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Abstract

Background The impact of ventriculostomy-associated

infections (VAI) on intracerebral hemorrhage (ICH) out-

comes has not been clearly established, although prior

studies have attempted to address the incidence and pre-

dictors of VAI. We aimed to explore VAI characteristics

and its effect on ICH outcomes at a population level.

Methods ICH patients requiring ventriculostomy with

and without VAI were identified from 2002 to 2011

Nationwide Inpatient Sample using ICD-9 codes. A retro-

spective cohort study was performed. Demographics,

comorbidities, hospital characteristics, inpatient outcomes,

and resource utilization measures were compared between

the two groups. Pearson’s Chi-square and Wilcoxon–

Mann–Whitney tests were used for categorical and con-

tinuous variables, respectively. Logistic regression was

used to analyze the predictors of VAI.

Results We included 34,238 patients in the analysis, of

whom 1934 (5.6 %) had VAI. The rate of ventriculostomy

utilization in ICH increased from 5.7 % in 2002–2003 to

7.0 % in 2010–2011 (trend p < 0.001) and the rate of VAI

also showed a gradual upward trend from 6.1 to 7.0 %

across the same interval (trend p < 0.001). The VAI group

had significantly higher inpatient mortality (41.2 vs.

36.5 %, p < 0.001) and it remained higher after control-

ling for baseline demographics, hospital characteristics,

comorbidity, and systemic infections (adjusted OR 1.38,

95 % CI 1.22–1.46, p < 0.001). The VAI group had

longer length of hospital stay and higher inflation adjusted

cost of care. Predictors of VAI included higher age, males,

higher Charlson’s comorbidity scores, longer length of

stay, and presence of systemic infections mainly pneumo-

nia and sepsis.

Conclusion VAI resulted in higher inpatient mortality,

more unfavorable discharge disposition, and higher

resource utilization measures in ICH patients. Steps to

mitigate VAI may help improve ICH outcomes and

decrease hospital costs.
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Introduction

External ventriculostomy drains (EVD) offer an alternate

conduit for cerebrospinal fluid drainage, and serve as a life

saving approach in intracerebral hemorrhage (ICH)

patients with hydrocephalus or intraventricular hemorrhage

(IVH) or both [1]. Additionally, they have also been used

to administer recombinant tissue-type plasminogen acti-

vator (rt-PA) for clot lysis in patients with IVH [2]. EVDs,

however, have significant complications, the most notable

being hemorrhage [3] and infection (meningitis or ventri-

culitis) [4]. The incidence of ventriculostomy-associated

infections (VAI) has been reported to vary from 1 to

28.2 %, with a mean reported rate of 7.9 % [5, 6]. Factors
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predisposing to VAI include craniotomy, systemic infec-

tion, depressed cranial fracture, and IVH to name a few [5].

Greater emphasis on ventriculostomy insertion techniques

and use of impregnated catheters may decrease VAI,

although trends over time are not known. Whether the

duration of ventriculostomy correlates with VAI remains

an area of debate.

Limitations of prior studies describing VAI incidence

and predictors include retrospective design, small to

modest sample size and single center data. A recent sub

study of the Clot Lysis: Evaluating Accelerated Resolution

of Intraventricular Hemorrhage Phase III (CLEAR-III)

addressed these limitations and showed a VAI rate of

4.4 % [6]. With therapies such as intraventricular fibri-

nolysis on the rise over the last decade [7], it is important to

delineate VAI characteristics at a population level, partic-

ularly in the absence of such data. We hence aimed to

explore the incidence, trends over time, predictors, and

outcomes of VAI using a large national health database.

Methods

Data Source

Discharge data were obtained from the Nationwide Inpatient

Sample (NIS) of the Healthcare Cost and Utilization Project

(HCUP) from 2002 to 2011 [8]. NIS represents a 20 %

stratified random sample of all inpatient admissions to non-

federated US hospitals. The database provides information

on patient demographics, hospital characteristics, primary

and secondary diagnoses, inpatient procedures, comorbidi-

ties, and case-severity measures. All diagnoses and proce-

dures are recorded using International Classification of

Diseases version 9ClinicalModification (ICD-9-CM) codes.

