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Citrulline-based assessment score: first choice for
measuring and monitoring intestinal failure after
high-dose chemotherapy
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Background: Currently, objective tests are lacking that enable the extent and duration of intestinal mucosal damage

induced by myeloablative chemotherapy to be determined. To address this problem, we explored a citrulline-based

assessment score as this amino acid is a simple quantitative marker of intestinal failure.

Patients and methods: From March 2004 to June 2007, citrulline concentrations were determined at baseline and

at least once weekly after the start of myeloablative chemotherapy until 30 days thereafter among 94 allogeneic or

autologous haematopoietic stem-cell transplant recipients. The patients were divided into three groups according to

the regimen they received: (i) carmustine, etoposide, cytarabine and melphalan/high-dose melphalan, (ii)

cyclophosphamide and total body irradiation 6 antithymocyte globulin and (iii) idarubicin-containing regimens.

Intestinal mucosal damage was described either by level of citrulline on each day, on the basis of different thresholds

of citrulline indicating the severity of villous atrophy, or by area under the curve using reciprocal value of 10/citrulline.

Results: Regimens that incorporated idarubicin induced the most severe intestinal toxicity. Scores based on the level

of citrulline, using severity thresholds, and on the area under the reciprocal curve are able to discriminate between the

damage induced by different high-dose chemotherapy regimens.

Conclusion: A citrulline-based assessment score appears objective, validated, reproducible, reliable, specific and

sensitive making it a suitable first choice for measuring and monitoring intestinal mucositis.
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introduction

Mucositis is a common adverse effect of myeloablative
chemotherapy or radiotherapy used to prepare patients for
a haematopoietic stem-cell transplant (HSCT) [1]. Patients
describe oral mucositis (OM) as the most debilitating
complaint though the entire alimentary tract is affected.
Clinical consequences of mucositis include dehydration,
malnutrition, potentially life threatening infections and
possibly even increased mortality [2]. Mucositis can have
a direct impact on morbidity—prolonged hospital stay,
increased antibiotic usage and the need for parenteral
nutrition—and is a serious economic burden [3].

Consequently, early detection, assessment and monitoring of
mucosal damage are necessary for effective management.
Therefore, ideally, we should have a scoring system that is
objective, validated, reproducible, reliable (without
interobserver and intraobserver variation), sensitive and precise

and requires minimal training as set out by the Multinational
Association of Supportive Care in Cancer and the International
Society for Oral Oncology (MASCC/ISOO) [4].

Most assessment scales for mucosal damage are focussed on
OM, since it is easy to recognise. Both the World Health
Organization scale and the National Cancer
Institute—Common Terminology Criteria for Adverse Event
(NCI-CTCAE) version 3.0 scale are commonly used [5, 6].
These combine objective signs of mucositis (erythema and ulcer
formation) with subjective and functional outcomes (pain and
the ability to eat). Their reliability is dependent on
interobserver and intraobserver variation, which can be
improved by training [7].

Intestinal mucosal damage presents a different challenge as it
cannot be seen or readily detected. Endoscopy with or without
biopsy is precluded because of the high likelihood for bleeding
complications as mucositis develops contemporaneously with
bone marrow aplasia, so patients are also profoundly
thrombocytopenic [8]. Certain non-invasive tests such as the
sugar permeability tests can detect alterations in permeability
due to loss of the epithelial surface but are cumbersome, wholly
dependent on patient compliance and cannot distinguish
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between mucosal damage induced by different myeloablative
regimens [9]. The NCI-CTCAE version 3.0 scale is considered
the best scale for intestinal (alimentary) mucositis [10] and is
on the basis of signs and symptoms related to gastrointestinal
changes, including nausea, vomiting and diarrhoea [5]
However, this scale suffers from several drawbacks that include
a lack of reliability and validation, as the signs and symptoms
are influenced by the use of antiemetics and opioids for
analgesia, which induce constipation. Furthermore, the score is
neither specific nor objective.

