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Background & aims: Disease-associated factors influence parenteral support (PS) reduction in response to
teduglutide in patients with intestinal failure associated-short bowel syndrome (SBSeIF). We sought to
determine correlative relationships between plasma citrulline levels, small bowel length, and PS volume.
Methods: A post hoc analysis of plasma citrulline levels from patients in the STEPS 24-week study of
teduglutide in patients with SBS�IF. Plasma citrulline was assessed in all patients; patients were strat-
ified 3 times into subgroups based on bowel anatomy, cause of SBSeIF, and baseline PS volumes. Cor-
relation analyses used simple linear regression models. Statistical comparisons between study groups
were conducted using 2-sided t tests for 2 independent mean differences.
Results: Baseline plasma citrulline correlated with remnant small bowel length (r ¼ 0.355, P ¼ 0.002),
but not with baseline PS volume (r ¼ �0.167, P ¼ 0.14), in the overall population. There was a robust
correlation between the baseline and Week 24 citrulline (r ¼ 0.705, P < 0.0001), and an inverse corre-
lation between change from baseline in citrulline and PS volume from baseline to Week 24 (r ¼ �0.359,
P ¼ 0.001). In all subgroups, patients treated with teduglutide showed numerically greater increases in
plasma citrulline at Week 24 compared with placebo.
Conclusion: Baseline plasma citrulline showed significant correlations with small bowel length in pa-
tients with �50% colon remaining/no stoma/colon-in-continuity, and patients with SBSeIF causes other
than IBD/vascular disease. Citrulline levels may correlate with PS changes in response to teduglutide and
more research may reveal a relationship between citrulline levels within the heterogeneous population
of patients with SBS�IF.
ClinicalTrials.gov NCT00798967, ClinicalTrialsRegister.eu 2008-006193-15.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ammatory bowel disease; IF,
nutrition and/or intravenous
sease.
ology and Hepatology 3-16-3,
n, Denmark. Fax: þ45 3545

(P.B. Jeppesen).
ington, MA, USA.
g, Switzerland.

Ltd. This is an open access article u
1. Introduction

After intestinal resection, some patients with short bowel syn-
drome (SBS) may undergo intestinal adaptation marked by struc-
tural, functional, and behavioral changes that enhance the mucosal
surface area, prolong the accelerated gastric emptying and intestinal
transit time, reduce gastrointestinal hypersecretion, and increase
local oxygenation [1e4]. Adaptationmay relate to hypersecretion of
endogenously secreted “feedback” hormones such as glucagon-like
peptide (GLP)-2, GLP-1, and peptide YY,mainly seen inpatientswith
SBS with remnant ileum and right-sided colon [5e7]. As a result of
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adaptive processes, the absorptive capacity of the remaining bowel
is augmented. Patients with intestinal failure associated with SBS
(SBSeIF) fail to obtain sufficient intestinal adaptation to support oral
or enteral autonomy and require chronic parenteral support (PS;
parenteral nutrition and/or intravenous fluids) to meet fluid and
nutritional needs [8]. The SBSeIF patient population is highly het-
erogeneous with respect to underlying cause of disease, remnant
bowel anatomy and function, and PS requirements [8].

Plasma citrulline, a nonessential amino acid produced by
enterocytes, has been evaluated as a biomarker for remnant
enterocyte mass and absorptive function in patients with SBS
[1,9]. Mean concentrations of plasma citrulline in healthy adults
range from 18 to 40 mM across studies and tend to be lower in
patients with SBSeIF [10e16]. Several studies have reported
significant correlations between plasma citrulline and remnant
small bowel length [10,12,13,17e19]. However, these analyses
have included predominantly patients with colon-in-continuity
and most enrolled a mixed population of PS-dependent and
nonePS-dependent patients. A recent report evaluating a rela-
tively homogenous population of PS-dependent patients with
end jejunostomy demonstrated no association between plasma
citrulline and small bowel length [15]. Similarly, data regarding
the ability of citrulline to function specifically as a biomarker of
intestinal absorptive capacity or enteral autonomy are conflicting.
Some studies have demonstrated a positive correlation between
plasma citrulline levels and absorption of fat, protein, or D-xylose
[10,17,18], whereas others have reported no association [15,16,19].
Likewise, results of some [10,18,20], but not all [12,15,19], ana-
lyses have suggested that citrulline levels can distinguish PS-
dependent and PS-independent populations. Together, these
data suggest that aspects of disease characteristics contributing
to the SBS patient population heterogeneity may influence the
effectiveness of citrulline as a potential generalizable biomarker
in SBSeIF.

