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Abstract
Background—Serum citrulline concentration is used as a biomarker of enterocyte mass and
enteral tolerance, and low serum concentrations are correlated with bacteremia in
immunosuppressed adults undergoing hematopoietic stem cell transplant. The authors sought to
determine if citrulline was associated with the development of catheter-related bloodstream
infections (CRBSIs) in children with intestinal failure.

Methods—Data were reviewed from 66 children treated in a multidisciplinary intestinal
rehabilitation program, who had serum concentration citrulline measured between January 2007
and August 2009. All patients had a diagnosis of intestinal failure requiring parenteral nutrition
(PN) support. Exclusion criteria included central venous catheter in situ <30 days, creatinine
clearance <20 mL/ minute, or a history of organ transplant/immunosuppression.

Results—A total of 15 patients were excluded because of the above criteria. In this cohort of 51
patients, 26 (51%) developed CRBSIs. Both groups were similar in terms of gestational age,
diagnosis, nutrition status, and biochemical liver function tests. The mean (± standard deviation
[SD]) minimum serum citrulline concentration was significantly lower in patients who developed
CRBSIs (6.7 ± 4.6 μmol/L) than in those who did not (11.3 ± 6.4 μmol/L, P = .004). Multivariate
logistic regression analysis identified lower minimum serum citrulline concentration and longer
central venous catheter duration as independently associated with CRBSI (P = .003 and P = .038,
respectively).

Conclusions—Low serum citrulline concentration and longer central venous catheter time are
independently associated with CRBSI in children with intestinal failure. Serum citrulline
concentration may be a useful biomarker to identify patients with intestinal failure who are at high
risk of developing a CRBSI.
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Introduction
Citrulline is a nonprotein amino acid that functions as an intermediate in the urea cycle,
which eliminates nitrogenous waste by converting ammonia to urea.1 Synthesis of
circulating citrulline occurs almost exclusively within enterocytes.2 Citrulline is synthesized
primarily from glutamine, and conversion of ornithine and carbamoyl phosphate to citrulline
by ornithine carbamoyltransferase is the ratelimiting step in citrulline production.2

Circulating serum citrulline is metabolized to arginine in the kidney by argininosuccinate
synthetase.2,3

The integral role of the enterocyte in citrulline synthesis has led to citrulline being
investigated as a biomarker of intestinal function in a variety of conditions. In children with
intestinal failure, serum citrulline concentration is correlated with small bowel length,4

mucosal mass,5 and the ability to wean from parenteral nutrition (PN).4 Serum citrulline is
also associated with intestinal mucosal injury due to radiation6,7 or human
immunodeficiency virus infection,8 intestinal absorptive capacity independent of
inflammation,5,9 and rejection of transplanted intestine.5,10-12

Serum citrulline concentration is correlated with intestinal mucosal injury following
myeloablative therapy13,14 and chemotherapy.15 Recently serum citrulline has been
evaluated as a marker of febrile mucositis16 and bacteremia in adults undergoing
myeloablative therapy before hematopoietic stem cell transplant.17 The proposed
mechanism of bacteremia was bacterial translocation secondary to impaired intestinal barrier
function.

Many children with intestinal failure require long-term indwelling central venous access for
PN. Sepsis resulting from catheter-related bloodstream infections (CRBSIs) is a leading
cause of morbidity and mortality in patients on long-term PN.18 Children with intestinal
failure typically have a low serum citrulline concentration because of prior intestinal
resections, and some data have suggested that intestinal failure is marked by increased
intestinal permeability.19 We hypothesized that low serum citrulline concentration in these
patients may also reflect impaired intestinal barrier function, which contributes to the high
incidence of CRBSIs. We investigated this hypothesis by evaluating the relationship
between serum citrulline concentration and the development of laboratory-confirmed
CRBSIs in children with intestinal failure.

Methods
Study Design

Following institutional review board approval, a retrospective medical record review of
patients followed by the multidisciplinary Center for Advanced Intestinal Rehabilitation
(CAIR) program at Children’s Hospital Boston between January 1, 2007, and August 20,
2009, was performed. Included were children aged 0 to 18 years, with a diagnosis of
intestinal failure requiring PN via a central venous catheter (CVC), who had at least 1 serum
citrulline concentration measured during the study period. Patients with end-stage renal
disease (creatinine clearance <20 mL/minute) were excluded because citrulline metabolism
is altered in renal disease.20 Patients with a history of organ transplant or those receiving
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immunosuppressive therapy were excluded from analysis because of increased infection risk
from immunosuppressive regimens not associated with intestinal failure.21