Consequently, the lack of a diagnostic tool to measure
intestinal mucositis impedes good clinical management and
hampers the development of clinical studies. We and others
have explored using the amino acid citrulline as it can be
determined in blood and has been shown to be a reliable and
objective biochemical marker of small-bowel enterocyte mass
[11–16]. Injury to the small intestine after high-dose
chemotherapy is characterised by crypt apoptosis, hypoplastic
villous atrophy and loss of enterocytes and can be measured by
the decline in circulating citrulline with low concentrations
corresponding with severe intestinal damage [12, 17]. In
patients with small-bowel disease and recipients of an intestinal
transplant, citrulline provides an indication of global function
and a useful nutritional prognosis [18]. We therefore
undertook an observational audit to explore an assessment
scale for intestinal mucosal barrier damage on the basis of the
levels of circulating citrulline that had been measured in
patients who had received a T-cell-depleted allogeneic HSCT or
an autologous HSCT to treat a haematological malignancy.

patients and methods

patients
From March 2004 to June 2007, a cohort of 94 patients participated of

whom 51 patients had received a T-cell-depleted allogeneic HSCT

[including 20 recipients of a voluntary unrelated donor (VUD) transplant]

and 43 patients had received an autologous HSCT.

The myeloablative regimens consisted of high-dose melphalan (HDM),

carmustine, etoposide, cytarabine and melphalan (BEAM),

cyclophosphamide, antithymocyte globulin and total body irradiation

(Cy–ATG–TBI), cyclophosphamide and total body irradiation (Cy–TBI),

idarubicin, cyclophosphamide and total body irradiation (IDA–Cy–TBI)

and idarubicin, busulfan and cyclophosphamide (IDA–Bu–Cy). On

admission, all transplant recipients had a central venous catheter inserted.

Parenteral nutrition was started during conditioning. Cyclosporine was

given to allogeneic HSCT recipients for prophylaxis against graft-versus-

host disease (GVHD). Patients were given ondansetron for antiemesis.

Haematopoietic growth factors were not used. Antimicrobial prophylaxis

and therapy were given according to a standard protocol and consisted of

valaciclovir and ciprofloxacin. Agents that might ameliorate alimentary

tract mucositis were not given. Renal function was determined to allow for

dosage adjustment of melphalan when the creatinine clearance was <30

ml/min and to identify high concentrations of citrulline which increase

when creatinine clearance falls <50 ml/min [19]. The glomerular filtration

rate (GFR) was estimated thereafter from the serum creatinine using the

formula of Cockcroft and Gault [20].

citrulline measurements
Since the myeloablative therapy determines the severity of mucositis [21],

plasma was obtained at baseline i.e. before the start of the conditioning

regimen and at least once per week after the start of the regimen till 30 days.

Plasma was stored at 280�C until required. Citrulline concentrations (lM)

were measured by a standard procedure for determining amino acids using

high-performance liquid chromatography (Shimadzu, Kyota, Japan) [22].

data analysis
The patients were divided into three groups, according to the myeloablative

regimen: group 1, BEAM or HDM; group 2, Cy–TBI 6 ATG and group 3,

all regimens containing idarubicin.

Citrulline was described in two ways:

� by the level of citrulline on each day [mean 6 standard deviation (SD)],

on the basis of different thresholds of citrulline. We applied thresholds

that indicate severity of villous atrophy documented in patients with

coeliac disease, i.e. citrulline level <10 lM is considered predictive of

total villous atrophy, citrulline level 10–20 lM is predictive of proximal

only total or subtotal villous atrophy and >20 lM indicating only partial

villous atrophy [11]. The nadir of each regimen was determined and the

duration and frequency of a citrulline <10 lM was calculated.

� by the area under the curve (AUC) using rescaled reciprocal of the

citrulline value (10/citrulline) analogous to the analysis reported by

Wardley et al. [21], who showed that for OM, myeloablative regimens

could be distinguished according to the area under the OM curve.

