09 £0.23 093 +0.25 1.91 0.16
Right MCA RI 0.60 £ 0.12 0.63 £ 0.08 0.56 + 0.11 1.78 0.18
Left ACA Vs 65.53 +£21.23 69.53 + 13.02 72.7 +£16.51 0.93 0.40
Left ACA Vd 21.07 £ 8.19* 26.95 £ 5.8 28.83 +6.14 7.71 <0.01
Left ACA Vi 35.89 & 11.56* 41.14 £ 6.36 43.45 +7.92 4.09 0.02
Left ACA PI 1.25 +0.31% 1.04 +0.27 140.28 4.60 0.01
Left ACA RI 0.60 £ 0.14 0.60 £ 0.11 0.63 + 0.80 0.79 0.46
Right ACA Vs 64.69 =+ 12.89* 66.2+11.44 74.93 +10.78 471 0.01
Right ACA Vd 26.28 £ 7.68 2529 +6.94 27.31 £ 6.51 0.45 0.64
Right ACA Vi 38.42 £ 6.52 39.59 £7.15 4318+ 6.76 2.87 0.06
Right ACA PI 1.04 £0.35 1.03 £ 031 112+0.24 0.55 0.58
Right ACA RI 0.67 £ 0.10* 0.60 £ 0.10 059+ 0.10 3.73 0.03
Left PCA Vs 53.6 + 21.66 56.42 +25.17 68.84 +23.5 2.58 0.08
Left PCA Vd 21.47 £ 11.08 21.54 +10.4 27.92 + 1241 227 0.11
Left PCA Vm 3218+ 14 33.16 £ 14.7 41.56 £ 1535 2.64 0.08
Left PCA PI 1.04 £0.28 1.06 £ 0.24 1.02£0.28 0.1 0.90
Left PCA RI 0.61+0.13 0.61 = 0.08 0.60 + 0.92 0.19 0.83
Right PCA Vs 60.72 % 20.74 56.45 + 15.04 65.05 % 21.04 1.02 037
Right PCA Vd 24.83 +10.14 18.66 + 4.73* 26.88 £ 10.74 457 0.01
Right PCA Vi 36.8 +12.71 31.26 £ 6.5 39.6 +12.59 2.99 0.06
Right PCA PI 0.99 +0.29 124033 0.99 +0.34 2.89 0.06
Right PCA RI 0.59 £0.11 0.65£0.11 0.58+0.13 2.57 0.09
BA Vs 56.66 = 13.01 63.39 £ 27.14 65.89 = 20.62 117 032
BA Vd 15.85 £ 3.62*# 24.63 + 1034 24.98 + 1038 8.06 <0.01
BA Vm 29.45 + 5.14%# 37.55 % 15.4 38.62 % 12.07 424 0.02
BA PI 1.37 £0.31%# 1.03£0.26 1.08 £ 0.35 7.60 <0.01
BA RI 0.71 £ 0.09*# 0.6%0.10 0.61+0.13 6.53 <0.01
Left VA Vs 35.08 £ 9.57 44.27 £ 1651 41.52 £ 9.86 323 0.05
Left VA Vd 14.11 + 4.44 17.25+9.23 1635+ 5.58 1.30 0.28
Left VA Vm 21.1+543 26.25 £ 10.6 24.74 £ 6.48 2.58 0.08
Left VA PI 1.00 £ 0.34 1.09 £ 0.49 1.05 £ 0.28 0.28 0.76
Left VA RI 0.59 +0.12 0.61+0.14 0.61+0.10 0.20 0.80
Right VA Vs 32.63 +15.85 39.23 +26.73 41.41 £ 14.36 1.22 0.30
Right VA Vd 124+ 4.48 15.74 + 8.62 1555+ 6.8 1.70 0.19
Right VA Vm 19.14 + 7.89 23.57 £ 14.14 24.17 4 8.83 1.51 023
Right VA PI 1.02 £ 031 0.97 £0.31 1.08 +0.28 0.62 0.54
Right VA RI 0.59 £0.11 0.58 £0.13 0.62 £ 0.09 0.77 0.47

Left MCA, left middle cerebral artery; Right MCA, right middle cerebral artery; Left ACA, left anterior cerebral artery; Right ACA, right anterior cerebral artery; Left PCA, left posterior
cerebral artery; Right PCA, right posterior cerebral artery; BA, basilar artery; Left VA, left vertebral artery; Right VA, right vertebral artery; Vs, systolic velocity; Vd, diastolic velocity; Vm,
mean velocity; P, pulsatility index; RI, resistivity index.'p < 0.05 vs. Normal group, #p < 0.05 vs. N-CI group.

The bold values mean p < 0.05.
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TABLE 4 Pearson'’s correlations of T1 relaxation times with neuropsychological tests.

L-F R-F R-Te L-Pc sCC R-H L-Th R-CN
MMSE —0.40** —0.70** —0.58** —0.43** —0.45"* —0.36** —0.58** —0.56**
MoCA —0.44** —0.68"* —0.58** —0.42** —0.45** —0.39** —0.55** —0.63**
ADL 0.37** 0.49%* 0.64** 0.43** 0.42%* 0.33** 0.53** 0.37%%

MMSE, Mini-Mental State Examination; MoCA, Montreal cognitive assessment; ADL, Activity of daily living; L-F, left frontal lobe; R-F, right frontal lobe; R-Te, right temporal lobe; L-Pc,
left precuneu; sCC, splenium of corpus callosum; R-H, right hippocampus; L-Th, left thalamus; R-CN, right corona radiata; "p < 0.01.

TABLE 5 Pearson’s correlations between TCD parameters and

neuropsychological tests.

MMSE MoCA ADL
Left MCA Vd 0.31* 0.32* —0.40**
Left MCA Vm 0.29* 0.27* —0.32*
Left MCA PI —0.16 —0.22 0.34*
Left MCA RI —0.17 —0.22 0.34**
Right MCA Vd 0.11 0.11 —0.22
Right MCA Vm 0.19 0.16 —0.21
Left ACA Vd 0.45%* 0.51** —0.42**
Left ACA Vm 0.40** 0.44** —0.34**
Left ACA PI —0.27* —0.33** 0.33**
Right ACA Vs 0.13 0.17 —0.1
Right ACA RI —0.26* —0.30* 0.28
BA Vd 0.34** 0.38** —0.42%*
BA Vm 0.22 0.24 —0.36**
BA PI —0.41** —0.45** 0.34**
BA RI —0.38** —0.41** 0.33**

MMSE, Mini-Mental State Examination; MoCA, Montreal cognitive assessment; L-E left
frontal lobe; R-F, right frontal lobe; R-Te, right temporal lobe; L-Pc, left precuneu; sCC,
splenium of corpus callosum; R-H, right hippocampus; L-Th, left thalamus; R-CN, right
corona radiata; Left MCA, left middle cerebral artery; Right MCA, right middle cerebral
artery; Left ACA, left anterior cerebral artery; Right ACA, right anterior cerebral artery;
BA, basilar artery; Vs, systolic velocity; Vd, diastolic velocity; Vm, mean velocity; PI,
pulsatility index; RI, resistivity index. " p < 0.01; "p < 0.05.

Receiver operating characteristic curve
analysis

We plotted the ROC curve using the T1 relaxation time
in all the ROIs that showed a significant effect. Table 7
showed the AUC for the ability of T1 relaxation time to
distinguish between healthy controls and patients with cognitive
impairment after acute cerebral infarction. T1 relaxation time
in the right temporal lobe was identified as an excellent
individual discriminator of cognitive impairment after acute
cerebral infarction from healthy controls using ROC analysis;
T1 relaxation time of 887.4, sensitivity and specificity were 91.30
and 95.24%, respectively, with an AUC value of 0.98 (Figure 3).
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Mediation analysis

The statistically significant T1 relaxation times were used as
independent variables. MMSE scores were used as dependent
variables. TCD parameters that correlated with both T1
relaxation times and MMSE were used as mediators. The results
showed a potential correlation between T1 relaxation times and
MMSE through cerebral TCD parameters (Figure 4).

Discussion

Cognitive impairment commonly occurs after acute cerebral
infarction. This cognitive impairment is influenced by a variety
of factors. In order to avoid these interferences, the CI, N-
CI, and Normal groups did not significantly differ from one
another in terms of age, gender, years of education, vascular
risk factors, or especially white matter lesions (WML). The
impact of potential confounding factors on the evaluation of
cognitive performance was substantially mitigated or abolished.
Subcortical ischemic vascular disease is particularly prevalent
in the general population, which includes white matter lesions.
T2 sequences and Flair (fluid-attenuated inversion recovery)
sequences were used to quantify white matter lesions using the
Fazekas scale (21). The mechanism underlying the associations
of WML with cognitive impairment after stroke is unclear.
Previous literature demonstrated that white matter lesions
impaired executive function and slowed processing speed,
which increased the risk of cognitive impairment after stroke
(21, 22). Another potential explanation was that WML may
disrupt neuronal networks relevant to cognitive reserve and
rehabilitation thereby affecting stroke prognosis (23).

Previous studies have clearly demonstrated that the site
of cerebral infarction was strongly associated with cognitive
impairment after stroke (24, 25). In our experiment, there were
no significant differences in stroke location, size and severity
between the CI group and the N-CI group, which largely
eliminated the influence of cerebral infarction location on T1
relaxation times.

Structural imaging-based assessment of cognitive function
alone has some limitations (26). We combined the MP2RAGE
sequence, TCD technique and neuropsychological assessment to
evaluate cognitive function, which was much more supportive
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TABLE 6 Pearson’s correlations between T1 relaxation times and TCD parameters.

L-F R-F R-Te L-Pc R-H L-Th R-CN sCC
Left MCA Vd —0.16 —0.24 —0.37** —0.19 —0.29* —0.36"* —0.22 —0.13
Left MCA Vm —0.03 —0.16 —0.38* —0.15 —0.20 —0.31* —0.19 —0.14
Left MCA PI 0.33** 0.27* 0.29* 0.16 0.28* 0.25* 0.15 0.06
Left MCA RI 0.34%* 0.27* 0.30* 0.16 0.27* 0.25* 0.15 0.07
Right MCA Vd —0.33 —0.19 —0.34 —0.19 —0.20 —0.14 —0.26 —0.30
Right MCA Vm —0.23 —0.22 —0.36** —0.21 —0.16 —0.14 —0.24 —0.28
Left ACA Vd —0.25* —0.46** —0.37** —0.23 —0.18 —0.41** —0.31* —0.25*
Left ACA Vm —0.21 —0.46** —0.24 -0.19 —0.14 —0.38** —0.33** —0.22
Left ACA PI 0.20 0.23 0.34** 0.21 0.17 0.21 0.11 0.16
Right ACA Vs —0.17 —0.21 —0.26* —0.24 —0.19 —0.09 —0.20 —0.21
Right ACA RI 0.19 0.21 0.30* 0.17 0.13 0.21 0.07 0.15
BAVd —0.27* —0.37** —0.33** —0.16 —0.26* —0.21 —0.18 —0.15
BA Vm —0.12 —0.26* —0.32** —0.14 —0.28* —0.17 —0.05 —0.14
BA PI 0.42%* 0.39%* 0.20 0.10 0.05 0.21 0.31* 0.11
BA RI 0.43** 0.37** 0.21 0.12 0.08 0.18 0.29* 0.12

L-E left frontal lobe; R-F, right frontal lobe; R-Te, right temporal lobe; L-Pc, left precuneu; sCC, splenium of corpus callosum; R-H, right hippocampus; L-Th, left thalamus; R-CN, right
corona radiata; Left MCA, left middle cerebral artery; Right MCA, right middle cerebral artery; Left ACA, left anterior cerebral artery; Right ACA, right anterior cerebral artery; BA, basilar
artery; Vs, systolic velocity; Vd, diastolic velocity; Vm, mean velocity; PI, pulsatility index; RI, resistivity index. " p < 0.01; "p < 0.05.

TABLE 7 Coordinate points of receiver operating characteristic (ROC) curve.

(CI vs. normal) AUC Threshold Sensitivity Specificity
L-F 091 853.2 91.30% 85.71%
RF 0.94 860.3 82.61% 100.00%
R-Te 0.98 887.4 91.30% 95.24%
L-Pc 0.92 827.1 91.30% 85.71%
R-H 0.89 1,406 78.26% 95.24%
L-Th 0.91 1,117 91.30% 80.95%
R-CN 0.88 1,332 91.30% 76.19%
sCC 0.92 771.8 91.30% 85.71%

AUGC, area under the curve; L-F, left frontal lobe; R-F, right frontal lobe; R-Te, right temporal lobe; L-Pc, left precuneu; R-H, right hippocampus; L-Th, left thalamus; R-CN, right corona
radiata; sCC, splenium of corpus callosum.

in our diagnosis of the disease. Concerning TCD, a plethora stroke (29, 30), and not all stroke patients presented with
of studies have investigated the connections between changes significant cerebral hemodynamic impairment. Our results
in cerebral hemodynamics and changes in cognitive function only showed significant cerebral hemodynamic impairment
(20,27, 28). One of the investigations mentioned above indicated in patients with cognitive impairment after acute cerebral
that individuals with vascular cognitive impairment but no infarction. We think it may be caused by relatively higher
dementia reached the conclusion that most cerebral blood demand for cerebral blood flow oxygen consumption in
flow velocity was reduced while PI rose (20). According to those patients. As a result, there were statistically significant
our research findings, parts of the TCD parameters were differences between the CI group and the normal group.

considerably distinct among the three groups. There were T1 relaxation times primarily provide information about
statistically significant differences between the CI group and the myelin composition of the tissue and sensitively reflect
the normal group, which was mainly in line with the previous injury to diffuse white and gray matter in the cranial brain
study’s findings. But the N-CI and the Normal groups were (31). Earlier research conducted on patients suffering from
compared, and no statistically significant difference was found neurological disorders found that their T1 relaxation times were
between them. Previous studies have demonstrated that cerebral significantly longer. T1 relaxation times tend to lengthen when
hemodynamics impairment is associated with the severity of pathological processes like myelin loss, axonal loss, and gliosis
Frontiersin Neurology frontiersin.org
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Receiver operating characteristic (ROC) curves for T1 relaxation times, distinguishing Cl group from Normal group. T1 relaxation time in the
right temporal lobe was identified as a good individual discriminator of cognitive impairment after acute cerebral infarction from healthy
controls using ROC analysis; at the optimal cut-off T1 relaxation time of 887.4, sensitivity and specificity were 91.30 and 95.24%, respectively,
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are present (32-34). T1 relaxation time has been utilized in
several studies to evaluate changes in brain structure within
neurological disorders, such as ischemic stroke or cognitive
impairment (11, 35, 36). According to our research findings, the
three different groups all had noticeably distinct T1 relaxation
times for the aforementioned 8 brain regions. Therefore, this
gave rise to the hypothesis that T1 relaxation times may be
employed as a potential biomarker for identifying cognitive
impairment after acute cerebral infarction.

It was generally understood that a stroke had an effect
on the entirety of the brain as well as the features of its
network rather than being a focal disease with restricted
damage (37). In individuals who had cognitive impairment
following an acute cerebral infarction, we found that varying T1
relaxation times were a phenomenon that occurred throughout
the entire brain and were not confined to a particular brain
region. The findings of our study confirmed this. Executive
function, attention, psychomotor speed, and visual scanning are
considered frontal lobe-related functions (38). In the literature,
infarcts in the cortical region are more likely to lead to
disruption of frontal-subcortical circuits, thereby disrupting
local structures and functions within the networks that control
cognitive functions. The temporal lobe is the primary region
of the brain that is accountable for forming and maintaining
long-term memories. The hippocampus plays a vital role in
the process of learning. A recent study indicated that the
precuneus is connected with numerous high levels of cognitive
activities, including the processing of self-related information,
situational memory, and visuospatial (39). The thalamus plays
a vital role in various cognitive processes, including attention,
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executive ability, and working memory. The head of the
caudate nucleus is an essential component of the cognitive
circuit because it links the frontal lobe, the thalamus, the
limbic system, and other structures; it also receives signals
from frontal and temporoparietal regions bilaterally and sends
out efferent fibers to the different areas of the basal ganglia
(40). We considered that acute cerebral infarction caused the
aforementioned microstructural disruption in 8 brain regions
intimately connected to cognitive function. This microstructural
disruption led to severe pathological myelin loss and axonal
injury. There was a link between T1 relaxation times and
cognitive performance, and this association could indicate, to
some extent, the severity of cognitive impairment after acute
cerebral infarction.

Our findings validated that the potential relationship
between brain microstructural alterations and cognitive
impairment could be explained by cerebral hemodynamics.
Some studies showed that white matter microstructural change
altered cerebral hemodynamic (41, 42). A possible mechanism
was that pathological changes in the whole brain microstructure
occurred after acute cerebral infarction. When the structural
integrity of the white matter was disrupted, the compliance
of the cerebral vessels was reduced, further causing cerebral
hemodynamic disturbances. And hypoperfusion may lead
to ischemia in various brain regions, resulting in cognitive
impairment (43, 44). In addition, previous research has revealed
that the blood-brain barrier is disrupted during the acute phase
of cerebral infarction (45-47), followed by the deposition of
substantial amounts of reactive oxygen species and circulating
proteins in the brain (48, 49). These changes were not only
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Mechanism diagram. Hypothesized direct and indirect pathways linking brain microstructure (T1 relaxation times) to cognitive impairment
(MMSE) through a mediator (TCD parameters).MMSE, Mini-Mental State Examination. *p < 0.05, **p < 0.01.

TCD parameter

(BAPI)

0.03**

-4.27*

nitive function

T1 relaxation time " cog
-0.03"¥ (MMSE)

(L-F)

TCD parameter

(BA Vd)

-0.02* 0.14*

T1 relaxation time
(R-H)

cognitive function

TCD parameter
(Left ACA Vd)

-0.02*

0.20**

T1 relaxation time
(R-CN)

cognitive function

TCD parameter
(BAPI)

T1 relaxation time
(R-CN)

cognitive function
(MMSE)

limited to the brain region innervated by the damaged vessels,
but also circulated throughout the brain with cerebral blood
cerebral arteriosclerosis,

flow. Cerebral vasoconstriction,

and increased cerebral microvascular resistance were all
produced by reactive oxygen species and circulating proteins,

resulting in cerebral blood flow disorders (49). Endothelin and
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prostacyclin were the inflammatory cytokines generated during
microangiopathy (50). These inflammatory cytokines interfered
with the autoregulation of whole brain blood flow (51). All
of the aforementioned pathophysiological alterations resulted
in cerebral hypoperfusion. Cerebral hypoperfusion produced
pathological myelin loss and axonal injury, altered nerve cell
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metabolism, promoted neurodegeneration, caused white matter
bundle ischemia, disrupted subcortical circuits, and eventually
resulted in abnormalities in brain tissue microstructure
(20, 52, 53).

As well known, it has been confirmed that the right anterior
temporal lobe has an important role in magnitude knowledge
(54). In addition, there have been research confirming that
the right temporal lobe was closely associated with visual
memory impairment and verbal memory (55). In our study,
ROC analysis demonstrated that AUC from T1 relaxation
time on the right temporal lobe was biggest among all data,
therefore it could be validated as a good individual discriminator
of cognitive dysfunction after acute cerebral infarction in
the future.

Limitations

There were several limitations in this study as well. In
the current study, patients with severe dementia who lacked
informed capacity were excluded. Therefore, changes in T1
relaxation time did not represent a range of values for
different levels of cognitive impairment. In the future, we
will try to enroll these patients for further analysis in the
study. In addition, we will try to carry out the research
on the relation of scores on different aspects of cognition
with T1 relaxation time. The content of various substances
in brain tissue changes with time. Therefore, we inferred
that T1 relaxation times would change consequently. In this
experiment, we controlled for no statistical difference in the
time interval between the stroke onset and imaging time among
the three groups. In the future, we will conduct further cross-
sectional analyses to compare the changes in T1 relaxation
times of all ROIs at different examination times. Based on
the definition of stroke, we will consider enrolling patients
whose symptoms or signs lasted < 24h but with imaging
revealing an ischemic lesion on the relevant side and location.
The sample size of this study was modest, and it is expected
that the sensitivity of T1 relaxation times in the diagnosis of
cognitive impairment after acute cerebral infarction would be
raised further.

Conclusion

In conclusion, microstructural alterations in the whole
brain occurred after acute cerebral infarction and could
be identified by MP2RAGE sequences. Such microstructural
alterations may contribute to cognitive impairment through
changes in cerebral hemodynamics. T1 relaxation times on
the right temporal lobe and the right frontal lobe are
expected to be a biomarker of cognitive impairment after acute

cerebral infarction.
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Background: Unilateral spatial neglect (USN) is a complex neurological
syndrome that often reduces rehabilitation outcomes, prolongs patients’
hospital stays, and decreases their quality of life. However, the current therapies
for USN have varying efficacy. We will explore a new treatment option that
combines prism adaptation (PA) with eye movement training (EMT) for the
treatment of USN after stroke.

Methods: We will conduct a single-blind, prospective, randomized controlled
trial to assess the efficacy of the combined intervention (PA & EMT) on USN
in an inpatient rehabilitation setting. The study aims to recruit 88 patients with
USN after an ischemic or hemorrhagic stroke. Participants will be randomly
assigned to the following four groups: (1) PA group (n = 22), (2) EMT
group (n = 22), (3) PA and EMT group (n = 22), and (4) control group
(n = 22). All groups will receive 10 sessions of interventions over 2 weeks,
5 times per week. Blinded assessors will conduct a baseline assessment, a
post-intervention assessment, and a follow-up assessment (2 weeks post-
intervention). The primary outcome measure will use the Behavioral Inattention
Test-Conventional Subset (BIT-C) and Catherine Bergego Scale (CBS) to assess
the levels of USN. Secondary outcome measures will assess the patient’s ability
to perform activities of daily living using the Modified Barthel Index (MBI).
Patients who completed all treatment and assessment sessions will be included
in the final analysis.

Discussion: This study will explore the effects of 10 sessions of combined
interventions (PA & EMT) on USN and functional capacity. This study has the
potential to identify a new, evidence-based treatment option and provide new
ideas for the treatment of USN.

Ethics and dissemination: The study protocol has been approved by the
Nanchong Central Hospital. Written informed consent will be obtained from
all the participants. The results of this study will be disseminated to the public
through scientific conferences and a peer-reviewed journal.
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Trial registration:
2021, http://www.chictr.org.cn/showproj.aspx?proj=130823.

10.3389/fneur.2022.1081895

ChiCTR, ChiCTR2100049482. Registered on 2 August

stroke, unilateral spatial neglect, prism adaptation, eye movement training, combined

therapy

1. Introduction

Stroke is the second cause of death and the leading cause
of disability worldwide (1). Poststroke patients usually suffer
from multiple dysfunctions and complications that affect their
health-related quality of life (2). Unilateral spatial neglect (USN)
is a frequent and disabling condition after stroke, affecting
approximately 30% of acute and subacute stroke survivors
(3). USN is mainly related to damage to neural networks
associated with spatial information processing and attentional
control (4) and is defined as the inability to orient, detect, or
respond to relevant stimuli in the visual field opposite to the
brain lesion and unrelated to sensory and motor dysfunction
(5). In clinical, approximately 40% of patients with USN are
consistently affected by neglect symptoms (6). Compared to
other stroke survivors, patients with USN are associated with
poorer rehabilitation outcomes of other stroke symptoms (7)
and longer hospital stays (8, 9). In addition, USN increases the
consumption of health resources and adds to the burden on
families (10, 11).

Since the early 1970s, various rehabilitation techniques
have been proposed to reduce the disability caused by
USN after stroke, including visual scanning training, trunk
rotation, optokinetic stimulation, feedback or cueing, virtual
reality, repetitive transcranial magnetic stimulation, and prism
adaptation (PA) (12, 13). Monotherapy is frequently used in
clinical research for USN, but overall, the level of evidence
remains low. PA has been a hot research topic in recent
years for the treatment of USN, with most studies supporting
PA as an effective intervention while other studies were
contradictory (14, 15). One possible explanation for the
inconsistent results is that USN is a complex neurological
syndrome with different manifestations for different neglect
types and crossover symptoms between various neglect subtypes
(16). Some researchers have suggested that combination therapy
may produce more intense and long-lasting effects (17), and
combination therapy is also the most frequently investigated
USN intervention and shows promise for improving USN
symptoms (18). The combination of different treatments may

Abbreviations: USN, unilateral spatial neglect; PA, prism adaptation; EMT,
eye movement training; BIT-C, behavioral inattention test-conventional
subset; CBS, catherine bergego scale; MBI, modified barthel index; MMSE,

mini-mental state examination.
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produce greater efficacy through similarities and differences
in treatment mechanisms. Based on this, we speculate that
combining PA with one approach will yield better results. In
previous studies, Saevarsson et al. (19) and Choi et al. (20)
combined PA with neck vibration and functional electrical
stimulation, respectively, and both showed that the combined
intervention better improved USN symptoms. However, the
combination of these two studies only increased the number
of interventions without mentioning the possible theoretical
basis. Barrett et al. (21) inferred from animal models that stroke
can induce classic visual-perceptual spatial neglect and motor
intention deficits. Choosing a treatment option that intervenes
in both areas may be a viable approach.

In this trial, we plan to combine PA and eye-tracking-based
eye movement training (EMT) to treat poststroke USN. PA
is a “bottom-up” approach (22), and it influences the level
of sensory-motor through visuomotor adaptation to reduce
symptoms of spatial neglect and, in particular, to improve spatial
motor-intentional “aiming” deficits (23). PA was first proposed
to treat patients with USN in 1998 (24), and a battery of
studies has shown that PA improves not only the performance of
patients with USN on neglect assessments (25-27) (e.g., BIT-C,
CBS, and bell test) but also on neglect-related processes (15, 28—
30). In addition, the sensorimotor after-effects of PA extend to
the cognitive domain of patients with USN, for example, in
complex spatial cognitive tasks required in daily life (navigation
and terrain memory) (31), simple sound source localization
abilities (32), etc. EMT is another USN treatment based on
the attention disorder doctrine and belongs to the “top-down”
approach. Similar to visual scanning training, EMT aims to
improve the patient’s ability to voluntarily orient his spatial
attention toward the neglected side (33) and is characterized by
repetitive practice of compensatory visual behaviors. Previous
studies have shown that repetitive practice of compensatory
visual behaviors can improve USN (34), and Leal Rato, M
et al. also showed that eye gaze direction in patients with
USN modulates spatial attention and that perception of direct
gaze reduces visuospatial deficits in neglected patients (35).
Although USN had been classically thought of as a “parietal
syndrome” associated with lesions in visuospatial integration
at the posterior parietal cortex (36), it has become evident
that USN involves a disturbance in the widespread attention
network (4), as well as the impact of attention deficits on
visuospatial neglect, such as poor sustained attention and
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attentional shifting disorders (37). Therefore, EMT to improve
visuospatial attention may be a treatment for USN, and this
technique is still widely used in clinical practice (22).

Our study aims to investigate the efficacy of PA combined
with EMT in the treatment of USN. We hypothesized that
sequential use of these two interventions would produce a
positive synergistic effect of 1 + 1 over 2, resulting in better
improvement of USN symptoms in patients with poststroke.

2. Methods

This study was confirmed using a checklist in the SPIRIT
reporting guidelines (38).

2.1. Study design

The study will be conducted as a single-blind, prospective,
randomized controlled trial that will be conducted at the Second
Clinical Medical College of North Sichuan Medical University.
The protocol has been registered with the China Clinical
Trial Registry (Item No.: ChiCTR2100049482). Our study will
evaluate the effectiveness of EMT combined with PA in patients
with poststroke USN, and the findings might provide a rationale
for an approach of EMT combined with PA in patients with
USN. A total of 72 patients will be recruited for this study and
will be randomly assigned to four groups (1:1:1:1). All patients
will receive conventional rehabilitation, as well as one of the
three types of training: PA, EMT, PA, and EMT. To assess the
efficacy, all participants will be assessed at three visits, including
baseline, posttreatment, and 2 weeks after the end of treatment.
The diagram and schedule for the study are shown in Figure 1
and Table 1.

2.2. Consent and eligibility

Potential participants will be primarily screened and those
who meet inclusion and exclusion criteria will be invited to
participate in this study. All subjects will have an informed
consent form signed by themselves or a legal representative
prior to undergoing any study procedures. The inclusion and
exclusion criteria for selecting participants are listed as follows.

2.2.1. Inclusion criteria
a) Adult patients older than 18 and younger than 80 years.
b) First stroke with ischemic or hemorrhagic brain injury on
CT and MRIL
¢) The subacute phase of stroke: Duration 1 to 12 weeks after
stroke onset.
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d) Diagnosis and confirmation of USN: a pathological
performance on one subtest of the Behavioral Inattention
Test-Conventional Subset (BIT-C).

e) The patient can sit in a stable position.

f) Complete vision or normal after correction.

g) The patient is right-handed.

2.2.2. Exclusion criteria
a) Severe cognitive impairment (MMSE < 16) and non-
cooperation.
b) Severe USN (star cancellation tests < 8).
c) Severe non-spatial attention deficit (digital
checking method).
d) Patients with severe organ diseases.
e) Inability to comply with the time frame of this study.

f) Unsigned informed consent.

All subjects will sign an informed consent document before
undergoing any study procedures.

2.3. Sample and recruitment

Patients with USN in the subacute phase of stroke will
be recruited from 2 November 2021 to 1 June 2023 at the
Second Clinical Medical College of North Sichuan Medical
University. Recruited participants will be required to meet the
USN diagnostic criteria, including nurse or family member
reports of disproportionate orientation toward the impaired
side, and < 52 stars were removed from the cancellation
test. Patients will be initially screened through a case system
or clinician notification and will be carefully evaluated for
meeting eligibility criteria once they have signed an informed
consent form.

2.4. Sample size estimation

In the preexperiment, the changes in BIT-C scores before
and after the intervention were 39.33 £ 18.717 for the combined
intervention group, 26.33 £ 7.638 for the eye-movement
training group, and 20 = 2.828 for the PA training group. Using
the PASS software, the probability & of occurrence of the Type I
error was set to 0.05, the probability B of occurrence of the Type
II error was calculated as 0.2, the calculation results showed that
the combined intervention and eye-movement training groups
required 20 samples each, and 9 samples were required for each
of the combined intervention and PA training groups. Therefore,
taking into account a 10% sample dropout rate, the total sample
size was finally determined to be 88 cases, with 22 cases in
each group.
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Assessed for eligibility
| Exclude:
l Not meeting inclusion criteria
Declined to participate
Baseline assessment Other reason
|
1:1:1:1.
randomization(n=_88)
Allocated to PA group Allocated to EMT group: Allocated to combined therapy group Allocated to control group:
10 sessions 10 sessions 10 sessions 10 sessions
5 tmes for week for 2 weeks 5 times for week for 2 weeks 5 tmes for week for 2 weeks 5 tmes for week for 2 weeks
Post 10-sessions assessment
\ 4
Follow up (2 weeks after the
end of therapy)
v
Statistical analysis
FIGURE 1
Flowchart of the study design. PA, prism adaptation. EMT, eye movement training.

2.5. Randomization and blinding

A random number list is generated by a computer and
consists of 88 random numbers. The random numbers
were arranged from the smallest to the largest to obtain
the serial number R. It is stipulated that group A (PA)
with R = 1-22, group B (EMT) with R = 23-44, group C
(PA & EMT) with R = 45-66, and group D (control) with
R = 67-88. The resulting sequence of random assignments
was placed in sequentially coded, sealed,
The of

opens the envelope according to the order of patient

impermeable

envelopes. investigator in charge recruitment
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enrollment and assigns the subjects to the appropriate
subject group.

This study is a single-blind design, and only the investigator
conducting the assessment is blinded to group assignment.
The therapist cannot be blinded due to using the supervised
intervention. In addition, blinding of subjects is not feasible
due to the difference in intervention methods. All outcome
assessments for this study will be conducted by a separate
professional therapist who is not involved in any other part
of the study. Moreover, participants will be unblinded when
any clinical situation associated with adverse events or patient
withdrawal occurs.
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TABLE 1 Schedule of enrollments, interventions, and assessments.

10.3389/fneur.2022.1081895

Screening Randomization Intervention Follow up
Time point Within one Day O 2 weeks Post-2 weeks
weeks (10 sessions)
To Ty T,

Enrollments Informed consent N

Demographic characteristics J

Medical history N

Eligibility assessment N

Radom allocation v
Intervention | Conventional rehabilitation v

PA J

EMT v

PA & EMT J
Assessment Cognitive level (MMSE) N v

Behavioral inattention test-conventional subset J J

Catherine bergego scale J N

Modified barthel index J J

PA, prism adaptation; EMT, eye movement training; MMSE, Mini-mental State Examination.

2.6. Interventions

All subjects will receive conventional rehabilitation during
the intervention period, as well as appropriate interventions
according to the group.

2.6.1. Conventional intervention

Conventional rehabilitation therapy includes physical
therapy, occupational therapy, and acupuncture. Physical
therapy includes muscle strength and endurance training,
joint range of motion training, balance and coordination
training, gait training, etc. Occupational therapy includes
training in activities of daily living (ADL) (e.g., dressing, eating,
brushing teeth, and washing face, etc.). Acupuncture includes
acupuncture points such as Baihui, DiCang, Shoulder, Quchi,
Hand SanLi, Neiguan, HeGu, LiangQiu, Blood Sea, FengShi,
Foot SanLi, YangLingQuan, SanyinJiao, and Taichong.

2.6.2. Prism adaptation

Prism adaptation is a non-invasive, affordable, convenient
technique to assess visuomotor plasticity and ameliorate the
symptoms of USN (39). During a PA session, the patient
wears goggles with prism lenses that induce a deviation of the
visual field toward the ipsilesional side of space and perform
a series of pointing movements toward a visual target. PA
training was performed using a black box with parameters
as described by Spaccavento et al. (height = 30cm, depth =
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34 cm at the center and 18 cm at the periphery, and width =
72cm) (33). The PA process consists of three steps: (1) aiming
in the direction of visual targets without goggles to obtain
a reference frame (pretest); (2) 90 aiming movements in the
direction of visual targets with prisms that deviate from the
environment approximately 10° to the right or left (prismatic
exposure). Initially, the movements are deviated toward the right
or left, and then, the subject progressively corrects his errors; (3)
aiming toward visual targets without the prisms to measure the
after-effects. According to the patient’s training performance, the
PA training schedule was 15-20 min/session, 1 session/day, and
5 days/week, with a treatment period of 2 weeks.

2.6.3. Eye movement training

The eye movement training will be performed based on a
high-performance EMT instrument (Figure 2, Hangzhou Jizhi
Medical Technology Co., Ltd., Model: JZ-RZ-20US). The insect
shoot-down task of the cognitive rehabilitation training and
assessment system will be selected as the EMT task (search
and gaze). The insect shoot-down task will be set at easy,
moderate, and difficult levels (depending on the patient’s
training performance), left or right field of view (the choice of
left or right visual field depends on the patient’s side of neglect),
during which the insect will randomly present on the left or
right side of the screen and move from bottom to top. Under
the guidance of the therapist, the patient spontaneously searches
for these signs, eliminates them by gazing, and then searches for
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FIGURE 2
Eye movement training device (image from ourselves).

the next sign until the end of the training. At the same time,
this eye-tracking device has an eye-tracking function, which can
visually show the patient’s eye movement trajectory and facilitate
the therapist to better train the patient. The EMT schedule was
15 min/session, 1 session/day, and 5 days/week, with a treatment
period of 2 weeks.

2.7. Baseline data

Baseline data are collected after informed consent and before
randomization. The baseline assessment includes demographic
characteristics such as sex, age, time of onset, cause of
damage, and assessment scales including the Mini-Mental State
Examination, Catherine Bergego Scale, Behavioral Inattention
Test-Conventional Subset (BIT-C), and Modified Barthel Index
(MBI). All baseline data will be collected via paper forms.

2.8. Outcome measures

This study will measure outcome indicators at two time
points: after the end of the intervention and 2 weeks after the end
of the intervention. The measurement of outcome indicators will
be conducted by independent therapists. The relevant test nodes
can be seen in the study schedule (Table 1).

2.8.1. Mini-mental state examination

The Chinese version of the MMSE was initially developed
by Katzman et al. (40) and later widely used in clinical practice
and studies. The test includes cognitive assessments in five
domains: time and place orientation, memory, attention and
calculation, immediate and long-term memory, and language
and comprehension. The total score of the test is 30, and the
cutoff points for dementia screening are 16/17 for illiterate,
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19/20 for those with 1-6 years of education, and 23/24 for those
with 7 or more years of education (41).

2.8.2. Primary outcomes

Two main scales are used to assess changes in UNS
levels including Catherine Bergego Scale (CBS) and Behavioral
Inattention Test-Conventional Subset (BIT-C).

The Catherine Bergego Scale, published by Azouvi et al. in
1996, is an ecologically valid screening tool for spatial neglect
with excellent reliability and validity (42). The scale is composed
of 10 items and each with a score ranging from 0 (normal) to 3
(severe unilateral neglect). According to the scores, three levels
of severe neglect can be distinguished as follows: 1-10 (mild
neglect), 11-20 (moderate neglect), and 21-30 (severe neglect).

The behavior inattention test-conventional subset consists of
the widely used paper-pencil tests (43): (a) line, letter, and star
cancellation tests, (b) figure and shape copying, (c) line bisection,
and (d) representative drawing. The sum of scores for each test
yields a total BIT-C score, ranging from 0 to 146. The cutoff score
for the BIT-C test is 129, and a score below 129 is diagnosed as
USN, with lower scores indicating more severe neglect.

(a) In cancellation tests, the signs are presented on an A4
(210 x 297 mm) paper, and the participant was required to
respectively cross out all lines, all letters “E” and “R;” and
all small stars. There is no time restriction. The number of
omitted targets is counted. The maximum scores for these
subtests are 36, 40, and 54, respectively.

(b) In the figure and shape copying, the participant has to
copy three figures (a four-pointed star, a cube, and a flower)
on a sheet of A4 paper, as well as three figures composed of
lines. The maximum score is 4.

(c) In the line bisection test, there are three 20 cm horizontal
lines on an A4 paper. The participant was asked to search
for spatially distributed lines and bisect each line in the
middle as accurately as possible. The score ranges from 0
to 3, according to the distance between the mark and the
midpoint of each line (0-1 cm 3; 1-2cm 2; 2-3cm 1; >3 cm
0). The maximum score is 9.

(d) In the representative drawing, the participant should
draw a clock, a human, and a butterfly on an A4 paper
based on their memory. The score ranges from 0 to 1 for
each drawing, according to symmetry, with a maximum
score of 3.

2.8.3. Secondary outcomes

A scale to assess changes in the level of ADL (autonomy) is
Modified Barthel Index (MBI).

Modified Barthel Index is a five-level rating scale and
evaluates the functional independence and autonomy of the
subjects in 10 activities, including (1) bathing, (2) personal
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grooming, (3) feeding, (4) dressing and undressing, (5) bowel,
(6) bladder continence, (7) getting on/off the toilet, (8) stair
climbing, (9) moving from wheelchair to bed and return, and
(10) walking, with high reliability and stability in people of
different sexes and ages (44). The highest score of the MBI is
100, with higher scores indicating increased ADL.

2.9. Adverse events

A safety questionnaire will be administered to all
participants prior to the administration of the first PA or
EMT to reduce the risk of possible symptoms, including dry
eyes, headache, and irritability, and will be recorded at the end
of each session. Descriptive statistics will be provided for all
adverse events.

The following measures will be taken to prevent these events:
(a) prior to the intervention, the investigator will communicate
adequately to ensure that the patient is in a good state after rest;
(b) during the intervention, the investigator will closely monitor
the patient’s condition and keep records; (c) if the patient feels
any discomfort, the intervention will be suspended immediately,
the intervention protocol will be adjusted (by increasing the
interval of rest), or the intervention will be stopped. If a serious
adverse event occurs, we will seek professional evaluation, cover
the cost of treatment for the adverse event caused by the trial,
and provide some financial compensation.

2.10. Dropout criteria

The intervention will be discontinued if the subject meets
one or more of the following criteria: (a) the subject has poor
compliance and fails to perform the treatment as required, e.g.,
the subject does not cooperate with the investigator or the
subject does not come to treatment on time; (b) medical records
are incomplete and affect efficacy or safety evaluation; (c) subject
voluntarily withdraws; (d) subject experiences an adverse event
(including episodes of ocular pain, headache, and irritability);
and (e) the subject has a severely progressive disease or some
comorbidity, complications, or specific physiological changes.

Patients who drop out will not be included in the efficacy
analysis; if they drop out for reasons such as the occurrence of
an adverse event, they will be included in the safety analysis.

2.11. Data collection and management

The trial process will be recorded via the audio or written
form to ensure the authenticity of the intervention. A case
report form (CRF) will be used to collect data. Two data
managers will enter the data from the CRF into a computer
database and cross-check the electronic data for uniformity.
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All data will be confidential to those outside the study,
except for the ethics committee. Experimental data will be
used to write clinical research studies. During the course
of the study, if subjects discontinue or deviate from the
intervention protocol, we will collect as much data as possible for
further analysis.

We the
participants’ completion of the trial and follow-up: (a)

will use following methods to facilitate
enhance communication between investigators and patients and
obtain patients’ cooperation whenever possible and (b) provide

relevant test results to study patients free of charge.

2.12. Data analysis

IBM SPSS Statistics for Windows, Version 26.0 (IBM
Corp., Armonk, NY, United States) will be used for statistical
analysis. 2-tailed P < 0.05 will be considered a statistically
significant difference. Continuous variables will be expressed
as mean with standard deviation or median with interquartile
range, whereas categorical data will be expressed as counts
and percentages. Baseline comparisons will be used to examine
potential differences between 4 groups. Age, time of onset, and
MMSE will be analyzed by ANOVA or Kruskal-Wallis test. Sex,
cause of damage will be measured using Chi-square tests. The
Kolmogorov-Smirnov test will be used to evaluate the normality
of distributions. If a normal distribution is confirmed, one-way
ANOVA will be used to examine the effectiveness of intervention
between the 4 groups at T1, T2, with Bonferroni correction for
multiple comparisons as a post hoc test. Otherwise, Kruskal-
Wallis (non-parametric test) will be used.

3. Discussion

Unilateral spatial neglect is a complex neurological
syndrome with a high prevalence and adverse effects. In this
study, we design a random and comparison clinical trial to
observe the effectiveness of PA and EMT and combined therapy
for USN of patients with poststroke.

A major consideration of this study is based on the
theoretical model of Barrett et al. (21), who mentioned that
stroke-induced unilateral spatial neglect can be characterized by
visual-perceptual spatial neglect and motor intention deficits.
Many studies have investigated the effectiveness of PA for
USN, indicating that PA is a promising intervention to
alleviate symptoms of neglect and improve functional outcomes.
However, some contrary studies have shown that patients
improved only motor-intentional deficits after PA intervention
(45, 46). EMT is another effective intervention used in the
study. Balslev and Odoj (47) supported the coupling of attention
and gaze and argued that interventions on target gaze signals
can alleviate visual-perceptual spatial neglect. Therefore, we
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hypothesized that the combination of the two interventions
might both treat the patients’ classic visual-perceptual spatial
neglect and motor intention deficits, resulting in a more positive
and comprehensive effect.

In contrast, although previous studies have explored PA in
combination with other treatments, most studies have selected
therapies with the same bottom-up approach (19, 20, 48). It is
notable that the two interventions chosen for the present study
stem from the following two different approaches: the “top-
down” approach aims to improve perceptual and behavioral
biases by acting on disrupted consciousness and thus on higher-
level cognitive processes, and the “bottom-up” approach is a
physiological approach that aims to influence sensory-motor
levels through passive sensory manipulation or visuomotor
adaptation. PA belongs to a bottom-up intervention approach,
while EMT belongs to a top-down intervention approach.
PA may ameliorate neglect symptoms by improving patients’
spatial cognitive processes: recalibration and spatial alignment
(49, 50), and imaging studies have shown that PA activates
the parietal cortex and cerebellum associated with recalibration
and spatial rearrangement (39, 51, 52), as well as altering the
balance of activity in bilateral parietal, frontal, and temporal
regions (53), and altering frontal-parietal, parietal-temporal,
and cerebellar-parietal-hippocampal network connections in
the resting state (54, 55). EMT improves spontaneous eye
exploration and spatial attention to the space contralateral to
the brain injury. An fMRI study showed that EMT induced
alterations in brain activation in the striate and extrastriate
cortex as well as in oculomotor areas (56). The two showed more
differences in neural mechanisms, so the combined intervention
of these two approaches may affect the broader brain network
associated with USN. Based on this, we chose to combine these
two approaches in the present study, which we hypothesized
would have positive effects.

Since patients with USN themselves suffer from attention
deficits and other cognitive dysfunctions, an unreasonable
combination of therapies rather leads to an aggravation of
neglect symptoms (48), and therefore, the selection of the
combination of different interventions needs to take into
account the relevant influencing factors and the patients
tolerance. Saevarsson et al. (19) and Choi et al. (20) combined an
active engagement (PA) with a passively received (neck vibration
or FES) intervention, both of which showed better efficacy of
the combined intervention, but both interventions used in our
trial required patients to actively participate, so this may be
a limitation of this interventional approach. However, the few
patients who completed the intervention described that they
were able to accept the intensity of the training and did not
experience any particular fatigue or difficulty accomplishing it.

There are other limitations to our study. (a) Our target
population was set to patients with subacute stroke, and the
efficacy of patients in the chronic phase was not discussed.
(b) The efficacy of interventions with active engagement is
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influenced by cognitive level, and we only mentioned the
ability to cooperate with the therapist in the eligibility criteria,
discussed the overall efficacy, and did not stratify the analysis of
the efficacy of patients with different cognitive levels. (c) Patients
with severe USN were excluded from the study, so the efficacy for
this group is not yet clear. (d) This is a preliminary exploratory
study, and the follow-up time in this trial is only 2 weeks after
the end of treatment.

We aimed to conduct a randomized controlled trial to
investigate whether the PA combined with EMT has the
potential to be a promising treatment option for poststroke
USN. If this study provides positive results, it will be possible to
recommend that these techniques be implemented in treatment
protocols for patients with USN.

Trial status

This publication is based on version 1 of the PA combined
eye movement protocol dated 2 August 2021. The official start
of recruitment was on 2 November 2021. The estimated end
date of the trial is 1 June 2023, and the recruitment of patients
is ongoing.
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Objectives: Inflammatory response biomarkers are promising prognostic
factors to improve the prognosis of stroke-associated pneumonia (SAP) after
ischemic stroke. This study aimed to investigate the prognostic significance
of inflammatory response biomarkers on admission in SAP after spontaneous
intracerebral hemorrhage (SICH) and establish a corresponding nomogram.

Methods: The data of 378 patients with SICH receiving conservative treatment
from January 2019 to December 2021 at Taizhou People’s Hospital were
selected. All eligible patients were randomized into the training (70%, 265)
and validation cohorts (30%, 113). In the training cohort, multivariate logistic
regression analysis was used to establish an optimal nomogram, including
inflammatory response biomarkers and clinical risk factors. The area under
the receiver operating characteristic (ROC) curve (AUC), calibration curve,
and decision curve analysis (DCA) were used to evaluate the nomogram’s
discrimination, calibration, and performance, respectively. Moreover, this
model was further validated in a validation cohort.

Results: A logistic regression analysis showed that intraventricular hemorrhage
(IVH), hypertension, dysphagia, Glasgow Coma Scale (GCS), National Institute
of Health Stroke Scale (NIHSS), systemic inflammation response index
(SIRI), and platelet/lymphocyte ratio (PLR) were correlated with SAP after
SICH (P < 0.05). The nomogram was composed of all these statistically
significant factors. The inflammatory marker-based nomogram showed strong
prognostic power compared with the conventional factors, with an AUC
of 0.886 (95% CI: 0.841-0.921) and 0.848 (95% CI: 0.799-0.899). The
calibration curves demonstrated good homogeneity between the predicted
risks and the observed outcomes. In addition, the model has a significant
net benefit for SAP, according to DCA. Also, internal validation demonstrated
the reliability of the prediction nomogram. The length of hospital stay was
shorter in the non-SAP group than in the SAP group. At the 3-month
follow-up, clinical outcomes were worse in the SAP group (P < 0.001).

frontiersin.org
35


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.1084616
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.1084616&domain=pdf&date_stamp=2023-01-12
mailto:jjx830829@163.com
mailto:13952618801@163.com
https://doi.org/10.3389/fneur.2022.1084616
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2022.1084616/full
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yu et al.

10.3389/fneur.2022.1084616

Conclusion: SIRI and PLR at admission can be utilized as prognostic
inflammatory biomarkers in patients with SICH in the upper brain treated with
SAP. A nomogram covering SIRI and PLR can more accurately predict SAP in
patients’ supratentorial SICH. SAP can influence the length of hospital stay and
the clinical outcome.

spontaneous intracerebral hemorrhage, pneumonia, nomogram, inflammatory
response biomarkers, systemic inflammation response index, platelet/lymphocyte

ratio

1. Introduction

Spontaneous intracerebral hemorrhage (SICH) has high
morbidity, mortality, and medical complications, in addition
to primary brain injury, are significant causes of adverse
outcomes (1, 2). After the development of stroke-associated
pneumonia (SAP), unfavorable conditions may result in
prolonged hospitalization, poor functional recovery, high social
and economic burden, and even death (3). A study found
that the median length of hospital stay was longer in patients
with SAP (13 days) than in those without SAP (5 days)
(4). Therefore, as a rapidly progressive disease with high
mortality, early identification and effective indicators of SAP
prevention are essential. Several risk factors for pneumonia in
stroke patients, namely age, immunosuppression, dysphagia,
previous medical history (i.e., diabetes, atrial fibrillation, alcohol
consumption, and COPD), and stroke severity, were highlighted
(5-8). However, these risk factors largely depend on clinical
symptoms, and clinical monitoring of SAP remains imprecise.
To predict SAP occurrence, an objective predictor is essential.

There is growing evidence that the immunodeficiency
syndrome caused by stroke promotes the development of SAP,
suggesting the significance of immune-inflammatory processes
in SAP (9, 10). Routine blood markers (i.e., neutrophils,
lymphocytes,
inflammation and infection markers. In addition, the systemic

and monocytes) are common  systemic
inflammation response index (SIRI), neutrophil/lymphocyte
(NLR), (MLR), and

platelet/lymphocyte ratio (PLR) have better predictive power

ratio monocyte/lymphocyte  ratio
than conventional inflammatory factors (11-14). Most studies
on risk factors for SAP are based on ischemic stroke. The
pathophysiological mechanisms of SICH and acute ischemic
stroke (AIS) are very different. Previous studies have shown that
high NLR and SIRI predict SAP in patients with AIS (15, 16).
However, the clinical significance of these inflammatory
factors for SAP after SICH remains questionable. Furthermore,
no predictive models of inflammatory indicators have been
developed to predict the occurrence of SAP after SICH.
Identifying risk factors is based on targeted primary prevention
strategies and may influence clinical management by optimizing
patient care.
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This study established a predictive nomogram as a
simple statistical visualization tool to predict disease onset,
progression, prognosis, and survival (17-19). This study
aimed to assess whether inflammatory response biomarkers
on admission contribute to the early prediction of SAP
after SICH.

2. Methods
2.1. Study population

This observational study was approved by the local Ethics
Committee of Taizhou People’s Hospital and did not require
individual patient consent (KY2022-094-01). The subjects of
this retrospective study were patients with SICH who were
admitted to Taizhou People’s Hospital for conservative treatment
from January 2019 to December 2021. SICH was determined by
admission computed CT scanning. The decision of treatment
modality of SICH (conservative treatment) was determined
according to the diagnosis and treatment protocol, guidelines,
and specific conditions of each patient. Inclusion criteria
were: (1) CT diagnosis of SICH following the fourth national
diagnostic criteria for cerebrovascular disease in 1995 in China,
(2) CT follow-up within 24 h after admission, (3) age >18 years,
(4) all patients were treated conservatively, and (5) diagnosing
pneumonia was based on the diagnostic criteria for SAP in
2015 (20). We excluded patients with (1) infectious diseases,
fever, or prophylactic antibiotics within 2 weeks before patient
admission; (2) patients with infratentorial SICH; (3) cerebral
hemorrhage due to trauma, subarachnoid hemorrhage due
to aneurysm rupture and trauma; (4) patients after surgical
treatment; (5) patients with autoimmune diseases, malignancies,
hematological diseases, severe liver and kidney diseases, and
history of major surgery; and (6) patients with incomplete
information. We excluded patients with infratentorial cerebral
hemorrhage. Patients with severe symptoms (GCS score <3)
were excluded. Ultimately, 378 eligible patients were recruited.
Patients were randomly classified into the training and
validation cohorts in a 7:3 ratio (Figure 1).
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762 SICH patients from January 2019 to December 2021
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FIGURE 1

A flowchart of the present study. SICH, spontaneous intracerebral hemorrhage; SAP, stroke-associated pneumonia.

2.2. Data collection

All participating patients were reviewed for a range of
risk factors associated with SAP, including age, gender, body
mass index (BMI), Glasgow Coma Scale (GCS), National
Institute of Health Stroke Scale (NIHSS) score, systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
at admission, time from onset to hospitalization, dysphagia,
hematoma volume, hematoma location, and intraventricular
hemorrhage (IVH). Medical history was collected, that is,
hypertension, diabetes, atrial fibrillation, smoking, drinking,
and antiplatelet or anticoagulation. Laboratory parameters (red
blood cells (RBC), white blood cells (WBC), platelets, absolute
neutrophil count (ANC), absolute monocyte count (AMC),
absolute lymphocyte count (ALC), and albumin) were obtained
within 24h of admission for all subjects. We collected the
length of hospital stay and the functional recovery of the
patients. To obtain their functional recovery, we followed up
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the patients or their families 3 months after discharge using
a telephone.

2.3. Measurements and study outcomes

A trained neurologist assessed the GCS and NIHSS scores at
admission to assess the severity of SICH. The following formulae
were used to compute the lymphocyte-based inflammatory
index in this study: SIRI (21), NLR (15), MLR (14), and PLR (22)
from the first peripheral blood count at admission.

The primary outcome of our study was SAP after SICH.
Patients with signs or symptoms of respiratory infection
underwent routine blood tests, and chest CT scans to diagnose
pneumonia. Physicians from neurology and radiology jointly
diagnosed pneumonia (20). Secondary outcomes were the
length of stay and functional recovery. The modified Rankin
Scale (mRS) score was utilized to evaluate functional recovery
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TABLE 1 Baseline characteristics of all patients in the training cohort and validation cohort.

Validation cohort
(n =113, 29.9%)

Training cohort

(n = 265, 70.1%)
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Demographics
Age [year, M (Q1, Q3)] 63.54 £ 13.72 63.48 £+ 13.75 63.67 £ 13.69 0.900
Gender, 1 (%) 0.572
Male 253 (66.9) 175 (66.0) 78 (69.0)
Female 125 (33.1) 90 (34.0) 35(31.0)
BMI[kg/mz, M (Q1,Q3)] 24.49 (21.26, 27.08) 24.49 (21.48, 27.04) 24.22 (20.58,27.31) 0.845
Medical history
Hypertension, n (%) 283 (74.9) 198 (74.7) 85 (75.2) 0.918
Diabetes mellitus, 7 (%) 29(7.7) 20(7.5) 9(8.0) 0.889
Atrial fibrillation, n (%) 26 (6.9) 19 (7.2) 7(6.2) 0.732
Smoking, 7 (%) 97 (25.7) 71 (26.8) 26 (23.0) 0.441
Drinking (>3 drinks per 24 h), n (%) 86 (22.8) 57 (21.5) 29 (25.7) 0.378
Antiplatelet or anticoagulation, n (%) 26 (6.9) 18 (6.8) 8(7.1) 0.920
Clinical characteristics
NIHSS [score, M (Q1, Q3)] 3(2,8) 4(2,8) 3(2,6) 0.144
GCS [score, M (Q1, Q3)] 13 (10, 15) 13 (9,15) 14 (12, 15) 0.002%
Admission SBP [mmHg, M (Q1, Q3)] 162 (150, 179.50) 164 (150, 181) 161.23 +20.17 0.106
Admission DBP [mmHg, M (Q1, Q3)] 95 (85, 105.5) 95.87 £ 16.12 94 (81, 105) 0.467
Duration from onset to hospitalization [h, M (Q1, Q3)] 5(3,12) 5(3,11) 5(3,12) 0.749
Dysphagia, n (%) 169 (44.7) 123 (46.4) 46 (40.7) 0.307
ICH parameters
Hematoma volume[ml, M (Q1, Q3)] 12.16 (5.35, 23.34) 12.54 (5.38, 23.02) 12.00 (5.21, 24.65) 0.881
Hematoma location, #n (%) 0.315
Lobar 82 (21.7) 52 (19.6) 30 (26.5)
Basal ganglia region 225 (59.5) 161 (60.8) 64 (56.6)
Thalamus 71 (18.8) 52 (19.6) 19 (16.8)
IVH, n (%) 108 (28.6) 79 (29.8) 29 (25.7) 0.414
Laboratory data
RBC [10'?/L, (M 4 SD)] 4.41 £+ 0.62 4.37 (3.98, 4.82) 4.48 +0.62 0.195
Hemoglobin [g/L] 136 (122.5, 148) 135.03 £ 18.09 137 (122.25, 151.75) 0.541
WBC [10°/L, M (Q1, Q3)] 7.61 (6.08, 10.07) 7.63 (6.27, 9.80) 7.60 (5.92, 10.55) 0.884
ANC [10°/L, M (Q1, Q3)] 5.52 (4.14, 8.09) 5.53 (4.26, 8.03) 5.34 (4.03, 8.40) 0.606
ALC [10°/L, M (Q1, Q3)] 1.22(0.82,1.87) 1.20 (0.82, 1.84) 1.28 (0.82,1.97) 0.389
AMC [10°/L, M (Q1, Q3)] 0.40 (0.31, 0.53) 0.40 (0.30, 0.52) 0.41 (0.32, 0.55) 0.262
Platelet [109/L, M (Q1, Q3)] 170.50 (123, 220) 170 (122.50, 219.50) 175 (124, 223.50) 0.794
Albumin [g/L, M (Q1, Q3)] 39.20 (36.40, 41.73) 39.20 (36.45, 41.70) 39.20 (36.35, 41.70) 0.966
SIRI [M (Q1, Q3)] 1.74 (0.96, 3.43) 1.95 (0.98, 3.39) 1.68 (0.93, 3.49) 0.646
NLR [M (Q1, Q3)] 4.85 (2.60, 7.63) 5.01 (2.67, 7.85) 4.27 (2.45,7.35) 0.335
MLR [M (Q1, Q3)] 0.32(0.22,0.49) 0.32(0.23,0.48) 0.31 (0.21, 0.50) 0.750
(Continued)
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Validation cohort
(n =113, 29.9%)

Training cohort

(n =265, 70.1%)

PLR [M (Q1, Q3)] 135.02 (93.02, 191.51) 134.25 (96.40, 193.92) 139.13 (87.76, 185.47) 0.794

SAP, n (%) 129 (34.1) 96 (36.2) 33(29.2) 0.187
Clinical outcomes

Length of hospital stay, [days, M (Q1, Q3)] 15 (11, 20) 15 (11, 21) 15 (11, 19) 0.426

mRS score at 3 months [score, M (Q1, Q3)] 4(2,5) 4(2,5) 3(2,5) 0.575

Poor clinical outcome (mRS3-6) at 3 months, n (%) 220 (58.2) 152 (57.4) 68 (60.2) 0.611

SICH, spontaneous intracerebral hemorrhage; SAP, stroke-associated pneumonia; BMI, body mass index; NIHSS, National Institute of Health Stroke; Scale GCS, Glasgow Coma Scale;

SBP, systolic blood pressure; DBP, diastolic blood pressure; IVH, intraventricular hemorrhage; WBC, white blood cell; ANC, absolute neutrophil count; ALC, absolute lymphocyte count;
AMC, absolute monocyte count; SIRI, systemic inflammation response index; NLR, neutrophil/lymphocyte ratio; MLR, monocyte/lymphocyte ratio; PLR, platelet/lymphocyte ratio; M,

mean or median; mRS, modified Rankin Scale.
“Statistically significant.

after 3 months, that is, an mRS score of 3-6 indicates poor
clinical outcome.

2.4. Statistical analysis

Normally distributed continuous variables were expressed
as mean = standard deviation (M £ SD), and skewed
distributions were expressed as median with interquartile
range (IQR, Q1-Q3). Categorical variables are expressed as
frequencies and percentages (%). Where appropriate, the ¢-test,
the Mann-Whitney U-test, and the chi-square test were utilized
for comparisons.

Multivariate logistic regression models considered variables
with P < 0.05 in the univariate analysis results to obtain
independent predictors. The Hosmer-Leeshawn test was utilized
to assess the model’s goodness of fit. In addition, a Nomogram
with independent predictors was constructed from the training
cohort. The area under the receiver operating characteristic
(ROC) curve (AUC) and the calibration curves were utilized
to assess the predictive power and compliance of the model.
We performed a decision curve analysis (DCA) to quantify
the net benefit of different threshold probabilities to determine
the clinical utility of the nomogram we developed. After that,
the visual prediction model was validated internally. Statistical
analyses were performed on SPSS 26.0 (IBM Corporation,
Chicago, IL) and R statistical software (R, version 4.1.1).
Statistically significant differences were considered to be two-
tailed at a P-value of < 0.05.

3. Results

3.1. Baseline characteristics

A total of 378 patients with SICH, including 265 in the
training and 113 in the validation cohort, were included. Except
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for a statistically significant difference in GCS at admission
(P < 0.05) regarding baseline characteristics, other variables
did not differ between the two cohorts (Table 1). Patients
with SAP (36. 2%) tended to be older, had higher rates of
hypertension, antiplatelet or anticoagulation, dysphagia, and
IVH, and had larger hematoma volumes, lower GCS scores,
RBCs, ALC, hemoglobin, and albumin, and higher NIHSS
scores, WBCs, ANC, SIRL, NLR, MLR, and PLR in the training
cohort (P < 0.05, Table 2). Patients in the SAP group had
a longer length of hospital stay (P < 0.05, Table 2). Three
months after discharge, the mRS score of the SAP group
differed from that of the non-SAP group (Table 2, P < 0.001).
Clinical outcomes (mRS3-6) were significantly worse in the SAP
group than in the non-SAP group (71.9 vs. 49.1%, P < 0.001,
Table 2).

3.2. Screening factors for SAP after SICH

The variables with P < 0.05 in the univariate analysis
were included in the multivariate logistic regression analysis.
IVH, hypertension, dysphagia, GCS, NIHSS, SIRI, and PLR
were independent predictors of SAP after SICH (P < 0.05,
Table 3). The Hosmer-Lemeshow test showed a good fit for the
model (P =0.961).

3.3. Anovel nomogram for SAP after SICH

An SAP predictive nomogram was established using the
seven significant predictors mentioned earlier (Figure 2).
The predictors were scored, and then a straight line
was plotted through the total score to investigate the
likelihood of assessing post-SICH SAP based on the
total score.
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TABLE 2 General characteristics of patients with SICH according to the presence of SAP in the training cohort.

Total (n = 265) SAP (n = 96, 36.2%)

Non-SAP (n = 169, 63.

Demographics
Age [year, M (Q1, Q3)] 63.48 £+ 13.75 67.2 £13.39 61.37 £+ 13.55 0.001%
Gender, 1 (%) 0.871
Male 175 (66.0) 64 (66.7) 111 (65.7)
Female 90 (34) 32(33.3) 58 (34.3)
BMI [kg/m? M (Q1, Q3)] 24.49 (21.49, 27.04) 2445 4+ 4.41 24.60 = 4.12 0.796
Medical history
Hypertension, n (%) 198 (74.7) 79 (82.3) 119 (70.4) 0.032%
Diabetes mellitus, 17 (%) 20(7.5) 10 (10.5) 10 (5.9) 0.183
Atrial fibrillation, 7 (%) 19 (7.2) 9(9.4) 10 (5.9) 0.294
Smoking, 7 (%) 71 (26.8) 25 (26.0) 46 (27.2) 0.835
Drinking (>3 drinks per 24 h), n (%) 57 (21.5) 26(27.1) 31(18.3) 0.096
Antiplatelet or anticoagulation, 1 (%) 18 (6.8) 12 (12.5) 6(3.6) 0.005%
Clinical characteristics
NIHSS [score, M (Q1, Q3)] 3(2,7.5) 6(3,15) 3(2,6) <0.001%
GCS [score, M (Q1, Q3)] 13 (9, 15) 10 (7, 13) 14 (11, 15) <0.001%
Admission SBP [mmHg, M (Q1, Q3)] 164 (150, 181) 167 (150, 185) 162 (150, 180) 0.343
Admission DBP [mmHg, M (Q1, Q3)] 95.87 + 16.12 92.50 (83.25, 103.75) 97 (86, 108) 0.099
Duration from onset to hospitalization [h, M (Q1, Q3)] 5(3,11) 5(3,11) 5(3,11.5) 0.389
Dysphagia, 1 (%) 123 (46.4) 71 (74) 52 (30.8) <0.001%
ICH parameters
Hematoma volume[ml, M (Q1, Q3)] 12.54 (5.38, 23.02) 33.10 (18.17, 33.10) 8.93 (4.06, 17.17) <0.001%
Hematoma location, 1 (%) 0.156
Lobar 52(19.6) 22(22.9) 30(17.8)
Basal ganglia region 161 (60.8) 51 (53.1) 110 (65.1)
Thalamus 52 (19.6) 23 (24.0) 29 (17.2)
IVH, n (%) 79 (29.8) 43 (44.8) 36 (21.3) <0.001%
Laboratory data
RBC [10'?/L, (M £ SD)] 4.37 £0.62 4.27 4+ 0.65 4.44 £ 0.60 0.030*
Hemoglobin [g/L, (M £ SD)] 135.03 + 18.09 131.41 4+ 18.53 137.10 + 17.56 0.014*
WBC [10°/L, M (Q1, Q3)] 7.63 (6.27, 9.80) 9.06 (6.99, 11.82) 7.37 (5.98, 8.61) <0.001%
ANC [10°/L, M (Q1, Q3)] 5.53 (4.26, 8.03) 7.46 (4.97,10.47) 5.15 (3.86, 6.57) <0.001%
ALC [10°/L, M (Q1, Q3)] 1.20 (0.82, 1.84) 0.90 (0.60, 1.35) 1.42 (0.99, 1.96) <0.001%
AMC [10°/L, M (Q1, Q3)] 0.40 (0.30, 0.52) 0.4 (0.28, 0.57) 0.39 (0.31, 0.51) 0.351
Platelet [10°/L, M (Q1, Q3)] 170 (122.50, 219.5) 159.50 (115, 219.75) 173 (130, 219) 0.254
Albumin [g/L, M (Q1, Q3)] 39.20 (34.45, 41.70) 38.40 (35.35, 41.8) 39.50 (37.1, 41.70) 0.068
SIRI [M (Q1, Q3)] 1.95(0.98, 3.39) 3.04 (1.60, 5.19) 1.50 (0.87, 2.52) <0.001%
NLR [M (Q1, Q3)] 5.01 (2.67,7.85) 7.09 (5.02, 12.39) 3.61(2.33,6.13) <0.001%
MLR [M (Q1, Q3)] 0.32 (0.23, 0.48) 0.44 (0.29, 0.63) 0.28 (0.21, 0.39) <0.001%
(Continued)
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TABLE 2 (Continued)

Total (n = 265) SAP (n =96, 36.2%) Non-SAP (n = 169, 63.8%)

PLR [M (Q1, Q3)] 134.25 (96.40, 193.92) 154.51 (108.18, 267.32) 120.51 (86.67, 164.90) <0.001%
Clinical outcomes

Length of hospital stay, [days, M (Q1, Q3)] 15 (11, 21) 19 (14, 16) 14 (11,17) <0.001*

mRS score at 3 months [score, M (Q1, Q3)] 4(2,5) 5(2,5) 2(2,4) <0.001*

Poor clinical outcome (mRS3-6) at 3 months, 7 (%) 152 (57.4) 69 (71.9) 83 (49.1) <0.001*

SICH, spontaneous intracerebral hemorrhage; SAP, stroke-associated pneumonia; BMI, body mass index; NIHSS, National Institute of Health Stroke Scale; GCS, Glasgow Coma Scale;
SBP, systolic blood pressure; DBP, diastolic blood pressure; IVH, intraventricular hemorrhage; WBC, white blood cell; ANC, absolute neutrophil count; ALC, absolute lymphocyte count;
AMC, absolute monocyte count; SIRI, systemic inflammation response index; NLR, neutrophil/lymphocyte ratio; MLR, monocyte/lymphocyte ratio; PLR, platelet/lymphocyte ratio; M,
mean or median; SD, standard deviation; mRS, modified Rankin Scale.

#Statistically significant.