Teduglutide, an analog of the intestinotrophic hormone GLP-2
[21], is approved in the United States and Europe for the treatment
of adult and pediatric patients aged �1 year with SBS who are
dependent on PS [22,23]. Recently, Jeppesen et al. evaluated the
response to teduglutide in terms of PS reduction in patients from
the STEPS study categorized by SBSeIF subgroups defined by bowel
anatomy, etiology, and baseline PS volume [24]. The greatest effects
of teduglutide in terms of reducing absolute PS volume re-
quirements were observed in patients with stoma and no colon-in-
continuity, patients who had inflammatory bowel disease (IBD) as
the underlying cause of SBSeIF, and patients with high baseline PS
volumes.

The objectives of this post hoc analysis were to assess the
correlative relationships between plasma citrulline levels and
remnant small bowel length, PS volume, and end-of-study plasma
citrulline levels in patients with SBSeIF. Correlation analyses were
performed for patients in the overall study group and in patients
stratified by residual bowel anatomy, underlying cause of SBSeIF,
and baseline PS volume. Additionally, we determined teduglutide-
associated changes in plasma citrulline and PS volume re-
quirements, and the relationship between those changes, inpatients
with SBSeIF stratification groups.
2. Materials and methods

2.1. Study design and patients

This post hoc analysis included data from patients enrolled in
the STEPS study (NCT00798967; EudraCT 2008-006193-15), a 24-
week, phase III, multicenter, multinational, randomized, placebo-
controlled trial [25]. STEPS enrolled adult patients with SBS who
required PS �3 times weekly for �12 continuous months. Patients
were randomized 1:1 to receive subcutaneous teduglutide
(0.05 mg/kg/day) or placebo for 24 weeks. As described previously
[25], patients underwent a PS optimization period before
randomization, in which PS was adjusted to achieve a target urine
output of 1e2 L per day. During the study, PS reductions of 10%e
30% of baseline volume were permitted at 2- to 4-week intervals if
clinical status was stable and 48-h urine output increased by �10%
over baseline. The study was conducted in accordance with the
Declaration of Helsinki, the International Conference on Harmoni-
zation guidelines, and Good Clinical Practice. The study protocol
was approved by local institutional review boards or medical ethics
committees.
2.2. Citrulline measurements

Plasma citrulline levels were assessed at baseline and Weeks
4, 8, 16, and 24. Plasma citrulline levels were analyzed and
validated by liquid chromatography tandem mass spectrometry
quantitative assay. Details of the assay have been previously
published [26].
2.3. Analysis population

This post hoc analysis included 85 patients from the STEPS
intent-to-treat population (N ¼ 86); 1 patient randomized to
teduglutide in STEPS was excluded because the patient dis-
continued study drug before the first dose and did not undergo any
study assessments. Consistent with the recently published post hoc
analysis evaluating response to teduglutide in patient subgroups,
the study population was stratified 3 times to create 3 distinct
analysis classifications based on bowel anatomy, cause of SBSeIF,
and baseline PS volumes [24]. Bowel anatomy subgroups were:
Group 1, patients with 0% colon remaining, stoma present, and no
colon-in-continuity; Group 2, patients with �50% colon remaining,
no stoma present, and colon-in-continuity; and Group 3, patients
with <50% colon remaining or with colostomy. Cause of SBSeIF
subgroups were: SBSeIBD, patients with IBD as underlying cause
of SBSeIF; SBSeVasc, patients with vascular disease as underlying
cause of SBSeIF; and Other, patients with other underlying causes
of SBSeIF. Baseline PS volume subgroups were:�9 L per week PS at
baseline;>9e18 L per week PS at baseline; and>18 L perweek PS at
baseline.
2.4. Statistical analysis

