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ABSTRACT  1	

Background and Objective 2	

Long-term outcome after subarachnoid haemorrhage, beyond the first few months, is difficult 3	

to predict but has critical relevance to patients, their families and carers. We assessed the 4	

performance of the Subarachnoid Haemorrhage International Trialists (SAHIT) prediction 5	

models, which were initially designed to predict short-term (90 day) outcome, as predictors of 6	

long-term (2-year) functional outcome after aSAH. 7	

Methods 8	

We included 1545 patients with angiographically-proven aSAH from the Genetic and 9	

Observational Subarachnoid Haemorrhage (GOSH) study at 22 hospitals between 2011-2014. 10	

We collected data on age, WNFS grade on admission, history of hypertension, Fisher grade, 11	

aneurysm size and location, as well as treatment modality. Functional outcome was measured 12	

by the Glasgow Outcome Scale (GOS) with GOS 1 to 3 corresponding to unfavourable and 4 13	

to 5 to favourable functional outcome, according to the SAHIT models. The SAHIT models 14	

were assessed for long-term outcome prediction by estimating measures of calibration 15	

(calibration slope) and discrimination (Area under the receiver operating characteristic curve 16	

(AUC)) in relation to poor clinical outcome.  17	

Results 18	

Follow-up was standardized to 2 years using imputation methods. All three SAHIT models 19	

demonstrated acceptable predictive performance for long-term functional outcome. The 20	

estimated AUC was 0.71 (95%CI: 0.65-0.76), 0.73 (95%CI:0.68-0.77) and 0.74 (95%CI: 0.69-21	

0.79) for the core, neuroimaging and full models, respectively; the calibration slopes were 0.86, 22	

0.84 and 0.89 indicating good calibration. 23	

Conclusion 24	

The SAHIT prediction models, incorporating simple factors available on hospital admission, 25	

show good predictive performance for long-term functional outcome after aSAH.  26	

 27	
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INTRODUCTION  34	

With an overall mortality of up to 50%, aneurysmal subarachnoid haemorrhage (aSAH) is a 35	

major contributor to stroke-related loss of productive life years, since it occurs at younger ages 36	

than ischemic stroke or intracerebral haemorrhage1,2. Functional outcome remains poor3. 37	

Prediction models aim to assist early decision-making regarding acute treatments. Previous risk 38	

models for aSAH have been mostly based on small sample sizes, are time-consuming to apply, 39	

and have had insufficient evaluation and reporting of discrimination and calibration, with 40	

limited external validation4. Moreover, findings on risk factors entering a risk score have been 41	

inconsistent and sometimes contradictory with opposed effects. More recently a large 42	

collaborative group developed and validated three different models, the Subarachnoid 43	

Haemorrhage International Trialists (SAHIT) models, to predict short-term functional outcome 44	

after aSAH, overcoming many of the these limitations5. However, the SAHIT models have yet 45	

to be evaluated for longer-term outcome prediction, which is of critical importance in aSAH, a 46	

disease affecting younger people, often of working age.  47	

We therefore assessed the performance of the SAHIT models in a large multicentre UK cohort 48	

in predicting long-term functional outcome (standardized to 2 years using imputation) after 49	

aSAH, including the assessment of model calibration and discrimination. We also investigated 50	

the smoking subgroup status, which has been suggested to be important in predicting outcome 51	

after aSAH6-9.  52	

 53	

PATIENTS AND METHODS 54	

Study population 55	

For this study we used patients with aSAH who had been recruited into the Genetic and 56	

Observational Subarachnoid Haemorrhage (GOSH) study between 2011-2014. We recruited 57	

participants with acute aSAH both retrospectively and prospectively. Due to the main focus of 58	

GOSH being genetic analysis, we mainly recruited patients retrospectively during follow-up in 59	

outpatient clinic if data regarding their acute aSAH was available (1115 patients, 72.2%). All 60	

participants had angiographically-verified intracranial aneurysms. Written informed consent 61	

was obtained from all participants or, in case of lack of capacity, from a representative. A stroke 62	

research practitioner completed a standardised case report form for each participant. Data 63	

collected included information on SAH severity measured using the WFNS score, age, history 64	

of hypertension, volume of aSAH on CT on admission measured using the Fisher grade10, size 65	

and location of ruptured aneurysm, and treatment modality (i.e. coiling, surgery, or conservative 66	

