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POPULAR SCIENCE SUMMARY OF THE THESIS 
 
BACKGROUND 
Cholestasis is a condition when bile from the liver is not adequately excreted to the gut. Bile 
is crucial for the digestion and uptake of dietary fats and for excretion of waste products, such 
as bilirubin. Bilirubin is the yellow pigment produced when red blood cells are degraded and 
replaced by new ones. At first, an unconjugated variant of bilirubin is formed, which can 
harm the brain. The liver detoxifies it, forming the atoxic conjugated bilirubin.  
In cholestasis, bile is retained in the liver and leaks back to the blood, causing a yellow 
discoloration in the skin and whites of the eyes called jaundice. The conjugated bilirubin is 
not harmful, but the bile acids, the detergents of bile that are meant to dissolve the dietary 
fats, are toxic. During cholestasis, they accumulate and damage the liver, but also affect other 
organs. If the cholestasis is severe, it may be fatal unless a liver transplantation is performed. 
Cholestasis is rare in term infants, affecting about 1 in 2500. There are multiple, sometimes 
genetic, causes for cholestasis in these infants.  

In preterm infants or neonates with other underlying conditions such as for example 
hemolytic disease of the fetus and newborn (HDFN) cholestasis is far more common. In 
preterms, several risk factors for cholestasis have been identified. Low gestational age or 
birth weight, intestinal malformations or complications and bacterial infections are such risk 
factors. The role of viruses such as cytomegalovirus (CMV) is less studied. The most 
important risk factor is prolonged need for intravenous infusion of nutrients, so called 
parenteral nutrition. The exact mechanism for how parenteral nutrition contributes to 
cholestasis is not known, but much research suggests that the source of fat used is important.  

In HDFN, pregnant mothers have developed antibodies against the red blood cells of the 
fetus. The antibodies pass across the placenta to the fetus and cause destruction of red blood 
cells, a process called hemolysis. The fetus may need intrauterine blood transfusions to 
survive. It takes months for the antibodies to be degraded, and the process continues after 
birth. Many neonates with HDFN rapidly develop jaundice with high levels of toxic 
unconjugated bilirubin that need treatment to avoid brain damage. It has been known for a 
long time from case reports, that some of these infants also develop cholestasis with high 
levels of conjugated bilirubin, but actual research studies are very few. 

AIMS 
This thesis focuses on cholestasis in these infants at risk, the preterm infants and infants with 
HDFN. We aimed to investigate the incidence of cholestasis and to establish the most 
important risk factors. In preterms, we also aimed to evaluate the role of two different 
parenteral fat sources and the role of CMV in the development of cholestasis. We also aimed 
at investigating the long-term liver outcome in preterm infants and in those with HDFN. 

 



METHODS AND RESULTS 
In paper I and II, we retrospectively investigated the entire population of very preterm infants 
born before 30 weeks of gestation in the Stockholm region during two two-year periods for 
cholestasis. A soy oil-based parenteral fat was used in the first era and a predominantly olive 
oil-based in the second. We compared the cholestatic infants to non-cholestatic controls. As 
many as 1 out of 7 preterm infants developed cholestasis. This figure did not differ greatly 
between the 2 different eras, but patients in the second era seemed to be at a slight advantage. 
The incidence was highest among the most premature infants.  
Prolonged parenteral nutrition and the intestinal complication of necrotizing enterocolitis 
were the strongest risk factors. Cholestatic infants had worse outcomes; they had more 
retinopathy of prematurity and bronchopulmonary dysplasia even after adjusting for other 
risk factors. Mortality was 14% in cholestatic infants, five times higher than among the non-
cholestatic. Those with severe cholestasis had a particularly high mortality. The survivors all 
recovered from cholestasis, and none had significant liver disease at ten years of age. 

In paper III, cholestatic preterm infants born before 37 weeks of gestation were tested for 
CMV DNA in white blood cells, blood plasma and urine and compared to non-cholestatic 
controls tested at the same age. CMV DNA was detected in 69% of cholestatic infants versus 
13% of non-cholestatic, and the difference was not explained by the risk factors mentioned 
above. In cholestatic infants, mortality was higher if they also were CMV DNA positive. 

All infants with HDFN in the region of Stockholm during a twelve-year period were 
examined for cholestasis in paper IV. 7% (11/149) were cholestatic and compared to the ones 
who were non-cholestatic. Having received intrauterine blood transfusions and presence of 
multiple maternal antibodies including at least one of those known to be associated with a 
more severe HDFN, the D-, c- or K-antibodies, were the most important risk factors. Onset of 
cholestasis was very early and often present at birth. Cholestasis was severe in the majority of 
cases, but resolved in all. No liver disease was evident at two years of age. 

CONCLUSIONS 
Cholestasis is more than 300 times more common in very preterm infants, and almost 200 
times more common in infants with HDFN than in term infants in general. Preterms at extra 
high risk for cholestasis are the most premature ones, those developing necrotizing 
enterocolitis and those who need prolonged parenteral nutrition.  
CMV may play a role in development of cholestasis in preterms, and further investigation is 
needed on this subject.  
Cholestasis can be severe in both preterms and infants with HDFN. It may be associated with 
worse outcome and increased mortality in preterms. If surviving, the liver prognosis is good 
in both preterms and infants with HDFN, and other underlying liver disease in these infants 
presenting as transient cholestasis as a neonate is improbable.  
We recommend routines for screening for cholestasis in both preterms on parenteral nutrition 
and in infants with HDFN for early detection to ensure correct management.   



 

 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
BAKGRUND 
Kolestas (gallstas) är ett tillstånd med otillräcklig utsöndring av galla från levern till tarmen. 
Gallan behövs för upptaget av dietärt fett samt för utsöndring av restprodukter, som bilirubin. 
Bilirubin är det gula pigmentämne som bildas när röda blodkroppar bryts ner. Först bildas en 
okonjugerad variant av bilirubin, som kan skada hjärnan. Levern omvandlar det okonjugerade 
bilirubinet till konjugerat bilirubin som är atoxiskt. 
Vid kolestas ansamlas gallan i levern och läcker även tillbaka till blodet. Bilirubinet orsakar 
då en gul missfärgning i huden och ögonvitorna som kallas gulsot. Det konjugerade 
bilirubinet är inte skadligt, men gallsyrorna, gallans fettlösningsmedel, är toxiska. Vid 
kolestas ansamlas gallsyrorna i levern och orsakar skada, men påverkar också andra organ. 
Om kolestasen är mycket allvarlig kan den leda till dödsfall om inte levertransplantation 
utförs. Kolestas är sällsynt hos fullgångna nyfödda och drabbar cirka 1 av 2500. Det finns ett 
flertal, ibland genetiska, orsaker till kolestas hos dessa barn. 

Hos för tidigt födda barn, eller nyfödda med andra underliggande tillstånd som till exempel 
hemolytisk sjukdom till följd av graviditetsimmunisering (hemolytic disease of the fetus and 
newborn, HDFN) är kolestas betydligt vanligare. För prematurer har flera riskfaktorer för 
kolestas identifierats. Låg gestationsålder eller födelsevikt, tarmmissbildningar eller 
tarmkomplikationer och bakterieinfektioner är sådana riskfaktorer. Betydelsen av virus, som 
till exempel cytomegalovirus (CMV), är mindre studerad. Den viktigaste riskfaktorn är dock 
ett långvarigt behov av intravenös näringstillförsel, så kallad parenteral nutrition. Den exakta 
mekanismen för hur parenteral nutrition bidrar till kolestas är inte känd, men mycket 
forskning tyder på att typen fett som används i näringsinfusionen har betydelse. 

Vid HDFN har gravida mödrar utvecklat antikroppar mot fostrets röda blodkroppar. 
Antikropparna passerar över moderkakan och via navelsträngen till fostret och orsakar ökad 
nedbrytning av röda blodkroppar, vilket kallas hemolys. Fostret kan då behöva intrauterina 
blodtransfusioner för att överleva. Det tar månader innan antikropparna bryts ned, och 
processen fortsätter därför efter födseln. Många nyfödda med HDFN utvecklar snabbt gulsot 
med höga halter av giftigt okonjugerat bilirubin och behöver behandling för att undvika 
hjärnskador. Från fallrapporter har det har varit känt länge att vissa också utvecklar kolestas 
med höga nivåer av konjugerat bilirubin, men antalet forskningsstudier är mycket få. 

SYFTE 
Denna avhandling fokuserar på kolestas hos dessa barn med förhöjd risk, för tidigt födda barn 
och nyfödda med HDFN. Vi ville undersöka förekomsten av kolestas och fastställa de 
viktigaste riskfaktorerna i dessa grupper. Vi ämnade också utvärdera betydelsen av CMV, 
samt två olika parenterala fettsorter för utvecklingen av kolestas hos prematurer. Ytterligare 
ett mål var att undersöka det långsiktiga leverutfallet hos dessa barn som haft kolestas som 
nyfödda.  



METOD OCH RESULTAT 
I studie I och II undersökte vi retrospektivt under två tvåårsperioder alla barn födda före 
graviditetsvecka 30 för kolestas. En sojabaserad parenteral fettlösning användes på 
neonatalavdelningarna under den första tidsperioden och en huvudsakligen olivoljebaserad 
under den andra. Vi jämförde kolestatiska prematurer med icke-kolestatiska kontroller. 1 av 7 
utvecklade kolestas. Det var ingen tydlig skillnad i kolestasförekomst mellan tidsperioderna, 
möjligen var risken något lägre då olivoljebaserat fett användes. Förekomsten var högst hos 
de mest för tidigt födda. Långvarig parenteral nutrition och tarmkomplikationen 
nekrotiserande enterokolit var de viktigaste riskfaktorerna.  
Kolestatiska barn hade sämre utfall. De hade mer prematuritetsretinopati och 
bronkopulmonell dysplasi, även efter justering för andra riskfaktorer. Dödligheten var 14 % 
hos kolestatiska prematurer, fem gånger högre än hos icke-kolestatiska. Särskilt hög 
mortalitet sågs hos de med svår kolestas. De överlevande återhämtade sig från sin kolestas, 
och ingen betydande leversjukdom sågs vid tio års ålder. 

I studie III testades kolestatiska prematurer födda före 37 graviditetsveckor för CMV DNA i 
vita blodkroppar, blodplasma och urin och jämfördes med icke-kolestatiska kontroller testade 
vid samma ålder. CMV DNA detekterades hos 69 % av de kolestatiska prematurerna och hos 
13 % av de icke-kolestatiska. Skillnaden förklarades inte av de riskfaktorer som nämnts ovan. 
Hos kolestatiska spädbarn var dödligheten högre om de också var positiva för CMV DNA. 

Alla nyfödda med HDFN i Stockholmsregionen under en tolvårsperiod undersöktes för 
kolestas i studie IV, och 7 % (11/149) hade drabbats. De kolestatiska jämfördes sedan med de 
icke-kolestatiska. Att ha fått intrauterina blodtransfusioner samt förekomst av flera maternella 
antikroppar, där minst en utgjordes av D-, c- eller K-antikroppar som är kända för att orsaka 
mer allvarlig HDFN, var de viktigaste riskfaktorerna. Kolestasen debuterade mycket tidigt 
och fanns ofta redan vid födseln. Majoriteten hade uttalad kolestas, men den var övergående 
hos alla. Ingen betydande leversjukdom kunde ses vid minst två års ålder. 

SLUTSATSER 
Kolestas är mer än 300 gånger så vanligt hos mycket för tidigt födda barn och nästan 200 
gånger så vanligt hos barn med HDFN än hos nyfödda i allmänhet. Prematurer med extra hög 
risk för kolestas är de mest för tidigt födda, de som utvecklar nekrotiserande enterokolit och 
de som behöver långvarig parenteral nutrition. CMV kan ha betydelse för utvecklingen av 
kolestas hos prematurer, och ytterligare forskning behövs för att klarlägga detta samband. 
Kolestasen kan vara allvarlig hos både de för tidigt födda och de med HDFN. Den kan vara 
förknippad med sämre utfall och ökad mortalitet hos prematurer. Hos de som överlever är 
leverprognosen bra hos både prematurer och barn med HDFN. Att andra underliggande 
leversjukdomar skulle finnas hos dessa spädbarn, som skulle debutera som en övergående 
episod av kolestas som nyfödd, är osannolikt. 
Vi rekommenderar att rutiner för screening finns för att upptäcka kolestas både hos mycket 
för tidigt födda som får parenteral nutrition och nyfödda med HDFN för tidig upptäckt för att 
säkerställa rätt behandling.  



 

 

ABSTRACT 
Cholestasis is a condition when bile flow from the liver to the intestines is impaired. 
Unresolved, it may lead to liver transplantation or death. Overall, it affects 1 out of 2500 term 
infants, but is far more common in high-risk infants with other conditions such as prematurity 
and hemolytic disease of the fetus and newborn (HDFN). In preterms and other sick infants in 
the neonatal intensive care unit (NICU), cholestasis is associated with prolonged parenteral 
nutrition (PN), where the source of lipids used in PN has been implied in the pathogenesis. 
Bacterial infection is also a risk factor, but the role of hepatotropic viruses, such as 
cytomegalovirus (CMV), is less well studied. In infants with HDFN and cholestasis, very few 
studies are published. Reports on short- and long-term outcomes of cholestasis in specific 
infant groups at risk are scarce. The aim of this thesis was to study incidence, risk factors, 
course and outcomes of cholestasis in preterm infants in the NICU and in infants with HDFN. 

In two population-based retrospective case-control studies, we included cholestatic very 
preterm infants (gestational age < 30 weeks) in the Stockholm region during two two-year 
periods in 2006-2008 and 2010-2011. In paper I, we found an incidence of cholestasis of 
14.8% (37/250) in 2006-2008 when a soy-based lipid emulsion was used, and 12.7% 
(34/268) in 2010-2011 when an olive-based one was used (p=0.52). In a multivariable model 
we found that the olive-based lipid emulsion might carry a slightly reduced risk for 
cholestasis when adjusting for the risk factors necrotizing enterocolitis and PN duration.  
In paper II, outcomes of cholestasis were evaluated in the cohort born 2006-2008. Cholestatic 
infants had higher rates of bronchopulmonary dysplasia (BPD) and retinopathy of 
prematurity (ROP) than controls, and mortality was 13.5% versus 2.7% (p=0.040). No 
significant long-term liver disease was found in those surviving the neonatal period.  
In paper III, we prospectively analyzed CMV DNA in blood and urine samples from 
cholestatic preterm infants (<37 weeks) in two NICUs in 2008-2010. Non-cholestatic controls 
were sampled in 2015-2017 at a similar age. In 69 % (31/45) of cholestatic infants, CMV 
DNA was detected in at least one sample, versus 13% (3/24) in non-cholestatic controls 
(p<0.00001). Mortality was 26% among CMV positive cholestatic infants, whereas none of 
the CMV negative cholestatic infants died (p=0.044).  
In paper IV, a retrospective population-based cohort study, we evaluated the incidence of 
cholestasis in infants with HDFN in the Stockholm region in 2004-2015. Cholestasis was 
found in 7% (11/149), with an early onset. Intrauterine blood transfusions and multiple 
maternal antibodies including D-, c- or K-antibodies were risk factors for cholestasis. 

We conclude that cholestasis is common in very preterm infants and that switching from soy-
based to olive-based parenteral lipid emulsion affects the incidence only marginally. CMV 
seems associated with cholestasis in preterms and further scientific attention should be 
encouraged. Cholestasis is common in infants with HDFN, and this warrants screening for 
early detection and correct management. Cholestasis may be associated with a more severe 
short-term outcome in preterms, but liver disease later in childhood is uncommon in both 
preterms and infants with HDFN.   
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1 INTRODUCTION 
As a resident in pediatrics, when working in the neonatal intensive care unit, I noted that 
some of the preterm infants developed cholestasis. It was usually the sickest ones who were 
affected. Those who needed mechanical ventilation and parenteral nutrition for long periods 
of time due to recurrent sepsis episodes or due to the feared intestinal complication of 
necrotizing enterocolitis (NEC). Treatment options were few. The pediatric hepatologists 
were consulted, recommending ursodeoxycholic acid treatment if possible and vitamin K, 
and always suggesting tapering of parenteral nutrition, which was difficult due to the severe 
disease. A fatal outcome was not uncommon despite all measures of intensive care.  

When discussing possible research projects with my future supervisors, I was intrigued to be 
able to start a small pilot project, investigating the course of cholestasis in ten extremely 
preterm infants in relationship to sepsis episodes (1). This was the starting point that led up to 
this thesis. In Figure 1 below, the course of cholestasis in one of these infants is illustrated. 
The conjugated bilirubin is slowly increasing during the initial episode of parenteral nutrition 
due to immaturity, feeding intolerance and sepsis, and then “explodes” after the onset of NEC 
and a second sepsis episode with the need for another long period of parenteral nutrition. 

 
Figure 1. CRP 
and conjugated 
bilirubin levels in 
an extremely 
preterm infant.  
Abbreviations: 
CRP, C-reactive 
protein; TPN, total 
parenteral 
nutrition; NEC, 
necrotizing 
enterocolitis. 

 

Another clinical episode that had an impact on me, was when I noted that in one infant we 
had been treating in the neonatal ward with exchange transfusion and intensive phototherapy 
due to maternal erythrocyte alloimmunization and hemolysis, the conjugated bilirubin level 
had increased in the past few days without us noticing. It now constituted almost all of the 
bilirubin. We stopped the phototherapy, and I was confused. I had never heard of cholestasis 
in these infants. I searched the web, but found nothing but single case reports. 

Later, I was able to learn a lot more about this condition when we initiated the project on 
cholestasis in infants with hemolytic disease of the fetus and newborn (HDFN). 
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2 BACKGROUND 
 

2.1 THE LIVER AND BILE FORMATION 

The liver is an accessory organ of the intestinal tract that has multiple and crucial functions. It 
is situated in the upper right quadrant of the abdomen, and consists of two lobes that are 
subdivided into eight segments each, and each segment contains thousands of the functional 
units of the liver known as the liver lobules.  

Oxygenated blood from the heart arrives in the hepatic artery branches to the liver lobule. 
The blood containing nutrients from the intestines connects through the portal vein branches 
and mixes with the arterial blood in the sinusoids where the hepatocytes are lined up. The 
blood is then returned through the central veins to the hepatic vein and the vena cava.  

 

 

 

Figure 2. The structure of a liver lobule. From Adams et al, Nature Reviews Immunology 
2006 (2), with permission from Springer Nature.  
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The formation and excretion of bile is a unique and important function of the liver. Bile is 
crucial for digestion and excretion of waste products from the metabolism. Bile is formed in 
the liver cells (hepatocytes) and excreted to the adjacent smallest bile ducts, the bile canaliculi 
(Figure 2). The bile canaliculi join together to form larger and larger bile ducts like the 
tributaries of a river to eventually unite in the common bile duct that, via the reservoir of the 
gallbladder, empties into the duodenum.  

The bile has a complex composition. Apart from water and electrolytes it is composed of bile 
acids, bilirubin, phospholipids and cholesterol (3, 4). Bile acids are important for digestion, 
while bilirubin and cholesterol are excess waste products to be excreted. The phospholipids in 
bile are synthesized by the hepatocytes to aid the bile acids to increase the water-solubility of 
the excreted cholesterol (5).  