Correlation analyses were performed between baseline plasma
citrulline and remnant small bowel length and baseline PS vol-
ume; baseline citrulline levels and citrulline levels at Week 24;
change from baseline at Week 24 in citrulline levels and PS vol-
ume; in the overall patient group and in the stratification patient
subgroups based on bowel anatomy, cause of SBSeIF, and baseline
PS volumes. Only patients with data available for both parameters
of a correlation were included in each correlation analysis. Simple
linear regression models were used for correlation analyses; r
values are reported. Statistical comparisons between study groups
were conducted using 2-sided t tests for 2 independent mean
differences. All P values are statistically descriptive (ie, nominal P
values).
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3. Results

3.1. Patients

Eighty-five patients who enrolled in STEPS and received�1 dose
of study drug were included in the analysis. Patient demographics
and disposition have been previously published [25].
3.2. Citrulline correlations in the STEPS study population

Among all STEPS patients, plasma citrulline levels at baseline
were moderately and significantly correlated with remnant small
bowel length (r ¼ 0.355; P ¼ 0.002; n ¼ 72; Fig. 1A) but were not
correlated with baseline PS volume (r ¼ �0.167; P ¼ 0.14; n ¼ 78;
Fig. 1B). A close, strong, and significant correlation was observed
between plasma citrulline levels after 24 weeks of study drug
treatment and baseline citrulline concentration (r ¼ 0.705;
P < 0.0001; n ¼ 78; Fig. 2). Change from baseline in plasma
citrulline levels at Week 24 also showed a moderate and significant
inverse correlation with change from baseline in PS volume in the
overall study population (r¼�0.359; P¼ 0.001; n¼ 78; Fig. 3). The
details of Fig. 3 indicate that most of the patients receiving placebo
in STEPS had little to no change in plasma citrulline, whereas the
negative slope of the regression line is driven by patients treated
with teduglutide who had increases in plasma citrulline associated
with decreases in PS volume requirements after 24 weeks. Inter-
estingly, 5 of 6 patients with the largest reductions in PS volume
(>1500 mL/day) had moderate elevations in plasma citrulline
(approximately 10e30 mM), with 1 patient having a higher increase
in plasma citrulline (>60 mM). In contrast, 4 of 5 patients with the
greatest increases in plasma citrulline (>40 mM) had associated PS
volume reductions of approximately 250e750 mL/day.
3.3. Citrulline correlations in the overall study population stratified
by patient SBSeIF classifications

We next evaluated the correlation between baseline plasma
citrulline levels and remnant small bowel length in STEPS study
patients categorized by bowel anatomy, underlying cause of
SBSeIF, and baseline PS volume requirements (Table 1). This
stratification analysis provided further insight into the moderate
Fig. 1. Correlation between baseline plasma citrulline levels and (A) remnant small bow
The þ symbol represents patients who became PS independent by the end of the 2-year, o
PS ¼ parenteral support; SBSeIF ¼ intestinal failure associated with short bowel syndrome
and significant correlation observed in the overall study population
(Fig. 1A) in that it was driven by moderate and significant corre-
lations among patients in bowel anatomy Group 2 (�50% colon
remaining/no stoma/colon-in-continuity; r ¼ 0.496; P ¼ 0.0018),
patients with SBSeIF causes other than IBD or vascular disease
(r ¼ 0.591; P ¼ 0.0009), and patients with baseline PS volume of
>9e18 L/week (r ¼ 0.491; P ¼ 0.0024; Table 1). Although baseline
plasma citrulline was not significantly associated with baseline PS
volume requirements in the overall study population (Fig. 1B),
when the patient population was stratified, moderate and signifi-
cant inverse correlations were observed for bowel anatomy Group
1 (0% colon remaining/stoma/no colon-in-continuity; r ¼ �0.544;
P ¼ 0.0034) and Group 2 (r ¼ �0.504; P ¼ 0.0013; Table 1).

The strong and significant correlation between plasma citrulline
at Week 24 and baseline plasma citrulline observed in the overall
study population (Fig. 2) was also observed in almost all patient
subgroups (Table 1). Bowel anatomy Group 3 (<50% colon or with
colostomy) was the only patient subgroup to lack a significant
correlation in this analysis (r¼ 0.497; P¼ 0.0839), but this was also
the patient subgroup with the smallest sample size (n ¼ 13), and a
trend toward significance was observed. The strongest correlations
were recorded for bowel anatomy Group 1 (r ¼ 0.754; P < 0.0001),
patients with SBSeIF causes other than IBD or vascular disease
(r ¼ 0.822; P < 0.0001), and patients with baseline PS volumes
>9e18 L/week (r ¼ 0.729; P < 0.0001) and >18 L/week (r ¼ 0.786;
P ¼ 0.0005).

