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BACKGROUND. Children treated with cerebrospinal fluid (CSF) shunts to manage hydrocephalus frequently develop
shunt failure and/or infections, conditions that present with overlapping symptoms. The potential life-threatening nature of
shunt infections requires rapid diagnosis; however, traditional microbiology is time consuming, expensive, and potentially
unreliable. We set out to identify a biomarker that would identify shunt infection.

METHODS. CSF was assayed for the soluble membrane attack complex (sMAC) by ELISA in patients with suspected
shunt failure or infection. CSF was obtained at the time of initial surgical intervention. Statistical analysis was performed
to assess the diagnostic potential of sMAC in pyogenic-infected versus noninfected patients.

RESULTS. Children with pyogenic shunt infection had significantly increased sMAC levels compared with noninfected
patients (3,211 ± 1,111 ng/ml vs. 26 ± 3.8 ng/ml, P = 0.0001). In infected patients undergoing serial CSF draws, sMAC
levels were prognostic for both positive and negative clinical outcomes. Children with delayed, broth-only growth of
commensal organisms (P. acnes, S. epidermidis, etc.) had the lowest sMAC levels (7.96 ± 1.7 ng/ml), suggesting
contamination rather than shunt infection.

CONCLUSION. Elevated CSF sMAC levels are both sensitive and specific for diagnosing pyogenic shunt infection […]
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Introduction
Hydrocephalus, characterized by disordered secretion, circulation, and/or absorption of cerebrospinal fluid 
(CSF), is estimated to afflict 1 million people in the US. Infant hydrocephalus, occurring in 1 in every 1,000 
births, arises from hemorrhage due to premature birth, intrauterine or postpartum infection, genetic syndromes, 
neoplasms, or ventricular/vascular malformations (1, 2). Placement of ventricular shunts is the most common 
procedure performed for the management of hydrocephalus but is unfortunately characterized by significant 
associated morbidity, including occlusion, breakage, and infection. Health expenditures associated with CSF 
shunting procedures are estimated to cost $2 billion per year in the US (2, 3). Shunt failure rates remain high, 
as assessed in a recent international study that documented 30-day and 1-year shunt failure rates of 12.9% and 
28.8%, respectively (4), and institutional shunt infection rates range from 5%–12% in modern published cohorts 
(5, 6). Although mortality from shunt surgery is low (0.5%), the long-term mortality rate remains high (7, 8). 
Current protocols for diagnosis of shunt malfunction or infection rely on costly radiographic imaging and tradi-
tional microbiological methods that often result in unnecessary hospitalization and treatment with antibiotics, 
leading to substantial healthcare costs. Given the high complication rate of shunt placement and limitations of  
the existing evaluation protocol, new methods for diagnosis of shunt infection based on advances in modern 
immunology would potentially improve the quality and efficiency of care for patients with hydrocephalus, lead-
ing to improved outcomes with significant cost savings by avoiding unnecessary hospitalization and treatment.

Implanting shunt hardware elicits an immune response due to surgically induced trauma and, in 
many cases, to external and intrathecal bacterial colonization of  the tubing and other shunt componentry.  

BACKGROUND. Children treated with cerebrospinal fluid (CSF) shunts to manage hydrocephalus 
frequently develop shunt failure and/or infections, conditions that present with overlapping 
symptoms. The potential life-threatening nature of shunt infections requires rapid diagnosis; 
however, traditional microbiology is time consuming, expensive, and potentially unreliable. We set 
out to identify a biomarker that would identify shunt infection.

METHODS. CSF was assayed for the soluble membrane attack complex (sMAC) by ELISA in 
patients with suspected shunt failure or infection. CSF was obtained at the time of initial surgical 
intervention. Statistical analysis was performed to assess the diagnostic potential of sMAC in 
pyogenic-infected versus noninfected patients.