The principal bile acids cholic acid and chenodeoxycholic acid are synthesized by the 
hepatocytes from cholesterol and therefore referred to as the primary bile acids (6). The bile 
salt export pump (BSEP) is essential in transportation of bile acids over the canalicular 
membrane of the hepatocyte.  

The bile acids act as a detergent through the emulsifying properties of the hydrophobic 
cholesterol-based skeleton and the hydrophilic side chain and are necessary for the adequate 
uptake of dietary fat and other fat-soluble nutrients such as fat-soluble vitamins (7). The 
primary bile acids are modified by the gut microbiome into several secondary bile acids (8), 
of which ursodeoxycholic acid (UDCA) is especially worth mentioning, since its choleretic 
properties are used therapeutically to increase the bile flow when impaired (9-11).  

Reuptake of the bile acids occurs in the enterocytes, primarily in the terminal ileum, mainly 
through the ileal bile acid transporter (IBAT), and they are then transported through the portal 
vein back to the liver in what is referred to as the enterohepatic circulation. A common 
perception is that only about 5 % are excreted in the stools per day (12, 13). The bile acids 
circulate several times in the enterohepatic circulation before being excreted in the feces (14). 

Bile acids also affect gene expression, for example through binding to the nuclear Farnesoid 
X receptor (FXR), which is present in many cells especially in the digestive organs. In the 
hepatocyte, stimulation of the FXR upregulates the BSEP on the canalicular membrane 
through increased gene transcription, and also affects the membrane pumps responsible for, 
among other compounds, bile acid uptake on the sinusoidal membrane.  
Hence, feedback through the FXR affects the uptake and excretion of bile acids in the 
hepatocyte. This has opened possibilities for novel treatments, such as the FXR agonist 
obeticholic acid, which is used in adults with primary biliary cholangitis and currently 
evaluated for biliary atresia in infants (15, 16).  
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The IBAT in the ileum, the most important pump for reuptake of bile acids from the intestinal 
lumen, is also regulated through the FXR (17), and is also a target for development of new 
treatments, such as the IBAT-inhibitor odevixibat (18). 

Mutations in the genes coding for important proteins in the bile acid metabolism and 
enterohepatic circulation can cause cholestatic diseases, as for example progressive familial 
intrahepatic cholestasis (PFIC), a group of recessively inherited cholestatic diseases with 
mutations affecting for example the transportation of bile acids over the canalicular 
membrane of the hepatocyte (19). Biallelic null mutations are associated with severe disease, 
and less severe mutations are associated with transient neonatal cholestasis or recurrent 
episodes of cholestasis with full recovery in between (20). 

2.1.1 Fetal and neonatal bile acid metabolism 

In the intrauterine environment, several functions of the fetal liver are immature and carried 
by the maternal liver, and the main function liver is erythropoiesis (21, 22). The fetal hepatic 
circulation differs fundamentally from the situation in extrauterine life. Nutrient and oxygen 
rich blood arrives to the fetal liver from the maternal circulation via the placenta and the 
umbilical vein, which obliterates after birth (23, 24).  

The fetal bile flow to the intestines is low since nutrition occurs through the placental route 
and not the fetal intestines. However, the fetal liver does produce bile to some extent, bile 
acids and bilirubin has been found in fetal gallbladders, amniotic fluid and meconium (24-
26). These bile acids and other cholephilic compounds such as bilirubin, however, mainly 
need to be eliminated from the fetal circulation via the placenta (27, 28).  

The bile acid pool of the neonate i reduced in size as compared to adults, and reaches a 
similar size at almost 2 months of age (29). The serum bile acid levels increases in the first 
week after birth to higher levels than later in childhood or adulthood. Then, it decreases and 
reaches the normal levels of childhood and adulthood within the first 4-6 months of life, 
presumably due to lower reuptake from the hepatocytes in the small infant (30).  

All infants, especially neonates, could therefore be perceived as having a condition of 
physiological cholestasis in infancy. This physiological cholestasis could be argued to make 
neonates, and perhaps more profoundly preterms, susceptible to developing cholestasis. 
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2.1.2 Bilirubin metabolism 

The bile is an important route for the excretion of excess waste products such as cholesterol 
and bilirubin. Bilirubin is formed from degradation of heme within phagocytic cells in the 
spleen, liver (Kupffer cells) and bone marrow. The heme primarily originates from 
hemoglobin within the erythrocytes. Hemoglobin is the oxygen-carrying molecule of the 
erythrocytes (red blood cells), which consists of a protein part, the globin chains, and the 
iron-containing heme.  

Within the phagocytic cells, the globin chains are separated from the heme and degraded to 
amino acids, and the heme is separated from the iron (Figure 3). The iron and amino acids 
from the globin can be reused. The heme is after removal of iron in several enzymatic steps 
converted to the yellow-colored unconjugated bilirubin, which is hydrophobic and 
transported in the serum by albumin to the liver. The unconjugated bilirubin can pass the 
blood-brain-barrier and is neurotoxic in high levels (31, 32).  

The hepatocytes conjugate the bilirubin in two steps with the enzyme bilirubin uridine-5'-
diphospho-glucuronyltransferase (UDP-glucuronyltransferase). First, bilirubin 
monoglucuronide is formed within the hepatocyte, and then bilirubin diglucuronide is 
produced, which in turn is excreted to the bile canaliculi.  
The main transporter for this is the multidrug resistance protein 2 (MRP2). The bilirubin 
glucoronides, primarily the bilirubin diglucuronide, are referred to as conjugated bilirubin, 
which is atoxic and can be measured in serum. Mutations in the gene alleles of MRP2 can 
cause Dubin-Johnson syndrome with elevated levels of conjugated bilirubin in serum, usually 
without any other signs of liver disease, which demonstrates the lack of toxicity of conjugated 
bilirubin in itself (33). 

In the intestines, the gut microbiome deconjugates the bilirubin and forms urobilinogen, 
which is then further metabolized to stercobilin and excreted in the feces. The stercobilin 
gives the feces their typical brown color. Some of the urobilinogen is reuptaken in the 
enterohepatic circulation, and can be transformed to urobilin and excreted to in the urine, or 
excreted in the bile once again (Figure 3). 
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Figure 3. Heme degradation. From Bhagavan NV, Ha C-E. Essentials of Medical 
Biochemistry (Second Edition): Elsevier; 2015 (34), with permission from Elsevier. 

2.1.3 Jaundice and bilirubin fractions 

When bilirubin levels rise in serum, jaundice, a yellowish tone in the skin and sclerae can be 
seen. Jaundice is a clinical sign that should always warrant further investigation throughout 
life. 
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Bilirubin and its fractions can be measured in serum, which is important for the evaluation of 
the jaundiced patient. Most clinical laboratories nowadays use methods to determine total and 
conjugated serum bilirubin levels. Earlier, and still in some parts of the world, the diazo 
method is used, measuring indirect (≈unconjugated) and direct bilirubin. The direct bilirubin 
includes both the free conjugated bilirubin, but also a covalently albumin bound fraction of 
bilirubin referred to as γ-bilirubin. This method is thus overestimating the true conjugated 
bilirubin level, especially if the total bilirubin levels are high (35).  
Still, the terms direct bilirubin or direct hyperbilirubinemia are often used, even though 
conjugated bilirubin has been analyzed and the term conjugated hyperbilirubinemia would be 
more appropriate. 

Bilirubin is measured in µmol/L using the SI-system, but the unit mg/dL is stilled used in 
many parts of the world. When converting, 17 µmol/L of bilirubin is approximately equal to 1 
mg/dL. 

2.1.4 Fetal and neonatal bilirubin metabolism 

The hemoglobin content of fetal erythrocytes is to 70-90% made up by fetal hemoglobin 
(HbF), with higher affinity to oxygen than adult hemoglobin (HbA). This enables more 
efficient retrieval of oxygen from the maternal blood via the placenta (36). The fetal 
erythrocytes have a shorter life span than after the transition to extrauterine life.  
The transition to primarily HbA-containing erythrocytes with HbF <1% is completed at about 
6 months of postnatal age (37). From this age, erythrocytes have a life span of approximately 
120 days. In the term neonate, the life span of an erythrocyte is about 60-90 days, and in 
preterm infants only 35-50 days (38, 39).  
The level of hemoglobin is higher in the neonate than later in life. It increases from 140-150 
g/L on average in extremely preterm infants (<28 weeks of gestational age) to about 180 g/L 
in the term neonate (40, 41). Shortly after birth, increasing production of HbA-containing 
erythrocytes begins but the rate of degradation of fetal erythrocytes is higher, and the total 
hemoglobin level starts to decrease.  

The high hemoglobin levels in neonates, erythrocytes with a short life span, and the decrease 
in total hemoglobin after birth are factors that synergize towards a high neonatal production 
of bilirubin. Before birth, the maternal liver handles the bilirubin from the fetus, but after 
clamping of the umbilical cord, the immature neonatal liver with the bilirubin UDP-
glucuronyltransferase enzyme system not yet in full use, suddenly has to handle this rapid 
increase of bilirubin.  

The expression of the bilirubin UDP-glucuronyltransferase increases slowly in the fetus, from 
0.1% of adult levels in gestational weeks 17-30, to about 1% from 30 weeks to term (42-44). 
Thus, newborn infants have a low conjugational capacity of bilirubin, especially if born 
preterm. The majority, between 60-90%, of newborns therefore develop jaundice with 
predominantly unconjugated hyperbilirubinemia (45).  
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In most cases the jaundice is referred to as physiologic, a self-limiting and harmless process 
and a part of the normal adaptation to extrauterine life. In some infants, high levels of 
unconjugated bilirubin develop which can be neurotoxic, and treatment with phototherapy 
and exchange blood transfusions may be needed (32, 46). In infants with hemolytic 
conditions, such as maternal red cell alloimmunization and other hemolytic conditions, as for 
example hereditary spherocytosis, the production of bilirubin is very high. This significantly 
increases the risk for unconjugated hyperbilirubinemia in need of treatment (47, 48).  

Sometimes, the jaundice seen in the neonatal period is not due to elevation of the 
unconjugated bilirubin but rather the conjugated bilirubin, which is a sign of decreased bile 
flow.  

 

2.2 NEONATAL CHOLESTASIS 

2.2.1 Pathophysiology 

When bile formation or flow is impaired, this is referred to as cholestasis (49). Cholestasis 
can occur throughout life, and may have several causes. It may, somewhat simplified, be 
divided into extrahepatic (or obstructive) or intrahepatic (hepatocellular), depending on 
whether the impairment of bile flow is due to blocking or absence of bile ducts in the former 
case, or due to decreased formation or intrahepatic transportation in the latter.  

When bile flow is impaired, the compounds normally excreted to the bile accumulate within 
the hepatocytes and liver. The levels of bile acids and cholesterol then increase within the 
hepatocyte. The bile acids are amphipathic compounds, designed to dissolve nutritional 
lipids. With increased concentration during cholestasis in the hepatocytes their detergent 
properties can cause damage to the function of the cell membranes, and cell organelles 
containing membranes. The may also promote the formation of reactive oxygen species, 
within the hepatocytes or through the Kupffer cells, which in turn cause inflammation, 
fibrosis and cell death (50).  
Bile acids may also diffuse and be actively pumped by the hepatocyte back to the sinusoids 
and the blood stream (51). This leads to an increase of bile acids in the systemic circulation, 
where cell membranes may be damaged in other parts of the body and inflammation 
promoted (50).  

The classical signs of cholestasis are jaundice, pale stools and high-colored urine, although 
the condition may also present with pruritus, failure to thrive, coagulopathy and bleeding due 
to vitamin K deficiency, but in the worst case scenario it may also present with liver failure 
(49, 52).  

2.2.2 Definitions of cholestasis 

The joint guidelines from the European Society for Pediatric Gastroenterology, Hepatology 
and Nutrition (ESPGHAN) and North American Society for Pediatric Gastroenterology, 
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Hepatology and Nutrition (NASPGHAN) from 2004 recommended that a conjugated 
bilirubin ≥ 1 mg/dL and ≥ 20 % of the total bilirubin level should be regarded as abnormal 
and warrant further investigation (53). According to the updated guidelines from 2017, 
merely a conjugated bilirubin ≥ 1 mg/dL in an infant with prolonged jaundice should be 
regarded as abnormal (49).  

Elevated conjugated bilirubin level in serum is the main route for discovery of cholestasis. In 
the subsequent investigation, elevated serum bile acids should be confirmed; except for in the 
rare conditions of primary bile acid synthesis defects where serum bile acid levels, as 
measured by routine methods, remain within normal limits despite cholestasis (49, 54). 

2.2.3 Incidence and etiology 

Cholestasis is rare in otherwise healthy term infants, and is described to occur in 
approximately 1 out of 2500 (55-57). There are multiple known causes for cholestasis in term 
infants, where biliary atresia accounts for a third to a quarter of cases and is the most 
common along with equally sized group of idiopathic cholestasis (58-62). In Table 1, from 
the systematic review by Gottesman et al, the most common causes of neonatal cholestasis 
found in studies from tertiary referral centers for pediatric hepatology, are shown (58)  

 

Table 1. Summary of etiologies of cholestasis in infancy by disease category. 

Diagnosis % of total Diagnosis % of total 

Idiopathic neonatal Cholestasis 26.0 % Choledochal cyst  2.1 % 

Biliary Atresia 25.9 % Hypopituitarism/hypothyroidism  2.0 % 

Infection 1  11.5 % Hemolysis  1.4 % 

TPN-associated cholestasis  6.4 % Inspissated bile syndrome  1.4 % 

Metabolic disease 4.4 % Progressive Familial  
Intrahepatic Cholestasis 

1.0 % 

α -1- antitrypsin deficiency  4.1 % Alagille’s syndrome  1.0 % 

Perinatal hypoxia/ischemia  3.7 % Cystic Fibrosis 0.9 % 

Interlobular bile duct paucity 2.5 % Other  5.9 % 

Percentages of etiologies in 1692 cases from 17 studies.  
1 Cytomegalovirus accounted for one third of cases, and bacterial sepsis for one fourth. 
Adjusted from Gottesman et al, BMC Pediatrics 2015 (58), with permission from Springer 
Nature.  
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In the study from Gottesman et al. referred to in Table 1 above, the oldest included study was 
from 1976, and also several others from before the turn of the millennium. Since 
development of diagnostic methods regarding genetic cholestatic disorders has evolved, the 
figures then reported would probably be different today. In particular, the relative rate for the 
group regarded as idiopathic would be expected to be lower (63).  
Also, even though the meta-analysis by Gottesman et al. did not include studies with 
exclusion criteria of certain diagnoses, cases of for example Alagille’s syndrome was only 
reported in 5 out of 17 studies. For α-1-antitrypsin deficiency, the proportions reported 
differed markedly between studies. No cases were reported in 7 studies, while the highest 
reported proportion was 17.5% among the 10 studies reporting α-1-antitrypsin deficiency 
cases. Since the prevalence of α-1-antitrypsin deficiency varies across the world, geographic 
skewness in the included studies might be of importance.  
To conclude, these absolute percentage figures should be interpreted with caution, but 
provide a rough description of the size ratios (58). 

2.2.4 Treatment 

Treatment depends on the etiology, but to avoid the detrimental effects of bleeding disorder 
due to vitamin K deficiency, all infants with cholestasis should be supplemented with 
Vitamin K and the other fat-soluble vitamin (A, D and E). They often need nutritional 
support with enough calories and an increased proportion of medium-chain triglycerides to 
counteract malabsorption and improve growth, and choleretic treatment, most often with 
UDCA (62-65).  

The mechanism of action of UDCA is not fully understood. It is less hydrophobic than the 
primary bile acids and is thereby thought to counteract the membrane damaging effect of 
primary bile acids on cholangiocytes during cholestasis. It may also increase the function of 
BSEP on the canalicular membrane of the hepatocyte through transcriptional and post-
transcriptional mechanisms to increase the bile export from the hepatocytes to the bile 
canaliculi (9, 66, 67). 

2.2.5 Outcomes 

Cholestasis leads to further liver damage if not treated, but also affects other organs. In liver 
transplanted children, the majority of studies in the systematic review by Rodijk et al showed 
neurodevelopmental deficits (68). Both cognitive deficits (69, 70), and in regards to motor 
skills have been shown (71). In infants with biliary atresia, Caudle et al has shown impaired 
motor and language skills before transplantation (72), especially evident in girls and possibly 
associated to higher conjugated bilirubin levels (73). 
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2.3 CHOLESTASIS IN INFANTS AT RISK 

Besides the etiologies described above, neonatal cholestasis has been reported with a much 
higher incidence in preterm and other sick and high-risk neonates in the neonatal intensive 
care unit (NICU). 

2.3.1 Prematurity 
The advances in neonatal care have continuously pushed the boundaries of both survival and 
long-term morbidities in preterm infants. For example, in the national Swedish cohort study 
EXPRESS (Extremely Preterm infants in Sweden Study) of extremely preterm infants <27 
weeks born 2004-2007, 70% survived to one year of age, and two thirds showed no or mild 
neurodevelopmental disability at 6.5 years of age (74, 75).  

Along with advances as for example the development of the incubator, mechanical 
ventilation and discovery of surfactant, the introduction of parenteral nutrition has been 
crucial for this impressive development (76, 77).  

Preterm infants are defined as born before 37 full weeks of gestational age, often divided into 
subgroups. Preterm infants may also be defined according to birth weight. Subgroups of 
prematurity and low birth weight are described in Table 2 below. 

 

Table 2. Preterm and low birth infants, definitions. 

Preterm infants, 
subgroups  

Gestational age, 
weeks 

Low birth weight infants, 
subgroups 

Birth 
weight 

Moderately to late 
preterm 

≥32 to <37  Low birth weight (LBW) <2500g 

Very preterm ≥28 to <32  Very low birth weight 
(VLBW) 

<1500g 

Extremely preterm <28  Extremely low birth weight 
(ELBW) 

<1000g 

Abbreviations: LBW, low birth weight, VLBW; very low birth weight; ELBW, extremely 
low birth weight 

 

 

2.3.2 Cholestasis in the NICU 
When more preterm and other sick infants survive in the neonatal intensive care units, new 
conditions and morbidities have arisen. One of these conditions is cholestasis, which was first 
described by Peden et al in a case report regarding a premature infant receiving parenteral 
nutrition in 1971 (78).  
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The association between parenteral nutrition and cholestasis has since then been described in 
numerous publications (79-85).  
Cholestasis in these infants may also therefore be referred to by the overlapping terms 
parenteral nutrition-associated cholestasis (PNAC), parenteral nutrition-associated liver 
disease (PNALD), with a little wider perspective of the liver, or intestinal failure-associated 
liver disease (IFALD) if the term also aims to include the consequences of long-term 
inadequate enteral feedings rather than merely the possible adverse of parenteral nutrition. 
Terms like total parenteral nutrition-associated cholestasis (TPNAC) and intestinal failure-
associated cholestasis (IFAC) are also prevalent. In recent years, increasing focus has been 
laid on the different lipid emulsions used in parenteral nutrition, and their association with 
cholestasis (86). 