The strongest correlations between change in plasma citrulline
at Week 24 and change in PS volume at Week 24, which was
moderate and significant in the overall study population (Fig. 3),
were found in the subgroups of patients in bowel anatomy Group 3
(r ¼ �0.698; P ¼ 0.0080) and patients with baseline PS volume of
>18 L/week (r ¼ �0.635; P ¼ 0.0109; Table 1).
3.4. Changes in plasma citrulline levels with teduglutide

As previously reported, after 24 weeks of study drug treatment
in STEPS, plasma citrulline levels increased by a mean of 20.6 mM
(110.5%) in patients treated with teduglutide, and by 0.7 mM (13.3%)
in patients receiving placebo (P < 0.0001 for comparison between
study arms) [26]. Twenty-seven of 42 patients treated with tedu-
glutide showed an increase in plasma citrulline levels of >10 mM
el length and (B) baseline PS volume in patients with SBSeIF in the STEPS study.
pen-label extension of this phase III study (NCT00930644; EudraCT 2009-011679-65).
.



Fig. 2. Correlation between plasma citrulline levels at baseline andWeek 24 in patients
with SBSeIF in the STEPS study. The þ symbol represents patients who became PS in-
dependent by the end of the 2-year, open-label extension of this phase III study
(NCT00930644; EudraCT2009-011679-65). PS¼parenteral support; SBSeIF¼ intestinal
failure associated with short bowel syndrome.
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between baseline and Week 24. In contrast, 3 of 43 patients
receiving placebo had a >10-mM increase in plasma citrulline con-
centration. In this analysis, when patients were stratified by bowel
anatomy subgroups, patients treated with teduglutide showed
significantly greater increases in plasma citrulline at Week 24
compared with patients receiving placebo in all subgroups
(Table 2). The largest absolute and percentage increases in plasma
citrulline were observed in patients in Group 1. Notably, this is the
only bowel anatomy subgroup that showed a significant decrease
from baseline in PS volume at Week 24 compared with placebo.
Similarly, bowel anatomy Group 3 showed an intermediary effect
on increase in plasma citrulline levels and an intermediary (though
Fig. 3. Correlation between change from baseline at Week 24 in plasma citrulline
levels and in PS volume requirements in patients with SBSeIF in the STEPS study.
The þ symbol represents patients who became PS independent by the end of the 2-
year, open-label extension of this phase III study (NCT00930644; EudraCT 2009-
011679-65). PS ¼ parenteral support; SBSeIF ¼ intestinal failure associated with short
bowel syndrome.
nonsignificant) effect on reduction in PS volume with teduglutide.
When patients were stratified a second time by underlying cause of
SBSeIF, all 3 subgroups again showed significant increases from
baseline in plasma citrulline at Week 24 when compared with
placebo (Table 3). Patients in the SBSeIBD subgroup showed the
greatest increases in plasma citrulline at Week 24 and also
comprised the only subgroup that showed significant decreases
from baseline in PS volume at Week 24 compared with placebo.
Lastly, when patients were stratified by baseline PS volume re-
quirements, all subgroups again showed absolute increases from
baseline in citrulline levels at Week 24 compared with placebo,
which were significant for the low (�9 L/week; P ¼ 0.0005) and
middle (>9e18 L/week; P < 0.0001) baseline PS volume subgroups,
and borderline significant for the high (>18 L/week; P ¼ 0.05)
baseline PS volume subgroup (Table 4). Although patients requiring
the most PS volume at baseline (>18 L/week) experienced the
greatest decreases in PS volume with teduglutide treatment, the
middle baseline PS volume subgroup showed the largest
teduglutide-associated increases in plasma citrulline.