Case Selection

Cases with a primary diagnosis of non-traumatic ICH were

identified using the ICD-9-CM code 431 [9]. Subsequently,

only ICH patients requiring ventriculostomy were selected,

using procedure code 02.2 (prior to October, 1, 2011) and

02.21 (from October, 1, 2011) [10]. Cases with age

<18 years, traumatic brain injury, brain malignancy, and

cerebral vascular malformations were excluded to restrict

our population to those with primary ICH. Additionally, we

also excluded patients with early death (<48 h) and those

with initiation of palliative care (code V66.7). As the unit

of the NIS database is discharge after hospitalization, rather

than an individual patient, cases transferred out to another

hospital were excluded to prevent double counting of the

same patient. VAI was defined as any patient with ven-

triculostomy who developed meningitis (ICD-9-CM 320.x,

321.x, 322.x). Figure 1 shows the case selection strategy

used in the study.

Comorbidity and Severity Adjustment

A cumulative score was calculated for each case using the

Charlson comorbidity index [11, 12]. The index is a

weighted score of 17 different comorbidities using ICD-9-

CM codes, and has been validated for outcome adjustment

for administrative datasets on ischemic stroke and ICH [13,

14]. Case severity was determined using the all patient

refined diagnosis-related groups (APR-DRGs) to assess

risk of mortality using an algorithm developed by 3M

Health Information Systems. This 4 point ordinal scale

(minor, moderate, major, and extreme risk of mortality) is

derived from age, primary and secondary diagnoses, and

procedures [15]. The APR-DRG methodology has been

validated to predict mortality in administrative datasets and

has been used as a severity indicator in prior studies,

including those relating to ICH [7, 16, 17].

Outcomes Measures

The primary outcomes of interest were inpatient mortality.

Resource utilization measures used in the study were

length of hospital stay and overall cost of care. Cost of care

was obtained using HCUP cost-to-charge ratios and total

hospital charges, and was adjusted for inflation to obtain

US 2013 dollar values using yearly inflation rates published

by US Department of Labor-Bureau of Labor statistics

[18].

Statistical Analysis

Comparisons were made using v2 and Wilcoxon rank sum

tests for categorical and continuous variables, respectively.

Multivariate logistic regression was used to adjust for known

potential confounding variables in assessing the effect of VAI

on outcomes. The following covariates were included in all

regression models: age, gender, race/ethnicity, hospital char-

acteristics (location, teaching status, geographic region, bed

size, and ICH case volume quartile), modified Charlson

comorbidity index, 3 MAPR-DRG risk ofmortality subclass,

coronary artery disease, diabetesmellitus, hypertension, atrial

fibrillation, dyslipidemia, anemia, valvular disease, antico-

agulation-associated hemorrhage, thrombocytopenia, blood

components transfusion, performance of cerebral angiogra-

phy, craniectomy and craniotomy, prolonged mechanical

ventilation, and systemic infections. We studied 10-year

temporal trends of utilization of ventriculostomy in ICH and

among the cases included in the analysis. Significance of trend

was tested by v2 test for linear association. As recommended

by HCUP, population estimates were obtained by complex
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sample analyses that consider weights, clustering, and strati-

fication used for NIS sampling [19]. All analyses were

performed using IBM SPSS version 20 (IBM Corporation,

NY, USA) with statistical significance set at p < 0.05. No

adjustment was made for multiple comparisons due to the

exploratory nature of the analysis.

Results

A total of 619,166 ICH admissions were recorded from

2002 to 2011 of whom 43,569 (7.1 %) had EVDs placed

(Fig. 1). After applying the eligibility criteria, 34,238

patients were included for analysis. The overall incidence

of VAI was 5.6 % (1934 patients). The rate of ventricu-

lostomy utilization in ICH increased from 5.7 % in

2002–2003 to 7.0 % in 2010–2011 (trend p < 0.001) and

the rate of VAI also showed an gradual upward trend from

6.1 to 7.0 % across the same interval (trend p < 0.001) as

shown in Fig. 2.

Patients with VAI were younger (69.2 vs. 60.7 %,

p < 0.001), and had a higher proportion of males (63.4 vs.

55.5 %, p < 0.001). The incidence of VAI was higher in

urban hospitals, teaching hospitals, and hospitals with high

ICH case volumes. Majority of VAI patients had private

insurance (35.5 vs. 29.7 %, p < 0.001). The VAI cohort

had lower modified Charlson’s comorbidity scores (p =

0.005), but the overall case severity as assessed by 3M

APR-DRGs risk of mortality was higher in the VAI group

(extreme likelihood of dying: 56.6 vs. 41.5 %, p < 0.001).