Data Collection
Data collected included demographic factors (date of birth, gestational age), medical/
surgical history (diagnoses, small bowel length, presence of ileocecal valve, presence of
motility disorder, including gastroschisis and intestinal aganglionosis), and history of
exposure to ethanollock therapy or ω-3 lipid emulsion. Catheter-specific information
(number of catheter days, presence of tunneled CVC), laboratory test results (serum
citrulline concentration, international normalized ratio [INR], direct bilirubin, alanine
aminotransferase [ALT], albumin), nutrition status (weight and height z scores adjusted for
age, percentage enteral nutrition [EN]), and CRBSI details (date of positive culture,
organism[s]) were also obtained. Any serum citrulline concentration obtained within 5 days
of infection was excluded because serum citrulline may drop acutely in this setting.22

Serum Citrulline Assay
Serum citrulline quantitation by high-performance liquid chromatography (HPLC) was
performed using the Hitachi L-8800 Amino Acid Analyzer (Tokyo, Japan) at the Children’s
Hospital Boston core laboratory. Nonheparinized plasma samples were deproteinized, and
the amino acids were eluted using a cation exchange column. Serum citrulline concentration
was reported as part of the amino acid panel.

CRBSI Guidelines
CRBSI were defined based on 2008 Centers for Disease Control and Prevention criteria.23

Diagnosis of a laboratory-confirmed bloodstream infection required at least 1 of the
following criteria to be met: (1) a recognized pathogen cultured from at least 1 peripheral or
central blood culture, and the organism cultured from the blood is not related to infection at
another site; (2) at least 1 sign or symptom (eg, fever >38°C, chills, hypotension), which is
unrelated to infection at another site, and a common skin contaminant is cultured from at
least 2 blood cultures on separate occasions <2 days apart; or (3) a patient younger than 1
year, who has at least 1 sign or symptom (eg, fever >38°C rectal, hypothermia <37°C rectal,
apnea, bradycardia), which is unrelated to infection at another site, and a common skin
contaminant is cultured from at least 2 blood cultures on separate occasions <2 days apart.

Statistical Analysis
Statistical analyses were performed using SPSS (version 16.0; SPSS Inc, Chicago, IL).
Summary statistics are reported as mean ± standard deviation (SD) or median (interquartile
range [IQR]). P values for comparison summary statistics were obtained using Fisher exact
test for categorical variables, and the Student t test or Mann-Whitney U test for continuous
data, depending on normality of distribution as determined by the Kolmogorov-Smirnov
test. Multivariate logistic regression was used to test minimum citrulline, catheter duration,
and other covariates in differentiating the presence or absence of CRBSI with the likelihood
ratio test used to assess significance. A 95% confidence interval (CI) was calculated for the
mean difference in minimum citrulline between the 2 groups. Probability of CRBSI was
derived for minimum serum citrulline concentration alone and in combination with catheter
duration. Diagnostic accuracy of minimum citrulline for differentiating CRBSI from non-
CRBSI groups was determined using area under the receiver operator characteristic (ROC)
curve with 95% CI. The optimal relationship between sensitivity and specificity for serum
citrulline as a biomarker for distinguishing the 2 groups was estimated using the Youden
index in ROC analysis. All statistical tests were considered significant based on a P < .05 (2-
tailed).
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Results
A total of 66 children with intestinal failure followed by the CAIR program at Children’s
Hospital Boston had at least 1 serum citrulline concentration drawn during the study period.
The median number of citrulline measurements was 2 (range, 1–7). The following patients
were excluded from analysis: 9 patients for CVC in situ <30 days, 5 patients for history of
immunosuppression or transplant, and 1 patient for renal failure.

Summary data from the cohort of 51 children is shown in the first column of Table 1. A total
of 17 (33%) patients were female. The mean ± SD gestational age was 33 ± 5 weeks. The
median age at study start was 4 months (IQR 2, 9). The median percentage EN at study start
was 0 (IQR 0, 15%). Common diagnoses were necrotizing enterocolitis (n = 20), intestinal
atresia (n = 11), gastroschisis (n = 11), and volvulus (n = 9). In all, 18% of patients had
multiple diagnoses. Fifteen patients (29%) had an intestinal motility disorder, including
gastroschisis and intestinal aganglionosis. Thirty-nine patients (76%) had a history of
exposure to ω-3 lipid emulsion. Twenty patients (39%) had a history of exposure to ethanol
locks. The median CVC duration within the study period was 10.8 months (IQR 5, 18). Of
the 46 patients with available catheter data, 34 patients had a tunneled CVC, 8 patients had a
nontunneled CVC, and 4 patients had both catheter types during the study period. Patients
had suboptimal growth, based on weight-for-age and height-for-age z scores. The median
ALT was 67 U/L (IQR 35, 185). The median direct bilirubin was 5.0 mg/dL (IQR 0.4, 7.9).