treatment). Imaging parameters were assessed locally at the individual centre by a trained 67	
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person. Rebleeding was defined as occurring during the acute hospitalisation period. Functional 68	

outcome, using the Glasgow Outcome Scale (GOS), was collected at hospital discharge and at 69	

follow-up during the next documented routine clinical assessment, up to 12 years (median 2.3 70	

years, IQR 2.5) after aSAH.  71	

Exclusion criteria: patients with missing follow-up (Figure 1). 72	

The SAHIT models were determined as previously5: 73	

• Core model: consisting of patients age (continuous variable), WFNS grade on 74	

admission, and premorbid history of hypertension (yes or no) 75	

• Neuroimaging model: adding volume of aSAH on CT on admission (measured by the 76	

Fisher scale), size (<12, 13-24 and >25 mm) and aneurysm location (anterior, internal 77	

middle cerebral artery and posterior circulation) 78	

• Full model: incorporation of treatment modality (clipping, coiling or none) into the 79	

neuroimaging model  80	

Our primary outcome was functional outcome at 2 years. Following the SAHIT models, we 81	

dichotomized the outcome GOS with GOS 1 to 3 corresponding to unfavourable and 4 to 5 to 82	

favourable functional outcome5. There was a wide time range for outcome data, so we 83	

standardized the outcome at 2 years using imputation. Briefly, the original outcomes were used 84	

if they were recorded within 1 year of the 2-year time-point. Otherwise, outcomes were either 85	

linearly interpolated or extrapolated using outcomes recorded at discharge and follow-up.  86	

This study follows the STROBE (Strengthening the Reporting of Observational Studies in 87	

Epidemiology) guidelines and Transparent Reporting of a multivariable prediction model for 88	

Individual Prediction or Diagnosis (TRIPOD) statement11. 89	

This UK study was approved by the corresponding local Research Ethics committee (ethics 90	

reference number: 09/H0716/54). 91	

Assessment of the SAHIT models  92	

Any missing data in the predictor variables were imputed using multiple imputation by chained 93	

equations (ICE)12. Outcome, all pre-specified potential predictors, and predictors of 94	

missingness were included in the imputation model. Calibration was assessed using the 95	

calibration slope and Hosmer-Lemeshow test and discrimination was quantified by the area 96	

under the receiver-operating characteristic curve (AUC)13. A calibration slope of 1 indicates 97	

perfect calibration, a calibration slope of less than one indicatives model overfitting. An AUC 98	

of 0.5 indicates no discriminative ability, whereas an AUC of >0.7 indicates acceptable, AUC 99	

of >0.8 good discriminative ability, AUC of >0.9 excellent, and an AUC of 1 perfect 100	

discriminative ability14. We used the AUC since it is a common measure to quantify how well 101	
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the models discriminate between patients at high and patients at low risk of unfavourable 102	

outcome and to compare it to the SAHIT validation cohort. Functional outcome at 2 years was 103	

obtained for every patient, using imputation (linear interpolation/extrapolation) if necessary. 104	

We conducted a sensitivity analysis examining the models including only patients without 105	

imputation. The original outcome was used for 501 patients since this was recorded within 1 106	

year. However, imputation was used for the remaining patients although most of these (967 of 107	

1044 patients) had the same outcomes at discharge and follow-up (563 were measured before 108	

1 year and 404 after 3 years). 109	

 110	

Performance of the models in clinically relevant subgroups of patients   111	

We measured the calibration and discrimination of the SAHIT models separately for smokers 112	

and non-smokers, based on the potential influence of smoking status on functional outcome 113	

after aSAH6-9. 114	

In addition, we examined the association of the predictors in the SAHIT models in our cohort 115	

by refitting the SAHIT models and comparing the re-estimated regression coefficients with the 116	

original coefficients. Additionally, we investigated whether adding smoker status might 117	

improve the prediction model.  118	

Statistical analysis was performed by two biostatisticians and one neurosurgical trainee using 119	

STATA 15 (StataCorp. 2011. Stata Statistical Software: Release 15. College Station, TX: 120	

StataCorp LP) and R version 3.2 (The R Foundation). 121	

 122	

RESULTS 123	

Of 1729 patients recruited to the GOSH study we included 1545 patients with available follow-124	

up. See Table 1 for summary of baseline and initial treatment characteristic. Most patients were 125	

female (71.3%) and mean age of the whole cohort was 53 years (range 18 to 92; 12.7 SD). 1219 126	

patients (79.9%) suffered from a low-grade SAH with a WFNS of 1 or 2 and 326 (21.1%) of 127	

patients suffered from high-grade SAH with a WFNS of 3 to 5. With regards to treatment 1177 128	

