Factors affecting ventriculoperitoneal shunt revision: a post hoc analysis of the British Antibiotic and Silver Impregnated Catheter Shunt multicenter randomized controlled trial
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Objective The British Antibiotic and Silver Impregnated Catheter Shunt (BASICS) trial established level I evidence of the superiority of antibiotic-impregnated catheters in the prevention of infection of newly implanted ventriculoperitoneal shunts (VPS). A wealth of patient, shunt, and surgery-specific data were collected from trial participants beyond that of the prespecified trial objectives.
Methods This post hoc analysis of the BASICS shunt survival data explores the impact of patient age, hydrocephalus etiology, catheter type, valve type, and previous external ventricular drain on the risk of infection or mechanical failure. Time to failure was analyzed using Fine and Gray survival regression models for competing risk.
Results Among 1594 participants, 75 underwent revision for infection and 323 for mechanical failure. Multivariable analysis demonstrated an increased risk of shunt infection associated with patient ages < 1 month (subdistribution HR [sHR] 4.48, 95% CI 2.06–9.72; p < 0.001) and 1 month to < 1 year (sHR 2.67, 95% CI 1.27–5.59; p = 0.009), as well as for adults with posthemorrhagic hydrocephalus (sHR 2.75, 95% CI 1.21–6.26; p = 0.016). Age ≥ 65 years was found to be independently associated with reduced infection risk (sHR 0.26, 95% CI 0.10–0.69; p = 0.007). Antibiotic-impregnated catheter use was also associated with reduced infection risk (sHR 0.43, 95% CI 0.22–0.84; p = 0.014). Independent risk factors predisposing to mechanical failure were age < 1 month (sHR 1.51, 95% CI 1.03–2.21; p = 0.032) and 1 month to < 1 year (sHR 1.31, 95% CI 0.95–1.81; p = 0.046). Age ≥ 65 years was demonstrated to be the only independent protective factor against mechanical failure risk (sHR 0.64, 95% CI 0.40–0.94; p = 0.024).
Conclusions Age is the predominant risk for VPS revision for infection or/and mechanical failure, with neonates and infants being the most vulnerable.
Clinical trial registration no.: ISRCTN 49474281 (https://www.journalslibrary.nihr.ac.uk/programmes/hta/1010430/#/)
Abbreviations BASICS = British Antibiotic and Silver Impregnated Catheter Shunt Randomised Controlled Trial; csHR = cause-specific HR; EVD = external ventricular drain; IIH = idiopathic intracranial hypertension; iNPH = idiopathic normal pressure hydrocephalus; PHH = posthemorrhagic hydrocephalus; sHR = subdistribution HR; VPS = ventriculoperitoneal shunt.
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VENTRICULOPERITONEAL shunt (VPS) insertion is one of the most common neurosurgical procedures performed worldwide in both adults and children, with 3500 insertions performed per year in the United Kingdom and 33,000 per year in the United States.1,2 VPS insertion can lead to infection or mechanical failure, resulting in all-cause revision rates of 19%–25% by 6 months, 22%–40% by 1 year, and 80% by 10 years.3,4
The British Antibiotic and Silver Impregnated Catheter Shunt (BASICS) randomized controlled trial (ISRCTN 49474281, https://www.journalslibrary.nihr.ac.uk/programmes/hta/1010430/#/), funded by the National Institute for Health Research Health Technology Assessment, demonstrated a reduced infection rate of 2.2% in patients receiving antibiotic-impregnated VPS tubing (clindamycin + rifampicin: Bactiseal, Integra LifeSciences; and Ares, Medtronic) compared with 6.0% in standard silicone catheters and 5.9% in silver-impregnated catheters.4 Also noted at the time of publication was that VPS infection rates were higher in young children compared with adults and, despite the reduced infection rate associated with antibiotic catheters, that all-cause revision rates were equivocal for all catheter types.
In clinical practice, it has been observed that VPS infection and mechanical failure rates vary between patients. There is, however, a lack of high-quality evidence to support these anecdotal observations, with inconsistent reporting of factors that influence VPS longevity.5–11 Their identification is based on several smaller trials and some larger-scale case series. There has been a small number of systematic reviews reporting on failure rates in specific etiologies, although no systematic review exists evaluating all-cause failure in hydrocephalus.12–15 Most revisions occur within 1 year after insertion, and the revision risk decreases over time. Commensurate with this, patients who have undergone VPS revision are at higher risk of needing future VPS revision.16
The aim of this study was to perform a post hoc analysis to investigate the risk of VPS infection and mechanical failure stratified by patient, technical, and surgical factors.
Methods
Study Design
This was a post hoc analysis of derived data sets from the BASICS trial; full trial details have been previously published.4,17 All data sets used anonymized unique patient identification numbers.
Study Participants and Data Collection
Patients of any age with various hydrocephalus etiologies who underwent de novo VPS insertion were eligible for inclusion in the BASICS trial. Patients were randomized to receive standard silicone, silver-impregnated, or antibiotic-impregnated ( Bactiseal, Integra LifeSciences; and Ares, Medtronic) VPS catheters. In addition to the primary outcome data on VPS survival, patients also gave their consent for collection of demographic and clinical data relevant to their condition and treatment-to-inform analysis.
Patient Groupings
For the primary trial analysis, patients were grouped into 3 age cohorts; pediatric (upper age defined according to individual unit practice), adult (≤ 65 years), and adult (> 65 years). For the purpose of post hoc analysis, a novel age categorization scheme was devised to separate patients into more clinically relevant groups as follows: < 1 month, 1 month to < 1 year, 1 year to < 5 years, 5 years to < 16 years, 16 years to < 65 years, and ≥ 65 years. Prematurity was defined as birth prior to 37 weeks’ gestation and was considered as a potential clinically important factor for both infection and mechanical failure up to the age of 2 years, beyond which it was discounted from analysis.