3 4 Predictive aCCUI’acy and net beneﬁt TABLE 3 Multivariate logistic regression analysis of the screening
o predictors of SAP after SICH.
of the nomogram

Variables OR 95% ClI P
In the training cohort, ROC analysis revealed an AUC of IVH 2.909 1.384-6.113 0.005
0.886 (95% CI: 0.841-0.921, P < 0.001) for the nomogram
) . . . Hypertension 2.810 1.174-6.722 0.020
for SAP (Figure 3A), higher than that without inflammatory
factors (SIRI and PLR) (AUC = 0.848, 95% CI: 0.799-0.899, P Dysphagia 3.984 1.969-8.060 <0.001
< 0.001). The calibration curve was close to the ideal diagonal GCS 0.885 0.783-1.000 0.049
(Figure 4A). NIHSS 1133 1.053-1.218 0.001
Furthermore, 113 patients were utilized for the internal arl
1.346 1.104-1.641 0.003
validation of the nomogram. The AUC of it was also 0.837
(95% CI: 0.756-0.900, P < 0.001), higher than the AUC without PLR 1.007 1.002-1.012 0.003
inﬂammatory factors (AUC = 0.752, 95% CI: 0.662-0.828, OR, odds ratio; CI, confidence interval; SICH, spontaneous intracerebral hemorrhage;

SAP, stroke-associated pneumonia; NIHSS, National Institute of Health Stroke
Scale; GCS, Glasgow Coma Scale; IVH, intraventricular hemorrhage; PLR,
accuracy. The calibration curve showed good consistency platelet/lymphocyte ratio.

P < 0.001) (Figure 3B), confirming the nomogram’s reliable

between the predicted and actual observed results in predicting
SAP after SICH (Figure 4B). In addition, the DCA graph showed
that the net benefit of the prediction model was better than
that of the model without inflammatory factors over the risk
range of SAP in both cohorts (Figure 5). These data suggest that

SAP is the most common stroke-associated infection that
can prolong hospitalization and even severely influence the
our nomogram has important implications for clinical decision- prognosis and mortality of stroke patients (5). Therefore, early
making. determination of disease trends and aggressive and effective
treatment and prevention of patients who may develop SAP
can reduce adverse outcomes. Despite the clinical significance
4. Discussion of SAP after SICH, no substantial progress has been made in

preventing SAP, including the prophylactic use of antibiotics

Our single-center retrospective study showed that IVH, and the process of care (23). It is well known that inflammatory
hypertension, dysphagia, GCS, NIHSS, SIRI, and PLR were factors, namely NLR, PLR, MLR, and SIRI, are new composite
independent predictors of SAP after SICH. We further inflammatory markers based on traditional inflammatory cell
developed a nomogram to predict the incidence of SAP after counts that provide a more comprehensive picture of the
SICH by these seven essential predictors. This nomogram inflammatory symptom status of the body. Numerous clinical
yielded better accuracy and presented better clinical utility for studies (14, 15, 24-27) have confirmed that the above indicators
the individualized prediction of SAP after SICH compared with have good predictive value for the occurrence, development, and
the conventional factors without inflammatory factors. Our prognosis of tumors, stroke, and other diseases. However, do
study is the first to include inflammatory markers in a predictive these indicators have a similar clinical value for SAP after SICH?
model for predicting SAP after SICH. Furthermore, this study We analyzed the relationship between peripheral blood and
makes predicting the probability of SAP after SICH easier. In SAP in patients with SICH on admission. This study showed
addition, the nomogram underwent rigorous internal validation, that SICH patients with hypertension, IVH, dysphagia, higher
implying stable prognostic performance. NIHSS scores, and lower GCS scores were more likely to
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FIGURE 2
Nomogram for predicting SAP after SICH.
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have SAP. These results are similar to previous studies (5-
7). In addition, this study added some inflammatory markers
according to inflammatory cells in peripheral blood. Patients
with SICH with higher SIRT and PLR were more likely to develop
SAP. This result may provide a new idea to differentiate SAP and
non-SAP individuals after SICH quantitatively and to develop
targeted medical interventions for individuals.
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Tt was revealed that elevated SIRI is an independent indicator
of poor prognosis in stroke (24-26), aneurysmal subarachnoid
hemorrhage (28), and some tumors (29-31). Yan et al. (16) found
that higher SIRI was a significant risk factor for pneumonia in
patients with acute ischemic stroke. A SIRI threshold of >2.74
was correlated with an increased incidence of SAP in patients
with AIS (OR: 5.82, 95% CI: 4.54, 7.49, P < 0.001). In addition,
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the RCS model showed an increasing trend in the risk of SAP
with increasing SIRI. Our study included patients with SICH
who received conservative treatment. These results were similar
to the previous studies mentioned above. SIRI revealed a positive
association with SAP after SICH.

It was reported that PLR is a prognostic indicator of
inflammatory response in various conditions, such as acute
pulmonary embolism (32), myocardial infarction (33), various
cancers (34), and stroke (27). Deng et al. (35) revealed that
PLR was a predictor of stroke-associated infection in patients
with AIS. A recent study reported that changes in peripheral
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PLR during treatment could reflect disease progression and
prognosis in patients with COVID-19. Furthermore, the
greater APLR correlated with a more severe cytokine storm,
a longer hospital stay, and a worse prognosis (36). The
predictive value of PLR in patients with SAP vs. SICH has
not been investigated. Furthermore, the combined effect of
inflammatory factors on SAP has been well reported. We
built a new nomogram to predict SAP risk in patients with
SICH during hospitalization. The nomogram we constructed
with inflammatory factors showed better and more accurate
predictions than the nomogram without inflammatory factors.
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Internal validation further validated the predictive ability
of the nomogram. Therefore, SIRI and PLR should be
considered when predicting SAP in patients with SICH receiving
conservative treatment.

Consistent with other reports (16, 37), the hospital
stay length was prolonged in the SAP group. Studies have
shown that stroke-related infections, especially pneumonia,
are independently associated with poor functional prognosis
after stroke. Our study also observed that subjects with
SAP had worse functional outcomes at 3-month follow-
up, consistent with previous studies (38-40). Two phase-II
studies on prophylactic antibiotic therapy showed benefits on
temperature, the incidence of infection, and even functional
outcomes (41, 42). The current management of SAP does not
prescribe prophylactic antibiotics (43). The challenge now is to
study the effect of preventive treatment on functional outcomes.
A phase-III trial was conducted but was stopped early.

There may be several possible mechanisms between the
inflammatory response and SAP. First, experimental studies
have shown that many inflammatory processes occur after
cerebral hemorrhage, including infiltration of leukocytes (44),
activation of microglia (45), and release of inflammatory
cytokines (46). However, brain injury affects the physiological
interaction between the central nervous system and the immune
system, resulting in a systemic immunosuppressive syndrome
(47) manifested by a decrease in lymphocytes (40) that promotes
susceptibility to infection. Finally, inflammatory factors may
be the connecting point between cerebral hemorrhage severity
and SAP.

Despite the good performance of our nomogram, several
limitations should be noted in our study. First, incomplete
statistical indicators, such as the time of SAP, pathogenic
spectrum analysis, mechanical ventilation use, indwelling gastric
tubes, and aspiration events, were not well documented.
Therefore, this classification of suspected risk factors and
pathogens was not included in the statistical analysis, resulting
in the exclusion of confounding confounders in the multivariate
logistic regression. Second, the retrospective analysis was limited
to a single center, and did not further comparison of the
dynamics of inflammatory indicators. Therefore, the results of
this study were further validated in prospective multicenter
cohort studies and other populations. Finally, the training and
validation cohorts were from the same hospital. Therefore,
multicenter studies need to seek external validation assessments
before clinical application.

5. Conclusion

Admission SIRI and PLR can be utilized as potential
prognostic inflammatory biomarkers in patients with SICH
who underwent SAP. It helps to select high-risk patients for
timely initiation of individualized therapy as these variables
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can be easily and rapidly obtained from blood cell counts.
Combining nomograms for admission SIRI, PLR, and clinical
risk factors will more reliably predict SAP in patients with SICH.
In the future, large studies are needed to externally validate
the nomograms for SAP after SICH in different populations.
If proven valid, it will provide clinicians with an accurate and
effective tool for early prediction and timely management of SAP
after SICH. SAP can influence the length of hospital stay and the
clinical outcome.
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Background: We previously observed that patients with stroke complained of rhinitis
symptoms that developed following the occurrence of stroke.

Objectives: To investigate the relationship between chronic rhinitis (CR) and stroke.

Methods: This retrospective study analyzed the medical records and questionnaires
of patients with stroke who visited our outpatient clinic from June to December
2020. Stroke lesions were mainly classified as supratentorial, infratentorial, and
supra/infratentorial lesions. Supratentorial lesions were further divided into cortex,
subcortex, and mixed. Participants were screened for CR and were subsequently
divided into the CR and non-CR groups. The Sino-Nasal Outcome Test questionnaire
and a questionnaire on autonomic nervous system symptoms were administered to
all patients.

Results: Clinically evaluated indicators were not significantly different between the
two groups. The number of patients with lesions in both the cortex and subcortex
was significantly higher in the CR group than in the non-CR group. The risk of CR was
higher in male patients with stroke than their female counterparts; additionally, the
risk of CR was higher in patients with stroke who had both cortical and subcortical
lesions, as well as autonomic dysfunction.

Conclusions: Individuals with subcortical stroke damage had a greater probability of
developing CR. The risk was increased in men, as compared with that in women, when
autonomic symptoms were present.

KEYWORDS

rhinitis, stroke, retrospective study, autonomic symptoms, subcortex

1. Introduction

Stroke is the third leading cause of death and disability and the second leading cause of death
worldwide (1, 2). It is also the second leading cause of disability-adjusted life years in developing
countries and the third leading cause in developed countries (after ischemic heart disease and
back/neck pain) (3, 4).

We previously observed that, at outpatient clinic visits after discharge, patients with stroke,
who had no history of allergic diseases, complained of rhinitis symptoms that developed
following the occurrence of stroke. Most patients complained of discomfort during meals
because of rhinorrhea. These symptoms could be defined as non-allergic rhinitis, a type of
chronic rhinitis (CR) that causes rhinorrhea, nasal obstruction, sneezing, and/or itchy nose
without any clinical evidence of infection or allergic diseases (5). Non-allergic rhinitis is affected
by the sympathetic and parasympathetic nervous system of the nasal cavity, and rhinitis
symptoms are thought to develop due to autonomic dysfunction that occurs after stroke (6).

It is well known that cerebrovascular diseases, particularly ischemic stroke, can either acutely
or chronically alter the function of the autonomic nervous system (7-9). Autonomic dysfunction
can also cause sino-nasal symptoms. While no studies on nasal symptoms have been conducted,
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among autonomic symptoms that occur after stroke, there have
been cases of patients reporting symptoms of rhinorrhea following
a stroke. Chen et al. reported a case of a 57-year-old Taiwanese
male patient with ischemic stroke who had lesions in the
right caudate nucleus and developed contralateral rhinorrhea.
The patient complained of rhinorrhea on the left side after
mastication or gustation at 2 months after the onset of cerebral
infarction (10). Another case was a 74-year-old female patient
with ischemic stroke who had lesions in the right lateral medulla
and inferior cerebellum. She had episodes of clear secretions
from her nose about 1 month after the onset of ischemic stroke.
The otolaryngological evaluation did not reveal a clear cause of
rhinorrhea (11).

Rhinitis symptoms that newly occur after stroke can be confusing
and difficult for patients to manage. Non-allergic rhinitis has clinical
symptoms that are similar to those of allergic rhinitis and equally
or further worsen the quality of life (QOL). Early diagnosis and
appropriate management of rhinitis can help improve the QOL of
patients with stroke (12, 13). Therefore, the present study aimed
to investigate the characteristics of CR in patients with stroke
and determine whether the occurrence of CR is related to a
specific lesion site. This study also subjectively evaluated autonomic
dysfunction after stroke to confirm its relationship with the
occurrence of CR.

2. Materials and methods

2.1. Participants

This survey was conducted by reviewing the medical records
and questionnaires of patients who visited the outpatient clinic
in the Department of Physical Medicine and Rehabilitation at the
Chungnam National University Hospital (Daejeon, Korea) from
June 1, 2020, to December 31, 2020. This study was approved by
the hospital’s Institutional Review Board (approval number: IRB
2020-01-059-006).

2.2. Data collection

The electronic medical records of the participants were reviewed,
and necessary clinical data were collected. Demographic data such
as age, sex, and smoking history were obtained, and scores for the
Korean version of the National Institutes of Health Stroke Scale (K-
NIHSS), Korean version of the modified Barthel Index (K-MBI),
modified Rankin Scale (MRS), Functional Ambulatory Category
(FAC), and Korean Mini-Mental Status Examination (K-MMSE)
were examined as clinical data at the time of stroke onset. Patients
were considered to have a smoking history if they had smoked at least
once (14).

Additionally, stroke lesions were recorded based on patients’
brain magnetic resonance imaging or computed tomography
results. Lesions were divided according to lesion site into
supratentorial, infratentorial, and supra/infratentorial (lesions
in both supra- and infratentorial regions) regions. Supratentorial
lesions were further divided into Supra_Cortex, Supra_Subcortex,
and Supra_mixed, which included both subcortical and cortical

locations (15).
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2.3. Questionnaire

Participants were judged to have CR if they displayed two out
of four symptoms, including nasal obstruction, rhinorrhea, sneezing,
and itchy nose/eyes, for at least 12 weeks for 1h or more daily. The
questionnaire was used to evaluate whether the symptoms of CR
appeared after the occurrence of stroke. Only those participants who
responded “yes” to this question were included in the CR group.
Based on this, the participants were further divided into the CR
and non-CR groups (16). The characteristics of rhinorrhea, among
the symptoms of CR, were recorded for patients assigned to the
CR group.

The Sino-Nasal Outcome Test (SNOT-22) questionnaire,
consisting of 22 CR-related questions, was administered to all
participants and was used to evaluate the severity of nasal symptoms
and their effect on the QOL. The questionnaire is divided into two
parts: 12 questions on physical symptoms (rhinologic symptoms,
cough, ear fullness, and facial symptoms) and 10 questions on QOL
(sleep, fatigue, and mood). All questions were scored from 0 to
5, with 0 indicating no problem and 5 indicating a very serious
problem. The questionnaire has a total minimum score of 0 and a
maximum score of 110 points (17, 18). Notably, a high SNOT-22
score indicates low QOL and severe symptoms (19).

A questionnaire evaluation of autonomic symptoms was also
administered to all participants to compare changes in the patients’
autonomic function before and after stroke onset. The questionnaire
consisted of questions about symptoms arising from autonomic
dysfunction reported by Ewing et al. (20, 21). The questions included
symptoms that occur while the participant assumed a standing
position (palpitation, blurred vision, gastrointestinal discomfort,
dizziness, and sticky skin), symptoms related to perspiration
(increased or decreased perspiration in certain areas and increased
perspiration in meals), and gastrointestinal symptoms (diarrhea,
fullness, and bowel control), and the participants selected from 0-2
points based on the degree of subjective changes experienced during
the past month compared to their status before stroke onset. In terms
of scoring, 0 was selected if there was no change in symptoms, 1
was selected if the change in symptoms caused some problems in the
patient’s life, and 2 was selected if the change in symptoms always
caused problems (20, 21).

The following rhinorrhea symptoms were confirmed in the CR
group: the side of nasal discharge according to the side of stroke
lesion, color of nasal discharge, viscosity of nasal discharge, time of
nasal discharge, possibility of discharge occurring in a specific season
or place, and improvement of symptoms (Table 1).

2.4. Statistical analysis

An independent t-test or the Mann-Whitney U test was used
to compare age and clinical evaluation data, including K-NTHSS,
K-MBI, MMSE, FAC, MRS, and SNOT-22 scores, between the
two groups. The chi-squared test or Fisher’s exact test was used
to determine the correlation between categorical data in the CR
and non-CR groups. Logistic regression analysis was conducted to
identify risk factors for CR. P < 0.05 were considered statistically
significant, and all statistical analyses were performed using IBM
SPSS Statistics for Windows version 26.0 (IBM Corp., Armonk,
N.Y., USA).
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3. Results
3.1. Study population

A total of 131 patients were assessed for eligibility in
this study; however, 13 were excluded due to a history
before stroke onset.

enrolled, 31

of allergic diseases Among 118

participants who were and 87 participants

TABLE 1 Clinical characteristics of rhinorrhea in the chronic rhinitis group.

Characteristic

Color Clear 31
Yellow 0
Green 0
Others 0
Viscosity Thin 24
Moderate 7
Thick 0
Time During meal 25
Anytime 5
Etc. 1
Correlation with season or place Yes 9
No 22
Side Rt. 5
Lt. 13
Both 13
Side compared with Stroke lesion | Ipsilateral 8
Contralateral 9
Both 13
Undecided 1

10.3389/fneur.2023.1081390

were assigned to the CR and non-CR groups, respectively
(Figure 1).

3.2. Demographic data and clinically
evaluated indicators

Of the 31 participants, 27 (87.1%) in the CR group were men,
which was significantly higher than that of the non-CR group, in
which 54 of the 87 participants (62.1%) were men (P = 0.01). There
was no significant difference in the mean age between the two groups
(P = 0.52). The SNOT-22 score in the CR group was significantly
higher (P = 0.04) than that in the non-CR group. Participants with
smoking history were 14 (45.2%) in the CF group and 31 (35.6%)
in the non-CR group, showing a similar distribution (P = 0.348).
The K-NIHSS, K-MBI, and MMSE scores were not significantly
different between the two groups (P = 0.487, P = 0.63, and P =
0.551, respectively). For the FAC and MRS scores, the participants
were divided into two groups according to their ability to walk
independently or not, but walking was shown to be significantly
related to CR (P=0.934 and P = 0.625, respectively).

3.3. Clinical characteristics related to stroke

Participants with ischemic and hemorrhagic stroke were
22 (71.0%) and 9 (19.0%) participants, respectively, in the
CR group, and 67 (77.0%) and 20 (23.0%) participants in
the non-CR group,
difference (P =
was first-time or

respectively,
0.502). In terms
recurrent, 24

displaying no significant
of whether the stroke
(77.4%) and 7 (22.6%)
participants in the CR group had a first-time stroke and
respectively, (90.8%) and
participants in the non-CR group had a first-

recurrent  stroke, whereas 79

8 (9.2%)

time stroke and recurrent stroke, respectively. There was

no significant difference in the distribution between the

two groups (P = 0.055).

| Assessed for eligibility (N = 133) |

| Exclusion N =13)

| Enrollement (N =118) |

Survey and Retrospective chart review |

v

Chronic rhinitis group (N =31)

FIGURE 1

Flow chart depicting the number of included and excluded participants and the two groups of the included participants.

l

Non-Chronic rhinitis group (N =87)
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TABLE 2 Participants’ demographics, smoking history, SNOT-22 score, and clinical characteristics related to stroke (N = 118).

Non-chronic rhinitis

Chronic rhinitis

Participants 31 (26.3%) 87 (73.7%)
Demographics
Sex, (M:F) 27 (87.1%): 4 (12.9%) 54 (62.1%): 33 (37.9%) 0.01*
Age, years 63.00 £ 9.61 64.57 £12.32 0.52
Diabetes mellitus 9 (29.0%) 26 (29.9%) 0.929
Smoking history 14 (45.2%) 31 (35.6%) 0.348
SNOT-22 18.29 4 14.43 9.59 £11.13 0.04*
Stroke type
Ischemic 22 (71.0%) 67 (77.0%)
Hemorrhagic 9 (29.0%) 20 (23.0%) 0.502
First/recurrent stroke
First 24 (77.4%) 79 (90.8%)
Recurrent 7 (22.6%) 8(9.2%) 0.055
Stroke lesion
Supra_Cortex 4 (12.9%) 22 (25.3%)
Supra_Subcortex 13 (41.9%) 33 (37.9%)
Supra_mixed 9(29.0%) 6 (6.9%)
Infratentorium 4 (12.9%) 20 (23.0%)
(Supra) Infratentorium 1(3.2%) 6 (6.9%) 0.025*
Right 16 (51.6%) 46 (52.9%)
Left 11 (35.5%) 34 (39.1%)
Both 4(12.9%) 7 (8.0%) 0.718
Initial clinical evaluation
K-NIHSS 5.00 £ 4.46 4.36 £ 4.00 0.487
K-MBI 19.93 £ 8.47 20.78 £7.96 0.63
K-MMSE 53.97 £25.92 57.05 £ 23.41 0.551
FAC

01,2 17 (65.4%) 55 (66.3%)

34,5 9 (34.6%) 28 (33.7%) 0.934
MRS

0,1,2,3 8 (32.0%) 31 (37.3%)

4,5,6 17 (68.0%) 52 (62.7%) 0.625

Autonomic symptoms 27 (87.1%) 54 (62.1%) 0.010*

Data are presented as n (%) or mean = standard deviation.

SNOT-22, Sino-Nasal Outcome Test; SD, standard deviation; K-NIHSS, Korean version of the National Institutes of Health Stroke Scale; K-MBI, Korean version of the modified Barthel Index;
K-MMSE, Korean Mini-Mental State Examination; FAC, Functional Ambulatory Category; MRS, modified Rankin Scale.

*P < 0.05 indicates a statistically significant difference.

When the stroke lesions were divided into right, left, and bilateral,
there was no significant difference in the distribution between the
chronic and non-CR groups (P = 0.718). Supra_Subcortex and
Supra_mixed accounted for 22 of the 31(70.9%) participants
in the CR group, which was significantly higher than 39
of the 87 (44.8%) participants in the non-CR group (P =
0.025; Table 2). Furthermore, only 4 (12.9%) patients had
cortical lesions in the CR group, which was a significantly
lower distribution than that of the 22 (25.3%) patients in the
non-CR group.
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3.4. Clinical characteristics of rhinorrhea

The characteristics of rhinorrhea in patients in the CR group are
summarized in Table 1.

3.5. Risk factors for CR

A logistic regression analysis was performed to determine
whether the site of stroke lesion, sex, and autonomic dysfunction
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TABLE 3 Risk factors for chronic rhinitis.

10.3389/fneur.2023.1081390

Covariate Stroke lesion B S.E. Exp(B) 95% ClI P-value
Stroke lesion Supra_Cortex 1.0
Supra_Subcortex 0.860 0.673 2.364 0.631-8.848 0.201
Supra_mixed 2.515 0.860 12.369 2.293-66.717 0.003*
Infratentorium -0.132 0.807 0.876 0.180-4.265 0.870
Supraﬁlnfratentorium 0.176 1.273 1.1934 0.098-14.473 0.890
Autonomic symptoms No 1.0
Yes 1.904 0.684 6.713 1.757-25.652 0.005*
Sex Female 1.0
Male 1.510 0.631 4.527 1.314-15.596 0.017*
Constant —4.376 1.009 0.013 0.000*

*P < 0.05 indicates a statistically significant difference.

were potential risk factors for CR. The Nagelkerke R? was confirmed
to be 0.315, and P = 0.853 was obtained in the Hosmer-Lemeshow
goodness-of-fit test, suggesting that the model fitted the data.
An overall predictive value of 78.0% was obtained. The risk of
developing CR was 12.369 times higher in patients with stroke
with lesions in both the cortex and subcortex than in patients with
lesions in only the cortex (P = 0.003). Furthermore, the risk of
developing CR was 4.527 times higher in men than in women
(P=0.017) and 6.173 times higher in participants with autonomic
symptoms than in participants without autonomic symptoms
(P = 0.005; Table 3).

3.6. Autonomic dysfunction

The number of participants who reported subjective changes
in autonomic symptoms in one of the following areas, including
cardiovascular, sudomotor, and gastrointestinal, in the autonomic
symptom questionnaires was 27 of the 31 participants (87.1%) in
the CR group, which was significantly higher number than 54
participants (62.1%) in the non-CR group (P = 0.01; Table 2).
Among the 31 participants in the CR group, 16 participants
reported abnormal symptoms when standing, 19 participants
reported abnormal perspiration, and 18 participants complained
of gastrointestinal symptoms. Among the 54 participants in the
non-CR group, 32 reported abnormal symptoms when standing,
21 participants reported abnormal perspiration, and 34 participants
complained of gastrointestinal symptoms. In the CR group,
the number of participants who complained of gastrointestinal
symptoms was significantly higher when the stroke lesion was on
the right side than when it was on the left side (P = 0.001). Of the
118 participants in this study, 81 (68.6%) reported subjective changes
in autonomic function after stroke, and there was no correlation
(three symptoms: P = 0.351, P = 0.3245, and P = 0.214, respectively;
Table 4) between the occurrence of each of the three symptoms
and the location of the stroke lesion (right, left, or both). Among
the patients who complained of subjective changes in autonomic
function after stroke, 24 patients (29.6%) were diabetic. In the patient
group that said there was no change in autonomic nervous system
symptoms, 11 patients (29.7%) were diagnosed with diabetes (P =
0.991). It was confirmed that there was no association between the
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presence of autonomic nervous system symptoms and the presence
of diabetes.

4. Discussion

Symptoms of autonomic dysfunction after stroke have been
confirmed in several studies; nonetheless, studies reporting nasal
symptoms, excluding case reports, have not been reported. The
purpose of this study was to determine the occurrence of CR
symptoms such as rhinorrhea and nasal obstruction in patients with
stroke and to evaluate the risk that stroke lesions and sex pose on
the morbidity of CR. Logistic regression analysis showed that the
location of the lesion (Supra_Subcortex and Supra_mixed), presence
of autonomic symptoms, and sex were risk factors for CR in patients
with stroke. Age was not a risk factor for CR in patients with stroke.

Compared with patients with stroke who have lesions in the
cortex, the risk of CR was 12.369 times higher in patients with
stroke lesions in both the cortex and subcortex. According to
Chen et al. (10), a patient with right caudate cerebral infarction
developed contralateral rhinorrhea 2 months after stroke onset. They
reported that damage to the caudate nucleus in patients with caudate
stroke affected the superior salivatory nucleus, which induced reflex
nasal secretion. In this study, patients with subcortex damage,
including those with stroke lesions in both the cortex and subcortex
(Supra_mixed), showed a higher risk of CR. Therefore, it can be
inferred that the presence of lesions in the subcortex, including
the basal ganglia, is related to the occurrence of CR; however, it is
unknown whether rhinitis symptoms occur simply due to the large
size of the lesion.

Several studies have suggested a relationship between specific
stroke lesions and autonomic symptoms. Purwata et al. reported that
the left hemisphere regulates parasympathetic modulation. Further,
the left hemisphere stroke lesions were positively correlated with
erectile dysfunction (22). In animal experimental studies, it has been
reported that the head of the caudate nucleus showed a dual effect
on secretory reflex, and it is thought that the inhibitory effect occurs
through the action of acetylcholine on the dorsal part of the head of
the nucleus and stimulatory effect through the action of adrenaline
(23, 24). Among the participants with CR, the side of rhinorrhea
was ipsilateral to the stroke lesion in eight participants, contralateral
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TABLE 4 Autonomic function evaluation by brain lesion.

Cardiovascular symptoms = Sudomotor symptoms  Gastrointestinal symptoms

10.3389/fneur.2023.1081390

Any changes

Chronic rhinitis

Right 9 (56.3%) 12 (63.2%) 14 (77.8%) 15 (55.6%)
Left 6(37.5%) 5(26.3%) 4(22.2%) 9(33.3%)
Both 1(6.3%) 2 (10.5%) 0 (0.0%) 3 (11.1%)
P-value 0.621 0.277 0.001* 0.427
Non-chronic rhinitis

Right 20 (62.5%) 13 (61.9%) 15 (44.1%) 29 (53.7%)
Left 10 (31.3%) 7 (33.3%) 17 (50.0%) 21 (38.9%)
Both 2(6.3%) 1(4.8%) 2 (5.9%) 4(7.4%)
P-value 0.368 0.686 0.246 1.000
Brain lesion

Right 29 (60.4%) 25 (62.5%) 29 (55.8%) 44 (54.3%)
Left 16 (33.3%) 12 (30.0%) 21 (40.4%) 30 (37.0%)
Both 3(6.3%) 3(7.5%) 2(3.8%) 7 (8.6%)
P-value 0.351 0.324 0.214 0.800

*P < 0.05 indicates a statistically significant difference.

to the lesion in nine participants, present on both sides in thirteen
participants, and not specific in one participant, suggesting that most
participants experienced rhinorrhea on both sides. This study did not
identify any correlation between the side of CR symptoms and side of
the lesion.

The autonomic nervous system maintains physiological
homeostasis and is composed of the sympathetic nervous system
and parasympathetic nervous system. Both have a central nervous
system and peripheral nervous system components. In addition to
stroke, the causes of autonomic dysfunction are diverse, including
primary causes such as Parkinson’s disease, multiple system atrophy,
and Lewy body dementia, and secondary causes such as diabetes,
amyloidosis, and immune-mediated diseases (25). We found that
more than half of patients with stroke complained of autonomic
dysfunction after stroke onset, with 68.6% of all patients complaining
of subjective autonomic dysfunction. As expected, the prevalence of
CR was 6.173 times higher in patients with autonomic dysfunction
than in patients without autonomic dysfunction. The symptoms of
CR reported in this study can be viewed as complications caused by
autonomic dysfunction after stroke (6).

Meyer et al. confirmed that norepinephrine was increased in
patients with cerebral infarction compared to the control group
and patients with a transient ischemic attack. This was not related
to blood pressure and age (26). Studies have also reported that a
right-sided ischemic stroke is more potent in increasing sympathetic
function than a left-sided ischemic stroke (27, 28). In this study,
changes in autonomic symptoms were subjectively evaluated, and its
relationship with right and left lesions was analyzed (Table 4), but
no significant relationship was found. According to Im et al., even
patients who do not display symptoms of autonomic dysfunction may
have autonomic nervous system failure in an objective examination.
Although no statistical correlation was observed between the
subjective autonomic dysfunction in patients with stroke and an
objective examination of the nervous system, it is necessary to
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confirm symptoms through an objective examination in future
studies (21).

Rhinorrhea indicates an imbalance between parasympathetic
and sympathetic nerve activities, and it occurs under dominant
parasympathetic hyperactivity (6). A decrease in sympathetic tone
or an increase in parasympathetic tone leads to the dilation of
venous sinusoids, thereby causing nasal obstruction. In the case of
a stroke lesion, it can be considered that an abnormality has occurred
in the pathways related to the superior salivatory nucleus of the
parasympathetic nerve. As mentioned above, the sympathetic nerve
tone increases after stroke; however, the extent to which the tone
increases after stroke onset remains unknown.

In other words, the risk of CR was high in patients with cortex
or subcortex lesions or subjectively assessed autonomic dysfunction.
Since the symptoms of chronic rhinitis, such as runny nose, tears,
and sneezing, are controlled by the autonomic nervous system,
it is thought that nasal symptoms may be affected in patients
with autonomic dysfunction as a complication after stroke. The
importance of subcortical brain areas in autonomic function has been
confirmed by several earlier investigations. Previously, the brainstem,
amygdala, nucleus accumbens, and pallidum have been linked to the
modulation and maintenance of SNS tone (29). Studies in rabbits
and rats employing regional cutaneous vascular flow as a substitute
for sympathetic activity showed that amygdala neuronal inhibition
decreased cutaneous vasoconstriction, emphasizing the role of the
amygdala in the sympathetic pathway (30). Subcortical brain regions
have also been implicated in regulating PNS function, and the
amygdala and palladium have both previously been implicated in key
parasympathetic tones (29).

In our study, the results were similar, but the risk of CR increased
in lesions that invaded the cortex and subcortex together, not lesions
that invaded only the subcortex. This result suggests that autonomic
dysfunction, which is the cause of CR, is affected by the interaction
between the subcortex and the cortex. The relationship between
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stroke lesions and the development of CR has not yet been clearly
elucidated. Further studies are needed to confirm clear evidence
between CR and stroke lesions. Large-scale studies with increased
sample sizes are needed for the results of males having a higher risk
of CR.

Non-allergic rhinitis can be subdivided into senile rhinitis,
gustatory rhinitis, occupational rhinitis, hormonal rhinitis, drug-
induced rhinitis, and idiopathic rhinitis (16). The non-allergic rhinitis
we refer to in this article falls under the category of idiopathic rhinitis.
Senile rhinitis, gustatory rhinitis, and occupational rhinitis could be
excluded, considering the patient’s medical history and time of onset,
but hormonal rhinitis and drug-induced rhinitis could not be clearly
excluded. There is a limitation in clarifying further classification
because it was not possible to investigate the use of drugs that can
cause specific endocrine disease or rhinitis, such as NSAIDs like
aspirin and ibuprofen, and beta-blockers (16).

Similarly, the SNOT-22 score was high among participants in
the CR group in this study, and it can be concluded that the
participants in the CR group had reduced QOL or discomfort
due to CR. Patients with allergic symptoms before the occurrence
of stroke were excluded to prevent the inclusion of allergic
rhinitis during patient enrollment. However, the lack of objective
tests, such as the skin prick test and serum allergen-specific IgE,
can be a limitation in this process. CR was diagnosed solely
based on the examination of medical history without an objective
examination, such as the skin prick test. Although the SNOT-22
shows that there is a difference in QOL due to the development
of CR in patients with stroke, further research is necessary
because this index is insufficient to evaluate the overall QOL.
Subjective evaluation was performed to determine the presence
of autonomic dysfunction. In future studies, if objective tests
such as sympathetic skin response or R-R interval variation are
included, it is considered that they can be used as clear evidence of
autonomic dysfunction (8). Additionally, further research on drugs
(anticholinergics) that can affect autonomic dysfunction needs to
be conducted.

In conclusion, we confirmed that the risk of CR was high in
patients with stroke lesions in the subcortex. The risk was also
higher in men than in women and when accompanied by autonomic
symptoms. We also found that these rhinitis symptoms reduced the
patients’ QOL. Therefore, it is necessary to identify risk factors related
to CR and to improve symptoms for the long-term management of
the QOL of patients with stroke. Since the evaluation of patients
with CR and autonomic nervous system symptoms is subjective,
a prospective cohort study, which includes an objective diagnosis
and severity evaluation of symptoms, is planned in the future.
Finally, although rare, nasal symptoms can also occur in bell’s palsy,
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Stroke and the risk of
gastrointestinal disorders: A
Mendelian randomization study

Jingru Song', Wenjing Chen' and Wei Ye*
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Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China

Background: The issue of whether a stroke is causally related to gastrointestinal
disorders was still not satisfactorily understood. Therefore, we investigated if there
is a connection between stroke and the most prevalent gastrointestinal disorders,
including peptic ulcer disease (PUD), gastroesophageal reflux disease (GERD),
irritable bowel syndrome (IBS), and inflammatory bowel disease (IBD).

Methods: We applied two-sample Mendelian randomization to investigate
relationships with gastrointestinal disorders. We obtained genome-wide
association study (GWAS) summary data of any stroke, ischemic stroke, and
its subtypes from the MEGASTROKE consortium. From the International Stroke
Genetics Consortium (ISGC) meta-analysis, we acquired GWAS summary
information on intracerebral hemorrhage (ICH), including all ICH, deep ICH, and
lobar ICH. Several sensitivity studies were performed to identify heterogeneity
and pleiotropy, while inverse-variance weighted (IVW) was utilized as the most
dominant estimate.

Results: No evidence for an effect of genetic predisposition to ischemic stroke and
its subtypes on gastrointestinal disorders were found in IVW. The complications of
deep ICH are a higher risk for PUD and GERD. Meanwhile, lobar ICH has a higher
risk of complications for PUD.

Conclusion: This study provides proof of the presence of a brain—gut axis. Among
the complications of ICH, PUD and GERD were more common and associated with
the site of hemorrhage.

KEYWORDS

stroke, gastrointestinal disorders, Mendelian randomization, causality, risk

1. Introduction

Stroke is one of the leading causes of death and disability worldwide (1, 2). Based
on neuropathology, there are two main categories of stroke: ischemic stroke (IS) and
hemorrhagic stroke. Of the two major types of stroke, IS is the more frequent type (3).
There are various subtypes of IS, such as large artery stroke, cardioembolic stroke, and
small vessel stroke (4). Hemorrhagic stroke includes subarachnoid hemorrhage (SAH) and
intracerebral hemorrhage (ICH). After a stroke, most patients will have varying degrees of
motor impairment, cognitive impairment, speech dysphagia, depression, and other sequelae
(5). In addition, up to 50% of patients usually experience gastrointestinal sequelae (6).
The most common gastrointestinal disorders include PUD, GERD, IBS, and IBD. Among
these four diseases, the prevalence of GERD is the highest, up to 18.1-27.8% in North
America, followed by IBS and PUD, and the prevalence of IBD is lower. Patients with IBD
commonly have abdominal pain, diarrhea, and bloody stools, while IBS has abdominal pain
and altered bowel habits. GERD is usually characterized by regurgitation symptoms and
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heartburn, while PUD symptoms are not specific and abdominal
pain is common (7-10). They sometimes have similar symptoms,
such as abdominal pain, and the development of these disorders is
all related to the brain-gut axis (11-13). Some observational studies
have given attention to the relationship between stroke and peptic
ulcer disease (PUD) (14) and also stroke and gastroesophageal
reflux disease (GERD) (15). The study found that the GERD risk
of patients with stroke is about 1.51 times that of patients without
stroke (15). However, so far, it is not clear whether there is a causal
relationship between the two diseases.

A growing number of observational studies have demonstrated
complex interactions between stroke and gastrointestinal disorders
(16-18). Furthermore, studies have shown that stroke promotes
the destruction of the intestinal barrier and the imbalance of
gut microbiota (19, 20). These proved that there is bidirectional
communication between the brain and the gut, usually referred
to as the brain-gut or gut-brain axis (21). After a stroke, the
bidirectional communications between the brain and the gut
may relate to the dysfunction of the autonomic nervous system,
resulting in gastrointestinal disorders (22, 23). However, the
exact mechanism accounting for the brain-gut axis is still widely
considered as unsatisfactorily understood.

In systematic reviews and meta-analyses, their causal
relationship is unclear or confusing. Mendelian randomization
(MR) is a research method using a genetic variation to evaluate
the causal relationship between exposures and outcomes based
on Mendels second law. MR overcomes the limitations of
observational research by exposing potential causal links and
has proved valuable in exploring the causality by using single-
nucleotide polymorphisms (SNPs). SNPs are required to be
associated with exposures and should not be independently
associated with outcomes, except through exposures. Furthermore,
SNPs must not be associated with confounders (24, 25). Moreover,
we can further explore the outcomes of insufficient data in RCT
through large samples in the genome-wide association study
(GWAS). To our knowledge, there are relatively few studies on the
causal relationship between stroke and gastrointestinal disorders,
and gastrointestinal disorders have received less attention than
other stroke complications, yet gastrointestinal disorders after
stroke may lead to poor prognosis or even death (26). PUD,
GERD, irritable bowel syndrome (IBS), and inflammatory bowel
disease (IBD) are common diseases of the digestive system (27, 28).
Therefore, we are committed to studying the causal effects of
stroke and its subtypes and common gastrointestinal disorders by
applying two-sample Mendelian randomization.

2. Material and methods

The conceptual MR framework is presented in Figure 1.

2.1. Study design and ethical approval

According to the Strengthening the Reporting of Observational
Studies in Epidemiology-Mendelian Randomization (STROBE-
MR) recommendations (29), the MR design was based on three
hypotheses: (1) in this investigation, genetic variation was highly
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TABLE 1 Details of the GWAS included in the MR.

Phenotype Data Sample size %European
source
Exposures
Any stroke MEGASTROKE 40,585 cases/406, 100%
(30) 111 controls

Any ischemic MEGASTROKE 34,217 100%

stroke (30) cases/406,111
control

Cardioembolic MEGASTROKE 7,193 cases/406,111 100%

stroke (30) control

Small vessel MEGASTROKE 5,386 cases/406,111 100%

stroke (30) control

Large artery MEGASTROKE 4,373 cases/406,111 100%

stroke (30) control

AllICH ISGC (31) 1,545 cases/1,481 100%
controls

Deep ICH ISGC (31) 664 cases/1,481 100%
controls

Lobar ICH ISGC (31) 881 cases/1,481 100%
controls

Outcomes

PUD Wu et al. (28) 16,666 cases/406, 100%
111 controls

GERD Wu et al. (28) 54,854 100%
cases/401,473
controls

IBS Wu et al. (28) 29,524 100%
cases/426,803
controls

IBD Wu et al. (28) 7,045 cases/449,282 100%
controls

ICH, intracerebral hemorrhage; PUD, peptic ulcer disease; GERD, gastroesophageal reflux
disease; IBS, irritable bowel syndrome; IBD, inflammatory bowel disease.

linked with the exposure of interest (stroke and its subtypes); (2)
genetic variation was not associated with possible confounders; and
(3) genetic variation solely had an impact on the outcome through
the exposure of interest (gastrointestinal disorders in this study).

2.2. Data sources for stroke and
gastrointestinal disorders

To investigate the potential causative relationship between
stroke and gastrointestinal disorders such as PUD, GERD, IBS,
and IBD, we used a two-sample MR method. The largest meta-
analysis of genome-wide association studies (GWASs) produced
by the MEGASTROKE consortium provided pooled statistics for
any stroke, any ischemic stroke, and its subtypes (cardioembolic
stroke, small vessel stroke, and large artery stroke) confirmed
by clinical and imaging criteria (30). The International Stroke
Genetics Consortium (ISGC), a group with European roots,
provided the exposure dataset for hemorrhagic stroke (Table 1)
(31). Regarding the outcome dataset, we selected the results
according to Wu etal. (28). PUD, GERD, IBS, and IBD are common
gastrointestinal diseases.
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2.3. Selection of genetic instruments

First, in line with the findings of Kwok et al. (32), we relaxed the
correlation threshold with P < 5 x 1075 and linkage disequilibrium
(LD) (r* < 0.001) to obtain the top independent SNPs. This was
done in light of the small number of SNPs (P < 5 x 1078) that
reached genome-wide significance. This strategy has been applied
extensively in earlier MR investigations (33, 34). Second, the results
of MR analysis are believed to be unaffected by weak instrumental
bias if there is an F-statistic larger than 10. We used the following:

R?> =2 x (1 — MAF) x MAF x (B)%,

() ()

1 —R? k
Third, we extracted the secondary phenotypes of each SNP
from a PhenoScanner V2 (35) and the GWAS library to exclude any
putative polymorphism effects. The radial MR and MR pleiotropy

residual sum and outlier (MR-PRESSO) tests were used to eliminate
outliers before each MR analysis.

2.4. Statistical analysis

Three methods, including MR-Egger, weighted median, and
random effect inverse-variance weighting (IVW), were utilized in
the MR analysis to evaluate robust effects. The primary analysis
method was the IVW method with various models, depending
on the heterogeneity. At least half of the data for the Mendelian
randomization study must originate from reliable instruments to
use the weighted median estimator (36, 37). The effectiveness of
potential pleiotropic tools must be independent of their direct
relationships with the outcome for MR-Egger regression to be valid.
Radial MR-Egger was used to estimate the horizontal pleiotropy
and to identify outlier variants (38). Heterogeneity was also assessed
using Cochran’s Q-test. With the Cochran Q test (statistics were
deemed to be significant if P < 0.05) and the intercept from

Frontiersin Neurology

57

MR-Egger regression (statistics were deemed to be significant
if P < 0.05), we evaluated heterogeneity between Mendelian
randomization estimates. We also evaluated potential directional
polymorphisms using funnel plots. We used fixed-effects IVW and
limited our instrument selection for sensitivity analyses to a lower
LD correlation threshold. In conclusion, we conducted a thorough
investigation of causation using all these techniques. Given the 32
MR estimates, the Bonferroni-corrected P-value for the study of
gastrointestinal disorders was set at 0.05/32 (1.563 x 10~%), and P
< 0.05 was regarded as nominally significant. The statistical study
was performed using R (version 4.2.0) and the “TwoSampleMR”
and “RadialMR” packages.

3. Results

The SNPs of stroke subtypes on gastrointestinal disorders
are listed in Supplementary Tables 1-8. Looking over the
three SNPs (rs10850001, rs10774624,
rs3184504) were associated with smoking and were removed
when analyzing PUD-associated SNPs. A total of 10 SNPs
(rs12932445, 1s1537375, 1rs2107595, rs2466455, rs4444878,
rs4932370, rs6536024, rs6838973, rs72700114, and rs2634074)
were related to the anticoagulant use, which was analyzed for
PUD-related SNPs removed during the analysis. A total of 10
SNPs (rs10774624, rs1549758, rs1975161, rs2107595, rs2284665,
rs34416434, rs42039, rs616154, rs78893982, and rs8103309) were
associated with obesity and were removed in the analysis of
GERD-related SNPs.

We performed a comprehensive MR study of stroke and

Phenoscanner, and

its subtypes on gastrointestinal diseases (Supplementary Table 9).
Among them, using IVW as the primary analysis, it could be
seen that genetics predicted that any ischemic stroke had a
normal significance with GERD (P < 0.05). All ICHs had normal
significance with PUD and IBD (P < 0.05). Meanwhile, deep
ICH had signed with the PUD and GERD (P < 1.563 X 1073).
Lobar ICH had signed with the PUD and IBS (P < 1.563 x
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Bubble plot of MR study of stroke on gastrointestinal disorders derived from IVW.

Method © MR-Egger ®  Weight median ° VW

Exposures Outcomes Method OR Odds Ratio (95% Cl) P
Deep ICH PUD

MR Egger , 0.997 (0.905,1.099) 0.954
Weight median m 1.020 (1.008, 1.031) 0.001
W o 1.020 (1.010,1.030 ) 4.740E-05
Deep ICH GERD 5
—— e 1.036(0.971,1.106) 0.290
Veelghtedien 1.032 (1.024 ,1.039) 9.994E-17
_— o 1.028 (1.022,1.034) 1.663E-21
Lobar ICH PUD
MR Egger ot 1.008 (0.968 , 1.049) 0.700
T o 1.042 (1.027 ,1.057 ) 4.077E-08
- o 1.026 (1.016, 1.037) 9.018E-07
S I E—
09 1 1.1

FIGURE 3
Forest plot for the causal effect of stroke on the risk of gastrointestinal disorders. OR, odds ratio; Cl, confidence interval.

1073). A bubble plot was used to show the statistical significance ~ with gastrointestinal disorders. For hemorrhagic stroke, the result
of the analysis (Figure2). After that, the MR analyses with  of IVW showed that deep ICH [odds ratio (OR): 1.020; 95%
significant P-values were demonstrated in a forest plot (Figure 3).  confidence interval (CI): 1.010-1.030; P = 4.740 x 107°] was
For ischemic stroke, there was no significant causal relationship ~ associated with an increased risk of PUD and greater disease
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severity with the weight median method (OR: 1.020; 95% CI: 1.010-
1.030; P = 4.740 x 107°). The results of the MR-Egger method
showed consistent directions but were not statistically significant
(OR: 0.997; 95% CI: 0.905-1.099; P = 0.954). In addition, similar
causal estimates of lobar ICH on PUD were obtained, and IVW
(OR: 1.026; 95% CI: 1.016-1.037; P = 9.018 x 10~7) and weight
median (OR: 1.042; 95% CI: 1.027-1.057; P = 4.077 x 107%)
were included, while the same result was observed using the MR-
Egger method but without any statistical difference (OR: 1.008,
95% CI: 0.968-1.049, P = 0.700). Deep ICH was associated with an
increased risk of GERD with the IVW (OR: 1.028; CI: 1.022-1.034;
P =1.663 x 1072!) and weight median (OR: 1.032; CI: 1.024-1.030;
P = 9.994 x 10~'7); however, there was no statistical difference
in the MR-Egger method (OR: 1.036; CI: 0.971-1.106; P = 0.290),
where all p > 0.05 for the MR-Egger intercept test, except for the
MR analysis of lobar ICH on the IBS of lingual without weight
median, indicated no horizontal pleiotropy. For significance and
nominal significance estimates, Cochran’s Q-test, the MR-Egger
intercept test, the leave-one-out analysis, and the funnel plot were
used to assess horizontal multiplicity (Supplementary Figures 1-4).
Finally, we determined that deep ICH and labor ICH were causally
related to PUD, and deep ICH was causally related to GERD.

4. Discussion

Previous studies have not found a clear causal relationship
between stroke and gastrointestinal diseases. In our study, the
relationship between stroke and its subtypes of gastrointestinal
disorders was determined by the MR analysis. It is reported
that obesity, smoking, anticoagulant, and other risk factors are
often related to gastrointestinal diseases (39-41). The GWAS of
GERD and PUD found genetic overlapping with the identified
aforementioned hazardous factors (42, 43). We cannot rule out that
SNP affects the outcome through other related variables. Therefore,
we should try our best to reduce the bias caused by pleiotropy. To
reduce pleiotropy, we look over the PhenoScanner and eliminate
those pleiotropic genetic variants. Thus, we successfully removed
SNPs that were highly correlated with possible confounders such
as obesity, smoking, and anticoagulation therapy. In addition,
we also conducted some sensitivity analyses, such as a leave-
one-out analysis and a funnel plot, and other methods such
as Cochrans Q-test and the MR-Egger intercept test to assess
horizontal multiplicity.

Stroke is often associated with PUD. A retrospective review
including 808 cases found that the incidence of gastrointestinal
bleeding caused by PUD in patients with ICH was 26.7%
(18). Moreover, the incidence of gastrointestinal bleeding was
significantly higher in patients who often use stress ulcer
prophylaxis (SUP) for stress ulcer prevention compared with
patients not receiving SUP (18). Another observational study
examined 177 patients with acute stroke by gastroscopy, of which
92 (52%) had gastric changes, 10 of which were acute ulcers
(44). For patients with severe ICH, an observational study found
that 28.0% of 715 patients with severe ICH developed stress-
related gastrointestinal bleeding (SGIB) or stress ulcers during
hospitalization (45). Regrettably, none of these observational
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studies had a large sample size. Our MR study suggested that stroke
has a causal impact on PUD but only on deep ICH and lobar ICH
and not ischemic stroke.

The pathogenesis of ICH complicated by peptic ulcers is
still unclear and may be related to the damage to the thalamus
and the subthalamus. To summarize various studies, the possible
mechanisms are as follows: first, patients with acute ICH often
experience intracranial hypertension and cerebral edema, which
directly or indirectly causes damage to the brain stem, the
hypothalamus, and other parts and finally affects their normal
physiologic functions, leading to a dysfunction of the autonomic
nervous system and gastric hyperchlorhydria. It lessens the blood
flow of gastrointestinal mucosa and damages the gastric mucosal
barrier, resulting in stress gastrointestinal ulcer peptic ulcers
as well as peptic ulcer bleeding (46). According to previous
studies, the development of stress ulcers in patients with ICH
can be better predicted by the hematoma volume of ICH (47,
48). Mechanistically, larger hematomas in the case of cerebral
hemorrhage are more likely to lead to increased intracranial
pressure (45). As mentioned earlier, elevated intracranial pressure
may cause strong sympathetic excitation and gastrointestinal
vasoconstriction, causing a decrease in gastrointestinal blood flow,
which subsequently leads to mucosal ischemia and increased
gastric acid secretion. Second, post-stroke sepsis plays a very
important role in the development of stress ulcers induced by
severe ICH (45). Inflammatory cytokines are released in large
amounts in the development of sepsis, thus exacerbating the
ischemia of the gastrointestinal mucosa caused by intracerebral
hemorrhage and driving the development of stress ulcers (49,
50). In an observational study, the incidence of gastrointestinal
bleeding in patients with ischemic stroke was 7.8%, 74% of
which were caused by peptic ulcers (51). Combined with our
findings, it is clear that hemorrhagic strokes are more likely to
develop peptic ulcers than ischemic strokes. The development
of peptic ulcers in ischemic stroke may be associated with
vagal hyperactivity, stress, and neuroendocrine dysregulation (51,
52). However, the trigger for gastrointestinal bleeding in most
patients with ischemic stroke is not stress, and stress ulcers
due to acute ischemic brain injury may be very rare (52, 53).
One possible explanation for the aforementioned results is that
compared to ischemic strokes, hemorrhagic strokes are a more
devastating subtype of stroke (54). Hemorrhagic stroke may
have a stronger effect on the brain-gut axis than ischemic
stroke. The study finding that hemorrhagic stroke disrupts the
gut microbiota more than ischemic stroke may prove this (55).
The incidence of stress ulcer bleeding in patients with brain
injury is closely related to the severity of the injury (56). In
our MR study, the risk of lobar ICH is more associated with
an increased risk of PUD compared to the risk of deep ICH.
The size of the hematoma, sepsis, and prognosis have been
reported to be the strongest predictors of gastrointestinal bleeding
in patients with ICH in previous research (48). A Japanese
observational study found a higher rate of poor prognosis in
patients with lobar ICH than in those with non-lobar ICH
(57). Even lobar ICH is associated with more severe cognitive
impairment (58). It suggests clinical vigilance for PUD for
hemorrhagic stroke.
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Several studies have proposed an association between stroke
and GERD. A population-based Taiwanese cohort study including
18,412 patients with stroke and 18,412 without stroke found that
the risk of GERD in patients with stroke was 1.51 times higher
than that in patients without stroke (95% CI, 1.40-1.67) (15).
Moreover, they separated the stroke cohort into two subgroups:
hemorrhagic stroke and ischemic stroke. Compared with the
subjects without stroke, the HRs for GERD in the intracerebral
hemorrhage and ischemic stroke cohorts were 1.45 and 1.52 (95%
CI, 1.22-1.71 and 95% CI, 1.39-1.67) (15). Our MR study found
that the higher risk of GERD is complicated by the risk of deep
ICH, and there is a positive causal relationship between them.
We reviewed the relevant literature to explain the mechanisms by
which stroke leads to the development of GERD. For ischemic
stroke, GERD may be induced by drugs used to treat IS, such
as aspirin. One of the independent risk factors associated with
the clinical symptoms of GERD is NSAIDs. The study also found
an increased incidence of GERD in patients with stroke treated
with antiplatelet therapy (15, 59). In addition, ischemic stroke may
disrupt the neural regulation of oropharyngeal, esophageal, and
gastrointestinal motility, resulting in an extensive impairment of
oropharyngeal and gastrointestinal motility and a reduced tone of
the lower esophageal sphincter (52). ICH has a similar effect on the
vagus nerve, resulting in the malfunction of esophageal peristalsis,
gastrointestinal motility, and the lower esophageal sphincter (48,
60). Parasympathetic dysfunction in patients with stroke may
lead to impaired esophageal motility, the abnormal transmission
of food, and the abnormal relaxation of the lower esophageal
sphincter (15, 61). Hypertension is one of the most important
risk factors for stroke, and treatment to lower blood pressure to
prevent stroke, including the use of calcium channel blockers, often
leads to lower esophageal sphincter (LES) pressure and eventually
GERD (62, 63). A community study found that calcium channel
blockers were independently associated with GERD symptoms as
a risk factor (63). To explain why deep ICH is more prone to
GERD than other subtypes of stroke, we looked through many
studies. Deep ICH is often thought to be closely associated with
hypertension, while lobar ICH is often thought to be caused by
cerebral amyloid angiopathy (CAA) (64). Among the drugs used
to treat hypertension, calcium channel blockers have the effect of
lowering the pressure of the LES and impeding gastric emptying,
thus inducing GERD (65). Therefore, compared to lobar ICH, deep
ICH is more prone to GERD.

According to our MR results, intracerebral hemorrhage is more
likely to cause gastrointestinal disease than ischemic stroke, and
we are thinking about the reasons for this result. It is well-known
that ischemic stroke and intracerebral hemorrhage do not occur
by similar mechanisms, and their degree of criticality is different.
ICH is the most severe subtype of stroke. Furthermore, the most
devastating type of pathology among the subtypes of stroke is ICH
(54). In general, ICH produces more severe strokes than cerebral
infarct (66, 67). ICH typically manifests as elevated intracranial
pressure, hematoma compression, and serious cerebral edema,
which can cause many negative effects, such as neuroinflammation,
mitochondrial dysfunction, and apoptosis, resulting in a sudden
disruption of the blood-brain barrier (68). Contrary to ICH, the
structural stability of brain cells and the blood-brain barrier is
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retained for a longer length of time following the beginning of
symptoms in ischemic stroke (69). One possible explanation for
our findings is that compared to ischemic stroke, ICH is more
damaging to the brain-gut axis, causing a more severe dysbiosis in
the gut microbiota, abnormal gastrointestinal motor function, and
impaired gastrointestinal motility, which leads to gastrointestinal
disorders. Compared to patients with ischemic stroke, patients with
ICH have more severe gut microbiota destruction (70). ICH causes
rapid damage to astrocytes and the blood-brain barrier in patients
(69). Contemporary genetics considers stroke not as a disease but as
a syndrome. Stroke is an acute manifestation of a range of chronic
cerebrovascular diseases (71). Another possible explanation for
our findings is that some subtypes of ischemic stroke present
additional phenotypic dilemmas, such as the cardiogenic stroke
subtype, whereas the phenotype of ICH is more uniform (71).
Moreover, genetic factors are important in the pathogenesis of ICH
(72). Tt is estimated that up to 44% of cases of ICH are heritable,
and possessing an ICH first-degree relative increases the risk of
developing the condition by a factor of six (73).

To explain the causal relationship between hemorrhagic stroke
and several gastrointestinal diseases, we have found several possible
mechanisms. Intracerebral smoke can affect the function of the
autonomic nervous system. Through the enteric nervous system,
the extrinsic and autonomic nervous systems can regulate the
motor, sensory, and secretory functions of the gastrointestinal
tract. ICH affects gastrointestinal function in this way, mainly with
motor dysfunction (74). For example, strokes are often complicated
by dysphagia, which may be due to cranial nerve involvement
in the region of the vertebrobasilar artery (75). This is one of
the possible causes of stroke complicating gastrointestinal motility
disorder-related disease. Moreover, the change in gut microbes
caused by intracerebral hemorrhage may be one of the causes
of some gastrointestinal diseases (68). A prospective case—control
study found that compared with the control group, the intestinal
microbiota composition of both patients with ischemic stroke
and patients with intracerebral hemorrhage changed (55). More
specifically, compared with the control group, the abundance
of invasive aerobic bacterial genera (Enterococcus species and
Escherichia/Shigella species) in all patients with stroke increased,
while obligate anaerobic genera decreased (55). The authors
observed that the extent of gut microbiota destruction was
positively associated with the severity of stroke. An intracerebral
hemorrhage causes more severe disruption of the gut microbiota
than an ischemic stroke (55). The autonomic nervous system
abnormally releases norepinephrine to the intestine, which may
change the intestinal microbiota (23). Another study found that
the immune system of model mice is disturbed after intracerebral
hemorrhage. Furthermore, the gut barrier function of model
mice was impaired, and intestinal permeability increased (70).
In addition, experimental studies also found that inflammatory
cytokines were upregulated in the intestine, malondialdehyde
(MDA) levels were elevated, the superoxide (SOD) dismutase
activity was reduced, severe intestinal mucosal damage and
plasma endotoxin levels were elevated 2h after intracerebral
hemorrhage in model mice, and intestinal propulsion was reduced
12h later, and these symptoms persisted for 7 days after the
appearance of the above symptoms (76). These suggest that
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intracerebral hemorrhage significantly increases inflammatory
cytokine levels and myeloperoxidase activity, which, in turn,
promotes an inflammatory response in the intestine, leading to
gastrointestinal disorders associated with intestinal motility and
barrier dysfunction. In contrast, elevated malondialdehyde levels
and reduced superoxide dismutase also suggest that intracerebral
hemorrhage induced excessive oxygen radical production in the
intestine during ischemia-reperfusion. The pathological imbalance
of the intestinal oxidative-antioxidant system may also be involved
in the pathogenesis of gastrointestinal disorders after intracerebral
hemorrhage (76). In a word, intracerebral hemorrhage may lead
to impaired communication between the brain and intestinal axis,
which may directly result in gastrointestinal motility dysfunction
or intestinal flora disorders. Although there are many studies on
how the brain-gut axis interacts, the exact mechanism has not
been clarified.

Our MR study has some strengths. First, compared with
one-sample MR, our research has a larger sample size and
higher statistical efficiency. Second, our research overcame the
shortcomings of traditional causal inference. Since the alleles
followed the principle of random assignment, we obtained
results independent of the confounding factors and reversed
causal associations found in traditional epidemiological studies.
Furthermore, there is Cochran’s Q-test, the MR-Egger intercept
test, and sensitivity analysis to test the pleiotropy of instrumental
variables, which enhances the reliability of the results. At the same
time, our analysis has some limitations. First of all, the estimates
mentioned in our MR study cannot be directly compared with those
of other observational studies. Second, we have selected only four
common gastrointestinal disorders, and it is unknown whether a
stroke has a causal effect on other gastrointestinal disorders. Third,
the dataset on which our study is primarily based includes only
individuals of European ancestry and thus may not be applicable
to other humans, which would make our findings not generalizable.
Finally, because of the limitation of the number of SNPs, the p-value
limits were adjusted in our article.

Our MR study provides evidence for a causal relationship
between deep ICH on PUD and GERD and a causal relationship
between lobar ICH on PUD, and our results add to the gap in
observational studies in this regard and warrant further research
for the prevention of gastrointestinal disorders after deep ICH and
lobar ICH.

5. Conclusion

Our research supports a possible causal link between stroke and
its subtypes and gastrointestinal disorders. Early gastrointestinal
disease risk assessment and prevention in hemorrhagic stroke is
crucial and could aid in the introduction of tailored treatment as
soon as possible.
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Objective: The association between serum uric acid (UA) and spontaneous
hemorrhagic transformation (HT) has been seldom studied, and the role of
UA in spontaneous HT remains unclear. This study aims to investigate the
sex-dependent association between UA and spontaneous HT in patients with
ischemic stroke.

Method: We retrospectively included patients with ischemic stroke in a tertiary
academic hospital between December 2016 and May 2020. Patients were
included if they presented within 24 h after the onset of symptoms and did not
receive reperfusion therapy. Spontaneous HT was determined by an independent
evaluation of neuroimaging by three trained neurologists who were blinded to
clinical data. A univariate analysis was performed to identify factors related to
spontaneous HT. Four logistic regression models were established to adjust each
factor and assess the association between UA and spontaneous HT.

Results: A total of 769 patients were enrolled (64.6% were male patients and 3.9%
had HT). After adjusting the confounders with a P < 0.05 (model A) in the univariate
analysis, the ratio of UA and its interquartile range (RUI) was independently
associated with spontaneous HT in male patients (OR: 1.85; 95% Cl: 1.07-3.19;
P =0.028), but not in female patients (OR: 1.39; 95% ClI: 0.28-6.82; P = 0.685). In
models B-D, the results remain consistent with model A after the adjustment for
other potential confounders.

Conclusions: Higher serum UA was independently associated with a higher
occurrence of spontaneous HT in male patients who were admitted within 24 h
after the stroke onset without receiving reperfusion therapy.

uric acid, hemorrhagic transformation, reperfusion therapy, admission time, male

Introduction

Spontaneous hemorrhagic transformation (HT) is defined as the blood stain of an
infarcted cerebral area formed by the overflow of red blood cells and other blood components
from blood vessels to the infarcted brain tissue, which is a part of the natural course of
ischemic stroke and a crucial complication of treatment (1). Spontaneous HT occurs in ~13-
43% of patients with ischemic stroke, and parenchymal hematoma is a critical factor in poor
outcomes (2). Thus, it is important to identify the factors that determine the occurrence of
HT. However, the pathophysiological mechanism of spontaneous HT remains uncertain.
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Uric acid (UA) is an endogenous antioxidant produced by
purine metabolism (3, 4). If the antioxidant substances are
abundant, UA will show antioxidant properties. If there are
more pro-oxidant substances, it will show pro-oxidant properties
(5). In patients with acute ischemic stroke, oxygen free radicals
will be produced after tissue ischemia-reperfusion, and UA
presents antioxidant or pro-oxidant properties depending on the
surrounding substances. It has been demonstrated that the dose—
response relationship between UA and HT and higher UA was
independently associated with a lower incidence of HT. On
the contrary, higher UA levels are reported to be associated
with a lower incidence of HT in different settings (6). An
examination of UA is widely available in almost all clinical
settings. For these reasons, UA may be a protective factor for
spontaneous HT. Therefore, the critical clinical significance of
the relationship between UA and spontaneous HT is a topic of
research interest.
blood-brain
are considered the two

Nevertheless,  reperfusion  injury  and

barrier damage after infarction
major causes of spontaneous HT, and the reactive oxygen
(ROS)-mediated oxidative

important role in these two mechanisms (7). Many studies

species stress response has an
have explored the role of thrombolysis in HT occurrence
(L, 7, 8).

associated with spontaneous HT (9), given its mechanism of

Although thrombectomy is not independently

reperfusion therapy (e.g., thrombolysis or thrombectomy),
the restoration of blood flow to the salvageable ischemic
brain tissue is consistent with the aforementioned mechanism
of spontaneous HT and the high incidence of spontaneous
(10-12). None of these
HT with

HT found by previous studies

prior studies assessed spontaneous respect to
non-reperfusion strategies.

There is no consensus on the association between UA and
spontaneous HT in patients with acute ischemic stroke. Studies
of the relationship between UA levels and spontaneous HT are
contradictory. Positive and negative in the male population or
both positive in men and women have been described (8, 10,
13, 14). Furthermore, Brouns et al. found that UA changed with
time in patients with stroke and exhibited a U-shaped curve in
general, which decreased within 7 days after the stroke onset
and then gradually increased to the baseline value (15). Few
studies have explored the impact of UA levels in specific stroke
subtypes and treatment strategies in the acute stage. UA levels
are sex-dependent and are higher in males. Therefore, a sex-
dependent explorative analysis was made using patients with acute
ischemic stroke within 24 h after the stroke onset and who did
not receive reperfusion therapy (thrombolysis or thrombectomy)
after the onset to investigate whether UA was associated with

spontaneous HT.

Abbreviations: UA, uric acid; IQR, inter-quartile range; RUI, the ratio of UA
and its IQR (RUI = UA/IQR); HT, hemorrhagic transformation; R2, R-square
of Hosmer-Lemeshow Test; OR, odds ratio; Cl, confidence interval; NIHSS,
National Institutes of Health Stroke Scale; TOAST, Trial of ORG 10172 in Acute

Stroke; HbAlc, hemoglobin Alc, eGFR, estimated glomerular filtration rate.
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Methods

Population

We retrospectively reviewed the medical records of patients
with ischemic stroke admitted to the Department of Neurology,
the First Affiliated Hospital of Chongqing Medical University,
from December 2016 to May 2020. For this analysis, the patients
were included if they: (1) met the diagnostic criteria of acute
ischemic stroke (AIS) in the Guidelines for Early Management of
Patients With Acute Ischemic Stroke (2019) of the American Heart
Association (AHA) (14), (2) were admitted within 24 h from the
onset, (3) completed a serum UA test within 24 h after admission,
and (4) had an initial neuroimaging scan [computed tomography
(CT) scanning or magnetic resonance imaging (MRI)] within
24h after admission and at least one follow-up neuroimaging
scan within 7 days after admission. The exclusion criteria
were as follows: (1) patients who received reperfusion therapy
(thrombolysis or thrombectomy) after the onset, (2) patients with
platelet abnormalities or coagulation dysfunction, (3) patients who
received UA-lowering treatment within 1 month before admission,
and (4) patients with intracranial arteriovenous malformation or
tumor or head trauma. The First Affiliated Hospital of Chongging
Medical University Institutional Review Board approved this study.
Written informed consent was obtained from participants or their
legal representatives.

Data collection

The clinical data were collected from each patient by two
researchers: (1) demographic characteristics, such as age and
sex; (2) medical histories, such as the history of smoking,
alcohol consumption, hypertension, diabetes, dyslipidemia, and
atrial fibrillation (AF); (3) clinical variables, such as National
Institute of Health Stroke Scale (NIHSS), the Trial of ORG
10172 in Acute Stroke classification (TOAST), systolic blood
pressure (SBP), diastolic blood pressure (DBP), and time from
the stroke onset to admission; (4) laboratory tests, such as
platelet count, activated partial thromboplastin time, serum UA,
estimated glomerular filtration rate (eGFR), serum creatinine, low-
density lipoprotein cholesterol (LDL-C), and hemoglobin Alc
(HbA1lc); (5) radiological characteristics, such as large hemispheric
infarction (LHI) and spontaneous HT; and (6) treatment, such
as anticoagulants, antiplatelet drugs, antihypertensive drugs, and
antidiabetic drugs. Among them, eGFR was calculated by the serum
creatinine level according to the formula of the Chronic Kidney
Disease Epidemiology Collaboration (16). The cerebral infarct, of
size >2/3 of MCA territory, was defined as LHI (17).

Serum UA concentration was tested by the enzymatic method
(Roche Cobas C701) or the dry chemistry method (Ortho-Clinical
Diagnostics). The diagnosis of spontaneous HT is based on
the following criteria: abnormal hyperdensity within the area
of low attenuation (CT) or abnormal hypointensity within the
identified ischemic area (MRI) (13). The images were evaluated by
two neurologists who were blinded to the patients information.
For inconsistent interpretations, the imaging was independently
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2,808 patients were diagnosed with ischemic stroke
»| Excluded(n=1874)

1874 admitted to hospital beyond 24 hours

v

934 patients admitted to hospital within 24 hours after stroke
onset (n=934)

Excluded(n=165)
1) 149 underwent reperfusion therapy

| 2) 14 without data of serum uric acid within 24
hours after admission
3) 2 without follow-up brain CT/MRI

v

769 patients were finally enrolled
FIGURE 1

Flowchart of patients’ selection

assessed by another senior neurologist, and the final diagnosis
was determined on the principle of subordination of the minority
to the majority. Furthermore, we classified spontaneous HT into
four subtypes [type 1 and 2 hemorrhagic infarction (HI1 and
2) and type 1 and 2 parenchymal hemorrhage (PH1 and 2)]
according to the European Cooperative Acute Stroke Study III
(ECASS I11) (18).