(76.2%) were treated with coiling, 275 (17.8%) with clipping, 55 (3.5%) with a combination of 129	

coiling and clipping and 38 (2.5%) did not receive any intervention.  130	

We observed unfavourable outcome in 8.5% of our cohort. Mean follow-up time before 131	

imputation was 2.7 years with a SD of 3.6 years. Patient characteristics comparing the 132	

dichotomized outcome variable GOS (in line with the SAHIT models) are summarized in Table 133	

1. Patients with poor functional outcome after aSAH were more frequently male, had more 134	

comorbidities (hypertension, hypercholesterolaemia, and diabetes mellitus), were more 135	
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frequently smokers, had higher WFNS and Fisher score, more frequently had aneurysms in the 136	

posterior circulation and larger aneurysms, were less frequently coiled and more frequently not 137	

treated, more frequently rebled, developed DCI and infarcted.  138	

Assessment of the SAHIT models for long-term functional outcome 139	

Figure 2A-C shows the calibration plots for each of the three prognostic scores divided into 140	

approximately equally sized groups. The cut-off points were the quintiles of the predicted risk. 141	

Agreement between observed and predicted risks was reasonable for all three models. This was 142	

supported by calibration slopes of 0.86 (95% CI 0.66-1.05), 0.84 (95% CI 0.66-1.03) and 0.89 143	

(95% CI 0.71-1.08) for the core, neuroimaging and full model respectively as well as p-values 144	

in the Hosmer-Lemeshow test of 0.14, 0.05 and 0.11, respectively, though perhaps there is some 145	

evidence of lack of fit for the neuro model. We note that the calibration slopes in the original 146	

validation cohort of the SAHIT models were 1.06 for the core, 1.07 for the neuroimaging and 147	

1.05 for the full model5. The SAHIT models predict long-term functional outcome with 148	

acceptable accuracy in our cohort: AUC was 0.71 (95% CI 0.65-0.76) for the core model, 0.73 149	

(95% CI 0.68-0.77) for the neuroimaging model and 0.74 (95%CI 0.69-0.79) for the full model. 150	

The respective AUCs in the original SAHIT validation cohort was 0.80 (95% CI 0.78-0.82) for 151	

the core, 0.81 (95% CI 0.79-0.84) for the neuroimaging and 0.81 (95% CI 0.79-0.83) for the 152	

full model5.  153	

As a sensitivity analysis, we assessed the performance of the SAHIT models using those 154	

patients whose outcomes were not imputed (501 patients). Performance improved, with an 155	

increase in AUC values and improved calibration (supplementary Table 1). We then included 156	

all patients whose follow-up times were recorded within 5 years (1282 patients). Performance 157	

of the models also improved in this sample (supplementary Table 1). 158	

Performance of the models by smoking status  159	

The AUC values were slightly higher for two of the models when applied to smokers only: 0.75 160	

(95% CI 0.68-0.81) for the core, 0.76 (95% CI 0.69-0.83) for the neuroimaging and 0.76 (95% 161	

CI 0.7-0.83) for the full model respectively (Figure 1A-C, supplemental material for the ROC 162	

curve). In contrast, all of the AUC values were lower when the models were applied to non-163	

smokers only: 0.66 (95% CI 0.58-0.74), 0.69 (95% CI 0.62-0.76) and 0.72 (95% CI 0.65-0.79).   164	

Agreement between observed and predicted was good for non-smokers but poor for smokers. 165	

For smokers the risk was underestimated for the highest risk groups (see Figure 2A-C, 166	

supplemental material, for the calibration plots by smoking group).  167	

Importance of the predictors of the SAHIT models in the GOSH cohort 168	
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Due to the number of events in our cohort we only evaluated the predictors in the core model. 169	

Overall, the results were similar (Table 2): age and WFNS were significant predictors of long-170	

term functional outcome. The re-estimated regression coefficients were similar to those from 171	

the original SAHIT model but there was some evidence that the core model might be improved 172	

for 2-year outcomes through re-estimation of the regression coefficients (p=0.01). 173	