RESULTS. Children with pyogenic shunt infection had significantly increased sMAC levels compared 
with noninfected patients (3,211 ± 1,111 ng/ml vs. 26 ± 3.8 ng/ml, P = 0.0001). In infected patients 
undergoing serial CSF draws, sMAC levels were prognostic for both positive and negative clinical 
outcomes. Children with delayed, broth-only growth of commensal organisms (P. acnes, S. 
epidermidis, etc.) had the lowest sMAC levels (7.96 ± 1.7 ng/ml), suggesting contamination rather 
than shunt infection.

CONCLUSION. Elevated CSF sMAC levels are both sensitive and specific for diagnosing pyogenic 
shunt infection and may serve as a useful prognostic biomarker during recovery from infection.

FUNDING. This work was supported in part by the Impact Fund of Children’s of Alabama.
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Intraventricular infection will lead to potent immune responses, including the activation of  resident glial 
cells, signaling through toll-like receptors, release of  cytokines and chemokines, and recruitment and acti-
vation of  myeloid cells (macrophages, neutrophils, and other granulocytes) (9, 10). In addition, subclinical 
and repeated infections lead to the generation of  antibodies to the pathogenic organism(s), bacterial bio-
films, and silicone elastomers in the shunt componentry (11, 12). Complement likely plays an important 
role in this clinical setting, but its role in the development and progression of  the inflammatory response 
in shunt infections remains ill defined. Complement proteins are produced within the CNS by astrocytes, 
microglia, and neurons, and inflammatory cytokines readily augment intrathecal production (13–17). In 
bacterial meningitis, traumatic brain injury, and ischemic stroke, the level of  complement proteins and 
activation fragments in CSF or the level deposited on tissue is markedly elevated, suggesting that local 
complement production and activation could contribute significantly to shunt infection immunopathology 
(18–22). In a study examining immune complex disease in shunt infections, serum complement levels were 
depressed, indicating complement activation, but this did not address the role of  complement at the site 
of  infection (23). More recently, the complement inhibitor vitronectin and activated C9 were shown to be 
present on ventriculoperitoneal shunts and ventricular drainage catheters, suggesting a role for complement 
in the pathogenesis of  shunt infections (24).

In the present report, we undertook studies to determine if  the soluble membrane attack complex 
(sMAC) could serve as an immune biomarker to diagnose bacterial infection in children with ventriculo-
peritoneal shunts. The MAC is a large macromolecular protein complex composed of  5 complement pro-
teins (C5b, C6, C7, C8, and C9) that together generate a pore-forming structure capable of  lysing bacteria 
and other microorganisms (25, 26). The MAC is formed when the complement terminal pathway is acti-
vated through any of  the early activation pathways (alternative, classical, or lectin) or the extrinsic protease 
pathway (27–29). Membrane attack complexes that form in the fluid phase interact with the complement 
regulatory proteins clusterin or vitronectin, forming a soluble complex no longer able to bind to pathogen 
or host tissue membranes (29). The MAC can also contribute to inflammation through production of  ion 
fluxes and activation of  proinflammatory signaling pathways in host cells and, through these mechanisms, 
serve to exacerbate the severity of  shunt infections (30). Soluble MAC in normal CSF or noninflammatory 
CNS disease is low or undetectable but increases in concentration in subarachnoid hemorrhage, traumatic 
brain injury, and autoimmune diseases (31–35). We show here that sMAC levels in the CSF of  patients 
with pyogenic shunt infections were elevated over 100-fold compared with noninfected controls or patients 
with delayed, broth-only growth commensal infections. On subsequent shunt taps, sMAC demonstrated 
prognostic value for patient outcome. Our data suggest that sMAC levels above a 43 ng/ml cutoff  are a 
sensitive (93%) and specific (86%) biomarker with excellent diagnostic capability (receiver operator charac-
teristic [ROC] AUC 0.966, P < 0.0001) for identifying pyogenic infections in shunt patients.