We modelled the 10/citrulline profile over the first 30 days (or until

discharge if this occurred earlier) after the start of conditioning for each

patient using linear mixed models treating the ‘patient’ as a random factor,

‘conditioning regimen’ as a fixed factor in combination with a six-degree

polynomial function of time. Using this modelling approach, we could

adequately deal with missing values resulting from only 3 or 4 citrulline

measurements per week per patient.

One-way analysis of variance (ANOVA) or the Kruskall–Wallis test was

used to compare the three groups with respect to continuous variables. The

severity of mucositis was measured in each regimen by depth of citrulline

curve (nadir), the duration of citrulline <10 lM and the area under the

10/citrulline curve. In order to develop an assessment scale, we sought to

discriminate between the different regimens by using the two different

approaches. A P value of <0.05 was considered to indicate significance. SAS

version 8.2 software (SAS Institute Inc., Cary, NC) was used for statistical

analysis.

results

The mean age of the 94 patients was 49 (range 17–65) years.
Group 1 consisted of 40 patients who received an autologous
HSCT. Twenty-nine patients were treated for multiple
myeloma with HDM. Eleven patients were treated for non-
Hodgkin’s lymphoma with BEAM. Group 2 consisted of 29
patients who were treated with Cy–TBI 6 ATG. Eight received
a sibling donor allogeneic HSCT and were treated with Cy–TBI.
Twenty-one patients received a VUD transplant and were
treated with ATG–Cy–TBI. Group 3 contained 25 patients
treated for several haematological diseases with IDA–Bu–Cy or
IDA–Cy–TBI preceding a HSCT. Three patients in group 3
received an autologous HSCT and 22 patients an allogeneic
HSCT. The demographic data of the HSCT recipients divided
into the three groups, according to the myeloablative regimen
are summarised in Table 1.

There were no treatment-related deaths and every patient
had a GFR >50 ml/min, hence there was no need to adjust the
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dose of melphalan or to correct citrulline concentrations for
renal dysfunction.

The course of observed citrulline means in the three groups is
shown in Figure 1. Mean citrulline at start of the conditioning
regimen for all patients was 22.1 lM 6 8.1 (mean 6 SD). No
significant differences were found at baseline between the three
groups (P = 0.276). A significant decrease was seen in all groups
immediately after the start of myeloablative therapy, with
citrulline reaching 10 lM around day 9 (group 1: 9.6 6 3.2,
group 2: 8.4 6 3.3 and group 3: 9.4 6 4.3). A nadir was
reached, respectively, on 14.4 6 2.6 day for group 1, 15.3 6 4.7
day for group 2 (disregarding the outlying mean value at day
10, on the basis of a single observation) and 16.5 6 2.9 day for
group 3 (with a significant difference between groups 1 and 3; P
= 0.008; Mann–Whitney U test). All patients in group 3 had
citrulline values <10 lM (reflecting total villous atrophy) for at
least one day, compared with 88% (35 of 40 patients) in group
1 and 84% (21 of 25 patients) in group 2. During the first 30
days after the start of the conditioning, patients in group 3
experienced 21 6 5 days of citrulline <10 lM in comparison
with 16 6 7 days for group 1 and 17 6 7 days for group 2
(Kruskal–Wallis test; P = 0.005).

The conditioning regimens incurring the most severe
intestinal mucositis were those that incorporated idarubicin on
the basis of the course of citrulline. Group 3 had on average
lower citrulline levels starting from day 13 compared with
groups 1 and 2, and on the basis of the AUC. The mean area

under the modelled 10/citrulline curve of group 3 was 44.7
(day/lM) compared with 32.8 (day/lM) for group 1 and
32.6 (day/lM) for group 2 (P < 0.0001, one-way ANOVA)
(Figure 2).

discussion

This observational audit shows that the course of citrulline is
able to discriminate between different regimens. This makes
a score on the basis of citrulline more specific and sensitive than
either the NCI-CTCAE assessment score or sugar permeability
tests [5, 9]. Citrulline as a marker for the myeloablative
regimen-induced intestinal damage is highly reproducible,
showing the same course of citrulline for each single patient
treated in a certain regimen. Furthermore, citrulline is
a quantitative and objective value, lacking interobserver and
intraobserver variation [12, 23].

