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Background: Intestinal Failure-Associated Liver Disease is characterized by cholestasis and hepatic
dysfunction due to parenteral nutrition (PN) therapy. We described key features of cholestatic infants
receiving PN to assess overall outcomes in this population at our institution.
Methods: This is a retrospective single center study of 163 neonates grouped into cholestatic (n ¼ 63)
and non-cholestatic (n ¼ 100) as defined by peak conjugated bilirubin of �2.0 mg/dL or < 0.8 mg/dL,
respectively. Univariate and multiple regression models were used to study associations between vari-
ables and outcomes of interest.
Results: Lower Apgar scores (4 ± 3 vs. 6 ± 3, p-value ¼ <0.005 at 1 min; 6 ± 2 vs. 7 ± 2, p < 0.005 at
5 min) and lower birth weight (adj b [SE] ¼ 0.62 [0.27], p-value ¼ 0.024) were risk factors for developing
cholestasis. Cholestatic infants were more likely to have had gastrointestinal surgery (31 [49%] vs. 15
[15%], p-value <0.005), received PN for a longer duration (40 ± 39 days vs. 11 ± 7 days, p-value <0.005),
and started enteral feeds later in life (86 ± 23 days vs. 79 ± 20 days, p-value <0.005) when compared to
non-cholestatic infants. Weight percentiles in cholestatic infants were lower both at hospital discharge
(14 ± 19 vs. 24 ± 22, p-value <0.005) and at 6 months of age (24 ± 28 vs. 36 ± 31, p-value ¼ 0.05).
Conclusions: Cholestasis in the NICU is a multifactorial process, but it has a long lasting effect on pro-
spective weight gain in infants who receive PN in the NICU. This finding highlights the importance of
follow-up for adequate growth and the potential benefit from aggressive nutritional support.

© 2019 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

Parenteral nutrition (PN) is commonly used as a critical life-
saving nutritional supplement in the neonatal intensive care unit
(NICU) until the immature neonatal gut can tolerate enteral
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nutrition [1]. Many NICU patients receiving PN have a diagnosis
associated with intestinal failure [2], and are therefore unable to
tolerate enteral nutrition [3]. Intestinal failure-associated liver
disease (IFALD) is a complication of PN therapy that presents with
early cholestasis (defined as conjugated bilirubin �2.0 mg/dL [4]),
progresses to hepatic dysfunction, and sometimes leads to liver
transplantation [2,5,6].

Infants who develop cholestasis can progress to cirrhosis within
as little as 3e5 months [6]. Cholestasis has been shown to be most
severe in low birth weight (BW) and premature patients [7e10].
Clinical studies have shown up to a 50% risk of developing chole-
stasis in infants with BW of <1000 g [8], and an incidence of
approximately 70% in premature infants [11]. Duration of PN is also
associated with cholestasis [12], with as high as an 80% risk of
cholestasis in patients receiving PN for >60 days [8].
y Elsevier Ltd. All rights reserved.
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IFALD is a multi-factorial process, and various strategies have
been studied to alleviate PN-associated hepatotoxicity [2]. The best
way to improve IFALD is early PN discontinuation [2,13] however,
this is often not possible in the NICU population due to gut
immaturity and enteral feeding intolerance. Other strategies
include use of trophic feeds [14e16], PN cycling [17], use of fish oil
based lipids [18e22], and ursodiol therapy [23,24], which have all
been shown to independently improve cholestasis and liver func-
tion [25].

In this work, we aimed to 1) describe key features of cholestatic
versus non-cholestatic neonates receiving PN at our center, 2)
investigate variables associated with weight and enteral tolerance
in cholestatic neonates, and 3) identify findings that could inform a
quality improvement initiative to improve growth and enteral
tolerance in our NICU.

