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ABSTRACT
Introduction  Delayed cerebral ischaemia (DCI) caused 
by aneurysmal subarachnoid haemorrhage (aSAH) is the 
most frequent complication and typically contributes to 
poor neurological outcome or deterioration of patients’ 
condition. Therefore, early accurate and effective 
prediction of DCI is urgently needed. This study aims to 
construct a dynamic nomogram for precisely calculating 
the risk of DCI in patients with aSAH. Internal validation 
of this tool is conducted using the training cohort, and 
independent external validation is completed by using 
other medical centre datasets.
Methods and analysis  This study is a multicentre, 
retrospective, observational cohort study using data from 
patients with aSAH. The participants include all adult 
patients who received surgical treatment in neurosurgery 
of multiple medical centres from 1 September 2019 to 1 
April 2021, including Renmin Hospital of Wuhan University, 
Huzhou Central Hospital, First Affiliated Hospital of Harbin 
Medical University, General Hospital of Northern Theatre 
Command and Affiliated Hospital of Panzhihua University. 
Clinical information is collected via the electronic medical 
record system, including demographic data, clinical state on 
admission and serum laboratory tests. Modified Fisher grade 
at admission, admission subarachnoid clot and cerebral 
oedema density, and residual postoperative subarachnoid 
clot density are determined using the electronic imagine 
record software. The primary outcome is DCI.
Ethics and dissemination  This study protocol was 
reviewed and approved by the Medical Ethics Committee 
of Renmin Hospital of Wuhan University, which is the 
principal affiliation of this study (approval number: 
WDRM2021-K022). The other Ethics Committees, including 
Huzhou Central Hospital (approval number: 202108005–
01), First Affiliated Hospital of Harbin Medical University 
(approval number: H202156), General Hospital of Northern 
Theater Command (approval number: Y2021060) and 
Affiliated Hospital of Panzhihua University (approval 
number: 202105002), also approved the protocol. The 
results of this research will be published in a peer-
reviewed medical journal.

Trial registration number  ChiCTR2100044448.

INTRODUCTION
Aneurysmal subarachnoid haemorrhage 
(aSAH) is a severe condition that frequently 
suddenly occurs in some apparently healthy 
individuals.1 Surgical treatment options 
include microscopic clipping and coiling 
embolisation, which are effective interven-
tion methods for patients with a ruptured 
aneurysm.2 Delayed cerebral ischaemia 
(DCI) caused by SAH is the most prevalent 
complication, accounting for approximately 
30% of all patients,3 which is a primary 
cause of mortality and disability and typically 
contributes to poor neurology outcome or 

Strengths and limitation of this study

	► This study is the first multicentre clinical study to 
predict delayed cerebral ischaemia (DCI) after aneu-
rysmal subarachnoid haemorrhage.

	► This study is strictly designed, including rigorous 
inclusion/exclusion criteria, a single type of CT 
scanner, central blinded review, adequate sample 
size, missing value imputation and prospective trial 
registration.

	► This study uses ShinyApps and R software to create 
a web-based dynamic nomogram to precisely cal-
culate the risk probability of DCI.

	► One limitation of this study is that these variables in 
the training cohort may exist multicollinearity; least 
absolute shrinkage and selection operator method 
is, therefore, performed in the analysis, which will 
solve the high-dimensional data.

	► Based on the limitation of retrospective datasets, a 
prospective study will be conducted in the future for 
further validation.

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-9413-1030
http://dx.doi.org/10.1136/bmjopen-2021-051956
http://dx.doi.org/10.1136/bmjopen-2021-051956
http://dx.doi.org/10.1136/bmjopen-2021-051956
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2021-051956&domain=pdf&date_stamp=2021-11-22


2 Hu P, et al. BMJ Open 2021;11:e051956. doi:10.1136/bmjopen-2021-051956

Open access�

deterioration of patients’ condition.3 4 As a result, early 
accurate and effective prediction of DCI is urgently 
required.