Among inpatient procedures, craniectomy was more com-

mon in patients with VAI (2.4 vs. 1.7 %, p = 0.038), as

Primary diagnosis ICH
n= 619,166

VAI
n=1,934 (5.6%)

No VAI
n=32,304 (94.4%)

No ventriculostomy
n=575,597(92.9%)

Underwent ventriculostomy
n=43,569 (7.1%)

(screened for eligibility)

Excluded n= 9331 (11.5%)
- Age <18 years (639)
- Traumatic brain injury (163)
- Brain AVM (759)
- Aneurysm treatment (988)
- Brain malignancy (415)
- Transferred out (2,129)
- Withdrawal of care (2809)
- Early Death (2417)

Included in the analysis
n=34,238 (78.5%)

Fig. 1 Case selection. ICH

intracerebral hemorrhage, AVM

arteriovenous malformation,

VAI ventriculostomy-associated

infection

Fig. 2 Recent trends in ventriculostomy utilization and ventricu-

lostomy-associated infection rates in the United States
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were tracheostomy (p = 0.025) and gastrostomy

(p < 0.001). Rates of VAI did not differ with intraven-

tricular rt-PA infusion (Tables 1, 2, and 3).

In the multivariable logistic regression model, VAI was

associated with higher in-hospital mortality (OR 1.38,

95 % CI 1.22–1.46, p < 0.001). Rates of permanent CSF

shunting were higher with VAI (OR 1.78, 95 % CI

0.49–2.11, p < 0.001). In terms of resource utilization

measures, VAI patients had longer length of stay (31 vs.

16 days with non-VAI, p < 0.001) and significantly

higher total cost of care ($91170.4 vs. $47927.8 with non-

VAI, p < 0.001). In the multivariable logistic regression

model assessing predictors of VAI, higher age, males,

higher Charlson’s comorbidity scores, longer length of stay

and presence of systemic infections mainly pneumonia and

sepsis. Procedures performed during hospitalization such

as craniotomy or craniectomy were not associated with

VAI (Table 4). We also performed linear regression anal-

yses in different subgroups, which included high volume

ICH centers only, patients on mechanical ventilation

C96 h, patients transferred in from another hospital, and

patients with the highest tertile of Charlson’s comorbidity

scores (Supplemental Table 1). The rationale behind

choosing these subgroups was to increase the probability of

Table 1 Demographics and hospital characteristics of patients with intracerebral hemorrhage requiring ventriculostomy

Variable VAI, n = 1934 (5.6 %) No VAI, n = 32304 (94.4 %) p value

Age

18–64 years 1337 (69.2) 19618 (60.7) <0.001

65–79 years 498(25.8) 9548 (29.6)

>80 years 99 (5.1) 3138 (9.7)

Sex

Male 1227 (63.4) 17937 (55.5) <0.001

Female 707 (36.6) 14359 (44.5)

Race

Caucasian 778 (40.2) 13382 (41.4) 0.064

Black 418 (21.6) 6863 (21.2)

Hispanic 173 (8.9) 2767 (8.6)

Asian 51 (2.6) 1450 (4.5)

Other 72 (3.7) 1129 (3.5)

Missing 442(22.9) 6713 (20.8)

Hospital location

Rural 15 (0.8) 500 (1.6) 0.011

Urban 1871 (99.2) 31538 (98.4)

Hospital bed size

Small 49 (2.6) 965 (3.0) 0.061

Medium 308 (16.3) 5825 (18.2)

Large 1530 (81.1) 25248 (78.8)

Teaching status

Non-teaching 324 (17.2) 7993 (24.9) <0.001

Teaching 1563 (82.8) 24046 (75.1)

ICH case volume

1–23 cases/year 151 (7.8) 2603 (8.1) <0.001

24–47 cases/year 338 (17.5) 7282 (22.5)

48–85 cases/year 512 (26.5) 9931 (30.7)

>85 cases/year 932 (48.2) 12488 (38.7)

Primary payer

Medicare 645 (33.5) 13007 (40.4) <0.001

Medicaid 375 (19.5) 5235 (16.3)

Private 685 (35.5) 9564 (29.7)

Other 223 (11.6) 4392 (13.6)

Bold values indicate p value < 0.05

VAI ventriculostomy-associated infection, ICH intracerebral hemorrhage
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including patients with similar risk factors and mortality

risk, in the absence of availability of ICH severity factors

such as hematoma volume, location and presence of

intraventricular hemorrhage. Both cost of care and hospital

length of stay were significantly higher in the VAI group

across all subgroups.