2.3.3 Cholestasis in other high-risk neonates 
Cholestasis is also known to be far more common in other high-risk neonates, such as in for 
example trisomy 21, where incidence was reported to be 3.9% in a population-based setting. 
In this study, cholestasis was always associated with other organ involvement, such as 
cardiac, gastrointestinal or bone marrow disease or malformations (87).  

Another group of high-risk neonates where an increased risk for cholestasis has been reported 
are the infants with hemolytic disease of the fetus and newborn (HDFN) (88). 

2.3.4 Definitions of cholestasis in infants at risk 

As mentioned earlier, the joint guidelines from the ESPGHAN and NASPGHAN 
recommended that a conjugated bilirubin ≥ 1 mg/dL in an infant with prolonged jaundice 
should be regarded as abnormal (49).  

In research studies, there is heterogeneity in definitions used to define cholestasis in infants at 
risk. These definitions could be divided into the ones using only a cut-off level of conjugated 
bilirubin in serum, and those using both a cut-off level of the absolute level of conjugated 
bilirubin and its proportion of the total level.  
Using only a cut-off level of conjugated bilirubin is done by most, but requires that the initial 
peak of physiologic unconjugated hyperbilirubinemia has passed, and usually an inclusion 
criteria of parenteral nutrition treatment at least one week or longer ensures this (89-106).  

The cut-off level of conjugated bilirubin varies between studies. The most common definition 
is ≥ 2mg/dL (≈34 µmol/L), but levels may also be set at 1 mg/dL, or even 1.5, 3 or 5 mg/dL 
in some cases. Other studies use the cut-off of a conjugated bilirubin level, most often 
1mg/dL or 2 mg/dL, in combination with proportion requirement of total bilirubin, most often 
≥ 20% (88, 107-112).  
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2.3.5 Incidence of cholestasis in preterm infants 

Whereas the incidence of neonatal cholestasis in otherwise healthy term infants is often 
considered to be approximately 1/2500, in preterm and other sick infants in neonatal intensive 
care units, the rate is much higher. Depending on the populations studied, and how many risk 
factors for cholestasis the population holds, incidence rate figures differ.  

For example, Christensen et al reported a cumulative incidence rate of 26.6% (369/1384) in 
their historic cohort study in all infants admitted to four NICUs in Utah during a 4.5 year 
period, surviving 28 days and receiving parenteral nutrition at least 14 days, defining 
cholestasis as conjugated bilirubin ≥ 2 mg/dL (≈34 µmol/L) (90).  

Tufano and colleagues reported an overall incidence rate of 2.1% (27/1289) of all infants 
admitted to two NICUs in Naples during a 2.5 year time period, defining cholestasis as 
conjugated bilirubin ≥ 1 mg/dL (≈17 µmol/L) and ≥ 20% of the total bilirubin level (110).  

Champion et al. prospectively examined all infants admitted to their NICU during 14 months 
for cholestasis, defined as ≥ 17 µmol/L and ≥ 20% of the total level. They categorized infants 
to a high-risk group if gestational age was < 34 weeks, if born small for gestational age, 
receiving parenteral nutrition at least 7 days or having surgery. In this high-risk group 
incidence of cholestasis was 13.7% (112). 

In infants in the NICU who had undergone laparotomy and developed short bowel syndrome, 
Wales et al reported that 62.5% (25/40) developed cholestasis, defining cholestasis as 
conjugated bilirubin ≥50 µmol/L for at least two weeks (113).  

Thus, both the populations studied and the definitions of cholestasis used affect the results. 
Most studies are single-center studies, whereas population-based settings are lacking.  
In Table 3, a number of studies with retrospective observational designs are listed, reporting 
incidence figures of cholestasis in neonatal wards, focusing on preterm infants or low birth 
weight infants.  
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Table 3. Incidence rates of cholestasis reported in preterm and/or low eight infants in NICUs  

Authors Study population  Definition of cholestasis Incidence  

Beale et al 
1979 (114) 

BW<2000g, any PN. 
 

CB ≥ 1.5 mg/dL 22.6%  
(14/62) 

Baserga et al 
2004 (115) 

BW<1000g, PN ≥ 7 days. 
 

CB ≥ 2 mg/dL 36.9% (38/103) 

Robinson et al 
2008 (103) 

GA < 34 w, BW < 10th 
percentile, PN ≥ 7 days 
 

CB ≥ 2 mg/dL 57.5%  
(23/40) 

Hsieh et al 
2009 (116) 

GA<36 w, PN ≥2 weeks 
 

CB ≥ 1.5 mg/dL (≈26 
µmol/L) 

17.7%  
(11/62) 

Costa et al 
2010 (117) 

BW < 1500g, surviving 28 
days, PN ≥ 14 days 
 

CB ≥ 2 mg/dL at least 
twice, consecutive  

12.3% (55/445) 

Alkharfy et al 
2014 (118)  

BW<1500g, any PN 
 

CB ≥ 34 µmol/L (≈ 2 
mg/dL) 

24.1% (74/307) 

Yan et al 2017 
(93) 1 

GA < 37 w, PN ≥ 14 days 
 

CB ≥ 2 mg/dL 4.9 % (53/1074) 

Wang et al 
2021 (107) 

BW ≤ 1250 g, GA ≤ 32 
weeks, PN ≥ 7 days, non-
surgery. 
 

CB ≥ 1.5 mg/dL and ≥ 
20% of TB 

Soy: 20.1% 
(41/204) 
Mixed: 10.3% 
(20/195) 2 

Conjugated bilirubin 1 mg/dL ≈ 17 µmol/L  
1 Yan et al a dual center study, all other single center studies.  
2 Incidences in two populations receiving soy-based or mixed lipid emulsions. 
Abbreviations: BW, birth weight; PN, parenteral nutrition; CB, conjugated bilirubin; GA, 
gestational age, NICU, neonatal intensive care unit; TB, total bilirubin. 
 
 

2.3.6 Risk factors for cholestasis in preterm infants 

The cause of cholestasis in these infants is believed to be multifactorial (79). Several risk 
factors for cholestasis have been identified, but their relative importance is difficult to 
establish, since preterm infants and other sick neonates often carry multiple risk factors. Thus, 
multivariable analyses and results from different studies are needed to be able to draw 
conclusions. 
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2.3.6.1 Parenteral nutrition 

As mentioned previously, prolonged parenteral nutrition is the strongest risk factor for 
cholestasis in preterm and other sick infants in the NICU. Christensen et al reported in their 
large observational single-center study in a 4.5-year-period that in newborn infants receiving 
parenteral nutrition at least two weeks, the incidence rates increased along with the duration 
of parenteral nutrition (90). This association between cholestasis and prolonged parenteral 
nutrition is also reported by many others (96, 110, 112, 118, 119), and it is the risk factor 
most consistently reported in the literature. In many studies, receiving parenteral nutrition is 
also a criterion for inclusion.  

Lack of enteral feeding is a risk factor closely related to parenteral nutrition, but it is difficult 
to evaluate its relative importance as the study by Koseesirikul et al. illustrates (101). 
Veenstra et al. attempted to examine this in their retrospective study of 178 preterm infants 
with NEC where 96 of them developed cholestasis. They found that enteral feedings initiated 
within the first week of life was associated with a reduced risk of cholestasis. Shorter time of 
no enteral feeding was associated with a shorter duration of cholestasis, whereas the time on 
parenteral nutrition was not (97).  
Lack of enteral feedings might aggravate cholestasis through decreased endocrine secretion 
of cholecystokinin, a gut hormone stimulating gall bladder contraction. Absence of nutrients 
in the intestinal lumen also leads to less substrates for own metabolism in the enterocytes, so 
called trophic feeding, which in turn might lead to intestinal mucosal damage and increased 
permeability for bacteria and their toxins, which is another risk factor for cholestatic 
development discussed later.  

Significant scientific focus has been put on the contents in different parenteral lipid 
emulsions, generating different hypotheses regarding possible mechanisms. Gura et al 
reported in 2006 of resolution of cholestasis in two preterm infants depending on parenteral 
nutrition when the soy-based lipid emulsion was switched to a fish-oil-based (120). Since 
then, many observational studies have been published comparing fish-oil-containing lipid 
emulsions, some showing promising results in both preventing cholestasis and resolution of 
manifest cholestatic liver disease in neonates, infants and children (86, 121-127).  
Four groups of lipid emulsions used in neonates are shown in Table 4, and the important 
contents suggested being relevant for the development of cholestasis are listed. 
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Table 4. Parenteral lipid emulsions and contents of interest regarding cholestasis. 

Lipid source Examples of 
brand names  

n-6- 
PUFA 

n-3-
PUFA 

Phytosterol Tocopherol 

Soy-based  
(soy oil 100%) 

Intralipid® 
(Fresenius 
Kabi) 

High Low Contains Low  

Olive-based,  
(olive oil 80%,  
soy oil 20%) 

Clinoleic® 
(Baxter) 

Medium Very 
low 

Contains Low  

Fish oil-based 
(fish oil 100%) 

Omegaven® 
(Fresenius 
Kabi) 

Very 
low 

Very 
high 

No High 

Mixed  
(soy oil 30%, medium-
chain triglycerides 30%, 
olive oil 25%,  
fish oil 15%)  

SMOFlipid® 
(Fresenius 
Kabi) 

Medium Medium Contains High  

Abbreviation: PUFA, polyunsaturated fatty acids 

 

 
The main hypothesis regarding the possible mechanism of fish-oil-based lipid emulsions 
advantage regarding cholestasis versus soy-based, is that it is mediated through their effect on 
inflammation. The high content in soy oil of ω-6-polyunsaturated fatty acids (n-6-PUFA), 
from which the downstream metabolism results in arachidonic acid, by further metabolism 
results in the formation of pro-inflammatory mediators.  
Fish oil on the other hand mainly contains ω-3-polyunsaturated fatty acids (n-3-PUFA), 
which by metabolism results in eicosapentaenoic acid, with less inflammatory derivatives 
(128).  

In Figure 4, the structures of different important dietary lipids are shown. 
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Figure 4. The main dietary fatty acids. From Saini et al. Life Sciences 2018 (129), with 
permission from Elsevier. 

 

In a randomized trial by Levit et al., using either a low dose of soy-based parenteral lipid 
emulsion of 1g/kg/day versus a standard dose of 3 g/kg/day in preterm infants (<30 weeks) 
did not affect the rate of cholestasis (130).  

Less research interest has focused on the 20% soy and 80% olive oil-containing lipid 
emulsion available for treatment of term and preterm infants (Table 4). Olive oil mainly 
contains oleic acid, a monounsaturated long-chain fatty acid with less pro- or 
antiinflammatory properties than the PUFAs. As compared to entirely soy-based lipid 
emulsions, the hypothesis would be that containing less pro-inflammatory n-6-PUFA and 
more inert oleic acid, olive-based lipid emulsion would have less inclination to promote 
cholestasis.  
A few randomized trials have been performed comparing soy-based to soy- and olive based 
lipid emulsions in preterm infants. One study investigated inflammatory response pathways, 
and found that in the soy-based group more T-cell-mediated interleukin 6 was produced. 
However, liver toxicity was not evaluated (131). Two other studies evaluated cholestasis, but 
the follow-up was only 5 days and 6 days, respectively, and no differences were observed 
within this short time (132, 133).  
Nutrition with olive-based lipid emulsion or with mixing 50% olive-based and 50% fish oil-
based was reported in one randomized trial in very preterm infants to lower the risk both for 
retinopathy of prematurity and cholestasis (134). Olive-based lipid emulsion has been 
compared to a mixed lipid emulsion in a randomized trial in very preterm infants, showing 
lower incidence of cholestasis in those receiving the mixed lipid emulsion (135).  
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Another hypothesis is that high content of phytosterols (a compound similar to cholesterol), 
in plant-based lipid emulsions such as soy-based lipid emulsion promotes cholestasis, 
whereas fish oil lacks phytosterols (136). Olive-based lipid emulsion contains about two 
thirds of the phytosterol content of soy-based. Preterm infants receiving soy-based lipid 
emulsion have been shown to have higher serum levels of phytosterols than those receiving a 
fish-containing mixed lipid emulsion, but the link to cholestasis remains hypothetical (137).  

Insufficient levels of alfa-tocopherol, a form of Vitamin E, is another element in parenteral 
lipid emulsions proposed to play a role in the development of cholestasis. Based on animal 
studies, it is proposed that deficiency in Vitamin E, resulting in decreased antioxidant 
capacity, could contribute to cholestasis (128, 138, 139). Cholestasis in itself causes 
malabsorption of dietary lipids such as alfa-tocopherol, which might cause a vicious circle of 
further exaggeration of cholestasis. 

To summarize, the main hypotheses regarding the role of the contents in parenteral lipid 
emulsions in the development of cholestasis are presented in Table 5. 

 

Table 5. Summary of hypotheses on lipid emulsions and development of cholestasis  

Excess of n-6-
PUFA 

Increasing inflammatory response from high levels of proinflammatory 
fatty acids leading to cholestasis  

Deficiency of n-3-
PUFA 

Deficiency of fatty acids with antiinflammatory properties, promoting 
cholestasis 

Ratio n-6-
PUFA/n-3-PUFA 

Not only the absolute levels, but a high ratio of proinflammatory versus 
antiinflammatory PUFAs promotes cholestasis 

Phytosterols The steroid compound found in plant-derived lipid emulsions blocks the 
FXR receptor and prevents the negative feedback from bile acids, 
promoting cholestasis  

Alfa-tocopherol 
(Vitamin E) 

Deficiency leads to increased susceptibility to oxidative stress, which 
promotes development of cholestasis 

Abbreviations: PUFA, polyunsaturated fatty acids; FXR, Farnesoid X receptor. 

 

However, in a meta-analysis in 2016 by the ESPGHAN Committee on Nutrition, not enough 
evidence was found in randomized trials for the advantage of any of the lipid emulsions used 
in regards to hepatotoxicity in preterm infants (81). In an updated Cochrane review from 
2019 regarding parenteral lipid emulsions in preterm infants, the authors found insufficient 
evidence in randomized trials of any advantage for any of the different lipid emulsions used, 
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neither for the prevention cholestasis or the resolution of manifest cholestasis (140). Similar 
conclusions were made in the accompanying Cochrane review regarding late preterm and 
term infants with surgical conditions and/or cholestasis (141).  

Considering the many studies showing promising results regarding fish oil-containing lipid 
emulsions, larger randomized trials with enough power, aimed at examining cholestasis as an 
outcome in neonates receiving different lipid emulsions are needed. 

2.3.6.2 Gestational age and birth weight 

Low birth weight and low gestational age are variables that obviously correlate to a high 
extent and therefore usually one of them is focused on in multivariable analyses of risk 
factors. Low birth weight has been reported by several as a risk factor for cholestasis in the 
NICU (90, 95, 118), which in line with that other report low gestational age as an important 
risk factor for cholestasis (110).  

Small for gestational age has been reported by some to be an independent risk factor for 
cholestasis, but not others. One could hypothesize that impaired hepatic perfusion in utero 
could affect the development of bile acid metabolism in the liver (99, 103, 112, 117). In an 
autopsy series of deceased newborns on parenteral nutrition, small for gestational age was 
found in 60% (5/8) of infants with more severe histopathological liver findings, as compared 
to 6% (1/16) with milder findings (142).  

2.3.6.3 Necrotizing enterocolitis and other intestinal disease 

Several studies have identified intestinal disease as an important risk factor for cholestasis, 
not only as a reason for prolonged use of parenteral nutrition. In preterm infants, necrotizing 
enterocolitis is the most common intestinal disease associated with cholestasis, followed by 
spontaneous intestinal perforation (95, 119, 143). In near term or term infants, different gut 
malformations dominate (90, 108). The need for surgery is a marker for more severe 
intestinal disease, but may also be a risk factor itself in aggravating cholestasis (101, 112, 
119, 144, 145), for example by decreased gut motility and reduced enterohepatic circulation. 

The role of bile acids has been implied in the development of NEC (146-150). There is a link 
between NEC and risk for cholestasis (97). This is implying that there is a possible link 
between the liver, enterohepatic circulation and metabolism of bile acids, and development of 
NEC in preterm infants. 

2.3.6.4 Bacteria 

Parenteral nutrition is one of the most important reasons for use of central vascular catheters 
for a long period of time in neonates. This increases the risk for infections, and the rate has 
been estimated to 0.6-2.5 per 1000 catheter days in neonates (151). The highest rate of sepsis 
is seen in the most preterm infants (152, 153).  
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Several studies report neonatal sepsis as a risk factor for cholestasis in infants in NICUs (93, 
95, 110, 154, 155). Hermans et al. reported that in children on long-term parenteral nutrition 
from the neonatal period, a more pronounced fibrosis in liver biopsies was associated with 
earlier catheter-related sepsis than in those with a milder fibrosis, even though the group with 
milder fibrosis had longer duration of parenteral nutrition (156).  

Gram-negative sepsis has been shown to cause liver enzyme abnormalities more often than 
the gram-positive coagulase negative staphylococci, the most common late onset infection in 
preterms (157). It has been hypothesized, that the endotoxin (lipopolysaccharide) from these 
bacteria, through inflammatory response of Kupffer cells, down-regulate the bile flow from 
the hepatocytes (158), possibly mediated by the FXR, increasing bile acid production, but 
also by down-regulating the BSEP, the canalicular transport protein.  
Veenstra et al. found that in preterms with NEC, a concomitant bacterial infection 
(predominantly gram negative sepsis) was associated with increased risk of developing 
cholestasis, and remaining cholestatic at discharge (97). 

Endotoxin has also been hypothesized to reach the liver through translocation from the gut 
microbiome over a damaged intestinal mucosa from for example necrotizing enterocolitis, or 
through shortage of intestinal feedings, as supported by data from animal models (159-161).  
In infants with short bowel syndrome from the neonatal period, bacterial overgrowth from the 
colon to the ileum has been identified, and it remained to a higher extent in those who were 
not weaned from parenteral nutrition (162).  

In 2017, Wang and colleagues reported on 18 infants with short bowel syndrome following 
neonatal intestinal diseases requiring surgery. A significant shift in the gut microbiota 
towards gram negative species was seen in those infants who developed the complications of 
cholestasis and catheter related infections, and the authors postulate that endotoxin from these 
bacteria plays an important role in he development of cholestasis (163).  
However, Parm and colleagues found that more colonization from possibly pathogenic gram-
negative strains was found in rectal swabs in those premature infants that received early 
enteral feeds than in those on total parenteral nutrition, thus complicating the picture (164). 

2.3.7 Cytomegalovirus and cholestasis 

Cytomegalovirus (CMV) infection is one of the most common viral infections in the perinatal 
period (165). It can transmit vertically during pregnancy (resulting in congenital infection) 
and labor, through breast-milk or horizontally (166).  
The seroprevalence of CMV in adult women ranges from 40% to 90%, with higher rates in 
low-income countries (167). The highest risk of vertical transmission is noted after primary 
infection in previously seronegative mothers, but maternal reactivation of the virus or 
reinfection with a different strain may also result in congenital infection (168-170).  

The overall prevalence of congenital CMV infection has been estimated to 0.62%, this figure 
is also higher in low-income than in high-income settings (166). The prevalence of congenital 
CMV infection in preterm in comparison to term infants is less clear (171, 172). The 
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symptoms of congenital infection may vary from asymptomatic in most cases to severe and 
sepsis-like in some cases. At birth, the neonate may present with, among other things, low 
birth weight, microcephaly, retinitis, liver disease, hearing loss and later developmental 
delays (167). 