Clinical data recorded at recruitment included information on hydrocephalus etiology. For this post hoc analysis, clinically relevant etiologies recorded in at least 30 patients were analyzed. Patients with nonspecific (other congenital, other acquired, other idiopathic, and cyst) or rare etiologies (n < 30) were excluded due to concerns that the number of events would be insufficient for any meaningful analysis. Each etiology is explored as separate variables to allow for multiple etiologies to be present (e.g., spina bifida and Chiari malformation).
VPS valves were categorized as nongravitational or gravitational on the basis of whether they comprised either an integrated or add-on device designed to prevent posture related over drainage (e.g., antisiphon device or gravitational valve). In addition, valves were categorized as programmable or nonprogrammable based on whether they had programmable opening pressure settings to permit postimplantation regulation of CSF drainage.
Outcomes
Participants were followed up for a maximum of 24 months. The primary endpoint for the trial was time to first VPS revision for infection. Revision for infection includes all VPS failures determined by central trial panel review to represent definite, probable, or possible bacterial VPS infection or deep wound infection, managed by VPS removal and antibiotic treatment. Secondary outcomes included revision for any reason other than infection, herein collectively termed mechanical failure. Mechanical failure encompasses all noninfective VPS failures including but not limited to mechanical obstruction, disconnection, and functional failure (both under- and overdrainage) requiring surgical VPS revision.
Statistical Analysis
Data management and statistical analysis were performed in RStudio with R version 4.02. Participant characteristics including age and etiology are presented with counts and percentages and associations presented descriptively and graphically. Association between valve type and age/etiology is presented descriptively. Reason for VPS revision is presented descriptively, and analysis, where the event of interest was due to infection or mechanical failure alternately, used Fine and Gray survival regression models with subdistribution hazard ratios (sHRs) and cause-specific HRs (csHRs) presented per established convention.18 Multiple regression models for infection and mechanical failure risk were developed based on factors significant on univariable analysis (p < 0.05), approaching significance level, or of specific clinical interest. A backward selection method was employed, comparing Akaike and Bayesian information criteria to determine final factor inclusion and produce the most parsimonious model. Schoenfeld residuals from these models were plotted to test the assumption of proportional hazards. VPS survival over time is illustrated using cumulative incidence plots. Statistical significance threshold was set at p < 0.05. Data were assumed to be missing at random, and therefore no imputation was carried out during analysis. No adjustment for multiplicity was performed; rather, inferences are drawn from the statistical significance of the results reported.
Results
A total of 1605 patients receiving de novo VPS insertion from 21 neurosurgery centers in the United Kingdom were recruited and randomized to the trial between June 2013 and October 2017. These included 1011 adult (63%) and 594 pediatric (37%) patients. Following dropout (0.7%), outcome data from 1594 patients were recorded. The median follow-up was 22 months.
A total of 398 VPS revisions were undertaken during the trial period, giving an all-cause VPS revision rate of 21.77% at 1 year and 24.97% at 2 years. Seventy-five VPS revisions (4.67%) were performed for infection within 24 months of insertion. The median time to revision in the setting of infection was 1 month (IQR 0–1 months). A total of 323 VPS revisions (20.26%) were performed for other reasons, defined as mechanical failure herein, within 24 months. The median time to revision for this group was 3 months (IQR 1–8 months).
Univariable Analysis
Catheter Type
Patients were randomized to receive standard silicone, antibiotic-impregnated, or silver-impregnated catheters (Table 1). Primary outcome analysis published previously revealed a statistically significant reduction in infection rates for the antibiotic catheter group (2.24%) versus standard silicone (6.00%) and silver-impregnated (5.89%) catheters.4 In addition, a relative increase (nonsignificant) in mechanical failure rate in the antibiotic catheter arm (22.43%) was noted compared with the standard silicone (18.39%) and silver-impregnated (19.96%) catheter arms (Fig. 1). This resulted in equivocal all-cause VPS revision rates for antibiotic, standard silicone, and silver impregnated-catheter cohorts (24.67%, 24.39%, and 25.85%, respectively).
Patient Age
Participants ranged from 1 day to 91 years old (median age 42.72 years [IQR 0.82–69.67 years]). A roughly bimodal distribution of patient ages was seen with 409 patients < 1 year of age, of whom 135 patients were neonates (< 1 month). There was a second peak of patients ≥ 65 years (n = 503). The age distribution of participants is summarized in Table 1. Risk for both VPS infection and mechanical failure was increased in younger patients (Table 1 and Fig. 2). When compared with patients in the 16- to 65-year age group, children < 1 month old had the greatest risk for infection (14.07%; sHR 3.23, 95% CI 1.77–5.87; p < 0.001) followed by those 1 month to < 1 year of age (8.03%; sHR 1.79, 95% CI 1.00–3.19; p = 0.050). Patients ≥ 65 years of age demonstrated the lowest risk of VPS infection (0.99%; sHR 0.21, 95% CI 0.08–0.56; p = 0.002).
Compared with patients aged 16–65 years, children < 1 month of age had the highest risk for mechanical failure (32.59%; sHR 1.84, 95% CI 1.29–2.61; p < 0.001), again followed by those 1 month to < 1 year of age (29.56%; sHR 1.60, 95% CI 1.19–2.13; p = 0.002). Age ≥ 65 years was associated with reduced risk of mechanical failure (9.94%; sHR 0.49, 95% CI 0.35–0.69; < 0.001).