4. Discussion

Consistent with most previous studies, citrulline was signifi-
cantly correlated with remnant small bowel length in the overall
STEPS study population; however, the r value (0.355) in this study
was less robust than the significant correlations reported in pre-
vious analyses (range, 0.47e0.88) [10,12,13,17,19]. Prior studies
reporting significant associations between citrulline and remnant
small bowel length included primarily patients with colon-in-
continuity [10,12,13,17e19]. In the current analysis, bowel anat-
omy Group 2, which included patients with colon-in-continuity,
was the only bowel anatomy subgroup to show a significant rela-
tionship between bowel length and baseline citrulline levels
(r ¼ 0.496; P ¼ 0.0018), consistent with those previous studies.
Furthermore, as described previously, patients in Group 2 tended to
have shorter small intestinal lengths compared with patients in the
other bowel anatomy subgroups [24]. Papadia et al. published a
model for the predicted relationship between plasma citrulline and
small bowel length based on data from 55 patients with varying
degrees of resection that suggests that the correlation is stronger
for shorter bowel lengths/lower citrulline levels [18]. Thus, it is
possible that the association between plasma citrulline and small
bowel length decreases as small bowel length increases, and/or that
the degree of correlation depends on the presence of colon-in-
continuity. If so, then a patient subgroup with shorter small
bowel lengths and preserved colon would be expected to show a
stronger correlation between small bowel length and plasma
citrulline, as was seen with Group 2 in this analysis.

The most robust correlations observed in this analysis were for
the relationship between plasma citrulline at baseline and plasma
citrulline at Week 24. All patient subgroups, with the exception of
bowel anatomy Group 3, showed moderate to strong correlations
between plasma citrulline at baseline and Week 24. This finding
reflects the high degree of linear proportionality related to the ef-
fect of treatment with teduglutide on change in plasma citrulline.
Regardless of the severity of SBSeIF for an individual patient, the
relative effect of teduglutide on increases in plasma citrulline is
consistent, as would be expected for a growth factor exerting a
uniform trophic effect on enterocytes.

In the overall STEPS study population, no association was
observed between plasma citrulline levels and PS volume re-
quirements at baseline. In a previous analysis of citrulline levels in
2 teduglutide phase III studies, a significant correlation was
observed between change in plasma citrulline and change in PS
volume at Week 24 in the 0.05-mg/kg/day teduglutide arm of



Table 1
Citrulline correlations in patients with SBSeIF in the STEPS study stratified by SBSeIF classifications.

Correlation Subgroup n r Value P Value

Baseline plasma citrulline vs remnant small bowel length
Total study population 72 0.355 0.0022
Bowel anatomy subgroupsa Bowel anatomy Group 1 24 0.285 0.1768

Bowel anatomy Group 2 37 0.496 0.0018
Bowel anatomy Group 3 11 �0.379 0.2501

Underlying cause of SBSeIF subgroups SBSeIBD 14 0.311 0.2797
SBSeVasc 30 0.142 0.4544
Other cause of SBSeIF 28 0.591 0.0009

Baseline PS volume subgroups Baseline PS �9 L/week 22 0.024 0.9108
Baseline PS >9e18 L/week 36 0.491 0.0024
Baseline PS >18 L/week 14 0.440 0.1156

Baseline plasma citrulline vs baseline PS volume
Total study population 78 �0.167 0.1443
Bowel anatomy subgroupsa Bowel anatomy Group 1 27 ¡0.544 0.0034

Bowel anatomy Group 2 38 ¡0.504 0.0013
Bowel anatomy Group 3 13 0.331 0.2692

Underlying cause of SBSeIF subgroups SBSeIBD 16 �0.474 0.0634
SBSeVasc 31 �0.288 0.1159
Other cause of SBSeIF 31 �0.154 0.4097

Baseline PS volume subgroups Baseline PS �9 L/week 25 0.105 0.6179
Baseline PS >9e18 L/week 38 �0.111 0.5060
Baseline PS >18 L/week 15 0.044 0.8773

Baseline plasma citrulline vs plasma citrulline at Week 24
Total study population 78 0.705 < 0.0001
Bowel anatomy subgroupsa Bowel anatomy Group 1 27 0.754 < 0.0001

Bowel anatomy Group 2 38 0.602 < 0.0001
Bowel anatomy Group 3 13 0.497 0.0839

Underlying cause of SBSeIF subgroups SBSeIBD 16 0.651 0.0064
SBSeVasc 31 0.496 0.0046
Other cause of SBSeIF 31 0.822 < 0.0001