2. Methods

2.1. Study population

A retrospective review was performed of the medical records of
163 neonates admitted to our hospital's NICU between 2014 and
2017. Patients were included if they met the following criteria: 1)
admission to the NICU, including patients born at an outside hos-
pital who were immediately admitted to our NICU after stabiliza-
tion; 2) use of PN, defined as receiving total parenteral nutrition for
�5 consecutive days. We further categorized our patient sample
into two groups: 1) non-cholestatic group: peak conjugated bili-
rubin of <0.8 mg/dL during NICU stay; 2) cholestatic group: peak
conjugated bilirubin of �2.0 mg/dL during NICU stay. Patients with
peak conjugated bilirubin of 0.8e2.0 mg/dL were excluded as these
values are sometimes considered cholestatic in some studies and
not in others [4]. Patients were excluded if they had 1) received care
at an outside hospital before admission to our hospital's NICU (not
including patients who were born at an outside hospital and
transferred immediately to our NICU), or 2) were transferred to an
outside hospital NICU.

Subjects were identified by a search of the clinical data re-
pository at our institute, a locally developed, enterprise-wide data
warehouse that contains longitudinal data on over 1.5 million pa-
tients [26,27]. The study protocol was approved by our institutional
review board (IRB-HSR #20116).

2.2. Data collection and interpretation

Our initial search identified 80 patients as cholestatic and 593
patients as non-cholestatic. After a chart review, 63 cholestatic
patients met our inclusion criteria, and 100 non-cholestatic pa-
tients were chosen randomly for the non-cholestatic group. De-
mographic variables (i.e. gestational age, gender), and baseline
characteristics (i.e. surgical history, length of NICU stay, inpatient
gastroenterology consult) are described in Table 1. Primary
gastrointestinal diagnosis was identified by review of patient notes,
and included the following: gastroschisis, omphalocele, atresia,
malrotation, necrotizing enterocolitis (defined as the presence of
both bloody stools and suggestive X-ray findings at our center),
congenital diaphragmatic hernia (data not shown). Weight per-
centiles were reported using Fenton growth curves [28] up to 50
weeks gestation, and Centers for Disease Control (CDC) growth
curves [29] beyond 50 weeks gestation. Corrected gestational age
(GA) percentiles [28] were reported for premature infants. Six
month weight percentile was reported if it was measured between
5 and 7 months of age. Generally, weights are recorded daily at our
institution, with exceptions only in the first week of life for <32
week premature babies and for long term patients with a more
complex care individualized patient care model. The following
definitions were used: 1) age achieving full enteral tolerance: the
first day the patient was receiving all nutrition enterally, 2) cycling
of PN: any mention of PN cycling in review of daily progress notes
throughout the duration of the patient's NICU stay. At our center,
PN is cycled when conjugate bilirubin is rising (with >2 g/dL as a
minimum) and when there is no advancement of feeds within one
week. This is only done for infants who weigh more than 1250 g.
Dextrose, protein and lipids are usually cycled over 20 h, initially
decreasing the glucose-infusion ratewith dextrose-containing fluid
for 4 h, and weaning down to eventually running only normal sa-
line at a minimal rate while cycling (i.e. achieving a true cycle
phase). All other variables were reported as seen in Table 1.

The following continuous variables were converted to categor-
ical variables for inclusion in our linear regression model analysis.
GA was reported as a categorical variable according to the World
Health Organization (WHO) definitions [30] of 1) term,�37 weeks;
2) late preterm, 32e37 weeks; 3) very preterm, 28e32 weeks; and
4) extremely preterm, <28 weeks. BW was reported as 1) �2500 g
or 2) <2500 g according to the WHO definition of low BW [31].
Length of small bowel resected was reported as either 1) 0 cm or 2)
>0 cm. Total number of positive blood cultures (BLCS) during
hospitalization was reported as either 1) 0 or 2) �1.

2.3. Statistical analysis

All statistical analyses were performed using R version 3.3.3
[32]. Descriptive statistics were calculated for all variables andwere
reported as mean ± standard deviation (SD) for continuous vari-
ables and “n” (%) for categorical variables. Differences between
non-cholestatic and cholestatic groups were calculated using un-
paired 2-sample t tests for continuous variables and Chi-square
or Fisher's exact tests for categorical variables. Non-normally
distributed variables were log transformed prior to analysis.