The pathogenesis of DCI is complex.3 As previously 
stated, DCI potential mechanisms include large-vessel 
cerebral vasospasm, early brain injury, impaired autoreg-
ulation, microcirculatory dysfunction, micro thrombosis 
and cortical spreading depolarisation.5 6 Prophylactic 
measures of DCI primarily rely on blood pressure control, 
neurointensive care treatment and nimodipine adminis-
tration.6 Early DCI detecting and intervention are highly 
critical; however, it is difficult to identify patients at high 
risk of developing DCI due to the ambiguity of poten-
tial predictors. At present, DCI diagnosis still relies on 
neurological manifestations and CT images.7 8 Previous 
studies have attempted to predict DCI according to 
patients’ clinical information such as age, aneurysmal 
location, World Federation of Neurosurgical Societies 
(WFNS) classification, modified Fisher Scale and serum 
biochemical or cellular markers, including leucocytosis, 
platelet and C reactive protein.9–12 However, most of 
these predictors lack further verification or specificity. 
In a larger retrospective cohort study of 887 patients 
with aSAH,7 researchers finally modified age >65 years, 
Hunt and Hess (HH) grade of 4–5, modified Fisher Scale 
of 3–4, anterior circulation ruptured aneurysm, serum 
homocysteine level >10 µmol/L and high blood pressure 
at admission. When the six factors were incorporated 
to construct a nomogram, a concordance index of 0.73 
and 0.65 in the model training and validation cohorts, 
respectively, indicating the model’s discrimination 
ability.7 Unfortunately, the nomogram lacks indepen-
dent external validation.

Early accurate and effective DCI prediction can assist 
clinicians in administering appropriate drug therapy 
and selecting the best surgical procedures for patients 
with aSAH.2 Although a nomogram has been developed 
for predicting DCI and underwent internal validation,7 
its effectiveness remains unclear in an independent 
external dataset. Moreover, the form of ordinary nomo-
grams limited their utility in clinical practice. Among 
all clinical predictive models, a web-based dynamic 
nomogram is the most convenient and accurate tool 
to precisely calculate the risk probability of disease and 
facilitate individual decision-making.13 14 However, after 
a thorough assessment of relevant literature, we discov-
ered no literature reports on using an externally vali-
dated dynamic nomogram to preoperatively predict risk 
probability of DCI.

Therefore, this study aims to construct a dynamic nomo-
gram for precisely calculating DCI risk in patients with 
aSAH. Internal validation is conducted using the model 
training cohort, and independent external verification is 
completed by using other medical centre datasets. This 
tool will assist clinicians in making better clinical deci-
sions and timely interventions to prevent or reduce unfa-
vourable prognoses of DCI patients during a preoperative 
or postoperative stage of aSAH.

METHODS AND ANALYSIS
The study is a multicentre, retrospective, observational 
cohort study using data of patients with aSAH in elec-
tronic health record (EHR). The participant consists of all 
adult patients treated in the Department of Neurosurgery 
of several hospitals, including Renmin Hospital of Wuhan 
University, Huzhou Central Hospital, First Affiliated 
Hospital of Harbin Medical University, General Hospital 
of Northern Theater Command and Affiliated Hospital 
of Panzhihua University. This study is commenced on 1 
December 2020, and the data collection of this research 
is terminated on 1 June 2021.

Study population
The study populations were enrolled in the Department 
of Neurosurgery of several hospitals, including Renmin 
Hospital of Wuhan University, Huzhou Central Hospital 
and Affiliated Hospital of Panzhihua University, from 
1 September 2019 to 1 April 2021, as a model training 
cohort. Patients from First Affiliated Hospital of Harbin 
Medical University and General Hospital of Northern 
Theater Command served as independent external vali-
dation cohorts. According to guidelines, aSAH is diag-
nosed by head CT, CT angiography (CTA) or digital 
subtraction angiography.15

The inclusion criteria are as follows: (1) patients with 
aSAH admitted within only 24 hours after onset; (2) spon-
taneous aneurysmal SAH; (3) blood laboratory test and 
CT scan conducted within 24 hours after admission; (4) 
complete data in an electronic medical record system and 
electronic imagine record software; (5) surgical treat-
ment performed within 72 hours after onset and (6) DCI 
occurred in 4–30 days after aSAH.

The exclusion criteria are as follows: (1) non-aneurysmal 
or traumatic SAH; (2) complicated with intracerebral 
bleeding; (3) complicated with vascular malformation; 
(4) acute infection on admission; (5) postoperative state 
on admission; (6) bilateral mydriasis or other permanent 
brain injuries on admission; (7) taking anticoagulants or 
corticosteroids within 1 month of hospitalisation and (8) 
non-surgical treatment.