Baseline PS volume subgroups Baseline PS �9 L/week 25 0.639 0.0006
Baseline PS >9e18 L/week 38 0.729 < 0.0001
Baseline PS >18 L/week 15 0.786 0.0005

Change from baseline in plasma citrulline at Week 24 vs change from baseline in PS volume at Week 24
Total study population 78 ¡0.359 0.0013
Bowel anatomy subgroupsa Bowel anatomy Group 1 27 �0.185 0.3559

Bowel anatomy Group 2 38 �0.170 0.3079
Bowel anatomy Group 3 13 ¡0.698 0.0080

Underlying cause of SBSeIF subgroups SBSeIBD 16 �0.435 0.0923
SBSeVasc 31 �0.302 0.0981
Other cause of SBSeIF 31 �0.329 0.0708

Baseline PS volume subgroups Baseline PS �9 L/week 25 �0.372 0.0667
Baseline PS >9e18 L/week 38 �0.277 0.0920
Baseline PS >18 L/week 15 ¡0.635 0.0109

IBD ¼ inflammatory bowel disease; PS ¼ parenteral support; SBSeIF ¼ intestinal failure associated with short bowel syndrome; Vasc ¼ vascular disease.
a Bowel anatomy Group 1 ¼ 0% colon remaining/stoma/no colon-in-continuity; bowel anatomy Group 2 ¼ �50% colon remaining/no stoma/colon-in-continuity; bowel

anatomy Group 3 ¼ <50% colon or with colostomy.
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study CL0600-004 (NCT00081458; EudraCT 2004-000438-35), but
no correlation was seen in the teduglutide arm of the STEPS study
[26]. The analysis of the STEPS study reported here, which used
data from all study patients (both placebo and teduglutide groups)
to augment the statistical power, demonstrated a significant as-
sociation between change in plasma citrulline and change in PS
volume after 24 weeks of treatment with teduglutide. Although
the correlation between change in plasma citrulline and change in
PS volume with study treatment reached statistical significance,
the r value of �0.359 was not robust. The mechanism of action of
teduglutide is likely multifactorial, and enterocyte trophicity may
comprise a relatively minor impact on patient response. Indeed,
the largest absolute effect of teduglutide in terms of PS volume
reduction has been observed in patients with jejunostomy or
ileostomy, rather than in patients with at least some colon
remaining [24], who have larger target organs and therefore
greater numbers of GLP-2 receptors, and less endogenous GLP-2
secretion [5,21]. Other known actions of GLP-2 that may affect
patient response to teduglutide include enhancement of mesen-
teric blood flow [27,28], reduction of intestinal permeability
[29,30], inhibition of gastric secretion [31,32], and in some studies,
slowing of gastric emptying [33,34] and gastrointestinal transit
[35].

In this study, we extend prior findings to evaluate changes in
plasma citrulline in response to treatment with teduglutide in
patient subgroups defined by bowel anatomy, underlying cause
of SBSeIF, and baseline PS volume requirements. In all sub-
groups analyzed, patients treated with teduglutide had signifi-
cantly greater percentage increases from baseline in plasma
citrulline than did patients receiving placebo. Inclusion criteria
for STEPS specified that patients be PS dependent for at least 12
months prior to entering the study. At baseline, mean duration
of PS dependence was 6.3 years, and mean time since last small
bowel resection was 7.4 years. Thus, most study patients were
past the time frame during which the majority of spontaneous
post-resection intestinal adaptation occurs [20,36,37]. Not sur-
prisingly, therefore, little change in plasma citrulline was
observed at Week 24 in the placebo-treated subgroups,
compared with the teduglutide-treated subgroups. Nonetheless,
in a post hoc analysis of citrulline levels in teduglutide-treated
patients, no difference was observed in citrulline levels at
baseline, or change from baseline at Week 24, in patients who



Table 2
PS volume requirements and plasma citrulline levels at baseline and change from baseline at Week 24, stratified by bowel anatomy.