Statistical analysis

Since there is no clinical significance of a 1-unit (1 pmol/L)
change in UA in clinical practice, in this study, the ratio of UA and
its interquartile range [RUI, male: RUI = (UA of individual male
patient)/(IQR of UA in the male group), female: RUI = (UA of
individual female patient)/(IQR of UA in the female group)] was
used to replace UA in the statistical analysis, for increasing the
practicability of the conclusions in clinical diagnosis and treatment.
Continuous variables were expressed as the mean and standard
deviation, and categorical variables were expressed as frequency
and percentage. The comparison of continuous variables between
groups was made by performing the ¢-test or Mann-Whitney U-
test, whereas the comparison of categorical variables was made by
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performing the chi-square test or Fisher’s exact test. In addition,
the factors with a P < 0.05 in the univariate analysis and other
factors that potentially could affect the study results were included
in the subsequent logistic regression analysis. UA levels are lower
in female patients, and a sex-dependent association between UA
and cardiovascular disease was reported. Therefore, sex-dependent
analysis was performed to investigate the impact of UA levels
on HT occurrence. In total, four logistic regression models were
built, and the association between UA and spontaneous HT was
determined by dividing patients into two subgroups of male
and female. These variables were chosen based on their known
associations with the occurrence of HT, and their demonstrated
link to HT in the logistical regression: Model A is adjusted for
variables with a P < 0.05 in male (or female) patient subgroup
univariate analysis; model B is adjusted for variables with a P <
0.05 in both subgroup univariate analysis; model C is adjusted
for variables in model B, antiplatelet treatment, and anticoagulant
treatment; model D is adjusted for variables in model C, smoking,
alcohol consumption, systolic blood pressure, and eGFR. A P <
0.05 was considered statistically significant. Data analysis of the
present study was performed by using SPSS Statistics Software
(version 26.0; IBM Corporation) and GraphPad Prism (version 7.0;
GraphPad Software Corporation).
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TABLE 1 Baseline characteristics of participants.

VEIEJES Male Female P value
(n=497) (n=272)
Demographic
Mean age, y (SD) ‘ 65.0 (12.4) ‘ 70.3 (12.0) ‘ <0.001
Medical history
Alcohol consumption, 7 (%) 251 (50.5%) 9 (3.3%) <0.001
Smoking, 1 (%) 353 (71%) 13 (4.8%) <0.001
Hypertension, n (%) 361 (72.6%) | 199 (73.2%) 0.875
Diabetes mellitus, 7 (%) 152 (30.6%) | 83 (30.5%) 0.984
Dyslipidemia, 7 (%) 97 (19.5%) 46 (16.9%) 0.375
Atrial fibrillation, n (%) 57 (11.5%) 47 (17.3%) 0.024
Clinical features
Time from onset to Admission, h (SD) 14.1 (8.5) 14.0 (8.5) 0.584
Systolic blood pressure, mmHg (SD) 151.8 (23.7) | 154.0 (24.4) 0.233
Diastolic blood pressure, nmHg (SD) 88.3 (16.1) 86.4 (14.5) 0.103
Admission NIHSS score, mean (SD) 4.6 (5.0) 5.0 (4.9) 0.404
TOAST classification, n (%) 0.038
Large-artery atherosclerosis 234 (47.1%) | 110 (40.4%) 0.077
Small-artery occlusion 191 (38.4%) | 100 (36.8%) 0.649
Cardio-embolism 53 (10.7%) 46 (16.9%) 0.013
Undetermined etiology 15 (3.0%) 10 (3.7%) 0.623
Other etiology 4(0.8%) 6(2.2%) 0.179
Laboratorial index
Platelet count, %10°/L (SD) 193.6 (75.8) | 198.9(65.7) | 0.354
APTT, s (SD) 26.1 (4.9) 25.9 (7.9) 0.808
Serum UA, pmol/L (SD) 362.8 (96.0) | 304.8 (87.5) | <0.001
RUI, mean (SD) 3.2(0.8) 2.7(0.8) <0.001
Serum creatinine, jumol/L (SD) 82.6 (32.8) 65.2 (20.1) <0.001
eGFR, mL/min/1.73 m?, (SD) 86.1(21.0) 82.2(19.4) 0.012
HbAlc, %, (SD) 6.8 (1.6) 6.8 (1.9) 0.556
LDL-C, pmol/L (SD) 2.9(1.1) 3.0 (1.8) 0.148
Radiological characteristics
Spontaneous HT, # (%) 18 (3.6%) 12 (4.4%) 0.589
Large hemispheric infarction, n (%) 60 (12.1%) 25(9.2%) 0.223
Treatment
Antiplatelet, n (%) 486 (97.8%) | 253 (93.0%) 0.001
Anticoagulant, 7 (%) 45 (9.1%) 49 (18.0%) <0.001
Antihypertensive, n (%) 272 (54.7%) | 135 (49.6%) 0.176
Antidiabetic, n (%) 140 (282%) = 72 (265%) @ 0.614

HT, hemorrhagic transformation; NIHSS, National Institutes of Health Stroke Scale; TOAST,
Trial of ORG 10172 in Acute Stroke; APTT, activated partial thromboplastin time; UA, uric
acid; IQR, inter-quartile range; RUI, the ratio of UA and its IQR (RUI=UA/IQR); eGFR,
estimated glomerular filtration rate; HbAlc, hemoglobin Alc; LDL-C, low-density lipoprotein
cholesterol; SD, standard deviation.
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Results

A total of 769 patients were finally included in this study
(Figure 1), of whom 64.6% were male patients, with a mean age
of (66.9 £+ 12.5) years and 30 (3.9%) had spontaneous HT. In
this study, 70% of spontaneous HT was diagnosed by CT, 30%
of spontaneous HT was diagnosed by MRI (T2WI and T1WI),
13.3% of patients with spontaneous HT performed SWI, and the
result of SWT supports the diagnosis of CT/MRI. No patient with
spontaneous HT was diagnosed by SWI alone. Among patients
with spontaneous HT, one (3.3%) patient with PH2, seven (23.3%)
patients with PH1, 13 (43.3%) patients with HI2, and nine (30.0%)
patients with HI1 were identified. Compared with female patients,
the male patients had a higher UA level (362.8 £ 96.0 vs. 304.8
=+ 87.5, respectively; P < 0.001), RUI (3.2 £ 0.8 vs. 2.7 &+ 0.8,
respectively; P < 0.001), drinking, smoking, creatinine level, and
eGFR and antiplatelet drug use rate. Female patients were older
(70.3 & 12.0 vs. 65.0 £ 12.4, respectively, P < 0.001) and have
higher occurrences of AF (17.3 vs. 11.5%, respectively, P = 0.024)
and anticoagulant use than those of men (Table 1).

The male patients with spontaneous HT tended to have higher
UA levels (428.3 4 124.5 vs. 360.3 £ 94.0, respectively, P =0.003),
RUI (3.7 & 1.1 vs. 3.1% 0.8, respectively, P = 0.003), age, admission
NIHSS score, higher occurrence of AF and LHI, and shorter
time from the onset to admission compared to patients without.
However, there was no significant association between UA/RUI and
spontaneous HT in the female patients (P = 0.336) (Table 2).

After adjustment for factors with a P < 0.05 (model A) in
the univariate analysis of each group by logistic regression, the
ratio of UA/IQR was found to be independently associated with
spontaneous HT in male patients (OR: 1.85; 95% CI: 1.07-3.19;
P = 0.028), but not in female patients (OR: 1.39; 95% CI: 0.28-
6.82; P = 0.685). Furthermore, in the other three multivariate
logistic regression models, the statistical results were consistent
with model A after being adjusted for the factors with a P <
0.05 in the univariate analyses of both subgroups (model B),
anticoagulant use and antiplatelet drug (model C), and smoking,
alcohol consumption, SBP, and eGFR (model D) (Figure 2).

Discussion

In this study, the RUI was independently associated with
spontaneous HT in male patients admitted within 24 h after the
onset, and the incidence of spontaneous HT increased by 85.0%
for each IQR increase in the UA level. Interestingly, no similar
association between the UA level and spontaneous HT was found
in female patients.

Furthermore, we reported that UA levels were associated with
spontaneous HT in male patients with acute ischemic stroke.
However, this association was not found in female patients. UA
levels are commonly available in medical settings, and the results
of our study suggested that UA may be a potential target for
interventions. Several previous studies have investigated the sex
differences of UA in patients with cerebrovascular diseases (19, 20).
Recently, a similar study reported that the incidence of spontaneous
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TABLE 2 Univariate analysis to identify risk factors of spontaneous HT.

Variables Male (n = 497) Female (n = 272)

With HT Without HT P value With HT Without HT P value

Demographic

Mean age, y (SD) 71.3 (13.8) 64.8 (12.3) 0.028 73.5 (14.5) 702 (11.9) 0.451
ge,y

Medical history

Alcohol consumption, n (%) 10 (55.6%) 241 (50.3%) 0.662 0(0.0%) 9 (3.5%) 1.000
Smoking, 7 (%) 13 (72.2%) 340 (71.0%) 0.909 0 (0.0%) 13 (5.0%) 1.000
Hypertension, n (%) 14 (77.8%) 347 (72.4%) 0.790 9 (75.0%) 190 (73.1%) 1.000
Diabetes mellitus, # (%) 9 (50.0%) 143 (29.9%) 0.690 4(33.3%) 79 (30.4%) 0.760
Dyslipidemia, 7 (%) 6(33.3%) 91 (19.0%) 0.136 2 (16.7%) 44 (16.9%) 1.000
Atrial fibrillation, 1 (%) 6 (33.3%) 51 (10.6%) 0.011 8 (66.7%) 39 (15.0%) <0.001

Clinical features

Time from onset to admission, h (SD) 8.5(8.0) 14.3 (8.5) 0.007 9.8(9.2) 14.1 (8.4) 0.082
Systolic blood pressure, mmHg (SD) 148.8 (22.5) 151.9 (23.8) 0.586 161.7 (29.9) 153.6 (24.1) 0.265
Diastolic blood pressure, mmHg (SD) 83.9 (13.3) 88.5 (16.1) 0.236 85.9 (11.1) 86.4 (14.7) 0.901
Admission NIHSS score, mean (SD) 11.8 (8.1) 4.4 (4.6) 0.001 10.3 (6.8) 4.7 (4.7) 0.015
TOAST classification, n (%) <0.001 0.023
Large-artery atherosclerosis 9 (50.0%) 225 (47.0%) 0.801 8 (66.7%) 102 (39.2%) 0.073
Small-artery occlusion 0 (0.0%) 191 (39.9%) 0.001 0(0.0%) 100 (38.5%) 0.005
Cardio-embolism 7 (38.9%) 46 (9.6%) 0.001 4(33.3%) 42 (16.2%) 0.126
Undetermined etiology 2 (11.1%) 13 (2.7%) 0.098 0(0.0%) 10 (3.8%) 1.000
Other etiology 0 (0.0%) 4(0.8%) 1.000 0(0.0%) 6(2.3%) 1.000

Laboratorial index

Platelet count, #10°/L (SD) 179.7 (70.6) 194.2 (76.0) 0.438 178.5 (72.4) 199.8 (65.4) 0.294
APTT, s (SD) 25.7 (3.5) 26.02 (4.9) 0.795 27.0 (5.2) 25.9 (8.0) 0.662
Serum UA, pmol/L (SD) 428.3 (124.5) 360.3 (94.0) 0.003 328.6 (57.5) 303.7 (88.6) 0.336
RUI mean (SD) 3.7 (L1) 3.1(0.8) 0.003 2.9(0.5) 2.7 (0.8) 0.336
Serum creatinine, jLmol/L(SD) 88.9 (36.6) 82.3(32.7) 0.401 68.6 (16.6) 65.0 (20.9) 0.550
eGFR, mL/min/1.73 m?, (SD) 77.7 (25.7) 86.4 (20.8) 0.086 76.7 (18.6) 82.4(19.4) 0.320
HbAlc, %,(SD) 7.2(2.3) 6.7 (1.6) 0.158 5.6 (2.1) 6,8 (1.9) 0.050
LDL-C, pmol/L (SD) 2.7(0.8) 2.9(1.1) 0.597 3.1(1.1) 3.0(1.8) 0.860

Radiological characteristics

Large hemispheric infarction, n (%) 10 (55.6%) 50 (10.4%) <0.001 9 (75%) 16 (6.2%) <0.001
Treatment

Antiplatelet, n (%) 18 (100%) 468 (97.7%) 1.000 10 (83.3%) 243 (93.5%) 0.201
Anticoagulant, n (%) 4(22.2%) 41 (8.6%) 0.700 1(8.3%) 48 (18.5%) 0.700
Antihypertensive, 7 (%) 8 (44.4%) 264 (55.1%) 0.372 4(33.3%) 131 (50.4%) 0.248
Antidiabetic, n (%) 8 (44.4%) 132 (27.6%) 0.118 4(33.3%) 68 (26.2%) 0.524

NIHSS, National Institutes of Health Stroke Scale; TOAST, Trial of ORG 10172 in Acute Stroke; APTT, activated partial thromboplastin time; UA, uric acid; IQR, inter-quartile range; RUI, the
ratio of UA and its IQR (RUI=UA/IQR); eGFR, estimated glomerular filtration rate; HbAlc, hemoglobin Alc; LDL, low-density lipoprotein cholesterol; SD, standard deviation.
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Variables R? P Value OR 95%CI
Male 6.6 0.028 1.85 1.07-3.19 —_—
Model A
Female 0.9 0.685 1.39  0.28-6.82 k |
Male 10.6 0.014 2.07 1.16-3.71 —_——
Model B
Female 0.7 0.828 1.21  0.22-6.61 L + i
Male 9T 0.017 2.04 1.13-3.65 s e |
Model C
Female 1.8 0.475 2.63 0.19-37.31 '} i -
Male 11.5  0.008 246 1.26-4.79 & {
Model D
Female 0.1 0.453 3.68 0.12-110.88 F * i
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FIGURE 2
The multivariate analysis to identify the association between RUI and spontaneous HT. Variables adjusted in logistic regression models: Model A
Factors with a P < 0.05 in male (or female) subgroup univariate analysis were included; model B: factors with a P < 0.05 in both subgroup univariate
analysis were included; model C: variables in model B plus antiplatelet treatment and anticoagulant treatment; and model D: variables in model C
plus smoking, alcohol consumption, systolic blood pressure, and eGFR.

HT was higher in patients with low UA levels than in patients
with high UA levels (13). They included 1,230 patients who
received reperfusion therapy within 7 days from the onset of the
symptoms. However, in the context of our study, this finding was
not confirmed. The reason for these contradictory results may
partly be due to inclusion criteria. Moreover, it has been proven
that the UA level of patients with stroke decreased gradually within
7 days after the onset, but there was no significant difference
between the UA level measured 24 h after admission (15). This
also may reflex the dual effect of UA. In a cross-sectional study
of 2,686 patients, Jeong et al. reported that a high UA level was
a risk factor for cerebral microbleeds only in male patients (19),
and we confirmed and extended this finding in our study. Further
studies are needed to explore whether these patients are potential
candidates for interventions.

In previous studies, reperfusion treatment is one of the
mechanisms of spontaneous HT, subsequently affecting the
outcome. Previous studies regarding the relationship between
UA and spontaneous HT have shown conflicting results in
the thrombolysis population and non-thrombolysis group.
Thrombectomy, the restoration of blood flow to the salvageable
ischemic brain tissue, is consistent with the aforementioned
mechanism of spontaneous HT, and a higher incidence of
spontaneous HT was reported in previous studies. The reason for
these contradictory results may partly be due to the modifying
effect of reperfusion strategies on spontaneous HT in these studies.
Thus, we excluded those patients from this study.

The exact underlying mechanism of UA levels on spontaneous
HT remains unknown. Generally, UA is an abundant antioxidant in
humans and is supposed to play a protective role in cardio-cerebral
vascular diseases. The possible explanation of sex-dependent
differences in UA levels on spontaneous HT was the uricosuric
effect of estrogen (21), the inhibition of oxidative stress of blood
vessels by estrogen (22), and the redox shuttle mechanism of
UA (23). These three factors result in higher UA and lower
antioxidant capacity in male patients than in female patients.
In addition, UA is more effective in promoting oxidation in
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an environment with relatively lower-antioxidative substances.
Therefore, the stronger oxidation-promoting property of UA in
male patients may be responsible for the sex difference in the
occurrence of spontaneous HT. However, the opposite result
has been found in many large-scale clinical studies (24-26). A
literature review revealed that UA, which carries over half of the
antioxidant capacity in plasma, may be involved in spontaneous
HT through oxidative stress (4). This involvement can be partly
explained by the following reasons: first, the production of UA
by xanthine oxidase itself produces oxygen free radicals (27)
and second, more oxygen free radicals will be produced after
ischemia-reperfusion (5). UA has a redox shuttle effect in which
the presentation of the antioxidant or pro-oxidant properties of UA
depends on the surrounding environment. Specifically, antioxidant
activity occurs when antioxidant substances are abundant, and pro-
oxidant activity occurs if there are more pro-oxidants (23). In
the environment of more oxygen free radicals in the ischemia-
reperfusion tissue, UA tends to be pro-oxidative. Therefore, UA
may further aggravate oxidative stress and increase blood-brain
barrier damage through the aforementioned mechanisms, which
leads to spontaneous HT.

It should be noted that our study had some limitations. First,
it was a single-center retrospective study with a relatively small
sample size. The impact of UA on spontaneous HT seems to be
limited in the sex-specific subgroups, and this clinical relevance
may not be generalizable to patients with reperfusion treatment.
In addition, a multicenter prospective study with a large sample
size is required to further confirm and explore the association
between UA and the subtypes of HT. Second, UA levels have been
found to change over time in patients with stroke (15), whereas
our study enrolled patients admitted to the hospital within 24h
after the stroke onset only. Hence, there will be a limited scope of
application in terms of the findings in our study. In addition, our
study retrospectively explained the association between the single
UA level and spontaneous HT at admission, so it is still necessary
to further clarify such a relationship by dynamical examination of
the UA level in a prospective study.
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Conclusion

In conclusion, among the non-reperfusion patients
with acute ischemic stroke within 24h after admission,

the level of UA was
associated with the occurrence of spontaneous HT in male

independently and  positively

patients. More prospective research is needed to confirm
these results.
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Background: Stress hyperglycemia frequently occurs in patients with acute
ischemic stroke (AlS). The influence of stress hyperglycemia on the outcomes of
patients with AIS remains ambiguous.

Methods: Data from our institution on patients with AIS between June 2020 and
June 2021 were retrospectively analyzed. The severity of the stroke was assessed
using the National Institutes of Health Stroke Scale (NIHSS) at admission, and the
primary endpoint was functional outcomes. Stress hyperglycemia was measured
by the glucose-to-HbAlc ratio. In the multivariable analysis, two models that
retained or excluded the NIHSS were adopted to explore the relationship between
stress hyperglycemia and outcomes. The receiver operating characteristic curve
(ROC) was calculated to determine an optimized cutoff value.

Results: The optimal cutoff value was 1.135. When all patients were
included, model 1 did not find an association between the glucose-to-HbAlc
ratio and functional outcomes. In model 2, the glucose-to-HbAlc ratio*10
(Glucose-to-HbAlc ratio x10) was the independent predictor of functional
outcomes (OR 1.19, 95% Cl 1.07-1.33, p < 0.01). Separately, in patients without
diabetes, the glucose-to-HbAlc ratio*10 was the independent predictor of
functional outcomes in both model 1 (OR 1.37, 95% Cl 1.08-1.73, p = 0.01) and
model 2 (OR 1.48,95% Cl 1.22-1.79, p < 0.01), but not in patients with diabetes. In
addition, the glucose-to-HbAlc ratio*10 was the independent predictor of stroke
severity (OR 1.16, 95% CI 1.05-1.28, p < 0.01).

Conclusion: The glucose-to-HbAlc ratio was associated with more severe
AIS. Specifically, the glucose-to-HbAlc ratio was associated with the functional
outcomes in patients without diabetes but not in patients with diabetes.

KEYWORDS

stress hyperglycemia, acute ischemic stroke, clinical outcomes, fasting blood glucose,
glycated hemoglobin
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Introduction

Stress hyperglycemia is regarded as transient hyperglycemia
secondary to inflammatory and neurohormonal disturbances in
the context of acute illnesses (1-3). To our knowledge, the
relationship between stress hyperglycemia and clinical outcomes
has been studied in patients with AIS (4) and those with
cardiovascular disease (5). In addition, studies have shown that
stress hyperglycemia in patients with myocardial infarction is
associated with an increased risk of in-hospital mortality, whether
or not patients have diabetes (5). Stress hyperglycemia is frequently
observed in patients with AIS (6), whether or not they have
diabetes. Previous studies focused on patients without diabetes (7)
or only considered fasting blood glucose (FBG) (8). Therefore, the
relationship between stress hyperglycemia and clinical outcomes
after AIS in patients with or without diabetes has not been
well characterized.

Recently, an increasing number of studies have focused
on the role of background blood glucose in assessing stress
hyperglycemia. According to Roberts et al. (1), the stress
hyperglycemia ratio (SHR), a novel index, can be used for accessing
stress hyperglycemia. It was defined as admission blood glucose
divided by the estimated mean blood glucose derived from glycated
hemoglobin (HbA1lc). Furthermore, considering HbAlc is a well-
validated index that reflects the background blood glucose levels
over the past 8-12 weeks (9) and that FBG is a more recognized
index of the current blood glucose level, several studies have begun
to use the FBG/HbA 1c¢ ratio to assess relative hyperglycemia, which
is calculated by dividing FBG by HbAlc (7, 10, 11). Therefore, this
calculation formula is convenient, practical, and reasonable.

Using this easy-to-perform method to identify and quantify
stress hyperglycemia, our study explored the relationship between
stress hyperglycemia and clinical outcomes in patients with AIS.

Methods
Study participants

A total of 283 patients with a clinical diagnosis of AIS derived
from our institution between June 2020 and June 2021 were
finally enrolled. AIS was diagnosed according to the World Health
Organization criteria (12) and confirmed by brain computerized
tomography (CT) or magnetic resonance imaging (MRI). The
severity of the stroke was assessed using the National Institutes
of Health Stroke Scale (NIHSS) (13) by trained neurologists at
admission. The severity of the stroke was classified as mild stroke
(NIHSS score <4 at admission) and moderate-to-severe stroke
(NIHSS score>4 at admission). Stroke types were classified as
large-artery atherosclerosis, cardioembolic, small vessel disease,
and others or undetermined.

Patients were eligible for the study if they were >18 years old,
were admitted within 7 days after the occurrence of the stroke,
underwent routine laboratory investigations after an overnight fast
on the first day after admission, underwent MRI or CT, and had the
diagnosis of AIS confirmed after admission. Patients were excluded
from the study if they had incomplete clinical data or a premorbid
mRS score of >1.
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Data collection

The clinical data and baseline demographics of
patients  were  consecutively  collected  through an
electronic medical record system. All enrolled patients

received routine therapy and nursing care according to
their conditions.

Assessment of stress hyperglycemia

Stress hyperglycemia was evaluated by the glucose-to-
HbAlc ratio. We used the following formula to calculate
the glucose-to-HbAlc ratio: FPG (mmol/L)/HbAlc (%).
This reflected the extent of acute
blood glucose based on the
glucose level.

index increase in

level background blood

Follow-up and outcomes

All patients completed a 12-month follow-up. During
the follow-up period, outcomes were recorded using our
hospital’s electronic medical record system or through a
outcomes were measured

telephone interview. Functional

using the mRS score at score of 3-6 was
defined as

recurrence and

1 year. A

a poor functional outcome. Patients stroke

all-cause death were also recorded as

clinical outcomes.

Statistical analysis

Independent sample ¢-tests or the Mann-Whitney U-test were
used for continuous variables, and the chi-squared test or Fisher’s
exact test was used for binary variables to perform univariable
analyses as appropriate. The receiver operating characteristic curve
(ROC) was used to determine an optimized cutoff value for the
glucose-to-HbAlc ratio in predicting poor functional outcomes.
According to the optimized cutoff, the characteristics of patients
with high and low glucose-to-HbA1c ratios were compared.

Univariable analysis variables with significant effects were
included in the multivariable regression analysis for further
analysis to identify independent predictors of poor functional
outcome, stroke recurrence, and stroke severity. To explore
whether stress hyperglycemia was related to stroke severity,
the two models that retained or excluded the NIHSS score
in the multivariable analysis were adopted. The patients were
also divided into three groups: those with diabetes, those
without diabetes, and all patients. All results were reported
using 95% Cls. A p-value of < 0.05 (two-sided) was considered
statistically significant. All data were analyzed using the statistical
package SPSS (version 23.0; SPSS, Chicago, IL, USA). The
study protocol was compliant with the Declaration of Helsinki
and was approved by the ethical committee of our institution;
individual informed consent was not required. The study was
registered in the Chinese Clinical Trial Register (ChiCTR-ROC-
17012225).
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Results

Participant characteristics

A total of 283 patients with AIS were finally included in our
study, with a median age of 65 years, and 196 (69.2%) of them
were men. The baseline demographic and disease characteristics
of participants are shown in Table 1. The flowchart of the study is
displayed in Figure 1.

Characteristics of the patients according to
the glucose-to-HbAlc ratio

The ROC curve analysis was employed to determine the
predicted value of the glucose-to-HbAlc ratio. The optimal cutoff
derived from the glucose-to-HbAlc ratio was 1.135, which helped
to predict poor functional outcomes in patients with AIS (area
under the curve 0.601, 95% CI 0.53-0.67, p < 0.01), with 50%
sensitivity and 70.2% specificity (Figure 2).

Patients with a higher glucose-to-HbAlc ratio tended to have
higher NTHSS scores at admission [3 (1-10) vs. 2 (1-4), p = 0.02].
Furthermore, patients with a higher glucose-to-HbAlc ratio were
related to an increased risk of poor functional outcomes and
mortality at the end of 12 months of follow-up [44.7 vs. 24.4%,
p <0.01,6.8vs.1.7%, p = 0.03, respectively). However, there was no
significant difference in stroke recurrence between the high and low
glucose-to-HbA Ic ratio groups [8.7 vs. 11.7%, p = 0.44] (Table 1).

We did not observe any significant difference regarding stroke
etiology between the two groups (p = 0.55). In terms of previous
drugs, patients in the low glucose-to-HbAlc ratio group had a
history of a higher statin usage rate [24.4 vs. 10.7%, p < 0.01]
(Table 1).

The associations between
glucose-to-HbA1lc ratio and poor
functional outcomes in patients with or
without diabetes

A total of 90 patients had poor functional outcomes at 12
months, including 34 in the diabetes group and 56 in the patients
without diabetes (Supplementary Table 1). When all patients were
included, the multivariable logistic regression analysis (model 1)
found that independent predictors of poor functional outcomes
were age (OR 1.05, 95% CI 1.01-1.08, p = 0.02), NIHSS score at
admission (OR 1.30, 95% CI 1.19-1.42, p < 0.01), atrial fibrillation
(OR 4.10, 95% CI 1.18-14.28, p = 0.03), SBP (OR 1.03, 95%
CI 1.01-1.05, p < 0.01), and DBP (OR 0.96, 95% CI 0.93-0.99,
p = 0.02). When the NIHSS score at admission was removed from
the multivariable model (model 2), independent predictors of poor
functional outcomes were atrial fibrillation (OR 4.49, 95% CI 1.43—
14.14, p = 0.01), SBP (OR 1.03, 95% CI 1.01-1.05, p < 0.01), DBP
(OR 0.95, 95% CI 0.92-0.98, p < 0.01), and glucose-to-HbAlc
ratio*!? (OR 1.19, 95% CI 1.07-1.33, p < 0.01) (Table 2).

In patients with diabetes, we did not observe a relationship
between the glucose-to-HbA Ic ratio and poor functional outcomes.
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However, in patients without diabetes, the glucose-to-HbAlc
ratio* ! was the independent predictor in both model 1 (OR 1.37,
95% CI 1.08-1.73, p = 0.01) and model 2 (OR 1.48, 95% CI
1.22-1.79, p < 0.01) (Table 2).

The associations between
glucose-to-HbAlc ratio and stroke
recurrence

In total, 30 patients underwent stroke recurrence during
the 12 months of follow-up. There was no difference in
the glucose-to-HbAlc ratio between the stroke recurrence and
nonrecurrence groups (Supplementary Table 2). In multivariable
logistic regression analysis, the glucose-to-HbAlc ratio had no
relationship with stroke recurrence (Supplementary Tables 2, 3).

The associations between
glucose-to-HbAlc ratio and stroke severity
at admission

The patients were divided into two groups according to the
NIHSS score at admission as follows: mild stroke was defined as
an NIHSS score <4 and moderate-to-severe stroke was defined
as an NIHSS score >4. A total of 83 patients had a moderate-to-
severe stroke at admission (Supplementary Table 4). The glucose-
to-HbAlc ratio*! was related to an increased risk of more
severe stroke (OR 1.16, 95% CI 1.05-1.28, p < 0.01). In addition,
cardioembolic was also associated with a more severe stroke (OR
4.02,95% CI 1.23-13.21, p = 0.02) (Table 3).

Discussion

In this study, we explored the relationship between the glucose-
to-HbAlc ratio and the clinical outcomes in patients with AIS.
The major findings of the present study were as follows: Stress
hyperglycemia, via the glucose-to-HbAlc ratio, was related to
poor functional outcomes in patients without diabetes but not in
patients with diabetes. In addition, regardless of whether patients
had diabetes or not, the glucose-to-HbAlc ratio was significantly
associated with poor functional outcomes only in model 2, that
is, a multivariable analysis excluding NIHSS score at admission.
Through analyzing the severity of stroke at admission, we found
that the glucose-to-HbAlc ratio was an independent predictor for
moderate-to-severe stroke at admission. The association between
stress hyperglycemia and poor outcomes tended to be attributed to
higher stroke severity in patients with stress hyperglycemia.

Although a range of evidence suggests that stress hyperglycemia
is a marker of poor outcomes in patients with AIS (14-21), this
relationship is controversial when stroke severity is considered
in further analysis (8). However, a recent meta-analysis found
that stress hyperglycemia could reflect the extent of ischemic
damage and lead to poor clinical outcomes in patients with stroke
(22). This finding was consistent with part of our results that
stress hyperglycemia is more common in patients with severe
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TABLE 1 Comparison of low-stress hyperglycemia ratio (glucose-to-HbA1c ratio <1.135) vs. high-stress hyperglycemia ratio (glucose-to-HbAlc >
1.135) in patients with acute ischemic stroke.

ALL (N = 283) Low Glucose-to-HbAlc High Glucose-to-HbAlc p#

ratio (N = 180) ratio (N = 103)

Baseline characteristics

Age, years 65 (57,73) 64.9 £12.1 63.7 £13.3 0.44
Gender (men, n%) 196 (69.2) 131 (72.8) 65 (63.1) 0.09
BMI, kg/mz, median (IQR) 24.5(23.0,26.4) 24.5(23.0,26.4) 24.7 (22.6, 26.0) 0.75
NIHSS score at admission, median (IQR) 2(1,5) 2(1,4) 3(1,10) 0.02*
Mild stroke (NIHSS score <4, n%) 200 (70.6) 136 (75.6) 64 (62.1) 0.02*

Previous history, n (%)

History of stroke 63(22.2) 43 (23.9) 20 (19.4) 0.38
Coronary heart disease 34 (12.0) 22 (12.2) 12 (11.7) 0.89
Atrial Fibrillation 21(7.4) 15 (8.3) 6(5.8) 0.44
Hypertension 197 (69.6) 125 (69.4) 72 (69.9) 0.94
Diabetes 104 (36.7) 64 (35.8) 40 (38.8) 0.61
Smoking 108 (38.1) 73 (40.6) 35(34.0) 0.27

Previous drugs, n (%)

Antihypertensive agents 158 (55.8) 102 (56.7) 56 (54.4) 0.71
Antidiabetic agents 91 (32.1) 52 (28.9) 39 (37.9) 0.12
Statins 55 (19.4) 44 (24.4) 11(10.7) <0.01*
Antiplatelets 68 (24.0) 49 (27.2) 19 (18.4) 0.10
Stroke etiology, 1 (%) 0.60*
Large-artery atherosclerosis 251 (88.6) 161 (89.4) 90 (87.4)

Cardioembolic 13 (4.5) 9 (5.0) 4(3.9)

Small vessel disease 18 (6.4) 9(5.0) 9(8.7)

Other or undetermined 1 (0.004) 1 (0.005) 0(0)

Recanalization therapy 34 (12.0) 20 (11.1) 14 (13.6) 0.54
Hemorrhagic transformation 9(3.2) 5(2.8) 4(3.9) 0.73%

Biochemical indexes

SBP (mmHg), median (IQR) 148 (133, 161) 145.5 (133, 157) 151 (136, 165) 0.07
DBP (mmHg), median (IQR) 81(75,92) 81.5 (76, 92) 81(73,91) 0.56
FBG (mmol/L), median (IQR) 6.6 (5.6, 8.6) 5.9 (5.3, 6.6) 8.6 (7.3, 10.8) <0.01*
HbA1c (%), median (IQR) 6.0 (5.6,7.7) 6(5.6,7.5) 6.1(5.6,7.8) 0.66
Glucose-to-HbA ¢ ratio, median (IQR) 1.1(0.9,1.2) - - -
LDL-C, mg/dl, median (IQR) 2.2 (1.72.9) 2.3(1.7,2.9) 2.2(1.7,2.8) 0.42
HDL-C, mg/dl, median (IQR) 1.0 (0.8, 1.2) 0.9 (0.8, 1.1) 1.0 (0.8,1.2) 078
TC, mg/dl, median (IQR) 3.8(3.2,4.6) 3.9(3.2,4.6) 3.8(3.2,4.6) 0.61
TG, mg/dl, median (IQR) 1.3 (1.0, 1.8) 1.3 (1.0, 1.8) 1.2 (0.9, 1.8) 0.43

Qutcomes, n (%)

mRS score at 1 year 1(0,3) 1(0,2) 2(0,4) 0.03*
Poor functional outcome (mRS score>2 at 1 year) 90 (31.8) 44 (24.4) 46 (44.7) <0.01*
Stroke recurrence 30 (10.6) 21 (11.7) 9(8.7) 0.44
All-cause death at 1 year 10 (23.5) 3(1.7) 7 (6.8) 0.03*

IQR, interquartile range; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; HbA1c, glycosylated hemoglobin; LDL-C, low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; NTHSS, National Institutes of Health Stroke Scale.

#Comparison of the low glucose/HbA L¢ ratio with high glucose/HbA c ratio.

“The comparisons were accomplished by Fisher’s exact test.

*p < 0.05.
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304 patients enrolled

—>| 5 excluded by premorbid mRS score >1

—>| 7 excluded by incomplete clinical data |

9 lost to follow-up

283 completed follow-up

FIGURE 1
The flowchart of the study.
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FIGURE 2

Receiver operating characteristic curve showing optimized cutoff
for the glucose-to-HbAlc ratio in predicting poor functional
outcomes (MRS score 3-6).

stroke, similar to that observed in a previous study (23). However,
the underlying mechanism of the relationship between stress
hyperglycemia and poor outcomes in patients with AIS is still
unclear. In particular, it is necessary to differentiate between
patients with and without diabetes.

Our study showed that stress hyperglycemia was a predictor
of poor outcomes in patients without diabetes but not in patients
with diabetes. Merlino et al. (24) reported that premorbid diabetic
status tended to influence outcomes in patients with AIS who were
treated with intravenous thrombolysis. Mortality and hemorrhagic
complications were significantly increased in patients with more
severe stress hyperglycemia only when they were not affected
by diabetes. Similar results were also found in several other
previous studies (4, 21, 25-27). The underlying mechanism of
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TABLE 2 Independent predictors of poor functional outcomes after 1
year in binary logistic regression analysis.

VEIEJES OR  95%Cl P
All Model 1¢
Age 1.05 1.01~1.08 0.02*
NIHSS score at admission 1.30 1.19~1.42 <0.01*
Atrial fibrillation 4.10 1.18~14.28 0.03*
SBP 1.03 1.01~1.05 <0.01*
DBP 0.96 0.93~0.99 0.02*
Model 2
Atrial fibrillation 4.49 1.43~14.14 0.01*
SBP 1.03 1.01~1.05 <0.01*
DBP 0.95 0.92~0.98 <0.01*
Glucose-to-HbAlc ratio*!? 1.19 1.07~1.33 <0.01*
With Model 1P
diabetes
Age 1.06 1.01~1.12 0.03*
NIHSS score at admission 1.23 1.07~1.43 <0.01*
Model 2P
Age 1.06 1.01~1.11 0.04*
Hypertension 341 1.01~11.50 <0.05"
Without Model 1Y
diabetes
Age 1.08 1.03-1.13 <0.01*
Atrial fibrillation 5.17 1.05~25.51 0.04*
NIHSS score at admission 1.28 1.15~1.42 <0.01*
Glucose-to-HbAlc ratio*!? | 1.37 1.08~1.73 0.01*
Model 2
Age 1.06 1.03~1.10 <0.01*
BMI 0.85 0.74~0.98 0.02*
Atrial fibrillation 4.97 1.10~22.39 0.04*
Glucose-to-HbA ¢ ratio*!? 1.48 1.22~1.79 <0.01*

Glucose-to-HbAc ratio*!% = Glucose-to-HbA ¢ ratio x 10.

Model 1¢: adjusted for gender, age, BMI, NIHSS score at admission, medical histories of
stroke, atrial fibrillation, hypertension, smoking, previous use of statins, antihypertensive
agents, SBP, DBP, HDL-C, TG, and glucose-to-HbA ¢ ratio*!°.

Model 2¢: adjusted for gender, age, BMI, medical histories of stroke, atrial fibrillation,
hypertension, smoking, previous use of statins and antihypertensive agents, SBP, DBP,
HDL-C, TG, and glucose-to-HbAlc ratio*!°.

Model 17 adjusted for age, NIHSS score at admission, hypertension, DBP, and HbAlc.
Model 27 adjusted for age, hypertension, DBP, and HbAlc.

Model 17': adjusted for gender, age, BMI, medical history of atrial fibrillation, smoking, NTHSS
score at admission, FBG, HDL-C, TG, and glucose-to-HbAlc ratio*10,

Model 27: adjusted for gender, age, BMI, medical history of atrial fibrillation, smoking, FBG,
HDL-C, TG, and glucose-to-HbA ¢ ratio*1°.

OR, odds ratio; CI, confidence interval; BMI, body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; TC, total
cholesterol; TG, triglyceride; NTHSS, National Institutes of Health Stroke Scale.

*p < 0.05.

this phenomenon may be explained by cellular adaptation to
hyperglycemia due to physiological readjustments to higher glucose
concentrations in patients with diabetes (28, 29). In addition,
diabetes may improve antioxidant defenses, which can protect
cells from oxidative stress caused by acute hyperglycemia and thus
attenuate inflammation caused by oxidative stress (30, 31).
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TABLE 3 Independent predictors of a moderate-to-severe stroke at
admission in binary logistic regression analysis.

Variables OR 95%Cl P
Glucose-to-HbAlc ratio*!° ‘ 1.16 ‘ 1.05~1.28 ‘ <0.01*
Stroke etiology

Cardioembolic 4.02 1.23~13.21 0.02*

Large-artery atherosclerosis - - R

Glucose-to-HbAlc ratio* ! = Glucose-to-HbA ¢ ratio x 10.

OR, odds ratio; CI, confidence interval.

Adjusted for stroke etiology, glucose-to-HbA1c ratio* 10, high-density lipoprotein cholesterol,
and HbAlc.

Moderate-to-severe stroke means an NIHSS score of >4 at admission.

*p < 0.05.

Treatment and risk factor management in patients with AIS
greatly influence overall prognosis. Finding indicators that can help
us choose different treatments for different patients is therefore
crucial, especially in glucose control and intensive glucose-lowering
therapy. However, while random blood glucose and FBG are
more available and intuitive, both have limitations in ignoring
background blood glucose levels and physiological stress responses
to AIS. In contrast, using the glucose-to-HbAlc ratio overcomes
these shortcomings.

In our study, patients with a higher glucose-to-HbAlc ratio
had higher NIHSS scores at admission, which might indicate
that stress hyperglycemia was associated with stroke severity,
and the glucose-to-HbAlc ratio was an independent predictor
of stroke severity. Several previous studies have found that
the glucose-to-HbAlc ratio influences clinical outcomes in both
patients with and without diabetes (8, 20, 32-34). In these
studies, a higher glucose-to-HbAlc ratio was related to poorer
outcomes. These results might be explained by poorer outcomes
that more severe patients always experience. However, in our
study, when the patients were divided into groups with and
without diabetes for separate analysis, it was found that the
glucose-to-HbAlc ratio did not show a relationship with poor
functional outcomes in patients with diabetes, while it was
significantly associated with the poor functional outcomes in
patients without diabetes.

Regardless, we found that the optimal glucose-to-HbAlc
ratio was highly correlated with 1-year functional outcomes
and all-cause mortality with the cutoff value of 1.135 but
had no relationship with stroke recurrence. Patients with a
higher glucose-to-HbAlc ratio had poorer functional outcomes.
These results suggested that stress hyperglycemia might influence
patients’ clinical outcomes. Although the POINT trial found that
hyperglycemia was associated with an increased risk of subsequent
ischemic stroke (14), there are two possible explanations for the
difference. First, the enrolled patients were those who presented
with a high-risk TIA or acute minor ischemic stroke, while our
study did not limit the stroke characteristics. Second, they defined
hyperglycemia as random serum glucose on presentation >180
mg/dl, which differs from our study, which used the glucose-to-
HbAIc ratio to define hyperglycemia. To our knowledge, diabetes
is an independent risk factor for stroke recurrence (35). However,
research on the impact of stress hyperglycemia on stroke recurrence
is insufficient, and further studies are needed.
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Our study had several limitations. First, this was a single-
center, retrospective study with a limited sample size, which might
reduce the generalizability of the results. Second, since the time
of stroke recurrence was not recorded, survival analysis could not
be performed, which was a shortcoming of our study. In addition,
early control of hyperglycemia might impact the outcomes, as
hyperglycemia can exacerbate brain damage in ischemic stroke,
which we had not considered. In addition, the time from onset
to laboratory investigations might influence our results, which had
been ignored. Finally, the absence of 3-month follow-up data was
also a shortcoming of this article. Therefore, the impact of stress
hyperglycemia on patients with AIS remains a concern, and a
multicenter prospective trial with a large sample size is needed in
the future. In addition, patients with or without diabetes will also
need to be studied separately.

In conclusion, our study showed that the glucose-to-HbAlc
ratio was associated with more severe AIS and might be a marker
of the severity of the stroke. More specifically, a high glucose-
to-HbAlc ratio was associated with poor functional outcomes in
patients without diabetes but not in patients with diabetes.
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A review of stress-induced
hyperglycaemia in the context of
acute ischaemic stroke:
Definition, underlying
mechanisms, and the status of
insulin therapy
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Jiachun Feng?, Liangshu Feng?* and Di Ma'*

!Department of Neurology and Neuroscience Centre, The First Hospital of Jilin University, Changchun,
Jilin, China, *Stroke Centre, Department of Neurology, The First Hospital of Jilin University, Changchun,
Jilin, China

The transient elevation of blood glucose produced following acute ischaemic
stroke (AIS) has been described as stress-induced hyperglycaemia (SIH). SIH is
common even in patients with AIS who have no previous diagnosis of diabetes
mellitus. Elevated blood glucose levels during admission and hospitalization are
strongly associated with enlarged infarct size and adverse prognosis in AlS patients.
However, insulin-intensive glucose control therapy defined by admission blood
glucose for SIH has not achieved the desired results, and new treatment ideas are
urgently required. First, we explore the various definitions of SIH in the context of
AIS and their predictive value in adverse outcomes. Then, we briefly discuss the
mechanisms by which SIH arises, describing the dual effects of elevated glucose
levels on the central nervous system. Finally, although preclinical studies support
lowering blood glucose levels using insulin, the clinical outcomes of intensive
glucose control are not promising. We discuss the reasons for this phenomenon.

KEYWORDS

stress-induced hyperglycaemia, acute ischaemic stroke, admission blood glucose,
intensive glucose control, insulin

1. Introduction

Acute ischaemic stroke (AIS) is an acute brain injury that often occurs when an artery
is suddenly blocked. It is one of the most common causes of severe disability and mortality
worldwide (1). One description of stress-induced hyperglycaemia (SIH) is increased blood
glucose due to a sudden clinical event that returns to baseline following the acute phase
(2). SIH is commonly seen in AIS patients, even those with no history of diabetes mellitus
(DM) diagnosis (3). Hyperglycaemia has been demonstrated to be independently linked
to an adverse prognosis in AIS patients (4). Patients with previously undiagnosed DM
are more likely to have increased short- and long-term mortality due to elevated blood
glucose on admission to the hospital than patients with previously identified DM (3, 5).
Hyperglycaemia has a dual effect on the central nervous system, with blood glucose above
a specific range accelerating thrombosis, increasing stress and inflammatory responses,
exacerbating reperfusion injury, and leading to lactate accumulation and mitochondrial
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dysfunction. This ultimately contributes to the transformation of
the ischaemic penumbra into an infarcted region (6, 7). Therefore,
it appears to be essential to maintain blood glucose levels in
AIS. Although there are many published studies on SIH, there
is no agreed-upon definition of SIH with AIS, such as admission
blood glucose (ABG), stress hyperglycaemia ratio (SHR), or glucose
variability (GV). The current large prospective controlled studies of
SIH in patients with AIS treated with intravenous insulin have been
designed using ABG as a definition and have not yielded desirable
results (8-13).

Thus, in this review, we will discuss which optimal glycaemic
definition of SIH is most associated with poor prognosis following
AIS and whether the best definition cut-off value makes a difference
in the presence and absence of recognized DM. Finally, we discuss
whether insulin-intensive glucose control therapy can aid AIS
patients with an improved prognosis.

2. Definition of stress-induced
hyperglycaemia in acute ischaemic
stroke

In the context of AIS, SIH is measured in different ways.
However, it is still being determined which are the optimal glucose
metrics for measuring SIH, as well as the definition and cut-off
value of SIH that lead to adverse outcomes in AIS patients in the
presence and absence of recognized DM (Table 1).

Abbreviations: ABG, admission blood glucose; ACTH, adrenocorticotrophic
hormone; AlS, acute ischaemic stroke; AP-1, activated protein-1; ASICs,
acid-sensitive ion channels; BBB, blood-brain barrier; BG, blood glucose;
CRH, corticotrophin-releasing hormone; CV, coefficient of variance; Cyt
c, cytochrome c; DM, diabetes mellitus; DPP-4, dipeptidyl-peptidase-
4; END, early neurological deterioration; eNOS, endothelial nitric oxide
synthase; FBG, fasting blood glucose; FFA, free fatty acids; GABA, gamma-
aminobutyric acid; GAP, glycaemic gap = ABG (mg/dl) - [28.7 x HbAlc
(%) - 46.7]; GKI, glucose-potassium-insulin; GLP-1, Glucose-like peptide-1;
GLUT, glucose transporter; GV, glucose variability; HPA axis, hypothalamic—
pituitary—adrenal axis; IAT, intra-arterial treatment; ICAM-1, intercellular
adhesion molecule-1; IGF-1, insulin-like growth factor-1; IL-1, interleukin-
1; IL-6, interleukin-6; IML, intermediolateral nucleus; IVT, intravenous
thrombolysis; INK, c-Jun N-terminal kinase; MAG, mean absolute glucose;
MAGE, the mean amplitude of glycaemic excursions; MCAO, middle cerebral
artery occlusion; MCP-1, monocyte chemotactic protein-1; MMP-9, matrix
metalloproteinase-9; MPTP, mitochondrial permeability transition pore; MT,
mechanical thrombectomy; NMDA, N-methyl-D-aspartate; ROS, reactive
oxygen species; SHR, stress hyperglycaemia ratio; SHR1, ABG (mg/dl) /
HbAlc (%); SHR2, FBG (mg/dl) / HbAlc (%); SHR3, FBG (mg/dl) / HbAlc
(%) (derived from the glycosylated hemoglobin level); SIH, stress-induced
hyperglycaemia; PAI-1, plasminogen activator inhibitor type 1; PSCI, post-
stroke cognitive impairment; PVN, paraventricular nucleus; SD, standard
deviation; SICH, symptomatic intracranial hemorrhage; TAT, thrombin-
antithrombin; TF, tissue factor; TNF-a, tumor necrosis factor-a; t-PA, tissue-
type plasminogen activator; TR, time rate; VCAM-1, vascular cell adhesion

molecule-1; VLM, ventrolateral medulla.
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2.1. ABG/FBG

Several earlier clinical studies defined hyperglycaemia
in terms of the blood glucose value, or ABG, within 24h
of admission to the hospital for AIS patients. The cut-off
values for ABG to define hyperglycaemia in AIS patients vary
between studies.

Whether elevated ABG has different effects on the prognosis
of AIS patients with and without a DM diagnosis has been
widely discussed. In a meta-analysis of 32 cohort studies,
Capes and colleagues (3) observed that non-DM patients with
ABG above 126 mg/dl had a threefold increased admission
and 30-day mortality compared to patients with normal ABG.
In addition, the researchers found that ABG was unrelated
to an increase in short-term mortality in DM patients. A
prospective study (5) including 447 AIS patients suggests
that, in non-DM patients, 90-day mortality was 3.4 times
greater in patients with ABG above 130 mg/ dl than in
those with normoglycaemia. In comparison, for DM patients,
the hazard ratio was 1.6. Another observational study (15)
of 2,550 AIS patients found that ABG >140 mg/dl was
independently correlated with post-stroke infection in non-
DM patients. In contrast, the same result was not found in
DM patients. However, a series of studies suggested that ABG
>140 mg/dl is strongly correlated with the risk of symptomatic
intracranial hemorrhage (SICH) after intravenous thrombolysis
(IVT), mechanical thrombectomy (MT) or intra-arterial treatment
(IAT) and a poor 3-month clinical prognosis in AIS patients.
These studies did not specifically distinguish between non-DM
and DM patient populations (16, 18-20). A later study (17)
carefully differentiated between these two groups and showed
that ABG >140 mg/dl was related to an adverse prognosis after
IVT in non-DM AIS patients. In conclusion, absolute increases
in hyperglycaemia were more strongly related to short- or long-
term mortality, post-stroke infection, and adverse prognosis in
AIS patients with non-DM than in patients with previously
diagnosed DM.

Furthermore, Snarska et al. (22) discovered that the cut-off
values for ABG, which predicted the risk of in-hospital death, were
distinct in AIS patients without and with DM (113.5 mg/dl and
210.5 mg/dl). This difference is consistent with that reported by
Farrokhnia et al. (21) and has been found similarly in patients
with myocardial infarction (43). The reason for this discrepancy
may be that the baseline glucose metabolism levels are usually
significantly higher in DM patients than in non-DM patients.
The ABG values reflect both acute stress and chronic glucose
metabolism levels.

In addition, several studies (44) have focused on fasting
(FBG), an ABG.
Elevated FBG on admission following AIS was reported

blood glucose alternative metric for
to be appreciably correlated with poor function only in
pre-DM patients, with no correlation in DM patients. It
in terms of ABG or FBG

without considering the prior glucose metabolic status. As

is inconclusive to define SIH
a result, new indexes such as glycaemic gap (GAP) and

SHR were introduced, eliminating the interference of chronic
glycaemic levels.
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TABLE 1 The definition and a cut-off value of SIH related to adverse prognosis in ischaemic stroke patients with or without a previous DM diagnosis.

Definition Cut-off value Primary relevant endpoint (in Primary relevant References
(patients) non-DM) endpoint (in DM)
ABG 110-126 mg/dl In-hospital mortality; 30-day mortality Not relevant 3)
130 mg/dl Greater stroke severity; functional impairment; Not as strong as non-DM (5)
90-day mortality
131.4 mg/dl 12-month poor functional outcomes Same as non-DM (14)
140 mg/dl Post-stroke infection; 3-month mortality; 3-month - (15)
poor functional outcomes
140 mg/dl (IVT) Low complete recanalization rate; SICH; 3-month Same as non-DM (16)
poor functional outcomes
140.4 mg/dl (IVT) 3-month poor functional outcomes Not relevant (17)
200 mg/dl (IVT) 7-day mortality; 3-month mortality; END
140 mg/dl (MT) 3-month poor functional outcomes; 3-month Same as non-DM (18)
mortality; SICH
140.4 mg/dl (IAT) Poor functional outcomes at discharge Same as non-DM (19)
140.4 mg/dl (IVT) Not relevant with 3-month poor functional outcomes Same as non-DM (20)
and SICH
113.4 mg/dl 30-day case-fatality - (21)
185.4 mg/dl - 30-day case-fatality
113.5 mg/dl In-hospital mortality - (22)
210.5 mg/dl - In-hospital mortality
Random blood 155 mg/dl Admission stroke severity; 3-month poor functional Same as non-DM (23)
glucose <48 h outcomes; 3-month mortality
GAP 45 mg/dl - Stroke severity; poor neurological (24)
status
SHR SHR1 > 27.59
SHR2 1-year stroke recurrence; 1-year all-cause death - (25)
SHR2 1-year poor functional outcomes; 1-year all-cause Same as non-DM (26)
death
SHR2 Haemorrhagic transformation Same as non-DM 27)
SHR2 - In-hospital mortality (28)
SHR2 (IVT) 3-month poor outcomes; 3-month mortality; SICH Same as non-DM (29)
SHR2, SHR3 (IVT) 3-month poor functional outcomes Same as non-DM (30)
SHR2 (IVT) END and poor functional outcomes at discharge Only END (31)
SHR2 (IVT) 3-month poor outcomes; 3-month mortality; SICH Not relevant (32)
SHR2 > 0.97 (IVT) 3-month poor functional outcomes Same as non-DM (33)
SHR2 (MT) 3-month poor outcomes; 3-month mortality; SICH Same as non-DM (34)
SHR3 > 0.96 (MT) 3-month poor functional outcomes Same as non-DM (35)
GV MAGE - END (36)
SD, CV 28-day, 90-day mortality Same as non-DM (37)
SD (IVT and MT) 3-month poor functional outcomes Same as non-DM (38)
MAG Not relevant 3-month PSCI (39)
TR (MT) 3-month poor functional outcomes; SICH Same as non-DM (40)
Max BG- min BG during - 3-month poor functional (41)
hospitalization outcomes
J-index - 3-month increased cardiovascular (42)
events

—, Not mentioned.
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2.2. GAP/SHR

GAP is calculated as the difference between ABG and long-term
mean glucose values determined from HbAlc. In a study aimed
at comparing the ability of SHR, GAP, and ABG to assess poor
prognosis in AIS patients, Yang et al. (24) demonstrated that a GAP
of 45 mg/dl showed a superior ability to differentiate between AIS
patients’ severity and prognosis compared to ABG, as did SHR.

SHR is measured as ABG or FBG divisible by long-term mean
glucose values determined from HbAlc and is also measured as
FBG divisible directly by HbAlc in some articles. An analysis
(26) of 8,622 AIS patients reported an association between high
SHR and severe neurological deficits and all-cause mortality at 1
year in patients with and without DM. Interestingly, the mortality
outcome was more significant in patients without DM, as found in
a nationwide prospective registry study among AIS patients with
non-DM in China (25). A recent retrospective study (28) assessed
the impact of SHR, FBG, and HbAlc on in-hospital mortality in
AIS patients with DM. SHR appeared to have a better predictive
value than other absolute measures. Ngiam and colleagues (33)
discovered that high SHR, particularly at SHR > 0.97, was strongly
related to 3-mouth adverse outcomes in AIS patients after IVT
with or without DM. Other studies have also found this correlation
(29, 31). The same has been confirmed in AIS patients after MT
(34, 35). In addition, some studies have shown that in the above
calculation, SIH obtained by direct division of FBG by HbAlc
correlates more with poor functional outcomes after IVT (30, 45).

2.3.GV

ABG and SHR cannot truly reflect the fluctuations in blood
glucose under the influence of certain diseases due to the
limitations of their numerical sources (obtained from HbAlc).
Hyperglycaemic fluctuations caused by acute disease tend to
exacerbate oxidative stress and damage endothelial cells, which
results in a poor prognosis (46, 47). GV is the extent to which
blood glucose levels fluctuate through time (48). An elevated
GV is regarded as a sign of hypoglycaemia (49). There are two
common types of GV, long-term with continuous blood glucose
monitoring in years and short-term with days and months, and
the most studied concerning stroke prognosis is short-term GV
(50). Short-term GV is calculated in several ways, such as the mean
amplitude of glycaemic excursions (MAGE), standard deviation,
and coefficient of variation (50). In a 7.5-year follow-up of 28,354
patients with type 2 DM, the study observed that long-term
high GV significantly enhanced stroke risk in DM patients (51).
In a series of explorations of short-term GV, Hui et al. (36)
found that altered GV in the first 3 days of hospitalization in
AIS with DM patients was strongly related to early neurological
deterioration (END) and that GV may be a more appropriate
indicator than HbAlc. Yoon and colleagues (42) demonstrated that
initial GV significantly enhanced the cardiovascular mortality risk
at 3 months. In addition, elevated acute GV was related to poor
functional outcomes (38, 41), impaired cognitive function (39),
and a higher risk of haemorrhagic transformation (40), although
GV was defined differently in these studies. GV has not been
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specifically studied in AIS populations with non-DM, possibly
because diabetic populations are more likely to have measurable
blood glucose changes.

In summary, we explored glycaemic indicators that could
describe the full range of SIH following AIS. SHR has a similar
predictor value for short- and long-term adverse outcomes in
patients with and without DM and is independent of background
glucose. Thus, SHR is expected to be a biomarker for SIH.
Nevertheless, the current relevant studies do not provide a good
head-to-head comparison of the different glucose markers. In the
future, more prospective trials are needed to compare the clinical
applicability of glycaemic indicators such as ABG, SHR, and GV or
to attempt to apply them in combination.

3. Underlying mechanisms of SIH after
AlS

The combined synergistic effects of STH in patients with AIS
can be induced by the glucose regulatory center, the hypothalamic—
pituitary-adrenal (HPA) axis, the sympathetic adrenomedullary
system, and humoral factors (Figure 1).

3.1. Glucose regulatory center

The insular cortex controls the output of the sympathetic
and parasympathetic nervous systems, and several studies have
shown it to be associated with elevated blood glucose following
acute ischaemia (52-54). Many brain regions, including the
hypothalamus and brainstem, have also been demonstrated to
alter blood sugar levels and stress responses. The catecholamine
neuronal system in the brainstem, including the locus coeruleus,
nucleus tracts solitaries, and ventrolateral medulla (VLM),
significantly contribute to stress responses. Catecholamine neurons
in the VLM are the control centers of SIH and receive inputs
directly from multiple stress-responsive brain regions, including
the hyperglycaemic excitability of the hypothalamic paraventricular
nucleus (PVN)-VLM pathway (55). In addition, the preganglionic
neurons of the sympathetic medullary system are located in the
intermediolateral nucleus (IML) (56, 57).

3.2. HPA axis and the sympathetic
adrenomedullary system

Gluconeogenesis, glycogenolysis, and excessive insulin

resistance contribute significantly to the production and
maintenance of hyperglycaemia during AIS (2, 58). Stressor
stimulation causes excitation of the HPA axis and increases
circulating cortisol. Cortisol has several metabolic effects to
achieve elevated blood glucose levels, including activating vital
hepatic gluconeogenesis enzymes and reducing glucose uptake
in peripheral tissues (2). Stressor stimuli also converge on the
brainstem catecholaminergic neurons and spinal cord efferent
neurons in the medial column of preganglionic sympathetic

neurons, activating the sympathetic adrenomedullary system
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FIGURE 1

The pathway of stress-induced hyperglycaemia generation. Hepatic
gluconeogenesis, glycogenolysis, and insulin resistance are the
leading causes of hyperglycaemia. The sympathoadrenal system
and the HPA axis are active in acute ischaemic stroke. The stressors
stimulate the adrenal medulla to release catecholamine via the
PVN-VLM-IML pathway, while the HPA axis stimulates the adrenal
cortex to produce cortisol. Glucagon can be stimulated by cortisol,
and TNF-a secreted from surrounding tissues. Glycaemic hormones
such as catecholamine, cortisol, and glucagon, act on the liver to
promote hepatic gluconeogenesis and glycogenolysis.
Hyperglycaemia further exacerbates the stress response and
contributes to the increased release of pro-inflammatory factors,
creating a vicious cycle.

and increasing blood levels of norepinephrine and epinephrine.
Both epinephrine and norepinephrine stimulate the expression of
essential genes that regulate glycogenolysis and gluconeogenesis
(55). Norepinephrine additionally has the impact of increasing
glycerol supply to the liver via lipolysis.

3.3. Humoral factors

3.3.1. Hormones

Excess glucagon is the main mediator of glucose metabolism
and can be stimulated by cortisol (59). Studies have shown that
glucagon, catecholamine, and cortisol act synergistically in changes
in glucose metabolism to rapidly raise fasting plasma glucose.
Insulin is a naturally significant hormone that lowers blood glucose
levels. Its action mechanism is mainly through the mobilization
of cells in the liver, skeletal muscle, and other peripheral tissues
to synthesize and store glycogen, fats, and proteins and reduce
their catabolism (60). Under physiological conditions, the increase
of the plasma insulin level stimulates the onset of glucose storage
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activity mediated by the insulin-sensitive glucose transporter
(GLUT)-4, occurring primarily in muscle and adipose tissue, where
GLUT-4 translocates from intracellular storage to the membrane,
thus enhancing glucose uptake (61). However, following AIS,
decreased insulin-mediated glucose uptake was paralleled with
over-expression of the insulin-insensitive GLUT-1 and GLUT-3
in other tissues throughout the body, blocking GLUT-4-mediated
glucose storage, further exacerbating the increase in peripheral
blood glucose (2).

3.3.2. Cytokines

Acute insulin resistance manifests as insulin-mediated glucose
uptake reduction, mainly due to defective post-receptor insulin
signaling and down-regulation of GLUT-4. Tumor necrosis factor-
a (TNF-a), interleukin (IL)-1, and IL-6 can inhibit post-receptor
insulin signaling, and TNF-a can also directly down-regulate the
expression of the messenger RNA of GLUT-4 (62). An activated
sympathetic nervous system induces adipocyte decomposition and
increases free fatty acids (63). Excess circulating free fatty acids
inhibit post-receptor insulin signaling and glycogen synthase to
reduce glucose uptake (64, 65). In addition, fatty tissue secretes
large amounts of pro-inflammatory cytokines, such as monocyte
chemotactic protein-1 (MCP-1), an essential participant in insulin
resistance (66, 67). TNF-a may also contribute to elevated blood
glucose levels via the promotion of glucagon production (68).

4. SIH-induced protective effects after
AlS

4.1. Phenomenon of protection

Glucose is a major energy supplier to brain tissue and provides a
valuable metabolic substrate during the acute disruption of cerebral
blood flow. In animal models of recirculation after ischaemia, ATP
(indicating the recovery of energy metabolism) tended to increase
in hyperglycaemia groups more than in hypo- and normoglycaemia
groups (69). A study of rabbit models of focal cerebral ischaemia
observed a smaller area of cortical brain infarction in the glucose-
perfused group compared to the saline group (70). Moreover, an
animal model of haemorrhagic shock demonstrated that rapidly
induced hyperglycaemia resulted in a significant elevation in blood
pressure, cardiac output, and viability (71). However, saline or
mannitol at similar osmolar doses did not achieve the above effects.
These studies suggest that elevated glucose rescues damaged brain
tissue to some extent and improves survival.

4.2. Physical mechanisms of protection

Glucose diffuses along a concentration gradient from the
bloodstream into the cells in the ischaemic area. Appropriate
hyperglycaemia maximizes the guarantee of cellular metabolism.
Uytenboogaart et al. (72) reported the concentration-effect
phenomenon in lacunar stroke, where glucose values above 144
mg/dl were linked to a good functional prognosis. It is worth
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noting that hyperglycaemia worsens the clinical prognosis in non-
lacunar stroke compared with lacunar stroke (73). This is possibly
due to non-lacunar infarction of an area known as the ischaemic
penumbra, the site of reduced blood flow around the ischaemic
core. Hyperglycaemia causes cellular acidosis by increasing its
intracellular lactate content, leading to a poor prognosis (74).
In lacunar infarcts, this is absent, and elevated blood glucose
can supply energy to the surrounding tissues, leading to a better
prognosis. However, its beneficial effects are diminished when
severe hyperglycaemia exceeds 216 mg/dl (72).

4.3. Biological mechanisms of protection

The physiological protective mechanisms of short-term
increases in hyperglycaemia have been extensively explored
in cardiac ischaemia (75, 76). Acute hyperglycaemia reduces
post-ischaemic cell death by producing cell survival proteins,
releasing cellular survival factors, and favoring angiogenesis.
In a porcine coronary ischaemia-reperfusion model, Chu et al.
(77) demonstrated that hyperglycaemia during acute ischaemia
increased the production of cell survival proteins, such as
phosphorylated endothelial nitric oxide synthase (eNOS) and heat
shock protein 27 and thus reduced infarct size. Malfitano et al.
(78) showed that hyperglycaemia decreased pro-inflammatory
cytokines, increased cell survival factors (hypoxia-inducible factor-
la, vascular endothelial growth factor), and reduced apoptosis in
the rat myocardial infarction model, thereby improving systolic
myocardial function and reducing the size of the myocardial
infarction. In addition, hyperglycaemia contributes to an increase
in capillaries and a reduction in fibrosis. Subsequently, the
protective effect of hyperglycaemia on ischaemic injury in
myocardial infarction was also shown to increase antioxidant
enzyme activity, improve glutathione redox balance, and reduce
sympathetic activity after infarction (79).

5. SIH-induced damage after AlS

The presence of acute hyperglycaemia leading to adverse
prognosis has been repeatedly validated in patients with AIS,
irrespective of a prior diagnosis of DM, suggesting a possible
causal relationship. Various studies have extensively explored these
potential mechanisms (7), which are discussed below (Figure 2).

5.1. Impaired recanalization

Impaired recanalization is associated with enhanced
coagulation and reduced fibrinolytic activity (80). In human
studies, hyperglycaemia elevates thrombin-antithrombin (TAT)
complexes and tissue factor (TF) to produce procoagulant
effects (81). Animal and cytological studies revealed that acute
hyperglycaemia resulted in elevated plasminogen activator
inhibitor type 1 (PAI-1) and decreased plasminogen activator
(t-PA) activity levels, leading to a hypercoagulable state by

affecting fibrinolytic homeostasis, which was confirmed in human
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studies (82, 83). Ribo et al. (84) found that during tissue-type
t-PA-induced recanalization, acute hyperglycaemia was related to
lower recanalization rates compared to chronic hyperglycaemia,
suggesting that hyperglycaemia affects reperfusion in the ischaemic
penumbra by impairing the fibrinolytic system.

5.2. Reperfusion reduction

A considerable number of studies have reported the
phenomenon of cerebral blood flow reduction in hyperglycaemic
animals (85-87).
hyperglycaemia-induced by
glucose was linked to a 24% decrease in cerebral blood flow

In an animal model experiment, acute

intraperitoneal  injection  of
in rats. Following the intraperitoneal injection of mannitol,
the plasma osmolarity increased as much as that observed
following glucose injection. In contrast, cerebral blood flow
decreased by only 10% (88). This suggests hyperglycaemia may
deteriorate brain function by inhibiting compensatory blood
circulation after ischaemic injury. The possible mechanism
is acute hyperglycaemia promoting the formation of eNOS
uncoupling phenomenon in the microvascular system surrounding
the ischaemic region, leading to increased reactive oxygen
species (ROS) production and decreased NO production
(89). The reaction between ROS and NO can rapidly form
ONOO-, which exacerbates eNOS uncoupling and produces
a vicious cycle of oxidative stress. Reduced NO production
and bioavailability leads to local vasodilation and impaired
reperfusion (90).