Low citrulline concentrations represent intestinal failure
independent of the underlying cause and also correlate with the
clinical condition of different diseases including small-bowel
disease, villous atrophy diseases, immunodeficiency virus
enteropathy or severe intestinal infectious disease [18].

In adult patients with short-bowel syndrome, a citrulline
threshold of 20 lM permits the classification into either
transient (n = 20) or permanent (n = 37) chronic intestinal
failure, with 92% sensitivity, 90% specificity, 95% positive and
86% negative predictive values, respectively [15]. Almost the

Table 1. Demographic data of HSCT recipients treated with myeloablative regimens

Group Conditioning Doses Frequency Days

Type of

SCT, day

Number of

patients Male/female Disease

1 HDM 40 17/12 MM

Melphalan 100 mg/m2 od 1, 2 Autologous,

day 4

BEAM 7/4 NHL

Carmustine 300 mg/m2 od 1 Autologous,

day 7Etoposide 200 mg/m2 b.i.d. 2–5

Cytarabine 200 mg/m2 b.i.d. 2–5

Melphalan 140 mg/m2 od 6

2 Cy–TBI 29 6/2 NHL/CLL (7),

MDS/AML (1)Cyclophosphamide 60 mg/kg od 1, 2 Allogeneic,

day 7Total body irradiation 4–5 Gy od 5, 6

ATG–Cy–TBI 16/5 NHL/CLL (6), CML (3),

MDS/AML (9), ALL (2),

myelofibrosis (1)

Antithymocyte globulin 2 mg/kg od 1, 2 VUD, day 9

Cyclophosphamide 60 mg/kg od 3, 6

Total body irradiation 4–5 Gy od 7, 8

3 IDA–Bu–Cy 25 12/2 CML (1), MDS/AML

(10), ALL (3)Idarubicin 42 mg/m2 od 1 Allogeneic (12),

autologous (2),

day 13

Busulfan 4 mg/kg od 7, 8

Cyclophosphamide 60 mg/kg od 11, 12

IDA–Cy–TBI 10/1 NHL/CLL (4),

MDS/AML (5),

ALL (1), Morbus

Waldenstrom (1)

Idarubicin 42 mg/m2 Over 48 h 1 Allogeneic (10),

autologous (1),

day 13

Cyclophosphamide 60 mg/kg od 7, 8

Total body irradiation 4–5 Gy 11, 12

HSCT, haematopoietic stem-cell transplant; SCT, stem-cell transplant; od, once daily; MM, multiple myeloma; NHL, non-Hodgkin’s lymphoma; b.i.d., two

times daily; CLL, chronic lymphocytic leukaemia; MDS, myelodysplastic syndrome; AML, acute myeloid leukaemia; VUD, voluntary unrelated donor; ALL,

acute lymphocytic leukaemia.
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same is true for children (citrulline cut-off, 19 lM) [24].
Circulating citrulline concentrations can also help evaluate the
graft rejection 3 months after intestinal transplant, the
sensitivity for the detection moderate or severe acute rejection
was high (sensitivity of 96%, specificity 68.6%, negative
predictive value >99%) when a <13 lM was adopted as a cut-
off [16].

Thus, an assessment score on the basis of citrulline is
objective, validated at least by analogy, reproducible, reliable,
specific and sensitive and meets the criteria proposed by
MASCC and ISOO [4] better than any other scoring system to
measure intestinal mucositis.

Moreover, an assessment score can be on the basis of either
the level of citrulline or the AUC. Both are able to discriminate
between different regimens which is important for research and
practical purposes.