Results
Study Description. For this study, we quantitated ventricular CSF sMAC levels in the pediatric population 
at Children’s of  Alabama, which included patients under evaluation for newly diagnosed hydrocephalus, 
shunt failure, and/or infection (246 patients) (Figure 1). Based on clinical presentation, laboratory find-
ings, and imaging data, patients were divided into the following groups: (i) infection caused by pyogenic 
organisms, (ii) infection associated with commensal organisms, and (iii) noninfection based on clinical 
symptoms, microbiology, and laboratory markers of  infection. Children treated with antibiotics prior 
to shunt tap (because of  the possible effect antibiotics could have on complement activation), shunt 
infection within the previous 180 days (to insure that we had a cohort clear of  residual infection and that 

Table 1. Patient Inclusion/exclusion criteria

Inclusion Criteria Exclusion Criteria
Age ≤ 18 years Started on antibiotics prior to draw

CSF draw via shunt tap, OR draw, EVD draw Shunt infection within the last 180 days
Diagnosis of hydrocephalus Newly diagnosed tumors

Shunt presence or ETV procedure Ventricular irrigation
OR, operating room; EVD, extraventricular device; ETV, endoscopic third ventriculostomy.
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residual sMAC levels would have returned to baseline), and children with newly diagnosed tumors were 
excluded from this analysis (Table 1). Patients with newly diagnosed tumors were excluded from analysis 
due to potential confounding effects of  malignant tumors on complement activation (36, 37). Patient 
demographics are shown in Table 2.

Soluble MAC levels are elevated in patients with pyogenic shunt infections compared with noninfected patients. 
Baseline soluble MAC levels in the CSF of  uninfected individuals (pediatric and adult) (CSF free of  cul-
turable bacteria and enterovirus, herpes simplex virus types 1 and 2, or Epstein Barr virus as detected by 
PCR, no fever, normal levels of  WBC, protein, and glucose) ranged from undetectable to approximately 
5–10 ng/ml (data not shown). In contrast, we found that sMAC levels were markedly elevated in patients 
with culture-confirmed pyogenic shunt infection (3,211 ± 1,111 ng/ml, n = 15) (Figure 2). Soluble MAC 
levels correlated well with changes in CSF protein levels and WBC number (r =  0.77 and 0.68 and P = 
0.0006 and 0.004, respectively, Spearman’s correlation) (Table 3). These parameters in premature infants 
with intraventicular hemorrhage were not significantly different when compared with parameters of  older 
children (data not shown). The majority of  the shunt infections were caused by S. aureus, some of  which 
were methicillin resistant strains. Additional pathogens identified in the CSF of  this patient group included 
Enterococcus faecalis, E. coli, S. caprae, Proteus mirabilis, Pseudomonas aeruginosa, and S. epidermidis. In nonin-
fected patients, CSF sMAC levels were over 120-fold lower than those with pyogenic infection (n = 224, 
26 ± 3.8 ng/ml vs. 3,211 ± 1,111 ng/ml, P = 0.0001, 1-way ANOVA) (Figure 2). This patient cohort had 
slightly elevated WBC and protein levels (Table 3), possibly due to previous hemorrhage, shunt irritation, 
or other shunt-related issues. Interestingly, a small cohort of  patients with Staphylococcus (epidermidis, 
caprae, capitis, or hominis) or P. acnes infection had low or undetectable levels of  sMAC on the first shunt tap 
(7.96 ± 1.67 ng/ml, n = 9, P = 0.0001, 1-way ANOVA) (Figure 2) and had no significant increase in sMAC 
levels on subsequent taps, if  they were obtained (data not shown). Growth of  these organisms occurred in 

Figure 1. CONSORT flow diagram.
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broth only, and these patients did not have elevated WBC counts or protein levels associated with bacterial 
infection (Table 3). Only 1 of  the 9 patients in this cohort had a fever (≥38.3°C) at the time of  the shunt tap. 
These results raise the possibility that contamination with these commensal organisms occurred during the 
shunt tap or subsequent sample handling rather than being true shunt-related infections.