Discussion

Our analysis, the largest to date performed at a national level,

showed that VAI was an independent predictor of in-hospital

mortality, composite unfavorable discharge outcomes, and

higher resource utilization measures. Interestingly, the rates

of VAI have only gone up marginally over the past decade.

Mortality has not been the focus of prior VAI studies.

We observed a mortality rate of 41.2 % with VAIs (vs.

36.5 % in the no VAI group), and nearly 50 % of VAI

patients ended up with poor discharge outcomes compared

to 35 % without VAI. Possible explanations for these

findings include: worse neurologic outcome due to VAI

itself, larger IVH requiring longer EVD duration, and

unmeasured complications such as increased intracranial

pressure, ICH expansion and ventriculostomy-associated

hemorrhage. IVH is a significant risk factor for VAI and is

also an independent predictor of 30-day ICH mortality and

90-day functional outcomes [1, 20]. Another plausible

reason could be higher rates of new or expanded ICH/IVH

following ventriculostomy. For instance, overall hemor-

rhage rates associated with EVDs are said to vary from 1 to

Table 2 Comorbidities, complications, and procedures performed on patients with intracerebral hemorrhage

Comorbidities VAI, n = 1934 (5.6 %) No VAI, n = 32304 (94.4 %) p value

Charlson’s Index

0–1 1465 (76.4) 24035 (75.0) 0.005

2 370 (19.3) 6057 (18.9)

C3 82 (4.3) 1948 (6.1)

Hypertension 1317 (68.7) 23733 (74.1) <0.001

Diabetes mellitus 396 (20.7) 6408 (20.0) 0.504

Hyperlipidemia 244 (12.6) 4430 (13.7) 0.183

Congestive heart failure 151 (7.9) 2934 (9.2) 0.064

Coronary artery disease 208 (10.8) 3475 (10.5) 0.918

Smoking 164 (8.5) 3198 (9.9) 0.046

Alcohol use 145 (7.6) 2644 (8.3) 0.306

Anticoagulant use 65 (3.4) 12668 (4.0) 0.195

APRDRG risk of mortality

Minor 15 (1.1) 416 (1.3) <0.001

Moderate 97 (5.1) 1327 (4.1)

Major 779 (40.6) 16644 (51.9)

Extreme 1026 (53.5) 13652 (42.6)

Complications

Hydrocephalus 1850 (95.7) 30851 (95.5) 0.816

Venous thromboembolism 166 (8.6) 1484 (4.6) <0.001

Pneumonia 565 (29.2) 7679 (23.8) <0.001

Urinary tract infection 459 (23.7) 6122 (19.0) <0.001

Sepsis 412 (21.3) 3137 (9.7) <0.001

Seizures 265 (13.7) 3482 (10.8) <0.001

Procedures

Intraventricular rt-PA infusion 93 (4.8) 1486 (4.6) 0.961

Craniotomy 58 (3.0) 1200 (3.7) 0.119

Craniectomy 46 (2.4) 554 (1.7) 0.038

Tracheostomy 87 (4.5) 872 (2.7) 0.025

Gastrostomy 799 (41.3) 9474 (29.3) <0.001

Bold values indicate p value < 0.05

rt-PA recombinant tissue plasminogen activator, VAI ventriculostomy-associated infection
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48 %, with a symptomatic ICH rate of 0 to 14.6 % [12].

The CLEAR-III trial reported a total EVD-related hemor-

rhage rate of 17.2 % with 2.4 % symptomatic hemorrhages

[12]. Lack of specific ICD-9 codes for IVH, and absence of

data on EVD duration, ICH and IVH volume, and neuro-

logic assessment scales precluded further exploration of

these variables in the analysis. The higher utilization of

tracheostomy and gastrostomy tubes in patients with VAI

compared to those without, suggests these patients had

worse neurologic function. Systemic infections and sepsis

were also more common in VAI patients, which may be

attributable to post-stroke (or post-ICH) immunodepression

marked by lymphopenia and upregulation of anti-inflam-

matory cytokines [21]. The consequence of this cascade is

a higher rate of systemic infections that subsequently

worsen clinical outcomes [22]. Conversely, systemic

infections may act as potential sources for hematogenic

spread to the central nervous system resulting in menin-

gitis, which may have been diagnosed as VAI. Lack of

availability of timeline of different infections prevented us

from further studying the number of VAIs preceded by

systemic infections.