5.3. Oxidative stress and inflammatory
response

5.3.1. Oxidative stress

Oxidative stress is a condition where the body is out
of balance concerning oxidation and antioxidation, with
a tendency to oxidize and produce large amounts of free
radicals. ROS are mainly generated by the mitochondria and
nicotinamide adenine dinucleotide phosphate oxidase (NOX)
in biological systems (91). Notably, NOX is a major origin
of ROS in neuronal cells after transient cerebral ischaemia-
reperfusion (92). In a model in which endothelial cells were
co-cultured with astrocytes to mimic the blood-brain barrier
(BBB) environment, high glucose caused a marked increase
in BBB permeability through enhanced oxidative stress. The
mechanism was shown to be that high glucose enhanced NOX
activity and expression levels (93). In addition, a neuronal cell
culture experiment revealed that glucose provided the essential
electron donor for ROS production in neurons after reperfusion
(92). Excess reactive oxygen species lead to increased BBB
permeability, brain oedema, and ultimately increased infarct
size by peroxidising lipids, proteins, and nucleic acids (94-96).
Furthermore, reactive oxygen species consume NO and generate
a range of oxygen-free radicals and nitro compounds. The
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Mechanisms of hyperglycaemia-mediated damage in ischaemic stroke. Acute hyperglycaemia increases thrombosis by promoting coagulation and
inhibiting hyperfibrinolysis, such as increased TAT, TF, and elevated PAI-1 activity, while t-PA activity decreases. Hyperglycaemia amplifies ROS
production, which, together with NO, produces ONOO- and reduces NO bioavailability. At the same time, hyperglycaemia reduces NO production
by promoting eNOS uncoupling, leading to endothelial cell diastolic dysfunction and reduced cerebral blood flow. Hyperglycaemia also increases
NF-kB translocation to the nucleus by regulating IkB proteasomal degradation. NF-kB combines with specific kB sites on DNA sequence promoters
to transcribe inflammatory factors such as TNF-a, IL-1, and IL-6. The NF-kB pathway also transcribes the chemokine MCP and adhesion factors such
as ICAM-1, VCAM-1, and E-selectin, which induce leukocyte adhesion. Hyperglycaemia stimulates MMP-9 production, which can damage tight
junctions, basement membrane proteins, and astrocyte peduncles, leading to BBB leakage. Hyperglycaemia exacerbates lactate accumulation in the
ischaemic zone, leading to mitochondrial dysfunction and reduced ATP production, which fails to maintain intra- and extracellular osmotic and ionic
gradients and mediates cytotoxic cell death. In addition, the overproduction of excitatory glutamate in response to hyperglycaemic stimulation
activates NMDA receptors. At the same time, the lactate aggregation environment leads to increased H* and promotes the opening of ASIC1
channels. Together, this results in increased intra-mitochondrial Ca®*. The imbalance of intra-mitochondrial Ca®* exacerbates the leakage of Cyt c
into the cytosol. Cyt ¢ then interacts with dATP to activate downstream apoptogenic proteins, eventually triggering apoptosis.

decrease in circulating NO levels leads to vascular endothelial  resulting in plasma protein and inflammatory cell leakage,
relaxation dysfunction. brain oedema formation, and a worse neurological prognosis
(100, 101). Further investigations of hyperglycaemia-induced
BBB leakage during ischaemia/reperfusion may be due to tight
junction injury, basement membrane proteins, and astrocytic
5.3.2. Inflammatory response peduncles (97).

Another effect following ischaemia-reperfusion that is In addition, glucose causes an increase in transcription factors
significantly enhanced by hyperglycaemia is inflammation. A  in the nucleus: nuclear factor-kappaB (NF-kB) (102). NF-kB is
study in rat stroke models demonstrated that hyperglycaemia  stably coupled to the inhibitory protein IkB in the cytoplasm.
triggers a thrombo-inflammatory cascade response and  After phosphorylation and hydrolysis of IkB due to inflammatory
amplifies and exacerbates middle cerebral artery occlusion  stimuli, the heterodimers of p50 and p65 (the active form of
(MCAO)-induced downstream microvascular thrombosis. ~ NF-kB) undergo nuclear translocation. They are transcribed and
The thrombo-inflammatory cascade begins immediately after  translated into inflammatory proteins, such as TNF- o, IL-1, IL-
MCAO in hyperglycaemic rats and continues throughout 6, and MCP-1, amplifying and maintaining the inflammatory
the reperfusion phase, accompanied by increased matrix  response (103). Hyperglycaemia induces the promoter of the NF-
metalloproteinase-9 (MMP-9), serotonin, and TAT complex kB subunit p65, causing an increase in p65 gene expression, which
(97). The increase in MMP-9 may be explained by hyperglycaemia  accelerates inflammatory factor production (104). Intercellular
promoting the expression of the pro-inflammatory transcription  adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-
factor nuclear factor-activated protein-1 (AP-1) (98, 99). 1 (VCAM-1), and E-selectin are also induced by NF-kB (105,
The increased MMP-9 is implicated in BBB destruction,  106). These cytokines, chemokines, and adhesion molecules attract
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leukocytes to areas of ischaemia (107-109). Excessive leukocyte
infiltration destroys the BBB, which causes irreversible infarction
in the ischaemic penumbra.

5.4. Lactic acid accumulation

Lactic acid is a source of energy that is metabolized in the
brain in the absence of energy (110, 111). Lactic acid accumulation
is another risk factor caused by hyperglycaemia following a
stroke. Compared with normoglycaemic animals, hyperglycaemia
significantly increases lactate concentrations in ischaemic regions
of a cat’s brain, decreases high-energy phosphate and pH, and
converts the ischaemic penumbra into infarct regions (112, 113).
A human study found a similar phenomenon that hyperglycaemia
in perfusion-diffusion mismatched patients led to enhanced brain
lactate production, reducing rescue rates post-infarct penumbra
(74). The cause of this phenomenon may be that the accumulation
of lactic acidosis causes acidosis, damaging mitochondria and
affecting ATP production, leading to depolarisation of cell
membranes and the inability to maintain osmotic and ionic
gradients inside and outside cells, ultimately leading to cytotoxic
cell death (114).

5.5. Mitochondrial dysfunction

The brain’s energy supply is disrupted during AIS, and hypoxia
depolarisation at presynaptic terminals results in the liberation
of excitatory neurotransmitters such as glutamate (115). A study
suggested that hyperglycaemia enhances extracellular glutamate
build-up during cortical ischaemia (116). N-methyl-D-aspartate
(NMDA) receptors are typically ionotropic glutamate receptors
and are essential mediators of neuronal death during cerebral
ischaemia (117). Excitatory glutamate activates NMDA receptors,
allowing Ca?* to effectively enter the cell and mitochondria.
Hyperglycaemia induces cell apoptosis following a stroke by
increasing Ca?* in the mitochondria, a vital link being the entry
of cytochrome ¢ (Cyt ¢) across the mitochondrial membrane into
the cytosol (118). Upon entry into the cytosol, Cyt ¢ interacts with
procaspase-9, apoptotic protease-activating factor-1, and dATP
to form an activation complex (119). This complex then drives
caspase-3 activation, which ultimately induces apoptosis (120).

The glutamate non-dependent Ca’* loading pathway also
contributes to Ca?* toxicity in ischaemia. Acid-sensitive ion
channels (ASICs) are proton-gated ion channels activated by
protons and widely exist in the central and surrounding system
(121, 122). In the center, ASICs are primarily expressed in neurons
and act as pH sensors to cause neuronal excitation. In physiological
conditions, pH is relatively stable in brain tissue. However, massive
anaerobic glycolysis of glucose during hypoxic-ischaemia leads to
higher lactate accumulation in ischaemic tissue, and the pH drops
rapidly (112). ASICIA, a subtype of ASIC, can be activated by
acidosis and conduct Ca?*. An animal experiment has confirmed
that ASIC1A knock-out mice resist ischaemia and acid damage
(123). Acidosis induces Ca?* into cells via ASICI, independent
of the glutamate pattern, leading to increased intracellular Ca®*
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concentration, which activation can trigger/regulate multiple
cellular processes (124). In addition, during the early stage
of ischaemia-reperfusion, hyperglycaemia hinders Ca?* recovery
during reperfusion, prolonging the existence of intracellular
Ca®t (125).

6. Laboratory recommendations for
glucose control therapy

Several laboratory studies have extensively explored the
effects on infarct volume of pre- and post-infarction insulin
administration in global or focal ischaemic stroke. All the results
have shown that insulin has a potent neuroprotective effect,
reducing infarct size in crucial brain areas such as the hippocampus,
striatum, and cerebral cortex (12, 126). In a transient forebrain
ischaemia model, direct injection of insulin or insulin-like growth
factor-1 (IGF-1) into the ventricles reduced ischaemic neuronal
damage, suggesting that insulin can achieve neuroprotective results
through direct interaction action with brain tissue, possibly in part
through the IGF-1 receptor (127). In a transient focal ischaemic
stroke model, the combination of insulin and glucose nullified most
of the apparent protective effects (128), suggesting that insulin’s
significant neuroprotective effect could be achieved by lowering
blood glucose, in agreement with the results of another experiment
(129). Additional animal experiments have confirmed that possible
mechanisms for the protective effects of insulin also include
the regulation of neurotransmitters, the promotion of glycogen
synthesis, and the prevention of neuronal necrosis and apoptosis
(Table 2).

7. Clinical evidence of intravenous
insulin therapy

7.1. Clinical practice of intravenous insulin
therapy

Intensive glucose control with intravenous insulin effectively
reduces in-hospital mortality in critically ill non-stroke patients
(141, 142). Thus, in recent years, some clinical trials have explored
the optimal glycaemic targets for intensive insulin treatment in AIS
patients with elevated ABG (Table 3).

A total of 933 patients with acute stroke (ischaemic or
haemorrhagic) were enrolled in the GIST-UK trial within 24h
(8), 80% of whom did not have a diagnosis of DM and
had a median ABG of only 140.4 mg/dl. The experimental
group maintained capillary glucose at 72-126 mg/dl by 24-
h continuous intravenous infusion of glucose-potassium-insulin
(GKI). Surprisingly, compared to the control group, the 90-day
functional outcomes of the experimental group did not improve,
and hypoglycaemic events occurred. By analyzing changes in blood
glucose and blood pressure over 24 h, the benefits of lowering blood
glucose may have been masked by lower blood pressure. The study
was criticized for including a heterogeneous stroke type, with slow
recruitment, late treatment initiation, and variability in glycaemic
control of only 10 mg/dl (12, 13). Subsequent studies assessing
the feasibility and safety of intensive glucose control with insulin
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TABLE 2 Mechanism of the neuroprotective effect of insulin in acute ischaemic stroke animals during hyperglycaemia.

References Ischaemia model Species Results

Zhu and Auer Transient forebrain 15s Rat Insulin may be reducing the size of brain infarcts through the direct interaction of

(127) IGF-1 with brain tissue.

Shuaib et al. (130) Transient forebrain 10 min Gerbil Insulin increases brain extracellular GABA levels.

Hamilton et al. Transient MCAO 2h + Rat Insulin lowers blood sugar from 8-9mM to 3-4mM, reducing the area of infarction in

(128) hypotension the cerebral cortex and striatum.

Lanier et al. (131) Transient forebrain 10 min + Rat Insulin may exert neuroprotective effects through the regulation of glycogen
hypotension metabolism.

Sullivan et al. Cardiac arrest 10 min + Rat Insulin resumes neuronal protein synthesis after cerebral ischaemia by inducing

(132) reperfusion dephosphorylation of eukaryotic initiation factor 2a.

Guyot et al. (133) Transient global 10 min Rat Insulin increases brain extracellular GABA levels resulting in neuron inhibition.

Hui et al. (134) Transient global 15 min Rat Insulin exerts neuroprotective effects by activating PI3K/Akt negative regulation of

the JNK signaling pathway.

Sanderson et al. Transient forebrain 10 min + Rat Insulin activates the PI3K-Akt survival pathway.

(135) hypotension

Fanne et al. (136) Transient MCAO 2h Rat Insulin exerts a neuroprotective effect by lowering glutamate levels.

fan etal. (137) Embolic focal strokes (blood clot) Rat Insulin glucose control during t-PA treatment reduces plasma PAI-1 levels and

activities.

Sanderson et al. Transient forebrain 8 min + Rat Insulin prevents apoptosis upon entry of Cyt ¢ into the cytosol by promoting Cyt ¢

(138) hypotension Tyr97-phosphorylation.

Hung et al. (139) Transient forebrain 1h + MCAO Rat Insulin arrests NO reaction with superoxide to form peroxynitrite.
permanently

Huang et al. (140) Transient forebrain 1 h + MCAO Rat Insulin increases cerebral Akt/eNOS phosphorylation and improves neurologic
permanently function.

Ahmadi- Transient MCAO 1 h+ reperfusion | Rat Insulin attenuates focal brain tissue damage after ischemia-reperfusion in diabetic rats

Eslamloo et al. through hypoglycemic effects.

(129)

Transient forebrain, bilateral carotid occlusion plus reperfusion; Transient global, four-vessel occlusion plus reperfusion.

after AIS have shown that such trials are feasible and necessary
(9, 144-146).

In the SELESTIAL trial (10), 30% of AIS patients with a
previous DM diagnosis were maintained on serum glucose between
72-126 mg/dl by GKI infusion. Brain lactate production level
decreased at 6-12h following insulin administration. However,
insulin treatment was linked to a marked increase in cerebral infarct
size in patients with complete intracranial vascular occlusion. In
addition, 76% of patients in the experimental group developed
asymptomatic hypoglycaemia. Similarly, a large study explored
the effects of an intensive glycaemic regimen compared with
usual care on glycaemic control and infarct size expansion. In
the INSULINFARCT trial (12), 180 AIS patients were randomized
within 6 h to receive 24 h of intravenous insulin therapy, with the
vast majority of subjects having no history of DM. The study found
that keeping blood glucose below 126 mg/dl did not prevent the
transition from an ischaemic penumbra to an infarcted area.

Since all of the above studies failed to demonstrate a positive
effect of intensive glucose therapy on stroke prognosis, Johnston
and colleagues began to consider that variability in glycaemic
control and duration of treatment may be the problem. In the
SHINE trial (13), a large multicenter randomized controlled trial,
1,151 AIS patients underwent conventional (80-180 mg/dl) or strict
glycaemic control (80-130 mg/dl) within 12h. Of the enrolled
patients, 68% had received reperfusion therapy, and 80% were
diagnosed with DM. The change in glycaemic control compared to
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GIST-UK was significant (61 mg/dl). Intensive glucose control at up
to 72 h did not significantly improve 90-day functional outcomes.

7.2. Discussion on the ineffectiveness of
insulin therapy

In reviewing the above clinical trials of intensive insulin
glucose-lowering, only two studies distinguished between the two
populations of AIS patients, with or without previously recognized
DM, and discussed treatment prognosis. One study in AIS patients
with DM revealed that maintaining blood glucose below 130
mg/dl with intensive insulin treatment was feasible but did not
improve the prognosis at three months (9). In another clinical
study of mild hyperglycaemia in non-DM patients after AIS,
it was found that maintaining blood glucose levels at 81-126
mg/dl was relatively safe in the experimental group and improved
neurological status after 30 days. However, there was no difference
in functional outcomes compared to controls (11). The SHINE
trial (13) did not yield the desired results. Torbey et al. (149)
considered whether the different definitions of STH determined the
outcome. They performed a further subgroup analysis of SHINE,
carefully selecting six glycaemic parameters: ABG, absence versus
presence of diagnosed and undiagnosed DM, HbAlc, GAP, SHR
(ABG/ average HbAlc-based daily blood glucose), and GV (SD).
The results identified that patients with undiagnosed DM had the
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TABLE 3 Randomized trials aimed at comparing the effectiveness of intensive glycaemic treatment with standard treatment in acute ischaemic stroke patients with enhanced admission blood glucose.

Patients (n) Admission blood  Intervention (time Mean blood The difference in Primary and relevant endpoint References
glucose (mg/dL)x  of treatment) glucose (mg/dl) mean blood glucose
after treatment
(mg/dl)
AIS <12h (24) 264 + 88 Intravenous insulin + 131 £20 Not reported Feasibility of insulin infusion (143)
meal-related subcutaneous
insulin (72 h)
AIS <24h (13) 190.8 £ 34.2 Intravenous insulin (48 h) 124.5 4+ 34.2 Not reported Support insulin treatment within 48 h, not outside (144)
48h
All strokes <24 h (460) 140.4 [112.4-165.6] Intravenous GKI (24 h) Not reported 10 3-month mortality, avoidance of severe disability (8)
or severe functional impairment (N)
AIS <12h (31) 259.24+79.2 Intravenous insulin + 133 57 Feasibility and tolerability of insulin infusion; )
meal-related subcutaneous 90-day Functional outcomes (N)
insulin (72 h)
AIS <24 h (25 moderate 167.4 [127.8-221.4] Intravenous insulin (5 days) 111 Not reported Feasibility and safety of insulin infusion (145)
glycaemic control; 24
tight glycaemic control)
167.4 [126-228.6] Intravenous insulin (5 days) 151
AIS <24h (20) 136.8 + 84.6 Intravenous insulin (5 days) 116.8 £+ 39.42 27.36 Feasibility and safety of insulin infusion (146)
AIS <24 h (10 insulin 163.8 £43.2 Intravenous insulin + 104.4 £ 54 Not reported Safety of intravenous insulin 4 continuous tube (147)
and tube feeding; 13 continual tube feeding (5 feeding
insulin only) days)
189 £59.4 Intravenous insulin (5 days) 136.8 £ 27 Not reported
AIS <24h (13 and 10 9.6 (7.3-18.6) Intravenous insulin (5 days) The target range of Not reported Safety of intravenous and subcutaneous insulin in (148)
strict glycaemic control) glucose control is intermittently fed AIS patients
79.2-109.8
8.6 (7.3-13.2) Subcutaneous insulin (5 days)
AIS <24h (25) 149.6 + 50.22 Intravenous GKI (24 h/48 6h:97.2 Not reported Infarct growth at 7 days (N); | Brain lactate levels (10)
h/72h)
12 h: 104.4
AIS <12h (26) 149 + 16 Intravenous insulin (24 h) 88+9 Not reported Improved 30-day neurologic status; 24-hour and (11)
30-day functional outcomes, 30-day mortality (N)
AIS <6h (87) 120.6 [109.8-140.4] Intravenous insulin (24 h) 126 Not reported Improved glucose control; tInfarct growth at 7 (12)
days; 90-day functional outcomes, mortality,
serious adverse events (N)
AIS <12h (581) 188 [153-250] Intravenous insulin (72 h) 118 61 90-day functional outcomes (N) (13)

*Figures denote mean = SE, median [inter quartile range]; n, number of non-diabetic patients receiving glucose-lowering treatment as a percentage of total; N, no difference compared to conventional treatment group.
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lowest likelihood of a good prognosis compared to those with true
non-DM. However, no apparent benefit of SHINE treatment was
observed in the small group of undiagnosed DM patients. After
adjusting for baseline stroke severity and thrombolytic therapy, the
researchers still found no benefit of intensive insulin therapy in any
of the above subgroups. This study was a secondary analysis of the
SHINE trial, and the results had unavoidable limitations. Because
ABG cut-oft values associated with poor prognosis are not the same
in AIS patients with and without previously recognized DM, we
suggest that future clinical studies should consider the different
glycaemic backgrounds of the two populations, whose criteria
for initiating glucose lowering, time of initiation and duration of
glucose-lowering, and even glucose lowering goals may not be
the same. Each characteristic needs to be determined by relevant
basic and clinical trials. Next, we discuss the results based on the
available experiments.

7.2.1. Glucose reduction criteria

There is considerable heterogeneity in ABG treatment criteria
in each study reporting functional outcomes, for example, 140.4
mg/dl (8), 259.2 mg/dl (9), 149 mg/dl (11), 120.6 mg/dl (12), and
188 mg/dl (13). Subsequent studies should include patients with
glucose values above the cut-off value related to a worse prognosis,
which is considered to be approximately 155 mg/dl (23). For
patients treated with IVT or MT, or IAT, it is recommended to
use ~140 mg/dl (16, 18, 19). Also, for non-DM patients with post-
AIS hyperglycaemia, we recommend a glucose reduction criteria of
~126 mg/dl (3).

7.2.2. Start time and duration of glucose lowering

In studies exploring the effects of intensive glucose control,
glucose lowering was initiated at 6h (12), 12h (9, 11, 13), and
24 (8) after stroke. The duration of glucose lowering ranged from
24 to 72h. Rosso and colleagues (12) found that in AIS patients
who underwent intensive insulin treatment immediately within 6 h,
baseline and day 7 MRI comparison revealed a more significant
infarct growth in the experimental group. Therefore, intensive
insulin treatment is not recommended in the hyperacute phase
of cerebral infarction. The proper duration of glucose lowering
after AIS is still being determined. Data obtained from continuous
glucose monitoring indicate that continuous glycaemic control for
72 h after AIS is necessary (150-152).

7.2.3. Glucose-lowering targets

Glucose-lowering targets are controversial. In a rodent model
of focal ischaemia, insulin treatment after ischaemia resulted in
minimal infarct size between 108-126 mg/dl glucose and increased
infarct size between 36-54 mg/dl glucose (153). However, in two
subsequent clinical trials measuring the controversial infarct size
increase, serum glucose was kept below 126 mg/dl using insulin
infusion. One of these trials did not find any marked variation in
infarct size increase over 1 week between the intervention group
and the control group (10). In the other trial, the intervention
group’s infarct size was more remarkable (12). Furthermore, in
a study of patients with AIS, ABG values between 66.6-131.4
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mg/dl were associated with 12-month positive functional outcomes
(14). Gentile et al. (154) found a 4.6-fold lower in-hospital
mortality rate in AIS patients who controlled their blood glucose
below 130 mg/dl within 48h of admission compared with those
experiencing persistent hyperglycaemia. However, several clinical
studies have shown similar mortality and neurological prognosis
in intensive insulin therapy (118-133 mg/dl) and conventional
insulin therapy groups (8, 9, 12, 13). There are no consistent
recommendations for optimal glycaemic targets for SIH in treating
AIS due to limited clinical trial results. Current American Heart
Association/American Stroke Association (AHA/ASA) guidelines
for AIS recommend treating hyperglycaemia to stabilize blood
glucose levels at 140 to 180 mg/dl (155). However, most guidelines
endorse that tight glycaemic control (blood glucose <126 mg/dl) or
hypoglycaemia is harmful and should be avoided (12, 156).

7.2.4. Hypoglycaemia

A recent meta-analysis on selecting an optimal glucose-
lowering target for critical patients showed that glucose control
levels <110 and 110-144 mg/ dl had a greater hypoglycaemia
incidence vs. 144-180 and >180 mg/dl (157). Hypoglycaemia
exacerbates brain damage after AIS by increasing oxidative stress
and inflammatory response. Studies on rodent models have shown
that repeated hypoglycaemia increases post-ischaemic brain injury
in diabetic rats by increasing mitochondrial ROS production
and decreasing mitochondrial complex I activity after ischaemia
(158, 159). In addition, hypoglycaemia induces increased IL-
6 production, platelet aggregation, vascular adhesion molecule
production, and inhibition of fibrinolytic mechanisms (160-
162). These changes eventually lead to vascular injury and
new thrombosis, increasing the risk of local cerebral ischaemia.
Therefore, repeated hypoglycaemia has been indicated as an
essential reason for the unsuccessful intensive glucose-lowering
therapy. Future trials should be aimed at controlling blood glucose
to “broad” levels rather than intensively lowering glucose to avoid
harm from irreversible hypoglycaemic events.

7.3. Other hypoglycaemic drugs

7.3.1. GLP-1 receptor agonists

Glucose-like peptide-1 (GLP-1) receptor agonists include
exenatide, liraglutide, albiglutide, semaglutide, and dulaglutide
considered to be the first alternative to insulin. GLP-1 is a peptide
hormone secreted by the intestine following food stimulation
and is implicated in regulating blood glucose homeostasis in the
body. Natural GLP-1 is degraded by the endoprotease dipeptidyl-
peptidase-4 (DPP-4) in vivo with an ~2-min half-life. GLP-1
receptor agonists can perform the same biological actions as
natural GLP-1 but also avoid degradation and loss of activity,
thus prolonging the duration of action. GLP-1 maintains glucose
endocrine homeostasis through several mechanisms, including but
not limited to promoting insulin secretion from pancreatic -
cells, inhibiting glucagon production, improving f cell quality
and function, and decreasing appetite and gastric emptying. GLP-
1 receptor agonists rarely cause hypoglycaemia, and their main
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drawback is mild to moderate gastrointestinal adverse effects.
Findings from cardiovascular prognostic studies and meta-analyses
suggest that GLP-1 receptor agonists reduce stroke incidence
and have neuroprotective effects in DM patients (163). Some
studies highlight that the neuroprotective effects of these drugs
in AIS patients may be through the improvement of ischaemia-
induced inflammation, support of BBB integrity by triggering
the PI3K/AKT and mitogen-activated protein kinase (MAPK)
pathway, as well as reducing ROS levels in ischaemic neurons (164,
165). The effectiveness and safeness of GLP-1 receptor agonists
for treating hyperglycaemia after AIS has been demonstrated with
exenatide at 9h after AIS and continuing for 6 days to lower
blood glucose (166). A recent multicenter randomized trial was
designed to compare the difference in risk of hypoglycaemia and
improvement in neurological prognosis with exenatide vs. standard
of care. Exenatide 5 pg was administered subcutaneously twice
daily in the treatment group, but the trial results have not yet been
published (167).

7.3.2. DPP-4 inhibitors

Another recommended alternative therapy is DPP-4 inhibitors,
which exert hypoglycaemic effects mainly by inhibiting the
physiological degradation of GLP-1 in the blood, including
alogliptin, linagliptin, saxagliptin, sitagliptin, and vildagliptin.
Interestingly, DPP-4 inhibitors improve neurological prognosis
after stroke in rodents, independent of GLP-1, possibly by
increasing the bioavailability of other bioactive DPP-4 substrates,
such as stromal cell-derived factor-1a (167). In addition, preclinical
studies have found that these drugs can activate the Akt/mTOR
pathway and anti-apoptotic and anti-inflammatory mechanisms
to exert neuroprotective effects (168). However, two recent
extensive randomized clinical studies have shown that DPP-
4 inhibitors are ineffective in reducing ischaemic stroke risk
following cardiovascular disease (169, 170). This is inconsistent
with the neuroprotective conclusions drawn from preclinical
studies and requires further experimental validation.

7.3.3. SGLT2 inhibitors

In addition to the two drugs mentioned above, the new
glucose-lowering drug type, sodium glucose-linked cotransporter
2 (SGLT2) inhibitors, are recommended. Besides reducing blood
glucose, SGLT2 inhibitors have antioxidant, anti-inflammatory,
insulin resistance, and atherosclerotic plaque formation-reducing
(171). In addition, SGLT2
hyperglycaemia-induced neuronal damage after acute cerebral

properties inhibitors reversed
ischaemia by inhibiting SGLT in a mouse model of temporary
bilateral carotid stenosis (172). However, the current debate on
whether SGLT2 inhibitors prevent strokes after cardiovascular
disease is divided. In the EMPA-REG OUTCOM trial (173),
there was a slight increase in stroke risk with empagliflozin.
Some have attributed this trend to an elevated haematocrit in the
empagliflozin group, which corresponds to an increased stroke
risk due to increased blood viscosity. Fortunately, no such trend
was found in the CANVAS trial (174). However, a meta-analysis
concluded that SGLT?2 inhibitors increased non-fatal stroke risk by
30% (175).

Frontiersin Neurology

10.3389/fneur.2023.1149671

7.3.4. Metformin

Metformin, a biguanide derivative, is the principal drug
indicated for type 2 DM (176). The hypoglycaemic pharmacological
effects of metformin are mainly through reducing hepatic
glycogenolysis and enhancing peripheral tissue glucose uptake and
utilization (177). Studies have shown that metformin can exert
post-stroke neuroprotective effects, possibly inhibiting ischaemia-
induced neuronal death, oxidative stress, and inflammatory
(178,
permeability transition pore (MPTP) is a significant cause of

responses 179). The opening of the mitochondrial
neuronal mortality due to ischaemia (180). Metformin may
prevent neuronal death by inhibiting mitochondrial respiratory
chain complex I, preventing MPTP opening, and activating AMPK
(181, 182). Furthermore, metformin was demonstrated to regulate
AlS-induced oxidative stress damage and reduce markers of
brain inflammation via the IncRNA-H19/miR-148a-3p/Rock?2 axis
(183, 184).

The drawbacks of metformin compared to intravenous insulin
application in critical care patients are apparent. First, compared
with the immediate hypoglycaemic effect of insulin, the blood dose
concentration peaked approximately 3 h following oral metformin
(185). It fails to adjust rapidly to the dramatic changes in blood
glucose concentration in patients. An exploratory safety study
of metformin in patients with the transient ischemic attack
or minor ischaemic attack found that 20% of patients in the
experimental group permanently discontinued the drug due to
gastrointestinal side effects (186) and its metabolic characteristics
of being excreted mainly through the kidneys (185), which both
limit its application. Finally, intravenous insulin can be quickly
adjusted to each patient’s diet, facilitating the maintenance of blood
glucose stability during hospitalization. Other oral hypoglycaemic
agents are available for similar reasons, such as sulfonylureas,
glinides, a-glucosidase inhibitors, thiazolidinediones, and DPP-
4 inhibitors. Therefore, intravenous insulin application seems
to be a more appropriate treatment option than oral agents,
such as metformin, in the case of elevated blood glucose
after AIS.

8. Conclusion and perspectives

In this review, we discuss the definition of SIH in the
background of AIS, its formative mechanisms, and its dual
impact on the central nervous system. Insulin is currently a
widely accepted clinical treatment for post-AIS hyperglycaemia,
but it does not achieve the desired effect in practice. In
our analysis of intensive insulin treatment failure, the best
definition of SIH should be independent of the existence of
DM and strongly linked to short- and long-term efficacy. SHR,
or the application of these definitions in combination, is a
good option for future studies and needs further exploration.
In addition, the treatment of SIH should consider the criteria
for initiating glucose lowering after AIS, the timing of dosing
and duration of treatment, the target range of glycaemic
control, and treatment options other than insulin. GLP-1
receptor agonists are a potential new research target for
treating SIH.
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Background: Hemorrhagic transformation (HT) is common among acute
ischemic stroke patients after treatment with intravenous thrombolysis (IVT). We
analyzed potential relationships between markers of cerebral small vessel disease
(CSVD) and HT in patients after IVT.

Methods: This study retrospectively analyzed computed tomography (CT) data
for acute ischemic stroke patients before and after treatment with recombinant
tissue plasminogen activator at a large Chinese hospital between July 2014 and
June 2021. Total CSVD score were summed by individual CSVD markers including
leukoaraiosis, brain atrophy and lacune. Binary regression analysis was used to
explore whether CSVD markers were related to HT as the primary outcome or to
symptomatic intracranial hemorrhage (sICH) as a secondary outcome.

Results: A total of 397 AIS patients treated with IVT were screened for inclusion
in this study. Patients with missing laboratory data (n = 37) and patients treated
with endovascular therapy (n = 42) were excluded. Of the 318 patients included,
54 (17.0%) developed HT within 24-36h of IVT, and 14 (4.3%) developed sICH.
HT risk was independently associated with severe brain atrophy (OR 3.14, 95%ClI
1.43-6.92, P = 0.004) and severe leukoaraiosis (OR 2.41, 95%Cl| 1.05-5.50, P =
0.036), but not to severe lacune level (OR 0.58, 95%CIl 0.23-1.45, P = 0.250).
Patients with a total CSVD burden >1 were at higher risk of HT (OR 2.87, 95%Cl
1.38-5.94, P = 0.005). However, occurrence of sICH was not predicted by CSVD
markers or total CSVD burden.

Conclusion: In patients with acute ischemic stroke, severe leukoaraiosis, brain
atrophy and total CSVD burden may be risk factors for HT after IVT. These findings
may help improve efforts to mitigate or even prevent HT in vulnerable patients.

KEYWORDS

acute ischemic stroke, intravenous thrombolysis, hemorrhagic transformation, brain
atrophy, cerebral small vessel disease, leukoaraiosis
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Introduction

Ischemic strokes account for 71% of strokes worldwide (1).
The preferred treatment for patients with acute ischemic stroke
(AIS) is intravenous thrombolysis (IVT) using recombinant tissue
plasminogen activator within 4.5h of onset (2, 3). However, such
IVT may cause hemorrhagic transformation (HT), which impedes
functional recovery and can even lead to death (4). About 90% of
HT cases occur within 24-36h of stroke onset (5). Some factors
have been associated with the development of HT, such as old
age (6, 7), hypertension (7), atrial fibrillation (8), cerebral amyloid
angiopathy (9-11) and high National Institutes of Health Stroke
Scale (NTHSS) score (12, 13).

Cerebral small vessel disease (CSVD) is a disorder involving
the brain’s small perforating arterioles, capillaries and venules, and
is attracting much interest (14). It leads to serious deterioration
of cognitive function, gait and balance (15), and may worsen
prognosis of AIS patients after IVT (15). A meta-analysis also
linked HT risk to the presence of CSVD (16). Magnetic resonance
imaging is the gold standard for diagnosing and assessing CSVD
(17), but computed tomography (CT) is routinely used in many
acute stroke units to identify patients suitable for acute treatments
such as IVT. Computed tomography can assess several CSVD
markers, including leukoaraiosis, lacune and brain atrophy (17).
These markers may be useful for identifying patients at higher risk
of intracerebral hemorrhage (18). Although magnetic resonance
imaging is typically used to evaluate CSVD markers, CT offers
faster assessment, which can be critical in time-sensitive situations
such as IVT for AIS (19).

Studies about the association between CSVD markers based on
CT and HT are rare. Thus we investigated the relationship between
CSVD markers as detected by CT at stroke onset and risk of HT
after IVT treatment.

Methods

Patients

This
continuously collected clinical data of AIS patients treated

retrospective, —observational, single-center  study
with recombinant tissue plasminogen activator in the emergency
department of the Second Affiliated Hospital of Wenzhou Medical
University from July 2014 to June 2021. This study was approved
by the ethics committee of the Second Affiliated Hospital and
Yuying Children’s Hospital of Wenzhou Medical University, which
waived the requirement for written informed consent because
the patients or their legal guardians, at the time of treatment,
consented for their anonymized medical data to be analyzed and
published for research purposes.

Patients were included in the study if they had been diagnosed
with ischemic stroke according to the Chinese guidelines for the
diagnosis and treatment of acute ischemic stroke, received 0.9
mg/kg of recombinant tissue plasminogen activator within 4.5h
of stroke onset, and underwent head CT before IVT at admission
and within 24-36 h after IVT. The timeframe of 24-36 h after IVT
was selected based on the European Cooperative Acute Stroke
Study (20).
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Patients were excluded if they were diagnosed with other central
nervous system diseases, such as epilepsy, dementia, or Parkinson’s
disease; diagnosed with serious systemic diseases; or treated with
endovascular therapy after IVT.

Data collection

In addition to sex and age, the following data were extracted
from electronic medical records: past medical history, including
hypertension, diabetes, hyperlipidemia, atrial fibrillation, coronary
heart disease, previous stroke history, smoking and drinking
history, and previous antithrombotic drug treatment history;
clinical parameters, such as systolic and diastolic blood pressure,
NIHSS score, and time from onset to thrombolytic therapy; as well
as laboratory data, such as venous blood glucose level at admission,
international normalized ratio (INR), activated partial thrombin
time (APTT), platelet count, total cholesterol and low-density
lipoprotein cholesterol.

CSVD assessment

Two experienced neurologists (ZZ, TX), who were blinded
to other clinical information and who worked independently
from each other, retrospectively assessed CSVD markers from
CT scans. Discrepancies between investigators were addressed
with a third investigator (ZH) joining the discussion. Disputes
were resolved through discussion. Leukoaraiosis was scored
according to the 3-point van Swieten scale (21), in which 0
points were given if no imaging evidence was observed, 1
point if the lesions were limited to the lateral ventricle, or 2
points if the lesions had spread from the lateral ventricle to the
cerebral cortex.

Brain atrophy was classified as central or cortical, and its
severity was assessed as none (0 point), mild to moderate (1 point)
or severe (2 points) (22). We defined a “lacuna of presumed
vascular origin” to be a round or ovoid, subcortical cavity of
diameter 3-15 mm that was filled with a fluid similar in appearance
to cerebrospinal fluid (19).

The scores for these individual CSVD markers were summed
to a total CSVD score (23), meaning that 1 point for each of the
following situations exist: a van Swieten score of 2; presence of at
least 2 lacune; a central or cortical brain atrophy score of 2. Thus,
the total CSVD burden could range from 0 (no imaging features
of severe CSVD) to 3 (each imaging feature of CSVD was serious)
(Figure 1).

Primary and secondary outcomes

The same two neurologists also independently evaluated
the CT images for the presence of HT as a primary outcome,
which encompasses all types of post-ischemic hemorrhages.
HT was further classified as hemorrhagic infarction (HI)
types I and II and parenchymal hemorrhage (PH) types I and
II. HI I is defined as small petechiae along the margins of
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FIGURE 1

Axial non-contrast-enhanced CT images of brains from patients after acute ischemic stroke at the level of choroid plexus (A, C, E, G) or semioval
center (B, D, F, H) of the lateral ventricle. Cerebral small-vessel disease (CSVD) markers were individually assessed and graded according to the
appropriate scales, and total CSVD burden was calculated. Images in (A, B) are representative of patients with total CSVD burden of 0: anterior
leukoaraiosis = O, posterior leukoaraiosis = 0, no lacune, central atrophy = O, cortical atrophy = 0. Images in (C, D) are representative of patients with
total CSVD burden of 1: anterior leukoaraiosis = 1, posterior leukoaraiosis = 1, no lacune, central atrophy = 2, cortical atrophy = 1. Images in (E, F)
are representative of patients with total CSVD burden of 2: anterior leukoaraiosis = 2, posterior leukoaraiosis = 2, no lacune, central atrophy = 2,
cortical atrophy = 1. Images in (G, H) are representative of patients with total CSVD burden of 3: anterior leukoaraiosis = 2, posterior leukoaraiosis =
1, lacune in left and right basal ganglia = 2, central atrophy = 2, cortical atrophy = 2.

397 AIS patients enrolled in

the study
f Excluded: 37 patients because
'L of missing clinical data
360 AIS
participants

.( Excluded: 42 patients who
'L received intravascular therapy

318 patients included in
final analysis

FIGURE 2
Flow diagram of patient enrollment. AlS, acute ischemic stroke.

the infarct, while HI II represents more confluent petechiae
within the infarcted area, but without space-occupying
effect. PH I is defined as blood clot not exceeding 30% of
the infarcted area with some mild space-occupying effect,
and PH II represents dense blood clot(s) exceeding 30%
of the with
effect (20).

The secondary outcome was symptomatic intracerebral

infarct volume significant  space-occupying

hemorrhage (sICH), which was defined as bleeding visible
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anywhere on the cranial scan, accompanied by clinical

deterioration or adverse events, such as drowsiness or
aggravation of hemiplegia, leading to an increase in NIHSS score

>4 points (24).

Statistical analysis

Categorical variables were reported as frequencies and
percentages, while continuous variables were reported as mean and
standard deviation if the data were normally distributed, or as
median and interquartile range if the data were skewed. Pearson’s
chi-squared test or Fisher’s precision probability test was used for
unordered categorical variables, while the Mann-Whitney U test
was used if the data were continuous.

Binary regression analysis was used for two multivariable
models in which variables with P < 0.1 after univariate analysis
were analyzed further to determine risk factors independently
related to HT or sICH. In the first model, the three components
of total CSVD score (severe anterior or posterior leukoaraiosis,
severe central or cortical atrophy, and severe lacune level) were
treated as separate covariates. In the second model, the total
burden of CSVD was dichotomized into 0 or >1 to evaluate its
potential association with risk of HT. Risk of HT was expressed
in terms of adjusted odds ratios (ORs) and corresponding 95%
confidence intervals (CIs). Differences associated with two-sided
P < 0.05 were considered statistically significant. All statistical
analyses were performed using SPSS 24.0 (IBM, Armonk,
NY, USA).
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TABLE 1 Clinicodemographic characteristics of acute ischemic stroke
ReSU ltS patients?.
Clinicodemographic characteristics Characteristic HT No HT P
(n = 54) (n = 264)
A total of 397 AIS patients treated with IVT were screened
: R . . . o Age (years) 76 (63-83) 70 (60-79) 0.016
for inclusion in this study. After excluding patients with missing
laboratory data (n = 37) and patients treated with endovascular Sex (female) 23 (42.5) 84(31.8) 0.127
therapy (n = 42), 318 patients (66.4% men) were included in the Hypertension 43 (79.6) 201 (76.1) 0.581
final analYSIS (.Flgure 2)' . Diabetes mellitus 14 (25.9) 85(32.2) 0.365
Excellent inter-rater agreement for CSVD rating (x = 0.83)
was observed. The included sample had a median age of 70 years Hyperlipidemia 15(27.7) 110 (41.7) 0.057
(interquartile range 61-80, Table 1). Fifty-four (17.0%) patients Atrial fibrillation 36 (66.7) 67 (25.4) <0.001
developed HT within 24-36 h after IVT. HT was significantly more )
R K k . i Coronary heart disease 5(9.2) 24 (9.1) 0.969
frequent among patients with atrial fibrillation (66.7% vs. 25.4%, P
< 0.001), higher median NIHSS score (11 vs. 6, P < 0.001), higher Previous stroke history 6(11.1) 35(13.3) 0.669
median baseline diastolic blood pressure (92 vs. 87, P = 0.045) Smoking history 8 (14.8) 66 (25.0) 0.107
and higher median INR (1.04 vs. 1.02, P = 0.007). And TOAST .
. . o L Drinking history 13 (24.0) 55 (20.8) 0.597
classification also had statistical significance (P < 0.001).
Previous 6(11.1) 33(12.5) 0.777
antithrombotic
L. i therapy
Associations of CSVD markers with HT
Time from onset to 160 (120-193) 170 0411
thrombolysis (min) (120-210)
Compared to patients who did not suffer from HT, patients )
with HT showed higher incidence of severe anterior and posterior NIHSS score (points) 1o 6610 <0001
leukoaraiosis, severe central and cortical atrophy, and greater total Systolic blood pressure 162 (141-180) 159 0.360
CSVD burden (Tables 2, 3). There was no significant difference in level (mmHg) (142-173)
lacune level between HT and non-HT patients (P = 0.984). Diastolic blood 92 (81-104) 87 (78-97) 0.045
Risk of HT was independently related to severe brain atrophy pressure (mmHg)
(OR 3.14, 95%CI 1.43-6.92, P = 0.004) and severe leukoaraiosis Blood glucose level 7.3 (6.1-9.4) 7.0 (6.0-8.8) 0.345
scores (OR 2.41, 95%CI 1.05-5.50, P = 0.036), but not to severe (mmol/L)
lacune level (OR 0.58, 95%CI 0.23-1.45, P = 0.250). A total CSVD Platelet count (10°/L) 181 (155-216) 190 0.066
burden of >1 greatly increased risk of HT (OR 2.87, 95%CI (165-227)
1.38-5.94, P = 0.005). According to either regression model, risk INR 1.04 (1.01-1.10) 1.02 0.007
of HT was also higher in the presence of atrial fibrillation or high (0.97-1.09)
baseline NIHSS score. APTT (sec) 33.8 (31.2-36.7) 339 0.802
(31.0-36.8)
L. . Total cholesterol 4.3 (3.7-4.8) 4.4 (3.7-5.1) 0.419
Associations of CSVD markers with (mmol/L)
seconda ry outcomes Low-density 25(1.9-3.1) 2.6(2.0-3.3) 0.409
lipoprotein cholesterol
/L
Fourteen (4.3%) patients experienced sICH after IVT, and (mmol/L)
those who did or did not experience sICH did not differ TOAST classification <0.001
significantly in severe leukoaraiosis, brain atrophy or lacune Large artery 14 (25.9) 76 (28.8)
level (Supplementary Table S1). Total CSVD burden >1 was not atherosclerosis
associated with greater risk of sSICH after IVT. Atrial fibrillation, Cardioembolism 31 (57.4) 70 (26.5)
in contrast, was more frequent among patients with sICH .
) ) . Small-artery occlusion 4(7.4) 75 (28.4)
(71.4% vs. 30.6%, P = 0.001, Supplementary Table S1) and it
predicted sICH risk even after adjusting for individual CSVD i‘r"ke of "‘;her 267 5(19)
markers (OR 4.65, 95%CI 1.27-16.95, P = 0.020) or adjusting clermined cause
for total CSVD burden (OR 4.23, 95%CI 1.20-14.88, P = 0.024; Stroke of 3(56) 38 (14.4)
Supplementary Tables S2, S3). undetermined cause
Anterior leukoaraiosis
. . 0 20 (37.0) 139 (52.7) 0.010
Discussion
1 25 (46.3) 103 (39.0)
To our knowledge, this is the first retrospective study to 2 9(16.7) 22(8.3)
investigate the relationship between CSVD markers, as visualized (Continued)
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TABLE 2 Regression analysis to identify associations of
clinicodemographic characteristics with risk of hemorrhagic

Characteristic No HT transformation after intravenous thrombolysis®.
(n = 264)
i o Characteristic OR (95%Cl) p

Posterior leukoaraiosis

Age 0.97 (0.94-1.00) 0.067
0 23 (42.6) 172 (65.2) 0.001

Atrial fibrillation 5.11(2.32-11.24) <0.001
1 21 (38.9) 61 (23.1)

Baseline NIHSS score 1.05 (1.00-1.10) 0.035
2 10 (18.5) 31(11.7)

Baseline diastolic blood pressure 1.00 (0.98-1.02) 0.772
Severe anterior or 14 (25.9) 40 (15.2) 0.002
posterior leukoaraiosis Platelet count 0.99 (0.99-1.00) 0.518
Cortical atrophy Hyperlipidemia 0.62 (0.30-1.29) 0.205
0 6(11.1) 65 (24.6) <0.001 INR 0.16 (0.01-4.58) 0.286
1 29 (53.7) 166 (62.9) Severe leukoaraiosis (>2) 2.41 (1.05-5.50) 0.036
2 19(35.2) 33 (12.5) Severe brain atrophy (>2) 3.14 (1.43-6.92) 0.004
Central atrophy Severe lacune level (>2) 0.58 (0.23-1.45) 0.250
0 10 (18.5) 106 (40.2) <0.001 ?Adjusted for individual scores for leukoaraiosis, brain atrophy, or lacune.

Boldfaced values indicate statistically significant independent risk factors.
1 27 (50.0) 129 (48.9) OR, odds ratio; CI, confidence interval; INR, international normalized ratio; NIHSS, National
2 17 (31.5) 29 (11.0) Institutes of Health Stroke Scale.
Severe cortical or 26 (48.1) 45 (17.0) <0.001
central atrophy TABLE 3 Regression analysis to identify associations of
Lacune clinicodemographic characteristics with risk of hemorrhagic
transformation after intravenous thrombolysis®.
0 28 (51.9) 142 (53.8) 0.984
. 17 (259) 70 (26.5) ‘ Characteristic OR (95%Cl) p ‘
>2 9(222) 52(19.7) Age 0.97 (0.94-1.00) 0.144
Total CSVD score Atrial fibrillation 5.52(2.51-12.15) <0.001
0 19 (35.2) 166 (62.9) <0.001 Baseline NIHSS score 1.05 (1.00-1.10) 0.044
1 19(35.2) 62 (23.5) Baseline diastolic blood pressure 1.00 (0.98-1.02) 0.507
2 14 (25.9) 33 (12.5) Platelet count 0.99 (0.99-1.00) 0.534
3 2(37) 3(1.1) Hyperlipidemia 0.60 (0.29-1.24) 0.173
Total CSVD score > 1 35 (64.8) 98 (37.1) <0.001 INR 0.41 (0.01-10.78) 0.594
Values are n (%) or median (interquartile range), unless otherwise noted. Boldfaced values Total CSVD score > 1 2.87 (1.38-5.94) 0.005

differ significantly between the two groups.

#Mann-Whitney U test.

HT, hemorrhagic transformation; APTT, activated partial thromboplastin time; INR,
international normalized ratio; NIHSS, National Institutes of Health Stroke Scale; CSVD,
cerebral small vessel disease.

by CT, and risk of HT in AIS patients after IVT. Our results suggest
that severe leukoaraiosis, severe brain atrophy and total CSVD
burden in AIS patients prior to IVT are independently associated
with increased risk of HT after IVT.

Several studies have already shown strong links between
presence of leukoaraiosis and hemorrhage after IVT, but the
reasons for this correlation are unclear (16, 25-28). Leukoaraiosis
is thought to reflect ischemic white matter injury penetrating
small vessels in the distal deep artery or arteriole area,
which may reflect chronic endothelial dysfunction (29). At the
same time, leukoaraiosis may increase small vessel brittleness
and vascular rupture, leading to bleeding complications and
breakdown of the blood-brain barrier (29, 30). Inflammation
in the central nervous system or its periphery as well as
variations in blood pressure may also contribute to leukoaraiosis
pathogenesis (31-36).

Frontiersin Neurology

#Adjusted for total cerebral small vessel disease burden.

Boldfaced values indicate statistically significant independent risk factors.

OR, odds ratio; CI, confidence interval; INR, international normalized ratio; NIHSS, National
Institutes of Health Stroke Scale; CSVD, cerebral small vessel disease.

Similar to leukoaraiosis, brain atrophy has also been associated
with HT, though the mechanisms are unclear. One possibility
is that brain atrophy in AIS patients at least partly reflects
pre-existing brain injury due, for example, to degenerative
processes in dementia or subcortical vascular encephalopathy
(37). Our study is consistent with earlier work showing
that brain atrophy and other markers may reflect risk of
intracerebral hemorrhage (38). In contrast, we did not find
a significant relationship between lacune level and risk of
HT, similar to the few other studies that have examined this
question (39, 40).

It is clear that there is no single pathological mechanism
explaining how leukoaraiosis or brain atrophy leads to HT after
IVT. We found that the aggregate parameter of total CSVD
burden, when it was 1 or higher, predicted higher risk of HT
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after IVT. Total CSVD burden provides a more complete view
of the impact of CSVD on the brain, more so than individual
CSVD features, and it may be easier to use in the clinic. It
may also facilitate comparisons between medical centers, so
long as the definitions of single CSVD features are standardized
(19). Arguments could be made that the potential differences
in the pathogenic mechanisms leading to these different CSVD
features may render an aggregate index unreliable. However,
we would reason that leukoaraiosis, brain atrophy, and lacune
are all consequences of small vessel diseases and often occur
simultaneously, allowing their aggregation into a single, more
practical index that does not make detailed assumptions about
specific pathogenic mechanisms. The reliability and accuracy of
total CSVD burden for predicting HT risk should be examined
further in larger studies and benchmarked against magnetic
resonance imaging.

We did not find that CSVD markers alone or total CSVD
burden predicted increased risk of sSICH. A meta-analysis of 13
studies found that presence of leukoaraiosis or total CSVD burden
increased risk of sICH after IVT (16). However, only two of
those individual studies evaluated CSVD markers through CT.
The remaining studies used magnetic resonance imaging because
it is better at detecting cerebral microbleeds, which are closely
related to sICH (18). This may help explain why we failed to detect
correlations between CSVD markers and sICH. Another obstacle
to comparing our findings to the literature is that different studies
can define sICH differently (28, 41).

This study has some limitations. First, our study was
retrospective and included a small sample from a single center.
Second, we did not collect additional data relevant to prognosis,
such as the modified Rankin scale score after 3 months,
which may help clarify relationships between CSVD markers
and HT.

Despite these limitations, our results suggest that AIS patients
with severe leukoaraiosis, severe brain atrophy and total CSVD
burden >1 based on CT before IVT are at increased risk of HT
after IVT. These parameters might be useful markers to identity
patients with high risk of HT and assist the treatment decision-
making, thus it should be verified and further explored in larger,
prospective studies.
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Background: This study aimed to observe the effects of six different types of
Al rehabilitation techniques (RR, IR, RT, RT + VR, VR and BCIl) on upper limb
shoulder-elbow and wrist motor function, overall upper limb function (grip, grasp,
pinch and gross motor) and daily living ability in subjects with stroke. Direct and
indirect comparisons were drawn to conclude which Al rehabilitation techniques
were most effective in improving the above functions.

Methods: From establishment to 5 September 2022, we systematically searched
PubMed, EMBASE, the Cochrane Library, Web of Science, CNKI, VIP and
Wanfang. Only randomized controlled trials (RCTs) that met the inclusion criteria
were included. The risk of bias in studies was evaluated using the Cochrane
Collaborative Risk of Bias Assessment Tool. A cumulative ranking analysis by
SUCRA was performed to compare the effectiveness of different Al rehabilitation
techniques for patients with stroke and upper limb dysfunction.

Results: We included 101 publications involving 4,702 subjects. According to
the results of the SUCRA curves, RT + VR (SUCRA = 84.8%, 74.1%, 99.6%)
was most effective in improving FMA-UE-Distal, FMA-UE-Proximal and ARAT
function for subjects with upper limb dysfunction and stroke, respectively. IR
(SUCRA = 70.5%) ranked highest in improving FMA-UE-Total with upper limb
motor function amongst subjects with stroke. The BCI (SUCRA = 73.6%) also had
the most significant advantage in improving their MBI daily living ability.

Conclusions: The network meta-analysis (NMA) results and SUCRA rankings
suggest RT 4+ VR appears to have a greater advantage compared with other
interventions in improving upper limb motor function amongst subjects with
stroke in FMA-UE-Proximal and FMA-UE-Distal and ARAT. Similarly, IR had
shown the most significant advantage over other interventions in improving the
FMA-UE-Total upper limb motor function score of subjects with stroke. The
BCI also had the most significant advantage in improving their MBI daily living
ability. Future studies should consider and report on key patient characteristics,
such as stroke severity, degree of upper limb impairment, and treatment
intensity/frequency and duration.

Systematic review registration:
identifier: CRD42022337776.

www.crd.york.ac.uk/prospero/#recordDetail,

artificial intelligence rehabilitation, stroke, upper limb function, randomized controlled
trials, network meta-analysis
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Introduction

Globally, stroke is the leading cause of disability in adults, often
resulting in symptoms such as muscle weakness, sensory deficits,
spasticity, balance problems, reduced dexterity, communication
difficulties and cognitive impairment (1). Evidence shows that 40%
of people with a stroke still have upper limb impairment, which can
lead to limited movement (2-4). Meanwhile, only 5 to 20% of stroke
survivors recover full upper limb function, 25% recover partial
upper limb function, and 60% have a complete loss of upper limb
function (5). Consequently, reduced motor function of the upper
limb (e.g., reaching and grasping) can have a significant negative
impact on the ability to perform activities of daily living (ADLs)
(e.g., eating, dressing and washing) (6).

One study found changes in the affected upper limbs were
usually more apparent than in the affected lower limbs (7),
including functional limitations in the affected arms and slow,
uncoordinated movements of the hands (8, 9). Another study found
that subjects with strokes had difficulty performing reaching tasks
and movement when manipulating objects due to changes in timing
and coordination as well as abnormal postural adjustments (10, 11)
or were unable to control grip and fingertip strength (12, 13). Due
to a combination of physical, cognitive and perceptual problems,
those who have suffered strokes often have difficulty participating
in family, work and community life and performing ADLs such as
feeding, dressing and grooming (14).

Functional performance of the affected upper limbs can be
improved if the subject with stroke has adequate opportunities
for exercise. Different techniques and methods can be used
in rehabilitation management (e.g., physiotherapy, occupational
therapy, conductive education, splinting, pharmacotherapy and
surgery) and specific techniques (e.g., neurodevelopmental therapy
(NDT) or constraint-induced movement therapy (CIMT) (15-19).
However, no strong evidence exists about successful treatment
using any of these techniques or methods.

With the rapid development of rehabilitation management
technology, artificial intelligence (AI) technology, represented by
rehabilitation robots (RT), has received widespread attention from
medical researchers (20). Al is defined as the study of disciplines
that enable computers to simulate human thought processes
and intelligent behaviors (such as learning, reasoning, thinking,
planning, etc.). This study mainly includes assessing the principles
by which computers are manufactured to replicate and realize
human brain intelligence and can achieve higher-level applications
(21). Meanwhile, the upper limb RT is a medical robot that
facilitates the recovery of upper limb function by driving the

Abbreviations: Al, artificial intelligence; CT, control treatment; RT,
rehabilitation robots; BCI, brain - computer interface; VR, virtual reality; RR,
remote rehabilitation; RT + VR, rehabilitation robots + virtual reality; RCTs,
randomized controlled trials; ARAT, action research arm test; NMA, network
meta-analysis; ADL, activity of daily life; NDT, neurodevelopmental therapy;
CIMT, constraint induced movement therapy; FES, functional electronic
stimulation; EG, experimental group; CG, control group; FMA - UE, Fugl-
Meyer assessment upper extremity; MBI, modified barthel Index; OT,
occupational therapy; MTC, multiple treatment comparison; ITC, indirect

treatment comparison.
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patient through repetitive upper limb movement training with
mechanical assistance (22). Additionally, brain-computer interface
(BCI) electrical stimulation training is a new method of central
neurological intervention that collects signals from the patients
brain during motor imagery tasks, converts them into computer
commands, and applies electrical stimulation to the paralyzed
limb. This enables the establishment of a “central-peripheral-
central” closed-loop rehabilitation training model that promotes
central re-modeling and peripheral control, thereby facilitating the
recovery of motor function (23, 24).

Remote rehabilitation (RR) is a rehabilitation model that
uses Internet communication technology to achieve inter-temporal
treatment between medical workers and patients, which is
convenient, fast and without time and space boundaries, and
supports the continued rehabilitation training of patients after
discharge from hospital (25). Intelligent rehabilitation (IR) is a
new type of intelligent biofeedback therapy device which uses two-
dimensional virtual games as biofeedback to conduct interactive
training with patients through visual, auditory and tactile forms. IR
can be used to assess and train patients’ manual motor and sensory
functions and to rehabilitate people with cognitive impairment
(26). Similarly, virtual reality (VR) technology is an effective tool
for stroke rehabilitation, using computers to generate a virtual
environment that simulates reality and uses a variety of sensing
devices to “immerse” the user in that environment, enabling
the user to interact naturally with the virtual environment (27).
Combining the characteristics of the AI technologies mentioned
above reveals that BCI, RR and VR share common ground
regarding training characteristics. Moreover, IR contains the
virtual interactive scenarios found in VR technology. However,
the training principles of RR, RT and BCI are different. RT
emphasizes mechanical assistance for hemiplegic upper limbs, BCI
emphasizes central neural integration, based on central integration
and peripheral control to assist rehabilitation training, and RR
emphasizes online 5G technology to provide online rehabilitation
guidance for home rehabilitation patients. Non-invasive VR, on
the other hand, detects the thought activity of the brain through
a non-implantable device, and the signal is substantially attenuated
as it passes through the skull, resulting in low signal intensity and
accuracy. Invasive BCIs require the implantation of electrodes into
the cerebral cortex to enable interaction and thus have sufficiently
precise and risky properties.

Researchers Erosy and Iyigun demonstrated that virtual and
real boxing training significantly restored motor function in the
hemiplegic upper limbs of subjects with stroke, which supports
the effectiveness of virtual boxing training (28). Rodriguez-
Herndndez et al. showed that VR was more effective than
traditional rehabilitation methods in improving stroke patients’
quality of life (29). Also, another study found that combining
traditional physical fitness with VR technology increased patients’
interest in rehabilitation and made them more engaged, leading
to better clinical outcomes (30). Previous research confirms that
BCI combined with other treatments such as robotic orthoses,
mobile robots, VR devices and functional electrical stimulation
(FES) effectively improve limb function in subjects with stroke
(31). Another study confirmed that RR technology, based on large
data platforms, can enable patients to access quality rehabilitation
medical services at home, provide long-term rehabilitation support
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for patients and their families, reduce the gap between in- and out-
patients and facilitate function recovery as well as the continuity of
rehabilitation treatment (32).

However, the aforementioned studies all investigated the effect
of a single AI technique on upper limb function amongst subjects
with strokes. Network meta analysis (NMA) may provide a way
to address this issue. In randomized controlled trials (RCTs), a
quantitative summary of the “network of evidence” is achieved
by combining the direct and indirect effects of three or more
interventions compared with the same comparative intervention
(usually a control or no-treatment intervention) (33). This is
also referred to as a multiple treatment comparison (34). In
this way, NMA can quantitatively combine evidence on the
effectiveness of interventions directly compared in the same RCTs
(direct comparison) and interventions from different RCTs with a
common comparator (indirect comparison) (33).

At present, most of the meta-analyses at home and abroad
investigating Al rehabilitation focus on the single RR and the effects
of BCI, VR and RT on the upper limb function and motor function
of subjects with stroke. There are few reports on NMA analysis
of various Al techniques used in rehabilitating the upper limb
function of subjects with stroke (35-38). There is only one NMA
analysis on the use of upper limb RT in upper limb motor function
in subjects with stroke. The study observed its effect on upper limb
function in subjects with stroke by drawing multiple comparisons
among different models of upper limb RT. Its indirect comparison
showed that none of the types of upper limb RT were better or worse
than any other RT, nor did it provide clear evidence to support
the choice of a specific type of robotic device to facilitate arm
recovery (39).

The present NMA analysis integrates all new Al technologies
based on previous studies. Therefore, this study aimed to provide a
systematic overview of current RCTs of different modalities of AI
techniques and assess their relative effectiveness using an NMA.
We aimed to assess the relative influence of different modalities
of Al techniques on ADLs, hand/arm function and overall upper
limb motor function amongst subjects with strokes and explore the
safety of these techniques.

Methods

Study enrollment and reporting

The protocol was based on the preferred reporting items
for systematic reviews and meta-analyses protocols (PRISMA
guidelines 2020) (40). PRISMA extension statements were used to
ensure that all aspects of methods and results were reported (41).
The protocol is registered in PROSPERO [registration number
CRD42022337776
recordDetails)].

(https://www.Crd.york.ac.uk/prospero/#

Search strategy
The study was conducted using PubMed, Embase, Web

of Science, the Cochrane Library and CNKI, Wanfang and
VIP databases in English and Chinese. A comprehensive and
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reproducible literature search was undertaken up to September
2022. We developed a search strategy for a combination of thematic
terms and free terminology based on the Population, Intervention,
Comparison, Outcome, Study Design (PICOS) principles. The
specific search protocol included various medical topics and free-
text terms related to stroke, cerebrovascular disease, upper limb and
hand dysfunction and AI to obtain a broad range of literature for
further analysis. PubMed is used as an example, and the specific
search strategy is provided in Supplementary Table S1.

Inclusion criteria

The inclusion criteria were as follows: (1) Population: the
diagnostic criteria for stroke were met by the Classification of
Cerebrovascular Diseases, and a diagnosis of cerebral infarction or
cerebral hemorrhage was made by cranial CT or MRI (2, 42, 43).
Intervention: six Al technologies (RT, BCIL, RR, IR, VR, RT +
VR) were used as intervention methods, alone or in combination
with artificial intelligence rehabilitation; (3) Comparison: the
control group received only conventional rehabilitation or any of
the above intervention groups; (4) Outcome: primary outcome:
FMA-UE-Total, secondary outcome: FMA-UE-Distal, FMA-UE-
Proximal, ARAT and MBI; (5) Study design: only RCTs were
included in this study.

Exclusion criteria

The exclusion criteria were as follows: (1) other neurological
disorders; (2) no accurate diagnosis or inconsistent with the
included diagnosis; (3) no outcome indicators or inconsistent
with the study indicators; 4) interventions inconsistent with the
inclusion criteria; (5) duplicate published studies or incomplete
study data even after contacting the authors; and (6) systematic
reviews, meta-analyses, theoretical studies, expert reviews, animal
experiments, conference reports, economic analyses or case reports.

Study selection

EndNote (version X20, Clarivate, Philadelphia, Pennsylvania,
USA) was used to process the search records. Two reviewers (JL
and CW) independently screened the titles and abstracts against
the developed inclusion and exclusion criteria. This was followed
by reading the full text to exclude documents that did not meet the
inclusion criteria. Finally, the two authors identified the remaining
literature for inclusion. During this process, any discrepancies were
discussed and resolved by the third author (YZ).

Data extraction and quality assessment
We completed the data extraction using Microsoft Excel. The
data extraction was strictly based on author(s), year of publication,

specific information about treatment and control groups and
primary and secondary outcome indicators. Any disagreements
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FIGURE 1
Flow diagram of eligible studies selection process. CNKI, China national knowledge infrastructure; WanFang knowledge servise platform; VIP,
Chinese sceintific journals database; n, number of publications.

between the two reviewers (LZ and YZ) were judged by a third
reviewer (P.Z. Zhang). Two reviewers (YZ and CW) assessed
the potential risk of bias in each study by independently using
the Cochrane Risk of Bias Tool (44). We assessed seven areas:
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective outcome reporting and other
possible biases. Each item was rated as unknown, low, or high risk
of bias. The assessment was performed in Review Manager (version
5.3). The reviewer discrepancies were also addressed through
discussions with a third reviewer (PZ) (45).

Statistical analysis

When trials used the same testing procedure (e.g., Barthel
Index), we calculated the mean difference (MD) and the
corresponding 95% confidence interval (CI). We calculated
the standardized mean difference (SMD) using the 95% CI if
various outcome measures were used for a given endpoint. For
dichotomous endpoints, we determined the index of risk difference
(RD) using the 95% CI.

We generated visual forest plots for all direct and indirect
comparisons and compiled a relative ranking of each intervention
based on the surface under the cumulative ranking line (SUCRA)
(46). The SUCRA value calculates the percentage efficacy of each
individual intervention compared with the “ideal” treatment. We
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performed all statistical analyses using the software STATA MP
version 16.0 (47).

The network meta-analysis was based on a frequency approach,
with weighted least squares for multiple regression with random
effects. The method allows full consideration of multi-arm studies
and includes restricted maximum likelihood estimates (48).

To test the possible assumptions of the transitivity hypothesis,
we assessed global inconsistency utilizing consistency and
inconsistency models (48, 49). Transitivity implies no systematic
differences between the individual arms of the studies. At the local
level, we used a node-splitting approach (48, 50). In addition to
quantitative testing, we also qualitatively validated test descriptions
that contained significant effect modifiers.

In the network diagram, we assessed the risk of bias between
trials for each dimension as a study-level covariate along three
dimensions (randomized sequences, hidden and blinded for
randomized sequences).

Results

Results of study identification and selection

We included a total of 33,306 studies using the original
search terms and 73 original studies in combination with the
manual search. After screening for duplicates by de-duplication,
we obtained 25,770 original papers. Following this, we obtained
18,387 original papers by applying the inclusion and exclusion
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criteria combined with abstract reading. After reading the full
texts, we obtained 91 original papers (including 8,700 deleted for
study purposes, 1,599 deleted for study subjects, 2,141 deleted for
intervention methods, 783 deleted for outcome indicators, 1,799
deleted for non-RCTs, 345 deleted for data format discrepancies,
2,660 deleted for duplicate publications and 259 deleted for other
reasons). Finally, we included 101 studies (Among them, 91 were
filtered and 10 were manually searched according to the purpose of
the study) in the risk assessment and NMA. The process of selection
of the eligible studies was shown in Figure 1.

Characteristics of the included studies

We eventually included 101 RCTs, with 2,390 participants
in the experimental group (EG) and 2,312 in the control group
(CG). Of the 101 studies included, 44 were published in Chinese
and 57 in English. The publication period was from 2008 to
2022. The primary outcome indicator was FMA-UE-Total, and the
secondary indicators were FMA-UE-Distal, FMA-UE-Proximal,
Modified Barthel Index (MBI) and ARAT. Table 1 details the
essential characteristics of the included studies.

Quality assessment of the included studies

We assessed the risk of bias for each study using the Cochrane
Risk of Bias Tool. All studies included RCTs that reported the
random sequence generation and allocation concealment with a
low risk of bias. Almost two-thirds of the studies were shown to
be at low risk in both the blinding of participants and personnel
and the blinding of outcome assessment. Of these, only 10% of
the studies in the blinding of participants and personnel showed
high risk, and 10% showed unclear risk. In the blinding of outcome
assessment, ~ 20% of the studies showed high risk, and 20% showed
unclear risk. Of the incomplete outcome data, ~ 70% showed
unclear risk, 5% showed low risk and 25% showed high risk. In the
selective reporting, ~ 15% showed low risk, 60% showed unclear
risk and 25% showed high risk. Of the other biases, ~ 35% showed
low risk, 30% showed unclear risk and 30% showed high risk.
Figure 2 contains detailed information on the risk of bias.

Results of the network meta-analysis

Evidence network diagram

A total of 101 studies, 4,702 subjects were included in this study
involving six interventions (RT, BCL, RR, IR, VR, RT + VR). A
total of 71 studies were included in the network evidence map of
the FMA-UE-Total involving the following interventions: CT, RT,
BCL RR, IR, VR, and RT + VR. We included a total of 49 studies in
the MBI network evidence map involving interventions such as CT,
RT, BCL, RR, IR, VR, and RT 4+ VR. We included 22 studies in the
ARAT network evidence map involving CT, RT, BCL, RR, IR, VR,
and RT 4+ VR interventions. Moreover, we included a total of 26
studies in the FMA-UE-Proximal network evidence map involving
interventions such as CT, RT, BCI, RR, IR, VR, and RT + VR, and
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we included 28 studies in the network evidence map for the FMA-
UE-Distal, involving interventions such as CT, RT, BCL, RR, IR, VR,
and RT + VR. Figures 3A-E shows the details of the NMA map.

Primary outcome

FMA-UE-total

We included 71 studies in the FMA-UE-Total in the
comparison (51-66, 69-80, 87, 88, 91, 92, 147). As the network
evidence map in this study did not form a closed loop, indirect
comparisons and inconsistency tests could not be performed (148).
However, P > 0.05 in the consistency test indicated excellent
consistency and stability of the studies.

The NMA results showed that all interventions were not
statistically significant, indicating that Al rehabilitation techniques
did not significantly improve upper limb motor function amongst
subjects with strokes (see Table 2). Figure 4A shows the SUCRA
rankings for all treatments. Based on the results of the SUCRA
analysis, IR [(SMD = 0.02, 95%CI = (—0.40, 0.43)] (SUCRA,
70.5%) was the most effective intervention for improving upper
limb motor function amongst subjects with strokes, followed by
BCI [(SMD = 0.001, 95%CI = (—0.46, 0.46)] (SUCRA, 69.5%); RT
+ VR [(SMD = 0.06, 95%CI = (—0.39, 0.51)] (SUCRA, 65.9%);
VR [(SMD = 0.06, 95%CI = (—0.36, 0.48)] (SUCRA, 58.1%);
RR [(SMD = 0.07, 95%CI = (—0.30, 0.45)] (SUCRA, 45.6%); RT
[(SMD = 0.05, 95%CI = (—0.09, 0.20)] (SUCRA, 28.0%) and CT
(SUCRA, 12.3%).