We were interested in examining the relationship of the
following primary outcomes with cholestasis: 1) 6-month weight
percentile and 2) age achieving full enteral tolerance. We per-
formed simple linear regression (Supplementary Table 1) to
examine the association of each primary outcome with the other
measured variables (reported as b [SE]). In addition, the Pearson
correlation coefficient was calculated and reported. We then per-
formed multivariable linear regression (Table 2) with each primary
outcome as the dependent variable (reported as Adjb [SE]). Inde-
pendent variables included in the model were chosen based on
clinical and biological relevance, as seen in Fig. 1.

3. Results

3.1. Patient demographics and characteristics

Cholestatic and non-cholestatic groups were not significantly
different for GA (32 ± 6weeks vs. 33± 4weeks, p-value¼ 0.33), BW
(1.9 ± 1.1 kg vs. 2.0 ± 0.9 kg, p-value ¼ 0.57), or gender (40 [64%]
males vs. 58 [58%] males, p-value ¼ 0.59). Cholestatic infants had
significantly lower Apgar scores at 1 and 5 min (4 ± 3 vs. 6 ± 3, p-
value <0.005; and 6 ± 2 vs. 7 ± 2, p-value <0.005, respectively), and
were more likely to have had gastrointestinal surgery (31 [49%] vs.
15 [15%], p-value <0.005).

Cholestatic infants were more likely to have had resections of
small bowel (3.1 ± 12 cm vs. 0 ± 0 cm, p-value ¼ 0.04), and less
likely to have their entire large bowel (57 [91%] not resected vs. 100
[100%] not resected, p-value <0.005), and/or ileocecal valve (60
[95%] intact ileocecal valve vs. 100 [100%] intact ileocecal valve, p-
value ¼ 0.06) resected. Ten patients had small bowel resections,
with resection length ranging from2 to 83 cm, and five patients had



Table 1
Patient, nutrition, cholestasis, and management characteristics of cholestatic and non-cholestatic groups.

Cholestatica (Mean (SD)/n (%)) Non-Cholestaticb (Mean (SD)/n (%)) p-valuec

Patient Characteristics
Gestational age (weeks) (c ¼ 63, nc ¼ 100) 32 (6) 33 (4) 0.33
Birth weight (grams) (c ¼ 63, nc ¼ 100) 1876 (1130) 1971 (883) 0.57
Male gender (c ¼ 63, nc ¼ 100) 40 (64%) 58 (58%) 0.59
Apgar score at 1 min (c ¼ 61, nc ¼ 98) 4 (3) 6 (3) <0.005
Apgar score at 5 min (c ¼ 62, nc ¼ 99) 6 (2) 7 (2) <0.005
History of gastrointestinal surgery (c ¼ 63, nc ¼ 100) 31 (49%) 15 (15%) <0.005
Length of small bowel resected (cm) (c ¼ 10, nc ¼ 0) 3 (12) 0 (0) 0.04
Length of colon resected: (c ¼ 63, nc ¼ 100)
None 57 (91%) 100 (100%)
Partial 6 (10%) 0 (0%) <0.005

