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Abstract 

Background: Acute hydrocephalus is a common complication of aneurysmal subarachnoid hemorrhage (aSAH); 
however, attempts to predict shunt-dependent chronic hydrocephalus using clinical parameters have been equivocal.

Methods: Cohort study of aSAH is treated with external ventricular drainage (EVD) placement at our institution, 
2001–2016, via logistic regression. EVD-related parameters included mean/total EVD output (days 0–2), EVD days, 
EVD days ≤ 5 mmHg, and wean/clamp fails. aSAH outcomes assessed included ventriculoperitoneal shunt (VPS) 
placement, delayed cerebral ischemia (DCI), radiographic infarction (RI), symptomatic vasospasm (SV), age, and aSAH 
grades.

Results: Two hundred and ten aSAH patients underwent EVD treatment for a median 12 days (range 1–54); 85 
required VPS (40%). On univariate analysis, EVD output, total EVD days, EVD days ≤ 5 mmHg, and wean/clamp trial 
failures were significantly associated with VPS placement (p < 0.01 for all parameters). No EVD output parameter dem-
onstrated a significant association with DCI, RI, or SV. On multivariate analysis, EVD output was a significant predictor 
of VPS placement, after adjusting for age and clinical and radiological grades; the optimal threshold for predicting 
VPS placement was mean daily output > 204 ml on days 0–2 (OR 2.59, 95% CI 1.31–5.07). Multiple wean failures were 
associated with unfavorable functional outcome, after adjusting for age, grade, and VPS placement (OR 1.65, 95% CI 
1.10–2.47). We developed a score incorporating age, grade and EVD parameters (MAGE) for predicting VPS placement 
after aSAH.

Conclusions: EVD output parameters and wean/clamp trial failures predicted shunt dependence in an age- and 
grade-adjusted multivariable model. Early VPS placement may be warranted in patients with MAGE score ≥ 4, particu-
larly following 2 failed wean trials.
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Introduction
Aneurysmal subarachnoid hemorrhage (aSAH) is an 
uncommon neurosurgical emergency, with an approxi-
mate annual incidence of 9/100,000 person-years, and at 
least 2% of the general population harboring unruptured 
intracranial aneurysms. Morbidity and mortality follow-
ing aneurysm rupture are considerable, with at least 20% 
of patients dying before hospital presentation, an addi-
tional 10% in-hospital mortalities, and 10–20% sustaining 
major permanent neurologic deficits [6]. Acute hydro-
cephalus is a major contributor to early neurologic injury 
and frequently requires cerebrospinal fluid (CSF) diver-
sion via external ventricular drain (EVD) placement. A 
substantial proportion of aSAH patients who survive the 
initial injury are at risk of late complications, including 
chronic hydrocephalus requiring permanent CSF diver-
sion via ventriculoperitoneal shunt (VPS) placement, 
delayed cerebral ischemia (DCI), radiographic infarct 
(RI), and symptomatic vasospasm (SV).

Ideal management of persistent hydrocephalus follow-
ing the early acute phase of SAH is controversial, with 
conflicting recommendations in the literature regard-
ing the relative benefits of early VPS placement versus 
serial attempts at EVD weaning [2, 12, 19]. Several fac-
tors have been associated with shunt dependence after 
aSAH, including hemorrhage grade, intraventricular 
hemorrhage (IVH), patient age, and treatment modality. 
In spite of this, only scant information has been reported 
regarding the predictive value of objective EVD param-
eters, such as daily outputs or pressure thresholds, in 
determining which patients are most likely to be shunt 
dependent. Moreover, there is insufficient data character-
izing the relationship between EVD parameter and the 
risk of delayed ischemic complications (e.g., DCI, SV, RI). 
We hypothesized that EVD-related parameters influence 
the risk of shunt dependence and delayed ischemic com-
plications. In order to test this hypothesis, we conducted 
a large, single-institution cohort study of aSAH patients 
treated with EVD, with the primary endpoint of VPS 
placement, and secondary endpoints of DCI, SV, and RI. 
In parallel, we carried out a systematic review of the lit-
erature and compared our predictive model with those 
previously reported [2, 12, 15, 19].

Methods
Study Cohort: Data Source, Data Collection, and Variable 
Definitions
A prospectively maintained institutional registry was 
queried for patients who underwent EVD placement in 
our neurosciences intensive care unit (ICU) for treat-
ment of acute hydrocephalus secondary to aSAH. 
Patients with prior history of aSAH, existing VPS, prior 
CSF diversion procedure, < 72 h of quantitative EVD data 

collection, or early in-hospital mortality were excluded; 
all other adult patients with imaging-confirmed aSAH 
and adequate EVD data were included. Patient demo-
graphics were used for model adjustment, including age, 
sex, and major medical comorbidities, such as hyper-
tension or nicotine use. Baseline disease parameters 
were similarly abstracted, including World Federation 
of Neurological Surgeons (WFNS) at both presentation 
and nadir, and modified Fisher (mFisher) score. During 
modeling, mFisher was tested in 3 ways: as a continuous 
variable (1–4), as a binary predictor stratified by risk of 
vasospasm (e.g., 1 or 2 vs. 3 or 4), and as a binary predic-
tor stratified by IVH status (e.g., 1 or 3 vs. 2 or 4).