To assess the biomarker potential for sMAC to discriminate between pyogenic infection and noninfect-
ed controls, we performed a ROC analysis and calculated the sensitivity and specificity, as well as positive 
and negative predictive values (Figure 3). ROC analysis demonstrated that sMAC has excellent diagnostic 
capability for discriminating pyogenic infection from noninfection in shunt patients (area = 0.966, 95% CI, 
0.934–0.99, P < 0.0001). Using the maximum paired sensitivity and specificity values from the ROC anal-
ysis, we determined a cutoff  value of  ~43 ng/ml for sMAC levels in detecting pyogenic shunt infection. 
Applying this cutoff  to our pyogenic infection cohort, we detected 14 of  15 infections based on the final 
clinical diagnosis of  these patients. Soluble MAC was both sensitive and specific for diagnosing pyogenic 
shunt infections (93.3%, 95% CI, 68.1%–99.8% and 86.6%, 95% CI, 81.5%–90.7%, respectively) (Table 4). 
Although the negative predictive value was high (99.5%, 95% CI, 97.3%–99.9%), the positive predictive was 
low (31%, 95% CI, 18.2%–46.7%) because of  the number of  false positives in the symptomatic hydrocepha-
lus patient cohort. The current diagnostic gold standard of  bacterial culture was less accurate, detecting only 
11 of  15 pyogenic infections in this series. Culture results were less sensitive (73.3% vs. 93.3%) but compa-
rably specific (95.5% vs. 86.6%) compared with sMAC. For bacterial culture, the negative predictive value 
was also high (98.2%, 95% CI, 95.4%–99.5%), while the positive predictive was low (52.4%, 95% CI, 29.8%–
74.3%). In contrast, the positive predictive value for WBC count and protein levels were very low (14.3% and 
9.4%, respectively), but both had good negative predictive value (99% and 98%, respectively). Gram staining 

Table 2. Patient Demographics

ALL (n = 248) Pyogenic (n = 15) Commensals (n = 9) NonInfected (n = 224)
Age

Years 4.36 ± 5.69 2.67 ± 4.1 7.78 ± 7.5 4.34 ± 5.6
Months 56.5 ± 68.7 35.67 ± 47.7 96.3 ± 89.3 56.3 ± 68.6

Range - yr 0–18 0–13 0–17 0–18
Range - mo 0–221 1–156 1–204 0–221

Sex
Male 135 (54.4%) 10 (66.7%) 5 (55.6%) 120 (53.6%)

Female 113 (45.6%) 5 (33.3%) 4 (44.4%) 104 (46.4%)
Race or ethnicity 

Mixed European descent 140 (56.5%) 8 (53.3%) 4 (44.4%) 128 (57.1%)
Black 106 (42.1%) 7 (46.7%) 5 (55.6%) 94 (42%)
Other 2 (0.8%) - - 2 (0.9%)

Etiology
Prematurity with IVH 89 (35.9%) 9 (60%) 2 (22.2%) 78 (34.8%)

Myelomeningocele 45 (18.1%) - - 45 (20.1%)
Congenital/Communicating 

hydrocephalus
23 (9.3%) - 1 (11.1%) 22 (9.6%)

Aqueductal Stenosis 15 (6%) - - 15 (6.7%)
Encephalocele 12 (4.8%) 1 (6.7%) - 11 (4.9%)

Spontaneous IVH 11 (4.4%) - - 11 (4.9%)
Cephalic disorder 9 (3.6%) 1 (6.7%) 2 (22.2%) 6 (2.7%)

Trauma 9 (3.6%) 1 (6.7%) 1 (11.1%) 7 (31%)
Prematurity without IVH 8 (3.2%) - 3 (33.3%) 5 (2.2%)

Cyst 6 (2.4%) - - 6 (2.7%)
Dandy-Walker 6 (2.4%) - - 6 (2.7%)
Postinfectious 6 (2.4%) - - 6 (2.7%)

Tumor 6 (2.4%) 2 (13.3%) - 4 (1.8%)
Obstructive hydrocephalus 2 (0.8%) - - 2 (0.9%)

Abcess 1 (0.4%) 1 (6.7%) - -
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was the least accurate method for detecting bacterial 
infection in shunt infection, with 5 false negatives and 
only 72% sensitivity.