Treatment of the congenitally infected infants with moderate or severe disease is possible 
with the intravenous antiviral ganciclovir or its orally administered prodrug valganciclovir for 
6 weeks or 6 months, respectively (173). Adverse effects must be monitored, as for example 
myelosuppression and hepatotoxicity. The possible adverse effects of carcinogenicity and 
decreased fertility must be taken into consideration before treatment. In infants with 
congenital CMV, an improvement or stabilization of hearing has been reported, and possibly 
also an improvement in neurodevelopmental outcome (174-178).  

Postnatal CMV infection is less studied than congenital. In a recent meta-analysis of breast-
fed preterm infants, 16.5% were infected if the mother was seropositive, with higher rates if 
fresh milk was used than if freeze–thawed milk was at least partially used. In breast-milk, 
80.5% of the mothers shredded CMV if they were seropositive (179).  
Even though breast-milk is the most obvious and important route of transmission, the virus 
can be found in almost any body fluid during shredding, for example saliva (180), and 
therefore transmission from other close contacts than the mother may be possible in the 
neonatal period, even in a neonatal ward.  
To decrease the risk of transmission from blood products, filtering out white blood cells and 
exposing donated products to radiation is performed (181). In a retrospective review of all 
very low birth weight infants tested for postnatal CMV, Mukhopadhyay and colleagues found 
that 19% were positive (182).  

Postnatal CMV infection in term infants has been considered mild and with few 
complications. However, in preterm infants it has been associated with poorer outcome 
regarding bronchopulmonary dysplasia in a large retrospective cohort study from 2015 (183). 
In a recent systematic review, the authors concluded that preterm infants with postnatal CMV 
infection likely have an increased risk for pulmonary and neurologic complications, but they 
did not find enough evidence of an association with necrotizing enterocolitis, or visual or 
hearing impairments (184). 

CMV is known to affect the liver in patients having symptomatic infection. The virus may 
cause hepatitis and cholestasis in infants and is an important differential diagnosis in 
examinations of term infants presenting with cholestasis (58, 185-187).  
In an autopsy series including infants with CMV infection, a common histopathological 
finding was cholestasis, as well as cytomegalic inclusion bodies in hepatocytes, but it was 
also a common finding in the bile duct epithelium in contrast to the findings in adults (188).  

Goel et al. reported in 2018 that in liver biopsies from 31 infants evaluated for neonatal 
cholestasis, CMV DNA was found by polymerase chain reaction (PCR) in almost half of the 
cases, with similar rates in those with biliary atresia and other causes of neonatal cholestasis 
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(189). CMV has been implied in the development and outcome of biliary atresia in several 
studies, but its role remains unclear (185, 186, 189-196).  

In preterm infants, often receiving parenteral nutrition and developing cholestasis in the 
NICU, the role of CMV is unclear. 

2.3.8 Course, treatment and outcome of cholestasis in preterm infants 

2.3.8.1 Onset, peak and duration of cholestasis 

The natural course of cholestasis is difficult to describe since the settings are so different 
between studies, and interventions are always performed except for in the mildest cases.  

In the published research, the age at onset of cholestasis is usually not reported, due to the 
fact that inclusion criteria of minimum time on parenteral nutrition is often used. Tufano and 
colleagues did not have such an inclusion criterion, and reported that in all infants admitted to 
their NICU in the study period of 2 years and 8 months time, the median age of onset of 
cholestasis was 20 days (range 2-90) (110). Champion et al. found that age of onset of 
cholestasis was 15 days in a prospective study of all admitted neonates to their NICU during 
14 months (112). 

The duration of cholestasis depends on the population studied, and the success of treating the 
underlying conditions, especially terminating parenteral nutrition. After cessation of 
parenteral nutrition, a slow normalization of conjugated bilirubin in at least several weeks is 
reported in one study (197). In the large retrospective cohort study by Christensen et al. of all 
neonates receiving parenteral nutrition for at least two weeks, cholestasis duration ranged 
from fewer than 10 days to more than 440 days in 357 cholestatic infants (90).  

The peak level of conjugated bilirubin is most commonly used to describe the severity of 
cholestasis. Christensen and colleagues found an association with higher peak conjugated 
bilirubin and increased mortality (90).  
Willis and colleagues reported that high mortality and morbidity rates were associated with 
high conjugated bilirubin levels in patients with prenatally diagnosed intestinal 
malformations and in referred necrotizing enterocolitis patients. In cholestatic patients who 
had also received ursodeoxycholic acid treatment, they found that 38% (8/21) of infants with 
conjugated bilirubin exceeding 10 mg/dL (≈170 µmol/L) died or needed a transplant, whereas 
only 7% (3/45) of infants with a lower peak of conjugated bilirubin suffered these 
consequences within the first year of life. 

2.3.8.2 Growth 

Niccum et al. reported in 2019 growth data from a retrospective study comparing cholestatic 
and non-cholestatic neonates with average gestational age 32-33 weeks in their NICU. 
Weight percentiles did not differ between the groups within the first 8 weeks of life, but at 
discharge and at 6 months of age the cholestatic weight percentiles were significantly lower 
(91). The authors did not state at what age full enteral feedings were achieved, but 89% were 
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still cholestatic at discharge when parenteral nutrition certainly had been terminated. 
Malabsorption of dietary fat in infants still cholestatic but without the earlier support of 
parenteral nutrition could be speculated to explain these findings. 

2.3.8.3 Treatment 

The most important treatment of cholestasis in these infants is the cessation of parenteral 
nutrition. Changing lipid emulsion to fish-oil-containing is often tried, but convincing 
evidence from randomized trials is lacking (140, 141). Cycling of parenteral nutrition in less 
than 24 hours per day, or decreasing the total lipid dose are also methods used to prevent 
cholestasis, but their efficiency has not been verified in randomized trials (100, 130).  

Treatment with cholecystokinin in order to stimulate gall bladder contractions and increase 
bile flow was not successful in a randomized trial (198). Erythromycin that can stimulate 
intestinal motility and increase feeding tolerance has not been demonstrated to decrease the 
rate of cholestasis (199).  

Ursodeoxycholic acid is widely used in other cholestatic disorders, and often used in these 
infants without any serious side effects. Some observational studies have reported 
encouraging results, but the efficacy remains to be proven in randomized trials (200-204).  

2.3.8.4 Outcomes 

Mortality is consistently higher in cholestatic infants than in non-cholestatic in the literature, 
and associated to a more severe cholestasis, as described above (95, 102). However, it is often 
hard to determine the role of cholestasis as the primary cause of death in the presence of all 
the other accompanied morbidities. Studies are generally also designed to study cholestasis as 
the outcome and not as a risk factor for death before discharge. 

In 2004, Zambrano and colleagues published a case series of 24 autopsies in deceased 
newborns that had received parenteral nutrition. Histopathological liver examination showed 
that periportal inflammation, cholestasis, bile duct proliferation, extramedullary 
hematopoiesis and fibrosis were the most common findings, which was found in 17-19 of the 
24 cases. Cirrhosis was found in 3/24 patients, and iron deposition in 22/24. Patients were 
divided in two groups depending on severity of liver findings. All infants in the group with 
more severe liver findings (n=8) had experienced conjugated hyperbilirubinemia, versus 25% 
in the group with milder liver findings (n=16). Being small for gestational age was also far 
more common in the severe group, as well as bronchopulmonary dysplasia (142).  

Reports on long-term liver outcomes in surviving cholestatic preterm infants are lacking.  
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2.3.9 Cholestasis and hemolytic disease of the newborn 

Another group of neonates at high risk and need for neonatal care are the ones born to 
mothers with red cell alloimmunizations. The fetus and newborn can develop hemolytic 
disease of the fetus and newborn (HDFN), or hemolytic disease of the newborn (HDN) if 
only the neonatal consequences are referred to. 

2.3.9.1 Antibody types 

IgG antibodies from the mother directed at different surface antigens on the erythrocytes of 
the fetus causes early destruction of the fetal erythrocytes with risk for fetal anemia in HDFN 
(205). Antibodies directed against the D-antigen within the Rhesus (Rh)-system is the most 
common antibody to cause severe HDFN, but also c-antibodies within the Rh-system and K-
antibodies within the Kell-system are known to cause severe disease (206, 207).  
Untreated, severe HDFN often leads to intrauterine death or the severe condition of hydrops 
fetalis if surviving until birth. 

If there are several antibodies present, they are ordered as primary, secondary and so on, in 
order of their concentration (or titer). Most research has focused on the primary antibodies. 
Higher concentrations are related to higher risk for disease and a more severe clinical course, 
but also depends on the specificity of the primary antibody found as described above.  

2.3.9.2 Multiple antibodies 

In about one out of four alloimmunized mothers, there are multiple maternal antibodies 
present (208). Several studies have reported synergistic effects with a more severe clinical 
course in such cases. In particular, there is a need for more intrauterine transfusions due to a 
more severe anemia, when compared to single immunizations (208-212).  
In a Chinese cohort study, the authors did not find an increased risk for fetal anemia with 
anti-D in combination with other antibodies. Due to genetic differences the anti-K antibodies 
were not present in this population, and anti-c was very rare (213).  

In Table 6, the most common and important antibodies causing HDFN are listed. 

 
 

  



 

30 

 

Table 6. Correlation of red cell alloantibody specificities with occurrence HDFN. 

Antibody type  Risk for HDFN a Course of disease b 

ABO  Low  In general mild, incidentally severe 

Rh D High  Often (very) severe, otherwise mild 

   c High  (Very) severe or mild 

  E Medium  Sometimes severe, mostly mild 

   Other Rh 
antigens 

Medium  Incidentally severe, mostly mild 

Kell K High  (Very) severe or mild 

 Other Kell Medium  Mild to severe  

Duffy Fya/Fyb Medium  Mostly mild 

Kidd Jka/Jkb Low  Only mild 

MNS M, N, S, s Low  Mostly mild, very rarely severe 

  Other antigens Low  Mostly mild, very rarely severe 

  I, Le, P1, Lu, Yt No risk  

Other systems  Very low  Very rarely severe  

a High risk: >50%, medium risk >10–50%, low risk 1–10%, very low/incidentally 
b Very severe disease: Need for intrauterine treatment and/or exchange transfusion after birth. 
Severe disease: Need for intrauterine treatment and/or preterm induction of labor and/or 
blood transfusions after birth. Mild disease: Only treatment with phototherapy is needed. 
Adjusted from de Haas et al, Vox Sanguinis 2015 (205), with permission from John Wiley 
and Sons. 
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2.3.9.3 Treatment 

Fetuses who develop anemia may need intrauterine blood transfusions to survive (214). The 
transfusions are life-saving, but create a state of iron overload in the fetuses and neonates that 
can persist for months (215). After birth, these infants have low hemoglobin levels, and low 
reticulocyte counts and may need further transfusions due to a refractory bone marrow with 
inadequate hematopoiesis following repeated intrauterine blood transfusions.  

As a newborn infant with HDFN, the risk for severe unconjugated hyperbilirubinemia due to 
continuing hemolysis is greatly increased, and intensive phototherapy and even exchange 
transfusions are often needed to prevent neurological injury and impairments (32, 47). 

2.3.9.4 HDFN and cholestasis 

Since almost a century, there have been repeated case reports of infants with HDFN who 
develop conjugated hyperbilirubinemia and cholestasis (216-219). In 1952, Hsia and 
colleagues described all infants with prolonged obstructive jaundice in the previous twelve 
years in the Children’s medical center in Boston, and found that a major cause was 
inspissated bile syndrome due to HDFN (220).  

The hypothesis is that the massive flow of bilirubin in infants with HDFN renders the bile to 
become more viscous, which causes cholestasis. The syndrome of inspissated bile, where 
viscous bile caused bile plugs, sludge and obstruction in infants with prolonged jaundice but 
with continuous biliary ducts had been described earlier (221). To indirectly support this 
hypothesis it is noted that cases of cholestasis have also been described in infants with non-
immune hemolytic disorders, such as for example glucose-6-phostatase deficiency, pyruvate 
kinase deficiency, congenital dyserythropoietic anemia, and hereditary spherocytosis (222-
225). 

Despite several case reports, very few actual studies have been published on the subject of 
cholestasis in HDFN, but in 2012 Smits-Wintjens and colleagues published a large 
observational study from the Netherlands. They found that cholestasis, defined as conjugated 
serum bilirubin ≥1 mg/dl (≈ 17 µmol/L) and ≥20% of the total bilirubin level, occurred in 
13% (41/313) of the term or near term infants with HDFN admitted to their referral center 
over a ten-year-period.  
Primary antibodies were reported, and D immunization was the most common (77%) 
followed by Kell (12%) and c (8%), as expected. Intrauterine transfusions had been given in 
66%. D immunization and treatment with at least one intrauterine blood transfusion were the 
independent risk factors in multivariable regression analysis.  
In 12% of cholestatic infants, ursodeoxycholic acid treatment, fat-soluble vitamins and 
nutrition with medium chain triglycerides was needed. Resolution of cholestasis was seen 
within three months at longest in the 44% of infants where follow-up was available to the 
researchers, in the remainder data regarding follow-up was missing. 
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In 2013, Takci et al reported on a more selected group of infants, i.e. the ones with hydrops 
fetalis, often referred to their tertiary center from rural areas in Turkey, where the prenatal 
management of HDFN had not been optimal. The found that 60% (18/30) of such infants 
developed cholestasis, defining cholestasis as ≥2 mg/dl (≈34 µmol/L) and ≥20 % of the total 
bilirubin level, and was present at birth in 27%.  
Although mortality was as high as almost 40% in the cholestasis group due to complications 
of hydrops fetalis, all the survivors had resolution of their cholestasis within 3 months of age. 

The state of knowledge is thus scarce, and there is a need for population-based studies with a 
long-term perspective. 

 



 

 33 

3 RESEARCH AIMS 
 

3.1 GENERAL AIMS 

The overall aim of this thesis is to increase the knowledge about cholestasis in newborn 
infants, targeting infants at risk for severe morbidity and adverse neonatal outcomes.  

 

3.2 SPECIFIC AIMS 

 

• To evaluate the population-based incidence and outcome of cholestasis in very 
preterm infants and identify the most important risk factors. 

 

• To investigate the role of two different parenteral lipid emulsions in the development 
and outcome of cholestasis in very preterm infants. 

 

• To investigate the prevalence and importance of cytomegalovirus infection in 
association with cholestasis in preterm infants. 

 

• To evaluate the population-based incidence, risk factors and outcome for cholestasis 
in term and preterm infants with hemolytic disease of the fetus and newborn (HDFN). 

 

• To investigate if chronic liver diseases in childhood may have an early presentation in 
the neonatal period as a transient cholestatic episode after preterm birth, or in infants 
with HDFN. 
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4 MATERIALS AND METHODS 
 

4.1 STUDY SUBJECTS AND DESIGN 

Subjects were included in the four papers according to the criteria described under each 
subheading below. The time periods of inclusion and possible overlap of subjects are 
illustrated in Figure 5. 

 

 

Figure 5. Timeline of subjects included in all papers.  

 

Paper II is based on the population born in 2006-2008, also included in paper I.  
In paper III, a total of 10 infants from paper I were also included.  

4.1.1 Study subjects and design: Paper I and II 

Paper I was a retrospective case-control study based on two populations of preterm infants 
with a gestational age of less than 30 full weeks (≤29 weeks and 6 days), who were born and 
treated in Stockholm County. All infants surviving the first 28 days of life and not transferred 
to other regions were included. The first population consisted of preterm infants born 
between March 2006 and February 2008 (referred to as the SOY population in Paper I). The 
preterm infants in the second population were born between January 2010 and December 
2011 (referred to as the OLIVE population in Paper I). For every cholestatic case, two non-
cholestatic controls matched on gestational age were randomly selected from each 
population. 

In the SOY population, out of a total of 296 preterm infants, 250 were included and 46 
excluded due to short life span or being transferred to other regions. In the OLIVE 
population, out of a total of 319 preterm infants, 268 were included and 51 excluded. 
Altogether, 518 infants were included in the study. 
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In paper II, the study population was based on the same population of preterm infants born 
between March 2006 and February 2008. In this cohort, more detailed data was available on 
infections and long-term follow-up. 

 

 

Figure 6. Flowchart of populations, patient inclusion, exclusion and outcome in paper I & II.  
* Transferred, other region: n=22; death at age < 28 days: n=24.  
** Transferred, other region: n=23; death at age < 28 days: n=28. 
From Teng et al. J Pediatr Gastroenterol Nutr 2015 (226) with permission from Wolters 
Kluwer Health, Inc. 

 

4.1.2 Study subjects and design: Paper III 

This case-control study was performed prospectively at the neonatal units at Karolinska 
University Hospital, Stockholm, Sweden. Preterm infants (gestational age < 37 weeks) 
admitted to the neonatal units from March 2008 to July 2010 who subsequently developed 
cholestasis during the neonatal period were included.  

A total of 45 cholestatic preterm infants were included. A control group of preterm infants 
without cholestasis was subsequently recruited from the same neonatal units and matched for 
gestational age. The infants in the control group were born from January 2015 to September 
2017.  

Initially, the aim was to include one control infant per cholestatic case, matched on 
gestational week at birth, but due to difficulties in including enough non-cholestatic infants 
within a reasonable time, inclusion had to be terminated when 24 control infants had been 
included. 
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4.1.3 Study subjects and design: Paper IV 

Paper IV was a population-based cohort study with retrospective data collection from hospital 
charts. The study population consisted of all alloimmunized pregnancies in the Stockholm 
region from 2004 to 2015 that resulted in a live born child with hyperbilirubinemia caused by 
HDFN. The pregnant women and their children were identified through the GravImm register 
(www.gravimm.se).  

Within the study period, 170 live born infants from mothers in the GravImm register were 
diagnosed with hyperbilirubinemia caused by HDFN. Of these, 21 had never been tested for 
conjugated bilirubin levels during their neonatal period. The remaining 149 infants were 
included in the study. 

 

4.2 METHODS 

4.2.1 Definitions 

Common definitions in all papers for variables and outcomes: Small for gestational age, z-
score for birth weight < -2 standard deviations from expected (227); Necrotizing enterocolitis, 
≥ stage 2 according to Bell’s criteria (228); Retinopathy of prematurity, stage according to 
guidelines from the International Committee for the Classification of Retinopathy of 
Prematurity (229), Bronchopulmonary dysplasia, as moderate or severe as defined by the 
consensus document by the National Institute of Health (230); Intraventricular hemorrhage, 
according to grade (231); Duration of treatments (parenteral nutrition, mechanical ventilation 
etc.), as initiated days of treatment; sepsis as blood culture positive with typical clinical 
symptoms, laboratory test findings and a diagnosis from the treating neonatologist; Death, as 
death before discharge from hospital care. 

4.2.2 Methods: Paper I 

As described previously, two sub-populations of preterm infants receiving either a soy-based 
parenteral lipid emulsion (SOY population) or an olive-based (OLIVE population) as the 
default lipid emulsion in different time periods were compared. The primary lipid emulsion 
was changed between these time periods in all NICUs in Stockholm.  