EVD parameters were captured for all patients dur-
ing days 0–2 (e.g., initial 72 h following placement). This 
preceded the earliest VPS placements or EVD wean tri-
als, preserving the maximum sample size for mode-
ling, and was also determined to be optimally balanced 
between the competing demands of ideal data collec-
tion (e.g., modeled at a later time point), and the gen-
eration of a clinically useful prediction (e.g., modeled at 
an earlier time point). CSF output was modeled as both 
a continuous and categorical variable, stratified using 
100 ml intervals of mean daily output. Other EVD vari-
ables included total days of EVD drainage, total days of 
low pressure drainage (defined as ≤ 5 mmHg), and num-
ber of wean/clamp trials, which were all modeled as con-
tinuous variables. The routine weaning protocol at our 
institution is to increase the EVD pressure threshold by 
5  mmHg daily, with attention to the clinical neurologic 
status. A wean trial is considered a failure if the patient 
has a persistent neurologic change requiring reversal of 
the increase in pressure threshold. Once the threshold 
has been increased to 20  mmHg, the drain is clamped 
for 24 h, after which a final head computed tomography 
(CT) is acquired for a post-wean baseline, and the EVD 
is removed.

Endpoints
Late aSAH complications abstracted from the registry 
included chronic hydrocephalus, DCI, RI, and SV, which 
were confirmed as required via secondary retrospec-
tive chart review. Chronic hydrocephalus was assessed 
using VPS placement as a surrogate endpoint. DCI was 
defined in accordance with the most recent consensus 
recommendations, best summarized as focal neurologi-
cal impairment or a decrease in Glasgow Coma Scale 
(GCS) ≥ 2, lasting ≥ 1  h, not apparent immediately after 
aneurysm occlusion, and not attributed to other causes 
[29]. SV was defined as DCI in association with neuro-
logically correlated > 25% decrease in arterial diameter on 
digital subtraction angiography or magnetic resonance 
angiography or transcranial doppler ultrasonography 
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finding of mean arterial velocity > 120  cm/s in the ante-
rior, middle, or posterior cerebral artery. RI was defined 
as either: (1) new hypodensity located in a vascular dis-
tribution on non-enhanced CT imaging, or (2) new 
magnetic resonance imaging hyperintensity on diffusion-
weighted imaging with associated hypo-intensity on 
apparent diffusion coefficient map; and (3) not attribut-
able to periprocedural complications [24, 29]. Functional 
outcome at 3–6 months was categorized using the modi-
fied Rankin score (mRS).

Systematic Literature Review: Search Strategy and Data 
Abstraction
Medline and Embase were queried for English language 
articles reporting predictive models of late complications 
after aSAH. Inclusion criteria were observational studies 
or clinical trials of at least 10 patients with aSAH, report-
ing multivariate logistic regression analyses of either 
VPS placement in aSAH patients, 1986–2018. Publica-
tions that did not report final VPS status were excluded, 
as were articles that did not describe the model param-
eters in their Methods, or predictor effect sizes in their 
Results.

Primary screen identified 447 candidate records after 
de-duplication; all abstracts were reviewed in detail, and 
articles thought to meet inclusions underwent full-text 
assessment (n = 95; Fig.  1). Full-text reviews included 
bibliographic analyses to screen for additional candidate 
records (n = 36). Excluded manuscripts (n = 127) did not 
include quantitative EVD output data, did not report 
VPS outcome, included non-aSAH diagnoses without 
parsed data, or had inadequate cohort size. Four publi-
cations met criteria and were independently assessed for 
level-of-evidence using the Oxford Centre for Evidence-
based Medicine (CEBM) 2009 guidelines [10, 17, 22, 28, 
35]. Data points abstracted from all included publications 
were study design and CEBM grade; sample size; EVD 
output threshold defined as predictive of VPS placement 
(transformed to ml/24 h); and any other significant pri-
mary outcomes, regression parameters, or details per-
tinent to variable modeling and effect size. Odds ratios 
(OR) with 95% CI were calculated for our study cohort 
at each of these previously published thresholds, which 
were then assessed for relative predictive strength using 
area-under-the-curve (AUC) analysis of receiver operat-
ing characteristic (ROC) curves.