Data sources
Electronic medical record system
Clinical information was collected via the electronic 
medical record system, including demographic data (sex, 
age, hypertension, smoking and alcohol consumption), 
clinical state on admission and serum laboratory tests 
(glucose, D-dimer, white blood cells (WBCs), neutrophils, 
lymphocytes and monocytes). The information on aneu-
rysms was also recorded, including their numbers, loca-
tion, length and neck size. WFNS and HH classifications 
are employed to measure clinical and neurological status 
at admission.16 17 All patients received either a microsur-
gical clipping or coil embolisation as soon as possible. 
Postoperative routine therapies included haemostasis, 
analgesics, anti-inflammatory drugs and nimodipine to 
prevent vasospasm. Additionally, a CT scan of the head is 
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conducted immediately following operation to determine 
any intracranial rebleeding or cerebral infarction.

Electronic imagine record software
All CT scans are completed by GE scanner (64-section 
Optimal CT680) without contrast enhancement. The 
following CT scanning parameters are described: tube 
voltage, 120kVp; tube current modulation, 300 mA; 
detector configuration, 64×0.625 mm; rotation time, 0.5 s; 
slice thickness, 5 mm; and collimation 10 mm.

Radiological features
In this study, radiological variables included subarachnoid 
clot thickness, absence or presence of intraventricular 
haemorrhage, subarachnoid clot and cerebral oedema 
density, and residual subarachnoid clot density on post-
operative CT. At admission, the modified Fisher grade 
represents the first two radiological features.18 The clot 
and oedema density are estimated on a region of interest 
(ROI), which is manually drawn on a representative CT 
slice by neurosurgeon and radiologist, who are blinded 
to patients’ clinical information. The density of blood 
clots in the subarachnoid area on ROI (a circle with a 
diameter of 3–8 mm) is assessed using mean Hounsfield 
unit (HU) value. The following subarachnoid cisterns/
fissures are employed to measure mean HU value: lateral 
Sylvian fissures, anterior interhemispheric fissures, medial 
Sylvian fissures, suprasellar cistern, ambient cistern and 
quadrigeminal cistern.19–21 In addition, ROI (a circle with 
a diameter of 1 cm) of cerebral oedema is bilaterally and 
symmetrically drawn on a representative CT slice. The 
preceding methods of selection are as follows: (1) ROI 
is drawn on the thalamus and basal ganglia when blood 
clots are below the insular cortex and (2) otherwise, ROI 
is drawn on the bilateral centrum semiovale.22 23 More-
over, since a previous study reported that clot volume 
and clearance rate served as independent predictors for 
vasospasm, the residual postoperative subarachnoid clot 
may have a strong prediction power on DCI.24 A CT scan 
is performed to measure the residual postoperative clot 
density according to the above-mentioned methods.

Outcome assessment
A blinded adjudication process for DCI is as follows.

Without knowledge of CT scans, one clinician confirms 
this in a retrospective review of each subject’s clinical 
course. CT scans performed between 4 days and 30 days 
after SAH are retrospectively examined by two other 
neurosurgeons blinded to patients’ clinical data. If the 
two clinicians discriminate in disagreement, they discuss 
and eventually reach the same conclusion.

At least one of the following statements defines DCI8 25:
1.	 No other causes result in permanent or temporary fo-

cal neurological impairment between 4 days and 14 
days following SAH (aphasia, apraxia, haemianopia or 
neglect).

2.	 At least two points decreased in the Glasgow Coma 
Scale (either on one of its components (eye open-

ing, verbal response and motor response) or on total 
score).

3.	 A new low-density region on a representative slice as-
sociated with cerebral vasospasm between 4 days and 
30 days after SAH is assumed as a recent infarction if 
it is not visible on admission and immediate postop-
erative CT scans. There are no other potential causes 
except cerebral vasospasm. In this study, cerebral va-
sospasm was determined using CTA and/or CT perfu-
sion (CTP).26 27

Statistical analysis
Tables for baseline characteristics in both training and external 
validation cohorts
1.	 Patients demographic data: age (median), sex (male/

female), hypertension (yes/no), tobacco use (yes/no) 
and alcohol consumption (yes/no).

2.	 Clinical characteristics: WFNS grade (I–II/III/IV–V), 
HH grade (I–II/III/IV–V) and modified Fisher scale 
(MFS) (0–2/3–4).

3.	 Aneurysmal information: aneurysmal location (ACA/
MCA/ICA/PCA/ACoA/PCoA/others),

4.	 Aneurysmal number (single/multiple), aneurysmal 
mean size (mm) (neck/length) and aneurysmal treat-
ment (clipping/coiling).

5.	 Blood laboratory tests: glucose (mmol/L) counts, D-
dimer (mg/L), WBC (109/L), neutrophil (109/L), 
lymphocyte (109/L), neutrophil-to-lymphocyte ratio 
(109/L) and monocytes (109/L) counts.