Secondary outcome

Modified barthel index

A total of 49 studies were included in the comparison of the
MBI. As the network evidence map in this study did not form
a closed loop, inconsistency tests could not be performed (148).
However, P > 0.05 in the consistency test indicated excellent
consistency and stability of the studies.

The NMA results showed no significant differences between the
interventions for both direct and indirect comparisons, indicating
that different modalities of AI technology had no significant
effect on improving MBI function in subjects with stroke (see
Table 3). Figure 4B shows the SUCRA rankings for all treatments.
According to the results of the SUCRA analysis, BCI [(SMD = 0.03,
95%CI = (—0.24, 0.29)] (SUCRA, 73.6%) was the most effective
intervention for improving quality of daily life amongst subjects
with strokes, followed by RR [(SMD = 0.001, 95%CI = (—0.22,
0.23)] (SUCRA, 68.1%); RT [(SMD = 0.04, 95%CI = (—0.23,
0.31)] (SUCRA, 67.8%); IR [(SMD = 0.05, 95%CI = (—0.25, 0.36)]
(SUCRA, 54.6%); VR [(SMD = 0.09, 95%CI = (—0.34, 0.51)]
(SUCRA, 41.1%); RT 4+ VR [(SMD = —0.03, 95%CI = (—0.39,
0.34)] (SUCRA, 26.5%) and CT (SUCRA, 18.4%).

FMA-UE-proximal
We included 26 studies in the FMA-UE-Proximal comparison.
As the network evidence map in this study did not form a closed
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TABLE 1 Description of the basic characteristics of the included studies.

Location

Duration of
intervention

Sex (M/F)

Age (years)

Ending indicators

Suetal. (51) China 4 weeks Sub-acute stroke EG:RT+CT 60 14/16 65.53 + 5.46 FMA-UE, FMA-D, FMA-P, MBI
CG:CT 15/15 64.97 £+ 4.88

Taravati et al. (52) Turkey 12 weeks Chronic stroke EG:RT+CT 37 14/3 50.94 £17.20 FMA-UE
CG:CT 14/6 55.75 £ 11.61

Sale et al. (53) Italy 6 weeks Sub-acute stroke EGRT 53 11/15 67.7(65.8-77.0) FMA-UE
CG:CT 11/16 67.7(69.0-78.0)

He et al. (54) China 4 weeks Stroke EG1:RT+CT 60 26/4 57.67 £+ 12.98 FMA-UE, MBI
CG:CT 26/4 57.53 £ 14.61

Burgar et al. (55) USA 6 months Stroke EG1:RT-Lo 54 9/10 62.5+2.0 FMA -UE,
EG2:RT-Hi 9/8 58.6 £2.3
CG:CT 5/13 68.1 £33

de Araujo et al. (56) Brazil 8 weeks Chronic stroke EG:RT 12 5/1 42.83 £+ 14.04 FMA-UE, FMA-D, FMA-P
CG:CT 5/1 52.67 £17.84

Housman et al. (57) USA 6 months Chronic stroke EG:RT 28 717 542 +11.9 FMA-UE, MBI
CG:CT 11/3 56.4+12.8

Hsieh et al. (58) Taiwan 4 weeks Chronic stroke EGIL:HI-RT 18 4/2 56.04 + 13.07 FMA -UE,
EG2:LI-RT 4/2 52.45+1.98
CG:CT 5/1 54.00 £ 8.05

Page et al. (59) USA 8 weeks Stroke EG:RT 16 3/5 59.0 £12.9 FMA-UE, MBI
CG:CT 8/0 58.5+9.5

Timmermans et al. Netherlands 6 months Chronic stroke EG:RT 22 8/3 61.8+6.8 FMA-UE, ARAT

(60)
CG:CT 8/3 56.8 £ 6.4

Budhota et al. (61) Singapore 6 weeks Sub-acute stroke EG:RT 44 11/11 56.32 +10.37 FMA-UE, ARAT
CG:CT 14/8 54.59 £ 10.92

Zhang et al. (62) China 4 weeks Stroke EG:RT+CT 40 14/6 67.3+6.0 FMA-UE, MBI,
CG:CT+OT 12/8 66.4 + 4.4

Sun et al. (63) China 4 weeks Stroke EG:RT+CT 70 21/17 59.11 £9.99 FMA-UE, MBI
CG:CT 17/15 58.06 £ 10.70
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TABLE 1 (Continued)

Location Duration of Sex (M/F) Age (years) Ending indicators
intervention

Tomic¢ et al. (64) Serbia 3 weeks Stroke EG:RT 26 12/1 56.5+ 7.4 FMA-UE, MBI
CG:CT 9/4 583+5.2

Conroy et al. (65) USA 12 weeks Chronic stroke EG:RT+CT 45 15/8 56.4 +12.7 FMA-UE, FMA-D, FMA-P
CG:CT+TTT 14/8 55.7 £10.2

Fan et al. (66) China 12 weeks Acute-stroke EG:RT+CT 100 29/21 64.46 + 8.81 FMA-UE, FMA-D, FMA-P, MBI
CG:CT 30/20 68.00 + 8.81

Lee etal. (67) Korea 2 weeks Stroke EG:RT 44 15/7 50.27 £11.11 MBI
CG:CT 14/8 52.32 + 8.66

Villafafie et al. (68) Ttaly 3 weeks Stroke EG:RT+CT 32 11/5 NA MBI
CG:CT 10/6 NA

Zhang et al. (69) China 4 weeks Stroke EG:RT+CT 12 4/2 355+9.0 FMA-UE
CG:CT 5/1 47.0 £ 10.0

Zhang et al. (70) China 1 month Stroke EG:RT+CT 40 12/8 53.2+9.1 FMA-UE, MBI
CG:CT 11/9 529+ 8.6

Heetal. (71) China 12 weeks Acute-stroke EG:RT+CT 46 16/7 55.82 £ 11.25 FMA-UE, MBI
CG:CT+TTT 15/8 54.37 £11.02

Singh et al. (72) India 4 weeks Chronic stroke EG:RT 23 NA 41.1 £12.8 FMA-UE, FMA-D, FMA-P, MBI
CG:CT NA 42.74+9.3

Jiang et al. (73) China 2 weeks Sub-acute stroke EG:RT 45 9/14 62.43 £11.29 FMA-UE, MBI
CG:CT 7/15 66 £ 11.51

Gandolfi et al. (74) Ttaly 12 weeks Chronic stroke EG:RT 32 12/4 59.31 & 14.40 FMA -UE
CG:CT 10/6 59.13 £+ 14.97

Dehem et al. (75) Belgium 6 months Stroke EG:RT 45 11/12 67.1 +11.1 FMA-UE,
CG:CT 10/12 68.6 £ 19.1

Carpinellaetal. (76) | Italy 3 months Sub-acute stroke EG:RT 224 63/48 69.5+10.9 FMA-UE, MBI
CG:CT 64/49 68.5+11.5

Xuetal. (77) China 6 weeks Sub-acute stroke EG:RT 40 15/5 622+10.1 FMA-UE, MBI
CG:0T 14/6 60.7 £ 10.6
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TABLE 1 (Continued)

Location

Duration of
intervention

Sex (M/F)

Age (years)

Ending indicators

Huang et al. (78) Hong Kong 5 weeks Chronic stroke EG:Clinic-RT 32 8/8 53.50 & 13.08 FMA-UE, ARAT, FMA-D, FMA-P
CG:Lab-RT 12/4 53.06 £ 10.27

Susanto et al. (79) Hong Kong 6 months Chronic stroke EG:RT 19 7/2 50.7 £ 9.0 ARAT, FMA-UE, FMA-D, FMA-P
CG:CT 7/3 55.1 +10.6

Carpinella et al. (76) Ttaly 3 months Chronic stroke EG:RT 38 9/10 67.0 (58.0-70.0) FMA-UE, FMA-D, FMA-P
CG:CT 9/10 59.0 (46.0-69.0)

Dehem et al. (75) Korea 4 weeks Chronic stroke EGL:EXO-RT 38 15/4 49.47 £ 10.88 FMA-UE, MBI
CG:EE-RT 11/8 54.00 £ 10.01

Wu et al. (80) Taiwan 4 weeks Chronic stroke EGI1:RBAT 42 10/4 55.13 £ 12.72 FMA-UE, FMA-D, FMA-P, MBI
EG2:TBAT 12/2 57.04 £ 8.78
CG:CT 10/4 51.30 £6.23

Abd El-Kafy et al. Saudi Arabia 12 weeks stroke EG:VRT+RT+CT 36 NA NA ARAT

(81)
CG:CT

Hu et al. (82) China 4 weeks stroke EG1:VRT+CT 65 14/8 56.64 + 11.37 FMA-UE, MBI, ARAT
EG2:RT+CT 11/11 59.78 £11.13
EG3:VRT4+RT+CT 14/7 57.89 £ 11.88

Chen et al. (83) China 2 weeks stroke EG:VRT+RT+CT 30 12/3 59.40 + 11.06 FMA-UE, MBI
CG:CT 7/8 63.60 £ 10.04

Wang et al. (84) China 8 weeks Chronic stroke EG1 :RT+CT 48 13/11 56.16 £ 4.52 FMA-UE, MBI
EG2:VRT+CT 14/10 55.72 £ 4.66

Gueye et al. (85) Czech Republic 3 weeks Sub-acute stroke EG:VRT 50 14/11 66.56 +12.26 FMA-UE
CG:CT 15/10 68.12 £ 11.97

Zhao et al. (86) China 4 weeks Sub-acute stroke EG:BCIT 28 13/1 50.1 +11.1 FMA-UE, MBI
CG:CT 12/2 56.16 £ 11.5
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TABLE 1 (Continued)

Location

Duration of
intervention

Sex (M/F)

Age (years)

Ending indicators

Wang et al. (87) China 4 weeks stroke EG:BCIT+CT 40 9/11 69.05 + 5.79 FMA-UE, MBI, ARAT
CG:CT 12/8 67.25+4.78

Lee et al. (88) Korea 4 weeks stroke EG:BCIT+CT 26 4/9 55.15+ 11.57 FMA-UE, MBI, WMFT
CG:CT 6/7 58.30 £9.19

Ang et al. (89) Singapore 6 weeks stroke EG1:BCI-Manus 26 9/2 48.5£13.5 FMA-UE
EG2:Manus 8/7 53.6+9.5

Xu et al. (90) China 8 weeks stroke EG:BCI+CT 32 15/1 72.42 + 8.56 FMA-UE, MBI
CG:CT 15/1 76.81 £9.57

Liang et al. (91) China 4 weeks stroke EG:BCI4+CT 30 12/3 57.94 + 8.84 FMA-UE, MBI
CG:CT 9/6 50.06 £ 13.46

Lietal. (92) China 8 weeks stroke EG:BCI+CT 14 5/2 66.29 + 4.89 FMA-UE, ARAT
CG:CT 5/2 60.00 £ 6.30

Xiang et al. (93) China 6 weeks stroke EG:BCI+CT 94 22/25 58.6 £2.7 FMA-UE, MBI
CG:CT 26/21 60.2 £+ 1.9

Ren and Xie (94) China 4 weeks stroke EG:BCI4+CT 60 18/12 41.77 £ 8.65 FMA-UE, MBI
CG:CT 20/10 40.7 £+ 8.15

Chen et al. (95) China 4 weeks stroke EG:BCI 14 7/0 41.6 £ 12.0 FMA-UE
CG:CT 5/2 52.0 £ 11.1

Frolov et al. (2019) American 2 weeks stroke EG:BCI+CT 74 34/21 58.0 £ 12.59 FMA-UE, ARAT
CG:CT 14/5 58.0+11.11

Kim et al. (96) American 4 weeks stroke EG:BCI+CT 30 6/9 59.07 + 8.97 FMA-UE, MBI
CG:CT 6/9 59.93 £9.79

Mihara et al. (97) American 2 weeks stroke EG:BCI+CT 20 8/2 NA FMA-UE, ARAT
CG:CT 4/6 NA
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TABLE 1 (Continued)

Location Duration of Sex (M/F) Age (years) Ending indicators
intervention

Zhang et al. (62) China 8 weeks stroke EG:BCIT+CT 30 11/4 60.93 £ 6.76 FMA-UE, MBI
CG:CT 11/4 57.87 £ 8.61

Wu et al. (98) China 8 weeks Chronic stroke EG:RR+CT 80 19/21 57.45 + 9.98 FMA-UE, MBI
CG:CT 27/13 61.45+9.83

Xue et al. (99) China 8 weeks Chronic stroke EG:RR+CT 60 NA NA FMA-UE, MBI
CG:CT NA NA

Wang et al. (100) China 4 weeks Chronic stroke EG:RR+CT 38 15/4 53.22 +10.65 FMA-UE, MBI
CG:CT 14/5 53.05 + 14.83

Wang et al. (101) China 48 weeks stroke EG:RR+CT 60 24/6 58.0 £ 12 FMA-UE, MBI
CG:CT 22/8 60.00 £9

Gao etal. (102) China 12 weeks stroke EG:RR+CT 40 12/6 532+17.1 FMA-UE, MBI
CG:CT 14/8 522+ 14.1

Chen etal. (103) China 24 weeks stroke EG:RR+CT 54 18/9 66.52 £ 12.08 FMA-UE, MBI
CG:CT 15/12 66.15 £ 12.33

Chen (104) China 8 weeks stroke EG:RR 44 26/6 65.3 £13.2 FMA-UE
CG:CT 14/8 67.1 £10.7

Maeno et al. (105) China 24 weeks stroke EG:RR 100 31/19 66.50 + 11.45 MBI
CG:CT 36/14 66.7 £11.76

Lin et al. (106) China 4 weeks stroke EG:RR 24 2/10 74.6 £2.3 MBI
CG:CT 5/7 75.6 £ 3.4

Chaiyawat et al. Thailand 24 weeks stroke EG:RR 60 14/16 67+7 MBI

(107)
CG:CT 13/17 66 £ 11
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TABLE 1 (Continued)

Location

Duration of
intervention

Sex (M/F)

Age (years)

Ending indicators

Redzuan et al. (108) Malaya 12 weeks stroke EG:RR 90 21/23 63.7 £ 12 MBI
CG:CT 31/15 59.40 £ 11
Piron et al. (109) Venezia 4 weeks stroke EG:RR 36 11/7 66 + 7.9 FMA-UE
CG:CT 10/8 64.4+£7.9
Lietal. (110) China 12 weeks stroke EG:RR 101 28/23 65.69 £ 11.32 FMA-UE, MBI
CG:CT 27/23 65.51 +13.02
Kwon etal. (111) Korea 4 weeks stroke EG:VR 26 9/4 57.14 + 15.42 FMA - UE, FMA - P, FMA - D, MBI
CG:CT 5/8 57.92 £12.32
Chen etal. (112) China 48 weeks stroke EG:VR+RT 49 19/4 64.31 £6.11 FMA - UE, FMA - P, FMA - D, MBI
CG:CT 14/12 66.42 £5.6
Jiang (113) China 2 weeks stroke EG:VRT+RT+CT 40 9/11 63.15 £ 11.79 FMA - UE, FMA- P, FMA - D, MBI
CG:CT 15/5 65.10 +9.14
Wei (114) China 3 weeks Stroke EG:IR 120 37/23 66.3 £5.2 FMA - UE
CG:CT 35/25 65.7 £5.4
Wang (115) China 12 weeks Stroke EG:IR+CT 110 27/28 64.23 £5.95 FMA - UE
CG:CT 31/24 63.08 £ 6.14
Prange et al. (116) Netherlands 6 weeks Sub-acute stroke EG:IR 68 17/18 60.3£9.7 FMA - UE
CG:CT 14/19 58 +11.4
Leeetal. (117) Korea 2 weeks Stroke EG:IR+CT 50 14/11 55.76 £ 13.6 MBI
CG:CT 12/13 57.88 £11.12
McNulty et al. (118) Australia 2 weeks Stroke EG:IR 41 13/8 59.9 £13.8 FMA - UE
CG:CT 18/2 56.1 £ 17
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TABLE 1 (Continued)

Location Duration of Sex (M/F) Age (years) Ending indicators
intervention

Norouzi-Gheidari Canada 4 weeks Stroke EG:VR+CT 18 5/4 422+95 FMA-UE

etal. (119)

Lin et al. (120) China 4 weeks Chronic stroke EGTG 33 12/4 52.63 +10.49 FMA - UE, FMA - P, FMA - D
CG:CT 16/1 57.47 £10.29

Keskin et al. (121) Turkey 6 weeks Stroke EG:VR+CT 24 4/8 63.6 +9.2 FMA - UE
CG:CT 5/7 63.6£7.1

El-Kafy et al. (122) Norway 12 weeks Chronic stroke EG:VR+CT 40 16/4 54.46 +4.27 ARAT
CG:CT 15/5 53.32£5.13
CG:CT 5/4 57.6 £10.5

Choi etal. (123) Korea 2 weeks Ischemic stroke EG:VR+CT 24 715 61 £15.2 FMA-UE
CG:CT 6/6 72.14+9.9

Anwar et al. (124) Pakistan 6weeks Stroke EG:VR 68 20/14 51.56 &+ 7.19 FMA-UE
CG:CT 14/20 51.35+5.78

Kim et al. (125) China 4 weeks Stroke EG:VR+CT 60 16/14 70.31 £ 3.81 FMA-UE
CG:CT 17/13 69.83 £ 3.27

Xiao et al. (126) China 4 weeks Sub-acute stroke EG:VR 35 10/6 56.12 £9.01 FMA-UE, MBI
CG:CT 12/7 53.67 £ 8.03

Boetal. (127) China 4 weeks Stroke EG:VR+CT 60 23/7 64.0 £7.74 FMA-UE, MBI
CG:CT 25/5 62.4+£9.77

Kim (128) China 2 weeks Stroke EG:VR 30 10/5 61.4+ 8.1 FMA-UE
CG:CT 9/6 58.8+£9.5

Tian et al. (129) China 4 weeks Stroke EG:VR+CT 60 21/9 57.4+11.34 FMA-UE, MBI
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TABLE 1 (Continued)

Location Duration of Sex (M/F) Age (years) Ending indicators
intervention

CG:CT 19/11 58.13 £12.57

Lee et al. (130) Korea 4 weeks Stroke EG:VR+CT 10 3/2 65.2+5.0 FMA-UE
CG:CT 2/3 66.2 + 3.4

Kong et al. (131) Singapore 3 weeks Stroke EGI1:VR 102 27/5 581+09.1 FMA-UE, ARAT
EG2:CT 25/8 59.0 £13.6
CG:CC 25/12 558+ 11.5

Park et al. (132) Korea 4 weeks Stroke EG:VR+CT 25 7/5 53.5+13.0 FMA-UE, FMA-P, FMA-D, MBI
CG:CT 8/5 51.5+16.7

Brunner et al. (133) Norway 4 weeks Stroke EG:VR 130 42/20 62 + 16.5 ARAT
CG:CT 35/23 62+ 11.5

Choi et al. (134) Korea 4 weeks Sub-acute stroke EG:VR 20 5/5 64.30 £ 10.3 FMA-UE
CG:CT 5/5 64.70 £ 11.3

Thielbar et al. (135) USA 6 weeks Stroke EG:VR 14 4/3 54+7 ARAT
CG:CT 5/2 59£6

Kiper et al. (136) Ttaly 4 weeks Stroke EG:VR 44 14/9 63.1+9.5 FMA-UE
CG:CT 15/6 65.5 £+ 14.2

Lee etal. (137) Korea 4 weeks Stroke EG:VR+CT 24 5/7 58.33 £10.17 FMA-UE
CG:CT 6/6 65.42 £9.77

Kwon etal. (111) Korea 4 weeks Stroke EG:VR+CT 26 9/4 57.15+ 15.42 FMA-UE, MBI
CG:CT 5/8 57.92 £12.32

Crosbie et al. (138) UK 3 weeks Stroke EG:VR 18 5/4 56.1 + 14.5 ARAT
CG:CT 5/4 64.6 +7.4
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TABLE 1 (Continued)

Location

Duration of
intervention

Sex (M/F)

Age (years)

Ending indicators

Yin et al. (139) Singapore 2 weeks Stroke EG:VR+CT 23 6/5 62 +16.3 FMA-UE, ARAT
CG:CT 10/2 56 £ 11.1
Zhou et al. (140) China 12 weeks Stroke EG:RR+CT 75 21/16 55.00 £5.15 ARAT, FMA-UE, MBI
CG:CT 20/18 55.97 £ 6.17
Ogiin etal. (141) Tiirkiye 6 weeks Ischemic stroke EG:VR 65 28/5 61.48 £ 10.92 ARAT, FMA-UE, MBI
CG:CT 23/9 59.75 £ 8.07
Nijenhuis et al. Netherlands 6 weeks Chronic stroke EGIR 20 713 58 £12.59 ARAT
(142)
CG:CT 3/7 624 11.85
Wolf et al. (143) USA 8 weeks Stroke EG:RR+CT 99 31/17 54.7 £ 122 ARAT, FMA-UE, FMA-P, FMA-D
CG:CT 25/26 59.1 £ 14.1
Chen et al. (144) China 2 weeks Stroke EG:VR 36 10/8 57.8 +8.4 ARAT, FMA-UE
CG:CT 10/8 58.4+93
Rand et al. (86) Israel 5 weeks Chronic stroke EG:IR 24 9/4 59.1 £10.5 ARAT
CG:CT 6/5 64.9 £ 6.9
Qian et al. (145) China 12 weeks Sub-acute stroke EG:RR 24 9/5 54.6 +11.3 ARAT, FMA-UE, FMA-P, FMA-D
CG:CT 6/4 64.6 £3.43
Huijgen et al. (146) Netherlands 4 weeks Stroke EG:RR+CT 17 2/9 69+ 8 ARAT
CG:CT 4/1 717

ARAT, action research arm test; AST, arm supporting training; BCI, brain-computer interface; CG, control group; CT, conventional rehabilitation; D, distal; RR, remote rehabilitation training; EG, experimental group; EE, end - efector; EXO, exoskeleton; FMA -
UE, fugl-meyer assessment upper extremity; HI, higher intensity; IR, intelligent rehabilitation; LI, lower intensity; Lo, low dose; MBI, modified barthel index; mCIMT, modified constraint induced movement therapy; OT, occupational therapy; P, proximal; RBAT,

robot-assised bilateral arm training; RT, robot treatment; RR, remote rehabilitation; TBAT, therapist-based arm training; TT'T, transition-to-task therapy; VRT, virtual reality training; WMT, wii-based movement therapy.
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presents as percentages across all included studies. (B) Risk of bias summary: review authors judgements about each risk of bias item for each

(A) Risl of bias graph: review authors judgments about each risk of bias item

FIGURE 3

Network meta-analysis diagrams of eligible comparisons. (A) FMA-UE-To
Width of the lines is proportional to the number of trial. Size of every circ

(IR); 6, Virtual reality (VR); 7, Robot training + virtual reality (RT+VR).

>
>

size). 1, conventional training (CT); 2, Robot training (RT); 3, Brain-computer interface (BCl); 4, Remote rehabilitation (RR); 5, Intelligent rehabilitation

tal, (B) MBI, (C) FMA-UE-Proximol, (D) FMA-UE-Distal, (E) FMA-UE-ARAT.
le is proportional to the number of randomly assignes participants (sample

loop, inconsistency tests could not be performed (148). However,
P > 0.05 in the consistency test indicates excellent consistency and
stability of the studies.

The NMA study showed there were significant differences in
direct comparisons between VR + RT [(SMD = 0.43, 95%CI
= (0.01, 0.85)], RT [(SMD = 0.32, 95%CI = (0.07, 0.59)] and
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CT. There were no significant differences in direct and indirect
comparisons between the other interventions. This suggests VR
+ RT and RT effectively improve motor function of the upper
limb shoulder and elbow joints amongst subjects with strokes
(see Table4). Figure 4C shows the SUCRA rankings for all
treatments. Based on the results of the SUCRA analysis, RT + VR
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TABLE 2 Network analysis results of the FMA — UE -total.

10.3389/fneur.2023.1125172

0.02 (—0.40, 0.43) BCI
0.02 (—0.50, 0.54) 0.00 (—0.46, 0.46) RT+VR
0.08 (—0.33, 0.49) 0.06 (—0.27, 0.39) 0.06 (—0.39, 0.51) VR
0.14 (—0.34, 0.62) 0.12 (—0.30, 0.54) 0.12 (—0.40, 0.64) 0.06 (—0.36, 0.48) RR
0.21 (—0.16, 0.58) 0.19 (—0.09, 0.47) 0.19 (—0.23,0.61) 0.13 (—0.14, 0.41) 0.07 (—0.30, 0.45) RT
0.26 (—0.07, 0.60) 0.25(0.01, 0.48) 0.24 (—0.15, 0.63) 0.18 (—0.05, 0.41) 0.13 (—0.22, 0.47) 0.05 (—0.09, 0.20) CT
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FIGURE 4
Cumulative probability ranking curve of different interventions. (A) FMA-UE-Total, (B) MBI, (C) FMA-UE-Proximal, (D) FMA-UE-Distal, (E)
FMA-UE-ARAT. The fuller the area under the curve, the more effective it is. 1, conventional training (CT); 2, Robot training (RT); 3, Brain-computer
interface (BCI); 4, Remote rehabilitation (RR); 5, Intelligent rehabilitation (IR); 6, Virtual reality (VR); 7, Robot training + virtual reality (RT+VR).

(SUCRA, 84.8%) was the most effective intervention for improving
shoulder and elbow joint motor function amongst subjects with

strokes, followed by RT (SUCRA, 75.5%), BCI [(SMD = 0.10,
95%CI = (—0.49, 0.69)] (SUCRA, 54.7%); VR [(SMD = 0.01,
95%CI = (—0.62, 0.63)] (SUCRA, 39.6%); RR [(SMD = 0.04,
95%CI = (—0.57, 0.65)] (SUCRA, 38.9%), IR [(SMD = 0.05,

95%CI = (—0.36, 0.45)] (SUCRA, 34.2%) and CT (SUCRA, 22.3%).

FMA-UE-Distal

We included 28 studies in the FMA-UE-Distal comparison. As
the network evidence map in this study did not form a closed loop,
inconsistency tests could not be performed. However, P > 0.05 in
the consistency test indicates excellent consistency and stability of
the studies.

The NMA results showed no significant differences between
the interventions, compared directly and indirectly, suggesting
different modalities of Al techniques did not significantly influence
the improvement of wrist joint motor function in the upper limbs
of subjects with stroke (see Table 5). Figure 4D shows the SUCRA
rankings for all treatments. Based on the results of the SUCRA
analysis, RT + VR [(SMD = 0.03, 95%CI = (—0.47, 0.52)] (SUCRA,
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74.1%) was probably the most effective intervention for improving
wrist joint motor function amongst subjects with strokes, followed
by RR [(SMD = 0.06, 95%CI = (—0.35, 0.46)] (SUCRA, 70.1%);
RT [(SMD = 0.11, 95%CI = (—0.29, 0.51)] (SUCRA, 63.8%); BCI
[(SMD = 0.02, 95%CI = (—0.52, 0.55)] (SUCRA, 40.8%); VR
[(SMD = —0.001, 95%CI = (—0.41, 0.41)] (SUCRA, 38.5%); CT
[(SMD = 0.05, 95%CI = (—0.33, 0.44)] (SUCRA, 32.5%) and IR
(SUCRA, 30.4%).

Action research arm test

A total of 22 studies were included in the ARAT comparison
(60, 81, 82, 131, 133, 139, 142, 144, 149). As the network evidence
map in this study did not form a closed loop, inconsistency tests
could not be performed (148). However, P > 0.05 in the consistency
test indicated excellent consistency and stability of the studies.

The NMA results showed significant differences in all
interventions compared to CT, suggesting RT + VR [(SMD =
0.73, 95%CI = (0.20, 1.26)], VR [(SMD = 0.73, 95%CI = (0.14,
1.32)], BCI [(SMD = 0.78, 95%CI = (0.25, 1.31)], RT [(SMD =
0.93, 95%CI = (0.17, 1.70)], IR [(SMD = 0.92, 95%CI = (0.36,
1.48)] and RR [(SMD = 0.91, 95%CI = (0.44, 1.39)] were effective
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TABLE 3 Network analysis results of the MBI.

BCI

0.03 (—0.24, 0.29)

RR

10.3389/fneur.2023.1125172

0.03 (—0.24,0.29)

0.00 (—0.22, 0.23)

RT

0.07 (—0.23,0.37)

0.04 (—0.22, 0.31)

0.04 (—0.23,0.31)

IR

0.12 (—0.18, 0.42)

0.10 (—0.17, 0.37)

0.09 (—0.17, 0.36)

0.05 (—0.25, 0.36)

VR

0.21 (—0.22, 0.63)

0.18 (—0.22, 0.58)

0.18 (—0.22, 0.58)

0.14 (—0.29, 0.56)

0.09 (—0.34,0.51)

RT+VR

0.18 (—0.03, 0.39)

0.16 (—0.01, 0.32)

0.15(—0.01, 0.31)

0.11 (—0.10, 0.32)

0.06 (—0.16, 0.27)

—0.03 (—0.39, 0.34)

TABLE 4 Network analysis results of the FMA - UE - Proximal.

RT+VR

0.11 (—0.38, 0.60)

RT

0.24 (—0.34,0.82)

0.13 (—0.34, 0.60)

BCI

0.34 (—0.26, 0.94)

0.23 (—0.27, 0.72)

0.10 (—0.49, 0.69)

VR

0.34 (—0.28, 0.96)

0.23 (—0.29, 0.76)

0.10 (—0.51,0.71)

0.01 (—0.62, 0.63)

RR

0.38 (—0.20, 0.97)

0.27 (—0.20, 0.75)

0.14 (—0.43,0.71)

0.05 (—0.54, 0.64)

0.04 (—0.57, 0.65)

IR

0.43 (0.01, 0.85)

0.32 (0.07, 0.57)

0.19 (—0.21, 0.59)

0.09 (—0.34, 0.52)

0.09 (—0.37, 0.55)

0.05 (—0.36, 0.45)

RT+VR, RT and CT for direct comparison, showing that the differences are statistically significant.

in improving ARAT function in subject with stroke (see Table 6).
Figure 4E shows the SUCRA rankings for all treatments. Based
on the results of the SUCRA analysis, RT + VR (SUCRA, 99.6%)
was the most effective intervention for improving hand function
amongst subjects with strokes, followed by VR (SUCRA, 60.9%),
BCI (SUCRA, 57.7%), RT (SUCRA, 51.9%), IR (SUCRA, 30.1%),
RR (SUCRA, 27.0%) and CT (SUCRA, 22.8%).

Presence of adverse effects

A network meta-analysis of adverse reactions could not
be completed further as all included studies did not report
adverse reactions.

Publication bias and consistency
assessment

We constructed a comparative corrected funnel plot of the
main results of FMA-UE-Total for evaluation via Stata/MP 16.0.
Figure 5 shows the funnel plots show a symmetrical distribution,
indicating limited publication bias in this study.

Discussion

We conducted a systematic evaluation by NMA analysis,
including 101 studies involving 4,702 subjects. The results of
the NMA analysis showed that, in ARAT, there were significant
differences in direct and indirect comparisons of RT + VR with
each of the other interventions. In the FMA-UE-Proximal, there
were significant differences in direct comparisons between RT +

Frontiersin Neurology

VR and RT vs. CT. Meanwhile, there were no significant differences
between direct and indirect comparisons for each of the other
interventions. However, in FMA-UE-Total, FMA-UE-Distal and
MBI, there were no significant differences in direct and indirect
comparisons between the interventions. Overall, there were no
significant adverse effects in any of the studies, indicating the strong
reliability and safety of the results.

Our NMA analyses may provide new and valuable insights
into using different modalities of AI technology in the functional
rehabilitation of the upper limb among subjects with strokes. We
believe these analyses may be seen as complementary to previous
systematic reviews on this topic.

In this study, we compared the effects of different AI techniques
on FMA-UE-Proximal amongst subjects with strokes. The analysis
showed that RT 4+ VR [SMD = 0.26; 95% CI (—0.26, 0.78)] was
the best treatment for improving overall outcomes in improving
wrist and shoulder joint motor function in the upper limbs of
subjects with strokes. RT + VR (SUCRA = 84.8%) was also the
most effective treatment, according to the SUCRA results. Our
NMA results also found a significant difference between RT +
VR and RT in improving wrist joint motion amongst subjects
with strokes compared with CT. In contrast, a single RCT by
Chen and Jiang showed no significant difference between RT +
VR in improving wrist motion amongst subjects with strokes
(113, 150). Chen and Jiang further mentioned that, due to the
absence of other forms of hand function training with RT +
VR, the upper limb RT device often left the wrist and hand in
a relatively fixed position compared with conventional exercise
therapy. The improvement in hand function was not significant
when compared with conventional rehabilitation. To some degree,
this is inconsistent with the findings of this study. Some studies
using RT technology to observe its effect on the function of the
upper limb wrist and shoulder elbow joint in subjects with stroke
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TABLE 5 Network analysis results of the FMA - UE - distal.

0.03 (—0.47, 0.52)

RR

10.3389/fneur.2023.1125172

0.08 (—0.32, 0.48)

0.06 (—0.35, 0.46)

RT

0.19 (—0.29, 0.68)

0.17 (—0.32, 0.66)

0.11 (—0.29,0.51)

BCI

0.21 (—0.33,0.74)

0.18 (—0.35, 0.72)

0.13 (—0.33, 0.58)

0.02 (—0.52, 0.55)

VR

0.21 (—0.14, 0.55)

0.18 (—0.17, 0.53)

0.13 (—0.08, 0.33)

0.01 (—0.33, 0.36)

—0.00 (—0.41, 0.41)

CT

0.26 (—0.26, 0.78)

0.24 (—0.29, 0.76)

0.18 (—0.26, 0.62)

0.07 (—0.45, 0.59)

0.05 (—0.51,0.61)

0.05 (—0.33, 0.44)

TABLE 6 Network analysis results of the ARAT.

0.73 (0.20, 1.26)

VR

0.73 (0.14, 1.32)

0.00 (—0.41, 0.42)

BCI

0.78 (0.25, 1.31)

0.05 (—0.27, 0.37)

0.05 (—0.36, 0.46)

RT

0.93(0.17, 1.70)

0.20 (—0.44, 0.85)

0.20 (—0.49, 0.89)

0.15 (—0.49, 0.79)

IR

0.92 (0.36, 1.48)

0.19 (—0.18, 0.56)

0.19 (—0.27, 0.64)

0.14 (—0.23, 0.51)

—0.01 (—0.68, 0.66)

RR

0.91 (0.44, 1.39)

0.18 (—0.04, 0.41)

0.18 (—0.16, 0.53)

0.13 (—0.09, 0.36)

—0.02 (—0.62, 0.58)

—0.01 (—0.30, 0.29)

have shown that upper limb RT can effectively improve the wrist
and shoulder elbow joint function of the upper limb of subjects
with stroke (64). Another large study showed that VR technology
can also effectively improve the wrist motor function of the upper
limbs of subjects with stroke (151). This also indirectly confirms
that the use of RT combined with VR may be more advantageous,
such as the NMA results indicated in this study, which showed
that RT + VR is the best treatment to improve the function of
upper limbs, shoulders, elbows and wrists in subjects with strokes.
At the same time, the search at home and abroad found that most
scholars did not separately evaluate the three sub-terms of shoulder
joint, wrist joint and elbow joint in FMA-UE to observe the effect
of RT, VR and RT + VR technology on the motor function of
the above three joints in subjects with stroke. The meta-analysis
did not classify the three sub-terms of FMA-UE, so it was not
possible to observe the effects of RT and VR technology on the
motor function of the above three joints in subjects with stroke by
meta-synthesis (37, 152).

The present study, in contrast, is based on a multiple
comparison NMA analysis and provides a summary of previous
studies. Therefore, the results of this study may be somewhat
more convincing than the above studies. Similarly, RT significantly
improved wrist motor function in the upper limbs of subjects
with strokes, consistent with the findings from Kwon et al. (111).
Moreover, the results combined with the NMA analysis further
suggest that RT + VR [SMD = 0.43; 95% CI (0.01, 0.85)] may
be the optimal treatment in terms of improving wrist motor
function amongst subject with strokes. On the one hand, our
NMA also found that direct and indirect comparisons between
studies showed no significant differences in the FMA-UE-Total and
FMA-UE-Distal comparisons. In FMA-UE-Distal, IR ranked first
out of seven different AI techniques (SUCRA = 70.5%), reflecting
that it was the optimal treatment. In the FMA-UE-Total, RT +
VR [SMD = 0.26; 95% CI (—0.07, 0.60)] ranked first out of seven
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FIGURE 5

Comparison-adjusted funnel plots. FMA-UE total. The fuller the area
under the curve, the more effective it is. A, conventional training
(CT); B, Robot training (RT); C, Brain-computer interface (BCI); D,
Remote rehabilitation (RR); E, Intelligent rehabilitation (IR); F, Virtual
reality (VR); G, Robot training + virtual reality (RT+VR).

different AI techniques (SUCRA = 74.1%), reflecting that it was
the optimal treatment. We speculate that the reason for this lack
of significant difference may be related to the inconsistent duration
of disease (acute, sub-acute and chronic), varying age ranges, and
inconsistent Brunnstrom motor function staging and balance in the
subjects included in the original study (60, 72, 86, 88, 109).

The ARAT assesses changes in limb function, including the
ability to manage objects with different physical characteristics.
It is a valid and applicable assessment of changes in upper limb
motor function following the onset of a stroke. It involves 19 items
divided into four sub-scales: grip, grip strength, pinch and gross
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motor (153, 154). In this study, our NMA results suggest that RT
4+ VR [SMD = 0.91; 95% CI (0.44, 1.39)] was most effective in
improving ARAT in subjects with upper limb dysfunction after
a stroke. According to the SUCRA results, RT + VR (SUCRA
= 99.6%) was the most effective treatment. Simultaneously, there
was a significant difference between RT + VR in improving the
motor function of the upper limbs of ARAT amongst subjects
with strokes compared with other interventions. However, some
high-quality meta-analyses and multi-center RCTs have provided
mixed conclusions.

One of the Cochrane meta-analyses showed a significant
improvement in upper extremity ARAT function in subjects with
stroke who received an upper extremity RT intervention, with
significant changes in arm function and no significant difference
in arm strength (155). A multi-center large RCT from Lancet
also showed that upper extremity RT training was ineffective in
improving upper limb ARAT function in subjects with stroke
(156). Although there was no statistically significant difference
in the results, there was a clear trend toward improvement at
3 and 6 months, with the authors suggesting that the reason
for the absence of a difference may be related to wear and
tear on the upper extremity RT training apparatus, participant
adherence, and attrition rates (156). A multi-center study of VR
came to the same conclusion as Lancet, showing that VR did not
show significant between-group differences in improving ARAT
in subjects with strokes compared with CT (157). Meanwhile, the
combined use of VR technology and the upper limb rehabilitation
robot allows the two to complement each other, thus effectively
improving the ARAT motor function of the upper limbs amongst
subjects with strokes (82). In contrast, this study is based on
multiple comparative NMA studies, summarizing previous studies’
shortcomings through direct and indirect comparisons. Therefore,
the reliability of the results of this study is somewhat convincing.

The MBI consists of 10 items, including eating, bathing,
grooming, dressing, stooling, urinating, toileting, transferring,
walking and ascending and descending stairs and is often used to
assess basic ADLs amongst subjects with strokes (96, 158). The
results of the NMA by Li et al. (36) found that different modalities
of BCI improved upper limb motor function and ADLs amongst
subjects with strokes, with BCI and an FES as the driving device
having the best effect (36). Our NMA analysis found that direct
and indirect comparisons between studies showed no significant
differences in improving the quality of daily life amongst subjects
with strokes. At the same time, BCI [SMD = 0.18; 95% CI
(—0.03, 0.39)] ranked best among seven different AI techniques
(SUCRA = 73.6), reflecting that it was the most effective treatment.
In conjunction with the study by Li et al, the BCI technique
effectively improved the ability of subjects with strokes to perform
daily living activities (36). Their findings are not consistent with
those of our NMA study. We speculate that this may be related to
the age, duration of disease, location of symptoms and functional
recovery of the subjects included in the study (95, 159, 160).

This study provides an innovative, systematic integration
of various Al rehabilitation techniques for direct and indirect
comparison to establish which AI rehabilitation techniques were
most effective in improving upper limb function in subjects with
stroke. Based on clinical considerations, this study concluded that
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RT + VR had a significant advantage in improving shoulder
and wrist joint motor function and ARAT in subjects with
stroke, and IR and BCI had a significant advantage in improving
upper limb motor function and MBI in FMA. Therefore, based
on the evidence from this study, RT + VR, IR and BCI
techniques can be recommended as the preferred treatment
method for upper limb functional rehabilitation in subjects
with stroke, which also provides evidence-based information for
using and promoting Al rehabilitation techniques in clinical
practice. Follow-up studies should provide more precise and
personalized treatment protocols based on key characteristics
of subjects with stroke, such as the severity of a stroke
and the degree of upper limb impairment, as well as the
intensity, frequency and duration of treatment, depending on
their different clinical characteristics and degree of impairment.
In terms of methodology, researchers also need to better describe
interventions (both tailored and individualized) and ensure that
the implementation and delivery of interventions are accurately
documented, with attention to symptom reduction, independence
and function. There should also be reporting on barriers to
implementation and measuring the potential impact and harm of
AT technologies.

Strengths and limitations

First, our study included 101 studies and 4,702 patients,
indicating a large sample size. Moreover, we involved seven
treatment interventions and assessed the impact of the
interventions in six ways to provide more comprehensive
evidence-based recommendations. Second, most of the systematic
reviews and meta-analyses of AI rehabilitation have assessed
the effects of single RT, VR and BCI on upper limb function
amongst subjects with strokes, with only one network meta-
analysis reporting a study of different types of upper limb RT
on upper limb function amongst subjects with strokes. We
conducted the first NMA of different modalities of AI on upper
limb function amongst subjects with strokes, providing the
initial basis for further detailed studies in this area (39). This
study also had limitations, including the following: (1) Many
studies did not specifically report on randomization methods,
allocation concealment and reliability of outcomes. The different
treatment durations, frequencies and protocols included in the
studies may have increased clinical heterogeneity. (2) Most
original studies used semi-quantitative scales to assess shoulder-
elbow and wrist joint motor function and total upper limb
motor function scores and ADLs amongst subjects with strokes
and did not use more objective and quantitative indicators.
In subsequent studies, we must further use a combination of
subjective and objective indicators to assess the improvement
in their overall function. (3) We have created network diagrams
that clearly illustrate the direct comparisons made in this
domain; however, there were no closed loops in the network
geometry. This led to our analysis not being an NMA or multiple
treatment comparison (MTC) in the strictest sense but rather an
adjusted indirect treatment comparison (ITC) belonging to the
genus NMA.
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Conclusion

The results of our NMA and SUCRA rankings suggest RT
+ VR appears to have an advantage over other interventions in
improving upper limb motor function amongst subjects with stroke
with FMA-UE-Proximal, FMA-UE-Distal and ARAT. Similarly, IR
had shown the most significant advantage over other interventions
in improving the FMA-UE-Total upper limb motor function score
of subjects with stroke. The BCI also had the most significant
advantage in improving their MBI daily living ability. In addition, it
is worth noting that future studies should consider and report key
patient characteristics such as stroke severity and degree of upper
limb impairment, as well as treatment intensity, frequency and
duration. Future meta-analyses should consider sub-group analyses
based on the duration of the subject’s illness and intervention
and their gender to comprehensively explore the impact of
different AT modalities and techniques on subjects with stroke from
different populations.
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Background: Silent braininfarction (SBI) is a special type of stroke with no definitive
time of onset, which can be found on pre-thrombolysis imaging examination
in some patients with acute ischemic stroke (AIS). However, the significance of
SBI on intracranial hemorrhage transformation (HT) and clinical outcomes after
intravenous thrombolysis therapy (IVT) is uncertain. We aimed to explore the
effects of SBI on intracranial HT and the 3-month clinical outcome in patients
with AIS after IVT.

Methods: We consecutive collected patients who were diagnosed with ischemic
stroke and received IVT from August 2016 to August 2022, and conducted a
retrospective analysis in this study. The clinical and laboratory data were obtained
from hospitalization data. Patients were divided into SBl and Non-SBI groups based
on clinical and neuroimaging data. We use Cohen's Kappa to assess the interrater
reliability between the two evaluators, and multivariate logistic regression analysis
was used to further assess the association between SBI, HT and clinical outcomes
at 3months after IVT.

Results: Of the 541 patients, 231 (46.1%) had SBI, 49 (9.1%) had HT, 438 (81%) had
favorable outcome, 361 (66.7%) had excellent outcome. There was no significant
difference in the incidence of HT (8.2 vs. 9.7%, p=0.560) and favorable outcome
(784% vs. 82.9%, p=0.183) between patients with SBI and Non-SBI. However,
patients with SBI had a lower incidence of excellent outcome than the patients
with Non-SBI (60.2% vs. 71.6%%, p=0.005). After adjustment for major covariates,
multivariate logistic regression analysis disclosed that SBI was independently
associated with the increased risk of worse outcome (OR=1.922, 95%Cl: 1.229-
3.006, p=0.004).

Conclusion: We found that SBI was no effect for HT after thrombolysis in
ischemic stroke patients, and no effect on favorable functional outcome at
3months. Nevertheless, SBl remained an independent risk factor for non-excellent
functional outcomes at 3months.

silent brain infarction, intravenous thrombolysis, acute ischemic stroke, hemorrhage
transformation, functional outcomes
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Introduction

Silent brain infarction (SBI) refers to a patient who has no history
of stroke or transient ischemic attacks (TIA), but cerebral infarction
or encephalomalacia lesions are found on computed tomography (CT)
or magnetic resonance imaging (MRI), with no corresponding
symptoms and signs of neurological impairment (1). Compared with
symptomatic cerebral infarction, the lesions of SBI are usually
relatively smaller in size and may have undergone a chronic ischemic
preconditioning process, contributing to the absence of clinical
symptoms of SBI (2). Previous reports have established that SBI is
prevalent in both healthy older adults as well as in specific populations,
such as those with hypertension, diabetes, atrial fibrillation, and other
conditions (3). Imaging examination, especially MRI is indispensable
for the diagnosis of SBI. Recent studies have suggested that MRI
examination for the diagnosis of SBI should include at least
T1-weighted imaging (TIWI) and T2-weighted imaging (T2WI)
sequences. In this regard, SBI with an infarct diameter of >3 mm, were
defined as hypointense lesions on TIWI, while on T2WT they were
characterized as hyperintense (4).

In acute ischemic stroke (AIS) patients without intravenous
thrombolysis therapy (IVT), studies have shown that SBI was
independently associated with lower stroke severity at admission and
good function outcome at discharge (5). Another retrospective study
of 115 patients with first-ever ischemic stroke without advanced
leukoaraiosis found that patients with multiple SBI had severer
neurological and had larger infarcts in ischemic stroke than those
without SBI, these patients also did not receive intravenous
thrombolysis (6). Currently, to our knowledge, no retrospective study
has probed the effect of SBI on HT and clinical outcome in patients
with acute ischemic stroke after IVT. Therefore, the effect of SBI on
HT and the clinical outcome after IVT in patients with AIS needs to
be further clarified.

In this study, we retrospectively analyzed 541 patients with first-
ever ischemic stroke who underwent intravenous thrombolysis
therapy. In particular, we examined the HT and clinical outcome after
intravenous thrombolysis therapy in the SBI and Non-SBI groups.
We further determined the influence of SBI on the risk of worse
with AIS following intravenous

outcome for patients

thrombolysis therapy.

Subjects and methods
Patients

Totally 909 patients who suffered from an ischemic stroke within
4.5h of onset and received recombinant tissue plasminogen activator
(rt-PA) thrombolytic therapy in the emergency green channel of the
First Affiliated Hospital of Soochow University between August 2016
and August 2022 were enrolled in this study. Eligible patients were
further included if they had: (1) no history of stroke or TIA, (2)
completed intravenous thrombolysis therapy, (3) completed a cranial
CT scan within 24 h after intravenous thrombolysis therapy, or (4)
completed head MRI examination within 1 week. On the other hand,
patients were excluded if they had: (1) history of stroke or TIA, (2) not
completed intravenous thrombolysis therapy, (3) intravenous
thrombolysis combined with thrombectomy, (4) lacking imaging
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FIGURE 1
The flow chart of the study.

data, or (5) lacking laboratory data. The flow chart of the study is
shown in Figure 1. Finally, 541 patients were assigned to the SBI and
Non-SBI groups. This study was approved by the Ethics Committee of
the First Affiliated Hospital of Soochow University (2020 No.267). In
accordance with national legislation and institutional requirements,
written informed consent is not required for this study.

Intravenous rt-PA thrombolysis therapy

The standard dosage was 0.9 mg per kilogram of body weight
(10% as a bolus for 1 min and remaining 90% as an infusion for
60 min; maximum dose, 90mg). The low dosage was 0.6mg per
kilogram of body weight (15% as a bolus for 1 min and remaining 85%
as an infusion for 60min; maximum dose, 60mg). All patients
received only one dose.

Clinical and laboratory data

We recorded the following baseline information of patients:
gender, age, NIHSS score on admission, systolic and diastolic blood
pressure on admission, head CT and MRI imaging examinations, and
TOAST classification. We also collected previous medical history of
patients including hypertension, diabetes mellitus, hyperlipidemia,
atrial fibrillation, smoking and drinking history, and antithrombotic
medication history (antiplatelet agents or any type of oral
anticoagulants). Consequently, we estimated the 3-month outcome
using the modified Rankin Scale (mRS). We defined mRS scores >3
as poor outcome and mRS scores <2 as favorable outcome, mRS
scores >2 as worse outcome and mRS scores 0 or 1 as excellent
outcome. The 3-month follow-up data was obtained by trained nurse
through outpatient visits or telephone contact with patients
or relatives.
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Imaging analysis

MRI data were acquired using a clinical 3.0 Tesla MR scanner,
whereas follow-up CT imaging was performed using a clinical 64 slice
CT scanner. Specifically, structural MRI comprised of transversal
diffusion-weighted imaging (DWI), fluid-attenuated inversion
recovery sequence (FLAIR), TIWI, and T2WTI. Silent brain infarction
on MRI lesions >3 mm, were characterized as hypointense on TIWI
and hyperintense on T2WI (4). All MRIs were reviewed separately by
two experienced neuroradiologists who were blinded to the identity
of patients and their clinical information.

Hemorrhage transformation and
symptomatic intracranial hemorrhage

Following 24 h thrombolysis, all enrolled patients underwent head
CT examination to evaluate whether there was HT. HT was defined as
no manifestation of bleeding on head CT at admission, but found on
CT or MRI at follow-up within 7 days after intravenous thrombolysis
(7). According to ECASSIII (8), symptomatic intracranial hemorrhage
(sICH) was defined as any apparent HT that was associated with
clinical deterioration (>4 points in the NIHSS score), or that led to
death and that was identified as the predominant cause of the
neurologic deterioration. Notably, HT was examined during follow-up
imaging by a neurologist and radiologist.

Statistical analysis

Kolmogorov-Smirnov test was used to test normal distribution of
the continuous variables. Normally distributed data were presented as
mean and standard deviation (SD) and Non-normally distributed data
as median with interquartile range (IQR) or counts and percentages.
And categorical variables are presented as frequencies and percentages.
Moreover, we used student’s t-test or Mann-Whitney U test for
continuous variables according to the normality and y* test or Fisher
exact test for categorical variables. The two-tailed p-values of <0.05
were considered statistically significant. We used univariate analysis
to compare the differences in baseline data between the SBI and
non-SBI group. The results showed a statistically significant difference
on clinical outcome. To further explore the effect of SBI on clinical
outcome after intravenous thrombolysis, we first used univariate
analysis to compare baseline data between the excellent outcome
group and the worse outcome group. Then, we adjusted for age, sex,
and variables with p < 0.1 [old age, hypertension, atrial fibrillation
history, anti-thrombotic history, admission NIHSS score, TOAST
subtypes, glucose level, admission lymphocyte count, admission
neutrophil count, admission platelet count, international normalized
ratio, homocysteine level and SBI] in univariate analysis as major
covariates into the multivariate logistic regression model. The
relationship between SBI and clinical outcomes was assessed by
multivariate logistic regression analysis. The interrater reliability
between the two observers was assessed based on Cohen’s Kappa for
SBIand HT presence. A Cohen’s Kappa (k) of <0.1 corresponds to no
agreement, 0.1 < k <0.4 weak agreement, 0.4 < k <0.6 good agreement,
0.6< k <0.8 strong agreement and 0.8< k <1 complete agreement.
Statistical analyses were performed using the statistical package for
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social sciences, version 22.0 (IBM SPSS Statistics, Armonk, NY,
United States).

Results
Baseline characteristics of patients

A total of 909 patients with AIS who received IVT treatment were
screened for eligibility. Of these patients, 172 patients were first excluded
because of a previous history of stroke or TIA. 100 patients did not
receive cranial MR examination after thrombolysis, and 91 patients
received incomplete laboratory data, 5 patients were lost for follow-up.
Finally, 541 patients were included in our analysis (Figure 1), and the
overall characteristics of participants are shown in Table 1. The median
age was 66 (57-75) years and 323 (59.7%) were males. The median
NIHSS score on admission was 5 (3-10). The median time to treat was
177.0min (136.5-215.0). Of these patients, 231 (42.7%) patients had SBI
lesions (k =0.893, 95%CI: 0.855-0.929, p =0.000), 49 (9.1%) patients
experienced HT (k =1.000, 95%CI: 1.000-1.000, p =0.000), which 18
(3.3%) had SICH (k =1.000, 95%CI: 1.000-1.000, p =0.000). Results for
the interrater reliability correspond to a complete agreement. There were
438 (81%) patients with MRS 0-2 and 361 (66.7%) MRS 0-1 at 90 days.

Characteristics between patients with and
without SBI

Table 1 shows the baseline characteristics of SBI group and Non-SBI
group. 231 (42.7%) patients were classified as SBI group, whereas 310
(57.3%) patients were assigned to the Non-SBI group. Patients with SBI
were usually older and consisted more of hypertension, diabetes and
smoking history than patients without SBI [69 (69-76) vs. 65 (54-74),
p=0.000; 178 (77.1%) vs. 200 (64.5%), p=0.020; 70 (30.3%) vs. 70
(22.6%), p=0.040; 77 (33.3%) vs. 77 (24.8%), p=0.030]. The TOAST
subtype distribution also showed statistically significant differences
between the two groups (p=0.008). Furthermore, patients with SBI had
higher serum homocysteine levels and shorter activated partial
thromboplastin time than those without SBI [11.4 (9.4-14.8) vs. 10.35
(8.4-13.1), p=0.001 ; 31.5 (26.6-35.0) vs. 32.3 (28.6-35.4), p=0.034.
Table 1]. For clinical outcome, there was no significant difference in the
incidence of HT [19 (8.2%) vs. 30 (9.7%), p=0.560] and sICH [11
(4.8%) vs. 7 (2.3%), p=0.108] between the two groups. Although there
was no significant difference in the incidence of favorable outcome
between the two groups [181 (78.4%) vs. 257 (82.9%), p=0.183], the
incidence of excellent outcome was lower in the SBI group than the
Non-SBI group [139 (60.2%) vs. 222 (71.6%), p=0.005, Figure 2].

Relationship between SBI and 3-month
excellent outcomes

Table 2 shows the baseline characteristics of the excellent function
outcome group versus the worse function outcome group. Univariate
analysis showed that age, hypertension, atrial fibrillation, antiplatelet
medication history, TOAST classification, and admission NIHSS score
were significant differences between two groups (p < 0.05). In the
laboratory test results, glucose level, admission neutrophil and
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TABLE 1 Characteristics of the patients at baseline between SBI group and Non-SBI group.

Total patients

SBI group (n=231)

Non-SBI group

(n=541)

(n=310)

Demographics

Age, (years) 66 (57-75) 69 (69-76) 65 (54-74) 0.000
Male, 1 (%) 323 (59.7%) 107 (67.9%) 216 (69.7%) 0.951
Cardiovascular risk factors, n (%)

Hypertension 378 (69.9%) 178 (77.1%) 200 (64.5%) 0.020
Diabetes 140 (25.9%) 70 (30.3%) 70 (22.6%) 0.040
Atrial fibrillation 107 (19.8%) 50 (21.6%) 57 (18.4%) 0.347
Smoke 154 (28.5%) 77 (33.3%) 77 (24.8%) 0.030
Drink 109 (20.1%) 55(23.8) 54 (17.4) 0.067
Hyperlipemia 33 (6.1%) 12 (5.2%) 21 (6.8%) 0.448
Medication history, n (%)

Anti-thrombotic 25 (4.6%) 9 (3.9%) 16 (5.2%) 0.488
Physiological data on admission

SBP (mmHg) 157.4+24.31 159.3+£24.88 155.96 +£23.675 0.113
DBP (mmHg) 88.0 (79.0-98.0) 88.0 (78.0-98.0) 88.0 (79.0-98.3) 0.698
Baseline NIHSS scores 5(3-10) 5(3-10) 5(3-10) 0.893
OTT time 177.0 (136.5-215.0) 175 (135.0-211.0) 177.5 (138.5-215.0) 0.838
Standard-dose rt-PA 511 (94.5%) 218 (94.4%) 293 (94.5%) 0.942
TOAST classification, n (%) 0.008
LAA 232 (42.9%) 100 (43.3%) 132 (42.6%)

CE 96 (17.7%) 44 (19.0%) 52 (16.8%)

SAA 142 (26.2%) 70 (30.3%) 72 (23.2%)

SOE 19 (3.5%) 6 (2.6%) 13 (4.2%)

SUE 52 (9.6%) 11 (4.8%) 41 (13.2%)

Laboratory test data

GLU (mmol/L) 6.92 (5.77-8.73) 6.88 (5.66-9.19) 6.925 (5.86-8.45) 0.962
WBC (x10°/L) 7.50 (6.38-9.28) 7.52 (6.48-9.26) 7.49 (6.29-9.37) 0.352
LY (x10°/L) 1.65 (1.19,2.2445) 1.61(1.17,2.19) 1.72 (1.22,2.27) 0.390
NE (x10°/L) 4.98 (3.86,6.85) 4.98 (4.05,6.87) 4.97 (3.79,6.7375) 0.436
PLT (x10°/L) 197.0 (162.5-240.0) 191.0 (159.0-234.0) 201.0 (168.0-242.3) 0.670
LDL-C (mmol/L) 2.81+£0.93 2.75£0.85 2.84+£0.98 0.261
CHO (mmol/L) 4.45 (3.85-5.16) 4.40 (3.79-5.21) 4.50 (3.88-5.11) 0.431
UA (pmol/L) 303.6(242.8-363.8) 307.9 (247.0-371.1) 301.4 (239.6-361.6) 0.235
Cr (pmol/L) 68 (58-79) 69 (59-81) 67 (58-78) 0.085
INR 1.02 (0.97-1.08) 1.02 (0.97-1.08) 1.02 (0.97-1.08) 0.791
APTT (s) 32.0(27.9-35.2) 31.5 (26.6-35.0) 32.3 (28.6-35.4) 0.034
FIG (g/L) 3.06 (2.62-3.58) 3.06 (2.61-3.61) 3.05 (2.62-3.55) 0.657
PT (s) 13.0 (12.3-13.6) 12.9 (12.2-13.7) 13.0 (12.4-13.53) 0.268
Hey 10.7 (8.8-13.6) 11.4 (9.4-14.8) 10.4 (8.4-13.1) 0.001
Outcome, n (%)

HT 49 (9.1%) 19 (8.2%) 30 (9.7%) 0.560
SICH 18 (3.3%) 11 (4.8%) 7 (2.3%) 0.108
mRS (0-2) 438 (81%) 181 (78.4%) 257 (82.9%) 0.183
mRS (0-1) 361 (66.7%) 139 (60.2%) 222 (71.6%) 0.005

Data are expressed as mean + standard deviation (SD), median with interquartile range (IQR) or percentage. SBP, systolic blood pressure; DBP, diastolic blood pressure; NIHSS, the national
institutes of health stroke scale; TOAST, the trial of org 10,172 in acute stroke treatment; LAA, large-artery atherosclerosis; SAA, small-artery occlusion; CE, cardioembolism; SOE, stroke of
other determined cause; SUE: stroke of undetermined cause; GLU, glucose; WBC: white blood cell; LY, lymphocyte; NE, neutrophil; PLT, platelet; LDL-C, low-density lipoprotein cholesterin;
CHO, total cholesterol; UA, uric acid; Cr, creatinine; INR, international normalized ratio; APTT, activated partial thromboplastin time; FIG, fibrinogen; PT, prothrombin time; HCY,

homocysteine; HT, hemorrhagic transformation; sICH, symptomatic intracranial hemorrhage; SBI, silent brain infarction.
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FIGURE 2
Distribution of the total mRS scores as stratified by SBI groups.

lymphocyte count, serum HDL-C level, serum TG level, serum HCY
level, and International Normalized Ratio also significant differences
(p <0.05). The rate of SBI in patients with worse function outcome was
higher than that in patients with excellent function outcome (p=0.005).

Univariable and multivariable analyses of
3-month worse outcomes

In univariable analyses, old age, hypertension and atrial fibrillation
history, anti-thrombotic history, admission NIHSS score, TOAST
subtypes, glucose level, admission lymphocyte count, admission
neutrophil count, admission platelet count, international normalized
ratio, homocysteine level and SBI were associated with worse outcome
in AIS after rt-PA treatment. After age and sex adjustment, initial
NIHSS, TOAST subtypes, glucose level, admission lymphocyte count,
admission neutrophil count and SBI were significantly associated with
worse outcome at 3 months after discharge. To figure out whether SBI
were an independent prognostic indicator for worse outcome in
3 months. Variables with p <0.1 in the univariate analysis and the Age-
and sex-adjusted analysis were included in the multivariate logistic
regression model. After age, sex, and multivariate adjustment, only
initial NIHSS (OR=1.239, 95% CI: 1.180-1.302, p=0.000), GLU
(OR=1.079, 95%CIL 1.019-1.144, p=0.010), and admission
lymphocyte count (OR=0.658, 95%CI: 0.498-0.869, p=0.003), SBI
(OR=1.922, 95%CI: 1.229-3.006, p =0.004) were significantly related
to worse outcomes at 3 months after discharge (Table 3).

Discussion

To our knowledge, this is the first research on the effect of SBI on
hemorrhagic transformation and clinical outcomes after thrombolysis
in patients with acute ischemic stroke. We found that SBI was relatively
common in patients with a first-ever ischemic stroke, and SBI was an
independent risk factor for worse outcome (OR=1.922, 95%CI:
1.229-3.006, p=0.004), but not an independent risk factor for HT and
favorable outcome after IVT.
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Silent brain infarction (SBI) refers to lesions discovered via
neuroimaging that lack associated clinical symptomology (9). The
prevalence of SBI is about 10-20% in the general population, with an
annual incidence rate of 2 to 4% (10). Previous studies have found that
SBI is present in about 33.4% of patients with a first-ever ischemic
stroke (11). Risk factors for SBI are consistent with ischemic stroke,
such as advanced age, hypertension, and diabetes (3). Kim et al. found
that hyperhomocysteinemia is an independent risk factor (OR=4.78;
95%CI: 2.45-9.33) for SBI (12). Wang and colleagues found that the
higher prevalence of SBI was associated with incompleteness of circle
of Willis in patients with internal carotid artery stenosis (13). Ito et al.
indicated that aortic stenosis was associated with a high prevalence of
SBI, and the CHA,DS,-VASc score (>4) and eGFR (<60mL/
min/1.73m?) are useful for risk stratification (14). Nacafaliyev reported
that patients with moderate and severe sleep apnea syndrome were at
higher risk of developing SBI and noted that desaturations during
sleep may affect infarct formation (15). In the baseline data of this
study, we found that not only were TOAST subtype distributions
different between the two groups, but also that patients with SBI had
shorter activated partial thromboplastin times than those without SBI.

Studies have shown that SBI is not completely asymptomatic, and
oldish people with SBI have an increased risk of dementia and a faster
decline in cognitive function than those without such lesions (16, 17).
In addition, a prospective study concluded that overt and silent brain
infarction had similar effects on cognitive decline (18). A meta-
analysis of 14,764 subjects with a mean follow-up time of 25.7 to
174 months uncovered that about 20% of the stroke-free older adults
had SBI, and indicated that the probability of SBI patients developing
symptomatic cerebral infarction was twice as high as that of healthy
people (1). Carotid endarterectomy is one of the treatments to reduce
the risk of stroke in patients with asymptomatic carotid stenosis, the
study found that the presence of SBI was independently associated
with a higher risk of postoperative stroke for carotid endarterectomy
(19). Multiple SBIs have more severe neurological deficits and larger
infarcts for ischemic stroke those without no SBI in patients with first-
ever ischemic stroke without advanced leukoaraiosis (6). Another
community-based study showed that silent infarcts did not appear to
affect the prognosis of stroke (20).
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TABLE 2 Univariate analysis of baseline factors associated with clinical outcome.

mRS 0-1 (n=361)

10.3389/fneur.2023.1147290

Demographics

Age, (years) 65 (55-73) 71.5 (62-79) 0.000
Male, n (%) 256 (70.9) 120 (66.7) 0.312
Cardiovascular risk factors, n (%)

Hypertension 240 (66.5) 138 (76.7) 0.015
Diabetes 86 (23.8) 54 (30) 0.122
Atrial fibrillation 58 (16.1) 49 (27.2) 0.020
Smoke 103 (28.5) 51(28.3) 0.962
Drink 78 (21.6) 31(17.2) 0.231
Hyperlipemia 23 (6.4) 10 (5.6) 0.709
Medication history, n (%)

Anti-thrombotic 12 (3.3) 13(7.2) 0.042
Physiological data on admission

SBP (mmHg) 156.7 £24.067 158.77 £24.564 0.855
DBP (mmHg) 88 (79-99) 88 (78-98) 0.633
Baseline NIHSS scores 4(1-7) 10 (6-15) 0.000
OTT time 176 (140-215) 179.5 (135-210.75) 0.835
Standard-dose rt-PA (%) 343 (95) 168 (93.3) 0.421
TOAST classification, n (%) 0.000
LAA 142 (39.3) 90 (50.0)

CE 52 (14.4) 44 (24.4)

SAA 111 (30.7) 31(17.2)

SOE 15 (4.2) 4(2.2)

SUE 41 (11.4) 11 (6.1)

Laboratory test data

GLU (mmol/L) 6.73 (5.66-8.36) 7.35 (6.00-10.10) 0.001
WBC (x109/L) 7.48 (6.245-9.175) 7.59 (6.515-9.625) 0.381
LY (x109/L) 1.7 (1.250-2.335) 1.455 (1.0225-1.9275) 0.000
NE (x109/L) 4.74 (3.705-6.660) 5.355 (4.1625-7.2250) 0.006
PLT (x109/L) 201.00 (167.00-241.50) 187.5 (154.75-233.75) 0.038
LDL-C (mmol/L) 2.8136+0.948 2.7884+0.893 0.497
CHO (mmol/L) 443 (3.830-5.175) 4.455 (3.91-5.085) 0.577
UA 301.3 (244.8-361.85) 307.45 (238.325-375.875) 0.454
CR (pmol/L) 67.50 (58.00-77.75) 68.00 (58.00-83.725) 0.268
INR 1.01 (0.97-1.08) 1.04 (0.98-1.09) 0.026
APTT (S) 32.0 (28.35-35.3) 32.05 (27.00-35.00) 0.410
FIG (g/L) 3.03 (2.60-3.55) 3.085 (2.6425-3.71) 0.294
PT (S) 12.9 (12.3-13.5) 13.1 (12.3-13.7) 0.159
HCY 10.5 (8.6-13.15) 11.25(9.3-14.9) 0.025
SBI 139 (38.5) 92 (51.1) 0.005

Data are expressed as mean + standard deviation (SD), median with interquartile range (IQR) or percentage. SBP, systolic blood pressure; DBP, diastolic blood pressure; NIHSS, the national

institutes of health stroke scale; TOAST, the trial of org 10,172 in acute stroke treatment; LAA, large-artery atherosclerosis; SAA, Small-artery occlusion; CE, cardioembolism; SOE, stroke of
other determined cause; SUE, stroke of undetermined cause; GLU, glucose; WBC, white blood cell; LY, lymphocyte; NE, neutrophil; PLT, platelet; LDL-C, low-density lipoprotein cholesterin;
CHO, total cholesterol; UA, uric acid; Cr, creatinine; INR, international normalized ratio; APTT, activated partial thromboplastin time; FIG, fibrinogen; PT, prothrombin time; HCY,

homocysteine; SBI, silent brain infarction.
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TABLE 3 Multivariate logistic regression analysis for worse outcomes predictors at 3months (mRS score 2-6).