Stockholm County’s guidelines for parenteral nutrition in newborns remained unchanged 
between the two time periods studied, except for the lipid emulsion used. Lipid emulsion 
infusion was started on the first day of parenteral nutrition with a dose of 0.5 to 1 g/kg/day 
and increased for 3 days to 3.5 g/kg/day for infants with a birth weight <1000 g, and to 
3g/kg/day for infants with a birth weight >1000 g. In the absence of contraindications, early 
enteral trophic feeding using the mother’s breast milk or donated bank milk was started 
alongside parenteral nutrition on the first or second day of life. Enteral nutrition was then 
gradually increased, analyses of the breast milk were performed, and nutrition individually 
fortified to meet the recommendations by ESPGHAN (232).  
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Cholestasis was defined as conjugated serum bilirubin ≥30 µmol/L (≈1.8 mg/dL) on at least 2 
occasions, with a ratio of conjugated and total serum bilirubin exceeding 20%. The non-
cholestatic infants in the two cohorts were divided in separate subgroups according to week 
of gestational age. Two non-cholestatic controls per case born in the same gestational week 
were randomized from the corresponding cohort.  

Cholestatic cases and controls were compared. In a multivariate model, using the stepwise 
forward logistic regression method, independent risk factors for cholestasis were identified. 

4.2.3 Methods: Paper II 

We performed a population-based retrospective case-control study of all preterm infants born 
and treated in Stockholm County during a 2-year period, using the same sub-population 
(SOY) as described in paper I. The infants and their mothers were identified through the 
Swedish neonatal quality register (SNQ). Cholestatic infants were detected through medical 
chart reviews. For every cholestatic case, two non-cholestatic control subjects born in the 
same gestational week were randomized from the population. Data from the perinatal period 
were primarily acquired from medical chart reviews. The same definition of cholestasis as 
described in paper I was used. 

The onset of cholestasis was defined as the age when the bilirubin levels fulfilled the 
cholestasis criteria for the first time. The grade of cholestasis was arbitrarily dichotomized as 
low, if peak conjugated bilirubin <100 µmol/L, and as high, if peak conjugated bilirubin was 
≥100 µmol/L. The duration of cholestasis was defined as the time elapsed from onset of 
cholestasis to when conjugated bilirubin no longer exceeded 30 µmol/L. 

The development of chronic liver disease of clinical significance was defined by the infant 
being enrolled at any time, after discharge from neonatal care, as a patient until the age of 10 
years at the tertiary center for pediatric hepatology at Karolinska University Hospital in 
Stockholm or at any other hospital based pediatric service in the country.  

The proportion of cholestatic infants in each week of gestational age in the entire population 
was examined and compared. Cholestatic cases and non-cholestatic controls were compared. 
The outcomes of bronchopulmonary dysplasia (≥moderate) and retinopathy of prematurity (≥ 
grade 3) were examined in a multivariate model using logistic regression. 

4.2.4 Methods: Paper III 

Cholestasis was defined as conjugated serum bilirubin ≥ 30 µmol/L, and more than 20% of 
the total serum bilirubin level.  

Blood and urine samples were collected from all infants as well as blood samples from the 
mothers to analyze the presence of CMV DNA and CMV IgG and IgM in serum. In the 
cholestatic group these samples were collected as soon as possible after cholestasis was 
detected. Samples from the reference group were collected at 3-6 weeks postnatal age. The 
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urine sample was if possible collected from a consecutive urine portion after blood sampling. 
Maternal blood sampling was done on the same day as infant blood sampling.  

Maternal plasma samples were tested for CMV-specific IgG and IgM. DNA was extracted 
from infant plasma and peripheral blood mononuclear cell (PBMC) samples, as well as urine 
samples. Approximately 100 ng of DNA per sample were amplified using quantitative 
polymerase chain reaction (qPCR) with specific CMV-IE  (cytomegalovirus immediate early 
gene) DNA primers as described by Xu et al (233). The ΔCT method was used for 
calculation of cycle threshold (CT) values. The CT threshold for the quantitative PCR was set 
at 35 for a positive test. Positive PCR results were recorded for each sample: PBMC, plasma 
and urine. Infants who were positive in any test were categorized as CMV positive and all 
others were considered CMV negative. If there were missing data for any CMV DNA 
sample, the result for that sample was assumed to be negative to avoid overestimating the 
results.  

Clinical data were collected from hospital medical records and the Swedish neonatal quality 
register (SNQ). All clinical data were collected before registering the results of the CMV 
PCR tests in the database in order to blind the researchers as much as possible and reduce the 
risk for bias. Comparisons were made between the cholestatic infants and the non-cholestatic 
reference group, and within the cholestasis group between the CMV positive and CMV 
negative infants. Being CMV positive as a risk factor for cholestasis was evaluated in a 
multivariate model adjusting for other risk factors. 

4.2.5 Methods: Paper IV 

Data describing antibodies and the pregnancy were obtained from the GravImm register and 
obstetric medical charts, additional data were collected pediatric medical charts and 
transfusion medicine registers. All erythrocyte antibody types present were recorded and 
variables created to denote if a specific antibody was present alone or in combination with at 
least one other antibody (multiple antibodies). 

For the neonates, the results for every serum analysis of bilirubin, liver enzymes and bile 
acids levels during the first 90 days of life were extracted from laboratory records together 
with the time and date of the assay. Medical charts were reviewed up to two years of age to 
identify children who had any diagnosis of chronic liver disease.  

Cholestasis was defined as serum conjugated bilirubin exceeding 34 µmol/L (≈ 2 mg/dL) and 
exceeding 20% of serum total bilirubin during the study period of the first 90 days of life. 
Three other common definitions of cholestasis were also explored: conjugated bilirubin ≥17 
µmol/L; conjugated bilirubin ≥17 µmol/L and ≥ 20% of total bilirubin; conjugated bilirubin ≥ 
34 µmol/L.  

The age when first fulfilling the criteria for these diagnoses was examined as a “time-to-
event” outcome. Any cholestasis diagnosis was analyzed as a dichotomous outcome, with 
patients with no diagnosis of cholestasis serving as reference. Liver disease of clinical 
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significance by two years of age was defined as enrollment at any clinic in the Stockholm 
region with a diagnosis of liver disease until two years of age. 

Univariate odds ratios for different risk factors were calculated for developing cholestasis, 
and multivariable model including the most important risk factors from the univariate 
analysis was created.  

 

4.3 STATISTICAL ANALYSES 

SPSS for Mac (IBM, New York, USA) was used for data management and statistical 
analyses in all papers.  
Fisher exact test was used as the significance test for proportions. Independent samples t-test 
was used for comparing means for normally distributed continuous variables. When medians 
and interquartile range was reported for continuous variables, Mann Whitney U test was used 
as the significance test. For trends, Mantel-Haenszel test of trend was used in paper II. In 
paper IV Spearman’s correlation was used for correlations and the time to event (cholestasis) 
was investigated using Kaplan-Meier analysis and the cumulative incidence presented 
graphically.  
Logistic regression was used for calculating odds ratios, and adjusted odds ratios were 
calculated in multivariable models, in paper I using the stepwise forward method, in all other 
papers the enter method.  
Significance level was always set at 5%. 

 

4.4 ETHICAL CONSIDERATIONS 

All studies within this thesis were performed in accordance with the Helsinki declaration, and 
the regional ethical review board in Stockholm approved all studies.  

4.4.1.1 Ethics: Paper I and II  

Patient charts were reviewed retrospectively. Informed consent was not obtained from the 
caretakers, since no extra sampling or data collection was performed, other than data 
collection from the medical charts and the national neonatal quality register. Also, a non-
negligible proportion of the infants were deceased which contributed to the decision not to 
seek informed consent by the caretakers.  

4.4.1.2 Ethics: Paper III  

Informed consent was achieved from all caretakers for the blood and urine sampling from the 
infants and their mothers. To cause as little pain as possible to the infants, blood sampling 
was always performed at the same time as blood sampling was scheduled for clinical reasons. 
To minimize the negative impact of multiple blood samplings in the infants regarding blood 
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volume and iron status, only the very small amount of 0.5 mL was drawn for the research 
purpose.  

4.4.1.3 Ethics: Paper IV 

In this register-based cohort study, data was collected from the GravImm register, the 
Swedish neonatal quality register (SNQ), the obstetric charts and the medical charts of the 
infants and their mothers. No additional consent other than the initial approval from the 
mothers to be included in the GravImm register, including approving the research purposes of 
the register, was obtained from the caretakers for participation in the study, since no 
additional examinations were performed, or samples collected from the study subjects.  
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5 RESULTS AND DISCUSSION 
 

5.1 RESULTS AND DISCUSSION: PAPER I 

In the cohort of 518 very preterm infants born and treated in Stockholm, with gestational age 
< 30 weeks and surviving the neonatal period, born in two different two-year periods when a 
fully soy-based lipid emulsion was used (SOY period) or a 20% soy and 80% olive oil-based 
lipid emulsion was used (OLIVE period), we made the following findings.  

Main findings: 

v Cholestasis occurred in 14.8% of preterm infants during the SOY period versus 
12.7% during the OLIVE period (p=0.52). 

Other findings: 

§ Necrotizing enterocolitis (NEC) and length of parenteral nutrition were strong risk 
factors for cholestasis: 

Table 7. Independent risk factors for PNALD: Logistic regression analysis, stepwise forward 
method including cholestatic cases (n=71) and GA-matched non-cholestatic controls (n=142). 

  

OR 95% CI for OR p 

NEC 
No 1 

  Yes 10.39 3.23-33.37 <0.001 

Parenteral nutrition, duration 
(OR per 1 day increase)  

 

1.11 1.07-1.15 <0.001 

Population 
OLIVE 1 

  SOY 2.96 1.19-7.35 0.02 

Final model. PNALD = parenteral nutrition-associated liver disease, GA = gestational age, 
OR = odds ratio, CI = confidence interval, NEC = necrotizing enterocolitis. 

From Teng et al, J Pediatr Gastroenterol Nutr 2015 (226), with permission from Wolters 
Kluwer Health, Inc. 

 

As mentioned earlier, the incidence of cholestasis in preterm and other sick neonates differ 
depending on the population studied. We report the population-based incidence of cholestasis 
in a large cohort of preterm infants, surviving the neonatal period. We found that cholestasis 
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is common; it affects approximately 1 out of 7 of preterm infants with gestational age <30 
weeks, if a soy-based or predominantly olive-based parenteral lipid emulsion is used.  
The difference in incidence of cholestasis between the time periods, but when adjusted for 
NEC and time on parenteral nutrition, being treated during the soy-period was a significant 
risk factor, suggesting that there may be a small advantage in using a predominantly olive-
based lipid emulsion over entirely soy-based. 

To our knowledge, no other studies have compared cholestasis using these lipid emulsions. 
Small, randomized trials on olive oil-based lipid emulsion in preterms has either not focused 
on liver toxicity or had a short follow-up (131-133, 234).  

Further prospective research is needed, but according to our results, with a single objective to 
significantly reduce the incidence of cholestasis, a predominantly olive oil-based lipid 
emulsion is at best marginally better than an entirely soy-based.  

 

5.2 RESULTS AND DISCUSSION: PAPER II 
 

Main findings:  

v Mortality was higher among cholestatic infants, and highest in those with high-grade 
cholestasis: 

Table 8. Mortality rates reported in paper II. 

 Cholestasis Non-cholestatic 
controls 

p 

Mortality  14% (5/37) 2.7% (2/74) 0.040 

 High-grade Low-grade    

Mortality 26% (5/19) 0% (0/18)  0.046 

High-grade cholestasis defined as peak conjugated bilirubin ≥100 
µmol/L and low-grade as <100 µmol/L. 
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Other findings: 

§ The risk of developing cholestasis was higher in lower gestational ages 

 

Figure 7. Proportion of cholestatic cases per gestational week. Significant trend of higher 
proportion of cholestasis in lower gestational weeks (p = 0.034*, Mantel-Haenszel test of 
trend). From Teng et al, Acta Paediatrica, 2021 (235), with permission from John Wiley and 
Sons. 

 

§ There were no cases of chronic liver disease at ten years of age in either cholestatic 
infants nor non-cholestatic controls. 
 

§ Rates of ROP, stage 3 or more, (36% versus 14%, p=0.011) and BPD (54% versus 
30%, p=0.022) were higher in cholestatic infants than in non-cholestatic controls.  
When calculating crude and adjusted odds ratios, adjusting for gestational age, gender 
and mechanical ventilation >2 weeks, the differences remained.  
 

Our findings of high mortality rates in cholestatic infants, with even higher rates associated 
with higher peak conjugated bilirubin levels, are in line with previous reports (90, 102). In 
our study, as many others, it is difficult to assess the role of cholestasis as the actual cause of 
death. The finding that higher incidence of cholestasis occurs in lower gestational ages is also 
affirmative of previous findings (110).  
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because of transfer to other regions and 24 because of short life 
span, leaving a study population of 250 infants. Among the 46 ex-
cluded infants, five had already developed cholestasis. Out of these, 
two were cholestatic before death and three before transfers to 
other regions.

Cholestasis criteria were fulfilled in 37/250 (14.8%) of the in-
fants in the study population. There was a significant trend of higher 
incidence rate of cholestasis with lower gestational age (P = .034 
Mantel-Haenszel test of trend), as shown in Figure 1.

3.2 | Cholestatic versus non-cholestatic infants

When comparing the cholestatic infants with the non-cholestatic 
controls in the univariate analysis, several differences were noted, as 
detailed in Table 1 and below. The median maternal age was 32 years 
in both groups. The frequency of caesarean delivery was 65% among 
cholestatic infants and 62% among controls. The median Apgar score 
at 5 minutes was 8 in both groups. The occurrence of singletons, pro-
longed rupture of membranes more than 24 hours, chorioamnionitis, 
use of antenatal steroids and need for surfactant treatment did not 
differ between groups (data not shown). The rate of pre-eclampsia 
in the mothers of the non-cholestatic infants was 8/74 (11%). In the 
mothers of the cholestatic infants, 12/37 (32%) had pre-eclampsia, 
which was significantly higher than in the controls (P = .008).

With regard to neonatal characteristics, the cholestatic infants 
were small for gestational age in 38% of cases, as compared to 16% 
among the controls (P = .02). This was also reflected in a significant 
difference in birth weight (Table 1). The occurrence of congenital 
heart anomalies was 9/37 (24%) among the cholestatic infants and 
2/74 (3%) among the controls (P = .001). This difference did not seem 
to be due to different investigation rates. The proportion of infants 
examined at least once with echocardiography was 34/37 (92%) 
in cholestatic infants (89% in the low-grade and 95% high-grade 

group) and 62/74 (84%) in controls (P = .38). The nine infants in the 
cholestasis group with cardiac anomalies constituted five cases of 
ventricular septal defects, one case of atrioventricular septal defect, 
two cases of atrial septal defects and one case of combined aortic 
stenosis and aortic insufficiency. Among controls, there were one 
case of valvular pulmonary stenosis and one case of right ventric-
ular heart failure due to twin-twin transfusion syndrome. The rate 
of patent ductus arteriosus, in need of treatment with ibuprofen or 
surgically, did not differ significantly between groups.

The cholestatic infants needed more active neonatal treatment, 
such as more mechanical ventilation, parenteral nutrition and eryth-
rocyte transfusions (Table 1). The use of surfactant treatment did 
not differ between groups. The cholestatic infants regained their 
birth weight faster than the control infants, but they had a lower 
weight at 36 weeks of corrected age (Table 1).

The cholestatic infants had more neonatal morbidities than the 
controls, including more necrotising enterocolitis and need for lap-
arotomy (Table 1). This was also reflected in the fact that choles-
tatic infants needed bowel resection surgery and stoma significantly 
more often (data not shown).

The cholestatic infants also had a higher rate of culture veri-
fied sepsis (Table 1). This was still the case when clinically probable, 
but blood culture negative infections were added (data not shown). 
Also, multiple episodes of sepsis were more common among 
cholestatic infants. The late-onset sepsis episodes, debuting at age 
72 hours or later, were responsible for the difference in sepsis in-
cidence between the groups (Table 1). Early-onset sepsis occurred 
in two infants in each group, which did not differ significantly. The 
median age at onset of sepsis did not differ between groups; it was 
10.5 days for those who had at least one culture verified sepsis 
episode in each group. Of the cholestatic infants, 7/37 (19%) were 
treated for culture verified fungal sepsis versus 5/74 (7%) of the 
non-cholestatic (P = .10). One cholestatic and one non-cholestatic 
infant were positive for cytomegalovirus in urine screening tests.

F I G U R E  1   Proportion of cholestatic 
cases per gestational week. Significant 
trend of higher proportion of cholestasis 
in lower gestational weeks (P = .034*, 
Mantel-Haenszel test of trend)
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To our knowledge, a long-term perspective on liver disease in preterm infants with transient 
cholestasis up to ten years of age has not been reported previously. Even though our 
definition of chronic liver disease later in childhood does not include any liver function tests, 
we can conclude that it is unlikely that liver disease with any other underlying cause would 
constitute a significant part of those being transiently cholestatic as preterm infants in the 
NICU. In order to follow through on this research question, liver function tests could be 
investigated prospectively as a part of a follow-up-program for preterm infants. 

The risk for ROP and BPD were higher in cholestatic infants, and we speculate that there 
might be a common pathway in these conditions, possibly mediated through an inadequate 
inflammatory response. Inflammation is suggested to play a role in the development of BPD 
(236), as well as ROP (237) and early inflammatory markers have been associated with 
development of cholestasis (238). Immune system development and immune responses in 
preterm infants are currently being mapped out (239) and will need to be further explored to 
reveal possible common pathways for various neonatal morbidities. 

 

5.3 RESULTS AND DISCUSSION: PAPER III 

 

Main findings:  

v In 69 % (31/45) of cholestatic preterm infants CMV DNA was found in at least one 
sample from plasma, peripheral blood mononuclear cells (PBMC) or urine. 
In 13 % (3/24) of non-cholestatic preterm infants CMV DNA was found in at least 
one of these samples (p<0.00001). 
 

v In a multivariable model, using logistic regression and calculating crude and adjusted 
odds ratios adjusting for necrotizing enterocolitis, prolonged parenteral nutrition and 
gestational age, being CMV DNA positive in any sample type remained 
independantly associated with cholestasis. 
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Other findings: 

§ In cholestatic infants, when comparing the CMV positive to the CMV negative in any 
sample, the groups did not differ much except regarding mortality and NEC rates: 
 

Table 9. Mortality and NEC rates in paper III. 

 Cholestatic (n=45)  

 CMV positive (n=31) CMV negative (n=14)  

NEC 55% (17/31) 21% (3/14) p=0.054 

Mortality  26% (8/31) 0% (0/14) p=0.044 

Difference in mortality rate just reaching statistical significance, and NEC rate bordering on 
significance. 

 

These findings have to be confirmed by others. Sampling should then be done from several 
locations. If CMV is implicated in the development of cholestasis of preterm infants, studies 
including antiviral treatments could be considered. 

 

5.4 RESULTS AND DISCUSSION: PAPER IV 

In this population-based retrospective cohort study, we describe the incidence and risk factors 
for cholestasis in infants with hemolytic disease of the fetus and newborn (HDFN). 
 