6.	 Admission CT value (HU): subarachnoid clot density 
(median) and cerebral oedema density (median).

7.	 Residual CT value (HU): subarachnoid clot density 
(median).

8.	 Complication after aSAH: hydrocephalus and DCI.
Kolmogorov-Smirnov test is performed to check that 

the variables are normally distributed. Continuous 
variables analysed using independent t-test or Mann-
Whiney U test are presented as mean±SD or median 
with IQR. In contrast, categorical variables analysed by 
χ2 test or Fisher exact test are expressed as numbers 
(percentages).

Variables selection
Co-related variables are obtained by correlated heatmap 
or Spearman tests. When variables exhibit multicol-
linearity, the least absolute shrinkage and selection oper-
ator (LASSO) analysis is performed to select optimal 
factors.28 Otherwise, the conventional logistic regression 
method is deployed to select variables. According to 
grouping by DCI, univariate analysis is used to identify 
variables with a p value of <0.05 among two cohorts. These 
variables are incorporated into multivariate analysis. 
Backward stepwise logistic regression based on Akaike 
information criterion is then conducted to identify inde-
pendent predictors.29 30 LASSO and logistic regression 
analysis are conducted using R software (https://www.​r-​
project.​org/).

https://www.r-project.org/
https://www.r-project.org/
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Nomogram model development and evaluation
A nomogram model is constructed via multivariate logistic 
regression based on variables selected by LASSO or back-
ward stepwise analysis. Furthermore, a web-based dynamic 
nomogram is generated to precisely calculate the risk 
values for DCI occurrence. We use training and external 
validation cohorts to evaluate the nomogram’s accuracy. 
Internal validation is conducted in the model training 
cohort using 1000 bootstrap resamples, and indepen-
dent external validation is achieved by employing other 
central datasets. The receiver operating characteristic 
curve and C-index are used to reflect the model discrim-
ination capacity. The calibration curve (1000 bootstrap 
resamples) and Hosmer-Lemeshow’s p value are applied 
to represent the calibration performance.

Sample size
In the current literature, events per variable (EPV) 
criterion, particularly an EPV of 10 or 15, is extensively 
applied as the lowest limit for logistic regression models 
predicting a binary outcome.31 32 Nine variables were 
included in the multivariate logistic regression based on 
pilot data from the principal affiliation site, including 
glucose, D-dimer, WBC, neutrophil, neutrophil-to-
lymphocyte ratio (NLR), WFNS, HH, SAH mean HU 
value and aneurysmal number. As a result, this study has 
an effective sample size of at least 90 according to an EPV 
of 10. DCI occurs following SAH in around 30% of cases 
worldwide. Accordingly, the training cohort should have 
at least 300 patients.

Data management
Due to a small number of cases, the data are stored using 
Microsoft Excel 2019 and IBM SPSS V.26.0. To maximise 
statistical power and minimise deviation by excluding 
patients with missing data from analysis, we use multivar-
iate multiple imputations, based on five replications and 
a chained equation approach method to impute these 
missing data.33 If the missing data belong to continuous 
variables, linear regression is applied to the imputation, 
while logistic regression is conducted to categorical vari-
ables.33 34 These imputation methods are used for only 
prediction variables.

Patient and public involvement statement
This is a retrospective observational cohort study that the 
data for this research are derived from the EHR. Patients 
and the public are not involved in the design, conduct, 
reporting or dissemination plans of this study.

ETHICS AND DISSEMINATION
Ethics approval statement
This study protocol was prospectively registered with the 
Chinese Clinical Trials Registry. In addition, the study 
protocol was approved by the Medical Ethics Committee of 
Renmin Hospital of Wuhan University (approval number: 
WDRM2021-K022), which is the principal affiliation site 

of this study. The other Ethics Committees, including 
Huzhou Central Hospital (approval number: 202108005-
01), First Affiliated Hospital of Harbin Medical Univer-
sity (approval number: H202156), General Hospital 
of Northern Theater Command (approval number: 
Y2021060) and Affiliated Hospital of Panzhihua Univer-
sity (approval number: 202105002), also approved the 
protocol. All Medical Ethics Committees waived patient 
consent because the data will be derived from the EHR. 
All procedures performed in this study involving human 
participants followed the ethical standards of the insti-
tutional and national research committee and with the 
1964 Declaration of Helsinki and its later amendments 
or comparable ethical standards.35 The results of this 
research will be published in a peer-reviewed medical 
journal.
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