Variables
OR (95%Cl)

Age-and sex-adjusted

p value

Multivariate adjusted
OR (95%Cl)

p value

Hypertension 1.417 (0.925-2.170) 0.109 1.143 (0.690-1.892) 0.604
Atrial fibrillation 1.296 (0.815-2.060) 0.273 1.062 (0.400-2.820) 0.904
Anti-thrombotic 1.763 (0.774-4.014) 0.177 2.099 (0.759-5.810) 0.153
NIHSS 1.215 (1.164-1.269) 0.000 1.239 (1.180-1.302) 0.000
TOAST classification

LAA - - -
CE 1.101 (0.669-1.813) 0.704 0.493 (0.175-1.392) 0.182
SAA 0.535 (0.329-0.870) 0.012 0.622 (0.356-1.086) 0.095
SOE 0.556 (0.174-1.782) 0.323 0.736 (0.189-2.865) 0.659
SUE 0.490 (0.234-1.023) 0.058 0.741 (0.327-1.679) 0.473
GLU 1.058 (1.006-1.111) 0.027 1.079 (1.019-1.144) 0.010
LY 0.683 (0.540-0.864) 0.001 0.658 (0.498-0.869) 0.003
NE 1.098 (1.025-1.176) 0.008 0.976 (0.895-1.065) 0.590
PLT 1.000 (0.997-1.002) 0.747 1.000 (0.999-1.002) 0.919
INR 0.806 (0.466-1.395) 0.441 0.496 (0.047-5.248) 0.560
HCY 1.006 (0.993-1.019) 0.366 1.009 (0.989-1.030) 0.371
SBI 1.479 (1.020-2.146) 0.039 1.922 (1.229-3.006) 0.004

NIHSS, the national institutes of health stroke scale; TOAST, the trial of org 10,172 in acute stroke treatment; LAA, large-artery atherosclerosis; SAA, small-artery occlusion; CE,
cardioembolism; SOE, stroke of other determined cause; SUE, stroke of undetermined cause; GLU, glucose; LY, lymphocyte; NE, neutrophil; PLT, platelet; INR, international normalized ratio;

HCY, homocysteine; SBI, silent brain infarction.

Admission glucose level and neutrophil-to-lymphocyte ratio
can predict 3-month functional outcome in AIS patients (21, 22).
Our data also indicated that patients with high admission glucose
levels and lymphocyte were more likely to have worse outcome at
3 months. Another retrospective study included 981 ischemic stroke
patients and found that recent clinically silent infarcts (RSIs) was
not associated with a worse clinical outcome in AIS patients with
IVT. Although clinical outcome were measured by the mRS at
discharge, their conclusions argue against RSIs as a contraindication
for IVT (23). A small sample study without thrombolysis found
lower 3-month mRS Scores and better clinical outcomes in the SBI
present group compared to the SBI absent group (24). In this study,
we evaluated mRS Scores at 3 months to explore the effect of SBI on
clinical outcomes after IVT. The results showed that a similar
number of patients achieved favorable outcomes in the Non-SBI
group compared to the SBI group, Non-SBI group was slightly
superior over SBI group in terms of likelihood of achieving an
excellent outcome.

When symptomatic cerebral infarction occurs, intravenous
thrombolytic therapy with rt-PA within 4.5h can effectively improve
the clinical prognosis of patients after the removal of thrombolytic
contraindications (25). Hemorrhagic transformation remains a
primary adverse reaction of intravenous thrombolytic therapy after
acute cerebral infarction, which is closely associated with the clinical
outcome of patients. Previous studies have found that older age, higher
diastolic blood pressure, NIHSS score > 13, OTT > 180 min, etc., are
potential risk factors for HT after intravenous thrombolysis (26, 27).
Pretreatment MRI can identify recent silent cerebral infarction (RSCI)

Frontiers in Neurology

and two small sample studies suggest that RSCI does not increase the
risk of hemorrhagic transformation after intravenous thrombolysis in
patients with acute cerebral infarction (28, 29). Although RSCI can
be identified by the use of MRI, the onset to treatment time of AIS
patients was often prolonged by MRI examination before thrombolytic.
Therefore, we systematically reviewed the whole group of AIS patients
who completed MRI examination after intravenous thrombolytic, and
disclosed the incidence of SBI confirmed by MRI in the entire cohort
and its influence on hemorrhagic transformation after intravenous
thrombolysis. Our results were similar to the findings of the two
retrospective studies described above, and SBI, like RSCI, did not
increase the risk of hemorrhagic transformation after
intravenous thrombolysis.

However, there are some limitations in this study. Firstly, the
present study was a retrospective analysis with limited sample size.
Second, the findings of this study are limited by selection bias, as
patients who did not complete a cranial MRI examination were not
included in the MRI-based study, and these excluded patients may
be associated with more severe intracranial hemorrhage and poorer
clinical outcomes. Third, acute large cerebral infarction occurred in
lobes with previous small SBI lesions in the cortex or medulla of these
lobes. SBI lesions may be compressed by edema in acute cerebral
infarction and cannot be detected by MRI. This hypothesis has not
been proven, but it could lead to information bias. Last, we did not
further explore the relationship between SBI and post-stroke cognitive
impairment and post-stroke depression. Further multi-faceted
exploration should be carried out in multi-center study with a large
sample size.
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Conclusion

We found that SBI was no effect for HT after thrombolysis in
ischemic stroke patients, and no effect on favorable functional
outcome at 3 months. Nevertheless, SBI remained an independent risk
factor for non-excellent functional outcomes at 3 months.
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Objective: The aim of this study was to evaluate the effects of stereotactic
minimally invasive puncture with different catheter placement positions
when combined with urokinase thrombolysis for the treatment of
small- and medium-volume basal ganglia hemorrhage. Our goal was to identify
the best minimally invasive catheter placement position to enhance therapeutic
efficacy for patients with cerebral hemorrhage.

Methods: The stereotactic minimally invasive thrombolysis at different catheter
positions in the treatment of small- and medium-volume basal ganglia
hemorrhage (SMITDCPI) was a randomized, controlled, and endpoint phase 1 trial.
We recruited patients with spontaneous ganglia hemorrhage (medium-to-small
and medium volume) who were treated in our hospital. All patients received
stereotactic, minimally invasive punctures combined with an intracavitary
thrombolytic injection of urokinase hematoma. A randomized number table
method was used to divide the patients into two groups concerning the location of
catheterization: a penetrating hematoma long-axis group and a hematoma center
group. The general conditions of the two groups of patients were compared,
and the data were analyzed, including the time of catheterization, the dosage
of urokinase, the amount of residual hematoma, the hematoma clearance rate,
complications, and the National Institute of Health stroke scale (NIHSS) score data
at 1 month after surgery.

Results: Between June 2019 and March 2022, 83 patients were randomly
recruited and assigned to the two groups as follows: 42 cases (50.60%) to
the penetrating hematoma long-axis group and 41 cases (49.40%) to the
hematoma center group. Compared with the hematoma center group, the
long-axis group was associated with a significantly shorter catheterization
time, a lower urokinase dose, a lower residual hematoma volume, a higher
hematoma clearance rate, and fewer complications (P < 0.05). However,
there were no significant differences between the two groups in terms
of the NIHSS scores when tested 1 month after surgery (P > 0.05).
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Conclusion: Stereotactic minimally invasive puncture combined with urokinase
for the treatment of small- and medium-volume hemorrhage in the basal
ganglia, including catheterization through the long axis of the hematoma, led
to significantly better drainage effects and fewer complications. However, there
was no significant difference in short-term NIHSS scores between the two types

of catheterization.

KEYWORDS

stereotactic, minimally invasive, catheter location, hypertensive cerebral hemorrhage,
small to medium volume basal ganglia hemorrhage

1. Introduction

Stroke is currently regarded as the second largest contributor
to global disability-adjusted life years (DALYs) in developing
countries (1). Although spontaneous intracerebral parenchymal
hemorrhage (IPH) accounts for <20% of strokes, this condition is
associated with high rates of morbidity and mortality. The bleeding
site is usually located in the deep gray matter, including the basal
ganglia and the thalamus (2). The recent results arising from the
minimally invasive surgery plus alteplase for cerebral hemorrhage
(MISTIE) III trial showed that minimally invasive surgery is safer
than drug therapy and that thrombolysis after minimally invasive
catheter evacuation reduces the size of hematomas by up to
15ml, thus reducing mortality and improving prognosis (3). The
MISTIE 1II trial demonstrated that the effects of surgery were
directly associated with the position of the catheter. In this trial,
the catheter was positioned along the entire longitudinal axis of
the hematoma (defined as at least two-thirds of the longitudinal
length). Stereotactic techniques for the placement of the drainage
tube are known to be more accurate and controlled in the treatment
of small-volume hemorrhage in the basal ganglia and have achieved
effective outcomes (4, 5). Therefore, the purpose of this manuscript
is to explore the effect of different catheter placement positions
on the treatment of moderate to small amounts of hypertensive
intracerebral hemorrhage.

2. Objects and methods

2.1. Research objects

In this trial, we recruited 95 neurosurgery patients from
Yichang Three Gorges Central People’s Hospital between June 2019
and March 2022 to receive stereotactic minimally invasive puncture
and catheter placement combined with urokinase for the treatment
of medium-to-small hemorrhages in the basal ganglia. Of these, 12
patients were surgical patients in the early stage of hemorrhages,
and 83 patients were in the later stage of hemorrhages. The patients
were divided into two groups by using a randomized number table
method. According to the location of the catheter, the patients were
divided into two groups as follows: those who were catheterized
through the long axis of the hematoma (42 cases through the
frontal approach) and those who received catheterization through
the center of the hematoma (41 cases through the frontal-parietal
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approach). This trial complied with the relevant ethical standards
and was approved by our hospital’s ethics committee (KY-2022-
0040). Signed and informed consent was obtained from all the
patients or their legal representatives. The inclusion criteria were
as follows: (1) all patients who were diagnosed with basal ganglia
hemorrhage by head Computed Tomography (CT) and Computed
Tomography Artery (CTA) examination on admission, according
to the Guidelines for the Diagnosis and Treatment of Cerebral
Hemorrhage in China (2019); (2) patients with a history of
hypertension; (3) patients affected by basal ganglia hemorrhage for
the first time and having no previous neurological dysfunction;
and (4) patients with a bleeding volume in the basal ganglia of
20-40 ml. The exclusion criteria were as follows: (1) patients with
severe coagulation dysfunction or severe basic diseases; (2) patients
with surgical contraindications; (3) patients whose hemorrhage
had broken into ventricles; and (4) patients whose hemorrhage
was caused by brain tumors, cerebral aneurysms, cerebral vascular
malformations, and other reasons (6).

2.2. Methods

We collated a range of general clinical data for each patient
(Table 1), including gender, age, hematoma volume at admission,
time from onset to visit, blood pressure at admission, Glasgow
Coma Scale (GCS) at admission, smoking history, compliance with
hyperlipidemia drugs, antiplatelet therapy, diabetes, hypertension,
random blood pressure, other cardiovascular diseases, NIHSS
score, and the time from stroke to first CT at admission.

2.2.1. Calculation of cerebral hemorrhage

According to the maximum level of hematoma selected by the
CT cross-section, the longest diameter of the hematoma (cm) and
the widest diameter of the hematoma (cm) were measured on the
imaging system. The layer thickness was determined from the CT
film, and the number of layers was defined as the total number of
layers showing all hematomas. The volume of cerebral hematoma
was calculated by the Toda formula (7), where hematoma volume
(ml) = 1/2 x the longest diameter of the hematoma (cm) X the
widest diameter of the hematoma (cm) x slice thickness (cm)
x layers.
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TABLE 1 Clinical data of 83 patients with a medium-to-small basal ganglia hemorrhage.

Penetrating hematoma Hematoma P (group penetrating the long axis
long-axis group center group of hematoma vs. group at the
(n=42) (n=41) center of hematoma)

Gender (Men, %) 57.14% 48.78% 0.445%
Age (x & s, age) 61.50 + 8.18 64.04 % 6.62 0.123
Smoking (case, %) 26.19% 17.07% 0.314*
Diabetes (case, %) 9.52% 12.12% 0.696*
Hyperlipidemia (case, %) 66.67% 53.66% 0.226%
Use of Bayaspirin (case, %) 7.14% 9.76% 0.668%
History of cardiovascular disease (case, %) 11.90% 12.20% 0.968%
NIHSS score on admission (x = s, score) 12.69 + 3.69 12.14 £2.82 0.754°
GCS score on admission (x = s, score) 10.98 £+ 1.55 11.41 £+ 1.96 0.262°
3-8 score (case) 4 2

9-12 score (case) 26 27

13-15 score (case) 12 12

First CT bleeding volume (x % s, ml) 26.40 + 3.34 25.17 + 3.68 0.114°
Preoperative CT bleeding volume (x £ s, ml) 26.64 & 3.48 2541+ 3.78 0.128°
Time of admission after stroke (x = s, hour) 291 £1.98 2.64 £ 1.79 0.520°
Time from stroke to operation (x £ s, hour) 21.98 +4.80 20.37 £4.71 0.127°
Systolic blood pressure at visit (x &= s, mmHg) 182.64 + 8.61 181.12 +9.34 0.772°
Diastolic blood pressure at visit (x & s, mmHg) 102.19 + 4.67 101.31 +4.83 0.838>
Operative duration (x £ s, minute) 36.26 +5.21 35.82 +£5.21 0.706°
Catheter accuracy (%) 97.62% 97.56% 0.986%

2chi-squared value, bt value.

FIGURE 1

Stereotactic catheterization through the long axis of hematoma for basal ganglia hemorrhage. (A) A preoperative head Computed Tomography (CT)
showed that the bleeding volume was ~29 ml. (B) A three-dimensional CT performed 6 h after surgery confirmed the position of the drainage tube
along the long axis of the hematoma, with a hematoma volume of ~20 ml. (C) Following the injection of urokinase, the hematoma was completely
drained by the third day after surgery. The high-density area indicates the drainage tube with a hematoma volume of 0 ml. (D) The bleeding site 7
days after surgery was slightly softer. (E) On the 20th day post-surgery, the softening lesion at the bleeding site was reduced.

2.2.2. The stereotactic minimally invasive catheter
drainage surgery method

Surgery can be completed using a frameless navigation
system or a frame-based stereotactic system; in this trial, we
used the Leskell G-frame system (Elekta Instrument AB, Box
7593,Kungstensgatan 18, SE-103 93 Stockholm, Sweden). Patients
underwent surgery if CT reexamination indicated that the
hematoma was stable after 6h or more. All patients received
stereotactic minimally invasive catheter drainage surgery. For
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patients in the long-axis group, the incision was 2-3 cm above the
eyebrow arch on the same side of the hematoma and 2-2.5cm
beside the midline. The planned puncture approach and target
point before surgery were through the hematoma (Figures 1A-
E). The incision was made 9-11cm above the eyebrow arch on
the same side of the hematoma and 3-3.5cm beside the midline
for patients in the central group. The planned puncture approach
and target were in the center of the hematoma before surgery
(Figures 2A-E). The first step was to install a square Leksell
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FIGURE 2

the bleeding site softened.

Stereotactic central catheterization for basal ganglia hemorrhage. (A) A preoperative head Computed Tomography (CT) showed that the volume of
bleeding was ~26 ml. (B) A three-dimensional CT performed 6 h after surgery showed the drainage tube located in the center of the hematoma with
a hematoma volume of ~17 ml. (C) Following the injection of urokinase, there was a small amount of residual hematoma on the third day after the
operation, with a hematoma volume of 5ml. (D) On the 7th day after surgery, the hematoma volume was 1.2 ml. (E) On the 20th day after surgery,

319 patients were evaluated

224 unqualified cases
205 cases did not meet the inclusion criteria
13 cases refused

6 other cases

95 patients agreed to participate

S

Twelve patients underwent surgical run-in in early

stage

Randomized allocation of 83 patients

42 cases through the long axis of hematoma

41 cases of hematoma center

2 cases of lost follow-up

1 case lost to follow-up, 1 case withdrew

Data of 42 patients

included in analysis of

long axis group of

penetrating hematoma

Data
included

center group analysis

of 41 patients

in hematoma

FIGURE 3
Overview of patient recruitment.

headrest on the patient’s head under local anesthesia. The second
step was to perform 64 rows of Siemens head 3D CT scanning.
Third, according to the preoperative surgical plan, we needed to
directly measure and calculate the target coordinates (X, Y, and
Z space coordinates) using a CT three-dimensional film reading
system. Fourth, for patients in the long-axis group, we removed a
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fixed strut at the surgical side of the forehead; this action was not
required for patients in the center group. The Leskell headstand
was connected and fixed to a special neurosurgery operating table
by an adapter. Next, surgery was performed under local anesthesia
and ECG monitoring. The size of the incision was generally 2 cm.
After drilling the skull, a 5-mm incision was made in the dura
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TABLE 2 Comparison of the hematoma drainage effect between the two groups (x + s).

Penetrating hematoma

Hematoma center

long-axis group group
Tube setting time (d) 4.29 £ 0.60 4.65+0.53 —3.009 0.003
Total urokinase (ten thousand U) 22.97 +4.82 27.92+5.12 —4.536 0.000
Residual amount of extubation hematoma (ml) 1.314+1.22 2.34+1.49 —3.452 0.001
NIHSS score a month after operation 7.81+2.21 8.66 +2.02 —1.825 0.072
Hematoma clearance rate (%) 93.71 +4.33 90.83 + 5.80 2.564 0.012

TABLE 3 Comparison of complications between the two groups during treatment (%).

Penetrating hematoma

Hematoma center

long-axis group n = 42 group n = 41
Intracranial infection (case, %) 0% 9.76% 4.305 0.038
Pulmonary infection (case, %) 19.05% 17.07% 0.055 0.815
Secondary intracranial hemorrhage (case, %) 4.76% 2.44% 0.321 0.571
Urinary system infection (case, %) 11.90% 21.95% 1.493 0.222
Stress ulcer (case, %) 7.14% 12.20% 0.608 0.436
Deep vein thrombosis (case, %) 9.52% 26.83% 4.196 0.041
Anemia (case, %) 19.05% 29.27% 1.185 0.276
Hypoalbuminemia (case, %) 14.29% 34.15% 4474 0.034
Mortality rate within a month (case, %) 0% 2.44% 1.037 0.309

mater to avoid the excessive outflow of cerebrospinal fluid. The
Leskell guide arc was then installed, and the drainage tube was
inserted under the guidance of the stereotactic instrument to reach
the target point. During surgery, 1 ml of negative pressure was
used to draw ~5 ml of blood; the same volume of normal saline
was injected for replacement. When the drainage was smooth, the
surgical procedure was completed, and the drainage tube was led
out through another subcutaneous tunnel.

2.2.3. The urokinase injection method and
extubation index

We performed another three-dimensional CT scan of the head
6 h after surgery to determine the position of the drainage tube, the
size of the hematoma, and the extent of bleeding in the puncture
tunnel. If the drainage tube position was satisfactory, we fully
dissolved 50,000 units of urokinase in 5 ml of normal saline. After
surgery, the dissolved urokinase was injected into the drainage
tube 1-2 times a day, and the drainage tube was closed for 3h
before natural drainage. According to the residual situation of
the hematoma, urokinase was injected multiple times into the
hematoma cavity, as required. The CT reexamination showed that
the drainage tube cannot effectively drain the hematoma, which
was the extubation index. The catheterization time did not exceed
7 days.

2.2.4. Observation index
We compared the general clinical data from the two groups of
patients. A range of statistical data was collated, including the time
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of catheter insertion, the total dose of urokinase, the clearance rate
of hematoma before extubation, the amount of residual hematoma,
and the NIHSS score 1 month after surgery. We also recorded
complications experienced by the two groups of patients during
treatment, including intracranial infection, pulmonary infection,
urinary system infection, secondary intracranial hemorrhage, lower
limb vein thrombosis, stress ulcer, anemia, hypoproteinemia, and
mortality within 1 month.

2.2.5. Statistical analysis

The SPSS version 25.0 statistical software (IBM, International
Business Machines Corporation, New York, USA) was used for data
analysis. Measurement data were expressed as mean =+ standard
deviation (x =+ s). Comparisons between groups of normally
distributed data were performed using the independent sample
t-test and analysis of variance (ANOVA). The Mann-Whitney
U-rank sum test was used for the data that were not normally
distributed. Numerical data were expressed as the number of cases
and as percentages (%), and the data were compared using the chi-
square test. A P-value of < 0.05 (bilateral) was considered to be
statistically significant.

3. Results

3.1. Clinical materials
From June 2019 to March 2022, we recruited 95 patients,

including 12 who underwent surgery in the early stage. In this
trial, 83 patients with medium-to-small volumes of hemorrhage
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in the basal ganglia were included for final analysis (Figure 3).
Of these patients, 42 of them were catheterized through the long
axis of the hematoma, and 41 were catheterized through the
center of the hematoma. Both patient groups were injected with
urokinase through the drainage tube after surgery, as shown in
Table 1.

3.2. A comparison of the hematoma
drainage effect between the two groups

Compared with the central group, patients in the long-axis
group had a significantly shorter catheterization time, a lower dose
of urokinase, less residual hematoma, and a higher hematoma
clearance rate (P < 0.05). There was no significant difference
between the two groups in terms of NIHSS scores 1 month after
surgery (P > 0.05) as shown in Table 2.

3.3. A comparison of complications
between the two groups during treatment

There was no significant difference between the two groups
in terms of pulmonary infection, intracranial hemorrhage, urinary
system infection, stress ulcer, anemia, and mortality within 1 month
of surgery (P > 0.05). Compared with the central hematoma group,
the incidence of intracranial infection, deep vein thrombosis, and
hypoproteinemia in the long-axis group was significantly lower (P
< 0.05), as shown in Table 3.

4. Discussion

Hypertensive intracerebral hemorrhage (HICH) accounts for
21-48% of all patients with stroke. The most common type
of HICH is basal ganglia hemorrhage (8), which accounts for
50% of patients with cerebral hemorrhage. In addition, patients
often experience symptoms such as hemianopsia, hemiplegia,
and hemiparesia due to damage to the cystic conduction tract
in the basal ganglia region. It is very important to evaluate
the neurological function of patients with cerebral hemorrhage
in a timely fashion and determine whether surgical treatment
is needed. There is no definite conclusion on the effects of
surgical treatment for supratentorial intracerebral hemorrhage,
although surgery is an option for patients with a large hematoma,
with severe neurological dysfunction, or in coma. The surgical
methods involve craniotomy and minimally invasive surgery. The
mortality rate associated with craniotomy is very high. The surgical
trials in intracerebral hemorrhage (STICH) and STICH II trials
showed that patients with spontaneous supratentorial intracerebral
hemorrhage did not have any overall benefit from early surgery
when compared with conservative treatment (9, 10). However,
98% of patients in the STICH study underwent craniotomy; the
researchers thus proposed that minimally invasive technology is
more conducive for deep brain hematoma. Studies have reported
that minimally invasive surgery is better than craniotomy (11-13).
Minimally invasive surgical methods involve keyhole craniotomy,
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neuroendoscopy hematoma removal, and minimally invasive
catheter drainage. In the MISTIE II trial, a stereotactic catheter
was used for catheter placement and continuous thrombolysis;
this method achieved accurate catheter placement. This procedure
is highly reproducible and can safely and accurately drain a
cerebral hemorrhage; the effects of hematoma drainage are closely
associated with the accuracy of catheter placement. Currently,
most minimally invasive catheters for intracerebral hemorrhage
are placed at the midpoint of the largest hematoma layer in the
brain as the puncture sites (14-16). However, few studies have
investigated the effects of different catheter positions on hematoma
drainage. In this study, we describe the results of our recent
trial that examined the effects of different catheter positions for
intracerebral hemorrhage.

4.1. The application of stereotactic
minimally invasive catheterization
technology for medium- and small-volume
cerebral hemorrhage

The target error for stereotactic technology was previously
determined to be 2.02 mm (17). This type of technology is widely
adopted in minimally invasive neurosurgery, such as deep brain
electrical stimulation in Parkinson’s disease, epileptic electrode
implantation, brain tumor biopsy, stereotactic puncture, and
the aspiration of cerebral hemorrhage (18, 19). Compared with
conservative treatment, the rebleeding rate of minimally invasive
stereotactic catheterization in 20-40ml HICH was significantly
lower than that for conservative medical treatment. Furthermore,
a hematoma can be cleared quickly, thus reducing compression
caused by the hematoma on the brain tissue and the risk of
secondary damage; this is conducive to the recovery of a patient’s
neural function, thus reducing hospital stay (20). In previous
studies, when the amount of cerebral hemorrhage was >30ml,
craniotomy or endoscopic surgery was mostly used. Compared
with craniotomy, stereotactic catheterization for an intracerebral
hemorrhage of more than 30ml is safe and effective and has
fewer complications (21). The clinical effect of this treatment is
better than that of traditional craniotomy and can thus avoid
secondary cranioplasty. In our research, we found that the
hematoma volume was more than 30 ml in some patients and 20-
30 ml in others. The preoperative hematoma volume was 26.64 £+
3.48 ml in the long-axis group and 25.41 £ 3.78 ml in the central
group. We found a relationship between hematoma volume and
the enrollment data. Currently, minimally invasive surgery for
intracerebral hemorrhage is regarded as a trend, but there is no
specific standard for endoscopic surgery and stereotactic minimally
invasive puncture (19). For 40-60ml of bleeding, we prioritize
craniotomy or endoscopic hematoma evacuation. Endoscopic
intracerebral hemorrhage clearance has also advanced significantly.
Endoscopic surgery can enhance the neurological function of
patients with more than 40ml of intracerebral hemorrhage at 6
months after surgery and can reduce the mortality of patients with
a GCS score of 3-8 (22). Endoscopic surgery can quickly remove
a hematoma, although the trauma incurred is relatively significant,
thus requiring high levels of surgical skill. Moreover, the operation
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takes a long period and requires general anesthesia. Stereotactic
minimally invasive catheterization is minimally invasive and can
be performed under local anesthesia. Furthermore, the surgical
time is reduced, and the operation is reproducible; however,
the disadvantage of this technique is that a hematoma cannot
be quickly removed, and the rate of rebleeding can be high
(23). Stereotactic guidance can clear a hematoma along the long
axis of the hematoma, combined with endoscopic removal of
the intracerebral hemorrhage. Most blood clots can be cleared
only once through the endoscopic sheath; this can minimize
damage to normal brain tissue (8). Some studies have shown
that the disability rate associated with stereotactic catheterization
for 20-50ml superficial and deep hemorrhage is lower than
that of small bone window craniotomy and endoscopic surgery
(19). Some elderly patients have a strong tolerance to increased
intracranial pressure due to the presence of brain atrophy. We have
attempted to use stereotactic minimally invasive catheterization in
elderly patients with cerebral hemorrhage volumes exceeding 40 ml.
Currently, only 10 cases of surgery have been attempted, although
the final treatment effect is very good.

4.2. Selection of the best puncture path and
target for stereotactic minimally invasive
catheterization

In the MISTIE III trial, three methods of catheterization were
adopted. The first method was to cut the forehead and insert a
catheter along the longitudinal axis of the hematoma. The second
method was to cut the parietal-occipital part and place a tube
along the longitudinal axis of the hematoma. The third method
was to cut the temporal part and place a tube along the transverse
axis of the hematoma (3). The highest proportion of patients with
hematomas smaller than 15 ml was the highest (79.3%) at the end
of tube insertion when using the first method. When the drainage
tube is located in the center of the hematoma, theoretically, it
can make urokinase contact the hematoma more evenly, thus
improving the dissolution effect of the hematoma; this can improve
the hematoma clearance rate when the tube is withdrawn (24). In
fact, in most cases, we found that when the catheter was placed in
the center of the hematoma, although the effect of early hematoma
dissolution was very good, there was a residual hematoma at the
back when the catheter was removed. In our 41 patients, we found
that the hematoma clearance rate was 90.83 % 5.80%. We analyzed
the causes of residual hematoma in the posterior regions. Most
patients with intracerebral hemorrhage had their heads raised by
30° during surgery. Due to positional factors and the gravity of
the brain tissue itself, the hematoma around and in front of the
drainage tube hole can often provide easy contact with urokinase.
Most of the hematomas were successfully drained, thus resulting
in the drainage tube hole being located at the edge of the posterior
residual hematoma. Without further surgery, the drainage tube hole
cannot be adjusted to contact the hematoma again; therefore, the
urokinase injected through the catheter cannot fully contact the
posterior hematoma because of the residue. When inserting the
tube through the long axis of the hematoma, the catheter hole is
located at the rear of the hematoma, and the urokinase can dissolve
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the hematoma around the drainage tube hole (25). The direction of
hematoma dissolution occurs from back to front. When the current
hematoma dissolution and drainage were poor, we rechecked the
CT to investigate the relationship between the drainage tube and
the hematoma. Because the tube is placed through the long axis
of the hematoma, this was performed by withdrawing part of the
drainage tube to make the tube hole make full contact with the
hematoma again, thus reducing residuals. The clearance rate of
hematoma for the 42 patients was 93.71 £ 4.33%. In four cases,
the drainage tube was partially withdrawn to achieve a satisfactory
drainage effect. According to the MISTIE III trial and other research
results, we recommend transfrontal long-axis catheterization for
hematomas. This method has a good drainage effect, can reduce
the number of urokinase injections, and can reduce the risk of
intracranial infection.

4.3. Analysis of residual hematoma volume,
patient prognosis, and complications

The survival rate of patients with intracerebral hemorrhage
and the recovery of neurological function are related to the
location of the hematoma, space-occupying effects, and intracranial
pressure; these factors are also related to the long-term neurological
dysfunction caused by neurotoxicity or inflammatory brain edema
around the hematoma (26, 27). Numerous preclinical and clinical
studies have shown that perihematoma edema (PHE) is a
quantifiable marker for secondary brain injury after intracerebral
hemorrhage (ICH) and is associated with poor prognosis (28). In
~30% of patients, the volume of PHE 2-3 weeks after ICH was
3ml larger than that 1 week after ICH; this increase in volume
was reported to represent an independent risk factor for poor
prognosis (29). Minimally invasive surgery may change the course
of PHE. The extent of edema in PHE was associated with hematoma
clearance, and a higher percentage of hematoma clearance has been
shown to result in a slower increase in PHE (30). In a previous
study, 28% of patients with a residual hematoma volume of >15ml
had an Modified Rankin Scale (mRS) of < 3 at 180 days, and
49% of patients with a residual hematoma volume of < 15ml had
an mRS of < 3 at 180 days (31). The increase in PHE at 72h
may have had adverse effects on the neurological recovery of ICH,
especially in patients with small-to-medium volume hematomas
(32). Increasing the clearance rate of residual hematomas after
surgery is conducive to reducing brain injury after ICH (33). Our
study showed that there was no significant difference in short-term
neurological recovery between the two groups; this may be related
to the reduction in a residual hematoma or the short follow-up
time of the two groups of patients during extubation. There was
a certain difference in the residual amount of hematoma between
the two different methods of catheter insertion, although the
hematoma was <15 ml in volume when the catheter was removed.
Common medical complications after intracerebral hemorrhage
include pneumonia (24%), acute renal injury (9%), ventricular
inflammation (5%), asymptomatic rebleeding (4%), ischemic stroke
(3%), surgical infection (1%), and others (31, 34). In the acute phase
of intracerebral hemorrhage, the reduction in hematoma volume
is conducive to reducing potential medical complications (35).
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Our study also confirmed that patients with a higher hematoma
clearance rate had fewer complications in the short term.

4.4. Advancing the accuracy of stereotactic
catheterization and reducing
surgical-related complications

Because the stereotactic technique was not adopted in the
MISTIE III trial, the rate of good catheter placement was 62%,
although 6.8% of patients with poor catheter placement needed
replacement of the drainage tube. We adopted the stereotactic
technique to insert the catheter in 83 cases; proper placement of the
drainage tube was achieved in 97.59% of cases. No cases required
replacement of the drainage tube; this instance depends on the
improvement of the method used to replace the catheter during
surgery. To improve the accuracy of stereotactic catheterization,
the following points should be considered: (1) avoiding the
implantation of soft drainage tubes through the broken suction
needle path in the hematoma; (2) selecting a drainage tube that
matches the aperture of the guide sub; (3) directly using a soft
drainage tube with a hard tube core for puncture; (4), when the
drainage tube is located at the target position, the first suction
of blood does not exceed 5ml; and (5) adjusting the position
of the Leksell head frame bone nail according to the hematoma
location to avoid the influence of artifacts of skull bone nails during
CT scanning. The following points should also be considered to
reduce surgical-related complications: (1) reducing the number of
urokinase injections can reduce the risk of infection; (2) as some
patients may experience complete drainage of a hematoma on the
second day, it is important to avoid removal of the drainage tube
at this time. Removal of the drainage tube too early may increase
the risk of bleeding; (3) the retention time of the drainage tube
shall not exceed 7 days. Even if there is residual hematoma at this
time, the drainage tube should be removed. If the drainage tube is
left for too long, it will increase the risk of intracranial infection;
and (4) if the costs are not considered, we would recommend
the use of alteplase as this drug has a lower risk of bleeding.
However, the clinical application of alteplase has proven that it is
safe, effective, and controls the amount of urokinase used for each
hematoma dissolution (36).

For the surgical treatment of small and medium volumes
of ICH in the basal ganglia, patients can undergo stereotactic
catheter drainage (37). We found that the placement of the
catheter was accurate, and the residual amount of hematoma after
drainage was <15 ml. There was no significant difference in short-
term neurological function scores between hematoma long-axis
catheterization and hematoma central catheterization. However, we
recommend inserting a tube through the long axis of the hematoma
through the forehead approach, because the hematoma clearance
rate is high and the dose of urokinase required is small, thus
reducing medical complications. One limitation of this study is that
it was a single-center study with a small number of cases and a short
follow-up time. Currently, multicenter case data are being collected
for further analysis.
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Effects of low-frequency rTMS
combined with antidepressants
on depression in patients with
post-stroke depression: a
systematic review and
meta-analysis

Juanhong Pan ® ", Hongpeng Li?', Yongshen Wang?, Li Lu?,
Ying Wang?, Tianyu Zhao**, Di Zhang ® ** and Song Jin ® **

1School of Health Preservation and Rehabilitation, Chengdu University of Traditional Chinese Medicine,
Chengdu, Sichuan, China, 2School of Medical and Life Sciences, Chengdu University of Traditional
Chinese Medicine, Chengdu, Sichuan, China, *Rehabilitation Department, Hospital of Chengdu
University of Traditional Chinese Medicine, Chengdu, Sichuan, China

Objective: To evaluate the effect of low-frequency (<1 Hz) repetitive transcranial
magnetic stimulation (low-frequency rTMS) combined with antidepressants on
depression and the levels of inflammatory factors IL-6 and TNF-a in patients with
post-stroke depression (PSD).

Design: PubMed, Embase, Web of Science, Cochrane Library (CBM), China
National Knowledge Infrastructure, Technology Periodical Database, and Wanfang
Database were searched until October 2022 for randomized controlled trials.

Participants: Patients with post-stroke depression (PSD) participated in the study.

Results: A total of 16 randomized controlled trials (RCTs) involving 1,463 patients
with PSD were included. According to the Physiotherapy Evidence Database
(PEDro) quality assessment, three studies received high quality (eight scores)
and 13 RCTs received moderate quality (six scores) results. The meta-analysis
showed that low-rTMS combined with an antidepressant significantly reduced the
Hamilton Depression Scale (HAMD) score and the National Institutes of Health
Stroke Scale (NIHSS) score, reduced IL-6 and TNF-a levels, and improved the
MMSE score in PSD compared to an antidepressant alone.

Conclusion: The results of this meta-analysis evidenced the efficacy and safety of
low-rTMS combined with antidepressants in the treatment of depression in PSD
patients. The combined therapy could reduce The depression state and the levels
of IL-6 and TNF-a, and enhance the cognitive function of patients. In addition, low-
rTMS had fewer adverse effects, proving safety. However, there are shortcomings,
such as a lack of long-term follow-up, different intervention sites of low-rTMS,
and different intervention frequencies (0.5 or 1Hz). Thus, in the future, RCTs
with a larger sample size and longer-term observation are required to verify the
efectiveness of low-rTMS combined therapy on PSD. Meantime, a new meta-
analysis could be analysized, which intervention sites and frequency are more
effective in treating PSD.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier:
CRD42022376845.

KEYWORDS

low-rTMS, antidepressants, PSD, depressive state, IL-6 and TNF-a levels, systematic
review, meta-analysis
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Introduction

According to current reports, stroke is the second leading
cause of death and the third leading cause of disability globally
(1). The estimated prevalence, incidence, and mortality rate of
stroke in China in 2020 were 2.6%, 505.2 per 100,000 persons
per year, and 343.4 per 100,000 persons per year, respectively (2).
Post-stroke depression (PSD) is one of the common complications
after stroke. The incidence of PSD in China is at a high level,
ranging from 20 to 70% (3-5), including 33% mild depression,
20% moderate depression, and 4% severe depression (6), and all-
cause mortality in PSD patients increased by 59% (7). The main
clinical manifestations of PSD are the experience of loss of interest,
depression, sleep disorders, and anhedonia after stroke, which
could accompany physical discomforts, such as pain and fatigue
(8, 9). These not only lead to the aggravation of physical symptoms
of stroke patients but also increase the burden on patients and their
families, negatively impact their rehabilitation, and seriously reduce
their quality of life.

The pathogenesis of PSD needs to be clarified, mainly
including neurobiological mechanisms and social-psychological
mechanisms. In studies of neurobiological mechanisms, some
scholars have shown that the level of BDNF correlated with the
incidence of PSD (10). At the same time, it is moderately positively
correlated with the inflammatory factor tumor necrosis factor-a
(TNF-a) in serum and highly positively correlated with the level
of interleukin IL-6 (11).

There are two types of clinical treatment methods for PSD:
drug and non-drug. Drug therapy is the primary treatment
method, including selective serotonin reuptake inhibitors (SSRIs),
SNRIs (serotonin-norepinephrine reuptake inhibitors), Na SSAs
(non-noradrenergic and specific serotonergic antidepressants), and
TCA (tricyclic antidepressant). However, the drug treatment has
many adverse reactions, such as nausea, constipation, dizziness,
insomnia, arrhythmia (12, 13), and even non-response to drugs
(14). Therefore, we must find a better therapy to achieve a better
therapeutic effect while reducing adverse reactions.

Repetitive transcranial magnetic stimulation (rTMS), a non-
invasive brain neuro-modulation treatment method, can stimulate
specific brain parts with specific frequencies to regulate the
degree of nerve excitation and cortical function. It is the only
brain stimulation treatment approved by the US Food and Drug
Administration (FDA) as a non-invasive treatment for depression
(15). In 2022, “Shanghai Expert Consensus on the Clinical
Application and Operation Specification of Repetitive Transcranial
Magnetic Stimulation” (16) also pointed out that rTMS were
effective and safe in treating stroke. Many clinical studies have
shown that rTMS combined with other therapies may be more
effective than simple drug treatment (17, 18) or non-drug treatment
(19, 20) in treating PSD.

Abbreviations: rTMS, repetitive transcranial magnetic stimulation; PSD, post-
stroke depression; SSRIs, selective serotonin reuptake inhibitors; SNRIs,
serotonin-norepinephrine reuptake inhibitors; Na SSAs, noradrenergic and
specific serotonergic antidepressants; TCA, tricyclic antidepressant; TNF-
a, tumor necrosis factor-a; IL-6, interleukin-6; TES, transcranial electrical

stimulation.
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Currently, many clinical studies were conducted on low-
frequency rTMS
in treating PSD, but only a few systematic reviews exist
(21, 22). Among them, Liang et al. (21) analyzed rTMS
and transcranial electrical stimulation (TES) as non-invasive

combined with antidepressant therapy

stimulation. However, only six studies analyzed low-rTMS
combined antidepressants; the latest was only in 2018. Liang
et al. (22) conducted a previous meta-analysis in 2018. Many
of new literature has been published since 2018 (23-27).
Some studies by some scholars have also shown that the
appearance of PSD is related to the increase in IL-6 and TNF-a
levels of the inflammatory factors IL-6 and TNF-a levels (28).
However, these two relevant meta-analyses did not analyze the
outcome indicators.

This meta-analysis aimed to update the efficacy and safety of
low-rTMS (<1 HZ) combined with antidepressant therapy in the
treatment of PSD and to analyze the results of IL-6 and TNF-alevels
to provide a more reliable basis for the development of subsequent
clinical research.

Materials and methods

Search strategy

Two investigators (LL and JHP) conducted the study
according to the search strategy for randomized controlled
trials (RCTs) developed by the Cochrane Collaboration. We
searched for seven major databases, PubMed, Embase, Web of
Science, Cochrane Library (CBM), Chinas National Knowledge
Infrastructure (CNKI), Technology Periodical Database (VIP),
and Wanfang Database. The search time was from establishing the
database to 10 October 2022. Chinese search keywords included
“#1 stroke/ cerebrovascular accident/ cerebral hemorrhage/
cerebral ischemia/ cerebral thrombosis/ cerebral hemorrhage/
hemiplegia®; #2 “transcranial magnetic stimulation/ magnetic
stimulation/ repetitive transcranial magnetic stimulation/ TMS/
rTMS”; #3 “depression/ depressive state.” English search was
conducted using subject terms and free words (Figure 1), including

» o«

“stroke,” “transcranial Magnetic Stimulation,” and “depression.”
The language was limited to Chinese and English, and the
study type was only required to be a randomized controlled

trial (RCT).

Inclusion criteria

After a review of the literature, we determined the
eligibility criteria. This review uses the PICOS framework
(population, intervention and research, comparison,
and conclusion).

(1) People: The patients conforming to the Fourth National
Cerebrovascular Disease Conference set criteria for diagnosing
cerebral apoplexy and the International Classification of Diseases,
10th edition (ICD-10). These criteria regardless of gender
differences, age, country, time, and race. (2) Intervention: Low-
frequency repetitive transcranial magnetic stimulation (<1 Hz)

combined with antidepressants (such as duloxetine, mirtazapine,
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#1 "Stroke"[MeSH Terms]
#2 ((((CCCeeestrokes)OR(Cerebrovascular Accident)) OR(Cerebrovascular Accidents)) OR(CVA(Cerebrovascular Accident)))

OR(CVAs (CerebrovascularAccident)))OR(CerebrovascularApoplexy)) OR (Apoplexy, Cerebrovascular)) OR (Vascular Accident, Brain))
OR(Brain Vascular Accident))OR(Brain Vascular Accidents))OR(Vascular Accidents, Brain))OR (Cerebrovascular Stroke))
OR(CerebrovascularStrokes))OR(Stroke,Cerebrovascular))OR(Strokes, Cerebrovascular)) OR (Apoplexy)) OR (Cerebral Stroke))

OR (Cerebral Strokes))OR (Stroke, Cerebral))OR (Strokes,Cerebral)) OR(Stroke, Acute)) OR (Acute Stroke)) OR (Acute Strokes))

OR (Strokes, Acute)) OR (Cerebrovascular Accident, Acute)) OR (Acute Cerebrovascular Accident))OR(AcuteCerebrovascularAccidents))

OR(Cerebrovascular Accidents, Acute)

#3 #1 OR #2

#4 "Transcranial Magnetic Stimulation"[MeSH Terms]

#5(((((((MagneticStimulation, Transcranial)OR(Magnetic Stimulation, Transcranial))OR(Stimulation, Transcranial Magnetic))
OR (Stimulations, Transcranial Magnetic)) OR(Transcranial Magnetic Stimulations))OR(TranscranialMagneticStimulation,SinglePulse)
OR(Transcranial Magnetic Stimulation, Paired Pulse))OR(Transcranial Magnetic Stimulation, Repetitive)

#6 #4 OR #5

#7 "Depression"[MeSH Terms]

#8 (((((Depressive Symptoms)OR(Depressive Symptom))OR(Symptom, Depressive))OR(Symptoms, Depressive))
OR(EmotionalDepression))OR (Depression, Emotional)

#9 #7 OR #8

#10 #3 AND #6 AND #9

FIGURE 1
PubMed search history.

- CNKI=237 PubMed=22
2 WanFang=166 Web of Science=64
= cqVIP=139 Embase=184
= CBM=13 Cochrance Library=10
: (n=555) (n=280)
=
‘ Records after duplicates removed(n=284) ’
=0
=
‘s
g
g
‘ Records screened(n=284) ’
Records excluded in title and
abstract(n=248)
z
E Full-text articles assessed for )
5 eligbility(n=36) Full-text articles excluded
with reasons(n=20):
Non-RCT=2
Both intervention methods
were rTMS=3

T No data available=2
= The intervention method
= _r ;
= Studles_lpcluded n was non-antidepressant=13
= quantitive(n=16)

FIGURE 2
Flow chart of article selection. CBM, China Biology Medicine; CNKI, China National Knowledge Infrastructure; RCT, randomized controlled trial; VIP,

Technology Periodical Database.

and fluoxetine) administered to patients, and both groups given  and rehabilitation training (passive movement, muscle strength
essential treatment (such as nerve nutrition and vasodilatation)  training, and activities of daily living training). (3) Comparison:
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A
Study %
D SMD (95% Cl) Weight
!
lijie (2021) : —_— -0.09 (-0.48, 0.30) 7.01
Fanxiaoyan (2014) | —— -0.27 (-0.68, 0.15) 6.90
1
lining (2013) | — -0.15 (-0.69, 0.39) 634
1
sunjia (2013) | —— -0.40 (-0.79, -0.00) 6.98
1
sunleyu (2015) —— -0.50 (-1.00, -0.00) 6.53
lifan (2015) —_— -0.75 (-1.39,-0.11) 5.86
1
niuyulian (2021) — -1.30 (-1.74,-0.87) 6.82
1
wangruitong (2020) —— -1.21 (-1.56,-0.86) 717
xingxiaoru (2016) —_— -1.01 (-1.39,-0.63) 7.04
1
wangyunnan (2014) — -1.13 (-1.52,-0.73) 6.96
1
likejiao (2015) — -1.21 (-1.58,-0.83) 7.05
1
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1
' :
2 1
1
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FIGURE 3
Results of HAMD score. (A) All studies. (B) After subgroup analysis (1: <4 weeks; 2: >8 weeks).

Antidepressants as a control intervention. (4) Outcome: At least  Institutes of Health Stroke Scale (NIHSS), and overall efficacy. (5)
Study: Randomized controlled trial (RCT) published in English

or Chinese.

one outcome index, namely, Hamilton Depression Scale (HAMD),
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), National
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TABLE 1 Characteristics of included studies.

Patients Treatment group Control group Outcomes Positive/
negative
Age Sample Intervention  Dose Frequency Sample Intervention Frequency
(year) size size
Leyu and PSD 57.7+43 32 rTMS + SSRT 0.5Hz, 60% MT, 30 Bilateral 1/day 583443 32 SSRI (fluoxetine) 20 mg/day 1/day 10 days A+F +
Lijun (29) (fl i pul q 1 frontal lobe
sequence/day
Guobing (26) PSD 60.57 + 5.38 36 rTMS + 0.5Hz, 60% MT, Bilateral 1/day 60.49 & 5.31 36 fluoxetine 20 mg/day 1/day 4 weeks A +
fluoxetine 20T frontal lobe
Tian and Jia PSD 56.3+£7.1 63 rTMS + 0.5 Hz, 60% MT, 30 Bilateral 1/day 56.0 £7.1 63 fluoxetine 20 mg/day 1/day 12 weeks A+E +
(30) fluoxetine pulses/sequence, 1 frontal lobe
sequence/day
Xiaoyan (31) PSD 6143 £ 8.74 45 rTMS + 1Hz, 100% MT, 30 Bilateral 1/day 64.78 +7.23 45 Duloxetine 60 mg/day 1/day 4 weeks A+F +
duloxeti pul 10 frontal lobe
sequence/day
Jiaetal. (32) PSD 64.62 +11.45 50 rTMS + 1Hz, 90% MT, 30 Bilateral 1/day 66.50 +11.09 50 Flupentixol, 10.5 mg/day 1/day 2 weeks A +
Tupentixol, pul qt 1 frontal lobe melitracen
melitracen sequence/day tablets
tablets
Jie (23) PSD 57.66 & 3.41 51 1TMS + 0.5Hz, 80% MT, 30 Right frontal 1/day 58.27 +3.53 51 Fluoxetine 20 mg/day 1/day 4 weeks A +
fl i pul qt 1 lobe
sequence/day
Lietal. (33) PSD 64.8+54 26 1TMS + 1Hz, 90% MT Right frontal 1/day 652448 27 Mirtazapine 15 1/day 4 weeks A+D+F +
mirtazapine lobe mg/day—30
mg/day
Fan (34) PSD 58.65 £ 6.01 20 rTMS + 1Hz, 80% MT 800 Right frontal 1/day 56.70 4 5.95 20 Fluoxetine 20 mg/day 1/day 4 weeks A+D +
fluoxetine pulses/day lobe
Niu et al. (24) PSD 62.4+43 50 rTMS + 1Hz, 90% MT, 1,500 Right frontal 1/day 61.5+4.1 50 Paroxetine 20 mg—40 1/day 8 weeks A+B+C+D +
Paroxetine pulses/day lobe hydrochloride mg/day
hydrochloride tablets
tablets
‘Wang et al. PSD 68.52 +£5.71 76 rTMS + 1 Hz, 800 pluses/day Right frontal 1/day, 5 68.39 £ 5.02 76 Paroxetine 20 mg—40 1/day 8 weeks A+B+C+F +
(25) paroxetine lobe days/week hydrochloride mg/day
hydrochloride tablets
tablets
Tan etal. (35) PSD 59.2+42 26 rTMS + 1Hz, 80% MT Right frontal 1/day, 5 574439 26 Escitalopram 10 1/day 6 weeks A +
Escitalopram lobe days/week mg/day—20
mg/day
Yunnan et at. PSD 554495 56 rTMS + 0.5 Hz, 30/sequence, Left frontal 1/day, 5 554495 56 fluoxetine 20 mg/day 1/day 8 weeks A+E +
(36) fluoxetine 1 sequence/day lobe days/week
Wang etal. PSD 64.98 + 4.86 40 1rTMS + 1Hz, 90% MT, 50 Left frontal 1/day, 5 65.27 & 4.71 40 Escitalopram 5 1/day 4 weeks A+B+C+F +
©27) ital pul qt lobe days/week mg/day—20
mg/day
Xiaoru et al. PSD 55.6+5.8 60 rTMS + 1Hz, 80% MT, 50 Left frontal 1/day, 5 558 +£55 60 fluoxetine 20 mg/day 1/day 8 weeks A+E+F +
(37) fluoxetine pulses/sequence, 30 lobe days/week
sequences/day
Kejiao (38) PSD 54.77 £ 9.80 64 rTMS + 1Hz, 80% MT, 50 Left frontal 1/day, 5 55.36 4 10.90 64 fluoxetine 20 mg/day 1/day 8 weeks A+E +
fl i pul 30 lobe days/week
sequences/day
Liuetal. (2) PSD 55.61 & 6.84 35 rTMS + 1Hz, 70% MT, 30 bilateral 1/day, 5 50.20 +6.28 35 Paxil 20 mg/day 1/day 8 weeks B+C +
paroxetine s/sequence, 1 dorolateral days/week hydrochloride
hydrochloride sequences/day tablet
tablets

r'TMS, repeated transcranial magnetic stimulation; A, HAMD score; B, IL-6 level; C, TNF-a level; D, NTHSS score; E, MMSE score; F, effective rate.

150

‘le 19 ueq

£¢¢89TT'¢2021N3U4/685¢°0T


https://doi.org/10.3389/fneur.2023.1168333
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Pan et al.

TABLE 2 Evaluation of the quality of the included documents through PEDro.

10.3389/fneur.2023.1168333

Lietal. (33) J J x J x x x J J J J 6 Medium
Jia etal. (32) v J x J x x x J J J J 6 Medium
Fan (31) v oY x J v x V2 VA BV A BV 8 High

Yunnan et al. (36) J J x J x x x J J J J 6 Medium
Li (34) J J x J x x x J J J J 6 Medium
Kejiao (38) J J x J x x x J J J J 6 Medium
Leyu and Liju (29) J J x J x x x J v J J 6 Medium
Xiaoru et al. (37) J J x J x x x J J J J 6 Medium
Tan et al. (35) J J J J J x x J v J J 8 High

Wang et al. (27) J J x J x x x J J J J 6 Medium
Wang et al. (25) J J x J x x x J J J J 6 Medium
Jie (23) J J x J x x x J v J J 6 Medium
Niu and Wu (24) J J x J x x x J v J J 6 Medium
Guobing (26) J J x J x x x J J J J 6 Medium
Tian and Jia (30) J J x J X x x J J J J 6 Medium
Liu etal. (2) J J J J J x x J J J J 8 High

1 = inclusion exclusion criteria; 2 = randomized group; 3 = allocation concealment; 4 = similar baseline; 5 = subject blinding; 6 = therapist blinding; 7 = assessor blinding; 8 = more than

85% of patient measures; 9 = intention to treat; 10 = between-group analysis; 11 = at least one point measure (4/: yes, no risk; x: no, risky).

Data extraction and management

Two researchers (JHP and HPL) independently searched
and browsed seven databases according to the search strategy,
imported the obtained literature into the Endnote X9 literature
manager, selected the studies, and collected the data independently
according to the inclusion and exclusion criteria. The extracted
content included general information (name of the author, year of
publication, and age of the participants) and study characteristics
(experimental group and control intervention method, sample
size, stimulation site, stimulation frequency, and duration).
Any disagreements were negotiated and discussed with a third
investigator (YSW) and finally reached a consensus.

Quality assessment

The Physiotherapy Evidence Database (PEDro) was used to
assess the quality of the literature. The PEDro scale uses 11 criteria,
each rated as “yes” or “no,” and one point is awarded for each
response. The first item is not included in the PEDro scoring, and
the total score is 10 points. The total PEDro score of >7 points is of
high quality, 5-6 points are of moderate quality, and <4 points are
of low quality (39). The scores were given independently by two
researchers (JHP and YW); if the results were inconsistent, they
discussed them with a third researcher (YSW).

The two reviewers (LL and YW) also completed the risk of
bias. The evaluation was carried out according to the Cochrane
Handbook for Systematic Reviews of Interventions version 5.3.
Items included the following: (1) random sequence generation
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(selection bias), (2) allocation concealment (selection bias), (3)
blinding of participants and personnel (performance bias), (4)
blinding of outcome assessment (detection bias), (5) incomplete
outcome data (attrition bias), (6) selective reporting (reporting
bias), and (7) other bias. The quality of the included studies was
classified as low/unclear/high risk of bias (low risk of bias was “yes,”
high risk of bias was “no,” otherwise was “unclear”).

Statistical analysis

We used StataMP 17. for meta-analysis. Weighted mean
difference (WMD) was used for continuous variables, while odd
ratio (OR) was used as the effective statistics for dichotomous
variables, and 95% confidence intervals (95% CI) were calculated
for all data. The heterogeneity of the treatment effect was tested
by calculating the I? index. When p > 0.05 or I> < 50%, it was
considered low heterogeneity, and the fixed effect model was used
for meta-analysis. When p < 0.05 or I? > 50% was considered as
high heterogeneity, meta-analysis was performed using a random-
effects model, and sensitivity analysis was performed to identify the
source of heterogeneity. Egger’s test analyzed publication bias.

Results

Selection of the results
As of October 2022, we retrieved 835 pieces of literature

according to the search strategy and excluded 551 duplicate
literature. After reading the title and abstract, 248 articles were
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FIGURE 4
Forest plot of total effective rate.

excluded. After reading the complete text, there were two
randomized controlled trials, three studies with rTMS, two with
no data extraction, and 13 with non-antidepressants. A total of 16
articles were included. The detailed screening procedure is shown
in Figure 2.

Study characteristics

The 16 (2, 23-27, 29-38) included articles were all randomized
controlled trials on the effect of low-rTMS combined with
antidepressants on PSD patients. A total of 1463 patients with PSD.
Age was 18 years and older, a frequency of 5-7 days/week, and
a course of treatment of 10 days to 12 weeks. The intervention
group used rTMS combined with an antidepressant, and the control
group’s method was an antidepressant. The primary outcomes
included the HAMD score and the overall response rate. The
secondary outcomes included IL-6, TNF-a, NIHSS score, and
MMSE score. Table I shows the detailed characteristics. There
were no significant differences in the baseline data between the
two groups.

Quality assessment

We evaluated the quality of the included studies according
to the PEDro quality assessment scale (Table 2), and most of the
included studies had methodological deficiencies in the blinding
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of subjects, therapists, and assessors. Three studies scored as
high quality (eight scores), and 13 were scored as high quality
(six scores).

Meta-analysis results

Primary outcomes
Result of the HAMD score

A total of 15 RCTs (23-27, 29-38), including 1,393 patients,
reported HAMD scores. The HAMD scores of 15 studies were
analyzed, showing statistical heterogeneity among the studies (I?
= 86.0%, p = 0.000). The random effect model was used for
meta-analysis. The results showed that the treatment effect of the
intervention group was better than that of the control group [SMD
= —1.01, 95% CI (—1.31, —0.70); Figure 3A], which could prove
that low-frequency rTMS combined with antidepressants had a
positive effect on the improvement of depression in PSD patients.

The studies were stratified according to the intervention period
of >8 weeks (six RCTs) or <4 weeks (nine RCTs). The results
showed that a total of 9 RCTs (23, 26, 27, 29, 31-34, 37) were
included in the subgroup of the intervention period <4 weeks,
including 721 patients. Compared to the control group [SMD =
—0.76, 95% CI (—1.19, —0.32), I> = 87%, p = 0.001 < 0.05],
the combination of low-frequency rTMS and antidepressants was
more effective in improving the symptoms of patients with PSD.
In the subgroup of the intervention period of >8 weeks, six RCTs
(24, 25, 30, 35, 36, 38) were included, totaling 672 patients. The
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FIGURE 5
Forest plot of IL-6 level in serum. (A) All studies. (B) After sensitivity analysis.

results were statistically significant compared to the control group
[SMD = —1.33, 95% CI (—1.31, —0.70), p = 0.000 < 0.05] by the
random effects model (I? = 23.1%). This proves that low-frequency
rTMS combined with antidepressants has positive significance in
improving patients’ symptoms. Furthermore, we can speculate
from the results that the duration of the intervention >8 weeks may
be more effective (Figure 3B).
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Effective rate

Seven studies (25-27, 29, 31, 33, 37) evaluated 631 participants
and reported overall response rates. Data were pooled using a fixed
effect model (I> = 0%) (Figure 4), and the results showed that low-
frequency rTMS combined with antidepressants was adequate for
the treatment of PSD compared with the control group [OR = 1.18,
95% CI (0.94, 1.49), p = 0.999].
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FIGURE 6
Forest plot of TNF-« level in serum. (A) All studies. (B) After sensitivity analysis.
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FIGURE 7
Forest plot of the NIHSS score.

The secondary outcomes
Serum IL-6 and TNF-« levels

There were four studies (2, 24, 25, 27) in which the blood
inflammatory factors interleukin-6 (IL-6) and tumor necrosis
factor-o. (TNF-a) were measured in 402 participants. We used a
random effects model to combine the data. The results showed
that compared to the control group, the intervention group had
a significant reduction in IL-6 [WMD = —4.09, 95% CI (—5.03,
—3.15), I = 56.6%, p = 0.075] (Figure 5A) and TNF-a [I? = 82.5%,
p=0.001], WMD = —6.53,95% CI (—9.05, —4.01; Figure 6A) were
more effective.

After sensitivity analysis, we found that the heterogeneity
decreases after the exclusion of two studies (24, 27). We used the
fixed effect model [IL-6 (WMD = —3.66, 95% CI (—4.29, —3.04), I*
= 6.5%, p = 0.075); Figure 5B] and [TNF-oo (WMD = —5.41, 95%
CI (—6.77, —4.05), I> = 3.0%, p = 356); Figure 6B]. We considered
that the heterogeneity might be due to the different stimulation sites
and the intervention period (left frontal lobe, 4 weeks) in this study
compared with the other two studies (right frontal lobe, 8 weeks).

NIHSS score

A total of three studies (24, 33, 34) assessed NIHSS scores in
193 patients. Using a fixed effect model, the statistical significance
was found compared to the control group [SMD = —0.67, 95% CI
(—0.96, —0.38), (I* = 0%), p = 0.610; Figure 7], which showed that
low-frequency rTMS combined with antidepressants also helped to
improve neurological function in stroke patients.

MMSE score
A random effect model was used to perform a meta-analysis of
the MMSE scores of 486 participants included in four studies (30,
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36-38). The increase of MMSE score in the low-rTMS combined
with the antidepressant group was significantly higher than that in
the control group [WMD = 4.19, 95% CI (2.11, 6.26), I =79.4%,
p =0.002] (Figure 8A).

Due to the significant heterogeneity (I> = 79.4%), the
intervention frequency (NOTE. 1: 0.5Hz; 2: 1Hz) performed
a subgroup stratified analysis, reducing the heterogeneity to a
reasonable range. Using the fixed effects model, the results show
that WMD = 5.61, 95% CI (4.51, 6.71), I = 44.5%, p = 0.180
and WMD = 2.27, 95% CI (0.79, 3.74), I> = 0%, p = 0.746. Low
r'TMS combined with antidepressants can significantly improve the
MMSE score of PSD patients, which can improve the cognitive
function of PSD patients (Figure 8B).

Sensitivity analysis

We used StataMP 17 for sensitivity analysis on the result of
the HAMD score; the results are shown in Figure 9. There were
15 studies included in the meta-analysis, and the pooled results of
the remaining studies were not statistically significant regardless
of which one was excluded. The results were consistent with the
original combined results [SMD = —1.01, 95% CI (—1.31, —0.70)],
which proved that the meta-results were stable.

Meta-regression results

Since the combined results of HAMD score data showed
significant heterogeneity (I*> = 86.0% > 50%), we conducted
meta-regression according to the intervention frequency, site, and
intervention period of the included literature to find the source
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FIGURE 8
Result of MMSE score. (A) All studies. (B) After subgroup analysis (1: 0.5HZ; 2: 1HZ).

of heterogeneity. The results showed that the intervention period ~ Risk of bias

(p = 0.044 < 0.05) was the source of heterogeneity (Figure 10). We followed the Cochrane Handbook for Systematic
Neither the frequency of intervention (p = 0.636 > 0.05) nor  Reviews of Interventions 5.3 to evaluate the risk of bias,
the site of intervention (p = 0.542 > 0.05) was the source and two researchers (JHP and YW) independently evaluated
of heterogeneity. the risk of bias in the included studies. After integrating
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FIGURE 10
Meta-regression results of the intervention period.

the results, the 16 included RCTs were shown to be at
low risk (Figures 11, 12). Because we could not obtain the
original study protocols of the included kinds of literature,

Frontiersin Neurology

other biases could not be determined and were evaluated as
unknown risks after discussion by three researchers (JHP, YW,
and YSW).
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Publication bias

We used StataMP 17 to analyze the publication bias of the
HAMD score and total effective rate by Egger’s test (2). The results
showed that the Egger’s test of the HAMD score and the total
effective rate was p = 0.421 > 0.05 and p = 0.339 > 0.05, showing
no significant publication bias (Figures 13, 14).

Discussion
This meta-analysis included 16 studies with 1,463 patients
with PSD. The experimental group used rTMS combined with

antidepressants (such as fluoxetine, duloxetine, mirtazapine,
paroxetine, or flupentixol melitracen), and the control group
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received antidepressants (Table 1). We used PEDro to assess the
quality of the included studies, including two high-quality studies
(eight scores) and 13 medium-quality studies (six scores). The
risk of bias was evaluated as low because the 16 studies described
the randomization method and reported the primary outcome
measures. However, we did not have access to the original protocol
and other risks of bias evaluations are unclear. We used Egger’s test
to analyze the publication bias of the HAMD score and the total
response rate, and the results did not show a significant publication
bias of the HAMD score and the total response rate (p = 0.421 >
0.05 and p = 0.339 > 0.05).

The results of the meta-analysis proved that rTMS combined
with antidepressants could reduce the HAMD score of PSD patients
compared to an antidepressant [SMD = —1.01, 95% CI (—1.31,
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Egger's publication bias plot

FIGURE 14
Egger’s publication bias plot of effective rate.
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—0.70), I> = 86.0%, p = 0.000]. However, there was significant
heterogeneity. In order to find the source of heterogeneity, we
conducted a meta-regression according to publication year, age,
intervention frequency, intervention period, intervention site, and
intervention drug. We also performed subgroup analyses according
to the intervention period (<4 and >8 weeks). The results show
that SMD = 0.76, 95% CI (1.19, 0.32), I> = 87%, p = 0.001 <
0.05 (4 weeks) or less, and SMD = 1.33, 95% CI (1.31, 0.70), I*
= 23.1%, p = 0.000 < 0.05 (>8 weeks). Low rTMS combined
with an antidepressant had a positive effect in improving the
depression of PSD patients. In order to further verify the stability
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of the meta-results, we conducted a sensitivity analysis. The results
showed that no matter which study was excluded, the combined
results of the remaining studies were not statistically significant,
consistent with the original combined results [SMD = —1.01, 95%
CI (—1.31, —0.70)], and the results were stable.

Previous studies have shown that the pathological mechanism
of PSD may be related to the inflammatory process caused by
stroke, and serum levels of interleukin-1f (IL-1B), interleukin-6
(IL-6), IL-10, interferon-y, and the TNF-a level in PSD patients
increased to varying degrees (40-42). Furthermore, it will increase
with an increase in the degree of depression. The results of this
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meta-analysis evidenced that rTMS combined with antidepressants
could reduce the levels of serum inflammatory factors (IL-6 [WMD
= —3.66, 95% CI (—4.29, —3.04), I* = 6.5%, p = 0.075]) and
TNF-o [WMD = —5.41, 95% CI (—6.77, —4.05), I* = 3.0%, p =
356]). It could be seen that low-frequency repetitive transcranial
magnetic stimulation could increase the protective factors of nerve
cells. In contrast, the expression of factors IL-6 and TNF-a that
damage nerve cells decreases. Therefore, there is evidence that
low-frequency repetitive transcranial magnetic stimulation could
somewhat protect nerve cells by inhibiting the production of
inflammatory factors related to depression (43-45).

This study also demonstrated that low rTMS combined
with antidepressants could reduce NIHSS scores [SMD =
—0.67, 95% CI (—0.96, —0.38), p = 0.610] and increase the
MMSE score [WMD = 4.19, 95% CI (2.11, 6.26)] in PSD
patients. There is promising data that the low-rTMS combined
with antidepressants possibly improve neurological function in
stroke patients and the cognitive function of PSD patients to
some extent.

Currently, research on the mechanism of PSD is not very
detailed and most of the clinical treatments are symptomatic.
However, some studies have also shown that the appearance of
PSD may be related to the following factors. First, dysfunction of
the central monoamine neurotransmitter system. The experiments
of Whyte et al. (46) showed that the destruction of noradrenergic
and serotonergic neurons led to varying degrees of decrease
in norepinephrine and serotonin after PSD, which can lead to
the occurrence of depression. Relevant experiments by Robinson
et al. (47) also showed that the levels of 5-HT, NE, and DA
neurotransmitters in the hippocampus and frontal cortex of
PSD rats were significantly reduced, leading to the appearance
of depression.

Meanwhile, the significant efficacy of SSRI and SNRI in treating
PSD has confirmed this speculation. Second, the appearance of
oxidative stress. Nabavi et al. (48) believed that reactive oxygen
species produced in the stroke process could cause oxidative stress,
lipid peroxidation, protein oxidation, and DNA damage in the
nerve tissue, which induced post-stroke depression. The study
of Nabnvi et al. (49) also provided favorable evidence for the
hypothesis. Third, a decrease in neurotrophic factors. Xia et al.
(50) showed that the occurrence of PSD negatively correlated
with the level of neurotrophic factor (BDNF). The study of
Moghbelinejad et al. (51) also proved that BDNF could effectively
regulate the regeneration and apoptosis of neurons, mediate the
growth and proliferation of nerve cells, and protect nerve tissues
from the damage caused by neuronal death caused by ischemia
or depression. Fourth, psychosocial changes. Brggimann et al. (52)
showed that posttraumatic stress disorder was associated with
changes in psychological status after stroke. Moreover, there are
also relevant studies (53, 54) that the degree of social support at
3-6 months, 1 year, and 2 years after stroke is related to the severity
of PSD.

A total of five studies (24, 26, 32, 34, 38) reported
adverse effects, mainly including neurological and digestive
abnormalities. Neurological abnormalities mainly included scalp
discomfort, sweating, drowsiness, fatigue, and headache. Digestive
abnormalities include nausea, vomiting, loss of appetite, and
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constipation. In the low-frequency rTMS combined with the
antidepressant group, scalp discomfort occurred in three cases,
headache in 20 cases (14 cases relieved after rest and six
cases relieved after taking acetaminophen), fatigue in two
cases, nausea in two cases, and vomiting in one case. In the
antidepressant group, there were three cases of drowsiness,
two cases of headache, four cases of constipation and loss
of appetite, five cases of nausea, and five cases of vomiting.
These adverse effects may be related to the administration
of antidepressants.