Prematurity
A total of 177 patients born at < 37 weeks’ gestation were classified as preterm; the median gestation was 29 weeks (IQR 26–34 weeks), and the median age at VPS insertion was 0.24 years, giving a median corrected gestational age at insertion of 0.03 years (1.56 weeks). Of the patients younger than 2 years at recruitment, 265 were born at term (median gestation 38 weeks [IQR 37–38 weeks], with a median age at VPS insertion of 0.07 years [3.64 weeks]). No significant difference in the rates of infection or mechanical failure were seen when comparing preterm and term births (Table 1).
Hydrocephalus Etiology
A total of 17 separate etiologies were recorded in the trial. Excluding nonspecific and rare etiologies (n < 30), 11 separate etiology groups remained, n=1353 (Table 1). A clear association between age and hydrocephalus etiology is evident (Fig. 3). Pediatric posthemorrhagic hydrocephalus (PHH) and spina bifida dominated the neonatal and infant cohorts; the median ages at time of recruitment were 0.06 years (IQR 0.03–0.12 years) and 0.26 years (IQR 0.16–0.42 years), respectively. Idiopathic normal pressure hydrocephalus (iNPH) and adult PHH dominated the adult cohorts; the median ages at time of recruitment were 74.77 years (IQR 69.79–79.08 years) and 61.70 years (IQR 49.84–69.44 years), respectively.
Hydrocephalus associated with spina bifida demonstrated the highest risk of VPS infection (12.61%; sHR 3.16, 95% CI 1.79–5.59; p < 0.001). This was followed by aqueductal stenosis (11.76%; 2.76, 1.34–5.68; p = 0.006) and pediatric PHH (7.59%; sHR 1.92, 95% CI 1.05–3.54; p = 0.035). Patients with VPSs inserted for iNPH demonstrated a significantly reduced infection risk compared with other etiologies (0.55%; sHR 0.14, 95% CI 0.04–0.44; p < 0.001).
Mechanical failure risk was highest also in patients with spina bifida (30.63%; sHR 1.64, 95% CI 1.16–2.31, p = 0.005), pediatric PHH (26.21%; sHR 1.51, 95% CI 1.10–2.09; p = 0.012), and aqueductal stenosis (26.47%; sHR 1.39, 95% CI 0.87–2.23; p = 0.17) compared with all other etiologies. Patients with IIH also demonstrated a higher mechanical failure rate of 25.29%, although this was not statistically significant. Patients with iNPH demonstrated the lowest risk of mechanical failure (9.14%; sHR 0.36, 95% CI 0.25–0.51; p < 0.001).
Shunt Valve
Data on the VPS valve implanted were available for 1555 (97.5%) of trial participants. As illustrated in Table 2, there was a variability seen between valve choice (both gravitational and programmable) in the various etiology and age groups.
No difference in mechanical failure rate was demonstrated between gravitational and nongravitational valves (Table 1). There was, however, a statistically significant reduction in mechanical failure rate associated with the use of programmable valves compared with nonprogrammable valves (13.23% vs 24.28%; sHR 0.53, 95% CI 0.41–0.68; p < 0.001) (Fig. 4).
Due to the lack of meaningful mechanistic link between valve type and infection, no statistical analysis of their association is reported.
Prior External Ventricular Drain 
A total of 283 patients had indwelling external ventricular drain (EVD) prior to VPS insertion. An increase in infection rate was seen in comparison with patients without prior EVD (7.77% vs 4.04%; sHR 1.95, 95% CI 1.19–3.18; p = 0.008) (Table 1 and Fig. 5).
Multivariable Analysis
Multivariable models were designed with infection and mechanical failure as the outcomes of interest (Table 3).
Infection
Age factors predominated the infection risk with a marked increase associated with ages of < 1 month (sHR 4.48, 95% CI 2.06–9.72; p < 0.001) and 1 month to < 1 year (sHR 2.67, 95% CI 1.27–5.59; 0.009). As previously published, the use of antibiotic-impregnated VPS catheters was significantly protective against infection (sHR 0.43, 95% CI 0.22–0.84; p = 0.014) in the current model.4,19,20 Adult PHH etiology was also noted to be an independently significant risk factor for infection (sHR 2.75, 95% CI 1.21–6.26; p = 0.016), although this was not the case for pediatric PHH.
Mechanical Failure
Multivariable modeling revealed ages of < 1 month (sHR 1.51, 95% CI 1.03–2.21; p = 0.032) and 1 month to < 1 year (sHR 1.31, 95% CI 0.95–1.81 p = 0.046) to be the only factors independently associated with increased risk of VPS mechanical failure when adjusting for covariates. Age ≥ 65 years was seen to be protective (sHR 0.64, 95% CI 0.4–0.94; p = 0.024).
Discussion
In this post hoc analysis, multivariable regression analysis of survival data demonstrated young patient age, nonantibiotic catheter type, and PHH in adults to be the main factors contributing to infection risk, while patient age was the predominant influence on the risk of mechanical failure. The BASICS multicenter randomized controlled trial provided level I evidence of the efficacy of antimicrobial (rifampicin and clindamycin)–impregnated catheters in reducing the rate of infection related to VPS revision compared with silver-impregnated and plain silicone catheters.4 The robust protocol of the trial ensured data quality and consistency of follow-up in addition to minimal loss to follow-up (< 1%) gives weight to our findings.
Patient Age
Our novel age categorization scheme employed herein was devised to mirror hydrocephalus patient populations seen in clinical practice. This was done to facilitate a pragmatic and clinically applicable analysis. Younger age is associated with increased risk of VPS infection and mechanical failure; evidence of this association has been known for more than 30 years.21 All-cause failure (infection and mechanical failure) is most commonly reported in the literature, predominantly from retrospective cohort studies.5,6 Pediatric populations have demonstrated the highest risk of VPS revision, up to 4 times that of their adult counterparts, with the risk being most pronounced in infants and neonates with preterm birth also previously identified as a risk factor.22