In the cohort of 51 patients, 26 developed at least 1 CRBSI. Table 1 shows the demographic
and clinical characteristics of the 2 groups. Using univariate analysis, only minimum
citrulline concentration and CVC duration were significantly different between the 2 groups.
The minimum citrulline concentration in patients who developed a CRBSI was significantly
lower (mean, 6.7 ± 4.6 μmol/L) than in those patients who did not (mean, 11.3 ± 6.4 μmol/
L, P = .004). The median CVC duration was 12.8 months (IQR 8, 27) in the group with
CRBSI, and 6.5 months (IQR 3, 12) in the group without CRBSI (P = .013). No other
demographic, surgical, laboratory, or nutrition variable differed significantly between the 2
groups.

Among the 26 patients who developed CRBSIs, there were a total of 60 infections, 30% of
which were polymicrobial. The median number of infections was 1 (range, 1–13). Gram-
negative rods and gram-positive cocci were the most frequently cultured microorganisms.
Common intestinal flora (including Klebsiella, Enterococcus, Escherichia, Enterobacter,
Bifidobacterium, Candida) comprised 65% of all organisms cultured (Table 2).

Figure 1 shows the individual and mean minimum citrulline levels for patients with and
without CRBSI. The mean difference in minimum serum citrulline between the 2 groups
was 4.6 μmol/L (95% CI, 1.5–7.7). Eighteen of the 26 patients who developed CRBSI had a
serum citrulline concentration drawn before the first infection. The median time between
serum citrulline measurement and first CRBSI in these patients was 80 days. Subset analysis
of these 18 patients found that the average minimum preinfection citrulline concentration
was 6.6 ± 4.1 μmol/L. When compared with the minimum citrulline for patients who did not
develop CRBSI (11.3 ± 6.4 μmol/L, n = 25), the minimum preinfection citrulline in patients
who developed CRBSI was significantly lower (P = .009, Student t test), as shown in Figure
2. Multivariate logistic regression analysis revealed that minimum preinfection citrulline
was significantly associated with CRBSI (P = .004). Despite the reduced power when only
preinfection citrulline concentration was used, minimum serum citrulline concentration
remained significantly associated with CRBSI.

Figure 3 is a histogram comparing minimum citrulline for the entire cohort of patients with
and without CRBSI. The theoretical probability curve from logistic regression is
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superimposed. The probability of developing CRBSI was inversely related to minimum
serum citrulline (P = .003). The optimal relationship between sensitivity and specificity for
minimum serum citrulline in differentiating the groups with and without CRBSI was 10
μmol/L.

Multivariate logistic regression analysis identified minimum serum citrulline concentration
and number of catheter days as independently associated with CRBSI (P = .003, P = .038,
respectively). Area under the ROC curve was 0.733 (95% CI, 0.594–0.872) for minimum
serum citrulline and CRBSI, and increased to 0.811 (95% CI, 0.686–0.935) when catheter
duration was included with citrulline to predict CRBSI. Figure 4 illustrates the probability of
CRBSI based on catheter duration and minimum serum citrulline. As catheter duration
increases, the probability of CRBSI increases (P = .038) regardless of citrulline levels. As
minimum serum citrulline level decreases, the probability of infection increases,
independent of catheter duration (P = .003).

Discussion
CRBSI are a leading cause of morbidity and mortality in children with intestinal failure. In
addition to immediate deleterious effects, bloodstream infections have also been associated
with an increased rate of cholestasis associated with PN use.24,25 Identification of factors
predisposing children with intestinal failure to CRBSI may lead to improved prevention
strategies and reduce the potentially fatal consequences of catheter infections.

Previous studies have attempted to identify patients at particular risk for CRBSIs among the
general population of patients with indwelling central venous access. Reported risk factors
across various patient populations include the following: femoral insertion site,26 catheter
type (CVC vs implanted port),27 administration of PN28,29 or blood products,30 underlying
disease,31,32 and CVC duration.33,34 To our knowledge, this is the first study to evaluate
clinical and demographic factors associated with CRBSI in pediatric intestinal failure
patients.

In an attempt to identify variables associated with CRBSI in this cohort, a variety of
demographic, medical, surgical, and nutrition risk factors were evaluated. Neither gender,
age, prematurity, diagnosis, nutrition status (albumin, weight-for-age and height-for-age z
scores, percentage EN received), nor biochemical liver function tests were associated with
the development of CRBSI. However, lower minimum serum citrulline concentration was
significantly associated with increased incidence of CRBSI. Minimum citrulline
concentration remained independently associated with CRBSI, even when controlling for
catheter duration.