Presence of ileocecal valve (c ¼ 63, nc ¼ 100) 60 (95%) 100 (100%) 0.06
Total # of positive BLCS during hospitalization (c ¼ 63, nc ¼ 100) 0.4 (0.8) 0.1 (0.4) 0.01
NICU length of stay (days) (c ¼ 63, nc ¼ 100) 78 (63) 39 (35) <0.005
Inpatient gastroenterology consult for cholestasis (c ¼ 63, nc ¼ 100) 23 (37%) 0 (0%) <0.005
Gastroenterology follow-up within 2 months of discharge (c ¼ 57, nc ¼ 98) 33 (58%) 2 (2%) <0.005
Growth Characteristics
Birth weight percentile (c ¼ 61, nc ¼ 100) 47 (31) 50 (28) 0.58
4 week weight percentile (c ¼ 56, nc ¼ 64) 27 (25) 22 (18) 0.29
8 week weight percentile (c ¼ 43, nc ¼ 27) 17 (22) 17 (16) 0.88
Discharge weight percentile (c ¼ 56, nc ¼ 97) 14 (19) 24 (22) <0.005
6 month weight percentile (c ¼ 47, nc ¼ 60) 24 (28) 36 (31) 0.05
g/day gained during NICU stay (c ¼ 61, nc ¼ 100) 17 (9) 21 (60) 0.48
Bilirubin Values
Peak conjugated bilirubin (mg/dL) (c ¼ 62, nc ¼ 98) 7 (6) 0.5 (0.1) <0.005
Peak total bilirubin (mg/dL) (c ¼ 63, nc ¼ 100) 12 (9) 9 [4 0.01
Liver Biomarkers
Peak AST (U/L) (c ¼ 62, nc ¼ 91) 250 (161) 60 (125) <0.005
Peak ALT (U/L) (c ¼ 61, nc ¼ 90) 133 (106) 30 (52) <0.005
Peak ALP (U/L) (c ¼ 63, nc ¼ 99) 544 (296) 322 (157) <0.005
Peak INR (c ¼ 45, nc ¼ 35) 2 (0.6) 1.5 (0.4)d 0.01
Minimum Albumin (g/dL) (c ¼ 63, nc ¼ 99) 2 (0.4) 3 (0.5) <0.005
Nutritional Characteristics
Use of soy-based lipid (c ¼ 63, nc ¼ 100) 62 (98%) 100 (100%) 0.39
Cycling of PN (c ¼ 63, nc ¼ 100) 25 (40%) 3 (3%) <0.005
Use of trophic feeds (c ¼ 63, nc ¼ 99) 56 (89%) 75 (76%) 0.06
Ursodiol treatment (c ¼ 63, nc ¼ 100) 42 (67%) 0 (0%) <0.005
Total time on PN (days) (c ¼ 63, nc ¼ 100) 40 (39) 11 (7) <0.005
Age of onset of enteral feeding (days) (c ¼ 59, nc ¼ 99) 9 (10) 4 (5) <0.005

Note: # ¼ Number; BLCS ¼ Blood Cultures; NICU ¼ Neonatal Intensive Care Unit; PN ¼ Parenteral Nutrition; AST ¼ Aspartate Aminotransferase; ALT ¼ Alanine Amino-
transferase; ALP ¼ Alkaline Phosphatase; INR ¼ International Normalized Ratio.

a Peak Conjugated bilirubin during hospitalization �2.0 mg/dL; n ¼ 63.
b Peak Conjugated bilirubin during hospitalization <0.8 mg/dL; n ¼ 100.
c Calculated using t-test or Chi Square/Fisher's Exact test; the n for each category is stated as c ¼ cholestatic & nc ¼ non-cholestatic.
d This value was left to one decimal place as rounding to the nearest whole figure resulted in the mean values in the two groups to look identical.
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large bowel resections. Additionally, cholestatic infants received PN
for a significantly longer duration (40 ± 39 days vs. 11 ± 7 days, p-
value <0.005), and were also significantly more likely to start
enteral feeds later in life (9 ± 10 days vs. 4 ± 5 days, p-value
<0.005). These patients were receiving PN for a variety of reasons,
including intestinal abnormalities such as gastroschisis, critical
congenital heart disease, sepsis, and immaturity of the gut sec-
ondary to prematurity.