This study also has some limitations. First, as shown in Table 2
and Figures 11, 12, most of the studies included in this study had
methodological deficiencies and mostly did not blind participants,
therapists, and assessors. These factors may affect the effect of
low rTMS combined with antidepressants in the treatment of
PSD, so more high-quality and large-sample studies are needed
to confirm it in the future. Second, most of the intervention
periods of the 16 included studies were between 4 weeks and 8
weeks, and there were no reports on long-term follow-up, thus, the
long-term efficacy of these studies could not be analyzed, which
may be an issue we should consider in the future. Third, only
three studies were recovered according to the inclusion criteria
and used the inflammatory factors IL-6 and TNF-a as outcome
indicators. Although our conclusion is positive and supported by
research, it is still necessary to verify this conclusion with more
high-quality studies in the future. Finally, as shown in Table 1,
there were differences in intervention sites and intervention
frequencies in the 16 included studies. Unfortunately, in this meta-
analysis, we only compared the efficacy of low-frequency rTMS and
antidepressants and did not compare the efficacy between different
sites. A new meta-analysis can be carried out in this regard in
the future.

Conclusion

The results of this meta-analysis evidenced the efficacy
and safety of low-rTMS combined with antidepressants in the
treatment of depression in PSD patients. The combined therapy
could reduce The depression state and the levels of IL-6 and
TNF-a, and enhance the cognitive function of patients. In
addition, low-rTMS had fewer adverse effects, proving safety.
However, there are shortcomings, such as a lack of long-term
follow-up, different intervention sites of low-rTMS, and different
intervention frequencies (0.5 or 1Hz). In the future, more large
sample size, higher quality, and more extended observations of
RCTs are needed to verify further effectiveness of low-rTMS
combined therapy on PSD. A new meta-analysis could determine
which intervention sites and frequency are more effective in
treating PSD.
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Background: Hemiplegic shoulder pain (HSP) is a common complication in
patients with stroke. The pathogenesis of HSP is complex, and muscle hypertonia,
especially the hypertonia of internal rotation muscles of the shoulder, may be
one of the important causes of shoulder pain. However, the relationship between
muscle stiffness and HSP has not been well studied. The purpose of this study is
to explore the correlations between the stiffness of internal rotation muscles and
clinical symptoms in patients with HSP.

Methods: A total of 20 HSP patients and 20 healthy controls were recruited for this
study. The stiffness of internal rotation muscles was quantified using shear wave
elastography, and Young's modulus (YM) of the pectoralis major (PM), anterior
deltoid (AD), teres major ™, and latissimus dorsi (LD) were measured. Muscle
hypertonia and pain intensity were evaluated using the Modified Ashworth Scale
(MAS) and Visual Analog Scale (VAS), respectively. The mobility of the shoulder was
evaluated using the Neer score. The correlations between muscle stiffness and the
clinical scales were analyzed.

Results: YM of internal rotation muscles on the paretic side was higher than that
of the control group in the resting and passive stretching positions (P < 0.05).
YM of internal rotation muscles on the paretic side during passive stretching was
significantly higher than that at rest (P < 0.05). YM of PM, TM, and LD during passive
stretching were correlated with MAS (P < 0.05). In addition, the YM of TM during
passive stretching was positively correlated with VAS and negatively correlated
with the Neer score (P < 0.05).

Conclusion: Increased stiffness of PM, TM, and LD was observed in patients with
HSP. The stiffness of TM was associated with pain intensity of the shoulder and
shoulder mobility.

KEYWORDS

hemiplegic shoulder pain, stroke, shear wave elastography, muscle stiffness, ultrasound

Introduction

Hemiplegic shoulder pain (HSP) is one of the most common complications after stroke,
and patients with HSP often have shoulder pain and limited mobility (1). The prevalence of
HSP in post-stroke patients has been reported to be 84% and remains elevated throughout
recovery (2, 3). The etiology of HSP is multifactorial, and factors including impingement

163 frontiersin.org


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2023.1195915
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2023.1195915&domain=pdf&date_stamp=2023-06-02
mailto:John-lw@sohu.com
mailto:yuanxiangzhen@163.com
https://doi.org/10.3389/fneur.2023.1195915
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2023.1195915/full
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Jia et al.

syndrome, rotator cuff dysfunction, and muscle hypertonia may
be related to HSP (4). The initial weakness and muscle hypertonia
after stroke are mainly due to the injury of upper motor neurons,
which change the muscle stiffness and cause pain by pulling
the periosteal attachments (5, 6). As the clinical manifestations
of HSP are variable, there is no universal treatment method at
present. However, untreatable shoulder pain can cause secondary
problems and limit upper limb function (7). Therefore, further
research is needed to clarify the factors affecting HSP. It has
been reported that muscle hypertonia was an important cause
of shoulder pain in patients with hemiplegia during spasticity
(1). In stroke patients, the shoulder girdle on the paretic side
usually shows increased stiffness of the internal rotation muscles
during the spastic phase, resulting in an abnormal pattern of
internal rotation of the humerus and retraction of the scapula,
which affects the normal humeral rhythm and squeezes soft tissues
and causes shoulder pain (8). The internal rotation muscles with
hypertonia included pectoralis major (PM), deltoid anterior (AD),
teres major (TM), latissimus dorsi (LD), and subscapularis. These
hypertonic muscles may be the main cause of pain and limited
movement in HSP (1). Therefore, evaluation and rehabilitation of
shoulder internal rotation muscles may be beneficial for patients
with HSP.

Focal and characteristic muscle dysfunction is often observed
in HSP patients (9). Investigations have shown that the overactivity
of PM and subscapularis are obvious in HSP. With the increase
in the activity of TM and LD, HSP patients have pain and limited
activity (4). In addition, the incidence of disability in HSP is also
high. In the Auckland stroke study, patients who were discharged
home from a hospital had an increased risk of shoulder pain.
Approximately 20% of patients have persistent shoulder pain for
more than 6 months and the pain becomes permanent, affecting
their activities of daily living (10). Thus, it is very important to find
out the disabling factors and implement preventive intervention
before HSP occurs. However, the changes in the stiffness of the
shoulder’s internal rotation muscles and the impact on HSP are
still unclear.

The clinical evaluation of hypertonia mainly includes
clinical scale evaluation, biomechanical evaluation, and
electrophysiological evaluation. The commonly used clinical
scale is the Modified Ashworth Scale (MAS), which can only
assess the overall condition of the patient and is highly subjective
with limited reliability and validity. Moreover, biomechanical
evaluation and electrophysiological evaluation are complicated
and expensive. Shear wave elastography (SWE), an emerging
technique, has the advantages of non-invasive, simple, and timely
detection. Most importantly, it has a certain pathological basis
for muscle hypertonia assessment, monitoring the structure and
viscoelasticity properties of hypertonic muscle. The principle
of SWE is to generate shear waves by creating acoustic radio
frequency force impulse, stimulating tissue vibration to quantify
muscle stiffness (11). Muscle stiffness can be quantified by Young’s
modulus (YM) or shear wave velocity (SWV) (12). YM is the ratio
of longitudinal stress to strain, which indicates the longitudinal
deformation trend of the tissue and can directly reflect the
change in muscle stiffness (13). YM increases with the increase
in muscle stiffness (14). Currently, SWE is widely used to assess
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muscle stiffness with excellent reliability (15). In particular, it is
possible to quantify the stiffness of individual muscle tissues and
observe subtle changes in muscle properties in the early stages
of the disease, providing clinicians with an objective indicator.
In addition, measuring the stiffness of muscles in different states
can help physical therapists design targeted, individualized
treatment plans.

In this prospective observational study, we hypothesized that
the stiffness of internal rotation muscles was related to the clinical
symptoms of HSP. Using the SWE technique, we quantitatively
measured the YM of internal rotation muscles and analyzed
the relationship between muscle stiffness and hypertonia, pain
intensity, and shoulder dysfunction.

Materials and methods

Subjects

A total of 20 stroke patients with HSP and 20 healthy
controls participated in this study. The inclusion criteria for
the stroke patients with HSP were as follows: (1) patients with
cerebral hemorrhage or cerebral infarction confirmed by computer
tomography or magnetic resonance imaging (16), (2) patients with
first onset of stroke with unilateral involvement, (3) patients with
the duration of stroke <6 months, (4) patients with shoulder pain
and muscle hypertonia on the paretic side, (5) patients with the
paretic side had no history of shoulder pain before the stroke, (6)
patients who could cooperate with the examination and assessment,
(7) patients with sitting balance >1 grade, (8) patients with the
visual analog scale (VAS) scored >0, (9) patients with MAS graded
1-3, and (10) patients with shoulder pain lasting for 2 weeks or
more (17). The exclusion criteria were as follows: patients with (1)
impairment of consciousness, cognition, or language, (2) severe
muscle or bone joint disease affecting upper limbs, (3) a history
of shoulder surgery, and (4) VAS score = 10 or MAS grade = 0.
The inclusion criteria for the control group were as follows: (1)
patients with no history of stroke, (2) patients with normal range
of motion of shoulder joint (18), (3) patients who could cooperate
with inspection and evaluation, (4) patients who could tolerate
ultrasound examination, and (5) patients who matched with HSP
group for age, sex, weight, height, and BMI (19). The exclusion
criteria for the control group were as follows: patients with (1)
a history of shoulder trauma and surgery and (2) a history of
shoulder disease.

The participants were recruited for this study from October
2021 to April 2022. This study was approved by the Ethics
Committee of Weifang Medical College, and all participants
provided written informed consent before participation.

Clinical evaluation

Before the ultrasonic measurement, all patients were evaluated
by experienced physiotherapists using the MAS, VAS, and Neer
scores for the evaluation of shoulder muscle hypertonia, pain,
and function, respectively. MAS is one of the most commonly
used scales to evaluate muscle hypertonia in clinics. The clinician
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FIGURE 1

SWE images of the shoulder internal rotation muscles at rest (A—=D) in patients with HSP. The dark blue area on the left is the elastic sampling frame.
Three white circles are regions of interest. PM, pectoralis major; AD, anterior deltoid; TM, teres major; LD, latissimus dorsi.
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passively moved the patient’s upper limb in the 0° to 90° range of
external rotation and rated the resistance from 0 (no increase in
muscle tone) to 4 (the joint is rigid) (20), and the patients were
asked to rate their sense of pain numerically (VAS) on a scale from 0
to 10, with 0 representing “no pain” and 10 indicating “very severe
pain.” The Neer score consists of four aspects, namely, numerical
ratings of pain, function, range of motion, and anatomy, with a
total score of 100 points. A higher score indicates a better shoulder
function (21).

Experimental equipment

Ultrasound images were captured using the SWE ultrasound
system (Supersonic Imagine, Aix-en-Provence, France) with a 2-
10 MHz linear transducer array (Super Linear, 10-2, Vermon,
France). All subjects were seated in a neutral position with the torso,
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shoulder abduction 0°, and upper limbs naturally relaxed on the
legs. The probe was applied perpendicularly to the skin, paralleling
the muscle bundle. First, the measurement position was determined
by the B-mode grayscale. Thereafter, SWE was switched to establish
the region of interest (ROI), set to an ROI of 1 mm diameter, and
a depth of 0-2cm (Figure 1 and Supplementary Figure S1). YM
was measured three times at the same location, and the average
value was taken for analysis. Participants were asked to hold their
breath during the measurement to avoid muscle elongation by chest
movement. The patient’s upper limb was then passively stretched
to shoulder abduction at 45° and maximum tolerable external
rotation (4, 22, 23), which could induce muscle hypertonia and
pain through this position, and YM of the muscle in the passive
stretching position was measured.

The measurement sites were as follows: PM was measured at
the midpoint between the greater tubercle of the humerus and
sternoclavicular joint; anterior deltoid (AD) was measured at a site
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2 to 3cm below 1/3 lateral to the midpoint of the clavicle. The
probe is perpendicular to the line between the inferior angle of the
scapula and the acromion to measure TM; LD was measured at the
position of the eighth thoracic vertebra parallel to the lower part of
the inferior angle of the scapular.

Statistical analyses

The Mann-Whitney test or independent samples t-test was
used for the comparisons as appropriate, and the Shapiro-Wilk
test was used to check whether the data conformed to normal
distribution. The gender distribution between HSP and healthy
controls was compared using the chi-square test. The correlations
between muscle stiffness and the MAS, VAS, and Neer score were
analyzed using Spearman’s rank test. The p-values of multiple
comparisons and correlation analysis were corrected by controlling
the false discovery rate (FDR) at a level of 0.05 (24). All calculations
were performed in SPSS Statistics 26 (SPSS Inc, Chicago, IL, USA).

Results

Subject characteristics

The demographic data are summarized in Table 1. A total of
20 HSP patients (14 male and 6 female patients) and 20 healthy
controls (13 male and 7 female patients) were included for further
analysis. The average ages of HSP patients and the control group
were 53.90 £ 7.17 years and 57.10 =+ 3.51 years, respectively. The
average body weight of HSP patients and control group were 66.37
=+ 9.44kg and 64.33 £ 9.45kg, respectively. The mean height of
HSP patients and the control group were 168.20 £+ 6.22 cm and
165.10 = 7.20 cm, respectively. The mean BMI of HSP patients and
control group were 23.42 + 2.78 kg/m? and 23.57 + 2.60 kg/m?,
respectively. There was no statistical difference in age, height,
weight, and BMI between the two groups (all P > 0.05).

The results of the clinical evaluation for the HSP group are
summarized in Table 2. According to the MAS evaluation, six

TABLE 1 Clinical data of control and HSP groups.

Control HSP P-value

Males: females 13:7 14:6 0.736
Age (years) 57.10 + 3.51 5390+ 7.17 0.070
Body height (cm) 165.10 £ 7.20 168.20 £ 6.22 0.082
Weight (kg) 64.33 £9.45 66.37 +9.44 0.497
BMI (kg/mz) 23.57 £2.60 23.42+2.78 0.892
Infarction — 15 —
Hemorrhage — 5 —
paretic side (right: left) — 11:9 —
Duration post-stroke — 2.6 +£1.27 —
(mo)

BMI, body mass index; HSP, hemiplegic shoulder pain, P < 0.05 was considered
statistical significance.
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patients were in level 1, nine in level 1+, three in level 2, and two
in level 3. On the VAS scale, the distribution of patients ranged
from 1 to 8. In the Neer score, 15 patients scored below 70, and
five scored 80-89.

SWE evaluation

There was no significant difference in the stiffness of shoulder
internal rotation muscles between the two sides of the control
group in the resting and passive stretching positions (all P >
0.05) (Supplementary Table 1 and Supplementary Figure S2). The
dominant side of the control group was used to compare with the
HSP group. Compared with the control group, YM of PM, AD,
TM, and LD on the paretic side of HSP patients were significantly
increased in the resting and passive stretching positions (all P <
0.001) (Table 3 and Figure 2). Then, the YM of the paretic side
was measured at shoulder abduction 45° and maximum tolerable
external rotation, concluding that the YM of the paretic side under
passive stretching was significantly higher than that at rest (all P <
0.001) (Table 3 and Figure 3).

Correlation between muscle stiffness and
the MAS, VAS, and Neer scores

No correlation was found between stiffness and MAS in PM (r
—=0.083, P = 0.727), AD (r = —0.051, P = 0.832), TM (r = —0.039,
P = 0.869), and LD (r = 0.223, P = 0.344) at rest. However, YM
of PM (r = 0.839, P = 0.000), TM (r = 0.491, P = 0.044), and LD
(r = 0.478, P = 0.044) were correlated with MAS during passive
stretching (Figures 4A-C). YM of AD (r = —0,030, P = 0.901) did
not correlate with MAS. YM of TM was positively correlated with
VAS (r = 0.562, P = 0.039) (Figure 4D). In addition, the YM of TM
was also negatively correlated with the Neer score (r = —0.553, P =
0.046) (Figure 4E).

TABLE 2 Clinical evaluation information of HSP patients.

0 0 0 0
1 6 1 2
1+ 9 2 3
2 3 3 3
3 2 4 2
4 0 5 4
Neer score 6 5
>90 0 7 0
80-89 5 8 1
71-79 0 9 0
<70 15 10 0

MAS, modified Ashworth scale; VAS, visual analog scale; N, number.
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TABLE 3 Comparison of the paretic side of the HSP group with the dominant side of the control group at rest and stretching position.

Rest Stretching
Paretic side (kPa) Dominant side (kPa) P-value Paretic side (kPa)  Dominant side (kPa) P-value
PM 22264227 14.55 4+ 1.53 0.000** 31.88 (29.79, 35.61) 21.90 (21.13, 23.20) 0.000**
AD 22.50 (21.29, 23.64) 15.90 (14.77, 16.51) 0.000** 3258 (29.23, 35.15) 23.98 (22.49, 25.20) 0.000**
™ 22.76 +2.51 15.37 4 1.10 0.000** 30.09 + 4.68 2210+ 1.33 0.000**
LD 12.48 4 1.82 8.41 = 0.89 0.000** 14.85 4226 11.92 4 0.95 0.000**

The data conforming to a normal distribution are expressed as mean and standard deviation, while data conforming to a non-normal distribution are expressed as median (quartiles). PM,
pectoralis major; AD, anterior deltoid; TM, teres major; LD, latissimus dorsi. **indicates P < 0.001.

Comparison of the stiffness of shoulder internal rotation muscles between patients with HSP and healthy controls in the resting and passive
stretching states. The stiffness of internal rotation muscles was higher in HSP patients than in healthy controls in both the resting (A) and passive
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Discussion

Using ultrasonic SWE, we found that the stiffness of shoulder
internal rotation muscles was significantly increased on the paretic
side of patients with HSP. Moreover, as to paretic side muscles, the
muscle stiffness was significantly higher during passive stretching
than at rest. The stiffness of PM, TM, and LD during passive
stretching was correlated with MAS. We also found that the
stiffness of TM was positively correlated with the VAS and
negatively correlated with the Neer score. These results suggested
that the increased stiffness of the shoulder’s internal rotation
muscles may be related to the severity of HSP.

In this study, SWE was used to evaluate the internal rotation
muscles of the shoulder. The results of our study were consistent
with the study of Lee et al. (19). They reported that stroke patients
had higher SWV in the biceps on the paretic side than controls.
This may be attributed to the change in muscle segment length.
Fridén et al. (25) found that resting muscle segment length in
spastic patients was shorter than that in normal ones. In addition,
after nerve injury, the muscle structure was changed, with stiffer
fibers (26), increased muscle collagen, and abnormal aggregation
of extracellular matrix (27). These studies suggested that changes
in the composition and structure of paretic muscles may cause
increased passive stiffness (28). We also observed the stiffness of
the paretic side muscles at shoulder abduction 45°, and maximum
tolerable external rotation was significantly higher than that at
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Comparison of the stiffness of shoulder internal rotation muscles in
the resting and passive stretching positions in patients with HSP. The
stiffness of internal rotation muscles in the HSP group was higher in
the stretching position than in the resting position. *p < 0.05. PM,
pectoralis major; AD, anterior deltoid; TM, teres major; LD, latissimus
dorsi.
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rest position. As the muscle is stretched, the length of the muscle
increases, creating greater passive resistance and increases in
stiffness. Lee et al. (29) found that SWV was positively correlated
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Correlation between the stiffness of shoulder internal rotation muscles with the MAS, VAS, and Neer score in patients with HSP. The stiffness of PM
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with muscle length, and the changes in SWV were associated with
an increase in passive tension. Moreover, passive muscle tension is
related to titin (30), which bears the major load when the muscle is
passively stretched (31). However, the role of titin in passive tension
may vary considerably in different muscles (30), and whether titin
isoform size was altered in stroke patients with hypertonia was still
controversial (27, 32).

In stroke patients, it has been reported that shoulder pain
was related to muscle hypertonia, motor, sensory disturbance, and
musculoskeletal system problems (33). Previous studies using the
SWE technique have reported a correlation between the stiffness
of the upper limb hypertonic muscle and MAS in stroke patients
(18, 34, 35). However, these studies have focused on the flexors of
the upper extremity, and few studies have involved the girdle of
the shoulder. In this study, we also found that the stiffness of PM,
TM, and LD during passive stretching was correlated with MAS,
and the stiffness of internal rotation muscles was not related to
MAS at rest. This may be because the stiffness of the muscles in the
stretched state better reflects the differences between pathological
muscles (36). Our results showed that the stiffness of PM was highly
correlated with MAS, and the stiffness of TM and LD was weakly
correlated with MAS. This indicates that the stiffness changes of
internal rotation muscles under passive stretching, especially PM,
were consistent with MAS. The muscle hypertonia of PM was
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more predominant in the shoulder than in other muscles. With the
muscle hypertonia of TM and LD, shoulder movement is inhibited.
These results are consistent with clinical features. Many patients’
families reported that muscle tension was increased only when the
shoulder joint was passively moved. In chronic stroke patients,
it has been reported that patients with higher MAS scores have
longer shoulder pain duration, which often leads to secondary
complications (7).

In this study, we analyzed the correlation between the stiffness
of internal rotation muscles of the shoulder and VAS and Neer
scores, finding that only the stiffness of TM was correlated with
them. This is probably because TM is the main internal rotation
muscle, and when TM hypertonia occurs, it leads to limited external
rotation and shoulder abduction and causes pain. The results
indicated that HSP patients with higher muscle stiffness may have
more severe pain, and treatment to reduce muscle stiffness may
relieve pain. This finding was consistent with the results of Itoigawa
et al. (37). They also found a significant correlation between
muscle stiffness and shoulder pain during exercise. In addition,
the TM, as a deep muscle, may have a more significant dominant
effect on the internal rotation of the shoulder joint. This result
provides a new intervention idea for clinical practitioners that deep
muscles may play an essential role in the development of HSP and
focusing interventions on deep muscles of HSP patients may better
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relieve their shoulder pain. Currently, botulinum toxin-A (BoNT-
A) combined with rehabilitation treatment, such as passive muscle
stretching and exercise therapy, is an effective method of treating
HSP to relieve pain and increase joint mobility (38). Ashford
et al. (39) conducted the intervention of BONT-A combined with
rehabilitation therapy on hypertonic muscles of 16 patients with
shoulder pain, and the results showed that hypertonia and pain of
patients were significantly improved. However, BONT-A is rarely
used in TM alone. Aksoy et al. (6) compared the efficacy of BONT-
A injections in PM and TM (Group 1) with a suprascapular nerve
block (Group 2). They found that the two groups had the same
effect in the short term (2 weeks), while the improvement in pain
and range of motion was more significant in the medium term
(6 weeks) in group 1. Many previous studies have chosen PM
combined with TM for treatment possibly because the majority
of patients treated with BoNT-A had moderate-severe muscle
hypertonia. In this study, our results initially suggested that the
stiffness of TM was associated with pain and impaired movement
in patients with mild-moderate muscle hypertonia. However, the
results still need to be confirmed in a larger cohort.

There are several limitations to this study. First, SWE cannot
fully observe the stiffness of the subscapular due to the special
anatomical position, which may affect the judgment of the author.
Second, we only assessed the pain intensity of HSP patients
using the VAS scale, but not the frequency and duration of pain,
and the VAS had a large range, which could have influenced
the results. At present, self-reporting is an effective method to
measure pain. However, VAS can still be used as a method to
evaluate pain due to the special population. Third, the SWE
has some limitations. For example, transducer placement, muscle
position, and the lack of a uniform measure have limited the
development of SWE in the musculoskeletal field. Fourth, although
we measured multiple times in order to reduce the error, we
did not calculate intraclass correlation coefficients to evaluate the
reliability of SWE in the HSP group. In addition, the relationship
between MAS grade 4 and muscle stiffness could not yet be
determined because patients with MAS grade 4 were unable to
cooperate with passive stretching movement. Finally, due to the
small sample size, the results of this study need to be validated in
a larger cohort.

In conclusion, our study found increased stiffness of the
internal rotation muscles in patients with HSP. The stiffness of
the TM was associated with the pain intensity and function of the
shoulder. The stiffness of internal rotation muscles can be used as a
quantitative indicator for HSP evaluation.
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Introduction: Stroke-associated pneumonia (SAP) is a common complication of
stroke that can increase the mortality rate of patients and the burden on their
families. In contrast to prior clinical scoring models that rely on baseline data, we
propose constructing models based on brain CT scans due to their accessibility
and clinical universality.

Methods: Our study aims to explore the mechanism behind the distribution
and lesion areas of intracerebral hemorrhage (ICH) in relation to pneumonia,
we utilized an MRI atlas that could present brain structures and a registration
method in our program to extract features that may represent this relationship. We
developed three machine learning models to predict the occurrence of SAP using
these features. Ten-fold cross-validation was applied to evaluate the performance
of models. Additionally, we constructed a probability map through statistical
analysis that could display which brain regions are more frequently impacted by
hematoma in patients with SAP based on four types of pneumonia.

Results: Our study included a cohort of 244 patients, and we extracted 35
features that captured the invasion of ICH to different brain regions for model
development. We evaluated the performance of three machine learning models,
namely, logistic regression, support vector machine, and random forest, in
predicting SAP, and the AUCs for these models ranged from 0.77 to 0.82.
The probability map revealed that the distribution of ICH varied between the
left and right brain hemispheres in patients with moderate and severe SAP,
and we identified several brain structures, including the left-choroid-plexus,
right-choroid-plexus, right-hippocampus, and left-hippocampus, that were more
closely related to SAP based on feature selection. Additionally, we observed that
some statistical indicators of ICH volume, such as mean and maximum values,
were proportional to the severity of SAP.

Discussion: Our findings suggest that our method is effective in classifying the
development of pneumonia based on brain CT scans. Furthermore, we identified
distinct characteristics, such as volume and distribution, of ICH in four different
types of SAP.

KEYWORDS

image registration, intracerebral hemorrhage, stroke-associated pneumonia, machine
learning, statistical analysis
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1. Introduction

Stroke-associated Pneumonia (SAP) is a serious complication
for patients with intracerebral hemorrhage (ICH), leading to
increased hospitalization time, medical expenses, and mortality
rates (1-4). The causes of SAP can be categorized as central
or non-central factors, with the former including disturbance of
consciousness and bulbar palsy, and the latter including bed rest,
pulmonary edema, and pre-existing chronic respiratory conditions
such as COPD, bronchiectasis, and pulmonary fibrosis (5, 6). While
tracheal intubation can protect the airway, it also increases the
risk of ventilator-associated pneumonia (VAP) (7, 8). To effectively
identify high-risk groups of pneumonia in patients with acute
and severe ICH, clinicians commonly use pneumonia CT scans
to review lung infections (9). Accurately identifying pneumonia-
prone patients is essential to guide clinical decisions regarding
tracheal intubation and to provide timely interventions to reduce
the risk of pneumonia in this vulnerable population, especially for
inexperienced healthcare providers.

Risk

immunosuppression,

with include

age, sex,

factors  associated pneumonia

dysphagia, smoking, stroke
severity, stroke type, hypertension, diabetes, history of chronic
respiratory disease, and history of atrial fibrillation (10, 11), which
are usually referred as baseline (clinical) data. Previous studies
suggest that predicting the risk of a lung infection after stroke can
help doctors select interventions to reduce morbidity in high-risk
patients (4). Ji et al. (12) developed an SAP risk model “ICH-APS”
based on the patients’ baseline data, which could effectively predict
pneumonia after ICH, especially for patients whose hospitalization
time was more than 48 h. Yan et al. (13) used the permutation
method to select the characteristics and finally constructed a
logical regression model called “ICH-LR2S2” using nine patient
characteristics, including dysphagia, age, sex, and fasting blood
glucose. But baseline data is hard to collect and could not build a
relationship with ICH distribution. If the ICH region corresponds
to the relevant brain area, it will have a meaningful and positive
effect on the study of the generation mechanism and progression of
SAP (14). CT is the most common experimental method for ICH
patients, and it is feasible to locate bleeding areas and distinguish
between left and right hemispheres using CT images due to
the different Hounsfield unit (Hu) values; however, CT images
cannot accurately label the brain structure; therefore, high-quality
brain MRI images are required. Brain MRI is being increasingly
used in research and clinical medicine to obtain high-quality
images of the brain’s anatomical structure, providing detailed
information for clinical diagnosis and biomedical research (15, 16).
Medical image registration has important clinical application
value: the registration of medical images obtained by various or
the same imaging methods is used for medical diagnosis as well
as in formulating surgical plans, formulating radiation therapy
plans, tracking pathological changes, and evaluating treatment
effects (17-20). However, thus far, no research on the relationship
between ICH and pneumonia through medical image registration
technology has been reported.

In this study, we propose a registration method to match brain
CT images with MRI images representing the brain’s anatomical
structure. This allows us to obtain the anatomical distribution
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characteristics of the hemorrhage area, which we refer to as
the “bleeding distribution feature”. Since the hemorrhagic mass
can squeeze the patients brain tissue, we also determine the
“bleeding squeezing feature” based on the relationship between
the total bleeding magnitude and the patients brain tissue. Using
these features, we establish three machine learning models to
predict the severity of SAP using brain CT instead of lung CT
in clinical situations. We can further discuss important features
by implementing feature selection. Additionally, we superimpose
transformed binary bleeding area images from four pneumonia
categories to build a statistical model and probability atlas.
This visualization and analysis of the distribution of cerebral
hemorrhages in different pneumonia categories can be beneficial
for diagnosis and treatment. The flow chart of this study is shown
in Figure 1.

2. Materials and methods
2.1. Datasets

Our dataset comprises 244 brain CT images, each with a
corresponding segmented image of ICH. Experienced neurologists
annotated the ICH area using ITK-Snap software, while the
patients name, gender, underlying disease, admission time,
corresponding treatment, and other basic information were
recorded in detail. Following a previous study (21), we assessed the
extent of pneumonia in patients with early ICH (1-4 days of onset)
by evaluating the lung involvement area on chest CT (classified
as mild, moderate, or severe based on involvement percentages
of 1-25, 26-50, and 51-100%, respectively). All chest CT images
were independently reviewed by two radiologists with more than
10 years of experience, who were blinded to clinical and laboratory
findings. The images were subsequently categorized into 19 cases
of severe pneumonia, 47 cases of moderate pneumonia, 77 cases of
mild pneumonia, and 101 cases of no pneumonia.

After obtaining informed consent from the local ethics
committee (Q/ZXYY-ZY-YWB-LL202243), the CT images were
used for further research.

2.2. MR atlas

In this study, a normal human brain MRI image was chosen
as the reference image for registration, and its corresponding
anatomical structure image was used as a template for analysis.
The MRI image used in this study was obtained from the OASIS
project, which contains 35 anatomical structure divisions. Any area
in the image with a grayscale value of 0 was considered a blank
area (22). To process the MRI image, Hoopes et al. (23) utilized
FreeSurfer software to remove the skull and align the images. The
image was then divided into 35 brain anatomical regions, each
assigned a grayscale value ranging from 1 to 35. Table 1 provides
a list of the specific structure names and their corresponding gray
values. Additionally, Figures 2A, B illustrates the brain MRI image
and the corresponding brain anatomical structure MRI. Figure 2E
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TABLE 1 Brain anatomical structure reference.

Gray  Brain anatomy Brain anatomy Gray  Brain anatomy Brain anatomy

value value

1 Left-Cerebral-White-Matter 10 Left-Pallidum 19 Left-Choroid-Plexus 28 Right-Putamen

2 Left-Cerebral-Cortex 11 3rd-Ventricle 20 Right-Cerebral-White-Matter 29 Right-Pallidum

3 Left-Lateral-Ventricle 12 4th-Ventricle 21 Right-Cerebral-Cortex 30 Right-Hippocampus

4 Left-Inf-Lat-Ventricle 13 Brain-Stem 22 Right-Lateral-Ventricle 31 Right-Amygdala

5 Left-Cerebellum-White- 14 Left-Hippocampus 23 Right-Inf-Lat-Ventricle 32 Right-Accumbens
Matter

6 Left-Cerebellum-Cortex 15 Left-Amygdala 24 Right-Cerebellum-White- 33 Right-Ventral-DC

Matter

7 Left-Thalamus 16 Left-Accumbens 25 Right-Cerebellum-Cortex 34 Right-Vessel

8 Left-Caudate 17 Left-Ventral-DC 26 Right-Thalamus 35 Right-Choroid-Plexus

9 Left-Putamen 18 Left-Vessel 27 Right-Caudate

presents the 3D diagram of the anatomical structures resulting from
the MRI images.

2.3. Acquisition of features

In this study, we used the bleeding distribution and extrusion
features to construct our models. In order to obtain the bleeding
distribution feature, we matched preprocessed brain CT to the
brain MRI image to get the deformation field of the process and
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applied the deformation field to the corresponding ICH segmented
image (binary bleeding image) of the patient to generate the
transformed image. The transformed bleeding image was used to
extract the bleeding distribution feature.

2.3.1. Image preprocessing

To improve the image registration results, several pre-
processing steps, such as skull-stripping, image normalization,
and resampling, were performed on the original brain CT image
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thalamus

brainstem

FIGURE 2

diagram of the anatomical structure of the brain.

Images utilized in this paper. (A) Brain MRI used in the registration as a reference image. (B) Brain anatomical structure MRI having 35 regions. (C) One
brain CT sample with ICH area labeled. (D) Transformed bleeding image shown with brain anatomical image. (E) Three-dimensional schematic

g

cerebral parenchyma

corpus callosum

epencephal

(24). Since the reference MRI image used as a fixed image only
shows brain tissue, it was necessary to remove the skull from
the patient’s original CT image. To achieve this, we utilized
the SegmentEditorExtraEffects and SurfaceWrapSolidify extension
modules in the 3D Slicer software (25). Specifically, we created
a new segment in the segmentation editor from the skull
segmentation, determined the threshold to initially segment the
skull, used the islands method to remove small spots caused by
image noise, and applied the Wrap Solidify effect to segment the
inner area of the skull as a mask. Finally, we used the mask as our
output after removing the skull from the CT image. To process
a large number of samples efficiently, we developed a Python
script for the 3D Slicer to automate the skull-stripping operations
for all samples, thereby reducing time and labor. Moreover, we
used min-max normalization to preprocess the CT image after
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skull-stripping. The normalization equation used is as follows:
v = (v — min)/(max — min) (1)

where v is the voxel value of the image and min and max are the
minimum and maximum voxel values of the image, respectively.
Since the obtained brain CT image and reference MRI image
had different dimensions, we resampled the image to match the
dimensions of the reference MRI image. The resulting images are
depicted in Figure 3.

2.3.2. Image registration
According to the characteristics of our data, we performed
image transformation by applying both rigid and non-rigid
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FIGURE 3
Resulted images of preprocess and registration.

registration methods (26). Rigid transform is a type of
transformation that preserves the shape of an image by including
translation, rotation, and scaling. It can be used to align images
rigidly. Non-rigid transform refers to a type of transformation
that can be used to deform, warp, or morph images. It can deform
different regions of the image but cannot preserve the overall
shape of the image. During the registration process, the CT image
was considered as the moving image, denoted as I,,(v), while the
MRI image was regarded as the fixed image, denoted as Iy(v),
where v represents the voxel of the image. The moving image
was iteratively transformed to find the most suitable transform
T(v) that matches the fixed image. The objective was to minimize
the mutual information between the two images, which can be
expressed as follows:

miny—3MI (In(v), I;(v)) )
Here, the parameter x = 3 indicates that our image is three-

dimensional. Since the moving and fixed images had different
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origins and orientations, we applied a rigid transformation to
translate and rotate the original image without changing its size
or internal structure. Next, we used non-rigid transformation to
precisely match the CT image to the reference brain MRI image,
using the “bspline” method and inputting the result into the
previous image filter. In this process, we adopted a multi-resolution
strategy to construct a resolution pyramid, and each resolution
layer performed a maximum number of iterations to obtain the
optimal result.

T= Trigid + Tnonrigid (3)

In our study, we utilized mutual information (MI) as the
evaluation metric for each iteration of our registration process (27).
MI is a versatile metric that calculates the mutual information
between two images, based on the correlation of the probability
density distribution (PDF) of the intensity from the fixed and
moving images. MI measures the amount of information that
a random variable (such as image intensity in one image) tells
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another random variable (such as image brightness in another
image), without requiring knowledge of the actual form of the
correlation. Therefore, it is particularly suitable for multimodal
image pairs and single-mode images. The output image was
determined as the moving image with the highest MI score (28, 29).
The images before and after the registration of one patient are
presented in Figures 2C, D.

MICX, V) = Tyjnea6, ¥) = 3 plilog(—22y

7 px(D)P y(])

Where p,(i) = fidxux(X), py(i) = fidxﬂx(x)> and p(i,j) =
J; f] dxdyu(x,y) and [, means the integral over bin I and x means
the marginal densities.

2.3.3. Bleeding area transformation

After completing the registration of the patients’ CT images,
we obtained the deformation field. The image of the bleeding area
denoted by the doctor was binarized, where 1 and 0 represented
the bleeding and non-bleeding areas, respectively. We performed
the same preprocessing operations as for the CT images except
for skull-stripping on the original bleeding area image, to make
the transformed bleeding image consistent with the reference brain
anatomy MRI. The transformed bleeding image was then overlayed
on the MRI image, as shown in Figure 2D.

2.3.4. Obtaining bleeding distribution features

After transforming the bleeding area image, we obtained a
binary image in which the value 1 represents bleeding and 0
represents non-bleeding. We then identified the position of each
voxel with a value of 1 in the transformed image and determined the
corresponding voxel value (ranging from 1 to 35) in the reference
MRI image. Next, we identified the brain structures covered by
the voxel points representing the hemorrhage area. By processing
all voxel points, we obtained the number of voxels representing
bleeding on a specific anatomical structure BNum;. We then
calculated the proportion of bleeding in all 35 anatomical structures
partitioned for the patient, represented by BNum;, relative to
the total number of voxels in that structure, AlINumj;, using the
following equation:

Bd; = BNum;/AlINum; (5)

This allowed us to quantitatively analyze the distribution of
bleeding in different brain structures. The results of this analysis
are presented in our study.

2.3.5. Obtaining bleeding extrusion features

We quantified the cerebrospinal fluid and brain parenchyma
areas in the original CT image based on the Hu value during
CT imaging of different tissues and represented them using
the number of voxels. We also calculated the total volume
of the bleeding area. Additionally, we constructed five specific
proportional characteristics: cerebrospinal fluid to the brain
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parenchyma, cerebrospinal fluid to the brain parenchyma and
cerebrospinal fluid, hemorrhage to cerebrospinal fluid, hemorrhage
to the brain parenchyma, and hemorrhage to cerebrospinal fluid
and the brain parenchyma. In total, we obtained eight bleeding
volume and extrusion features that characterize the extent to which
the hemorrhagic mass affects the surrounding brain tissue. These
features are referred to as bleeding extrusion features.

We stored all the obtained features, the ICH distribution,
and hemorrhage extrusion features in the file. The summary and
meaning of all features can be roughly distributed into three
classes, namely, L, which indicates the hemorrhagic volume, L/AIl’
presented as “/”, indicating the proportion of the bleeding volume
to brain tissue, and numbers 1-35 indicating the proportion of
the bleeding volume in the brain anatomical structure. Specific
meanings are given in Supplementary Table 1.

2.4. Construction of classification and
statistical models

The obtained features were used to construct machine learning
models for classification prediction and feature selection. A
probability map was then generated to analyze the distribution
characteristics of bleeding areas for four types of pneumonia.

2.4.1. Classification model

To analyze the data, we combined the bleeding distribution
feature and bleeding extrusion feature and trained three classical
machine learning models, namely logistic regression, support
vector machine (SVM), and random forest, to classify and predict
whether patients have pneumonia symptoms. The labels referring
to the degree of pneumonia progression were severe, moderate,
mild, and no symptoms of pneumonia. We used several indicators
to evaluate the model, including area under the curve (AUC),
accuracy, sensitivity, and specificity. Sensitivity is defined as the
ratio of true positives to all positive samples, and specificity is
defined as the ratio of true negatives to all negative samples.
For each model, we evaluated the average metric of 10-fold
cross-validation.

The classification problem of with or without pneumonia (SAP)
can be viewed as a typical binary classification problem based
on the cerebral hemorrhage situation. The feature combinations
could reflect the contribution of different characteristics to
the classification problem. Before entering the model, data
standardization was required to improve the classification effect of
the model.

Furthermore, since moderate-to-severe pneumonia can lead to
prolonged hospitalization and increase the risk of poor patient
outcomes (30), we divided the patients into two categories: SAP
above moderate level and the others and performed a two-category
prediction problem. We used three different machine learning
models, and the features were treated the same as the above
classification task. Data standardization was performed, and the
mean value of the metrics of the 10-fold cross-validation was used
to instruct the classification problem.
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2.4.2. Statistical model

In addition to the classification task, we developed a statistical
model based on the pneumonia classification to present and analyze
the data in the form of a probability map. The specific method
for constructing the probability map for one category involved
superimposing the transformed hemorrhagic area images of all
patients with the same SAP type. During the registration process
when matching the brain CT and brain MRI, a transformation was
generated for each patient. Multiple binarized images were then
superimposed to create the probability map, with a gray value of
0 in some places and the largest voxel not exceeding the number
of people with the particular pneumonia type. We compared the
gray value of all voxels in the final image to the number of people
in the category to obtain the probability map. To visualize the
distribution characteristics of the hemorrhagic areas of various
types of pneumonia more intuitively, we used the 3D Slicer software
to superimpose the obtained probability maps with the brain MRI
image. The original hemorrhage area images were not directly
added to obtain the probability map because they could not be
correlated with the brain anatomy MRI.

Furthermore, we analyzed the bleeding volume of each type
of patient and constructed a box plot to examine the relationship
between the development of pneumonia and the bleeding volume.

3. Results

We extracted a total of 35 bleeding distribution features, which
included bleeding extrusion features, as well as the volumes of

TABLE 2 Metrics of machine learning models for predicting SAP.

Model AUC Accuracy Sensitivity Specificity

10.3389/fneur.2023.1139048

the cerebrospinal fluid, brain parenchyma, and hemorrhage mass
(represented by the number of voxels). The remaining five features
were represented on a scale of 0 to 1. To ensure that each feature
contributed equally to the analysis, we performed standardization
operations on the features based on their eigenvalues. Figure 3
displays the samples that were selected from each category of
pneumonia. For each sample, both the preprocessed image and the
final image after registration are shown.

3.1. Classification model

The evaluation metrics are AUC value, accuracy, sensitivity,
and specificity. For predicting SAP, the logistic regression model
achieved an AUC of 0.79, with all four indexes above 0.73, and
the specificity index being the highest among the three classifiers.
The SVM model achieved the highest accuracy and sensitivity of
0.76 and 0.77, respectively. The random forest model performed the
best in terms of AUC, which was above 0.8, and all other indexes
were greater than 0.7. It should be noted that the ICH-APS-A
model (12) achieved an AUC of 0.76, while the ICH-LR2S2 model
(13) obtained an AUC of 0.78 in their respective test cohorts. This
suggests that our method has performed well. Table 2 presents the
performance evaluation results of the three classification models for
predicting the occurrence of SAP.

For predicting SAP above a moderate level, the logistic
regression model achieved an AUC of 0.77, with accuracy
and specificity above 0.7. The SVM model achieved the best
performance on accuracy and sensitivity of 0.75 and 0.74,
respectively. The random forest model had an AUC and specificity
of 0.78, the highest among the three models. Figure 4 displays
the ROC curve of the random forest model, which demonstrated
the highest performance. The ROC curves of the other two

Logistic 079 075 0.75 074 models are available in Supplementary material. Table 3 shows the
regression experimental results of the two-classification problems for differing
SVM 0.79 0.76 077 0.72 SAP above the moderate level.
The obtained AUCs were all above 0.75 for both classification
Rand 0.82 0.73 0.76 0.70 . . .
foar:stom problems, demonstrating that the severity of pneumonia can be
predicted by the features extracted from our method.
A B
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FIGURE 4
ROC curves of the random forest model. (A) For predicting SAP. (B) For predicting SAP above the moderate level.
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TABLE 3 Metrics of machine learning models for predicting SAP above
the moderate level.

Model AUC Accuracy Sensitivity Specificity

Logistic 0.77 0.72 0.67 0.74
regression
SVM 0.77 0.75 0.74 0.74
Random 0.78 0.75 0.66 0.78
forest

0.4

Volume of ICH / Brain tissue

[ | =
T T T T
severe moderate mild none

FIGURE 5
The box plot of the ratio of bleeding volume to total volume based
on four SAP types.

3.2. Statistical model

The bleeding volume in patients with pneumonia symptoms is
generally distributed below 20% of the brain tissue volume, with
a higher density of patients having a bleeding volume ratio of
less than 10%. However, patients without pneumonia symptoms
also show bleeding volume ratios below 10% of the brain tissue
volume. Thus, additional features are required to effectively classify
pneumonia symptoms. The box plot in Figure 5 indicates that the
bleeding volume alone is not a reliable indicator for classifying
pneumonia symptoms.

For patients with severe pneumonia, there is an unbalanced
distribution of hemorrhagic areas in the left and right cerebral
hemispheres. The probability of hemorrhage in some areas of the
left brain is high, with a probability above 0.6, while the probability
of hemorrhage in some areas of the right brain is low, with a
probability of approximately 0.3. In contrast, for patients with mild
pneumonia or no pneumonia symptoms, there is no significant
imbalance in the distribution of hemorrhagic areas between the
left and right brain. The probability map can be a useful tool
for analyzing the distribution characteristics of hemorrhagic areas
in different types of pneumonia and can aid in diagnosing and
treating patients with pneumonia. Figure 6 shows the probability
map for the four pneumonia categories, which provides valuable
insights into the distribution of hemorrhagic areas in different
brain regions.
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4. Discussion

We constructed classification and statistical models based on
the obtained features and combined them with the clinical expertise
of physicians to correlate the development of SAP in patients and
the distribution of cerebral hemorrhages.

4.1. Novelty of our method

For predicting pneumonia infection after ICH, previous studies
mostly focused on the patients’ baseline data and aimed to build
a risk model. Their risk model used AUC as an evaluation index
and achieved good performance, ICH-LR2S2 (13) was constructed
based on nine patient features and used an external validation
cohort to evaluate the model. The overall performance of ICH-
LR2S2 was AUC = 0.784. The ICH-APS (12) model achieved
an AUC of 0.76 on its validation cohort and was also built by
baseline data. Our logistic regression model was established on the
features extracted by the registration method from the MRI atlas
and achieved a good performance of AUC = 0.79 on the validation
set for predicting SAP. There is a fact that the patients’ baseline
data is hard and time-consuming to collect and preprocess, such as
data filling and cleaning, for our proposed method, the only input
was the segmented ROI of brain CT which could rapidly offer risk
score and the classified results after CT examination if an accuracy
segmentation algorithm is matched with our model. It is worth
mentioning that, ICH-LR2S2 and ICH-APS had a lot of data in the
training phase, our database still needs to be expanded and methods
should be improved and practiced in clinical situations.

4.2. Feature selection

Previous studies have shown that using L1 regularization to
penalize the logistic regression model can significantly impact
model performance by achieving critical factors (31, 32). In our
study, we inputted two types of features and their combinations
into the model and implemented 10-fold cross-validation. By
considering the feature weights from the regression coefficients
shown in Figure 7, we were able to determine the factors and brain
regions that occupied important weights in our logistic model.
left-
right-choroid-plexus,

Among the bleeding distribution features, the

hippocampus, left-choroid-plexus,
third-ventricle, and right-hippocampus had larger weights
than others, indicating that ICH in these regions is associated
with a greater risk of pneumonia infection. The involvement of
these areas can cause swallowing dysfunction or disturbance of
consciousness in the patient (33). Among the bleeding extrusion
feature, we found that hemorrhage and cerebrospinal fluid volume
can contribute to the development of pneumonia. The weight of
the cerebrospinal fluid is relatively large due to its liquid nature,
and there is circulation and absorption of the cerebrospinal fluid
(34). Figure 7A shows the feature weights for predicting SAP.

For predicting SAP above moderate level, the brain regions
that contributed more to the model were the left-choroid-plexus,
right-choroid-plexus, right-hippocampus, left-hippocampus, and

frontiersin.org


https://doi.org/10.3389/fneur.2023.1139048
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yang et al. 10.3389/fneur.2023.1139048

A Axial Coronal Sagittal B Axial Coronal Sagittal

90% 70%
Slice a Slice a

68% 529
Slice b 45% Slice b 35%
Slice ¢ Slice ¢

0 0
C D : .

Axial Coronal Sagittal Axial Coronal Sagittal

60% 50%
Slice a Slice a

45% 37%
Slice b 30% Sticed 25%

15% 13%

Slice ¢

Slice ¢

0 0
FIGURE 6
Bleeding probability map of four types of pneumonia. (A) Severe pneumonia. (B) Moderate pneumonia. (C) Mild pneumonia. (D) No pneumonia.

left-accumbens, usually located in the basal ganglia region. When
involved, swallowing or conscious function will be affected (35),
and the right cerebellar white matter involvement affects ataxia
function (36). For the bleeding extrusion feature, the hemorrhage
volume and cerebrospinal fluid and its proportion with the brain
tissues play a significant role in the classification problem. The mass
effect occurs during ICH due to the cerebrospinal fluid’s nature
and its circulation and absorption functions. The cerebrospinal
fluid plays a major buffer function (37), and the image shows
the shrinkage of the ventricular system, whereas the amount of
bleeding and the mutual ratio of the cerebrospinal fluid and brain
tissue change significantly. Figure 7B shows the feature weights for
predicting SAP above the moderate level.

Through feature selection, we surprisingly found that some
anatomical regions implemented by ICH cause higher risk scores
of SAP, including the choroid-plexus, hippocampus, and third-
ventricle. If the hemorrhage mass affected the basal ganglia

Frontiersin Neurology

region, it increased the risk of pneumonia developing to more
than moderate. Additionally, whether the cerebrospinal fluid was
affected by hemorrhage mass was a critical factor in the fact of
feature selection.

4.3. The distribution of cerebral
hemorrhage

The distribution of ICH in severe pneumonia shows a
left-right imbalance, as shown in Figure 6A. More than
70% of patients with severe pneumonia had hemorrhage
in regions such as left-cerebral-white-matter, left-pallidum,
left-putamen, left-thalamus, left-ventral-dc, and left-cerebral-
cortex, which are all located in the left half of the brain.

Since the left hemisphere is mostly the dominant hemisphere,
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Feature weights of the logistic regression model. (A) For predicting SAP. (B) For predicting SAP above the moderate level.

of this
combined with disturbance

in more
of
swallowing dysfunction, and inability to expectorate sputum,

involvement hemisphere results severe

disease, consciousness,
leading to poor airway protection and severe pulmonary
infection (38).

For patients with moderate pneumonia, more than 50%
had hemorrhagic clots in the right-cerebral-white-matter, right-
lateral-ventricle, right-thalamus, right-pallidum, third-ventricle,
left-lateral-ventricle, right-caudate, and left-choroid-plexus,
which are mostly located in the right half of the brain. The
volume of hemorrhage in the cerebrospinal fluid was also
found to be greater in patients with this type of pneumonia
compared to those with the other three types. The right
hemisphere is the non-dominant hemisphere, which has little
impact on the patient’s consciousness and allows limited airway
protection ability.

For patients with mild pneumonia, only a small portion of the
probability map exceeds 0.5, indicating that there is no obvious
clustering in the distribution of ICH in this category. More
than 40% of the patients had bleeding clumps in regions, such
as right-cerebral-white-matter, right-cerebral-cortex, left-cerebral-
white-matter, left-cerebral-cortex, right-putamen, left-putamen,
left-pallidum, right-pallidum, right-thalamus, and left-thalamus,
and there was no apparent imbalance in the distribution of the left
and right brains.

For patients without symptoms of pneumonia, hemorrhages
were found in regions such as the right-cerebral-cortex, right-
putamen, right-cerebral-white-matter, and right-pallidum in more
than 40% of patients. Hemorrhages occurred in the right white
matter and right cerebral cortex in more patients than in the
left-brain matter.
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4.4. Hemorrhage volume and pneumonia
classification

According to the data box plot of the ratio of the bleeding
volume to brain tissue in each category of patients, we found that
the upper limit, upper quarter, mean and maximum value of the
data exhibited an increasing trend according to the deepening of the
development of SAP. Additionally, the data in the category without
pneumonia symptoms are all lower than the three categories with
pneumonia symptoms except for the lower limit point. There is
a significant difference, indicating that if the patient does not
show pneumonia symptoms, the probability of bleeding will not
be higher than 10% of the brain tissue. If the ICH mainly occurs
in a functional area, especially when the patient’s consciousness,
swallowing function, or expectoration reflex is affected, pulmonary
infection is more likely to occur.

Moderate-to-severe pneumonia with cerebral hemorrhage
significantly increases hospitalization and medical expenses and
can aggravate brain damage and cause other complications (30).
We divided the data into two types: SAP above moderate level
and others. There are obvious differences in the box plot data of
ICH between the two types. The maximum value, upper limit,
upper quartile, mean, median, lower quartile, and lower limit in
the data of patients with moderate and severe pneumonia are
higher than those of no, mild pneumonia. This indicates that with
the development of pneumonia, the volume of bleeding gradually
increased. For the binary classification problem, according to
the weights of the features and the deduction that patients in
each category can have bleeding areas with volumes less than
10% of brain tissue, we cannot make an effective prediction
using a single factor of the hemorrhage volume; we need to
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consider multiple features to predict pneumonia. Protection of the
airway is dependent on the level of consciousness and swallowing
function. The functional areas affecting the patient’s consciousness
and swallowing function are mainly distributed in the ascending
reticular activation system, bilateral basal ganglia, posterior cranial
nerves, and other related areas (35). Therefore, the influence of the
structure can better predict the risk of early pulmonary infection in
patients by effectively combining the amount of bleeding with the
bleeding site, evaluating the effect of mass on each area, and taking
relevant measures in a timely manner for a better recovery effect
and quality of life.

4.5. Technical limitations

The precision of the registration process is critical to the
accuracy of our conclusion analysis, as the hemorrhage distribution
feature we obtained is based on the image transformation of
registration technology. We utilized non-rigid transformation
based on continuous optimization iteration, and technical precision
can be improved. In recent years, deep learning technology
has significantly advanced the development of medical image
registration, such as BIRNet. Fan et al. (39) proposed a fully
convolutional network subject to dual guidance, including ground
truth and image dissimilarity guidance, which demonstrated high
registration accuracy and efliciency. For unsupervised learning,
Balakrishnan et al. (40), Krebs et al. (41), Vos et al. (42), and
Gierlichs et al. (28) proposed end-to-end networks that estimate
deformable transformations by maximizing the similarity between
image pairs without real deformations. Using deep networks to
improve image registration in our study facilitated more accurate
results and improved model accuracy.

While our data comes from only one hospital and is limited in
size, our method needs to be validated on an external cohort and
evaluated for clinical application. Thus, limitations are associated
with a single center and species. Collecting data from multiple
centers could yield more interesting results, especially considering
that most Asians are right-handed.

5. Conclusion

To the best of our knowledge, no study has been reported
on the prediction and analysis of SAP based on the distribution
characteristics of the ICH area. In this study, we utilized an MRI
atlas that could clearly represent 35 anatomical brain regions and
creatively combined our data with MRI through medical image
registration. We constructed machine learning models to detect the
occurrence and development of SAP using patient brain CT scans,
which to a certain extent, reduced dependence on lung CT and
clinical doctors.

Our findings suggest that hemorrhage in specific brain
regions, such as the left-choroid-plexus, right-choroid-plexus,
right-hippocampus, and left-hippocampus, were more likely to
affect the development of pneumonia. We determined the
distribution characteristics of the ICH in patients with various
types of pneumonia by using a probability map and box plot.
Specifically, patients with severe pneumonia had more ICH in
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the left cerebral hemisphere (dominant side), whereas those
with moderate pneumonia had more ICH in the right cerebral
hemisphere and cerebrospinal fluid. The volume of the patients’
ICH played an important role in the occurrence and development
of pneumonia, as shown by significant differences in the amount of
bleeding in different categories of patients in the box plot, which
mainly displayed maximum, average, and median indicators.

In summary, our study presents a novel method for predicting
and analyzing SAP based on the distribution characteristics of the
ICH area in brain CT scans. We identified specific brain regions
that were more closely related to the occurrence and development
of SAP, and our probability map and box plot provided valuable
insights into the distribution characteristics of ICH in patients with
various types of pneumonia.
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Background: Prolonged mechanical ventilation (PMV) has been proven as a risk
factor for poor prognosis in patients with neurocritical illness. Spontaneous basal
ganglia intracerebral hemorrhage (ICH) is one common subtype of hemorrhagic
stroke and is associated with high morbidity and mortality. The systemic immune-
inflammation index (SlI) is used as a novel and valuable prognostic marker for
various neoplastic diseases and other critical illnesses.

Objective: This study aimed to analyze the predictive value of preoperative
SII for PMV in patients with spontaneous basal ganglia ICH who underwent
surgical operations.

Methods: This retrospective study was conducted in patients with spontaneous
basal ganglia ICH who underwent surgical operations between October 2014 and
June 2021. SII was calculated using the following formula: SIl = platelet count x
neutrophil count/lymphocyte count. Multivariate logistic regression analysis and
receiver operating characteristics curve (ROC) were used to evaluate the potential
risk factors of PMV after spontaneous basal ganglia ICH.

Results: A total of 271 patients were enrolled. Of these, 112 patients
(47.6%) presented with PMV. Multivariate logistic regression analysis showed that
preoperative GCS (OR, 0.780; 95% Cl, 0.688-0.883; P < 0.001), hematoma size
(OR, 1.031;95% Cl, 1.016-1.047; P < 0.001), lactic acid (OR, 1.431; 95% Cl, 1.015-
2.017; P = 0.041) and SII (OR, 1.283; 95% CI, 1.049-1.568; P = 0.015) were
significant risk factors for PMV. The area under the ROC curve (AUC) of Sl was
0.662 (95% Cl, 0.595-0.729, P < 0.001), with a cutoff value was 2,454.51.

Conclusion: Preoperative Sl may predict PMV in patients with spontaneous basal
ganglia ICH undergoing a surgical operation.

systemic immune-inflammation index, intracerebral hemorrhage, prolonged mechanical
ventilation, lactic acid, surgical operation
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Introduction

Spontaneous intracerebral hemorrhage (ICH) is one common
subtype of hemorrhagic stroke and is associated with high
morbidity and mortality (1, 2). The basal ganglia is the usual
incidence area of spontaneous ICH, and the most common
pathogenic factor is hypertension (3, 4). Postoperative respiratory
failure is one of the complications following ICH and is the
main cause of mechanical ventilation (5). Among patients with
acute central nervous system injury, about 17-33% required
endotracheal intubation and mechanical ventilation, and more
than 10% of patients with stroke need mechanical ventilation (6),
this percentage may be even higher in patients who underwent
surgical intervention.

Prolonged mechanical ventilation (PMV) is significantly
associated with poor prognosis in patients with critical illness (7, 8).
Several risk factors, including old age, obesity, chronic obstructive
pulmonary disease, atrial fibrillation, and severe comorbidity, have
been identified to be associated with PMV in these patients (9, 10).
For patients with hemorrhagic stroke, the risk factors additional
include large hematoma volume, obstructive hydrocephalus, coma,
brain hernia, and thalamic location of the bleeding (11, 12).
PMV is associated with longer hospital stays, increased treatment
costs, various mechanical ventilation-related complications, and a
relatively high mortality rate (13, 14). Early prediction of PMV
may provide useful information for making a comprehensive
management plan, help the medical staff to anticipate the ICU
course, and help the patient’s families to adjust their emotions
and live.
calculated

Immune-inflammation index (SII),

using lymphocyte, neutrophil, and platelet counts, is a novel

Systemic

comprehensive inflammatory index, and better reflects the state
of immune and inflammation of the body. It was reported as
a prognostic marker for hepatocellular carcinoma by Hu et al.
in 2014 for the first time (15). Recently, many studies have
reported that increased SII was associated with unfavorable
prognoses in various types of cancers and other critical illnesses
(16-18). Best to our knowledge, the SIT has not been reported as a
predictive factor for PMV; especially for patients with neurocritical
illness. We hypothesized that SII can predict PMV in patients
with spontaneous basal ganglia ICH who underwent surgical
intervention. Thus, the present retrospective study was designed
to analyze the predicted value of preoperative SII for PMV in
patients with spontaneous basal ganglia ICH who underwent
surgical operations.

Methods

The research protocol was approved by the Human Ethics
Committee of the Affiliated Hospital of Qingdao University
(QYFY-WZLL-26903) and was registered at the Chinese Clinical
Trial Registry (ChiCTR2200056494). The study adhered to the
tenets of the Declaration of Helsinki and the related laws and
regulations. Informed consent for clinical record data to be used
in the study was obtained from the patient’s guardians. The privacy
rights of human subjects always be observed.
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Patient population

This retrospective cohort study of patients admitted to the
Affiliated Hospital of Qingdao University from October 2014 to
June 2021 with the diagnosis of spontaneous basal ganglia ICH
who underwent surgical intervention. Spontaneous basal ganglia
ICH was diagnosed by three senior neurosurgeons based on
neuroimaging, history of present illness, and surgical operations
results (3, 4).

Patients were included if they met the following criteria:
(a) age > 18 years old; (b) unilateral cerebral hemorrhage
in the basal ganglia; (c) underwent surgical intervention; (d)
the time from onset to surgical operations < 72h. The
exclusion criteria are as follows: (a) with stroke, traumatic brain
injury, or craniotomy history; (b) with a history of chronic
inflammation status, hematologic (except iron deficiency anemia),
or autoimmune diseases; (c) with malignant tumor; (d) need
prehospital mechanical ventilation; (e) severe respiratory system
diseases, such as chronic obstructive pulmonary disease; (f) non-
invasive ventilation; (g) secondary ICH; (h) without complete data.

Data collection

Clinical data were acquired from the scientific research big
data platform and the hospital information system. Surgical
intervention was conducted within 72h of the initial symptoms.
All the patients received consistent necessary medical management.
The laboratory and clinical data on admission were analyzed
and calculated, including age, gender, body mass index, medical
history, blood routine analysis, blood biochemical analysis, and
Glasgow Coma Scale (GCS). Arterial blood was used for lactic acid
analysis. The indications and procedures of operations were under
the corresponding surgical guidelines and operating procedures
(3, 19). The size of the hematoma was calculated with the following

« »

formula: “0.5 x a x b x ¢ where “a” and “D” are the largest

diameters measured on the CT scans and “c” is the slice thickness
(cm) (20).

All patients received general anesthesia and mechanical
Adjust

according to

ventilation during surgical operations. mechanical

ventilation modes and parameters actual
requirements. The spontaneous breathing trial and weaning
were performed based on adequate ventilation indices and
oxygenation at the discretion of the neurocritical physician (11).
Analgesics-sedatives were achieved with continuous intravenous
pumping at the discretion of the treating physician. Depth of
sedation was controlled at —1 — —2 score (Richmond Agitation
Sedation Scale).

The SII was calculated using the following formula: SII =
platelet countxneutrophil count/lymphocyte count (15). PMV was
defined as mechanical ventilation lasting for more than 24 h after
surgical operations (21, 22). Length of mechanical ventilation
was defined as the time from initiation of ventilatory to the
accomplishment of weaning. The prognosis of patients at 3 months
was evaluated using the modified Rankin Scale (mRS). The score
of 0-2 was a favorable prognosis, while 3-6 was defined as an

unfavorable prognosis.
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Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
24.0 (SPSS Inc., Chicago, Illinois, USA). Continuous variables
were summarized as means =+ standard deviations (SD). The
abnormal distribution of continuous variables was summarized
as median and interquartile ranges (25" to 75" percentile).
Categorical data were presented as frequency and percentage. The
student’s f-test and Kruskal-Wallis test were used to compare
the normal distribution and abnormal distribution continuous
variables respectively. The Chi-square test was used to compare
the categorical data. Logistic regression analysis was conducted
to identify the independent risk factors. Receiver operating
characteristic curve (ROC) analysis was performed to define the
differences in the area under the curves (AUC) and the cutoff value,
then the sensitivity and specificity. A P value < 0.05 was considered
statistically significant.

Due to SII being calculated by multiplying the neutrophil
and platelet count and then dividing the result by the
lymphocyte count, leukocyte count and neutrophil count
were abandoned in the logistic regression models in order to avoid
bias effect.

Results

Baseline characteristics

The demographics and details information of all patients
was shown in Table I. A total of 271 patients were enrolled.
The median age of these patients was 56 years (interquartile
range, 47-65 years), and 80 patients (29.52%) were women. Of
these, 112 patients (47.6%) who presented PMV were allocated
to the PMV group, and 159 (52.4%) patients without PMV
were allocated to the non-PMV group (Figure 1). Percutaneous
tracheotomy was performed in 67 (59.82%) of 112 patients with
PMV. The median time of tracheotomy was 6 (5-9) days after
surgical operation. Of these 271 patients, 106 patients had a
favorable prognosis (39.1%), and 165 patients (60.9%) had an
unfavorable prognosis.

The association of PMV with prognosis

Among these 112 patients with PMV, 9 cases (8.04%) had good
prognosis and 103 patients (91.96%) had poor (x> = 77.422, P
< 0.001). The duration of PMV was 120 (48-258) h. A total of
22 patients (8.12%) died during hospitalization and follow-up, 18
patients (16.07%) were in the PMV group, and 4 patients (2.52%)
were in the non-PMV group (x? = 16.189, P < 0.001). The length
of ICU stay (P < 0.001) and total hospital stay (P < 0.001) in PMV
group patients were significantly longer than those in the non-PMV
group. PMV was a risk factor for poor prognosis of patients with
spontaneous basal ganglia ICH who underwent surgical operations
[Odds Ratio (OR), 17.905; 95% confidence interval (CI), 8.440-
37.985; P < 0.001].
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Univariate analysis of pre-operations risk
factors for PMV

The results of the univariate analysis of risk factors for PMV
are presented in Table 1. Univariate analysis revealed that systolic
pressure (P = 0.043), GCS (P < 0.001), hematoma volume (P
< 0.001), serum Potassium (P < 0.001), blood glucose (P <
0.001), serum albumin (P = 0.016), and lactic acid (P < 0.001)
on admission were significantly correlated with PMV. There was
no relationship between age (P = 0.550), gender (P = 0.714),
Body Mass Index (P = 0.656), history of smoking (P = 0.502),
history of drinking (P = 0.850), history of diabetes (P = 0.287),
serum sodium (P = 0.477), intraventricular hematoma (P = 0.215),
Analgesics-sedatives (P = 0.071), and PMV.

Of these 271 patients, 121 patients (44.65%) underwent
(31.73%)
evacuation of hematoma, and 64 patients (23.62%) underwent

craniectomy, 86 patients underwent endoscopic
directional burr hole hematoma aspiration. There was no
significant difference in postoperative prolonged mechanical
ventilation among different surgical operations (P = 0.056).

Of the peripheral blood cells analysis, neutrophil (P < 0.001)
and WBC (P < 0.001) were significantly correlated with PMV. And
monocyte (P = 0.287), lymphocyte (P = 0.077), hemoglobin (P =
0.906), and platelet (P = 0.130) didn’t find a significant correlation
with PMV. The SII of PMV group patients was significantly higher

than that of non-PMV patients (P < 0.001).

Logistic regression analysis of predictive
factors for PMV

The results of univariate and multivariate Logistic regression
analysis were presented in Table 2. These risk variables, except
the neutrophil and WBC, were analyzed using univariate Logistic
regression, and all of them were statistically significant. Then these
factors with statistical significance in univariate logistic regression
were brought into a multivariate logistic regression analysis to
establish the PMV risk prediction model. We found that GCS
(OR, 0.780; 95% CI, 0.688-0.883; P < 0.001), hematoma size (OR,
1.031; 95% CI, 1.016-1.047; P < 0.001), lactic acid (OR, 1.431; 95%
CIL, 1.015-2.017; P = 0.041), and SII (OR, 1.283; 95% CI, 1.049-
1.568; P = 0.015) were significant in multivariate logistic regression
(Figure 2).