We then added the potential predictor smoking status to the core model (Table 3). This 174	

improved the fit of the model (p=0.01) and suggests that adding smoker status might improve 175	

the SAHIT core model for 2-year outcomes. 176	

 177	

DISCUSSION  178	

Key results 179	

We assessed the performance of the SAHIT models in predicting long-term outcome after 180	

aSAH and have demonstrated adequate prediction by their good discriminative abilities in a 181	

large UK cohort. Accuracy of the SAHIT models in our cohort was acceptable measured by an 182	

AUC of 0.71, 0.73 and 0.74 of the core, neuroimaging and full model, respectively. The 183	

respective pooled AUC in the SAHIT validation cohort was 0.8, 0.81 and 0.815. When taking 184	

into account that the lowest AUC for one of the included cohorts in the SAHIT models for the 185	

core, neuroimaging and full model were 0.66, 0.72 and 0.7 in the development and 0.76, 0.75 186	

and 0.75 in the validation dataset, the models performed reasonably well for long-term 187	

functional outcome prediction in our cohort5. This suggests that all three models perform 188	

reasonably well for prediction of long-term outcome after aSAH measured by GOS at 2 years. 189	

Interpretation and Generalizability 190	

Although there was no significant difference between the three models in our cohort, we see 191	

the advantage of having three models in their potential application at different time points with 192	

improved accuracy when adding additional information. The core model is useful in the acute 193	

setting as the required variables are usually known on admission of the patient even without 194	

available imaging (e.g. in poor-resource areas or in non-specialised centres). The neuroimaging 195	

and the full model both are valuable adjuncts for potentially more accurate prediction (albeit 196	

not statistically superior to the core model). The neuroimaging model is helpful after the 197	

hyperacute arrival phase once a scan is available. The application of the full model is likely to 198	

be more relevant at later time points as treatment can be delayed. Although in the SAHIT cohort 199	

the full model, including the treatment option, is not better in functional outcome prediction 200	

compared to the neuroimaging model, in our cohort for long-term outcome prediction the full 201	

model is indeed slightly superior compared to the neuroimaging model. A sensitivity analysis 202	



	 																																																																																																																																						Hostettler et al.
   

7 

evaluating patients where no imputation was required showed that our results regarding 203	

performance of the SAHIT models may be slightly conservative, and the true predictive value 204	

of the models slightly higher than shown in our cohort. 205	

As an additional step we evaluated the performance of the models according to smoker status 206	

as this variable was significantly associated with functional outcome in our cohort. Previous 207	

studies have indicated an influence of smoking status on functional outcome after aSAH, 208	

although interestingly showing smokers having a better outcome than non-smokers7,8. When 209	

adding smoking status to the core model we found weak evidence for this trend. When dividing 210	

the models by smoking status the model did not perform as well for the subgroup of smokers 211	

compared to non-smokers.	This	indicates a potential problem with prediction in the group of 212	

high-risk patients, which most likely is due to small predicted risks due to bias towards 213	

survivors in our cohort. Nevertheless, our findings suggest that smoking should be evaluated as 214	

a further factor to include in the original SAHIT models. However, although including many 215	

factors improves the prediction ability of a model, it also makes the application more 216	

complicated and time-consuming and thus decreases the likelihood of it being applied. 217	

There were significant differences between our cohort and the SAHIT cohorts: our cohort had 218	

a significantly lower rate of unfavourable outcome. As previously described, individuals could 219	

be included prospectively as well as retrospectively. This inevitably creates survivor bias. 220	

Indeed, 8.5% of our cohort had unfavourable outcome compared to the combined dataset of the 221	

SAHIT models in which 29% would suffer unfavourable outcome5. It is reassuring that despite 222	

these differences, we demonstrate good predictability of the SAHIT models for long-term 223	

functional outcome. This difference on the other hand, might explain why the SAHIT models 224	

performed slightly worse in our cohort. A further difference exists in treatment modalities. 225	