Weight percentiles between the groups did not differ at birth
(47± 31 vs. 50 ± 28, p-value¼ 0.58), 4 weeks (27± 25 vs. 22± 18, p-
value ¼ 0.29) or 8 weeks (17 ± 22 vs. 17 ± 16, p-value ¼ 0.88), but
were significantly lower at discharge for the cholestatic group
(14 ± 19 vs. 24 ± 22, p-value <0.005, n¼ 47 cholestatic, n¼ 60 non-
cholestatic). This effect persisted through age 6 months (24 ± 28 vs.
36 ± 31, p-value ¼ 0.05). Weight percentiles were available for 97%
of patients at birth, 89% at 4 weeks, 68% at 8 weeks, 75% at 6
months, and 89% at discharge. Furthermore, cholestatic infants had
significantly longer NICU stays (78 ± 63 days vs. 39 ± 35 days, p-
value <0.005). A pediatric gastroenterology consult was obtained
for 23 (37%) of the cholestatic infants, and 33 (58%) were seen in the
pediatric gastroenterology follow-up clinic. At our center, obtaining
a pediatric gastroenterology consultation is at the discretion of the
primary physician, and there is no clear pathway through which
patients were scheduled for follow up in gastroenterology clinic on
discharge.

3.2. Laboratory evaluation of cholestasis and liver function

Cholestatic infants exhibited significantly higher peak conju-
gated bilirubin (7 ± 6 mg/dL vs. 0.5 ± 0.1 mg/dL, p-value <0.005)
and total bilirubin (12 ± 9 mg/dL vs. 9 ± 4 mg/dL, p-value 0.01). Of
patients who had a bilirubin measured within 2 days of discharge
(28 patients), 89% remained cholestatic at discharge. Their liver
biomarkers were also significantly higher, with higher trans-
aminases (Aspartate Aminotransferase [AST] 250 ± 161 U/L vs.
60 ± 125 U/L; Alanine Aminotransferase [ALT] 133 ± 106 U/L vs.
30 ± 52 U/L, p-value <0.005), higher alkaline phosphatase (ALP)
(544 ± 296 IU/L vs. 322 ± 157 IU/L, p-value <0.005), higher Inter-
national Normalized Ratio (INR) (2 ± 0.6 vs. 1.5 ± 0.4, p-value 0.01)
and lower albumin (2 ± 0.4 g/dL vs. 3 ± 0.5 g/dL, p-value <0.005).

3.3. Interventions to ameliorate cholestasis

Soy-based intravenous (IV) lipid emulsion (standard of care at
our institution) was used in the PN for all non-cholestatic patients,
and in all but one of the cholestatic patients; one cholestatic patient



Table 2
Multivariate associations for six month weight percentile and age at which full enteral tolerance was achieved among cholestatic (direct bilirubin >2.0 mg/dL) neonates.

Beta (SE) Adjusted Beta (SE) p-value

With 6 month weight percentilea

Gestational age 0.11 (0.25) �0.3 (0.36) 0.406
Birth weight 0.49 (0.67) 1.28 (0.84) 0.136
APGAR score at 1 min �0.37 (0.37) �0.84 (0.40) 0.045c

History of gastrointestinal surgery �1.30 (0.62) �0.85 (0.71) 0.243
Length of small bowel resected �0.92 (0.76) 2.17 (1.00) 0.036c

Total # positive BLCS during hospitalization �1.41 (0.66) 0.52 (0.77) 0.501
Peak conjugated bilirubin �1.00 (0.54) 0.09 (0.60) 0.886
Age of onset of enteral feeding �0.09 (0.29) 0.31 (0.31) 0.321
Peak AST �0.57 (0.35) �0.7 (0.45) 0.132
Minimum Albumin 4.63 (1.56) 6.39 (2.06) 0.004c

With age at which full enteral tolerance achievedb

Gestational age �0.25 (0.09) �0.28 (0.10) 0.007c

Birth weight �0.37 (0.27) 0.07 (0.25) 0.779
History of gastrointestinal surgery 1.15 (0.21) 0.48 (0.22) 0.031c

Length of small bowel resected 0.95 (0.33) �0.07 (0.27) 0.803
Length of colon resected 1.05 (0.43) 0.65 (0.29) 0.029c