Statistical Analysis
Descriptive statistics were reported as frequency/pro-
portion for categorical and median/range for continuous 
variables. Univariate statistical testing was carried out 
by VPS status using student’s t test for continuous and 
Chi-square or Fisher’s exact test for categorical data, with 

graphical evaluations used to confirm normal data distri-
butions and suitability for parametric analysis. Logistic 
regression analysis was used for multivariable modeling 
of the 4 core study outcomes (VPS, DCI, RI, SV), adjust-
ing for age and grade (WFNS [nadir] and mFisher), and 
with backward stepwise regression used for final mod-
eling. AUC analysis of ROC curves was used for model 
optimization. Statistical assessments were carried out 
using SPSS Statistics 25.0 (IBM Corporation, Armonk, 
NY, 2018) or JMP Pro 14 (SAS Institute, Cary, NC, 2018), 
all tests were 2-sided, and significance was defined as 
p < 0.05.

Results
Baseline Patient Characteristics, Clinical Outcomes, 
and Univariate Analysis
From a total population of 656 aSAH patients treated 
at our institution during the study period, we identi-
fied 210 (32%) aSAH patients who underwent EVD 
placement for acute hydrocephalus and met all other 
study criteria. Eighty-five (40%) went on to VPS place-
ment. There were no significant differences by VPS 
outcome along the following variables: age, sex, body 
mass index ≥ 30, active nicotine use, hypertension, 

Fig. 1 PRISMA flow chart
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type 2 diabetes mellitus, GCS at presentation and 
nadir, WFNS at presentation and nadir, aneurysm size 
and location, primary aneurysm treatment modal-
ity, or the presence of intraparenchymal hemorrhage 

(Table 1). mFisher was significantly different only when 
dichotomized, with patients having a score of 2 or 
4 (versus 1 or 3), or 4 alone (vs. 1–3) having a higher 
rate of VPS (p = 0.01; p = 0.01). VPS was significantly 

Table 1 Study cohort overview

Bold typeface indicates statistical significance

BMI body mass index; DCI delayed cerebral ischemia; EVD external ventricular drainage; GCS Glasgow Coma Scale; ICU intensive care unit; mFisher modiied Fisher; 
mRS modiied Rankin score; RI radiographic infarct; SD standard deviation; SV symptomatic vasospasm; VPS ventriculoperitoneal shunt; WFNS World Federation of 
Neurological Surgeons
a Percentage values reported as fraction of patients in that group with data reported, which was inconsistent; variables with > 20% missing data in either group were 
not reported

Variable VPS (n = 85)a No VPS (n = 125)a p value

Demographics and clinical baseline

 Age (median (range)) 57 (33–81) 55 (24–88) 0.21

 Sex (female) 51 (63%) 78 (63%) 0.95

 BMI ≥ 30 25 (38%) 32 (39%) 0.89

 Active nicotine use 34 (42%) 54 (44%) 0.79

 Hypertension 49 (61%) 72 (59%) 0.78

 Type 2 diabetes mellitus 12 (15%) 14 (12%) 0.49

 GCS at presentation (median (range)) 13 (3–15) 14 (3–15) 0.21

 GCS at nadir (median (range)) 10 (3–15) 10 (3–15) 0.63

 WFNS at presentation (median (range)) 3 (1-) 2 (1–5) 0.22

 WFNS at nadir (median (range)) 4 (1–5) 4 (1–5) 0.75

 Aneurysm max. diameter (mm; mean ± SD) 6.6 ± 3.9 6.9 ± 4.0 0.64

 Posterior circulation aneurysm location 29 (36%) 50 (41%) 0.53

 Primary treatment modality endovascular 58 (75%) 86 (72%) 0.57

 Intraparenchymal hemorrhage 18 (22%) 32 (26%) 0.54

 mFisher, cont. scale (median (range)) 4 (1–4) 3 (1–4) 0.10

 mFisher ≥ 3 76 (89%) 111 (89%) 0.89

 mFisher 2 or 4 63 (74%) 72 (57%) 0.01
 mFisher 4 57 (67%) 62 (50%) 0.01

Clinical outcomes

 Aneurysm re-bleed (same admission) 8 (10%) 15 (12%) 0.63

 Delayed cerebral ischemia 24 (30%) 59 (48%) 0.009
 Radiographic infarct 26 (32%) 55 (45%) 0.07

 Symptomatic vasospasm 32 (41%) 52 (42%) 0.80

 Out-of-home placement 34 (51%) 42 (50%) 0.93

 ICU length-of-stay (d; median (range)) 18 (4–43) 15 (3–34) < 0.0001
 Hospital length-of-stay (d; median (range)) 27 (9–88) 19 (4–235) 0.09
 mRS ≤ 2 at 3–6 months 53 (65%) 75 (61%) 0.52

 Deaths 4 (5%) 23 (19%) 0.005

Variable VPS (n = 85) No VPS (n = 125) p value

EVD parameters

 Daily EVD output, days 0–2 (ml, mean ± SD) 225 (73–571) 193 (16–441) 0.003
 Total EVD output, days 0–2 (ml, mean ± SD) 646 (194–1776) 574 (47–1306) 0.008
 Total EVD days (median (range)) 15 (2–31) 11 (4–29) < 0.0001
 EVD days at ≤ 5 mmHg (median (range)) 3 (0–42) 0 (0–10) 0.0003
 ≥ 1 wean failure 60 (71%) 60 (48%) 0.0008
 ≥ 2 wean failures 28 (33%) 8 (6%) < 0.0001
 ≥ 3 wean failures 11 (13%) 1 (< 1%) 0.0002
 Any clamp failure 27 (32%) 15 (12%) 0.0004
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associated with lower risk of DCI or death, as well as 
longer ICU and hospital lengths-of-stay (Table 1). VPS 
was not associated with aneurysm re-bleeding, RI, SV, 
out-of-home placement, total follow-up, and mRS at 
3–6 months.

