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S

ince their introduction in the 1950s, cerebrospinal fluid
(CSF) shunts have been the mainstay of hydrocephalus
treatment.1-5 Despite improvements in preoperative and perioperative antibiotic therapy, 5% to 15% of all shunts placed in
North America become infected.1,6,7 The clinical consequence of
shunt infections in both pediatric and adult high-risk populations
has been described extensively and includes reduced intelligence
quotient, psychomotor retardation, and seizures.1,8-13 Several
independent risk factors have been identified, including patient
age, cause of hydrocephalus, duration of surgery, revision
surgery, surgeon experience, preceding shunt infection, postoperative CSF leakage, and conversion from external ventricular
drain to shunt.14 The direct medical cost of shunt infection has
been reported to be $17 300 to $48 454, with an estimated total
annual cost of $100 million.11,15-17
Antibiotic-impregnated shunts (AISs) were recently
introduced with the aim of reducing the incidence rate of
shunt-related infections. The AIS catheters release antibiotics
over the course of several weeks to prevent the colonization of
shunt systems by Gram-positive bacteria, which accounts for
the preponderance of shunt infections.7,14,18,19 To date, the
majority of published studies on this subject have demonstrated a statistically significant reduction in shunt-associated
infections when AIS catheters were used; however, there has
been some reluctance to adopt these systems because of their
increased cost compared with conventional catheters.6,10,20-23
Furthermore, the efficacy of AIS catheters in these studies was
confined to the pediatric population. Less evidence exists
supporting their utility in adult hydrocephalus.24
We recently reported a significant reduction in the
incidence of shunt infection in adult hydrocephalus after the
categorical conversion to AIS catheters at our institution.24 In the
present study, we performed a retrospective cohort study and
economic analysis to determine whether the use of AIS catheters
in adult hydrocephalus at our institution has been cost-effective.
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METHODS
All adult patients undergoing CSF shunt insertion by
a single surgeon (D.R.) over a 7-year period at the Johns
Hopkins Hospital were retrospectively reviewed (2004-2009).
In 2006, a categorical switch to AIS catheters (Bactiseal,
Codman) was made. Before 2006, standard nonimpregnated
shunt catheters were used. In 2006 and thereafter, AIS
catheters were used in all cases regardless of patient
characteristics. Once the 250th consecutive AIS shunt system
was implanted in February 2009, this retrospective cohort
study was initiated to determine the incidence of infection in
our experience with AIS catheters. As a comparison group, the
250 consecutive patients receiving standard non-AIS CSF
shunts immediately before the AIS conversion were reviewed
(2004-2006). Patient demographics, CSF shunt surgery
history, clinical presentation, radiological studies, operative
variables, shunt type and configuration, and CSF, blood, and
hardware culture data were reviewed. Only adult patients (.
21 years of age) were included.
The majority of patients undergoing CSF shunting for
adult hydrocephalus in our practice were treated for normalpressure hydrocephalus (NPH) or idiopathic intracranial
hypertension (pseudotumor cerebri). As previously described
in detail,25,26 NPH patients were shunted if they demonstrated
cognitive decline, gait abnormalities, or urinary incontinence
with significant improvement after trial CSF drainage. As also
previously described by our group, pseudotumor cerebri patients
were shunted if they had medically refractory headache or visual
decline and persistently elevated opening pressures on serial
lumbar punctures.27 Throughout the reviewed period of time
(2004-2009), no modifications were made to the shunt surgery
technique or procedure other than the use of AIS catheters in
2006. All procedures were done in the same surgical suites by
the senior author. Moreover, the treatment of shunt infection
remained standardized throughout the reviewed period.
Shunt infection was defined as a clinical suspicion of
shunt infection (fever, increased white blood cell count, and/or
wound breakdown involving the shunt) with positive cultures
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from CSF and/or hardware. All cases of shunt infection were
treated with intravenous antibiotics and either shunt externalization or shunt removal.