Total # positive BLCS during hospitalization 0.72 (0.28) 0.14 (0.19) 0.475
Age of onset of enteral feeding 0.25 (0.11) 0.10 (0.09) 0.289
Cycling of PN 1.25 (0.20) 0.69 (0.22) 0.004c

Use of trophic feeds 1.61 (0.40) 1.15 (0.33) 0.001c

Ursodiol treatment 0.11 (0.28) �0.24 (0.19) 0.207
Phenobarbital treatment �1.09 (0.32) 0.07 (0.26) 0.775

Note: SE ¼ Standard Error; # ¼ Number; BLCS ¼ Blood Cultures; PN ¼ Parenteral Nutrition; AST ¼ Aspartate Aminotransferase.
a Model constructed as follows: Y ¼ b0 þ b1X1þ b2X2 … bnXn where Y represents 6 month weight percentile and Xn represents one of several independent predictor

variables. Variables were chosen based on clinical relevance and all variables included in the model are displayed in the table.
b Model constructed as follows: Y¼ b0 þ b1X1þ b2X2 … bnXn where Y represents age at which full enteral tolerance achieved and Xn represents one of several independent

predictor variables. Variables were chosen based on clinical relevance and all variables included in the model are displayed in the table.
c Significant values.

Fig. 1. Hypothesized associations for Intestinal Failure-Associated Liver Disease.
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received Omegaven, a fish oil-based IV lipid emulsion that can be
obtained at our institution via a compassionate drug use protocol
for patients with severe liver dysfunction or PN- associated chole-
stasis (IRB-HSR #17770). PN was cycled in 25 (40%) of the chole-
static patients and 3 (3%) of the non-cholestatic patients. The
cholestatic groupwas also significantly more likely to have received
ursodiol (42 [67%] vs. 0 [0%], p-value <0.005).
3.4. 6-Month weight percentile in cholestasis group

Univariate analysis was notable for a significant association
between 6-month weight percentile and history of gastrointestinal
surgery (�1.30 [0.62], p-value ¼ 0.043), length of colon resected
(�2.42 [0.88], p-value ¼ 0.009), presence of ileocecal valve (3.00
[1.22], p-value ¼ 0.018), duration of PN (�0.69 [0.28], p-
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value ¼ 0.016), PN cycling (�1.44 [0.60], p-value ¼ 0.020), number
of positive BLCS during hospitalization (�1.41 [0.66], p-
value ¼ 0.039), peak INR (�3.73 [0.95], p-value <0.001), and min-
imum albumin (4.63 [1.56], p-value ¼ 0.005). In multivariable
analysis, Apgar score at 1 min (�0.84 [0.40], p-value ¼ 0.045),
length of small bowel resected (2.17 [1.00], p-value ¼ 0.036), and
minimum albumin (6.39 [2.06], p-value ¼ 0.004) were indepen-
dently predictive of 6-month weight percentile.

3.5. Achieving full enteral tolerance in cholestasis group

In the cholestatic group, in univariate analyses, GA (�0.25 [0.09],
p-value ¼ 0.009), history of gastrointestinal surgery (1.15 [0.21], p-
value <0.001), length of small bowel resected (0.95 [0.33], p-
value ¼ 0.005), length of colon resected (1.05 [0.43], p-
value ¼ 0.018), type of intestinal abnormality (0.16 [0.04], p-value
<0.001), PN duration (0.83 [0.06], p-value <0.001), PN cycling (1.25
[0.20], p-value <0.001), trophic feed use (1.61 [0.40], p-value
<0.001), age of onset of enteral feeds (0.25 [0.11], p-value ¼ 0.034),
volume of enteral feeds when first off PN (1.90 [0.47], p-value
<0.001), phenobarbital therapy (�1.09 [0.32], p-value ¼ 0.001),
number of positive BLCS during hospitalization (0.72 [0.28], p-
value ¼ 0.014), peak ALT (0.41 [0.13], p-value ¼ 0.003), peak ALP
(0.86 [0.20], p-value <0.001), and minimum albumin (�2.89 [0.55],
p-value <0.001) were significantly associated with age achieving
full enteral tolerance. In multivariate analysis, GA (�0.28 [0.10], p-
value ¼ 0.007), history of gastrointestinal surgery (0.48 [0.22], p-
value ¼ 0.031), length of colon resected (0.65 [0.29], p-
value ¼ 0.029), PN cycling (0.69 [0.22], p-value ¼ 0.004), and tro-
phic feed use (1.15 [0.33], p-value ¼ 0.001) were independently
predictive of the age achieving full enteral tolerance.