This is also the first study to analyze resource utilization

measures and hospital characteristics in VAI following

ICH. We noted that patients with VAI had almost twice

longer length of stay than non-VAI patients. This may

reflect more severe ICH/IVH in the VAI cohort, or the need

for longer duration of EVD increasing infection risk. Prior

studies have shown that EVDs longer than 5 days have

higher VAI rates compared to those with a shorter duration

[23, 24]. Further, once diagnosed, completion of antibiotic

therapies may have warranted continued hospitalization

prolonging the length of stay. Presumably, higher rates

of CSF shunt procedures and longer length of stay

(particularly in the intensive care unit) drove the overall

higher cost of care in the VAI cohort. As for hospital

characteristics, our analysis suggests that high ICH case

volume centers appear to have higher VAI rates. The

observed incidence of VAI in the lowest volume centers

(1st quartile) was 4.8 %, which gradually increased to

6.1 % in the highest ICH volume centers (4th quartile). We

compared patient comorbidities between those admitted to

high and low ICH volume centers. ICH patients admitted to

high volume centers had higher Charlson comorbidity

scores and higher APR-DRG risk of mortality. Higher case

volume centers would have more expertise in placement

and subsequent management of EVDs, not to mention

standardized protocols. Hence, one may surmise that these

patients had overall higher ICH severity (larger hematoma,

more intraventricular hemorrhage) which may have

necessitated longer duration of EVD and hence the higher

VAI rate. However, data on EVD duration was not avail-

able in the NIS database.

The results of this study should be interpreted with

caution due to inherent limitations of administrative data-

bases, the retrospective and exploratory nature of the

analyses, lack of well-validated ICH severity measures,

and follow-up data. For severity measures, the NIS data-

base did not have information on Glasgow coma scale or

ICH/IVH volume and location. We used a previously val-

idated DRG-based risk of mortality algorithm to partially

overcome this limitation, although classification was likely

imperfect. ICD-9-CM code 431 is validated to have high

positive predictive value for diagnosing primary ICH from

administrative datasets [9, 25], but the accuracy of the code

for meningitis has not been studied. However, the code for

meningitis has been used in prior studies utilizing the NIS

database [26, 27]. While random ICD-9 coding errors are

Table 3 Multivariable regression models showing effect of external ventriculostomy drain-associated infections (EVDAI) on intracerebral

hemorrhage (ICH) outcomes

Outcomes Intracerebral hemorrhage requiring ventriculostomy

VAI (%), n = 1934 (5.6 %) No VAI (%), n = 32304 (94.4 %) Adjusted OR (95 % CI) p value

In-hospital mortality* 797 (41.2) 11791 (36.5) 1.38 (1.22- 1.46) <0.001

Permanent CSF shunt* 291 (15.0) 2934 (9.1) 1.78 (1.49- 2.11) <0.001

Resource utilization measures VAI (IQR) No VAI (IQR) Beta (SE) p value

Median length of stay (days, IQR) 31.0 (22.0–45.0) 16 (8.0–26.0) 0.12 (0.53) <0.001

Median cost of care (USD, IQR) 91170.4 (58465.8–134725.2) 47927.8 (27818.8–79492.2) 0.17 (1380.6) <0.001

Models adjusted for age, sex, race, hospital teaching status, ICH case volume, Charlson’s index, hypertension, anticoagulant use, APRDRG

mortality risk, venous thromboembolism, pneumonia, urinary tract infection, sepsis, seizures and craniectomy

Bold values indicate p value < 0.05

CSF cerebrospinal fluid, VAI ventriculostomy-associated infection, IQR inter quartile range, SE standard error, SNF skilled nursing facility, USD

US dollars

* Model was adjusted for length of stay in addition to the covariates mentioned above
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possible, they would bias the results toward the null, and

are hence unlikely to account for the measured differences

in mortality rates found in this study. The NIS database

also did not have data on the duration of EVD, use of

antibiotic impregnated EVDs, day of diagnosis of VAI, or

use of prophylactic antibiotic therapy. Despite these limi-

tations, large national administrative datasets such as the

NIS provide a readily available opportunity to study less

frequent complications like VAI at a population level.

Conclusion

VAI is associated with higher mortality, less favorable

discharge outcomes, and more resource utilization mea-

sures in ICH patients. Annual incidence of VAI has,

however, increased only slightly over the past decade and

in parallel with apparent increased ventriculostomy uti-

lization. Baseline patient demographics, comorbidities,

hospital characteristics appear to predict VAI following

ICH. Given the poor outcomes, better measures to mitigate

VAIs are warranted.
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