Overall, in the SAHIT cohorts clipping was significantly more frequent compared to coiling, 226	

this difference being larger in the development compared to the validation population5. In our 227	

cohort patients were more frequently coiled, which reflects the current treatment standard more 228	

accurately. In the SAHIT cohort 48% of the patients underwent clipping compared to 17.29% 229	

in our cohort and 34% underwent coiling as opposed to 77.57% in our cohort. As coiling has 230	

become more common compared to clipping in recent years, this difference is most likely due 231	

to the enrolment period of the included cohorts in the SAHIT models5. In our cohort patients 232	

who underwent coiling more frequently had a favourable outcome whereas patients who 233	

underwent clipping more frequently had unfavourable outcome. The higher coiling and lower 234	

clipping rate in our cohort could partially contribute to the lower rate of unfavourable outcome 235	
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in the GOSH compared to the SAHIT cohort, although we acknowledge a bias towards 236	

survivors due to some of our participants being included retrospectively. 237	

Another difference is noted in Fisher grades: the GOSH cohort demonstrated a higher frequency 238	

of Fisher grade 4 compared to the SAHIT cohorts, where Fisher grade 3 was the most common 239	

grade. Although again, when comparing the development with the validation population in the 240	

SAHIT cohorts it appears that the validation cohort resembles the GOSH cohort more closely5. 241	

The difference here could be due to how people classify patients into Fisher grade 3 and 4 242	

depending on whether or not they have intraventricular or intracerebral blood. The other 243	

variables had similar distributions compared to the whole dataset of the SAHIT models 244	

(development and validation together). 245	

Despite these differences, all three models performed well in our independent large cohort, 246	

which clearly supports the usefulness and applicability of these three models.  247	

Other prognostic models include the SAFIRE grading scale15, used to predict poor functional 248	

outcome at two months (modified Rankin Scale of 4-6). This model includes age, aneurysm 249	

size and Fisher grade and WFNS after resuscitation such as insertion of an extraventricular 250	

drain or haematoma evacuation5,15,16. Although SAFIRE also showed good predictive 251	

performance, SAHIT has the advantages of application on admission and prediction of long-252	

term functional outcome.  253	

Our study has important strengths: the analysis was conducted on a large sample of patients 254	

recruited to a multicentre study conducted in the UK. As the different centres participated in 255	

one single retrospective as well as prospective study patients were recruited using a 256	

standardized patient questionnaire ensuring the use of uniform definitions of demographic data 257	

and risk factors. Although we did observe differences between the SAHIT and our cohort, this 258	

is a common finding in independently collected cohorts. Our cohort is a realistic example of an 259	

independent cohort and as such reflects realistic performance of the SAHIT models for 260	

prediction of functional outcome in patients with aSAH.  261	

Limitations 262	

Our study also has limitations. First and foremost, due to the possible retrospective inclusion 263	

we acknowledge a bias towards survivors after aSAH. Although this is a common problem as 264	

patients not reaching the primary care centre or dying within the first few hours after arrival 265	

can seldomly be recruited into a study, this bias might be more pronounced in our cohort due 266	

to 72.2% being recruited retrospectively. Additionally, the follow-up time was not standardized 267	

and therefore had a wide range. With the application of imputation methods, we have 268	

standardized the follow-up time to our time-point of interest, 2 years. Despite using imputation 269	



	 																																																																																																																																						Hostettler et al.
   

9 

methods, we were not able to get a GOS for 184 patients (10.6%) so they were therefore 270	

excluded. However, these patients did not vary significantly in their baseline characteristics 271	

from the included patients (data not shown). Our models showed evidence of mild overfitting 272	

indicating increased model complexity and decreased generalizability, but in a sensitivity 273	

analysis we have compared patients with and without follow-up within the range and did not 274	

find significant differences. 275	

 276	

CONCLUSION 277	

We successfully demonstrate that the SAHIT models accurately predict long-term functional 278	

outcome after aSAH, measured by the dichotomized GOS at 2 years in a multicentre cohort.   279	
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FIGURE LEGEND 329	

Figure 1. Patient selection flow diagram 330	

Figure 2A-C, Calibration plot observed versus predicted values with according ROC, A core 331	

model, B neuroimaging model, C full model 332	

 333	

SUPPLEMENTARY DATA LEGEND 334	

Supplementary Figure 1A-C, ROC by smoker group, A core model, B neuroimaging model, C 335	

full model 336	

Supplementary Figure 2A-C, Calibration plot observed versus predicted values by smoker 337	

group, risk groups combined for A core model, B neuroimaging model, C full model 338	

Supplementary Table 1, Model performance of the SAHIT models for the main analysis and 339	

two sensitivity analyses. AUC = Area Under Curve, CS = Calibration Slope, N = Number. 340	

Values in parentheses are 95% confidence intervals. 341	