Group 1:
0% Colon Remaining

Stoma
No Colon-in-Continuity

Group 2:
�50% Colon Remaining

No Stoma
Colon-in-Continuity

Group 3:
<50% Colon or With Colostomy

Mean (SD) TED n ¼ 17a PBO n ¼ 16b TED n ¼ 18 PBO n ¼ 20 TED n ¼ 7 PBO n ¼ 7c

Citrulline
Baseline, mM 21.6 (10.62) 20.2 (8.19) 13.4 (5.68) 13.9 (7.22) 18.9 (6.79) 17.2 (11.25)

Change from baseline at Week 24
mM 30.1 (18.92)d 2.2 (6.94) 11.8 (9.92)e 0.8 (5.26) 24.0 (20.85)f ‒2.7 (7.58)
% 138.4 (50.34)d 8.2 (30.57) 86.5 (63.44)g 21.0 (71.13) 116.2 (85.29)f ‒1.3 (40.43)

PS volume
Baseline, mL/day 2068.9 (1364.94) 2686.5 (1122.35) 1509.4 (827.31) 1502.9 (750.85) 1768.9 (1007.11) 1301.1 (552.18)

Change from baseline at Week 24
mL/day ¡919.3 (643.55)f �339.9 (435.67) �354.8 (306.21) �327.2 (348.71) �728.4 (532.31) �297.4 (498.46)
% ¡40.3 (18.26)h �18.8 (29.10) �23.3 (15.84) �23.8 (22.23) �40.3 (18.75) �18.7 (30.88)

PBO ¼ placebo; PS ¼ parenteral support; TED ¼ teduglutide.
a n ¼ 14 for PS at Week 24 and citrulline at baseline and Week 24.
b n ¼ 13 for PS at Week 24 and citrulline at baseline and Week 24.
c n ¼ 6 for citrulline at baseline and Week 24.
d P < 0.0001 vs PBO.
e P ¼ 0.0003 vs PBO.
f P ¼ 0.01 vs PBO.
g P ¼ 0.005 vs PBO.
h P ¼ 0.03 vs PBO.

Table 3
PS volume requirements and plasma citrulline levels at baseline and change from baseline at Week 24, stratified by cause of SBSeIF.

SBSeIBD SBSeVasc Other

Mean (SD) TED n ¼ 11a PBO n ¼ 8b TED n ¼ 15 PBO n ¼ 17c TED n ¼ 16d PBO n ¼ 18c

Citrulline
Baseline, mM 20.1 (8.24) 18.0 (7.46) 16.3 (5.09) 16.7 (9.08) 16.8 (11.48) 15.7 (8.75)

Change from baseline at Week 24
mM 28.3 (17.07)e �2.4 (3.95) 15.9 (11.76)f �0.4 (5.04) 20.6 (21.62)g 3.2 (7.41)
% 139.7 (52.94)f �12.3 (22.50) 98.2 (66.31)f 6.9 (30.13) 105.2 (71.78)h 30.9 (78.09)

PS volume
Baseline, mL/day 2267.5 (1480.49) 3087.7 (1156.25) 1826.7 (982.12) 1338.0 (730.66) 1398.8 (811.29) 1927.9 (855.07)

Change from baseline at Week 24
mL/day ¡1101.7 (653.66)i �357.1 (453.15) �512.6 (539.17) �277.4 (428.26)c �450.1 (280.06) �363.0 (345.27)
% ¡45.2 (18.29)j �11.4 (14.57) �24.9 (18.42) �25.2 (34.48) �32.2 (16.42) �21.8 (17.36)

IBD ¼ inflammatory bowel disease; PBO ¼ placebo; PS ¼ parenteral support; SBSeIF ¼ intestinal failure associated with short bowel syndrome; TED ¼ teduglutide;
Vasc ¼ vascular.

a n ¼ 9 for PS at Week 24 and citrulline at baseline and Week 24.
b n ¼ 7 for PS at Week 24 and citrulline at baseline and Week 24.
c n ¼ 16 for PS at Week 24 and citrulline at baseline and Week 24.
d n ¼ 15 for citrulline at baseline and Week 24.
e P ¼ 0.0005 vs PBO.
f P < 0.0001 vs PBO.
g P ¼ 0.009 vs PBO.
h P ¼ 0.01 vs PBO.
i P ¼ 0.02 vs PBO.
j P ¼ 0.001 vs PBO.
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weaned off PS (n ¼ 9) compared with those who remained PS
dependent (n ¼ 30; data not shown). This finding suggests that
evaluation of citrulline as a single biomarker in relation to
teduglutide treatment in individual patients may be of limited
value in clinical practice.