Further studies analyzing infection risk alone in VPS patients have demonstrated significantly elevated risk of infection for infants < 6 months of age (between 2 and 3 times higher) than for adult patient).9,23 Infection risk has been noted to decrease with older age in childhood, with equivalent risk attained by adolescence.10,24
We did not find any statistically significant risk difference for either infection or mechanical failure associated with preterm birth. We deliberately chose to limit comparison of VPS survival in preterm children with children born at term who underwent surgery before 2 years of age. The main rationale for excluding older patient cohorts from this comparison is that in addition to younger children being physically smaller with more delicate tissues and impaired wound healing, they are known to have less mature immune and biological responses to infection than older children and adults.23,25
Existing studies have reported preterm birth (< 40 weeks’ gestation) as a significant risk factor, with approximately double the risk; however, those studies compared preterm infants with older children and adults, which may explain this discrepancy.10,26
Another compelling explanation for the lack of additional risk seen in our preterm cohort, when compared with the existing literature, is that the age at surgery for these two groups in the trial was comparable when correcting for prematurity. The median gestationally corrected age in weeks at time of implantation was 1.56 weeks for children born preterm compared with 3.64 weeks for children born at term. Any additional risk for infection and mechanical failure that is conferred by preterm status was therefore likely mitigated by the now-widely employed practice of delaying surgery until preterm infants reach a threshold minimum body weight (typically 2 kg).
Our analysis has demonstrated a markedly increased risk of VPS complication associated with younger age in pediatric cohorts, in particular in neonates and infants when compared with older children and adults. This risk was most notably exaggerated for infection. The underlying pathophysiological reason for this is unclear, although a combination of factors, including patient size, immature immune system, deficiencies in wound healing and poor skin integrity and intercurrent illnesses, are implicated.9,10,23,27 This risk is reduced by early childhood and entirely by adolescence.10,24 We propose that studies of pediatric hydrocephalus patients should not be grouped together as a single cohort, since this ignores the clear variation in risk profile between younger and older children and would therefore confound analysis. Similarly, comparison of adult and pediatric cohorts is also potentially misleading for the same reason. Future studies of VPS infection and mechanical failure should analyze outcomes with finer granularity.
Etiology and EVD Use
Posthemorrhagic hydrocephalus in adults was associated with an almost threefold increase in the risk of VPS infection when correcting for covariates. Paradoxically, this group shows reduced risk of mechanical failure in comparison with other etiologies. The high proportion of patients within this cohort who had an EVD in situ prior to VPS placement (61.4% compared with 11.8% for non-PHH etiology) was likely a factor in the increased infection risk. The infection rate for adult patients with PHH with prior EVD was 8.5% compared with 5.3% for those without prior EVD. Published studies have reported EVD infection rates between 3.5% and 23%.28–30 In clinical practice, CSF microbiology analysis from an indwelling EVD is undertaken prior to VPS insertion to confirm clean status. A negative CSF microscopy and culture result at 48 hours would constitute confirmation of a noninfected EVD for most clinicians, and this is the most widely employed test.31 Evidence of prior or active CSF infection constituted an exclusion to enrollment in the BASICS trial; however, even in patients in whom clean EVD system is confirmed, the presence of the EVD during VPS implantation remains a potential source of bacterial contamination and VPS inoculation. We observed an increased risk of infection for patients with EVDs on univariable analysis. This association did not reach statistical significance, however, when correcting for covariates on multivariable regression. This suggests that there may be other factors related to posthemorrhagic etiology, beyond EVD use, that are contributing to an increased infection risk.
The underlying reason for reduced mechanical failure risk in adults with posthemorrhagic hydrocephalus is less clear. One hypothesis is that a proportion of these patients manifest only impaired CSF resorption in the immediate and intermediate terms, resulting in the temporary requirement of EVD and/or subsequent VPS. CSF resorption pathways obstructed by acute blood and resulting inflammatory processes and adhesion formation may reopen over time as blood products clear or alternative routes for resorption are developed, thus obviating the need for CSF diversion in the long term.32 This hypothesis is supported somewhat by the fact that between 52% and 83% of adult patients treated with EVD for acute PHH do not go on to develop VPS-dependent hydrocephalus in the long term.33,34 Further to this, a small proportion of patients with subarachnoid hemorrhage have undergone delayed VPS insertion for PHH presenting as secondary NPH.35 This is regarded as a communicating hydrocephalus subtype that presents most typically with cognitive decline in the absence of raised CSF pressure.36 The hydrocephalus phenotype is akin to iNPH, and so it follows that these patients would demonstrate reduced VPS revision rate as seen in iNPH.
The association between VPS complications and hydrocephalus etiology has been widely evaluated, although the evidence to date is more mixed. Moreover, there is no uniform reporting of either single etiologies or etiology groups, which makes comparison across studies difficult. An association between congenital hydrocephalus, including spina bifida, and risk of VPS complications (infection and mechanical failure) has been commonly reported with risk up to 3 times that of other etiology groups.6,7,11,21,22,37 PHH has also been identified as increasing risk in some reports, although none of these have separated adult and pediatric posthemorrhagic cohorts as we have done in this study.5,21,22