Quantitative EVD Output Parameters and Multivariate 
Analysis
All EVD metrics assessed were significantly associated 
with VPS placement, including mean daily EVD output 
(days 0–2), total EVD output (days 0–2), total EVD days, 
EVD days at ≤ 5  mmHg, wean failures, and any clamp 
failure (Table  1). Mean daily EVD output 204  mL over 
days 0–2 was identified as the optimal threshold to pre-
dict shunt dependence, after adjusting for age, WFNS 
(nadir), and mFisher (Fig.  2a; AUC = 0.6). Multivariable 
modeling demonstrated that all EVD output parameters 
remained independently associated with VPS placement 
(Table  2), including mean daily output > 204  ml/24  h 
on days 0–2 (OR 2.58,95% CI 1.37–4.68), and 100  ml 

increase in mean daily output over days 0–2 (OR 1.85, 
95% CI 1.26–2.74). No EVD output parameter demon-
strated a significant association with DCI, RI, or SV.

Multivariable logistic regression was used to determine 
the final model (Table 3). Parameters that retained inde-
pendence in the final model included mean daily EVD 
output > 204 ml on days 0–2 (OR 2.59, 95% CI 1.32–5.07), 
wean failures (OR 2.19, 95% CI 1.11–4.32), any clamp 
failure (OR 2.87, 95% CI 1.29–6.44), and total EVD days 
(OR 1.07, 95% CI 1.01–1.13). Total EVD days were asso-
ciated with unfavorable functional outcomes (mRS > 2) at 
3–6 months. Wean failures were significantly associated 
with an unfavorable outcome, but only after controlling 
for VPS status. Statistical testing for interaction between 
VPS status and either total EVD days or wean failures 
was non-significant (p = 0.38; p = 0.10).

Mayo Age, Grades, EVD (MAGE) Score for Predicting Shunt 
Dependence in aSAH
In order to provide a more clinically useful application 
of the final model, 6 variables were incorporated into 

Fig. 2 a ROC curve for mean daily EVD output as a predictor of VPS status (adjusted for age, WNFS (nadir), and mFisher); b ROC for final iteration 
of MAGE score (AUC optimization resulted in equal weighting of all included variables); c Sampling distribution of patients in the study cohort by 
score, confirming relative normality with minimal skew toward lower values

Table 2 Study cohort multivariable models predicting aSAH outcomes by EVD output

Adjusted for age, mFisher, and WFNS (nadir)

Bold typeface indicates statistical significance

VPS ventriculoperitoneal shunt
a All EVD output variables derived from days 0–2 data (e.g., first 72 h after insertion)

Outcome VPS placement (OR (95% CI)) Delayed cerebral 
ischemia (OR (95% CI))

Radiographic infarct 
(OR (95% CI))

Symptomatic vasos-
pasm (OR (95% CI))

Mean daily output, days 0–2a 1.006 (1.002–1.01) 1.002 (1.001–1.003) 2.58 (1.37–4.68) 1.85 (1.26–2.74)

Total output, days 0–2a 1.00 (0.99–1.00) 1.00 (0.99–1.000) 0.77 (0.41–1.45) 0.71 (0.48–1.04)

Daily output > 204 ml, days 0–2a 1.00 (0.99–1.00) 1.00 (0.99–1.00) 0.99 (0.53–1.84) 0.91 (0.63–1.31)

Per 100 ml in mean daily  outputa 0.93 (0.64–1.38) 1.50 (0.77–2.92) 1.05 (0.55–2.02) 1.50 (0.77–2.93)
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a scoring system for predicting shunt dependence. In 
order to optimize the scoring system, we tested all pos-
sible weighting permutations of these 6 parameters, with 
each parameter assigned possible weights from 0 to 5. 
Each permutation was tested using ROC analysis, and 
the permutation achieving the highest overall AUC was 
selected as the Mayo Age, Grades, EVD (MAGE) score, 
with the EVD output threshold rounded from 204 to 
200 ml, for simplicity of utilization (Fig. 2b, c). The opti-
mal permutation of the scoring system was the iteration 
that set all 6 variables to equally weighted 0- or 1-point 

values (Table 4; AUC = 0.76). Of note, scores of 6 and 0 
were exclusively observed in patients with and without 
VPS placement, whereas scores of 5 and 1 were, respec-
tively, associated with odd ratios for VPS placement of 
5.49 (95% CI 1.46–20.62) and 0.06 (95% CI 0.02–0.28), 
and positive/negative predictive values of 0.82 and 0.94.