The strength of this analysis stems from the cooperation among
27 intestinal rehabilitation programs in 10 countries, which resul-
ted in the collection of detailed patient data from a heterogeneous
population. Limitations include the small patient sample size,
particularly for subgroup analyses. In addition, citrulline was not
sampled under fasting conditions. However, Fjermestad et al. re-
ported that the difference between fasting and postprandial
citrulline levels in patients with SBSeIF was only 12% [15]. Similarly,
studies of healthy subjects show that meal intake has minor effects
on citrulline levels, which return to baseline in 3e4 h [15,38].
Together, these data suggest that the impact of feeding events
within 3 h of blood sampling on citrulline outcomes would be
relatively small. An additional limitation is that nutrient absorption
was not evaluated in the STEPS study; response was assessed only
in terms of PS volume reduction. Finally, the current analysis in-
cludes data from the 24-week STEPS study only; no information is
available regarding the impact of long-term treatment with tedu-
glutide on plasma citrulline levels.

In conclusion, baseline plasma citrulline showed a correlation
with small bowel length in patients with SBSeIF who participated
in the STEPS study. This correlation was statistically significant
when all STEPS patients were evaluated, primarily because of sig-
nificant correlations observed in patients with �50% colon



Table 4
PS volume requirements and plasma citrulline levels at baseline and change from baseline at Week 24, stratified by baseline PS volume.

Baseline PS Volume
�9 L/week

Baseline PS Volume
>9e18 L/week

Baseline PS Volume
>18 L/week

Mean (SD) TED n ¼ 15a PBO n ¼ 13b TED n ¼ 20c PBO n ¼ 21c TED n ¼ 7 PBO n ¼ 9d

Citrulline
Baseline, mM 17.4 (7.26) 18.7 (9.66) 18.7 (9.79) 16.3 (8.04) 13.6 (7.61) 13.9 (7.97)

Change from baseline at Week 24
mM 15.6 (11.53)e 0.4 (5.33) 24.1 (19.42)f 0.8 (7.35) 20.3 (21.36)g 1.0 (5.35)
% 81.6 (48.55)e 14.0 (32.80) 124.9 (71.23)f 19.5 (74.33) 124.8 (71.49)h ‒2.3 (25.04)

PS volume
Baseline, mL/day 806.9 (328.11) 856.1 (310.24) 1791.8 (338.33) 1870.2 (408.27) 3826.1 (715.49) 3527.4 (749.04)

Change from baseline at Week 24
mL/day �245.1 (164.39) �225.8 (362.18) ¡594.5 (389.30)i �334.6 (355.35) ¡1410.5 (579.38)j �460.1 (514.96)
% �28.5 (18.45) �29.2 (35.49) ¡33.5 (20.97)i �19.1 (20.40) ¡36.7 (13.97)k �14.9 (17.07)

PBO ¼ placebo; PS ¼ parenteral support; TED ¼ teduglutide.
a n ¼ 13 at baseline and Week 24.
b n ¼ 12 at baseline and Week 24.
c n ¼ 19 at baseline and Week 24.
d n ¼ 8 at baseline and Week 24.
e P ¼ 0.0005 vs PBO.
f P < 0.0001 vs PBO.
g P ¼ 0.05 vs PBO.
h P ¼ 0.003 vs PBO.
i P ¼ 0.04 vs PBO.
j P ¼ 0.005 vs PBO.
k P ¼ 0.02 vs PBO.
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remaining/no stoma/colon-in-continuity, and patients with SBSeIF
causes other than IBD or vascular disease. At Week 24, the change
in plasma citrulline showed a correlation with the change in PS
volume when all STEPS patients were evaluated. In all patient
subgroups, treatment with teduglutide was associated with
numerically greater increases in plasma citrulline at Week 24
compared with receiving placebo. More research is needed to
determine if citrulline levels correlate with PS changes, perhaps
during a restricted adaptive period or within a dynamic range of
response.
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