Idiopathic NPH has almost universally been associated with reduced risk of all-cause VPS revision; the risk of failure is up to 3 times less than other etiologies.5,24,38 A 7-fold reduction in risk of infection has also previously been reported which is consistent with our findings on univariable analysis.39
Valve Type
VPS valves regulate the flow of CSF from the ventricles to the distal catheter. The ideal valve would replicate normal physiological CSF pressure/flow dynamic, but, despite technological advances, this does not exist. In theory, such a valve should translate to improved VPS survival and a relative reduction in revision for mechanical failure. To date, there has only been one randomized study that compared the performance of gravitational and nongravitational valves. That study demonstrated superiority of gravitational valves in reducing overdrainage complications in NPH patients.40 There is no convincing published evidence, including our own data presented here, to indicate superiority of either nongravitational or gravitational valves across broader hydrocephalus practice.22,24,41 Further data from well-designed and adequately powered studies would be of value.
There has been one randomized trial comparing nonprogrammable and programmable valves, this did not demonstrate any significant difference between the groups in terms of VPS survival.42 In addition, a number of nonrandomized single- and multicenter cohort studies have been published that broadly support the use of programmable valves in terms of lower VPS complication and revision rates in selected populations.42–45 Evidence regarding an advantage in pediatric populations is mixed.7,8,43 We have shown that the frequency of use of specific valve types varies between groups based on hydrocephalus etiology and patient characteristics. Adjusting for these differences in our multivariable model does not reveal a significant survival benefit associated with the use of programmable valves. Thus, while their use in appropriate patients may be advantageous (e.g., those with iNPH), there is insufficient evidence to recommend their selection across the breadth of hydrocephalus management.
Limitations
The main limitation of this post hoc analysis is that the data were not collected for the specific purpose of identifying risk factors for VPS failure; rather, they were collected to identify any survival advantage associated with antibiotic-impregnated catheter use. As no power calculation was performed for this purpose, there is the risk of underestimating true risk associated with specific factors. A potential confounding factor identified is the close association of age and etiology factors (i.e., spina bifida and PHH dominating the neonate and infant cohort and iNPH being present almost exclusively in patients > 65 years of age). The influence on VPS failure risk is therefore difficult to parse, and resulting collinearity on regression analysis potentially leads to underestimation of risk. Furthermore, comparison of our findings on etiological factors with prior studies is limited by inconsistent nomenclature use in existing literature. The definitions of hydrocephalus etiology used for future studies need to be more uniform and logical to capture real and meaningful associations. Collective and nonspecific terms such as congenital hydrocephalus and more mechanistic descriptors such as obstructive or communicating are commonly used but can lead to grouping of unrelated pathologies. Likewise, clustering otherwise disparate patient groups on a single apparently unifying etiology is potentially flawed. For illustration, both pediatric and adult patients can develop hydrocephalus secondary to intracranial hemorrhage. These two groups are obviously very different in terms of risk profile when considering VPS complication risk; thus, analyzing them together is inappropriate.
Conclusions
Rather than being a discrete pathological entity, hydrocephalus exists as a component of multiple related and unrelated neurological disorders that share the common pathology of CSF accumulation under pressure. Hydrocephalus management is complex and often complicated. CSF diversion via VPS constitutes the standard of treatment in the majority of cases. There is a multiplicity of interrelated factors that impact VPS survival. From our analysis of this large data set collected within a robust trial setting, we have established that the predominant factor predicting VPS failure (infection or mechanical) is patient age. Young age, especially neonatal and infant ages, is associated with the most exaggerated risk. VPS catheter type is also demonstrated as an independent predictor, with antibiotic-impregnated catheters significantly reducing infection risk.
Our data demonstrate that in the modern VPS era, both mechanical failure and infection rates are decreasing compared with historical cohort studies. VPS remains a low risk and very effective treatment for the vast majority of hydrocephalus patient groups. These new, high-quality prospective data will contribute to the ongoing debate over the choice between VPS and endoscopic third ventriculostomy and will allow neurosurgeons and patients to weigh treatment options more effectively.
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Fig. 1. Cumulative incidence of infection and mechanical failure by catheter type (standard, silver, and antibiotic).
Fig. 2. Cumulative incidence of infection and mechanical failure by catheter type (standard, silver, and antibiotic) comparing patients < 1year old at time of VPS insertion with patients ≥ 1year.
Fig. 3. Percentage stacked bar chart demonstrating associations between patient age and hydrocephalus etiology.
Fig. 4. Cumulative incidence plot illustrating VPS revision by valve type (nonprogrammable vs programmable) with mechanical failure as the event of interest and infection as competing risk.
Fig. 5. Cumulative incidence plot illustrating VPS revision rates comparing patients with and without prior EVD.
Sunderland et al.