4. Discussion

The present study investigated key features of cholestatic and
non-cholestatic neonates receiving PN at our institution's NICU. We
aimed to report our center's experience, and to investigate vari-
ables associated with weight percentiles and age achieving enteral
tolerance in the cholestatic group. Additionally, we have used these
data in informing further quality improvement interventions at our
institution currently underway. Notable findings include: 1)
decreased weight gain of cholestatic infants at discharge and 6
months of age, 2) length of colon resected independently predicts a
delay in achieving enteral tolerance, and 3) lower Apgar scores,
lower BW, and increased duration of PN therapy are risk factors for
developing cholestasis.

NICU infants receive PN in order to meet metabolic demands for
growth and illness [33,34], and IFALD is a common and significant
complication that can negatively impact outcomes. Identification of
risk factors for cholestasis and study of the impact of treatment are
important steps in improving outcomes both at our center and at
others across the world. Several studies have aimed to identify risk
factors for PN cholestasis in the NICU [7e9,35,36]. In our study,
cholestatic infants were significantly more likely to have lower
Apgar scores, but not lower GA or BW when compared to non-
cholestatic counterparts. This suggests that any notable differ-
ences in outcomes described in this work between cholestatic and
non-cholestatic infants cannot be fully explained by differences in
BW or GA among the two groups, as these variables were not
significantly different between these two groups.

A significantly higher proportion of cholestatic infants had a
history of gastrointestinal surgery and/or small bowel, colon, or
ileocecal valve resection when compared to non-cholestatic con-
trols. Surgical manipulation of the normal gastrointestinal anatomy
can lead to development of cholestasis by several mechanisms.
Gastrointestinal surgery can increase the need for prolonged PN,
thus increasing the risk of developing IFALD [37]. Post-operative
gastrointestinal dysmotility impairs bile acid elimination by slow-
ing transit time and increasing biliary enterohepatic circulation.
Additionally, children without ileocecal valves take longer to wean
from PN [38,39] and are at higher risk of developing bloodstream
infections [40], which are independently associated with devel-
oping cholestasis [41]. Furthermore, surgery itself is a risk factor for
infection, compounding the risk of infection-associated cholestasis
in this population.

Cycling of PN, use of trophic feeds, and ursodiol treatment have
been shown to mitigate IFALD [16,17,23,24]. In our study, chole-
static patients were significantly more likely to have PN cycling and
ursodiol treatment. Additionally, a majority (88.9%) received tro-
phic feeds at some point during hospitalization. Later achievement
of enteral tolerancewas associatedwith PN cycling and trophic feed
use in our multivariable analysis, indicating the higher likelihood of
these interventions to be employed in patients who are on PN for a
longer duration. There is some data to suggest that cycling PN
earlier in the course can decrease the risk of cholestasis in neonates
[17,42], and perhaps this is an area that can be further improved
with quality improvement methodology in the future. Data have
shown a clear benefit of SMOF and Omegaven lipid formulations in
ameliorating PN associated cholestasis [20,21,43,44]. Given these
data, a quality improvement initiative is underway to add both
SMOF and Omegaven to our clinical formulary (currently available
only for select patients via a compassionate use protocol) as well as
to develop institution-specific guidelines and protocols to guide
use.