Systematic Review and Comparative Assessment 
of Quantitative VPS Prediction Models
Four publications reporting multivariable models of VPS 
placement incorporating EVD output parameters as a 

Table 3 Study cohort multivariable model  resultsabc

Bold typeface indicates statistical significance

EVD external ventricular drainage; mRS modiied Rankin score; VPS ventriculoperitoneal shunt
a Presented values are final parameters retained in model following comprehensive backward stepwise logistic regression
b All predictors were non-significant backward stepwise logistic regression models for DCI, RI, and SV
c Adjusted for age, mFisher, and WFNS (nadir)
d Significant predictors also tested for effect modification with VPS status (non-significant for wean failures [p = 0.38], total EVD days [p = 0.10])

Predictor OR for VPS (95% CI) OR for mRS > 2 (95% CI) OR for mRS > 2 (95% CI), 
controlling for VPS  statusd

Mean daily EVD output > 204 ml 2.59 (1.32–5.07) 0.88 (0.46–1.69) 0.95 (0.49–1.84)

Wean failures 2.19 (1.11–4.32) 1.44 (1.00–2.10) 1.65 (1.10–2.47)
Any clamp failure 2.87 (1.29–6.44) 0.97 (0.44–2.14) 1.04 (0.47–2.36)

Total EVD days 1.07 (1.01–1.13) 1.09 (1.03–1.16) 1.14 (1.06–1.23)

Table 4 Mayo age, grades, EVD (MAGE) score for predicting shunt dependence in aSAH

Bold typeface indicates statistical significance

aSAH aneurysmal subarachnoid hemorrhage; EVD external ventricular drainage; MAGE Mayo Age, Grades, EVD; mFisher modiied Fisher; VPS ventriculoperitoneal 
shunt; WFNS World Federation of Neurological Surgeons
a Final scoring system determined by including all adjustment factors and significant parameters from multivariate model, and subsequently weighting for 
maximized AUC via ROC analysis
b OR for denominator = 0 undefined

Variable Points (0–6) Justificationa

Age ≥ 65 1 Adjusted for in model; significant in multivariate analysis; corroborated in literature

mFisher 2 or 4 1 Significant in univariate and multivariate analysis

WFNS 5 1 Adjusted for in model; superior validity and reliability as determinant of aSAH 
severity versus HH grade (included in most previously published model)

Mean daily EVD out-
put ≥ 200 ml, days 0–2

1 Significant in univariate and multivariate analysis

Wean failures ≥ 2 1 Significant in univariate and multivariate analysis; ≥ 2 threshold associated with 
smallest P value, and better reflects clinical practice than ≥ 1 (while still promot-
ing earlier intervention in highest-risk patients)

Any clamp failure 1 Significant in univariate and multivariate analysis

Score OR (95% CI) for VPS NPV/PPV (1–3/4–6)

0 Undefinedb All 5 patients with MAGE score 0 had NO VPS (100%)
1 0.06 (0.02–0.28) 0.94: Patient with MAGE score 1 has 94% probability of NO VPS
2 0.61 (0.31–1.20) 0.69: Patient with MAGE score 2 has 69% probability of NO VPS

3 0.86 (0.46–1.61) 0.64: Patient with MAGE score 3 has 64% probability of NO VPS

4 3.59 (1.80–7.17) 0.64: Patient with MAGE score 4 has 64% probability of VPS placement
5 5.49 (1.46–20.62) 0.82: Patient with MAGE score 5 has 82% probability of VPS placement
6 Undefinedb All 6 patients with MAGE score 6 had VPS placement (100%)
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primary predictor were identified (Table  5) [10, 17, 28, 
35]. Two studies were cohort studies or retrospective sub-
group analyses of prospective clinical trials (level 2B evi-
dence); 2 were case series (level 4 evidence). EVD output 
thresholds were reported in all 4 studies and transformed 
to ml/24  h for comparison to the optimal threshold 
observed in our study (200  ml/24  h). All previously 
reported thresholds were significant predictors when 
applied to our study cohort, save for the model reported 
by Zolal et al.—an anomalous finding most likely attrib-
utable to their model containing a minority of aSAH 
patients (n = 32-of-86). ROC analysis demonstrated that 
all reported thresholds were comparable to our own 
when assessed via our study cohort, with our thresh-
old demonstrating minimal superiority (AUCs = 0.69, 
0.67, 0.64, 0.64). Other significant predictors reported in 
preceding analyses included age, Hunt and Hess grade 
(HHG) ≥ 4, acute hydrocephalus, intraparenchymal hem-
orrhage, posterior circulation aneurysm location, aneu-
rysm coiling, and sonographic vasospasm.