Soluble MAC levels have prognostic value in monitoring 
patients with pyogenic infections. To discriminate between 
shunt infection and failure, many patients have repeated 
shunt taps performed in an effort to determine the pres-
ence and identity of potential pathogens and to assess 
clinical parameters associated with infection. Analy-
sis of CSF MAC levels in patients from both groups 
revealed that sMAC levels decline in some shunt infec-

tion patients in a manner that correlates with their clinical recovery. In 3 representative patients, we observed 
that sMAC levels decline 50% within 4–5 days after the start of antibiotic treatment and then return to normal 
or near normal levels in a patient-dependent fashion (Figure 4, A–C). Conversely, in patients responding poorly 
to antibiotics and other supportive therapy, sMAC levels fail to decline and tend to increase over time, correlat-
ing with the severity of the clinical picture (Figure 4, D and E). These data suggest that repeated measuring of  
sMAC in shunt-infection patients offers a new and sensitive method to monitor patient progress during the man-
agement of shunt infection. In contrast, sMAC levels in patients with shunt failure often increased over the first 
5 days of monitoring (10%–25% over the value of first tap) and then varied widely from patient to patient over 
time (Figure 4, F–H). The ability of sMAC levels to discriminate between shunt infection and failure is readily 
evident when comparing the changes in sMAC levels over time for patient 126. This patient initially presented 
with classic symptoms of shunt failure, including bulging fontanels and split sutures. The sMAC levels were 
modestly elevated (<100 ng/ml at all time points) and varied widely over nearly 100 days of monitoring (Figure 
4H). This patient subsequently developed a shunt infection and presented with elevated sMAC levels (>1,400 
ng/ml on first tap) (Figure 4C). Soluble MAC levels then declined rapidly after the onset of antibiotic treatment.

Discussion
Hydrocephalus is a disorder of  CSF physiology that develops due to an imbalance in the rate of  produc-
tion and reabsorption of  CSF that arises as a result of  multiple causes, including congenital malformation, 
intraventricular hemorrhage (commonly seen in premature infants), infection, trauma, tumors, and cysts (1, 
2, 38). Standard treatment of  hydrocephalus, by surgical insertion of  an in-dwelling ventriculoperitoneal  

Figure 2. Cerebrospinal fluid sMAC levels in uninfected 
children or children infected with pyogenic or commensal 
organisms. Cerebrospinal fluid samples were obtained via 
the external ventricular drain and assayed in duplicate for 
sMAC levels using the Quidel sC5-9 ELISA. sMAC levels 
were compared between uninfected (n = 230),  
commensal-infected (n = 9), and pyogenic-infected  
(n = 15) patients. Shown are box and whisker plots for each 
group; the upper and lower bars represent the maximum 
and minimum values. The box represents the first and 
third quintiles, and the line in the box represents the 
median value. Mean values between patient groups were 
compared using 1-way ANOVA with Kruskal-Wallis test 
and Dunn’s multiple comparison test.