A wealth of high-quality patient and clinical data from 1594 pediatric and adult patients of all hydrocephalus etiologies were analyzed in this multivariable post hoc analysis of the British Antibiotic and Silver Impregnated Catheter Shunt trial data set. Young patient age, in particular neonates and infant, is demonstrated as the predominant factor predisposing to risk of both infection and mechanical ventriculoperitoneal shunt failure. This will help surgeons and patients to evaluate individual risk related to ventriculoperitoneal shunt surgery.
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	TABLE 1. Summary of univariable analysis of infection and mechanical failure risk

	Variable
	No. of Pts
	Infection, n (%)
	sHR (95% CI; p value)
	csHR (95% CI; p value)
	Mechanical Failure, 
n (%)
	sHR (95% CI; p value)
	csHR (95% CI; p value)

	Catheter type
	
	
	
	
	
	
	

	 Standard
	533
	32 (6.00)
	Referent
	98 (18.39)
	Referent

	 Antibiotic
	535
	12 (2.24)
	0.37 (0.19–0.71; 0.003)
	0.38 (0.19–0.75; 0.005)
	120 (22.43)
	1.25 (0.96–1.63; 0.099)
	1.20 (0.92–1.57; 0.182)

	 Silver
	526
	31 (5.89)
	0.98 (0.60–1.60; 0.94)
	1.00 (0.61–1.64; 0.988)
	105 (19.96)
	1.09 (0.83–1.44; 0.51)
	1.09 (0.83–1.44; 0.515)

	Patient age
	
	
	
	
	
	
	

	 <1 mo
	135
	19 (14.07)
	3.23 (1.77–5.87; <0.001)
	4.06 (2.21–7.47; <0.001)
	44 (32.59)
	1.84 (1.29–2.61; <0.001)
	2.13 (1.49–3.04; <0.001)

	 1 mo to <1 yr
	274
	22 (8.03)
	1.79 (1.00–3.19; 0.050)
	2.08 (1.16–3.74; 0.014)
	81 (29.56)
	1.60 (1.19–2.13; 0.002)
	1.68 (1.25–2.26; <0.001)

	 1 yr to <5 yrs
	87
	4 (4.60)
	1.01 (0.35–2.89; 0.990)
	1.11 (0.38–3.21; 0.845)
	23 (26.44)
	1.38 (0.89–2.15; 0.150)
	1.38 (0.88–2.18; 0.159)

	 5 yrs to <16 yrs
	91
	2 (2.20)
	0.47 (0.11–1.99; 0.310)
	0.54 (0.13–2.29; 0.402)
	27 (29.67)
	1.56 (1.04–2.41; 0.032)
	1.55 (1.01–2.38; 0.042)

	 16 yrs to <65 yrs
	504
	23 (4.56)
	Referent
	98 (19.44)
	Referent

	 ≥65 yrs
	503
	5 (0.99)
	[bookmark: _Hlk96035710]0.21 (0.08–0.56; 0.002)
	0.19 (0.07–0.50; <0.001)
	50 (9.94)
	0.49 (0.35–0.69; <0.001)
	0.47 (0.33–0.66; <0.001)

	Preterm birth status
	
	
	
	
	
	
	

	 Term birth
	265
	26 (9.81)
	Referent
	73 (27.55)
	Referent

	 Preterm
	177
	16 (9.04)
	0.92 (0.50–1.70; 0.8)
	0.80 (0.55–1.91; 0.93)
	61 (34.46)
	1.36 (0.97–1.89; 0.075)
	1.37 (0.97–1.91; 0.072)