Resource Use and Hospital Cost Data
Resources used in the treatment of shunt infection
during the reviewed time period were recorded. These data
included duration of hospital stay, days of intensive care unit
stay, duration of shunt externalization, duration of intravenous
antibiotics, number of shunt surgeries, number and type of
imaging modalities used, use of peripherally inserted central
catheter lines, and number of subspecialty consults. Resources
used to treat morbidities that resulted directly from shunt
infection were also recorded and included multiorganism
infections, hospital-acquired pneumonia, and dermatological
and renal complications to antibiotic therapy.
The billing and accounting records of all patients treated
for CSF shunt infection during this time period were reviewed
in detail. The hospital billing records consisted of an itemized
list of all costs incurred during the hospital stay for shunt
infection. Any billing costs related to procedures, tests, or other
general resources not directly related to CSF shunt infection
were excluded. The total billing costs for the treatment of CSF
shunt infection were calculated for each patient. Parametric data
was expressed as mean 6 SD and compared via the Student t
test. Nonparametric data were expressed as median (interquartile range [IQR]) and compared via the Mann-Whitney test.
Percentages were compared by use of 2-tailed x2 tests.

RESULTS
Patient Population
A total of 500 CSF shunt procedures were performed for
adult hydrocephalus during the reviewed period. Of these
operations, 240 (48%) were performed in men and 260 (52%)
were performed in women; patients ranged from 21 to 93 years
of age (mean, 60 6 18 years). Underlying pathology included
NPH hydrocephalus in 378 patients (76%) and pseudotumor
cerebri in 83 patients (17%). Forty patients (8%) underwent
shunting for various obstructive and communicating hydrocephalus types. Cerebrospinal fluid shunting was performed for
initial implantation in 376 patients (75%) and for shunt catheter
revision in 124 patients (25%). The types of shunts that were
placed included 314 (63%) ventriculoperitoneal shunts, 170
(34%) ventriculoatrial shunts, and 15 (3%) ventriculopleural
shunts. There were no significant differences in patient age
(60 6 19 vs 61 6 18 years), type of hydrocephalus (NPH, 183
[73%] vs 195 [78%]; pseudotumor cerebri, 47 [19%] vs 36
[14%]), or proportion of shunt revisions (54 [22%] vs 70 [28%])
between AIS and non-AIS cohorts. However, ventriculopleural
shunts were used more frequently in the AIS (13 [5%]) than in
the non-AIS (2 [1%]) cohort (P , .01).
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Shunt Infection, Resource Use, and Cost
By 12 months after surgery, 13 patients (2.6%)
experienced a CSF shunt infection a mean of 2 6 2 months
postoperatively. The incidence of shunt infection was
decreased in the AIS (n = 3, 1.2%) compared with the nonAIS (n = 10, 4.0%) cohort (P = .05). For AIS vs non-AIS
patients, mean length of stay was 20.3 vs 11.5 days; shunt
surgeries per infection was 2.3 vs 1.9; number of computed
tomography scans per infection was 6.3 vs 2.7; number of xrays per infection was 2.0 vs 1.8; and number of magnetic
resonance images per infection was 3 vs 1. Overall, the median
cost per shunt infection was $28 686 (IQR, $25 729-$48 732).
For AIS catheters, the median cost per shunt infection was $56
452 (IQR, $49 515-$71 272; range, $42 577-$86 091). For
non-AIS catheters, the median cost per shunt infection was
$28 224 (IQR, $24 902-$34 350; range, $14 234-$62 481).
Per 250 shunts placed, the total cost associated with
shunt infection was reduced from $321 407 to $203 424 after
the conversion to AIS catheters. AIS catheters were associated
with an infection-associated direct cost-savings of $47 193 per
100 shunt surgeries performed.