Potential explanations for this association are suggested by the finding that 65% of
organisms cultured were common gastrointestinal flora. Direct fecal contamination of the
catheter or sample is possible, particularly when multiple microorganisms are isolated from
a single culture. Because of the significantly lower citrulline concentration in the cohort that
developed CRBSI, we hypothesize that bacterial translocation across an impaired mucosal
barrier is the leading cause of CRBSI.

While our data suggest that citrulline may be a potential biomarker for children with
intestinal failure at risk of CRBSI, it is important to point out some limitations. Serum
citrulline measurements were not consistently obtained during the study period, which might
lead to observational bias. The number of citrulline measurements per patient ranged from 1
to 7. Eight of the 26 patients with CRBSI did not have a serum citrulline concentration
drawn before the first infection. However, results of the subset analysis from the 18 patients
with a preinfection citrulline measurement confirmed that minimum citrulline level was
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associated with increased CRBSI (P = .009). A future study might prospectively collect data
over a longer period of time in a larger group of patients to give additional insight into the
validity of serum citrulline as a predictor of CRBSI. Finally, while the high number of
enteric organisms cultured in these patients suggests a potential role for bacterial
translocation in CRBSI, this retrospective study only measured associations and cannot
deduce the mechanism of infection. Bacterial translocation has been well described in
animal models,35,36 but because of limited data,37 the existence of bacterial translocation in
humans has been questioned.38

Despite these limitations, this study has identified 2 important characteristics associated with
CRBSI in children with intestinal failure: low serum citrulline concentration and increased
catheter duration. This preliminary study suggests that minimum serum citrulline
concentration may be a useful biomarker to identify children with intestinal failure at risk of
developing CRBSI. These high-risk patients may benefit from aggressive preventive
measures (such as ethanol-lock therapy39) to reduce the morbidity of CRBSI.
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Clinical Relevancy Statement

This study found that minimum serum citrulline was inversely correlated with the
occurrence of catheterrelated bloodstream infections (CRBSI) in children with intestinal
failure, independent of intestinal length. This retrospective study warrants further
prospective investigation, but suggests that serum citrulline may be a useful biomarker to
identify children at high risk for CRBSI who may benefit from aggressive preventive
strategies.
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Figure 1.
Minimum serum citrulline in patients with and without catheter-related bloodstream
infections (CRBSI). Individual data points (triangles) and group means (horizontal lines) are
shown. Citrulline was lower in patients with CRBSI (6.7 ± 4.6 μmol/L) than in those
without (11.3 ± 6.4 μmol/L) (P = .004).
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Figure 2.
Minimum preinfection serum citrulline in patients with and without catheter-related
bloodstream infections (CRBSIs). Individual data points (triangles) and group means
(horizontal lines) are shown. Citrulline was lower in patients with CRBSI (6.6 ± 4.1 μmol/
L) than in those without (11.3 ± 6.4 μmol/L) (P = .009).

Hull et al. Page 11

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2012 June 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Histogram comparing minimum serum citrulline in patients with and without catheter-
related bloodstream infections (CRBSIs), with superimposed theoretical probability curve
from logistic regression. Patients who developed CRBSI (gray bars) had lower citrulline
than those who did not (white bars). Probability of CRBSI (black curve) decreases with
increasing citrulline (P = .003).
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Figure 4.
Probability of catheter-related bloodstream infections (CRBSI) based on catheter duration
and minimum serum citrulline (Cit). Probability of CRBSI increases with increasing catheter
duration (P = .038) and decreasing minimum serum citrulline (P = .003). Multivariate
analysis confirmed both variables as significant predictors of CRBSI.
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Table 2

Frequency and Types of Organisms Identified Among Patients With CRBSI

n (%)a

Patients with CRBSI 26 (51)

Number of CRBSIs per patient

 1 16 (62)

 2 3 (11)

 3 1 (4)

 4 2 (8)

 5 3 (11)

 13 1 (4)

Type of infectionb

 Single organism 42 (70)

 Polymicrobial 18 (30)

Type of organism, n
Gram-negative rods

  Klebsiella 22

  Escherichia coli 6

  Enterobacter 5

  Pseudomonas 1

Gram-positive cocci

  Staphylococcus 17

  Enterococcus 15

  Streptococcus 5

  Rhodococcus 1

Gram-positive rods

  Bifidobacterium 1

  Bacillus 1

Yeast

  Candida 5

CRBSI, cather-related bloodstream infection.

a
Except where specified.

b
Species unknown (n = 1).
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