Table 3. Comparison of clinical lab parameters

Patient Cohort WBCA ProteinB GluC

Pyogenic Infection 4,527 ± 3,313 1,392 ± 512 32 ± 4.9
Commensals 3.67 ± 1.43 46.8 ± 12.9 52.3 ± 6.8
Noninfected 12.3 ± 2.3 123.5 ± 13.3 49.1 ± 1.1
ANormal range: 0–5 cells. BNormal range: 15–45 mg/dl. CNormal range: 40–75 mg/dl. Glu, glucose.
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shunt, is effective in diverting excess CSF from the 
ventricles to the peritoneal cavity. Nonetheless, shunt 
failure arising from breakage, migration, or occlusion 
of  shunt componentry — or from infection — is a fre-
quent event (6, 10, 39, 40). Diagnosing shunt failure 
and infection in the pediatric population is often chal-
lenging because of  overlapping clinical findings and 
poor predictive values for common signs between the 
two conditions (2, 41). Aside from the medical histo-
ry and clinical exam, diagnosis of  shunt failure versus 
infection is facilitated through imaging (CT, radionu-
clide, MRI, functional MRI), shunt taps to examine 
for abnormal CSF pressure, and culture for infectious 
organisms (39, 40, 42, 43). Inflammatory biomarkers 
including C-reactive protein, IL-6, IL-1, and TNF-α 
have been assessed for their utility in detecting shunt 
infection (23, 44–48). These studies, for the most part, 
quantitated serum levels — not CSF levels — of  these 
immune mediators, limiting their value as a diagnostic 
for CNS infection. Of the cytokines, IL-6 had the high-
est diagnostic accuracy in one study (45) but was of  
limited value in infants with posthemorrhagic hydro-
cephalus (46). More recently, CSF protein biomarkers — including amyloid precursor protein, neural cell 
adhesion molecule-L1, and neural cell adhesion molecule-1 — have shown diagnostic promise in posthem-
orrhagic hydrocephalus, common in preterm infants (49).

The results we report here demonstrate that sMAC is a sensitive and specific biomarker for diagnosing 
shunt infections. Soluble MAC levels in pyogenic infections were approximately 100-fold higher on aver-
age than those in noninfected patients, a cohort that includes patients with symptomatic hydrocephalus 
or functioning shunts as assessed by clinical exam and MRI imaging. Soluble MAC levels correlated well 
with changes in CSF protein levels and WBC count, two laboratory parameters routinely used in the 
diagnosis of  CNS infection. In several patients, the sMAC level was more revealing than either protein or 
WBC levels, suggesting that sMAC is a better diagnostic tool. Although there was wide variation in sMAC 
levels within the infected patient cohort, we speculate that this is most likely a function of  the duration 
and severity of  the infection. This possibility is supported by data in a subset of  patients whose sMAC 
levels were higher on subsequent shunt taps (data not shown). Remarkably, the sMAC level in the one 
false-negative patient in our pyogenic infected cohort increased nearly 5-fold on the second tap obtained 
3 day later (36 ng/ml vs. 168 ng/ml). Altogether, these data suggest that repeated monitoring of  sMAC 
levels may have significant clinical value.

One possible outcome of  our study was that sMAC levels in shunt infections could have pathogen-spe-
cific diagnostic value. However, there was no correlation with sMAC levels and any one particular organ-
ism in our infected patient cohort, nor was there a correlation between sMAC levels and Gram-positive 
versus Gram-negative organisms. Although our data indicate that sMAC levels are not yet useful as a tool 
to aid in pathogen subtyping, we observed that sMAC levels in patients whose CSF cultures grew com-
mensal organisms including P. acnes and Staphylococcus spp. (epidermidis, caprae, capitis, or hominis) had, 

Figure 3. Diagnostic performance of sMAC for 
pyogenic shunt infection. ROC curves were plotted 
using data from the pyogenic and noninfected 
patient cohorts to assess the performance charac-
teristic of sMAC for shunt infection. The AUC was 
0.996 with a 95% CI of 0.934–0.99.