Main findings:  

v Cholestasis was found in 7% (11/149) of infants with HDFN. 
 

v Intrauterine erythrocyte transfusions (IUT) and maternal alloimmunization with D-, c- 
or K-antibodies in combination with at least one other antibody of any type (multiple 
antibodies) were independent risk factors for cholestasis. 
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Other findings: 

§ The median age at onset of cholestasis was 1.1 days. 
 

§ The majority of the cholestatic infants had peak conjugated bilirubin level ≥100 
µmol/L and were treated with ursodeoxycholic acid. 
 

§ Postnatal peak ferritin levels correlated strongly to number of IUTs (Person’s r =0.79, 
p<0.01), but also to peak conjugated bilirubin level (Person’s r =0.78, p<0.01). 
 

§ By two years of age, none of the infants had chronic liver disease. 

To our knowledge, this is the first report with a population-based approach to cholestasis in 
these infants. Our results, both regarding incidence figures and risk factors are in line with the 
only similar previous study from the Netherlands (88). The only significant difference is the 
fact that we found that multiple red cell antibodies in the mother increased the risk for 
cholestasis, which should be taken into account in future research.  

Since onset of cholestasis is early, often already at birth, we stress that when infants with 
HDFN are followed up postnatally with repeated total bilirubin measurements should also are 
screened with conjugated bilirubin, at least in the first week of life. This would increase the 
probability of identifying these infants, and to ensure a correct management. In the future, a 
prospective multicenter study would be beneficial. As a suggestion, umbilical blood samples 
should be obtained at birth, to evaluate conjugated bilirubin and bile acids, due to the early 
onset we found in this study. 

Although the course of cholestasis is often resolving as the hemolytic disease process 
declines over time, more than half of the cholestatic infants had conjugated bilirubin reaching 
levels exceeding 100 µmol/L, and were treated with ursodeoxycholic acid and received 
Vitamin K.  

The cholestatic disease process has an early onset or may be present at birth, but worsening of 
cholestasis may occur postnatally. Since inspissated bile is suspected to contribute to the 
disease process, theoretically, the choleretic properties of UDCA could be advantageous in 
increasing bile fluidity, but randomized trials will be difficult to perform, and need a multi-
center setting to reach enough power. 
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5.5 METHODOLOGICAL CONSIDERATIONS 

 

5.5.1 Strengths 

§ The relatively large study populations in all papers, compared to similar studies. 

§ The population-based approaches in paper I, II and IV,  

§ Looking for cholestasis in larger cohorts of infants at risk rather than looking for 
specific etiologies in smaller groups of infants with cholestasis. 

§ In the absence of larger randomized trials, comparing two eras of using soy-based and 
olive-based parenteral lipid emulsions in study I, has added to the knowledge on their 
association to cholestasis. 

§ The long-term perspectives on liver disease later in childhood in studies II and IV. 

5.5.2 Weaknesses 

§ Retrospective observational design, as in paper I, II and IV, always includes the risk 
of unknown bias, and limits the possibility of drawing conclusions on causation, 
which has been clarified and done only with caution in all papers. 

§ Defining absence of long-term liver disease as absence of diagnosis is a rough 
measure as compared to performing liver function tests. 

§ In paper III, the inclusion of a control group in another time period than the cases is a 
weakness as well as the fact that there were missing data regarding some samples. 

§ In paper IV, the retrospective design affects the results when conjugated bilirubin 
tests were not always performed at adequate time points, or not at all in some cases. 
Incidence of cholestasis may thus be underestimated, and age at detection as a 
measure of age at onset, may be overestimated. This was taken into consideration 
when conclusions were drawn from the results. 
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6 CONCLUSIONS 
 

• Aim: To evaluate the population-based incidence and outcome of cholestasis in very 
preterm infants and identify the most important risk factors. 

Conclusions: Cholestasis in preterm infants is a common problem in neonatal intensive care 
units. As many as one out of seven of infants born before 30 full gestational weeks who 
survive the neonatal period could be expected to develop cholestasis, at least if a soy-based or 
olive-based parenteral lipid emulsion are the primary lipid emulsions used.  
Cholestasis is more than 300 times more common in these very preterm infants than in term 
infants in general. Cholestasis in these infants usually develops at a few weeks of postnatal 
age. Intestinal disease, such as necrotizing enterocolitis, with need for prolonged parenteral 
nutrition increases the risk for cholestasis markedly.  
Cholestasis in preterm infants may in some cases be associated with a more severe outcome, 
regarding retinopathy of prematurity, bronchopulmonary dysplasia and mortality, possibly 
through a common inflammatory pathway. Severe cholestasis is associated with higher 
mortality in this patient group.  

 

• Aim: To investigate the role of two different parenteral lipid emulsions in the 
development and outcome of cholestasis in very preterm infants. 

Conclusions: Switching from a soy-based parenteral lipid emulsion to a predominantly olive-
based does not affect, or at best slightly reduces, the incidence of cholestasis. 
Further studies are needed regarding treatment interventions of cholestasis.  

 

• Aim: To investigate the prevalence and importance of cytomegalovirus infection in 
association with cholestasis in preterm infants. 

Conclusions: Cytomegalovirus may be associated with an increased risk for cholestasis, and 
further studies of its role in the pathogenesis of cholestasis as well as the possible 
implications with regard to use of antiviral treatment are warranted.  

 

• Aim: To evaluate the population-based incidence, risk factors and outcome for 
cholestasis in term and preterm infants with hemolytic disease of the fetus and 
newborn (HDFN). 

Conclusions: In term and preterm newborn infants with hemolytic disease of the fetus and 
newborn, the incidence of cholestasis is almost 200 times higher than in term infants in 
general. The onset of cholestasis is usually early, within the first days of life and is often 
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present at birth.  
In infants with HDFN, screening with total serum bilirubin tests are often performed for early 
detection of significant hemolysis in need of treatment. Conjugated bilirubin tests should also 
be performed, at least in the first week of life, to detect cholestasis for correct diagnosis and 
treatment. Further studies on cholestasis in infants with HDFN focusing on pathophysiology 
are most warranted, since the knowledge is still scarce.  

 

• Aim: To investigate if chronic liver diseases in childhood may have an early 
presentation in the neonatal period as a transient cholestatic episode after preterm 
birth, or in infants with HDFN. 

Conclusions: If patients survive the neonatal period, cholestasis is rarely an early sign of 
liver disease later in childhood for at least up to ten years of age in very preterm infants, or 
two years or longer in infants with HDFN. 
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7 POINTS OF PERSPECTIVE 
 

7.1 CLINICAL IMPLICATIONS  

Efforts should be made to diagnose and treat cholestasis when it occurs in preterm infants, 
since our findings suggest that it may be associated with poorer outcome, even though further 
research is needed to evaluate these potential associations. Neonatal wards should have 
routines to screen for cholestasis in preterm infants, when treated with parenteral nutrition. 

For the sole purpose of significantly reducing cholestasis in preterm infants, soy-based 
parenteral nutrition should not be replaced with a predominantly olive-based, but there may 
be other reasons for selecting the primary parenteral lipid emulsion that are not examined 
within this thesis.  

Cholestasis should be screened for in infants with HDFN, at least within the first week of life 
for correct diagnosis and treatment of jaundice.  
 

7.2 FURTHER RESEARCH  

Research is ongoing regarding the composition of parenteral lipid emulsions and their role in 
the development and reversal of cholestasis in preterm and other sick neonates. Larger 
randomized trials comparing different parenteral lipid emulsions are needed, especially to 
establish the benefits of fish-oil-containing lipid emulsions.  

Enteral supplementation with essential lipids has recently shown very promising results 
regarding preventing ROP in a randomized trial, and is safe in preterm infants (240). 
Evaluating cholestasis as an outcome using a similar approach in infants tolerating enteral 
feeding could be a future proposed study. 

The fact that some, but not all, preterm infants develop cholestasis raises the question of 
genetic predisposition. Investigating preterm infants with cholestasis for less severe biallelic 
mutations, or for heterozygous severe mutations among the increasing number of known 
mutations that can cause progressive familial intrahepatic cholestasis (PFIC) could increase 
our knowledge and understanding.  

Further research should in prospective studies focus on the long-term outcomes of cholestasis 
as a preterm infant, for example the effect on growth and neurocognitive development.  

Further studies regarding the role and possible treatment of CMV in cholestatic neonates are 
also warranted.  

In HDFN, prospective studies regarding cholestasis are needed. Analyses of bile acids along 
with conjugated bilirubin in chord blood and regularly in at least the first week after birth 
would be suggested. If possible, to evaluate bile acids and conjugated bilirubin in fetuses with 
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HDFN receiving intrauterine transfusions at the same time as blood samples for hemoglobin 
levels are drawn, would be very relevant to evaluate the fetal metabolism of bile and to 
examine if the disease process of cholestasis may already be initiated in the intrauterine life. 

 



 

 55 

8 ACKNOWLEDGEMENTS 
First, I would like to express my gratitude to all infants, nowadays children, and their 
caretakers, who are the foundation the research in this thesis is built on. The first seed that 
grew to this thesis was planted more than ten years ago, and it would never have become a 
reality without the support or understanding, sometimes both, from supervisors, colleagues, 
friends and family. 

In particular, I want to thank: 

Björn Fischler, my principal supervisor. My omniscient guide through the lakes of bile 
acids, the labyrinths of liver lobules, and the oceans of conjugated bilirubin. With your vast 
knowledge in pediatrics and pediatric hepatology, your excellence as a researcher, your 
guidance through this thesis has been indispensable. Thank you for always having, or finding, 
time for me, and believing in me when I didn’t myself. You are a great role model in clinical 
work and in research. I could not have had a better supervisor! 

Kajsa Bohlin, my co-supervisor. With your extensive knowledge in neonatology, your 
sharpness as a researcher and amazing intellect you always find the key aspects of our 
research that needs to be explored or emphasized. I have the deepest respect for you and it 
has been a joy to cooperate with and learn from you!  

Antal Nemeth, my co-supervisor. An oracle in pediatric hepatology, always giving wise 
advice. Always being able to put our research questions and findings in a wider perspective, 
or in a historical point of view. If Antal doesn’t know it, no one does. 

Mona-Lisa Engman, pediatrician and my mentor first during my internship and then my 
doctoral education. You have a remarkable ability to make those around you perform at their 
best.  

Anne Elwin, fellow doctoral student. Thank you for the great cooperation regarding the 
CMV project, and best of luck with your own research work and thesis! 

Henrik Arnell, pediatric gastroenterologist. Thank you for your efforts in paper I, and for 
sharing your profound knowledge regarding parenteral nutrition. 

Soley Omarsdottir, pediatric rheumatologist. Soley sadly passed away earlier this year. She 
was always full of positive energy and was initially the motor of the CMV project. She 
collected most of the samples from the cholestatic infants and performed the major part of the 
PCR analyses in these infants. 

Cia Söderberg-Nauclér and Afsar Rahbar. Thank you for great cooperation and getting 
access to your virological knowledge in general and regarding CMV in particular. And thanks 
also to Mireille Vanpee and Giulia Aquilano for your cooperation and efforts in this project. 



 

56 

Eleonor Tiblad, obstetrician and expert of red blood cell alloimmunizations in pregnancy. 
Thank you for sharing your knowledge regarding the prenatal aspects of HDFN, I really 
enjoyed the cooperation with you. I also want to thank the co-authors Linnea Wickman for 
great efforts with data collection and Marie Reilly for important epidemiological and 
statistical input to this study. 

Claude Marcus, the former head of division at the Division of Pediatrics at CLINTEC when 
I started my doctoral education. 

Mats Blennow, neonatologist and former head of department at CLINTEC. Thank you for 
opening the door for me to access important data for the studies in this thesis, and for 
standing in my ring corner when it was needed. 

Jan Kowalski, Henrike Häbel and other statisticians for your great support in getting the 
numbers right and using the proper tools do it.  

Anette Johansson, administrator at the Division of Paediatrics, CLINTEC, for helping me 
through the administrative process leading up to the dissertation. 

Freja Kalenius-Leech, administrator at the neonatal ward at Södersjukhuset, for help to find 
and identify patient data in different charts and systems, you are a true detective!  

Mattias Karlén, medical illustrator and friend from high school in Vällingby back in the 
nineties. Thank you for creating the beautiful illustration on the cover of this thesis! You have 
really combined your great creative talent with your scientific knowledge in a fantastic way. 

Thanks to my former doctoral student colleagues at CLINTEC, Viveka N, Afrodite P-E, 
Mikael F, Sandra S-A and Lisa F to mention some, for rewarding discussions and trying to 
pass difficult doctoral courses together.  

Henrik Overödder, my current boss and friend. Thank you for your support and for enabling 
me to finish this thesis, and your patience with my delay to take on new responsibilities at 
work. With your organizational and interpersonal skills, your curiosity and ability to get 
things done you would be the best doctoral student ever. Maybe it is not too late? 

Mia Stalberg, my colleague and mentor at work. Always making an extra effort to fulfill my 
schedule requests to enable me to get time off for research work. You are truly the heart of 
Södertälje pediatric clinic. Don’t retire! 

Sven Klaesson. My former boss at Södertälje pediatric clinic. Thank you making it possible 
to continue my research parallel to clinical work, in your effort to improve the status of 
research at the hospital. 

Thomas Mårtensson. My colleague and fellow doctoral student, passing the finish line 
before me. Thank you for the fruitful discussions on how to survive as a doctoral student. 

 



 

 57 

Thanks to all wonderful colleagues and co-workers at Södertälje pediatric clinic, delivery 
ward and administrators for your support and for your understanding when I have been 
absent. Petra and Anette, it is time to buy those dresses now! 

To my father Gunnar for support and showing interest in my research. Even though the 
subject must have been like Greek language to you, you have experience from the academic 
world and from writing your own thesis.  

To my brother Olof. And to my brother Gustav who kept me in good condition physically 
and mentally through intensive padel games. 

All my friends who have given support and cheers throughout this project. I don’t mention 
any of you so I don’t forget to mention any of you.  

Djurgårdens IF. Thank you for all the emotional rollercoasters you have put me through all 
these years, it has really helped my focus on this thesis… 

Samuel and Alma. My wonderful children who have grown up to be two amazing teenagers 
knocking on the door to adulthood parallel to this work. I have always prioritized you before 
any research or clinical work.  

And last, my dear wife Sini. You always believed in me and had to have your own mentor 
sessions with me when the hill sometimes seemed too steep to climb. You never complained 
when I had to spend a free day or night with research work. During the last intense months 
when writing this thesis, you have taken care of the family almost by yourself to give me the 
time I needed. I love you!  

 

 

FUNDERS 

I deeply thank the following funders for making the studies in this thesis possible: 
 

• The Samariten Foundation for Paediatric Research 
 

• The Swedish Order of Freemasons 
 

• The regional agreement between Karolinska Institutet and Region Stockholm (ALF)  
 

• Strategic funds from Södertälje Hospital 

 

 





 

 59 

9 REFERENCES 
 

1. Abstracts of the 50th Annual Meeting of the European Society for Paediatric 
Research. October 9-12, 2009. Hamburg, Germany. Acta Paediatr. 2009;98(460):1-278. 

2. Adams DH, Eksteen B. Aberrant homing of mucosal T cells and extra-intestinal 
manifestations of inflammatory bowel disease. Nat Rev Immunol. 2006;6(3):244-51. 

3. Dosch AR, Imagawa DK, Jutric Z. Bile Metabolism and Lithogenesis: An 
Update. Surg Clin North Am. 2019;99(2):215-29. 

4. Albers CJ, Huizenga JR, Krom RA, Vonk RJ, Gips CH. Composition of human 
hepatic bile. Ann Clin Biochem. 1985;22 ( Pt 2):129-32. 

5. Alvaro D, Cantafora A, Attili AF, Ginanni Corradini S, De Luca C, Minervini 
G, et al. Relationships between bile salts hydrophilicity and phospholipid composition in bile 
of various animal species. Comp Biochem Physiol B. 1986;83(3):551-4. 

6. Heubi JE, Setchell KDR, Bove KE. Inborn Errors of Bile Acid Metabolism. 
Clin Liver Dis. 2018;22(4):671-87. 

7. Ticho AL, Malhotra P, Dudeja PK, Gill RK, Alrefai WA. Intestinal Absorption 
of Bile Acids in Health and Disease. Comprehensive Physiology. 2019;10(1):21-56. 

8. Winston JA, Theriot CM. Diversification of host bile acids by members of the 
gut microbiota. Gut microbes. 2020;11(2):158-71. 

9. Paumgartner G, Beuers U. Ursodeoxycholic acid in cholestatic liver disease: 
mechanisms of action and therapeutic use revisited. Hepatology. 2002;36(3):525-31. 

10. Roma MG, Toledo FD, Boaglio AC, Basiglio CL, Crocenzi FA, Sánchez Pozzi 
EJ. Ursodeoxycholic acid in cholestasis: linking action mechanisms to therapeutic 
applications. Clin Sci (Lond). 2011;121(12):523-44. 

11. Lewis T, Kuye S, Sherman A. Ursodeoxycholic acid versus phenobarbital for 
cholestasis in the Neonatal Intensive Care Unit. BMC Pediatr. 2018;18(1):197. 

12. Hofmann AF, Hagey LR. Key discoveries in bile acid chemistry and biology 
and their clinical applications: history of the last eight decades. J Lipid Res. 2014;55(8):1553-
95. 

13. Dawson PA, Karpen SJ. Intestinal transport and metabolism of bile acids. J 
Lipid Res. 2015;56(6):1085-99. 

14. Hofmann AF. The continuing importance of bile acids in liver and intestinal 
disease. Arch Intern Med. 1999;159(22):2647-58. 

15. Manne V, Kowdley KV. Obeticholic acid in primary biliary cholangitis: where 
we stand. Current opinion in gastroenterology. 2019;35(3):191-6. 

16. Burns J, Davenport M. Adjuvant treatments for biliary atresia. Translational 
pediatrics. 2020;9(3):253-65. 

17. Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile acids and bile 
acid receptors in metabolic regulation. Physiol Rev. 2009;89(1):147-91. 



 

60 

18. Baumann U, Sturm E, Lacaille F, Gonzalès E, Arnell H, Fischler B, et al. 
Effects of odevixibat on pruritus and bile acids in children with cholestatic liver disease: 
Phase 2 study. Clin Res Hepatol Gastroenterol. 2021;45(5):101751. 

19. Jones-Hughes T, Campbell J, Crathorne L. Epidemiology and burden of 
progressive familial intrahepatic cholestasis: a systematic review. Orphanet J Rare Dis. 
2021;16(1):255. 

20. Li LT, Li ZD, Yang Y, Lu Y, Xie XB, Chen L, et al. ABCB11 deficiency 
presenting as transient neonatal cholestasis: Correlation with genotypes and BSEP 
expression. Liver international : official journal of the International Association for the Study 
of the Liver. 2020;40(11):2788-96. 

21. Popescu DM, Botting RA, Stephenson E, Green K, Webb S, Jardine L, et al. 
Decoding human fetal liver haematopoiesis. Nature. 2019;574(7778):365-71. 

22. Schmelzer E. Hepatic progenitors of the fetal liver: Interactions with 
hematopoietic stem cells. Differentiation. 2019;106:9-14. 