Discussion
aSAH is a critical neurosurgical disease, characterized by 
high mortality and numerous in-hospital complications 
that frequently result in marked neurologic morbidity [5, 
9, 16, 25, 26, 29]. Chronic, shunt-dependent hydrocepha-
lus has been the focus of numerous studies attempting at 
predictive modeling, yet few models incorporate quan-
titative EVD parameters, and many have been clinically 
impractical, or yielded equivocal results. Correspond-
ingly, our study objectives were to develop a useful 
model for predicting VPS placement after aSAH, and to 
compare its performance with previous reported models 
using the study sample as a validation cohort.

Overview of Predictive Models for VPS Placement in aSAH
Patient selection and timing for VPS placement in 
aSAH are a long-standing source of controversy, given 
the parallel risks of morbidity from under-treatment of 
chronic hydrocephalus or failed EVD wean/clamp tri-
als, versus the placement of an unnecessary VPS. More 
than 40 models for predicting VPS placement in aSAH 
have been proposed, with at least 3 formal meta-analy-
ses have reporting various summary findings [7, 31, 33]. 
In spite of these efforts, there remains little definitive 
understanding of how to interpret risk factors for shunt 
dependence after aSAH.

Wilson et al. synthesized data from 21 publications in 
2017, restricting inclusion to level A and B evidence. In 
their analysis, they identified overall statistical signifi-
cance in 8 of the 9 predictor variables tested, including 
Fisher grade, acute hydrocephalus, in-hospital compli-
cations, IVH, HHG ≥ 4, aneurysm re-bleeding, poste-
rior circulation aneurysm location, and age ≥ 60 [31]. 
Female sex did not reach significance, in contrast to 
most prior reports, but in alignment with our own neg-
ative observation [3, 20, 33].

Xie et  al. reviewed 25 studies—including case–con-
trol analyses and other lower quality publications—and 
performed both an overall analysis and subgroup anal-
yses by evidence grade (e.g., cohort-or-better versus 
case–control) [33]. Twelve-of-fourteen predictors were 
significant in the overall model, including age ≥ 50, 
female sex, HHG ≥ 4, GCS ≤ 8, Fisher ≥ 3, acute hydro-
cephalus, EVD placement, IVH, posterior circulation 
or anterior communicating artery locations, in-hospital 
meningitis, and aneurysm re-bleeding. Parallel findings 
were reproduced in the subgroup analyses by level-of-
evidence; however, while primary endovascular treat-
ment was noted to be significantly associated with VPS 

Table 5 Comparative assessment of models predicting VPS as a function of EVD output

Bold typeface indicates statistical significance

AUC  area-under-the-curve; CEBM Centre for evidence-based medicine; EVD external ventricular drainage;  mFisher modiied Fisher; VPS ventriculoperitoneal shunt; 
WFNS World Federation of Neurological Surgeons
a Zolal et al. reported an 86 aHCP patients treated via EVD, only 32 of whom had confirmed aSAH. Modeling was inclusive of all 86 without parsing by diagnosis; 
therefore, extrapolation of findings to an exclusive aSAH population may be limited

Author (CEBM grade) Year n EVD output 
threshold 
(ml/24 h)

OR (95% CI | AUC) for that threshold as a 
VPS predictor in our population, adjusting 
for age, mFisher, and WFNS (nadir)

Other significant predictors identified 
via multivariable logistic regression

Erixon (2B) 2014 90 214 2.62 (1.39–4.92 | 0.67) HH ≥ 4, aHCP, IPH, vertebrobasilar aneurysm, 
primary treatment w coils

Zolal (4) 2015 32a 134 1.81 (0.77–4.24 | 0.62) Other assessed variables non-significant

Lewis (4) 2016 97 175 2.02 (1.03–4.00 | 0.64) Age, sonographic vasospasm

Tso (2B) 2016 413 78 9.42 (1.13–78.29 | 0.64) Other assessed variables non-significant

Present study (2B) 2019 212 204 2.58 (1.37–4.68 | 0.69) Age, mFisher (2/4 vs. 1/3, and 4 vs. 1–4), wean 
failure (≥ 1, ≥ 2, and ≥ 3), clamp failure, total 
EVD days
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among the cohort studies (RR 1.16, 95% CI 1.05–1.29), 
it remained non-significant as compared to open aneu-
rysm clipping among the case–control analyses (OR 
1.27, 95% CI 0.95–1.71).

Patient and Variable Selection in Quantitative EVD Output 
Modeling
Exceedingly few aSAH patients will develop shunt-
dependent chronic hydrocephalus without having 
undergone in-hospital CSF diversion, with the largest 
population-based study of delayed hydrocephalus in 
aSAH reporting only 31 such cases in a sample of 8773 
(0.4%) [30]. In spite of this, the vast majority of prior 
studies included all aSAH patients in their model, rather 
than restricting to those who had undergone EVD place-
ment. The result is a weighting of those cohort toward 
individuals who are at the lowest risk of eventual VPS 
placement, and a critical source of confounding. More 
specifically, with a large number of data points included 
from individuals at low risk of chronic hydrocephalus, 
the predictive power of many parameters pertinent only 
to those patients with acute hydrocephalus would likely 
be compromised to a degree that would not be ade-
quately addressed by simple adjustment in the multivari-
able model. Thus, a core characteristic distinguishing our 
study from most preceding works is the sole inclusion 
of patients with EVD placement for treatment of acute 
hydrocephalus.