Table 4. Comparison of sensitivity, specificity, and predictive values between sMAC and bacterial culture in diagnosing pyogenic shunt 
infection

Diagnostic Test Sensitivity Specificity Positive Predicative Value Negative Predicative Value
sMAC 93.3%, 95% CI, 68.1%–99.8% 86.6%, 95% CI, 81.5%–90.7% 31%, 95% CI, 18.2%–46.7% 99.5%, 95% CI, 97.3%–99.9%
Bacterial Culture 73.3%, 95% CI, 44.9%–92.2% 95.5%, 95% CI, 91.9%–97.8% 52.4%, 95% CI, 29.8%–74.3% 98.2%, 95% CI, 95.4%–99.5%
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on average, remarkably low sMAC levels (~8 ng/ml). These organisms are frequent opportunistic patho-
gens, particularly on medical devices such as prosthetic heart valves, joint prostheses, and shunts (50–54). 
However, given that the organisms grew out in broth only or from later shunt taps, it is possible that these 
patients did not have true meningitic shunt infections. The clinical data strongly support this interpretation, 
since all these patients had normal or near normal WBC counts and CSF protein and glucose levels. Fur-
thermore, only 1 of  the 9 patients in this cohort experienced fever. We cannot rule out that the low sMAC 
levels in commensal-infected shunt patients are due to differential expression of  virulence genes by these 
organisms that modulate complement activation and function, especially as it relates to biofilm production 

Figure 4. Cerebrospinal fluid sMAC levels decline rapidly in children with pyogenic infections after antibiotic administration. Serial CSF samples were 
obtained via the external ventricular drain and assayed for sMAC levels using the sC5-9 ELISA. The day 0 samples were obtained prior to administering antibi-
otics, while subsequent samples were collected after initiation of antibiotic treatment. In patients responsive to antibiotic and supportive therapy, the sMAC 
levels dropped to 50% of their initial level within 4–5 days and returned close to baseline levels within 2 weeks (dotted lines) (A–C). In patients unresponsive 
to antibiotic therapy, CSF sMAC levels frequently increased after day 0 and rarely returned to baseline (D and E). In patients with symptomatic shunt failure as 
diagnosed by MRI imaging, the sMAC levels were markedly lower than in pyogenic infection and varied widely over the course of monitoring (F–H).
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or proteases that may inactivate or inhibit complement (54–57). It is also possible that sMAC levels in 
this cohort are depressed, in part, due to complement depletion, as reported in S. epidermidis infections in 
ventriculoatrial shunt patients (23); however, this seems less likely, as sMAC is stable relative to other com-
plement activation products (58).

Not surprisingly, the presence of  a shunt alone alters the baseline levels of  sMAC. The level of  sMAC 
in CSF of  our noninfected shunt patient cohort was elevated several-fold compared with patients with 
no shunt or infection (~26 ng/ml vs. ≤5 ng/ml). Activated C9 (MAC) and the complement regulatory 
protein vitronectin have been found on the surface of  shunt devices and temporary ventricular drainage 
catheters (24). Complement deposition in this setting arises, in part, from biomaterial-induced activation of  
complement, which occurs on all tubing and plastics used in implanted medical devices (59). Complement 
activation may also increase when shunt componentry is damaged or degraded in situ over time, exposing 
new activating surfaces. Shunt migration may irritate ventricular tissue, leading to local inflammation and 
activation of  complement. In addition, shunt migration may result in localized hemorrhage and activation 
of  complement through the extrinsic protease pathway (27, 28). Interestingly, while 33% of  uninfected 
patients with symptomatic hydrocephalus had undetectable sMAC levels, the remaining patients had, on 
average, low sMAC levels (44.6 ± 7.4 ng/ml), suggesting a previously undescribed relationship between 
ventricular stretch and complement activation. Under the inflammatory conditions of  a bacterial infection, 
local complement production by glial cells (ependymal cells, astrocytes, and microglia) and neurons may 
contribute substantially to intrathecal complement levels (14, 60–62). Furthermore, regional blood brain 
barrier disruption due to inflammation allows blood-derived complement to reach the ventricles. This com-
bination of  mechanisms undoubtedly accounts for the elevated levels of  CSF sMAC we report here for the 
functioning shunt population and those with shunt infections.