23. Kessler J, Rasmussen S, Godfrey K, Hanson M, Kiserud T. Longitudinal study 
of umbilical and portal venous blood flow to the fetal liver: low pregnancy weight gain is 
associated with preferential supply to the fetal left liver lobe. Pediatr Res. 2008;63(3):315-20. 

24. Grijalva J, Vakili K. Neonatal liver physiology. Semin Pediatr Surg. 
2013;22(4):185-9. 

25. Colombo C, Zuliani G, Ronchi M, Breidenstein J, Setchell KD. Biliary bile 
acid composition of the human fetus in early gestation. Pediatr Res. 1987;21(2):197-200. 

26. Nakagawa M, Setchell KD. Bile acid metabolism in early life: studies of 
amniotic fluid. J Lipid Res. 1990;31(6):1089-98. 

27. Macias RI, Marin JJ, Serrano MA. Excretion of biliary compounds during 
intrauterine life. World J Gastroenterol. 2009;15(7):817-28. 

28. Marín JJ, Macías RI, Briz O, Pérez MJ, Serrano MA. Molecular bases of the 
excretion of fetal bile acids and pigments through the fetal liver-placenta-maternal liver 
pathway. Ann Hepatol. 2005;4(2):70-6. 

29. Heubi JE, Balistreri WF, Suchy FJ. Bile salt metabolism in the first year of life. 
J Lab Clin Med. 1982;100(1):127-36. 

30. Suchy FJ, Balistreri WF, Heubi JE, Searcy JE, Levin RS. Physiologic 
cholestasis: elevation of the primary serum bile acid concentrations in normal infants. 
Gastroenterology. 1981;80(5 pt 1):1037-41. 

31. Watchko JF. Bilirubin-Induced Neurotoxicity in the Preterm Neonate. Clin 
Perinatol. 2016;43(2):297-311. 

32. Alkén J, Håkansson S, Ekéus C, Gustafson P, Norman M. Rates of Extreme 
Neonatal Hyperbilirubinemia and Kernicterus in Children and Adherence to National 
Guidelines for Screening, Diagnosis, and Treatment in Sweden. JAMA network open. 
2019;2(3):e190858. 

33. Junge N, Goldschmidt I, Wiegandt J, Leiskau C, Mutschler F, Laue T, et al. 
Dubin-Johnson Syndrome as Differential Diagnosis for Neonatal Cholestasis. J Pediatr 
Gastroenterol Nutr. 2021;72(5):e105-e11. 



 

 61 

34. Bhagavan NV, Ha C-E. Essentials of Medical Biochemistry (Second Edition): 
Elsevier; 2015. 

35. Doumas BT, Wu TW. The measurement of bilirubin fractions in serum. Crit 
Rev Clin Lab Sci. 1991;28(5-6):415-45. 

36. Schechter AN. Hemoglobin research and the origins of molecular medicine. 
Blood. 2008;112(10):3927-38. 

37. Wang X, Thein SL. Switching from fetal to adult hemoglobin. Nat Genet. 
2018;50(4):478-80. 

38. Steiner LA, Gallagher PG. Erythrocyte disorders in the perinatal period. Semin 
Perinatol. 2007;31(4):254-61. 

39. Pearson HA. Life-span of the fetal red blood cell. J Pediatr. 1967;70(2):166-71. 

40. Jopling J, Henry E, Wiedmeier SE, Christensen RD. Reference ranges for 
hematocrit and blood hemoglobin concentration during the neonatal period: data from a 
multihospital health care system. Pediatrics. 2009;123(2):e333-7. 

41. Henry E, Christensen RD. Reference Intervals in Neonatal Hematology. Clin 
Perinatol. 2015;42(3):483-97. 

42. Watchko JF, Lin Z. Exploring the genetic architecture of neonatal 
hyperbilirubinemia. Semin Fetal Neonatal Med. 2010;15(3):169-75. 

43. Coughtrie MW, Burchell B, Leakey JE, Hume R. The inadequacy of perinatal 
glucuronidation: immunoblot analysis of the developmental expression of individual UDP-
glucuronosyltransferase isoenzymes in rat and human liver microsomes. Mol Pharmacol. 
1988;34(6):729-35. 

44. Kawade N, Onishi S. The prenatal and postnatal development of UDP-
glucuronyltransferase activity towards bilirubin and the effect of premature birth on this 
activity in the human liver. Biochem J. 1981;196(1):257-60. 

45. Hansen TWR. The epidemiology of neonatal jaundice. Pediatric Medicine. 
2021;4. 

46. Mitra S, Rennie J. Neonatal jaundice: aetiology, diagnosis and treatment. Br J 
Hosp Med (Lond). 2017;78(12):699-704. 

47. Ree IMC, Smits-Wintjens V, van der Bom JG, van Klink JMM, Oepkes D, 
Lopriore E. Neonatal management and outcome in alloimmune hemolytic disease. Expert 
Rev Hematol. 2017;10(7):607-16. 

48. Christensen RD, Yaish HM, Gallagher PG. A pediatrician's practical guide to 
diagnosing and treating hereditary spherocytosis in neonates. Pediatrics. 2015;135(6):1107-
14. 

49. Fawaz R, Baumann U, Ekong U, Fischler B, Hadzic N, Mack CL, et al. 
Guideline for the Evaluation of Cholestatic Jaundice in Infants: Joint Recommendations of 
the North American Society for Pediatric Gastroenterology, Hepatology, and Nutrition and 
the European Society for Pediatric Gastroenterology, Hepatology, and Nutrition. J Pediatr 
Gastroenterol Nutr. 2017;64(1):154-68. 

50. Perez MJ, Briz O. Bile-acid-induced cell injury and protection. World J 
Gastroenterol. 2009;15(14):1677-89. 



 

62 

51. Hofmann AF. Cholestatic liver disease: pathophysiology and therapeutic 
options. Liver. 2002;22 Suppl 2:14-9. 

52. Pandita A, Gupta V, Gupta G. Neonatal Cholestasis: A Pandora's Box. Clinical 
medicine insights Pediatrics. 2018;12:1179556518805412. 

53. Moyer V, Freese DK, Whitington PF, Olson AD, Brewer F, Colletti RB, et al. 
Guideline for the evaluation of cholestatic jaundice in infants: recommendations of the North 
American Society for Pediatric Gastroenterology, Hepatology and Nutrition. J Pediatr 
Gastroenterol Nutr. 2004;39(2):115-28. 

54. Sundaram SS, Bove KE, Lovell MA, Sokol RJ. Mechanisms of disease: Inborn 
errors of bile acid synthesis. Nat Clin Pract Gastroenterol Hepatol. 2008;5(8):456-68. 

55. Keffler S, Kelly DA, Powell JE, Green A. Population screening for neonatal 
liver disease: a feasibility study. J Pediatr Gastroenterol Nutr. 1998;27(3):306-11. 

56. Dick MC, Mowat AP. Hepatitis syndrome in infancy--an epidemiological 
survey with 10 year follow up. Arch Dis Child. 1985;60(6):512-6. 

57. Balistreri WF. Neonatal cholestasis. J Pediatr. 1985;106(2):171-84. 

58. Gottesman LE, Del Vecchio MT, Aronoff SC. Etiologies of conjugated 
hyperbilirubinemia in infancy: a systematic review of 1692 subjects. BMC Pediatr. 
2015;15:192. 

59. Fischler B, Papadogiannakis N, Nemeth A. Aetiological factors in neonatal 
cholestasis. Acta Paediatr. 2001;90(1):88-92. 

60. Stormon MO, Dorney SF, Kamath KR, O'Loughlin EV, Gaskin KJ. The 
changing pattern of diagnosis of infantile cholestasis. J Paediatr Child Health. 2001;37(1):47-
50. 

61. Rafeey M, Golzar A, Javadzadeh A. Cholestatic syndromes of infancy. Pak J 
Biol Sci. 2008;11(13):1764-7. 

62. Fischler B, Lamireau T. Cholestasis in the newborn and infant. Clin Res 
Hepatol Gastroenterol. 2014;38(3):263-7. 

63. Feldman AG, Sokol RJ. Recent developments in diagnostics and treatment of 
neonatal cholestasis. Semin Pediatr Surg. 2020;29(4):150945. 

64. Francavilla R, Miniello VL, Brunetti L, Lionetti ME, Armenio L. Hepatitis and 
cholestasis in infancy: clinical and nutritional aspects. Acta Paediatr Suppl. 
2003;91(441):101-4. 

65. Macías-Rosales R, Larrosa-Haro A, Ortíz-Gabriel G, Trujillo-Hernández B. 
Effectiveness of Enteral Versus Oral Nutrition With a Medium-Chain Triglyceride Formula 
to Prevent Malnutrition and Growth Impairment in Infants With Biliary Atresia. J Pediatr 
Gastroenterol Nutr. 2016;62(1):101-9. 

66. Beuers U, Trauner M, Jansen P, Poupon R. New paradigms in the treatment of 
hepatic cholestasis: from UDCA to FXR, PXR and beyond. J Hepatol. 2015;62(1 
Suppl):S25-37. 

67. Chen HL, Wu SH, Hsu SH, Liou BY, Chen HL, Chang MH. Jaundice revisited: 
recent advances in the diagnosis and treatment of inherited cholestatic liver diseases. J 
Biomed Sci. 2018;25(1):75. 



 

 63 

68. Rodijk LH, den Heijer AE, Hulscher JBF, Verkade HJ, de Kleine RHJ, 
Bruggink JLM. Neurodevelopmental Outcomes in Children With Liver Diseases: a 
Systematic Review. J Pediatr Gastroenterol Nutr. 2018;67(2):157-68. 

69. Kaller T, Boeck A, Sander K, Richterich A, Burdelski M, Ganschow R, et al. 
Cognitive abilities, behaviour and quality of life in children after liver transplantation. Pediatr 
Transplant. 2010;14(4):496-503. 

70. Adebäck P, Nemeth A, Fischler B. Cognitive and emotional outcome after 
pediatric liver transplantation. Pediatr Transplant. 2003;7(5):385-9. 

71. Almaas R, Jensen U, Loennecken MC, Tveter AT, Sanengen T, Scholz T, et al. 
Impaired motor competence in children with transplanted liver. J Pediatr Gastroenterol Nutr. 
2015;60(6):723-8. 

72. Caudle SE, Katzenstein JM, Karpen SJ, McLin VA. Language and motor skills 
are impaired in infants with biliary atresia before transplantation. J Pediatr. 2010;156(6):936-
40.e1. 

73. Caudle SE, Katzenstein JM, Karpen S, McLin V. Developmental assessment of 
infants with biliary atresia: differences between boys and girls. J Pediatr Gastroenterol Nutr. 
2012;55(4):384-9. 

74. Serenius F, Ewald U, Farooqi A, Fellman V, Hafström M, Hellgren K, et al. 
Neurodevelopmental Outcomes Among Extremely Preterm Infants 6.5 Years After Active 
Perinatal Care in Sweden. JAMA pediatrics. 2016;170(10):954-63. 

75. Fellman V, Hellström-Westas L, Norman M, Westgren M, Källén K, 
Lagercrantz H, et al. One-year survival of extremely preterm infants after active perinatal 
care in Sweden. JAMA. 2009;301(21):2225-33. 

76. Filler RM, Eraklis AJ, Rubin VG, Das JB. Long-term total parenteral nutrition 
in infants. N Engl J Med. 1969;281(11):589-94. 

77. Helfrick FW, Abelson NM. Intravenous feeding of a complete diet in a child: 
report of a case. JPEN J Parenter Enteral Nutr. 1978;2(5):688-9. 

78. Peden VH, Witzleben CL, Skelton MA. Total parenteral nutrition. J Pediatr. 
1971;78(1):180-1. 

79. Satrom K, Gourley G. Cholestasis in Preterm Infants. Clin Perinatol. 
2016;43(2):355-73. 

80. Lauriti G, Zani A, Aufieri R, Cananzi M, Chiesa PL, Eaton S, et al. Incidence, 
prevention, and treatment of parenteral nutrition-associated cholestasis and intestinal failure-
associated liver disease in infants and children: a systematic review. JPEN J Parenter Enteral 
Nutr. 2014;38(1):70-85. 

81. Hojsak I, Colomb V, Braegger C, Bronsky J, Campoy C, Domellof M, et al. 
ESPGHAN Committee on Nutrition Position Paper. Intravenous Lipid Emulsions and Risk of 
Hepatotoxicity in Infants and Children: a Systematic Review and Meta-analysis. J Pediatr 
Gastroenterol Nutr. 2016;62(5):776-92. 

82. Calkins KL, Venick RS, Devaskar SU. Complications associated with 
parenteral nutrition in the neonate. Clin Perinatol. 2014;41(2):331-45. 

83. Klein CJ, Revenis M, Kusenda C, Scavo L. Parenteral nutrition-associated 
conjugated hyperbilirubinemia in hospitalized infants. J Am Diet Assoc. 2010;110(11):1684-
95. 



 

64 

84. Goulet O, Joly F, Corriol O, Colomb-Jung V. Some new insights in intestinal 
failure-associated liver disease. Curr Opin Organ Transplant. 2009;14(3):256-61. 

85. Nandivada P, Carlson SJ, Chang MI, Cowan E, Gura KM, Puder M. Treatment 
of Parenteral Nutrition-Associated Liver Disease: The Role of Lipid Emulsions. Adv Nutr. 
2013;4(6):711-7. 

86. Kotiya P, Zhao X, Cheng P, Zhu X, Xiao Z, Wang J. Fish oil- and soy oil-based 
lipid emulsions in neonatal parenteral nutrition: a systematic review and meta-analysis. Eur J 
Clin Nutr. 2016;70(10):1106-15. 

87. Arnell H, Fischler B. Population-based study of incidence and clinical outcome 
of neonatal cholestasis in patients with Down syndrome. J Pediatr. 2012;161(5):899-902. 

88. Smits-Wintjens VE, Rath ME, Lindenburg IT, Oepkes D, van Zwet EW, 
Walther FJ, et al. Cholestasis in neonates with red cell alloimmune hemolytic disease: 
incidence, risk factors and outcome. Neonatology. 2012;101(4):306-10. 

89. Aghai ZH, Mudduluru M, Nakhla TA, Amendolia B, Longo D, Kemble N, et 
al. Fluconazole prophylaxis in extremely low birth weight infants: association with 
cholestasis. J Perinatol. 2006;26(9):550-5. 

90. Christensen RD, Henry E, Wiedmeier SE, Burnett J, Lambert DK. Identifying 
patients, on the first day of life, at high-risk of developing parenteral nutrition-associated liver 
disease. J Perinatol. 2007;27(5):284-90. 

91. Niccum M, Khan MN, Middleton JP, Vergales BD, Syed S. Cholestasis affects 
enteral tolerance and prospective weight gain in the NICU. Clin Nutr ESPEN. 2019;30:119-
25. 

92. Repa A, Binder C, Thanhaeuser M, Kreissl A, Pablik E, Huber-Dangl M, et al. 
A Mixed Lipid Emulsion for Prevention of Parenteral Nutrition Associated Cholestasis in 
Extremely Low Birth Weight Infants: A Randomized Clinical Trial. J Pediatr. 2018;194:87-
93 e1. 

93. Yan W, Hong L, Wang Y, Feng Y, Lu L, Tao Y, et al. Retrospective Dual-
Center Study of Parenteral Nutrition-Associated Cholestasis in Premature Neonates: 15 
Years' Experience. Nutr Clin Pract. 2017;32(3):407-13. 

94. Fortenberry M, Hernandez L, Morton J. Evaluating Differences in Aluminum 
Exposure through Parenteral Nutrition in Neonatal Morbidities. Nutrients. 2017;9(11). 

95. Lee HH, Jung JM, Nam SH, Lim G, Chung ML. Risk factor analysis of 
parenteral nutrition-associated cholestasis in extremely low birth weight infants. Acta 
Paediatr. 2016;105(7):e313-9. 

96. Sharef SW, Al-Sinani S, Al-Naamani K, Al-Zakwani I, Reyes ZS, Al-Ryiami 
H, et al. Incidence and Risk Factors of Parenteral Nutrition-Associated Cholestasis in Omani 
Neonates: Single centre experience. Sultan Qaboos Univ Med J. 2015;15(2):e234-40. 

97. Veenstra M, Danielson L, Brownie E, Saba M, Natarajan G, Klein M. Enteral 
nutrition and total parenteral nutrition components in the course of total parenteral nutrition-
associated cholestasis in neonatal necrotizing enterocolitis. Surgery. 2014;156(3):578-83. 

98. Nehra D, Fallon EM, Potemkin AK, Voss SD, Mitchell PD, Valim C, et al. A 
Comparison of 2 Intravenous Lipid Emulsions: Interim Analysis of a Randomized Controlled 
Trial. JPEN J Parenter Enteral Nutr. 2013. 



 

 65 

99. Lee SM, Namgung R, Park MS, Eun HS, Kim NH, Park KI, et al. Parenteral 
nutrition associated cholestasis is earlier, more prolonged and severe in small for gestational 
age compared with appropriate for gestational age very low birth weight infants. Yonsei Med 
J. 2013;54(4):839-44. 

100. Salvador A, Janeczko M, Porat R, Sekhon R, Moewes A, Schutzman D. 
Randomized controlled trial of early parenteral nutrition cycling to prevent cholestasis in very 
low birth weight infants. J Pediatr. 2012;161(2):229-33.e1. 

101. Koseesirikul P, Chotinaruemol S, Ukarapol N. Incidence and risk factors of 
parenteral nutrition-associated liver disease in newborn infants. Pediatr Int. 2012;54(3):434-6. 

102. Willis TC, Carter BA, Rogers SP, Hawthorne KM, Hicks PD, Abrams SA. 
High rates of mortality and morbidity occur in infants with parenteral nutrition-associated 
cholestasis. JPEN J Parenter Enteral Nutr. 2010;34(1):32-7. 

103. Robinson DT, Ehrenkranz RA. Parenteral nutrition-associated cholestasis in 
small for gestational age infants. J Pediatr. 2008;152(1):59-62. 

104. Ng PC, Lee CH, Wong SP, Lam HS, Liu FY, So KW, et al. High-dose oral 
erythromycin decreased the incidence of parenteral nutrition-associated cholestasis in preterm 
infants. Gastroenterology. 2007;132(5):1726-39. 

105. Wright K, Ernst KD, Gaylord MS, Dawson JP, Burnette TM. Increased 
incidence of parenteral nutrition-associated cholestasis with aminosyn PF compared to 
trophamine. J Perinatol. 2003;23(6):444-50. 

106. Mansi Y, Abdelaziz N, Ezzeldin Z, Ibrahim R. Randomized controlled trial of a 
high dose of oral erythromycin for the treatment of feeding intolerance in preterm infants. 
Neonatology. 2011;100(3):290-4. 

107. Wang YL, Chen LJ, Tsao LY, Chen HN, Lee CH, Hsiao CC. Parenteral 
nutrition with fish oil-based lipid emulsion reduces the risk of cholestasis in preterm infants. J 
Int Med Res. 2021;49(5):3000605211011805. 