Similarly, although several predictors in previous 
models overlapped—age, and the major SAH severity 
scores—the other covariates included were highly incon-
sistent, and frequently quite numerous [33]. Not only did 
many of these variables demonstrate considerable het-
erogeneity (e.g., I2 ≥ 50%), but the underlying models did 
not assess for covariance, over-fitting, or effect modifica-
tion, potentially resulting in another source of residual 
confounding.

The limitations of preceding analyses influenced our 
approach to model development, for example in our 
decision to restrict consideration to unambiguous vari-
ables such as age, WFNS, and mFisher [1, 4, 11, 13, 18, 
21, 27]. Further, in selecting potential predictors we lim-
ited consideration to parameters that are readily accessi-
ble in clinical practice, such as mean daily EVD output 
(days 0–2). The decision to set the EVD output parameter 
at this timepoint was twofold. First, by reviewing mean 
daily output over the first 3 days, we established a rela-
tive baseline for each patient, after initial aneurysm treat-
ment, but prior to any major changes in EVD pressure 
thresholds (e.g., those associated with wean trials), as 
well as before the onset of DCI or any other major clini-
cal sequela that may have influenced EVD management 
or output. Although this restricts the data to a more 

modest sample than capturing mean daily output for all 
EVD days would have, it also significantly limits sources 
of residual confounding and improves the interpretabil-
ity of the data. Second, the 72-h threshold has practical 
value, as it is an early time point prior to the so-called 
vasospasm window, at which it may be particularly useful 
to earmark patients that may eventually go on to require 
VPS placement.

Finally, we formally assessed covariance and effect 
modification, and we took a parsimonious approach to 
covariate inclusion and validation, both in the final model 
and the MAGE score. This included deliberate, iterative 
assessment of various wean failure thresholds, with the 
final ≥ 2 dichotomization selected as both the threshold 
whose statistical association with VPS placement was the 
strongest, and the one that most aligned with our stated 
study goals of generating a practical scoring system, and 
reducing the patient risk associated with avoidable wean 
failures.

Comparative Assessment of Predictive Scoring Systems
The MAGE score is the first shunt-dependence predic-
tion tool that incorporates EVD output. Notwithstand-
ing, several publications have assessed VPS placement 
as a function of EVD output without an associated scor-
ing system, while others have described scoring systems 
without incorporation of EVD output. With respect to 
both groups of preceding publications, we identified key 
preceding studies via systematic review, graded their 
levels-of-evidence using validated criteria, and applied 
reported thresholds and/or scoring systems to the cur-
rent cohort where possible, to better inform a compara-
tive analysis.

Four analyses identified CSF output thresholds as 
potential predictors of VPS placement, of which 3 main-
tained statistical significance when applied to the cur-
rent study sample as a validation cohort. Unsurprisingly, 
higher thresholds were slightly better predictors of shunt 
dependence in patients who were over the line, but most 
publications reported thresholds that were close to the 
MAGE threshold of 200 ml. Although VPS decision mak-
ing is ultimately an individualized practice, this lends 
additional robustness to the recommendation that shunt 
placement is likely to be necessary beyond that threshold.

The 4 most robust and well-validated scoring systems 
for VPS placement are Chronic Hydrocephalus Ensuing 
from SAH Score (CHESS), Barrow Neurological Institute 
(BNI), Shunt Dependency in Subarachnoid Hemorrhage 
(SDASH), and Post-subarachnoid Shunt Scoring (PS3)—
each of which has been assessed in at least 1 validation 
cohort beyond the index study [8, 14, 20, 32]. While the 
BNI model is a radiographic score—essentially, mFisher 
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with more strata and without IVH status—CHESS, 
SDASH, and PS3 recombine HHG, mFisher/IVH, and 
EVD/acute hydrocephalus status via differential weight-
ing schemes (CHESS also includes binary variables for 
posterior circulation location and infarct status; Table 6).

Two additional scoring systems—the Failure Risk Index 
(FRI), reported by Chan et al, and the Discriminant Func-
tion (DF), described by Yamada et al.—also incorporated 
third ventricular width, a promising surrogate for third 
ventricular volume [3, 23, 34]. Unfortunately, both FRI 
and DF were reported as complex algebraic functions 
that require collection of at least 8 variable coefficients 
(reported to 3 significant figures each), rendering them 
impractical for routine clinical implementation [23].