Despite these interventions, cholestatic patients in our study
were significantly more likely to exhibit signs of hepatic dysfunc-
tion, as demonstrated by abnormalities in markers of liver injury
and synthetic function. However, average levels of liver biomarkers
were disproportionately high when compared with time on PN,
suggesting the presence of other concurrent hepatoxic processes.
Many patients in our NICU have other reasons to have liver injury,
such as septic shock or heart failure, which could contribute to
exaggerated elevations in liver biomarkers.

Malnutrition is associated with abnormal brain development
[45] and optimizing early nutrition has been associated with
improved neurocognitive outcomes [46,47]. The most important
finding in our study is that infants with cholestasis have a
decreased weight percentile at discharge and 6 months compared
to non-cholestatic infants. The reasons for this difference are likely
the same as those that contribute to development of IFALD: bowel
surgery with resultant short bowel syndrome, recurrent infections,
and the need for prolonged parenteral nutrition. Our study in-
dicates that small bowel resection is a risk for lower weight
percentile at 6 months and, although we did not define these
children as having short bowel syndrome, some did meet that
definition. Fat malabsorption from decreased bile acid secretion in
children with cholestasis likely contributes in part to the observed
difference in weight gain [4]. Additionally, IFALD itself has been
associated with intestinal dysbiosis, which may play a role in
enteric maturation and ultimately enteral feeding tolerance [5].
This is echoed by our study, in which older age at onset of enteral
feeds independently predicted lower discharge weight. Although
some patients in the cholestatic group remained cholestatic at
discharge, a majority had already had normalization of bilirubin by
this point, suggesting the impact of cholestasis on prospective
weight gain even after resolution of hyperbilirubinemia. Our find-
ings highlight the importance of diligent follow-up and continued
aggressive nutrition assessment and therapy in this population.

In studying variables associated with cholestasis at our center,
we uncovered several important areas for improvement of our
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practice. For example, only 37% of patients were seen by a gastro-
enterology consultant while in the NICU. Multidisciplinary team
approaches are known to positively impact outcomes in healthcare
settings [48e51], and patients who develop PN associated chole-
stasis could benefit from this care model as well. After this study
ended, our center started a weekly multidisciplinary round-table
discussion that included neonatologists, gastroenterologists, sur-
geons, radiologists, nurses, nutritionists, and pharmacists. This
team discusses all patients, thus giving each patient the benefit of
an informal gastroenterology consultation. Further directions for
quality improvement also include standardization of the PN cycling
protocol, trophic feed use, and ursodiol treatment regimens.
Further exploration of the subgroup of patients who did not have
PN cycling, trophic feed use, and/or ursodiol treatment could yield
valuable insights into the nature of practice at our center. By
employing QI methodology with PDSA cycles, we aim to uncover
inconsistencies in care and to improve practice for all patients via
the implementation of a standardized parenteral nutrition protocol
in our NICU. This can then be used to evaluate the effect of multi-
disciplinary, standardized care on outcomes in these vulnerable
infants, and can be applied to care models at other institutions.

Strengths of our study included: 1) cross-sectional design
with longitudinal data collection time points; 2) use of non-
cholestatic controls to better describe management of chole-
stasis independently of other factors; 3) assessment of growth at
various ages; and 4) use of multivariable regression to charac-
terize variables that independently predicted outcomes. Limita-
tions included: 1) small sample size; 2) retrospective data
collection; and 3) fairly lenient inclusion criteria which ulti-
mately contributed to a rather heterogeneous study population.
Stratification of groups based on principal diagnosis and an
evaluation of neurocognitive outcomes in this population would
be useful in future studies, which would require a much larger
sample size and longer study duration.

In summary, we describe our experience at a tertiary care center
in caring for NICU patients with cholestasis and IFALD. While
several of our findings (low Apgar scores, gastrointestinal surgery,
longer duration of PN are all risk factors for cholestasis) reiterate
previous data, our work also suggests that cholestasis itself is
associated with worse growth. This significant and long lasting
negative effect on weight in cholestatic infants highlights the need
for increased nutritional support for this population.
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