	Hydrocephalus etiology
	
	
	
	
	
	
	

	 Spina bifida
	111
	14 (12.61)
	3.16 (1.79–5.59; <0.001)
	3.81 (2.13–6.80; <0.001)
	34 (30.63)
	1.64 (1.16–2.31; 0.005)
	1.84 (1.29–2.63; <0.001)

	 Chiari
	62
	4 (6.45)
	1.4 (0.52–3.81; 0.51)
	1.33 (0.49–3.65; 0.574)
	7 (11.29)
	0.77 (0.41–1.44; 0.42)
	0.79 (0.42–1.42; 0.454)

	 Aqueductal stenosis
	68
	8 (11.76)
	2.76 (1.34–5.68; 0.006)
	3.11 (1.49–6.47; 0.002)
	18 (26.47)
	1.39 (0.87–2.23; 0.17)
	1.55 (0.96–2.49; 0.072)

	 PHH
	
	
	
	
	
	
	

	  Pediatric
	145
	11 (7.59)
	1.92 (1.05–3.54; 0.035)
	2.20 (1.18–4.10; 0.012)
	38 (26.21)
	1.51 (1.10–2.09; 0.012)
	1.6 (1.15–2.22; 0.005)

	  Adult
	192
	13 (6.77)
	1.69 (0.95–3.01; 0.073)
	1.55 (0.87–2.77; 0.139)
	26 (13.54)
	0.61 (0.41–0.91; 0.015)
	0.62 (0.42–0.93; 0.021)

	 Tumor
	
	
	
	
	
	
	

	  Benign
	124
	2 (1.61)
	0.49 (0.15–1.56; 0.23)
	0.49 (0.15–1.54; 0.222)
	25 (20.16)
	1 (0.66–1.51; >0.99)
	0.97 (0.65–1.47; 0.901)

	  Malignant
	133
	7 (5.26)
	1.13 (0.52–2.46; 0.75)
	1.07 (0.49–2.33; 0.863)
	19 (14.29)
	0.75 (0.48–1.17; 0.21)
	0.75 (0.48–1.17; 0.21)

	 Trauma
	30
	0 (0)
	NA
	NA
	4 (13.33)
	0.81 (0.33–2.00; 0.65)
	0.77 (0.32–1.86; 0.559)

	 Postinfectious
	40
	1 (2.5)
	1.07 (0.26–4.34; 0.93)
	1.07 (0.26–4.36; 0.925)
	8 (20.00)
	0.97 (0.49–1.93; 0.93)
	0.97 (0.48–1.96; 0.933)

	 IIH
	87
	5 (5.75)
	1.24 (0.51–3.03; 0.64)
	1.38 (0.56–3.41; 0.489)
	22 (25.29)
	1.46 (0.98–2.18; 0.064)
	1.49 (0.98–2.26; 0.061)

	 iNPH
	361
	2 (0.55)
	0.14 (0.04–0.44; <0.001)
	0.12 (0.04–0.37; <0.001)
	33 (9.14)
	0.36 (0.25–0.51; <0.001)
	0.34 (0.23–0.48; <0.001)

	Valve type
	
	
	
	
	
	
	

	 Nongravitational
	1149
	
	
	1149
	219 (19.06)
	Referent

	 Gravitational
	406
	
	
	406
	90 (22.17)
	1.17 (0.92–1.49; 0.200)
	1.23 (0.96–1.57; 0.097)

	 Unknown
	39
	
	
	39
	14 (35.90)
	NA
	NA

	 Nonprogrammable
	935
	
	
	935
	227 (24.28)
	Referent

	 Programmable
	620
	
	
	620
	82 (13.23)
	0.53 (0.41–0.68; <0.001)
	0.5 (0.39–0.64; <0.001)

	 Unknown
	39
	
	
	39
	14 (35.90)
	NA
	NA

	Previous EVD
	
	
	
	
	
	
	

	 No
	1311
	53 (4.04)
	Referent
	275 (20.98)
	Referent

	 Yes
	283
	22 (7.77)
	1.95 (1.19–3.18; 0.008)
	1.87 (1.14–3.08; 0.0135)
	48 (16.96)
	0.79 (0.58–1.07; 0.12)
	0.82 (0.23–0.48; 0.204)


Pt = patient.
Boldface type indicates statistical significance.