In summary, our data indicate that monitoring the CSF levels of sMAC could be a powerful tool in the 
diagnosis and management of shunt infections. Patients with shunt failure or shunt infection often present with 
clinically overlapping symptoms. Given the risks and expenses associated with CNS infection and the invasive 
surgical procedures to revise or replace shunt componentry, a diagnostic that could — by itself  or coupled 
with imaging — distinguish between these patient cohorts  would significantly reduce healthcare costs and 
allow for more rapid and appropriate clinical care. Currently, the standard laboratory tests to identify bacterial 
infection (CSF cell counts, protein and glucose levels, Gram stain, and bacterial culture) cost over $1,000 per 
draw at most hospitals and clinics in the US. Many shunt patients are repeatedly tapped (37% in the patient 
cohort presented here); some are only tapped only twice, but some are tapped as many as 10–15 times in an 
effort to detect the presence of infection and identify the pathogen so as to use the most appropriate antibiotic 
regimen. This clinical approach is confounded by the fact that, 25%–30% of the time, no organism is detected 
in culture (10, 40). Although this study was performed using ELISA, conversion to a lateral flow assay system 
would have obvious benefits in terms of both overall cost and time. A rapid sensitive and specific point-of-care 
diagnostic test to identify shunt infection could reduce the number of shunt taps performed and, depending on 
the clinical scenario, could potentially be used as a stand-alone prognostic test for some patients.

Methods
Patient Selection and CSF collection. One hundred ninety-eight consecutive patients at Children’s of  Alabama 
undergoing evaluation and treatment for newly diagnosed hydrocephalus, shunt infection, and versus mal-
function were enrolled in the study. Patient inclusion/exclusion criteria are listed in Table 1. Samples of  
CSF (1 ml) were collected via shunt taps, intraoperative collections, and extraventricular device draws from 
emergency rooms and clinics, operating rooms, and patient floors, respectively. Intraoperative collections 
occurred during (i) shunt placements/revisions/removals through shunt catheter and (ii) endoscopic proce-
dures through a working channel. Irrigation of  ventricles and use of  preoperative antibiotics were recorded.

Study samples were collected at the same time as routine lab specimens to provide corresponding lab 
results for each specimen (glucose, protein, WBC, RBC, gram stain, and culture). Samples were labeled 
and stored at –20°C and/or –80°C for a period of  1 week on average prior to analysis. Demographics, labs, 
patient diagnosis, and clinical signs of  disease were recorded for each new event. Consecutive events were 
recorded. An event was defined as a new admission, clinic, or emergency room visit. By definition, one 
patient could have multiple events.

Soluble MAC quantitation. Soluble MAC was quantitated using the MicroVue complement sC5b-9 Plus 
enzyme immunoassay (Quidel Corporation) according to the manufacturers instructions. Samples were 
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diluted as required in specimen diluent, and sMAC levels were calculated from a standard curve including 
internal high and low controls. The lower limit of  detection for the assay was 3.7 ng/ml. Samples below 
the lower limit of  detection were assigned a value one-half  lower than the limit of  detection. Samples were 
assayed blinded to patient diagnosis.

Statistics. CSF samples were run in duplicate, and sMAC levels were plotted in a box and whisker plot 
format using Graphpad Prism 6. Mean values between patient groups were compared using 1-way ANOVA 
with Kruskal-Wallis test and Dunn’s multiple comparison test. P <0.05 was considered significant. Asso-
ciations between continuous factors were assessed using the Spearman’s correlation coefficient. The rel-
ative ability of  sMAC to indicate a pyogenic infection was estimated by calculating the area under ROC 
curves using Graphpad Prism 6 and compared noninfected and pyogenic infected patients. Data points were 
excluded if  they were > 10 ± SD from the mean value of  the group for nonformally distributed data.

Study approval. The patient cohort consisted of  hydrocephalus patients treated at the Children’s of  Ala-
bama. All participants provided written informed consent before inclusion in the study. The IRB at UAB 
approved this study.
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