DISCUSSION
In a retrospective analysis of our categorical conversion
to AIS catheters in the treatment of adult hydrocephalus at
a tertiary medical center, we observed a 3.3-fold reduction in
the incidence of shunt infection. This reduction in infection
was associated with a significant reduction in infection-related
resource use and direct medical costs. Although the 3 patients
with AIS infection had more prolonged hospital courses and
a greater mean infection-related cost per patient, the large
reduction in infection incidence resulted in a cost savings of
$47 193 per 100 shunt surgeries performed. Our experience
suggests that AIS catheters are cost-effective when used in the
treatment of adult hydrocephalus.
Of the approximately 40 000 shunt surgeries performed
annually to treat hydrocephalus, shunt failure rates as one of
the most common causes of shunt-related complications.4,8,22,28-30 Risk factors associated with shunt infections
in high-risk adult patients include inadequate surgical
technique, length of surgery, number of prior revisions,
experience of the surgeon, type of hydrocephalus, patient age,
immune status, and postoperative CSF leakage. Despite
significant improvement in surgical technique, perioperative
antibiotic therapy, adherence to sterilization techniques, and
appreciation of the aforementioned risk factors, low infection
rates are not consistently achieved.20 Shunt-associated
infections prolong in-hospital stays and lead to significant
morbidity and mortality, with 33% of shunt-related deaths
occurring as a result of shunt infection.10,17,28,31,32
Numerous studies have demonstrated a reduction in
shunt infection with AIS systems. Pattavilakom et al23 showed
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in a prospective cohort study of 243 AIS procedures
a significant reduction in the infection incidence rate with
antibiotic-impregnated compared with nonimpregnated catheters (1.2% vs 6.5%, respectively). Similarly, Eymann et al,10
in a retrospective study, reported an 85% reduction in shunt
infection rate with AIS systems in adults and a 72% rate
reduction in children. In a prospective randomized trial,
Govender et al33 also demonstrated a statistically significant
reduction in shunt infections with AIS (6%) vs non-AIS (17%)
systems. Furthermore, Sciubba et al7,11 reported a 2.4-fold
reduction in shunt-associated infections , 6 months after
surgery with antibiotic-impregnated catheters.
To date, 2 studies have failed to show a reduction in
shunt infection with AIS catheters. In a retrospective cohort
study of 258 patients, Ritz et al6 reported a similar incidence of
shunt infection when AIS (6.94%) or non-AIS (7.14%)
catheters were used. In a retrospective cohort study of 214 AIS
and 77 non-AIS shunt catheters, Hayhurst et al34 also
demonstrated comparable infection rates between AIS
(9.8%) and non-AIS (10.4%) systems. However, . 25% of
their shunts were revisions of previous infections, were placed
after external ventricular drain–associated ventriculitis, or
were conversions from external ventricular drain to shunt.
The reluctance of providers and healthcare systems to
adopt AIS catheters into practice has been due largely to the
direct initial cost of these systems. Each AIS catheter costs
approximately $400 more than conventional systems, which,
when aggregated, represents a significant upfront cost in highvolume centers.10,28 However, when considering the significant cost savings associated with the reduction in infection
reported here, we see that AISs may be extremely costeffective. Shunt infections occur as the principal diagnosis in
7.2% of pediatric hydrocephalus admissions and cost an
additional $17 300 to $48 454 per infection.10,17,22,28,32 Our
overall median cost of shunt infection ($28 686) was
consistent with these estimates.
Several potential weaknesses of this retrospective study
should be noted. Although treatment bias was limited by the
categorical switch from non-AIS to AIS systems, unmeasured
factors related to time of care or evolution of the associated
health services may have contributed in part to the results
observed here. Because costs were calculated and compared
only for patients experiencing a shunt infection, the increased
cost of the AIS vs conventional catheter in noninfected
patients was not factored into our analysis. This increased
upfront cost should be considered when interpreting the
infection-related cost savings reported in this study. In
addition, costs were calculated from billing records and not
collections. Collections will vary between institutions, insurance providers, and geographic regions and are always less
than total charges. Hence, collections-based cost estimates will
be less than reported here. However, indirect costs such as
missed work and lost productivity were not assessed in this
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study and may far exceed the direct medical cost savings
associated with reduced shunt infection. Nevertheless, the
treatment strategy and algorithm of care for shunt infections
remained constant throughout the reviewed period, suggesting
that the AIS-associated cost savings were due directly to the
rate reduction in infection rather than confounding factors.

CONCLUSION
In a retrospective cohort study of 500 CSF shunt
surgeries performed for adult hydrocephalus, our categorical
conversion to AIS catheters was associated with a significant
reduction in infection-related medical costs within the first
year after surgery. Although prospective, randomized costutility studies are needed to confirm our observations, our
results suggest that AIS catheters are cost-effective in the
treatment of adult hydrocephalus.
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