The area under the 10/citrulline is probably only appropriate
for research purposes since the myeloablative regimen is the
main determinant of the course of intestinal mucositis [21],
and only a few measurements will be necessary to estimate the
AUC. This version resembles the oral mucositis assessment
scale (OMAS) designed as a research tool for determining and
following the progress of OM [25]. The OMAS measures
a consensus of indicators of OM severity and both the mean
mucositis score and the extent of severe mucositis score,
calculated over time either as the AUC or as the average of the
three highest values, produce scores that are reproducible and
responsive to change.

For clinical purposes, a scoring system on the basis of
absolute citrulline values seems practical for determining
intestinal mucosal barrier damage. The level of citrulline
following myeloablative chemotherapy may help select those
patients who will benefit from parenteral nutrition as is the case
for those with villous atrophy, where a citrulline level <10 lM is
highly predictive for the need of parenteral nutrition whereas
a level >10 lM will allow weaning off of parenteral nutrition
[11, 18]. Furthermore, we have shown low citrulline
concentrations to be associated with bacteraemia [26], which
could indicate that extra measures should be taken, for
example, more intensive monitoring of vital signs and
temperature registration. The duration of citrullinaemia below
a certain threshold might also prove useful for grading the
severity of gut mucositis as is now the case with grade 4
neutropenia of <7–10 days for which the course of antibiotic
therapy is shorter than for those with a more protracted
duration [27]. For intestinal mucositis, it is conceivable that
parenteral nutrition should only be given to patients receiving
regimens that induce a long duration of a citrullinaemia <10
lM since parenteral nutrition can promote villous atrophy,
increase intestinal permeability and enhance bacterial
translocation. Furthermore, knowledge of the expected
duration of citrullinaemia <10 lM may help clarify when
cytoprotective drugs are necessary and also when antimicrobial
therapy should be initiated.

An assessment score on the basis of circulating citrulline
concentrations offers a promising approach to studying the

Figure 1. Course of citrulline after the start of the conditioning regimen by the level of citrulline on each day. A significant decrease was seen in all groups

immediately after the start of myeloablative therapy, with citrulline reaching 10 lM around day 9. A nadir was reached, respectively, on 14, 15 and 17 days

after the start of the conditioning regimen in group 1, 2 and 3. The conditioning regimens incurring the most severe intestinal mucositis were those that

incorporated idarubicin (group 3). Group 3 had on average lower citrulline levels starting from day 13. The duration of citrulline <10 lM was 21 days for

group 3 and, respectively, 16 and 17 days for group 1 and 2. Vertical axis: observed mean citrulline values in lM. Numbers refer to the groups are 1:

carmustine, etoposide, cytarabine and melphalan and high-dose melphalan, 2: cyclophosphamide and total body irradiation 6 antithymocyte globulin and

3: idarubicin, busulfan and cyclophosphamide and idarubicin, cyclophosphamide and total body irradiation. Horizontal reference lines correspond to

citrulline = 10 lM (solid), citrulline = 20 lM (dotted). Horizontal axis: day after start conditioning.
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relationship between intestinal mucositis and post-transplant
complications in general including GVHD. Further studies are
necessary to explore the predictive value of citrulline for
individual patients and to define suitable cut-off values. It is
likely, that a citrulline-based assessment score could also be of
help in the development of successful preventive interventions
of agents such as interleukin 11 and keratinocyte growth factor
that ameliorate alimentary tract mucositis [28, 29]. Patients
treated with non-myeloablative regimens, those being treated
for solid tumours or with radiotherapy may also benefit from
the availability of a better tool for measuring intestinal
mucositis.

In conclusion, circulating citrulline concentrations are able
to discriminate between the extent and duration of intestinal
mucosal damage induced by different high-dose chemotherapy
regimens in the clinical setting. A citrulline-based assessment
score should be considered the first choice for measuring and
monitoring intestinal damage following myeloablative
chemotherapy.
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