TABLE 2. Proportion of gravitational and programmable valves implanted in patients in the BASICS trial by age group and etiology
	Variable
	No. of Pts
	Gravitational, n (%)
	Programmable, n (%)

	Patient age group
	
	
	

	 <1 mo
	133
	41 (30.83)
	19 (14.29)

	 1 mo to <1 yr
	268
	123 (45.90)
	33 (12.31)

	 1 yr to <5 yrs
	85
	30 (35.29)
	15 (17.65)

	 5 yrs to <16 yrs
	87
	41 (47.13)
	25 (28.74)

	 16 yrs to <65 yrs
	492
	85 (17.28)
	187 (38.01)

	 ≥65 yrs
	490
	86 (17.55)
	341 (69.59)

	 All
	1555
	406 (26.11)
	620 (39.87)

	Hydrocephalus etiology
	
	
	

	 Spina Bifida
	110
	32 (29.09)
	18 (16.36)

	 Chiari
	61
	20 (32.79)
	19 (31.15)

	 Aqueductal stenosis
	68
	20 (29.41)
	24 (35.29)

	 PHH
	
	
	

	  Pediatric
	139
	68 (48.92)
	19 (13.67)

	  Adult
	185
	19 (10.27)
	65 (35.13)

	 Tumor
	
	
	

	  Benign
	121
	22 (18.18)
	27 (22.31)

	  Malignant
	129
	32 (24.81)
	26 (20.15)

	 Trauma
	30
	9 (30.0)
	14 (46.67)

	 Postinfection
	40
	19 (47.5)
	10 (25.0)

	 IIH
	83
	20 (24.1)
	39 (46.99)

	 iNPH
	353
	76 (21.53)
	299 (84.7)

	 All
	1319
	337 (25.6)
	560 (42.5)



TABLE 3. Summary of multivariable modeling of factors contributing to VPS infection and mechanical failure risk
	Infection Risk

	Variable
	No. of Pts
	Infected, n (%)
	sHR (95% CI; p value)
	csHR (95% CI; p value)

	Patient age group
	
	
	
	

	 <1 mo
	135
	19 (14.07)
	4.48 (2.06–9.72; <0.001)
	5.61 (2.68–11.72; <0.001)

	 1 mo to <1 yr
	274
	22 (8.03)
	2.67 (1.27–5.59; 0.009)
	3.08 (1.51–6.26; 0.002)

	 1 yr to <5 yrs
	87
	4 (4.6)
	1.51 (0.48–4.72; 0.48)
	1.61 (0.52–5.04; 0.41)

	 5 yrs to <16 yrs
	91
	2 (2.20)
	0.65 (0.14–0.3.08; 0.59)
	0.71 (0.16–3.23; 0.66)

	 16 yrs to <65 yrs
	504
	23 (4.56)
	Referent

	 ≥65 yrs
	503
	5 (0.99)
	0.26 (0.10–0.69; 0.007)
	0.23 (0.09–0.61; 0.003)

	Catheter type
	
	
	
	

	 Standard
	533
	32 (6.0)
	Referent

	 Antibiotic
	535
	12 (2.24)
	0.43 (0.22–0.84; 0.014)
	0.42 (0.22–0.83; 0.012)

	 Silver
	526
	31 (5.89)
	1.05 (0.64–1.74; 0.82)
	1.04 (0.63–1.73; 0.87)

	Hydrocephalus etiology
	
	
	
	

	 Aqueductal stenosis
	68
	8 (11.76)
	1.88 (0.89–3.96; 0.10)
	1.99 (0.93–4.26; 0.080)

	 PHH, adult
	192
	13 (6.77)
	2.75 (1.21–6.26; 0.016)
	2.60 (1.16–5.81; 0.019)

	    Other
	  1093
	46 (4.21)
	Referent

	Previous EVD
	
	
	
	

	 No EVD
	1311
	53 (4.04)
	Referent

	 EVD
	283
	22 (7.77)
	1.71 (0.96–3.03; 0.07)
	1.77 (1.00–3.13; 0.06)

	Mechanical Failure Risk

	Variable
	No.
	Mechanical Failure n (%)
	sHR (95% CI; p value)
	csHR (95% CI; p value)

	Patient age group
	
	
	
	

	 <1 mo
	135
	44 (32.59)
	1.51 (1.03–2.21; 0.032)
	1.76 (1.21–2.58; 0.034)

	 1 mo to <1 yr
	274
	81 (29.56)
	1.31 (0.95–1.81; 0.046)
	1.39 (1.01–1.92; 0.042)

	 1 yr to <5 yrs
	87
	23 (26.44)
	1.22 (0.78–1.92; 0.38)
	1.24 (0.78–1.98; 0.363)

	 5 yrs to <16 yrs
	91
	27 (29.67)
	1.42 (0.91–2.20; 0.12)
	1.40 (0.90–2.19; 0.138)

	 16 yrs to <65 yrs
	504
	98 (19.44)
	Referent

	 ≥65 yrs
	503
	50 (9.94)
	0.64 (0.40–0.94; 0.024)
	0.58 (0.38–0.89; 0.013)

	Hydrocephalus etiology
	
	
	
	

	 PHH, adult
	192
	26 (13.54)
	0.64 (0.40–1.01; 0.053)
	0.66 (0.41–1.05; 0.077)

	 NPH
	361
	33 (9.14)
	0.68 (0.41–1.12; 0.13)
	0.68 (0.41–1.13; 0.137)

	    Other
	800
	175 (21.88)
	Referent

	Valve type
	
	
	
	

	 Nonprogrammable
	935
	227 (24.28)
	Referent

	 Programmable
	620
	82 (13.23)
	0.80 (0.59–1.07; 0.14)
	0.79 (0.59–1.05; 0.10)

	 Unknown
	39
	14 (35.90)
	NA
	NA
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