Functional Outcomes and VPS Status
Two critical questions underlie our motivation to con-
tinue refining VPS models in aSAH: is there harm associ-
ated with repeated attempts to wean or clamp an EVD, 
and is VPS placement associated with a significant differ-
ence in long-term outcome? The impact of serial failed 
wean/clamp trials has received relatively little attention, 
with most neurosurgeons and neurointensivists operat-
ing under the assumption that intervals of supranormal 
intracranial pressure can be well tolerated, provided that 
the exposure is brief, and the clinical examination is used 
to quickly terminate an unsuccessful attempt. Ascanio 
et  al. examined a sample of 114 non-traumatic SAH 
patients (80% aSAH), assessing for association between 
number of clamp trials and mRS at last follow-up [2]. In 
their study, VPS was avoided in 60% of patients who had 
2 clamp trials, and 39% of patients who had 3 clamp trials, 
with no significant association noted between increased 
clamp trials and functional outcome, ICU length-of-stay, 
or meningitis.

In our final model, overall results were equivocal with 
respect to functional status: total EVD days were signifi-
cantly associated with mRS > 2, even when adjusted for 
VPS status, while EVD output and clamp failure were 
non-significant predictors of functional outcome. By 
contrast, wean failures demonstrated significance only 
after adjusting for VPS status. This unexpected finding 
has two probable explanations: either excessive wean 
trials are potentially dangerous, but only among those 
patients who will ultimately need a VPS (and are there-
fore in a more vulnerable neurologic state), or that the 
observation is simply statistical noise.

Limitations
Our study has several key limitations, most promi-
nently the small sample size (n = 210), and the risk of 
residual confounding or bias inherent to the observa-
tional design. The MAGE score, although novel and 

potentially useful, requires validation in an independent 
cohort prior to widespread clinical implementation. We 
excluded patients without EVD placement, and although 
doing so yielded a more robust model within the popu-
lation-of-interest (e.g., aSAH patients who had an EVD 
placed), it also limited the study generalizability. Perhaps 
most importantly, the MAGE score performs best at its 
poles, but is less reliable over intermediate risk groups—
a shortcoming that is also observed in its predecessors, 
including CHESS, BNI, SDASH, and PS3. Unfortunately, 
patients in the more equivocal range of scores are also 
those for whom such a scoring system would be most 
helpful, as the highest and lowest risk patients are rarely 
those for whom prediction of VPS outcome is challeng-
ing without the aid of a scoring system.

As detailed above, several important clinical consid-
erations informed the decision to restrict EVD output 
modeling to the first 72  h, which directly limited the 
data available for assessment, and therefore potentially 
reduced the robustness of the model. In future studies, 
we hope to similarly evaluate a more nuanced param-
eter, such as ‘mean daily output prior to initial wean 
trial,’ which we hypothesize will also closely approximate 
200  ml/24  h, but which we can only speculate about, 
based on the current study. Correspondingly, although 
we anticipate that the 200 ml/24 h threshold will retain 
significant predictive value at time points after 72  h, at 
present we can only make guarded recommendations in 
that regard.

Another important limitation is the handling of patient 
deaths in the cohort. As a number of patients died in 
both groups, several of whom underwent VPS placement, 
it was determined that excluding all mortalities would 
potentially bias the cohort. Although the possibility of 
residual confounding in association with patients who 
had life-sustaining therapy withdrawn is noted, this was 
addressed in part by adjusting for WFNS, which is widely 
validated as a reliable predictor of unfavorable outcomes, 
including death.

A final limitation that warrants specific discussion 
is the inclusion of non-significant parameters in the 
MAGE scoring system. In order to appropriately address 
not only the results of the study cohort itself, but also of 
the systematic review and comparative analysis, age and 
WFNS parameters were incorporated into the MAGE 
system in spite of their having been non-significant in 
the study cohort. Although this methodological deci-
sion draws support from the vast majority of the preced-
ing literature, as well as the significant predictive value of 
the MAGE system as applied to the study cohort, it also 
emphasizes the need for validation of the MAGE system 
via an independent patient cohort.
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In spite of these important limitations, we hold that 
our findings represent a valuable step forward in our 
understanding of this challenging disease process and its 
optimal management. Further, and perhaps more impor-
tantly, we highlight the way forward for future iterations 
of a more individualized scoring system, as the first such 
instrument that incorporates quantitative EVD output 
data, relies on validated and reproducible metrics, and 
adjusts for age, as well as clinical and radiological grades.

Conclusions
Our analysis shows that EVD parameters are useful to 
predict future shunt dependence. Specifically, EVD out-
put during the first 72  h after placement, duration of 
EVD drainage (particularly at low levels of drainage), and 
wean/clamp trial failures were associated with VPS place-
ment. Using these variables, we developed and optimized 
the first scoring system based on quantitative EVD out-
put for the prediction of VPS outcome in aSAH. Taken 
together with the multiple increased risks and costs asso-
ciated with prolonged hospitalization and extended EVD 
drainage, VPS placement should be strongly considered 
without further EVD clamping attempts in patients with 
a MAGE score ≥ 5, and in most patients with a MAGE 
score of 4 (particularly following 2 failed wean trials).
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