ROC curves analysis of predictive factors
for PMV

ROC curves were performed to evaluate the predictive ability
of SII, lactic acid, hematoma size, and GCS (Figure 3; Table 3).
The corresponding AUC of SII was 0.662 (95% CI, 0.595-0.729, P
< 0.001), and the cutoff value was 2,454.51, with sensitivity and
specificity of 51.8% and 76.1%, respectively. The corresponding
AUC of lactic acid was 0.645 (95% CI, 0.575-0.715, P < 0.001), and
the cutoff value was 1.55 with sensitivity and specificity of 55.4%
and 74.8%, respectively. The corresponding AUC of hematoma
size was 0.709 (95% CI, 0.645-0.773, P < 0.001), and the cutoff
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TABLE 1 The demographic and baseline characteristics of patients in the PMV and non-PMV groups.
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Variable Total (n = 271) PMV
YES (n = 112) NO (n = 159)

Gender (female, %) 80 (29.52) 32 (28.57) 48 (30.19) 0.714
Age (years) 56 (47-65) 56 (47-67) 57 (47-65) 0.513
BMI 25.40 (23.30-27.68) 25.40 (23.40-27.70) 25.40 (22.90-27.55) 0.656
Smoking (%) 71 (26.20) 32 (28.57) 39 (24.53) 0.502
Drinking (%) 76 (28.04) 31 (27.68) 45 (28.30) 0.850
Cardiac insufficiency (%) 30 (11.07) 17 (15.18) 13 (8.18) 0.070
Hypertension (%) 176 (64.94) 78 (69.64) 98 (61.64) 0.234
Diabetes mellitus (%) 23 (8.49) 12 (10.71) 11 (6.92) 0.287
Systolic pressure (mmHg) 158 (140-180) 163 (142-190) 155 (140-179) 0.043
Diastolic pressure (mmHg) 92 (80-105) 94 (80-110) 92 (80-101) 0.782
Length of ICU stay (days) 3(1-9) 9(3-19) 1(0-3) <0.001
Length of stay (days) 16 (11-25) 23 (14-36) 14 (11-18) <0.001
GCS 9(7-12) 8(5-9) 10 (8-13) <0.001
Hematoma size (ml) 50 (40-80) 70 (50-80) 50 (40-60) <0.001
Intraventricular hematoma 121 (44.65) 55 (49.11) 57 (35.85) 0.215
Surgical Operation 0.056

Craniectomy (%) 121 (44.65%) 59 (52.68%) 62 (38.99%)

Endoscopic (%) 86 (31.73%) 33 (29.46%) 53 (33.33%)

Burr hole aspiration (%) 64 (23.62%) 20 (17.86%) 44 (27.67%)
Serum potassium (mmol/L) 3.77 £0.52 3.64 £ 0.55 3.86 +0.49 <0.001
serum sodium (mmol/L) 140 (137-142) 140 (137-142) 140 (137-142) 0.477
Serum albumin (g/L) 39.20 £ 5.30 38.26 £5.62 39.86 +4.98 0.016
Monocyte (x 10°/L) 0.54 (0.38-0.75) 0.57 (0.39-0.82) 0.54 (0.38-0.73) 0.583
Neutrophil (x 10°/L) 9.86 (7.10-13.01) 11.53 (8.37-14.55) 8.61 (6.43-11.37) <0.001
Lymphocyte (x 10°/L) 1.11 (0.78-1.66) 1.07 (0.71-1.56) 1.21 (0.85-1.76) 0.077
WBC (x10°/L) 11.93 (9.31-14.95) 13.00 (10.47-16.39) 10.56 (8.18-13.35) <0.001
Hemoglobin (g/L) 146 (132-157) 147 (131-159) 146 (134-157) 0.906
Platelet (x10°/L) 211 (178-251) 214 (184-255) 207 (170-248) 0.130
SII 1,796.35 2,463.14 1,538.17 <0.001

(1,093.86-3,047.16) (1,369.03-3,516.28) (980.51-2,432.10)

Blood glucose (mmol/L) 7.8 (6.8-9.3) 8.3(7.3-10.2) 7.4 (6.3-8.6) <0.001
Lactic acid (mmol/L) 1.5 (1.0-2.0) 1.7 (1.1-2.4) 1.2 (1.0-1.5) <0.001
Uric acid (jumol/L) 226.5 (170.1-285.0) 225 (174-301) 228 (168-264) 0.234
Lactate dehydrogenase (u/L) 196.5 (164.0-249.0) 205 (168-258) 194 (158-243) 0.046
Postoperative analgesics-sedatives 142 (52.40) 66 (58.93) 76 (47.80) 0.071

BMI, body mass index; GCS, Glasgow coma scale; SII, systemic immune inflammation index; WBC, white blood cells. The significance of bold data: P < 0.05.

value was 75 ml with sensitivity and specificity of 47.3% and 88.1%,
respectively. The corresponding AUC of GCS was 0.775 (95% CI,
0.720-0.830, P < 0.001), and the cutoff value was 8.5 with sensitivity

and specificity of 73.6% and 61.9%, respectively.

Based on the SII cutoff value, these 271 patients were
then dichotomized into 2 groups, SII < 2,454.51 group (n

Frontiersin Neurology

= 182, 67.16%) and SII > 2,454.51 group (n = 89, 32.84%).
The prognosis was poorer for SII > 2,454.51 group patients
than for SII < 2,454.51 group patients (x> = 50.502, P

< 0.001). However, there was no statistically significant
difference in mortality between these two groups (x> = 3.196,
P =0.074).
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Patients with spontaneous Basal
Ganglia ICH presented to the
department of Neurosurgery
(n=884)

Conservative treatment (n=163)
History of stroke (n=85)
Incomplete information (n=59)
Patients presented 72 hours after
symptom onset (n=91)
Secondary hemorrhage (n=105)
Preoperative ventilation (n=12)
Other exclusions (n=98)

Patients with spontaneous Basal
Ganglia ICH underwent surgical
operation
n=271)

—'| Patients without PMV (n=159)

Patients with PMV secondary to
spontaneous Basal Ganglia ICH
(n=112)

Favorable (mRS: 0-2) Unfavorable (mRS: 3-6)
(n=9) (n=103)

FIGURE 1
The study flow chart. ICH, Intracerebral Hemorrhage; PMV,
Prolonged Mechanical Ventilation; mRS, the Modified Rankin Scale.

Discussion

In this retrospective study, We retrieved and analyzed the
clinical data of patients with spontaneous basal ganglia ICH who
underwent surgical operations in a single center during an 8-year
period using the hospital’s scientific research big data platform. For
the first time, we examined the risk factors of postoperative PMV
after spontaneous basal ganglia ICH and analyzed the association
between SII and PMV. We found that preoperative SII may
predict PMV in patients with spontaneous basal ganglia ICH who
underwent surgical operations. These findings may be helpful for
the medical staff to anticipate the therapy course, and help the
patient families to adjust their emotions and face the challenge
of life.

The time definition of PMV is still uncertain, ranging from
24h to 21 days (11, 12, 14, 21-23). This is mainly based on the
evaluation criteria of each clinical center, and the actual needs of
the prognosis estimate (24). The length of PMV defined by the
surgical department was shorter, while the PMV time defined by
the rehabilitation medicine department tended to be longer. PMV
was defined as mechanical ventilation for more than 24h in this
study, and the clinical prognostic differentiation was satisfactory.
PMYV has been proven to harm the prognosis. A high incidence of
PMYV (47.6%) was shown in our cohort, and more than 90% of them
had unfavorable prognoses. The length of ICU stay and total length
of stay in PMV patients were significantly longer, and the mortality
was higher.

Acute persistent disturbance of consciousness and the related
inability to protect the airway, and abnormal respiratory mechanics
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TABLE 2 Univariate and multivariate regression analysis of factors related

to PMV.

Predictors  Univariate analysis  Multivariate analysis

OR (95% P= OR (95% P-
Cl) value Cl) value

Systolic 1.008 0.043 0.998 0.679

pressure (1.000-1.016) (0.987-1.008)

GCS 0.685 <0.001 0.780 <0.001
(0.616-0.762) (0.688-0.883)

Hematoma 1.041 <0.001 1.031 <0.001

size (1.028-1.055) (1.016-1.047)

Serum 0.415 0.001 0.566 0.074

potassium (0.251-0.687) (0.303-1.056)

Serum 0.942 0.013 0.965 0.249

albumin (0.898-0.988) (0.908-1.026)

Blood glucose 1.150 0.002 1.028 0.594
(1.051-1.258) (0.930-1.136)

Lactic acid 1.848 <0.001 1.431 0.041
(1.375-2.482) (1.015-2.017)

Lactate 1.005 0.006 1.004 0.067

dehydrogenase (1.001-1.008) (1.000-1.008)

SII 1.471 <0.001 1.283 0.015
(1.235-1.752) (1.049-1.568)

GCS, Glasgow coma scale; SII, systemic immune inflammation index. The significance of bold
data: P < 0.05.

were secondary to severe intracranial lesions are the most frequent
reasons for initiating mechanical ventilation and postoperative
weaning difficulty (6, 25-27). Among the factors associated
with unfavorable prognosis of neurocritical ill patients, GCS
and hematoma size are general acceptance predictors (12, 13).
Decreased consciousness was often significantly associated with
increased intracranial hematoma volume (28). The surgical
operation usually signifies large intracranial bleeding and severe
disease progression. In the present study, initial GCS < 9
and hematoma size > 75ml were identified as significant and
independent predictors of PMV in patients with spontaneous basal
ganglia ICH who underwent surgical operations.

The inflammation is implicated in the pathogenesis of stroke,
and the inflammatory response following acute brain injury
has been demonstrated (27, 29). The extent of the systemic
inflammatory response and count of circulating neutrophils
were significant correlation with hematoma size (30). Increased
circulating neutrophil is recruited directly due to the inflammatory
environment and high level of the stress state. Catecholamine
released from sympathetic activation also leads to neutrophil
increase and lymphopenia (31). Lymphopenia on admission is
one of the characteristics of neurogenic immunosuppression,
independently associated with the severity and extension of brain
injury, and reflects the functional frailty status of the patient
(32, 33). In our study, the lymphocyte count of patients in the
PMYV group was lower than those in the non-PMV group (1.07
x 10°/L vs. 1.21 x 10°/L), but the difference was not statistically
significant (P = 0.077). In addition to preventing bleeding and
promoting hemostasis, the platelet participates in post-stroke
immune-inflammatory responses by releasing chemokines and
cytokines (34, 35). In the present study, we found that the platelet
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FIGURE 2
Forest map of multivariate logistic regression. SlI, Systemic Immune Inflammation Index.

TABLE 3 Diagnostic values of factors related to PMV.

Variable AUC (95% CI) Cutoff value Sensitivity Specificity
SII 0.662 (0.595-0.729) <0.001 2,454.51 0.518 0.761
GCS 0.775 (0.720-0.830) <0.001 8.5 0.736 0.619
Lactic acid 0.645 (0.575-0.715) <0.001 1.55 0.554 0.748
Hematoma size 0.709 (0.645-0.773) <0.001 75 0.473 0.881

count of patients in the PMV group was higher than those in the
non-PMV group (214 x 10%/L vs. 207 x 10°/L), but the statistical
results were not significant too (P = 0.130).

The systemic production of inflammatory mediators induces
inflammatory responses not only in the brain environment but
also in a systemic inflammatory environment. Excessive systemic
inflammatory response participates in the pathogenesis of acute
lung injury (36, 37). Sympathetic overstimulation and large
amounts of catecholamines release into the systemic circulation
increase pulmonary vascular hydrostatic pressure and endothelial
permeability, causing neurogenic pulmonary edema (38, 39). SII,
which was obtained by combining neutrophils, lymphocytes, and
platelets in a single index, has been confirmed as a novel predictive
inflammation marker of PMV in our cohort, and the cut-off value
was 2,454.51. To our knowledge, the present report may be the
first study to show that pre-operation increased SII can be a risk
factor for PMV in patients with spontaneous basal ganglia ICH who
underwent surgical operations.

In this study, another risk factor identified for PMV was
lactic acid. Elevated lactic acid underscores the systemic impact
of intracranial pathology, and predicts the disease’s systemic
severity in patients with devastating neurologic diseases (40).
Due to excessive catecholamine release could induce increased
glucose metabolism with a rapid output of lactate in the
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systemic circulation, and enhanced renal perfusion may lead
to negative liquid equilibrium (41, 42). In addition, a sharp
increase in intracranial pressure leads to the use of large doses
of osmotic diuretics, which may cause subsequential hypovolemia.
Other potential causes of elevated lactic acid include neurogenic
pulmonary edema and acute lung injury (43). But lactic acidosis is
multifactorial, a prospective study with other causes excluded may
be useful.

In the present study, We found that pre-operation SII predicted
PMV quite well in patients with spontaneous basal ganglia ICH
who underwent surgical operations. The incorporation of these
cheap and readily available markers into clinical treatment may
simplify prediction procedures and strengthen the predictive
power. However, this article also has some limitations. First, it
is a single-center retrospective study with a relatively small scale
and may have potential biases. Second, although we excluded
comorbidities that might affect inflammation, immunity, and
breathing, some potential confounders may not be easily detected.
Third, the purpose of this study was to analyze the predictive
value of preoperative factors for PMV, but some factors after
surgery were also affecting PMV (such as acute respiratory distress
syndrome or hypostatic pneumonia), and no further comparison
was made in this study. Fourth, we only validated the effectiveness
of preoperative SII in predicting PMV after surgical operations
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FIGURE 3
The receiver-operating characteristic curves. (A) ROC for SlI; (B) ROC for Lactic Acid; (C) ROC for Hematoma Size; (D) ROC for GCS. SlI, Systemic
Immune Inflammation Index; ROC, Receiver Operating Characteristics Curve; GCS, Glasgow Coma Scale.

for spontaneous basal ganglia ICH but did not cross-compare
SII with other inflammatory indices. Fifth, only these patients
with spontaneous basal ganglia intracerebral hemorrhage who
underwent surgical treatment were included and analyzed, so the
information on patients who underwent conservative treatment
could not be presented. Finally, we only observed the baseline SII
on admission, the relationship between the dynamic changes of SII
and the occurrence of PMV worthy of further study.

Conclusion

Preoperative SII may predict PMV in patients with spontaneous
basal ganglia ICH who undergo surgical operations.
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Background: Unplanned 30-day hospital readmissions following a stroke is a
serious quality and safety issue in the United States. The transition period between
the hospital discharge and ambulatory follow-up is viewed as a vulnerable period
in which medication errors and loss of follow-up plans can potentially occur. We
sought to determine whether unplanned 30-day readmission in stroke patients
treated with thrombolysis can be reduced with the utilization of a stroke nurse
navigator team during the transition period.

Methods: We included 447 consecutive stroke patients treated with thrombolysis
from an institutional stroke registry between January 2018 and December 2021.
The control group consisted of 287 patients before the stroke nurse navigator
team implementation between January 2018 and August 2020. The intervention
group consisted of 160 patients after the implementation between September
2020 and December 2021. The stroke nurse navigator interventions included
medication reviews, hospitalization course review, stroke education, and review
of outpatient follow-ups within 3 days following the hospital discharge.

Results: Overall, baseline patient characteristics (age, gender, index admission
NIHSS, and pre-admission mRS), stroke risk factors, medication usage, and
length of hospital stay were similar in control vs. intervention groups (P >
0.05). Differences included higher mechanical thrombectomy utilization (35.6
vs. 24.7%, P = 0.016), lower pre-admission oral anticoagulant use (1.3 vs. 5.6%,
P =0.025), and less frequent history of stroke/TIA (14.4 vs. 27.5%, P = 0.001) in
the implementation group. Based on an unadjusted Kaplan—Meier analysis, 30-day
unplanned readmission rates were lower during the implementation period (log-
rank P = 0.029). After adjustment for pertinent confounders including age, gender,
pre-admission mRS, oral anticoagulant use, and COVID-19 diagnosis, the nurse
navigator implementation remained independently associated with lower hazards
of unplanned 30-day readmission (adjusted HR 0.48, 95% CI1 0.23-0.99, P = 0.046).
Conclusion: The utilization of a stroke nurse navigator team reduced unplanned
30-day readmissions in stroke patients treated with thrombolysis. Further studies
are warranted to determine the extent of the results of stroke patients not treated
with thrombolysis and to better understand the relationship between resource
utilization during the transition period from discharge and quality outcomes
in stroke.
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Introduction

Unplanned hospital readmission following a stroke is a
costly and common problem in the United States (1). Reported
unplanned readmission rates after a stroke have been reported to be
as high as 12-21% within 30 days, reaching up to 55% within 1 year
(2-6). The use of intravenous tissue plasminogen activator (tPA)
improves long-term outcomes (7-12). Moreover, it has shown
11 to 23% lower odds of 30-day unplanned readmission (6),
indicating that there is a significant subset of tPA-treated patients
that is at risk for unplanned 30-day readmission. Therefore,
quality improvement measures are needed to further reduce
readmission risk. Specifically, the transition period between the
hospital discharge and subsequent ambulatory follow-up following
an ischemic stroke is a critical period during which medication
errors, failed hand-offs, inadequate post-discharge support, and
loss of follow-up can occur, which may increase the risk for
complications and unplanned readmission (13-15). Thus, there is
a critical need to optimize systems of care in clinical practice to
improve post-stroke outcomes (16, 17).

One strategy to improve patient care during the transition
period may include post-discharge phone calls, which have been
shown to reduce unplanned hospital readmission rates within 6
months in a pragmatic, randomized control trial (18). However,
little is known whether such an intervention reduces readmission
rates in patients treated with thrombolysis and whether this
translates to improved long-term outcomes (16).

To address this issue, we sought to determine whether the
utilization of a stroke nurse navigator team reduces 30-day
stroke unplanned readmission of tPA-treated patients during the
transition period. Comparisons between tPA-treated patients vs.
non-tPA-treated patients were made as we recognize the concern
that there remains a significant subset of tPA-treated patients that is
at risk for unplanned 30-day readmission. The tPA-treated patients
offer an additional advantage in the study, considering that all
patients with acute ischemic strokes undergo a similar work-up and
treatment paradigm in the acute setting due to the standardization
of stroke care. A secondary objective was to determine whether
this intervention was associated with a reduced risk of major
adverse cardiovascular events (MACE), functional deficit severity
defined by the modified Rankin scale (mRS), and neurological
status defined by the National Institutes of Health Stroke Scale
(NIHSS) at 90-days from discharge.

Methods
Study cohort

We retrospectively analyzed prospectively accrued adult
patients (age 18 years and older) who were admitted to our
academic tertiary care center for an acute ischemic stroke between
January 2018 and December 2021. Electronic medical records and
relevant ICD codes were used to identify the principal diagnosis of
stroke. Patients who were determined to have had a planned 30-day
readmission as identified by our hospital readmission committee
were excluded from this search. We excluded patients who did
not receive intravenous thrombolysis, died during the index
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admission, were discharged to hospice, had a hospital length of stay
exceeding 30 days, or were lost to follow-up (19). The Institutional
Review Board (IRB) approved the study, and the Health Insurance
Portability and Accountability Act (HIPPA) waiver of informed
consent was granted. We prepared our manuscript according
to the Strengthening the Reporting of Observational Studies in
Epidemiology guidelines (http://www.strobe-statement.org).

first established by the
board-certified neurologist and

All diagnoses were treating

confirmed by abstracting
physicians (EG and AG). Conflicting diagnoses were resolved
by consensus after adjudication by board-certified vascular

neurologists (AJ-O and NH).

Intervention

We compared patients treated before nurse navigator
implementation (between January 2018 and August 2020) with
those treated after nurse navigator implementation (between
September 2020 and December 2021). The stroke nurse navigator
team consisted of two trained nurses (RN) experienced in stroke
care. After the nurse navigator implementation, each patient
received a standardized follow-up transition plan as follows. On
the day of the discharge, introduction to the transition process,
ambulatory follow-up appointments, and ambulatory testing were
confirmed. Between days 3 and 7 after discharge, nurses conducted
phone interviews with the patients and/or their health caregiver
to review discharge summaries, verify medications, confirm the
follow-up plans for outpatient-based testing and appointments,
and address patient satisfaction and any outstanding questions.
The flow process was such that each stroke nurse navigator had
access to the inpatient stroke admission team list, and they attended
daily huddles twice a week on Monday and Wednesday. On the
day of the discharge, the inpatient team notifies the stroke nurse
navigator for disposition follow-up plans. To prevent potential
missed errors, the stroke nurse navigator reviewed the inpatient
stroke team census each morning to identify potential discharge
candidates and verified the discharge plan with the stroke team
via electronic communication. To determine whether our goal to
have the nurse navigator call patients within 3-7 days was met,
we spot-checked every other patient (n = 81). Among these, the
median time to patient call was 3 days (interquartile range 2-7
days) after discharge. Any issues that the nurse navigator could not
resolve were escalated to the discharging physicians and neurology
quality officer (AJ-O) for resolution.

Data collection

Patient age, gender, insurance information, total admission cost
in dollars, index admission length of stay (LOS), co-morbidities,
pre-admission medications, admission National Institutes of
Health Stroke Scale (NIHSS), admission modified Rankin Score
(mRS), and discharge status were collected for all patients by
review of the medical records through the electronic medical record
system. In addition, we assessed COVID-19 status (confirmed
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infection within 30 days of the index admission) in all patients that
were admitted between 2020 and 2021.

Definitions

The transition of care was defined as the movement of a
patient from the admitted hospital to another healthcare setting
(20). The index admission was defined as the admission of the
starting point for studying repeat hospital visits (21). The 30-day
unplanned readmission was defined as a subsequent unplanned
admission, occurring within 30 days of the discharge date from
the index admission (22). For dyslipidemia, two definitions were
used: LDL higher than 100 based upon AHA/ASA ischemic stroke
guideline (23) and LDL higher than 189 based upon ACC/AHA
guideline (24).

Study outcomes

The primary outcome of interest was the 30-day unplanned
readmission. Secondary outcomes of interest were the rate of
MACE, including death within 90 days from discharge as well as
the 90-day mRS and NIHSS. Medical records were independently
reviewed by two investigators to confirm the qualifying index
diagnosis and the outcomes of interest.

Statistical analyses

Data are reported as median (interquartile range) unless
otherwise stated. Univariate comparisons were performed using
the X2 test, Fishers exact test, and Mann-Whitney U-test as
appropriate. A two-sided p-value of <0.05 was considered to be
statistically significant in all analyses. The Kaplan-Meier analysis,
log-rank test, and multivariable Cox regression analysis (with
backward elimination) were used to determine whether stroke
nurse navigator implementation was associated with a reduction
of the 30-day unplanned readmission rate. We calculated adjusted
hazard ratios (aHR) with corresponding 95% confidence intervals
(CI). Models were adjusted for age, gender, admission NIHSS,
pre-admission mRS, treatment with mechanical thrombectomy,
oral anticoagulant use, history of stroke/TIA, COVID-19 diagnosis
within the 30 days of index admission, and total cost of the index
hospitalization. All statistical analyses were performed using IBM
SPSS Statistics version 28.0.1 (IBM, Armonk, NY).

Results

The study flowchart is depicted in Figure 1. We included 447
consecutive stroke patients treated with thrombolysis (n = 287
before and n = 160 after the implementation of stroke nurse
navigator transition care implementation).

Table 1 shows the baseline characteristics of the studied
population as stratified by a stroke nurse navigator transition care
implementation status. Overall, patient characteristics were similar
between groups except for higher mechanical thrombectomy
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utilization (P = 0.016), lower pre-admission oral anticoagulant use
(P = 0.025), less frequent history of stroke/TIA (P = 0.001), more
frequent COVID-19 diagnosis (P = 0.001), and higher total cost of
hospitalization (P < 0.001) in the implementation vs. the control

group.

Reasons for 30-day unplanned readmission
in ischemic stroke

Among the 447 stroke patients, 50 (11.2%) had 30-day
unplanned readmission. In total, 16 (32%) readmissions were
due to neurological causes (such as seizure or recurrent stroke),
and 34 (68%) readmissions were due to medical issues. In the
subgroup of readmissions due to medical issues, 12 (24%) were due
to infections.

Association between stroke nurse navigator
implementation and 30-day unplanned
readmission risk

Based on an unadjusted analysis, the 30-day readmission
rate was significantly higher prior to stroke nurse navigator
implementation as compared to post-implementation (13.6% vs.
6.9%, P = 0.041) with the Kaplan-Meier analysis indicating
continued separation of the readmission rates throughout the
30-day transition period (log-rank P = 0.029, Figure 2). The
implementation of the nurse navigator transition care remained
independently associated with a lower adjusted hazard rate (aHR)
of unplanned 30-day readmission based on a multivariable Cox
regression analysis (aHR 0.48, 95% CI 0.23-0.99, P = 0.046,
Table 2). Overall, patients with the stroke nurse implementation
had a 67.6% reduced probability (defined as 1-[aHR/(14+aHR)])
of 30-day unpreventable stroke readmission compared to patients
without the implementation.

90-day MACE

Table 3 summarizes the univariate comparison of 90-day
outcomes between groups. Overall, we found no significant
differences in the unadjusted 90-day mortality, MACE, 90-day
NIHSS, and 90-day mRS (P > 0.05, each).

Discussion

Despite improvements in stroke prevention and acute stroke
care processes, many patients and their caregivers face significant
gaps in post-stroke care during the post-stroke recovery period
(16). A recent systemic review and meta-analysis of qualitative
studies focusing on hospital-to-home transition care in stroke
showed the importance of patient and caregiver engagement in
discharge preparation, along with the need for the implementation
of post-discharge support to help stroke patients adjust to post-
stroke rehabilitation and the need for integrated transitional
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N= 2867 patients admitted from ED with
the diagnosis of an acute stroke

Exclude: Total 2420 patients
736 with intracranial hemorrhage
1602 did not receive IV tPA

45 died during index admission
25 discharged to hospice

12 had LOS =30 days

Before nurse navigator implementation
N=287 patients (Jan 2018 to Aug 2020)

N=287 patients available for 30-day
readmission analysis

N=247 patients available for 90-day
outcome analysis

FIGURE 1
Patient flowchart

N=447 patients for analysis

After nurse navigator implementation
N=160 patients (Sep 2020 to Dec 2021)

N=160 patients available for 30-day
readmission analysis

N=145 patients available for 90-day
outcome analysis

support for post-stroke adjustment (25). However, the potential
impact of stroke nurse navigator implementation on unplanned
readmissions in patients treated with thrombolysis is unknown.

We now show that in the studied cohort, the utilization of
a stroke nurse navigator for transition care was independently
associated with a reduced rate of unplanned 30-day readmission
in ischemic stroke patients treated with thrombolysis. This is
an important finding as the Centers for Medicare and Medicaid
Services (CMS) defined 30-day unplanned readmission as an
indicator of poor hospital care, connecting to hospital penalties
and payment determination (2, 26). The utilization of stroke nurse
navigator teams for the transition period may thus represent an
effective tool to improve stroke care by both engaging patients
and caregivers to improve support as well as reduce unplanned
readmission risk. This is important as stroke nurse navigators
during the transition period are also known to improve self-
efficacy, quality of life, and stroke-relevant knowledge, as well as
reduce caregiver burnout (27). Further studies aimed at identifying
patients at high risk for unplanned readmission have the potential
to address precipitating factors and create an opportunity to
recognize and mitigate issues surrounding patient care during the
transition period (1).

Our study also showed a 67.6% reduced probability of 30-day
unplanned readmission with transition care utilization. Although
the previous Transition Coaching for Stroke (TRACS) trial showed
a potential reduction of 30-day unplanned readmissions following
stroke by 48% with transition care, the study called for further
replicable studies due to its size of 510 patients in a single center
setting, and the study intervention focused only on patients that
were discharged home (17). Contrary to TRACS, our study also
included patients that were discharged to facilities.

Previous studies showed that unplanned 30-day readmission
after stroke is associated with increased mortality and significant
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societal financial burden, costing up to 17 billion dollars in
the United States alone (2). Therefore, we sought to determine
whether stroke nurse navigator utilization could improve the risk
of MACE including mortality as well as functional outcomes by
90 days after stroke. We found no significant difference in these
outcomes between studied cohorts. This observation is similar
to the COMPASS (Comprehensive Post-Acute Stroke Services)
trial, which failed to show that post-acute stroke transitional care
services had a significant effect on the 90-day functional outcome
as assessed by the Stroke Impact Scale (primary outcome) as
well as the mRS and mortality outcome (secondary outcomes).
This may have been in part related to the pragmatic trial
design with incomplete case ascertainment (16). Nevertheless,
our results should be interpreted cautiously as subjects were not
randomly assigned to the intervention, and comparison groups
were not measured during concurrent time periods introducing the
possibility of unmeasured confounding. Thus, further prospective
studies in larger cohorts are required to determine the possible
beneficial effects of stroke nurse navigator implementation on
long-term outcomes.

The CMS created the Bundled Payments of Care Improvement
(BPCI) initiative, which created incentives for cost and quality care
(28). Although there is limited data, the impact of stroke bundle
programs is being studied on patient outcomes, and stroke nurse
navigators are starting to be recognized to provide support for BPCI
initiatives (28, 29). From a patient perspective, there is a demand
and need for having a dedicated care coordinator or point of
contact during the transition period to guide through expectations
of post-stroke adjustment and transition (30-33).

Further future studies are needed to investigate the cost-
effectiveness of stroke nurse navigators in stroke BPCI initiative,
quality improvements, and overall patient satisfaction. Patients that
are specifically discharged home with home healthcare have been
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TABLE 1 Patient characteristics stratified by absence vs. presence of stroke nurse navigator implementation in ischemic strokes that received alteplase.

Characteristics Before implementation After implementation P-value
(n = 287) (n = 160)

Age [Years; Median (IQR)] 71 (58-80) 69 (59-78) 0.54

Gender 0.37

Female 128 (44.6%) 79 (49.4%)

Male 159 (55.4%) 81 (50.6%)

Total cost of hospitalization ($), median (IQR) $22,989 ($17,192-$34,571) $27,096 ($21,896-$53,208) <0.001

Index admission NIHSS, median (IQR) 6(3-12) 7 (3-14) 0.53

Pre-admission mRS, median (IQR) 0(0-1) 0(0-1) 0.2

Length of stay, median (IQR) 3(2-6) 4(2-6) 0.54

Mechanical thrombectomy 71 (24.7%) 57 (35.6%) 0.02

Dyslipidemia

LDL > 100 99 (34.9%) 61 (38.1%) 0.54

LDL > 189 5(1.8%) 3(1.9%) 1

History of prior stroke or TIA 79 (27.5%) 23 (14.4%) 0

Hypertension 212 (73.9%) 114 (71.3%) 0.58

Diabetes mellitus 72 (25.1%) 43 (26.9%) 0.74

Atrial fibrillation 85 (29.6%) 40 (25%) 0.32

Coronary artery disease 64 (22.3%) 28 (17.5%) 0.27

CHF 43 (15%) 17 (10.6%) 0.25

Peripheral arterial disease 77 (26.8%) 40 (25%) 0.74

Tobacco use hx 141 (49.1%) 70 (43.8%) 0.28

Statin use 129 (44.9%) 76 (47.5%) 0.62

Anti-hypertensives 191 (66.6%) 101(63.1%) 0.47

Anti-diabetic med 56 (19.5%) 25 (15.6%) 0.37

Antiplatelet use 123 (42.9%) 59 (36.9%) 0.23

Oral anticoagulant 16 (5.6%) 2 (1.3%) 0.03

Insurance 0.5

Medicare 165 (57.5%) 89 (55.6%)

Medicaid 24 (8.4%) 20 (12.5%)

Commercial 89 (31.0%) 50 (31.3%)

Military 3 (1.0%) 0 (0%)

Others 5 (1.7%) 1(0.6%)

Uninsured 1 (0.3%) 0 (0%)

Discharge status 0.56

Home 147 (51.2%) 77 (48.1%)

Facility 140 (48.8%) 83 (51.9%)

COVID-19 diagnosis within 30 days of index admission 1 (0.4%) 8 (5.4%) 0.001

Data are median (IQR) or 7 (%). IQR, Interquartile Range; NIHSS, National Institutes of Health Stroke Scale; mRS, Modified Rankin Score; TIA, Transient ischemic attack; Facilities (acute

rehabilitation center, short-term or long-term nursing facility).

shown to have a higher 30-day unplanned readmission rate and
significantly lower Medicare payment reimbursements for overall
care within the first 60 days after index admission (34). Thus,
the optimization and standardization of transition care services
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also need to be further considered in the future for better patient
support (1). Future studies are warranted to further understand the
association between stroke nurse navigators, patient outcomes, and
barriers to improvement in care. Specifically, it will be important
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FIGURE 2

Cumulative unpreventable 30-day readmission-free survival
stratified by a stroke nurse navigator implementation period.

Log-rank P = 0.029; adjusted HR 0.48, 95% Cl (0.23-0.99).

TABLE 2 Variables associated with 30-day unplanned readmission on
multivariable Cox regression.

Study variable Hazard ratio p-value
(95% CI)

Nurse navigator implemented 0.48 (0.23-0.99) 0.046

NIHSS 1.04 (1-1.08) 0.052

Thrombectomy 0.47 (0.22-1.01) 0.053

Total admission cost (per $10,000) 1.12 (1.02-1.23) 0.021

History of stroke and or TIA 1.93 (1.07-3.45) 0.028

CI, confidence interval. Variables not retained in the final step of the model included age,
gender, history of stroke/TIA, oral anticoagulant use, pre-admission mRS, and COVID-19
infection within 30 days.

TABLE 3 Outcome events.

Characteristics Before After P-

implementation implementation valu

(n = 287) (n =160)

30-day Readmission 39 (13.6%) 11 (6.9%) 0.041
90-day Outcome 0.313
Death 16 (5.6%) 11 (6.9%)
Cardiovascular 31 (10.8%) 11 (6.9%)

event

to study the associative relationship between patient outcomes
and medication compliance, access to ambulatory services and
treatments, follow-up appointments, and issues surrounding
patient-nurse navigator communications. It is also not known if
families used other outpatient services more after implementation.
One may hypothesize that patients were less willing to bring loved
ones to the hospital due to the pandemic or other concerns and
utilized outpatient services more. Future studies are needed to
further address the question of potential increased usage of resource
utilization after stroke nurse navigator implementation.
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There are limitations to this study. As discussed, comparison
groups were not measured during concurrent time periods, which
may have introduced the possibility that unmeasured factors may
have played a role in the differences seen. Furthermore, the sample
sizes and time frame of the pre-vs. post-implementation phase
differed. While this approach may have introduced additional bias,
it allowed us to increase the overall sample size and, thus, the
power of our analyses. Second, the study population was obtained
from a single tertiary care center limiting the generalizability of our
findings. Nevertheless, the observed unplanned 30-day readmission
rate was 13.6% prior to stroke nurse navigator implementation,
which is in line with previously reported rates of 12 to 21% (1),
suggesting that our results likely translate to other hospital settings.
Furthermore, although we adjusted our analyses for COVID-19
status, we cannot exclude the possibility that our results are biased
by unmeasured factors related to the COVID-19 pandemic. Finally,
there were differences in the total cost of care in the intervention vs.
non-intervention despite the similar length of stay. The difference
may be explained by the greater number of thrombectomies in
the intervention, which could potentially increase the hospital
cost. This could confound our results and therefore should be
interpreted with caution. However, it also attests to the operational
strength, in which the volume of thrombectomy cases did not
decrease during the COVID-19 pandemic.

Conclusion

The utilization of a stroke nurse navigator team was
associated with reduced unplanned 30-day readmissions in stroke
patients treated with thrombolysis. Further prospective studies
are warranted to determine the extent of the results of stroke
patients not treated with thrombolysis and to better understand
the relationship between resource utilization during the transition
period from discharge and quality outcomes in stroke.
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Functional outcome in
low-ASPECTS (0-5) acute
Ischemic stroke treated with
mechanical thrombectomy:
impact of laterality explored in a
single-center study

Victor Dumas®?*, Killian Martin®, Clément Giraud?, Julia Prigent?,
William Bloch?®, Karim Soualmi?, Guillaume Herpe'?,

Samy Boucebci?, Jean Philippe Neau?, Rémy Guillevin'? and
Stéphane Velasco?

LabCom I13M, DACTIM-MIS Team, LMA CNRS 7348, Poitiers University Medical Center, Poitiers, France,
2Department of Radiology, Poitiers University Medical Center, Poitiers, France, *Department of
Neurology, Poitiers University Medical Center, Poitiers, France

Background: There is no consensus regarding the influence of infarct laterality in
patients with acute ischemic stroke due to anterior large vessel occlusion (AlS-
LVO) treated with mechanical thrombectomy (MT), particularly in low-ASPECT
(0-5) patients who were excluded from the initial MT studies and that participated
in dedicated randomized-controlled trials that do not consider the side of the
occlusion. We aimed to evaluate the role of infarct laterality on the clinical
outcome in low-ASPECT AIS patients treated with MT.

Material and methods: We retrospectively analyzed our institutional stroke
database in our Thrombectomy-Capable Stroke Center (TCSC), including patient
characteristics, procedural variables, and outcomes, between January 2015 and
January 2022. Patients with acute intracranial ICA and/or proximal MCA occlusions
with ASPECT < 5 either on CT or MRI were included and divided into 2 groups
according to the location of ischemia. The primary endpoint was a good clinical
outcome at 90 days (modified Rankin Scale (mRS) score of 0—-3).

Results: Between January 2015 and November 2021, 817 MT were performed,
of which 82 were low-ASPECT (10.0%): 41 left-sided and 41 right-sided strokes.
The rates of good clinical outcome were 30.8% (12/41) for the left-sided group
and 43.6% (17/41) for the right-sided group, with a p-value of 0.349. The morality
rate showed no significant difference between the two groups: 39.0% (16/41) in
the right stroke group and 36.6% (15/41) in the left stroke group.

Conclusion: The clinical outcome was not significantly influenced by stroke
laterality. The results of this single-center retrospective study indicate either a lack
of strength or equal value in performing mechanical thrombectomy regardless of
stroke laterality.
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1. Introduction

Acute ischemic stroke due to large vessel occlusion (AIS-LVO),
whose therapeutic strategy has recently been revolutionized by
the emergence of mechanical thrombectomy (MT), is one of the
leading causes of death and disability worldwide (1, 2). Large-
volume AIS-LVO represents a significant proportion of all strokes
and is correlated with higher mortality and higher post-stroke
disabilities. ASPECTS is the main score used both in computed
tomography (CT) and magnetic resonance imaging (MRI) to
evaluate the extent of AIS-LVO, and large core volume strokes
are commonly considered with ASPECTS ranging from 0 to 5 (3).
Since few of these patients were enrolled in the first randomized
controlled clinical trials (RCTs), the benefit of MT in this setting
was uncertain until recently (4-10); however, three recent RCTs
have demonstrated the positive outcomes of MT in this context,
and additional trial results are expected in the near future, placing
these patients at the forefront of current challenges in stroke
management (11-14). In this context, the influence of stroke
laterality, which was historically a major and early subject of stroke
studies and much studied in the post-thrombolysis era, is unclear
(15-17). This study aimed to evaluate the impact of infarct laterality
in patients with low-ASPECTS AIS-LVO who underwent MT.

2. Materials and methods

2.1. Patient selection and characteristics

We retrospectively analyzed all consecutive patients with AIS-
LVO who underwent MT at a single Thrombectomy-Capable
Stroke Center (TCSC) from January 2015 to November 2021.
The inclusion criteria were acute occlusion of the intracranial
ICA and/or proximal middle cerebral artery, including a proximal
branch of the M2 segment on CT or MRI, treatment with
thrombectomy, and an ASPECT score of < 5 either on CT or
MRI. Individuals younger than 18 years, patients with posterior
circulation strokes, or those who experienced spontaneous
recanalization were not included in the analysis (Figure 1).

2.2. Clinical and radiological data

For each patient, the recorded data included age, gender,
medical history, baseline NIHSS, presence of major deficits such as
aphasia and neglect, pre-stroke mRS, antiplatelet and anticoagulant
treatments, stroke etiology, and symptomatic bleeding events
(defined by a neurologic worsening, an increase in an NIHSS score
of 4 or more, and evidence of intracranial hemorrhage on imaging).
NIHSS and pre-stroke mRS were conducted by neurologists at the
stroke center. The clinical outcome was based on the 90-day follow-
up period, which could take place either at the same hospital where
the mechanical thrombectomy was performed or at the center
to which the patient was transferred. The neurologists conducted
the assessment through physical examination or a telephone
conversation. Technical success was evaluated by the radiologist
who conducted the procedure and documented the assessment in
the MT report. Radiological characteristics, including diagnostic
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and angiographic imaging, were retrieved from the local PACS and
analyzed. Concerning radiological imaging, we assessed modality,
thrombus location, supra-aortic trunk imaging, ASPECT, and
stroke volume. The 10 brain regions (caudate, lentiform nucleus,
internal capsule, insula, and six cortical regions) used to calculate
the ASPECT score were inspected using the image set from each
study. Out of a possible total score of ten, one point was deducted
for each affected region. The images were evaluated independently
by a senior neuroradiologist and a radiology resident. In cases of
disagreement, a consensus was reached with the help of Rapid AI
software. Stroke volumes were determined using Rapid Al software
in the case of MRI and with semi-automatic contouring via Vitrea
software in the case of CT scans.

2.3. Definition of outcomes

Successful reperfusion was defined as achieving a modified
thrombolysis in cerebral infarction (mTICI) score of > 2b. A good
clinical outcome was determined by a modified Rankin Scale (mRS)
score ranging from 0 to 3.

2.4. Study endpoint

Good clinical outcome according to stroke laterality was the
study endpoint.

2.5. Statistical analysis

The characteristics of the population were obtained using
different tests: the Student ¢-test or the Wilcoxon-Mann-Whitney
test for continuous variables and the chi-squared and Fisher’s exact
test for categorical variables. Continuous variables were presented
as the mean 4/- standard deviation (SD). Categorical variables
were presented as numbers (the corresponding percentage). These
variables allowed us to determine whether patients had similar
characteristics in the two groups. For all analyses, we considered
the commonly used threshold of 005 for the type 1 error risk. The
effect of stroke laterality and affected hemisphere on radiological,
clinical, and hemorrhagic risks was studied using the chi-squared
test. We compared the modified Rankin Score at 90 days in the right
and left stroke groups using the chi-squared test. Then, adjustments
were made with quantile regression models. The adjustment factors
were the stroke volume and the major symptoms, i.e., the presence
of aphasia and neglect at the onset.

3. Results
3.1. Study sample

Between January 2015 and January 2022, 817 MT were
performed, of which 82 were low-ASPECT (10.0%): 41 left-sided
strokes (50.0%) and 41 right-sided strokes (50.0%) (Table 1). The
mean age of study subjects was 69 years old (£SD 15). A total
of 46 patients were women (34.1%). In our sample, 96.7% of the
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816 patients in database

v

»| 43 had a posterior fossa stroke

775 patients

v

693 were excluded
- 654 had an ASPECTS 26

- 15 had a spontaneous
recanalization

- 24 had missing data

82 patients included in
statistical analysis

v

41 patients
Right hemisphere

FIGURE 1
Flow chart.

h 4

41 patients
Left hemisphere

patients were right-handed, with two left-handed people in the left
stroke group and no left-handed people in the right stroke group.
The groups were comparable regarding history, including high
blood pressure, diabetes, and atrial fibrillation. We also determined
that seven patients in each group had a history of stroke. The
NIHSS score was higher in the left group without being significantly
different (19 vs. 18 on the right, p = 0.064). The median time from
symptom onset to reperfusion was 375 min in the left stroke group
and 373 min in the right stroke group (p = 0.178). The median
ASPECT score was 5, and the mean volume was 96.4mL; neither
were significantly different between groups.

3.2. Procedural metrics

The median time of onset-recanalization was 373 min (IQR
253-493) in the right-sided group and 375 min (IQR 245-505) in
the left-sided group. Intravenous thrombolysis was administered to
more than half of the patients in each group: 26 patients (56.1%)
in the left stroke group and 23 patients (63.4%) in the right stroke
group. MT was performed under general anesthesia for 15 patients
in the right stroke group (36.6%) and 16 patients in the left stroke
group (39.0%).

Frontiersin Neurology

3.3. Outcomes

A total of 71 patients (86.6%) had an mTICI reperfusion score
of 2b or higher with no significant difference between groups: 36
out of 41 (87.8%) for the left location and 35 out of 41 (85.4%)
for the right location (p = 1) (Table 2). There was less than 25%
hemorrhagic transformation in each group (nine patients in the left
stroke group and seven patients in the right stroke group).

3.4. Study endpoint

The number of patients with a score of 0 to 3 on the modified
Rankin scale at 90 days was 12 (30.8 %) in the left stroke group and
17 (43.6%) in the right stroke group, p = 0.349 (Figure 2). There
were 15 deaths (36.6%) at 3 months in the left stroke group and 16
deaths (39.0%) in the right stroke group (p = 1).

4. Discussion
In this series, the percentage of patients with good functional

outcomes at 90 days was not significantly different between patients
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TABLE 1 Demographic and clinical characteristics of the patients at baseline.

10.3389/fneur.2023.1205256

Laterality Left (N = 41) Right (N = 41) Overall Unknown Pvalue
Age—yr 68 4+ 17 70 £ 14 69415 0 0.438
Hand—no (%)

Left Handed 2(6.5) 0(0) 2(3.3) 25.6 0.492
Right Handed 29 (93.6) 30 (100) 59 (96.7) 25.6

Male Sex—no (%) 28 (68.3) 26 (63.4) 54 (65.9) 0 0.816
History—no (%)

Hypertension 24 (58.5) 22 (53.7) 46 (56.1) 0 0.824
Diabetes 6 (14.6) 4(9.8) 10 (12.2) 0 0.736
Active smoking 15 (36.6) 7 (17.1) 22 (26.9) 0 0.081
Hyperlipidaemia 10 (24.4) 11 (26.8) 21 (25.6) 0 1
Previous ischemic stroke 7(17.1) 7 (17.1) 14 (17.1) 0 1
BMI 263 £4.9 26.0 £5.0 26.2+£4.9 2.4 0.784
Obesity (BMI > 29.9) 6 (14.6) 8(20.5) 14 (17.5) 24 0.691
Atrial fibrillation 17 (41.5) 17 (41.5) 34 (41.5) 0 1
Chronic renal failure 4(9.8) 5(12.2) 9 (11.0) 0 1
Myocardial infarction 9 (22.0) 7 (17.1) 16 (19.5) 0 0.781
Pre-stroke mRS (IQR) 0 (0-0) 0 (0-0) 0 (0-0) 0 0.641
NIHSS 19 (13-25) 18 (14-22) 18 (13-23) 8.5 0.064
Interval between time of stroke onset and time of reperfusion

Median (IQR)—min 375 (245-505) 373 (253-493) 374 (249-499) 4.9 0.178
<6.0 hr 17 (41.5) 12 (32.4) 29 (37.2) 0.488
6.0 to 24 hr 24 (58.5) 25 (67.6) 49 (62.8) 0.488
Occlusion site—no (%) 0

M1 24 (58.5) 26 (63.4) 46 (61.0)

M2 3(7.3) 5(12.2) 8(9.8)

ICA terminus 12 (29.3) 7 (17.1) 19 (23.2)

Tandem 2(4.9) 2(4.9) 4(4.9)

Extracranial ICA 0(0) 1(24) 1(1.2)

ASPECT

Median value (IQR) 5(5-3) 5(5-4) 5(5-4) 0 0.341
0—no (%) 1 0 1

1—no (%) 1 0 1

2—no (%) 3 4 7

3—no (%) 7 4 11

4—no (%) 7 9 16

5—no (%) 22 24 46

Volume (mL) 95.1 (77.4-120.2) 97.7 (78.1-121.0) 96.4 (78.9-121.8) 0 0.490
General anesthesia—no (%) 16 (39.0) 15 (36.6) 31(37.8) 0 1
Intravenous rt-PA use—no (%) 23 (56.1) 26 (63.4) 49 (59.8) 0 0.652

with right and left hemispheric strokes. Nevertheless, a visual
analysis of the arrangement of mRS scores 2, 3, and 4 at 3
months indicates that the prognosis may be more favorable for
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people with right-sided strokes. The lack of statistical significance
does not allow us to draw any definitive conclusions, and further
studies are needed to ascertain whether this effect exists, as we
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TABLE 2 Outcomes.

Left stroke (41)

10.3389/fneur.2023.1205256

Laterality

Right stroke (41) P value

Radiological

mTICI reperfusion grade > 2b—no (%) 36 (87.8) 35(85.4) 1
Clinical

mRs médian at 3 months (IQR) 4 (3-6) 4(2-6) 0.291
mRS median (IQR) adjusted with infarct size (mL) 4(3-6) 4(2-6) 0.958
mRS median (IQR) adjusted with the presence of neglect at JO 5 (4-6) 3(2-6) 0.282
mRS median (IQR) adjusted if aphasia is present at JO 4 (3-6) 6 (6-6) 0.092
mRS median (IQR) adjusted with full adjustment 3(2-6) 5(4-6) 0.151
mRS < 3 at 3 months—no (%) 12 (30.8) 17 (43.6) 0.349
Mortality at 3 months—no (%) 15 (36.6) 16 (39.0) 1
Symptomatic hemorrhagic transformation—no (%) 9(22.0) 7(17.1) 0.781

OMRSOOMRS 1 @MRS2 @MRS 3 ®BMRS 4 @BMRS 5 BMRS 6
Laterality et _
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Modified Rankin Scale Score at 90 Days MRS 0 MRS 1 MRS 2 MRS 3 MRS 4 MRS5 MRS6

Laterality left group — no 2 2 3 5 8 4 15

Laterality right group — no 0 4 8 5 4 2 16
FIGURE 2
Modified Rankin scale scores at 90 days according to stroke laterality, A modified Rankin sclare score of O indicates no disability, 1 no clinically
significant disability, 2 slight disability, 3 moderate disability but able to walk unassisted, 4 moderately severe disability, 5 severe disability, and 6 death.

assumed before conducting this study. In particular, we believe
that conducting a meta-analysis of patients included in previously
published randomized trials (11-14) as well as upcoming trials is
essential (TESLA, LASTE, and TENSION) to provide the necessary
statistical power and the level of evidence needed to definitively
address this question.

In our study, we chose a threshold of a good clinical outcome
with an mRS score of 0 to 3. It is worth noting that the more
traditional threshold for good clinical outcomes is an mRS score
of 0 to 2. However, we chose the broader threshold of 0 to 3
to align with the focus on severe strokes, which is consistent
with recently conducted RCT studies on low-ASPECT AIS-LVO
patients (11-13). The use of the mRS in our study could have
been problematic, as patients with low ASPECT scores are more
likely to exhibit significant cortical region damage. Indeed, this
score can be used to assess limitations in autonomy and daily
activities, but it lacks specificity, and domains such as cognition,
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language, visual function, emotional disturbance, and pain are not
directly measured. However, we believed that it was essential to
use it as the primary endpoint for three main reasons: (1) The
mRS is extensively used in the post-MT era, including among
patients with low-ASPECT AIS-LVO (11-13), which strengthens
the intrinsic and extrinsic validity of the study; (2) it has previously
been shown to have correct concurrent validity with regard to
infarct volumes, and its construct validity has been shown to have
excellent concordance with other rating scales (18, 19); and (3)
mRS endpoints generally require significantly smaller sample sizes
to achieve adequate statistical power, and the odds of obtaining a
statistically significant result increase by 89% with an mRS endpoint
compared with a Barthel index endpoint (18).

The absence of any significant difference in clinical outcome
at 3 months is consistent with subgroup analyses performed in
a previously published meta-analysis (20) but is at odds with
some others that described a better clinical outcome in patients
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with left-hemisphere stroke (16, 17). This association has been
attributed to a larger infarct volume in right-vs.-left-hemisphere
stroke patients (21) and a long time from the onset of stroke to
its manifestation (22). Several studies have indeed highlighted that
neglect increases the delay in stroke recognition and management
(17, 23), but in our database, there was no longer a delay for right
hemispheric stroke patients. This could be explained by the fact
that low-ASPECT patients generally present a massive deficit that
cannot be neglected.

On a similar note, neglect is often a determining marker that
negatively influences functional recovery (24, 25), but this was not
a finding in the mRS at 3 months in our sample.

Left-stroke patients in our trial had a non-statistically
significant tendency to have a higher NTHSS score at admission,
a notion that is concordant with other studies (21, 26). Thus, left
hemispheric damage is often accompanied by language disorders
that raise the NIHSS score compared with right hemispheric
damage, associated with neglect, which is less weighted for the
NIHSS score (27).

There were the same number of patients in each group. Thus,
the laterality of stroke was not a factor influencing thrombectomy
selection. We also observed no difference in the reperfusion rate
between left and right strokes, thus laterality was not a factor in the
failure of MT.

We failed to dichotomize our study population as having
a major or minor hemisphere involvement because our sample
included only two left-handers, which was insufficient for
conducting a statistical analysis. We could have relied on
clinical examination, which includes assessing aphasia and neglect;
however, in the emergency setting, there is a higher likelihood of
clinical examination errors. Identifying neglect can be particularly
difficult, and distinguishing between aphasia and dysarthria can
lead to misinterpretations. Furthermore, determining hemispheric
dominance (major/minor) has become increasingly complex since
Brocas study in the second half of the 19th century (28), as well
as studies by Geschwing and Levitsky (29), Rasmussen and Milner
(30), and Ringo et al. (31). This complexity has arisen owing to
recent advancements in functional activation MRI, which have
revealed a multitude of patterns that challenge the concept of
hemispheric dominance (32).

This study has several limitations, including the retrospective
nature of the analysis, the small sample due to a monocentric
design, the overrepresentation of ASPECT 5 patients in both groups
due to the lack of consensus in the indication of MT in lower
ASPECT patients during the study period, and the absence of
clinical assessments at 3 months to evaluate associative functions
in detail (beyond what is possible with the mRS score).
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Objective: The study aimed to explore the miRNA and mRNA biomarkers in
post-stroke depression (PSD) and to develop a miRNA-mRNA regulatory network
to reveal its potential pathogenesis.

Methods: The transcriptomic expression profile was obtained from the GEO
database using the accession numbers GSE117064 (miRNAs, stroke vs. control)
and GSE76826 [mMRNAs, late-onset major depressive disorder (MDD) vs. control].
Differentially expressed miRNAs (DE-miRNAs) were identified in blood samples
collected from stroke patients vs. control using the Linear Models for Microarray
Data (LIMMA) package, while the weighted correlation network analysis (WGCNA)
revealed co-expressed gene modules correlated with the subject group. The
intersection between DE-miRNAs and miRNAs identified by WGCNA was defined
as stroke-related miRNAs, whose target mRNAs were stroke-related genes with
the prediction based on three databases (miRDB, miRTarBase, and TargetScan).
Using the GSE76826 dataset, the differentially expressed genes (DEGs) were
identified. Overlapped DEGs between stroke-related genes and DEGs in late-onset
MDD were retrieved, and these were potential mMRNA biomarkers in PSD. With the
overlapped DEGs, three machine-learning methods were employed to identify
gene signatures for PSD, which were established with the intersection of gene sets
identified by each algorithm. Based on the gene signatures, the upstream miRNAs
were predicted, and a miRNA-mRNA network was constructed.

Results: Using the GSE117064 dataset, we retrieved a total of 667 DE-miRNAs,
which included 420 upregulated and 247 downregulated ones. Meanwhile,
WGCNA identified two modules (blue and brown) that were significantly correlated
with the subject group. A total of 117 stroke-related miRNAs were identified
with the intersection of DE-miRNAs and WGCNA-related ones. Based on the
miRNA-mRNA databases, we identified a list of 2,387 stroke-related genes, among
which 99 DEGs in MDD were also embedded. Based on the 99 overlapped
DEGs, we identified three gene signatures (SPATA2, ZNF208, and YTHDC1) using
three machine-learning classifiers. Predictions of the three mRNAs highlight four
miRNAs as follows: miR-6883-5p, miR-6873-3p, miR-4776-3p, and miR-6738-3p.
Subsequently, a miRNA-mRNA network was developed.

Conclusion: The study highlighted gene signatures for PSD with three genes
(SPATA2, ZNF208, and YTHDC1) and four upstream miRNAs (miR-6883-5p,
miR-6873-3p, miR-4776-3p, and miR-6738-3p). These biomarkers could further
our understanding of the pathogenesis of PSD.

KEYWORDS

post-stroke depression, gene signatures, miRNA-mRNA network, machine-learning,
diagnostics-clinical characteristic
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1. Introduction

Post-stroke depression (PSD) is a common complication after
a stroke, affecting up to one-third of stroke survivors (1). It
compromises individual functional recovery, impairs the quality
of life, and increases the burden on the healthcare system (2). It
was observed that depressive symptoms were negatively correlated
with functional recovery (3) and related to higher mortality (4).
However, the pathogenesis of PSD remains elusive to date.

MicroRNAs (miRNAs) are a group of small non-coding
RNAs with downregulative activity on post-transcriptional gene
expression by binding to the 3" untranslated regions of target
mRNAs (5, 6). Profiles of miRNA expression could be as useful
as mRNA in diagnosis and prognosis (7). Of note, miRNAs
can be secreted into body fluids, including peripheral blood and
urine, which can be non-invasively accessed for detection (8).
As such, serum miRNAs have been widely studied in various
diseases, including stroke as potential biomarkers (9-12). With
the development of RNA sequencing technology, data sharing,
and machine-learning methods, the identification of feature serum
miRNAs and the construction of related signatures in a large
number of subjects have become practical. According to previous
studies, serum miRNA-based signatures could effectively predict
the risk of strokes in healthy individuals (13) and clinical outcomes
(14, 15) in patients with neurological tumors. Moreover, miRNAs
are functionally involved in numerous biological processes,
including cellular metabolism (16), cell-cycle regulation (17), and
immune response (18). Therefore, we hypothesized that miRNAs
and their target mRNAs could be potential biomarkers implicated
in the pathogenesis of PSD.

With the advancement of the machine-learning methods, the
identification of relevant biomarkers becomes practical in the
big data era. The least absolute shrinkage and selection operator
(LASSO), a regression analysis algorithm, uses regularization to
improve prediction accuracy (19). The support vector machine
(SVM) is a supervised machine-learning technique widely utilized
for both classification and regression (20). Random forest (RF)
is considered the most accepted group classification technique
because of having excellent features such as variable importance
measure and out-of-bag error (21). In this study, we aimed to
explore the miRNA as well as mRNA biomarkers in PSD and
to construct a miRNA-mRNA regulatory network to reveal its
potential pathogenesis using a machine-learning approach.

2. Materials and methods

2.1. Data source

The miRNAs expression profile was obtained from the GEO
database (https://www.ncbinlm.nih.gov/geo/) using the accession
number GSE117064, while mRNA expressions of blood samples
from patients with late-onset MDD and controls were embedded
in GSE76826. A total of 1,785 serum samples were incorporated
into the dataset, which consists of 173 samples of patients
with stroke and 1,612 controls. Extraction, detection, and data
processing of serum miRNAs were provided in the previous report
(13). Stroke was diagnosed based on physical and neurological
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examinations supplemented with brain imaging data, including
computed tomography and/or magnetic resonance imaging, while
healthy controls were defined as having no history of stroke and
negative on medical checkup in a clinic (13). In GSE76826, there
were 12 blood samples of late-onset MDD and 10 samples of
controls. Late-onset MDD was defined according to the DSM-IV
diagnosis and age of > 50 years (22).

2.2. Differential analysis, WGCNA, and
identification of stroke-related genes

The linear models for microarray data (LIMMA) package
(23) in R software was applied to extract differentially expressed
miRNAs (DE-miRNAs) between stroke and control samples. The p-
value was adjusted with the false discovery rate (FDR) (24). An FDR
of < 0.05 and | FC| of > 1 were set as the threshold for DE-miRNAs.
The visualization of differential analysis was presented with a
heatmap and a volcano plot. Using GSE117064, the weighted gene
correlation network analysis (WGCNA) (25, 26) was performed to
construct a co-expression network to identify hub miRNA modules
using the “WGCNA” package. Filtered miRNAs were employed
to construct a scale-free network by calculating the connection
strength between miRNAs. We assessed the correlation among
miRNA modules as well as their correlations to the clinical group
(stroke vs. control). Subsequently, DE-miRNAs incorporated in the
stroke-related modules were identified as stroke-related miRNAs,
and their target genes were predicted using miRDB (https://mirdb.
org/), miRTarBase (https://mirtarbase.cuhk.edu.cn/~miRTarBase/
miRTarBase_2022/php/index.php), and TargetScan (https://www.
targetscan.org/vert_80/).

2.3. Identification of overlapped DEGs in
post-stroke depression

Overlapped DEGs for post-stroke depression were defined as
aberrantly expressed mRNAs in the blood sample collected from
stroke patients as well as late-onset MDD. In other words, these
overlapped DEGs were implicated in two diseases simultaneously.
Differentially expressed mRNAs (DE-mRNAs) for late-onset MDD
were defined in a similar manner with an FDR of < 0.05 and | FC| of
> 0.5. Among these DE-mRNAs, stroke-related genes were selected
to identify overlapped DEGs for post-stroke depression. With these
overlapped DEGs, the clusterProfiler R package (27) was utilized to
perform the gene ontology (GO) terms and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
on the predicted target genes. Three categories were included in
the GO enrichment analysis, i.e., biological process (BP), cellular
component (CC), and molecular function (MF).

2.4. Gene signatures and a miRNA-mRNA
regulatory network for PSD

The least absolute shrinkage and selection operator (LASSO),
random forest (RF), and support vector machine (SVM) algorithms
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FIGURE 1
Differential analysis of miRNA expression profiles in stroke vs. control: (A) a volcano plot and (B) a heatmap with top 100 DE-miRNAs.

were utilized to build gene signatures for PSD using the overlapped ~ considered excellent classification, while AUCs of > 0.7 were
DEGs. Gene signatures were established with the intersection of  considered acceptable. By matching miRNA-mRNA pairs in
gene sets identified by each algorithm. The receiver operating  multiple databases (miRDB, miRTarBase, and TargetScan), the
characteristic (ROC) curves were mapped for the identified gene  upstream miRNAs were predicted using the gene signatures for
signatures, where the area under curves (AUCs) was calculated ~ PSD. Subsequently, a potential miRNA-mRNA regulatory network
as an indicator of classification. The AUCs of > 0.8 were for PSD was established.
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3. Results

3.1. Differential analysis, WGCNA, and
identification of stroke-related genes

The overall analysis of the study was presented in the
Graphical abstract. Using the LIMMA package, we retrieved
a total of 667 DE-miRNAs, which included 420 upregulated
The DE-miRNAs
with the absolute value of logFC of >2 were marked

and 247 downregulated ones. feature
in green in the volcano plot (Figure 1A). Meanwhile, a
heatmap showing the top 100 DE-miRNAs is presented in
Figure 1B. The details of these DE-miRNAs can be found in
Supplementary material 1.

We performed the hierarchical clustering of the samples
(Figure 2A), and the soft-thresholding power was set at 5 with the
cutoff score of Scale-free R? being 0.9 (Figure 2B). The clustering
dendrograms of the sample identified five modules (Figure 2C)
and their correlations with clinical groups were presented in the
heatmap plot (Figure 2D). Subsequently, we selected the blue
and brown modules with the highest correlation coeflicient for
downstream analysis. The scatter plots in Figures 2E, F show
a significant correlation between gene significance and module
memberships in the aforementioned modules, while the details can
be accessed in Supplementary material 2.

Stroke-related miRNAs were identified with the intersection of
DE-miRNAs and modules of interest found in WGCNA, leading
to the identification of 117 miRNAs (Figure 3A). A total of 2,387
target mRNAs were predicted with these stroke-related miRNAs
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according to the databases. Thus, these mRNAs were identified as
stroke-related genes.

3.2. Identification of overlapped DEGs in
post-stroke depression

Using mRNA expression profiles in GSE76826, we identified
641 DEGs with 10 samples from late-onset MDD and 12 controls.
To find potential biomarkers in PSD, we intersected stroke-related
genes with DEGs observed in MDD patients. As a result, 99 DEGs
were identified (Figure 3B). The list of the 99 DEGs can be accessed
in Supplementary material 3.

Thereafter, using clusterProfiler in R, GO functional and KEGG
enrichment analyses were performed on the 99 DEGs to further
understand their biological functions. As represented in Figure 3C,
the biological process (BP) was significantly enriched in T cell
differentiation in the thymus, mononuclear cell differentiation,
cellular response to glucose starvation, regulation of striated muscle
cell differentiation, regulation of lymphocyte apoptotic process;
the cellular component (CC) was particularly enriched in the
cytoplasmic side of the plasma membrane, cytoplasmic side of
the membrane, nuclear speck, podosome, heterotrimeric G-protein
complex; and molecular function (MF) was mainly enriched in
DNA-binding transcription activator activity, RNA polymerase II-
specific, DNA-binding transcription activator activity, cytokine
receptor binding, platelet-derived growth factor receptor binding,
and mitogen-activated protein (MAP) kinase activity.
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Furthermore, the KEGG pathway analysis of the 99 DEGs is
shown in Figure 3D. Among all the pathways enriched, the top five
most significant pathways were as follows: sphingolipid signaling
pathway, EGFR tyrosine kinase inhibitor resistance, human
cytomegalovirus infection, FoxO signaling pathway, and MAPK
signaling pathway. Among them, MAPK signaling pathways have
been associated with the pathophysiology of PSD in several
studies (28-30).

The PPI network of the 99 DEGs was constructed by the
STRING online database with high confidence of >0.4 applied. The
disconnected nodes (genes) were removed from the PPI network
(Figure 4A). The network was then presented using the cytoHubba
tool in Cytoscape (Figure 4B); the top 10 hub genes were as follows:
TP53, MAPK14, VEGFA, GPR29, CD40LG, SMAD3, GNAQ,
PTEN, IL7R, and IL6R.

3.3. Selection of feature mRNA by
machine-learning algorithms and
construction of a miRNA-mRNA network

For a further selection of the mRNA features for post-stroke
depression, we used the LASSO algorithm to identify a set of
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13 mRNAs (Figure 5A), the SVM algorithm to select a set of 10
mRNAs (Figures 5B, C), and the RF algorithm to select a set of 23
mRNAs (Figure 5D). Specifically, a total of 99 genes were selected
by the SVM algorithm to construct the classification model using a
10-fold cross-validation. When 10 genes were selected, the accuracy
of the model was the highest (Figures 5B, C). The RF algorithm
screened out a total of 99 genes, and the top 23 genes with positive
values of importance were selected (Supplementary material 4).

RF: The RF algorithm screened out a total of 99 genes, and
the top 23 genes with positive values of importance were selected
(datasheet attached). After combining the mRNAs screened out
via the LASSO, SVM, and RF algorithms, three diagnostic mRNAs
(SPATA2, ZNF208, and YTHDC1) were identified for post-stroke
depression (Figure 5E). These genes were also validated using the
ROC curves with AUCs > 0.89 (Figures 6A-C). The prediction
of these genes revealed a panel of four miRNAs, with which the
genes form a miRNA-mRNA regulatory network, as presented in
Figure 6D.

4. Discussion

In the present study, we identified stroke-related genes
through differential analysis, WGCNA, as well as target
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prediction via miRNAs. Subsequently, 99 overlapped DEGs
identified in MDD to
biomarkers in PSD. Enrichment analysis revealed that these

were late-onset reveal potential
genes were implicated in pathways related to sphingolipid
signaling, EGFR tyrosine kinase inhibitor resistance, human
cytomegalovirus infection, FoxO signaling, and MAPK signaling.
Furthermore, three machine-learning algorithms were employed
to explore gene signatures for PSD, which was validated
with the ROC curves. At last, a miRNA-mRNA network
was constructed.

Our study highlighted gene signatures for PSD with three
genes: SPATA2, ZNF208, and YTHDCI. However, there were
no reports on their role in PSD. SPATA2 enables signaling
receptor complex adaptor activity and ubiquitin-specific protease
binding activity (31). SPATA2 is involved in several processes,
including protein deubiquitination, necroptotic process, and
tumor necrosis factor-mediated signaling pathway (32, 33). The
knockdown of SPATA2 leads to the activation of P38MAPK
and NLRP3 inflammasome and the enhancement of NF-kB
signaling, indicating that SPATA2 plays a protective role against
brain inflammation induced by ischemia/reperfusion injury (34).
ZNF208 polymorphisms were observed to be associated with
ischemic stroke in a Chinese Han population (35); however, no
other reports concerning its role in stroke or depression were
reported. An increasing number of studies have shown that
YTHDC1, an important N6-methyladenosine (m6A) reader, plays
a key role in multiple biological functions as well as in disease
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progression. It was observed that YTHDCI could be protective
against ischemic stroke by enhancing Akt phosphorylation
via destabilizing PTEN mRNA (36). Therefore, it could be
a potential therapeutic target for ischemic stroke. With the
gene signatures for PSD, we predicted a list of four miRNAs
(miR-6883-5p, miR-6873-3p, miR-4776-3p, and miR-6738-3p)
based on the databases. Subsequently, a miRNA-mRNA network
was developed, and it could shed light on the pathogenesis
of PSD.

Emerging studies have investigated the role of miRNA-mRNA
networks in the pathogenesis and progression of diseases, such as
HBV-related hepatocellular carcinoma (37), stroke due to atrial
fibrillation (38), and MDD in ovarian cancer patients (39). These
studies revealed potential mechanisms by which the existing
risk factor or disease contributes to the development of specific
complications. In the case of PSD, datasets were exploited to
find overlapped DEGs in stroke and late-onset MDD. Using three
machine-learning classifiers, we further selected three feature genes
and four upstream miRNAs, which could be potential targets
for PSD treatment. To the best of our knowledge, the present
study was the first to depict a miRNA-mRNA network for PSD;
further investigations with a focus on the biological functions
of these miRNAs and mRNAs are necessary. Our study suffered
from a lack of wet lab validation, which may be the major
limitation. However, the role of the miRNAs and mRNAs on PSD
was first reported in our study, which could be of interest to
further studies.
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FIGURE 5
Machine-learning methods identified three hub genes in PSD: (A) 10-fold cross-validation for tuning parameter selection in the LASSO model, where
LASSO identified 13 mRNAs; (B) accuracy of the SVM algorithm; (C) error of the estimate generation for the SVM algorithm; (D) relationship between
model error rate and number of trees for the RF algorithm; and (E) feature selection with the intersection of results from LASSO, SVM, and RF
algorithms.
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ROC validation of three hub genes (A) SPATA2, (B) YTHDC1, (C) ZNF208 and construction of a miRNA-mRNA network (D).

5. Conclusion

Our study highlighted gene signatures for PSD with three genes:
SPATA2, ZNF208, and YTHDCI; their upstream miRNAs were
predicted as follows: miR-6883-5p, miR-6873-3p, miR-4776-3p,
and miR-6738-3p. The miRNA-mRNA network was constructed,
and these biomarkers could further our understanding of the
pathogenesis of PSD.
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