108. Pereira-da-Silva L, Nobrega S, Rosa ML, Alves M, Pita A, Virella D, et al. 
Parenteral nutrition-associated cholestasis and triglyceridemia in surgical term and near-term 
neonates: A pilot randomized controlled trial of two mixed intravenous lipid emulsions. Clin 
Nutr ESPEN. 2017;22:7-12. 

109. Pawlik D, Lauterbach R, Walczak M, Hurkala J, Sherman MP. Fish-Oil Fat 
Emulsion Supplementation Reduces the Risk of Retinopathy in Very Low Birth Weight 
Infants: A Prospective, Randomized Study. JPEN J Parenter Enteral Nutr. 2013. 

110. Tufano M, Nicastro E, Giliberti P, Vegnente A, Raimondi F, Iorio R. 
Cholestasis in neonatal intensive care unit: incidence, aetiology and management. Acta 
Paediatr. 2009;98(11):1756-61. 

111. Takci S, Alarcon-Martinez T, Bozkaya D, Yigit S, Korkmaz A, Yurdakok M. 
Cholestasis in infants with immune hydrops fetalis. Turk J Pediatr. 2013;55(6):616-9. 

112. Champion V, Carbajal R, Lozar J, Girard I, Mitanchez D. Risk factors for 
developing transient neonatal cholestasis. J Pediatr Gastroenterol Nutr. 2012;55(5):592-8. 

113. Wales PW, de Silva N, Kim JH, Lecce L, Sandhu A, Moore AM. Neonatal 
short bowel syndrome: a cohort study. J Pediatr Surg. 2005;40(5):755-62. 



 

66 

114. Beale EF, Nelson RM, Bucciarelli RL, Donnelly WH, Eitzman DV. 
Intrahepatic cholestasis associated with parenteral nutrition in premature infants. Pediatrics. 
1979;64(3):342-7. 

115. Baserga MC, Sola A. Intrauterine growth restriction impacts tolerance to total 
parenteral nutrition in extremely low birth weight infants. J Perinatol. 2004;24(8):476-81. 

116. Hsieh MH, Pai W, Tseng HI, Yang SN, Lu CC, Chen HL. Parenteral nutrition-
associated cholestasis in premature babies: risk factors and predictors. Pediatr Neonatol. 
2009;50(5):202-7. 

117. Costa S, Maggio L, Sindico P, Cota F, De Carolis MP, Romagnoli C. Preterm 
small for gestational age infants are not at higher risk for parenteral nutrition-associated 
cholestasis. J Pediatr. 2010;156(4):575-9. 

118. Alkharfy TM, Ba-Abbad R, Hadi A, Sobaih BH, AlFaleh KM. Total parenteral 
nutrition-associated cholestasis and risk factors in preterm infants. Saudi journal of 
gastroenterology : official journal of the Saudi Gastroenterology Association. 
2014;20(5):293-6. 

119. Duro D, Mitchell PD, Kalish LA, Martin C, McCarthy M, Jaksic T, et al. Risk 
factors for parenteral nutrition-associated liver disease following surgical therapy for 
necrotizing enterocolitis: A Glaser Pediatric Research Network Study [corrected]. J Pediatr 
Gastroenterol Nutr. 2011;52(5):595-600. 

120. Gura KM, Duggan CP, Collier SB, Jennings RW, Folkman J, Bistrian BR, et al. 
Reversal of parenteral nutrition-associated liver disease in two infants with short bowel 
syndrome using parenteral fish oil: implications for future management. Pediatrics. 
2006;118(1):e197-201. 

121. Nandivada P, Fell GL, Gura KM, Puder M. Lipid emulsions in the treatment 
and prevention of parenteral nutrition-associated liver disease in infants and children. Am J 
Clin Nutr. 2016;103(2):629s-34s. 

122. Calkins KL, Dunn JC, Shew SB, Reyen L, Farmer DG, Devaskar SU, et al. 
Pediatric intestinal failure-associated liver disease is reversed with 6 months of intravenous 
fish oil. JPEN J Parenter Enteral Nutr. 2014;38(6):682-92. 

123. de Meijer VE, Gura KM, Meisel JA, Le HD, Puder M. Parenteral fish oil as 
monotherapy for patients with parenteral nutrition-associated liver disease. Pediatr Surg Int. 
2009;25(1):123-4. 

124. Lilja HE, Finkel Y, Paulsson M, Lucas S. Prevention and reversal of intestinal 
failure-associated liver disease in premature infants with short bowel syndrome using 
intravenous fish oil in combination with omega-6/9 lipid emulsions. J Pediatr Surg. 
2011;46(7):1361-7. 

125. Mercer DF. Fish oil emulsions in the management of intestinal failure-
associated liver disease. J Clin Gastroenterol. 2012;46(10):823-7. 

126. Nandivada P, Fell GL, Mitchell PD, Potemkin AK, O'Loughlin AA, Gura KM, 
et al. Long-Term Fish Oil Lipid Emulsion Use in Children With Intestinal Failure-Associated 
Liver Disease [Formula: see text]. JPEN J Parenter Enteral Nutr. 2017;41(6):930-7. 

127. Pawlik D, Lauterbach R, Turyk E. Fish-oil fat emulsion supplementation may 
reduce the risk of severe retinopathy in VLBW infants. Pediatrics. 2011;127(2):223-8. 



 

 67 

128. Nandivada P, Cowan E, Carlson SJ, Chang M, Gura KM, Puder M. 
Mechanisms for the effects of fish oil lipid emulsions in the management of parenteral 
nutrition-associated liver disease. Prostaglandins Leukot Essent Fatty Acids. 2013;89(4):153-
8. 

129. Saini RK, Keum YS. Omega-3 and omega-6 polyunsaturated fatty acids: 
Dietary sources, metabolism, and significance - A review. Life Sci. 2018;203:255-67. 

130. Levit OL, Calkins KL, Gibson LC, Kelley-Quon L, Robinson DT, Elashoff 
DA, et al. Low-Dose Intravenous Soybean Oil Emulsion for Prevention of Cholestasis in 
Preterm Neonates. JPEN J Parenter Enteral Nutr. 2016;40(3):374-82. 

131. Gawecka A, Michalkiewicz J, Kornacka MK, Luckiewicz B, Kubiszewska I. 
Immunologic properties differ in preterm infants fed olive oil vs soy-based lipid emulsions 
during parenteral nutrition. JPEN J Parenter Enteral Nutr. 2008;32(4):448-53. 

132. Webb AN, Hardy P, Peterkin M, Lee O, Shalley H, Croft KD, et al. Tolerability 
and safety of olive oil-based lipid emulsion in critically ill neonates: a blinded randomized 
trial. Nutrition. 2008;24(11-12):1057-64. 

133. Deshpande GC, Simmer K, Mori T, Croft K. Parenteral lipid emulsions based 
on olive oil compared with soybean oil in preterm (<28 weeks' gestation) neonates: a 
randomised controlled trial. J Pediatr Gastroenterol Nutr. 2009;49(5):619-25. 

134. Pawlik D, Lauterbach R, Walczak M, Hurkała J, Sherman MP. Fish-oil fat 
emulsion supplementation reduces the risk of retinopathy in very low birth weight infants: a 
prospective, randomized study. JPEN J Parenter Enteral Nutr. 2014;38(6):711-6. 

135. Yildizdas HY, Poyraz B, Atli G, Sertdemir Y, Mert K, Ozlu F, et al. Effects of 
two different lipid emulsions on antioxidant status, lipid peroxidation and parenteral 
nutrition- related cholestasis in premature babies, a randomized-controlled study. Pediatr 
Neonatol. 2019;60(4):359-67. 

136. Clayton PT, Bowron A, Mills KA, Massoud A, Casteels M, Milla PJ. 
Phytosterolemia in children with parenteral nutrition-associated cholestatic liver disease. 
Gastroenterology. 1993;105(6):1806-13. 

137. Savini S, D'Ascenzo R, Biagetti C, Serpentini G, Pompilio A, Bartoli A, et al. 
The effect of 5 intravenous lipid emulsions on plasma phytosterols in preterm infants 
receiving parenteral nutrition: a randomized clinical trial. Am J Clin Nutr. 2013;98(2):312-8. 

138. Chung MY, Yeung SF, Park HJ, Volek JS, Bruno RS. Dietary α- and γ-
tocopherol supplementation attenuates lipopolysaccharide-induced oxidative stress and 
inflammatory-related responses in an obese mouse model of nonalcoholic steatohepatitis. The 
Journal of nutritional biochemistry. 2010;21(12):1200-6. 

139. Novak A, Gutiérrez-Zamora M, Pérez-Lozano P, Suñé-Negre JM, Llop JM, 
Ticó JR, et al. Study of tocopherol content and its potential antioxidant activity in commercial 
lipid emulsions for parenteral nutrition. Pharmazie. 2020;75(6):240-1. 

140. Kapoor V, Malviya MN, Soll R. Lipid emulsions for parenterally fed preterm 
infants. Cochrane Database of Systematic Reviews. 2019(6). 

141. Kapoor V, Malviya MN, Soll R. Lipid emulsions for parenterally fed term and 
late preterm infants. Cochrane Database Syst Rev. 2019;6(6):Cd013171. 



 

68 

142. Zambrano E, El-Hennawy M, Ehrenkranz RA, Zelterman D, Reyes-Mugica M. 
Total parenteral nutrition induced liver pathology: an autopsy series of 24 newborn cases. 
Pediatr Dev Pathol. 2004;7(5):425-32. 

143. Karila K, Anttila A, Iber T, Pakarinen M, Koivusalo A. Intestinal failure 
associated cholestasis in surgical necrotizing enterocolitis and spontaneous intestinal 
perforation. J Pediatr Surg. 2019;54(3):460-4. 

144. Arsenault DA, Potemkin AK, Robinson EM, Fallon EM, Ozonoff A, de Meijer 
VE, et al. Surgical intervention in the setting of parenteral nutrition-associated cholestasis 
may exacerbate liver injury. J Pediatr Surg. 2011;46(1):122-7. 

145. Drongowski RA, Coran AG. An analysis of factors contributing to the 
development of total parenteral nutrition-induced cholestasis. JPEN J Parenter Enteral Nutr. 
1989;13(6):586-9. 

146. Boehm G, Braun W, Moro G, Minoli I. Bile acid concentrations in serum and 
duodenal aspirates of healthy preterm infants: effects of gestational and postnatal age. Biol 
Neonate. 1997;71(4):207-14. 

147. Halpern MD, Dvorak B. Does abnormal bile acid metabolism contribute to 
NEC? Semin Perinatol. 2008;32(2):114-21. 

148. Hulzebos CV, van Zoonen AG, Hulscher JB, Schat TE, Kooi EM, Koehorst M, 
et al. Fecal Bile Salts and the Development of Necrotizing Enterocolitis in Preterm Infants. 
PLoS One. 2017;12(1):e0168633. 

149. Watkins JB, Szczepanik P, Gould JB, Klein P, Lester R. Bile salt metabolism in 
the human premature infant. Preliminary observations of pool size and synthesis rate 
following prenatal administration of dexamethasone and phenobarbital. Gastroenterology. 
1975;69(3):706-13. 

150. Knapp S, Kehring A, Stepp J, Calton CM, Gephart SM, Bandlamuri S, et al. 
Elevated Coefficient of Variation in Total Fecal Bile Acids Precedes Diagnosis of 
Necrotizing Enterocolitis. Sci Rep. 2020;10(1):249. 

151. Chesshyre E, Goff Z, Bowen A, Carapetis J. The prevention, diagnosis and 
management of central venous line infections in children. J Infect. 2015;71 Suppl 1:S59-75. 

152. Vergnano S, Menson E, Kennea N, Embleton N, Russell AB, Watts T, et al. 
Neonatal infections in England: the NeonIN surveillance network. Arch Dis Child Fetal 
Neonatal Ed. 2011;96(1):F9-f14. 

153. Ohlin A, Björkman L, Serenius F, Schollin J, Källén K. Sepsis as a risk factor 
for neonatal morbidity in extremely preterm infants. Acta Paediatr. 2015;104(11):1070-6. 

154. Kubota A, Yonekura T, Hoki M, Oyanagi H, Kawahara H, Yagi M, et al. Total 
parenteral nutrition-associated intrahepatic cholestasis in infants: 25 years' experience. J 
Pediatr Surg. 2000;35(7):1049-51. 

155. Wolf A, Pohlandt F. Bacterial infection: the main cause of acute cholestasis in 
newborn infants receiving short-term parenteral nutrition. J Pediatr Gastroenterol Nutr. 
1989;8(3):297-303. 

156. Hermans D, Talbotec C, Lacaille F, Goulet O, Ricour C, Colomb V. Early 
central catheter infections may contribute to hepatic fibrosis in children receiving long-term 
parenteral nutrition. J Pediatr Gastroenterol Nutr. 2007;44(4):459-63. 



 

 69 

157. Shamir R, Maayan-Metzger A, Bujanover Y, Ashkenazi S, Dinari G, Sirota L. 
Liver enzyme abnormalities in gram-negative bacteremia of premature infants. Pediatr Infect 
Dis J. 2000;19(6):495-8. 

158. Lee WS, Sokol RJ. Intestinal Microbiota, Lipids, and the Pathogenesis of 
Intestinal Failure-Associated Liver Disease. J Pediatr. 2015;167(3):519-26. 

159. Kumar JA, Teckman JH. Controversies in the Mechanism of Total Parenteral 
Nutrition Induced Pathology. Children (Basel). 2015;2(3):358-70. 

160. El Kasmi KC, Anderson AL, Devereaux MW, Fillon SA, Harris JK, Lovell 
MA, et al. Toll-like receptor 4-dependent Kupffer cell activation and liver injury in a novel 
mouse model of parenteral nutrition and intestinal injury. Hepatology. 2012;55(5):1518-28. 

161. Cahova M, Bratova M, Wohl P. Parenteral Nutrition-Associated Liver Disease: 
The Role of the Gut Microbiota. Nutrients. 2017;9(9). 

162. Kaufman SS, Loseke CA, Lupo JV, Young RJ, Murray ND, Pinch LW, et al. 
Influence of bacterial overgrowth and intestinal inflammation on duration of parenteral 
nutrition in children with short bowel syndrome. J Pediatr. 1997;131(3):356-61. 

163. Wang P, Wang Y, Lu L, Yan W, Tao Y, Zhou K, et al. Alterations in intestinal 
microbiota relate to intestinal failure-associated liver disease and central line infections. J 
Pediatr Surg. 2017;52(8):1318-26. 

164. Parm Ü, Metsvaht T, Ilmoja ML, Lutsar I. Gut colonization by aerobic 
microorganisms is associated with route and type of nutrition in premature neonates. 
Nutrition research (New York, NY). 2015;35(6):496-503. 

165. Manicklal S, Emery VC, Lazzarotto T, Boppana SB, Gupta RK. The "silent" 
global burden of congenital cytomegalovirus. Clin Microbiol Rev. 2013;26(1):86-102. 

166. Kenneson A, Cannon MJ. Review and meta-analysis of the epidemiology of 
congenital cytomegalovirus (CMV) infection. Rev Med Virol. 2007;17(4):253-76. 

167. Naing ZW, Scott GM, Shand A, Hamilton ST, van Zuylen WJ, Basha J, et al. 
Congenital cytomegalovirus infection in pregnancy: a review of prevalence, clinical features, 
diagnosis and prevention. Aust N Z J Obstet Gynaecol. 2016;56(1):9-18. 

168. Arora N, Novak Z, Fowler KB, Boppana SB, Ross SA. Cytomegalovirus 
viruria and DNAemia in healthy seropositive women. J Infect Dis. 2010;202(12):1800-3. 

169. Mack I, Burckhardt MA, Heininger U, Prüfer F, Schulzke S, Wellmann S. 
Symptomatic Congenital Cytomegalovirus Infection in Children of Seropositive Women. 
Frontiers in pediatrics. 2017;5:134. 

170. Mussi-Pinhata MM, Yamamoto AY, Moura Brito RM, de Lima Isaac M, de 
Carvalho e Oliveira PF, Boppana S, et al. Birth prevalence and natural history of congenital 
cytomegalovirus infection in a highly seroimmune population. Clin Infect Dis. 
2009;49(4):522-8. 

171. Pitlick MM, Orr K, Momany AM, McDonald EL, Murray JC, Ryckman KK. 
Determining the prevalence of cytomegalovirus infection in a cohort of preterm infants. J 
Neonatal Perinatal Med. 2015;8(2):137-41. 

172. Turner KM, Lee HC, Boppana SB, Carlo WA, Randolph DA. Incidence and 
impact of CMV infection in very low birth weight infants. Pediatrics. 2014;133(3):e609-15. 



 

70 

173. Rawlinson WD, Boppana SB, Fowler KB, Kimberlin DW, Lazzarotto T, Alain 
S, et al. Congenital cytomegalovirus infection in pregnancy and the neonate: consensus 
recommendations for prevention, diagnosis, and therapy. Lancet Infect Dis. 2017;17(6):e177-
e88. 

174. Kimberlin DW, Jester PM, Sánchez PJ, Ahmed A, Arav-Boger R, Michaels 
MG, et al. Valganciclovir for symptomatic congenital cytomegalovirus disease. N Engl J 
Med. 2015;372(10):933-43. 

175. Oliver SE, Cloud GA, Sánchez PJ, Demmler GJ, Dankner W, Shelton M, et al. 
Neurodevelopmental outcomes following ganciclovir therapy in symptomatic congenital 
cytomegalovirus infections involving the central nervous system. J Clin Virol. 2009;46 Suppl 
4(Suppl 4):S22-6. 

176. Kimberlin DW, Lin CY, Sánchez PJ, Demmler GJ, Dankner W, Shelton M, et 
al. Effect of ganciclovir therapy on hearing in symptomatic congenital cytomegalovirus 
disease involving the central nervous system: a randomized, controlled trial. J Pediatr. 
2003;143(1):16-25. 

177. Whitley RJ, Cloud G, Gruber W, Storch GA, Demmler GJ, Jacobs RF, et al. 
Ganciclovir treatment of symptomatic congenital cytomegalovirus infection: results of a 
phase II study. National Institute of Allergy and Infectious Diseases Collaborative Antiviral 
Study Group. J Infect Dis. 1997;175(5):1080-6. 

178. Kimberlin DW, Acosta EP, Sánchez PJ, Sood S, Agrawal V, Homans J, et al. 
Pharmacokinetic and pharmacodynamic assessment of oral valganciclovir in the treatment of 
symptomatic congenital cytomegalovirus disease. J Infect Dis. 2008;197(6):836-45. 

179. Park HW, Cho MH, Bae SH, Lee R, Kim KS. Incidence of Postnatal CMV 
Infection among Breastfed Preterm Infants: a Systematic Review and Meta-analysis. J 
Korean Med Sci. 2021;36(12):e84. 

180. Plosa EJ, Esbenshade JC, Fuller MP, Weitkamp JH. Cytomegalovirus infection. 
Pediatr Rev. 2012;33(4):156-63; quiz 63. 

181. Ziemann M, Thiele T. Transfusion-transmitted CMV infection - current 
knowledge and future perspectives. Transfus Med. 2017;27(4):238-48. 

182. Mukhopadhyay S, Meyer SA, Permar SR, Puopolo KM. Symptomatic 
Postnatal Cytomegalovirus Testing among Very Low-Birth-Weight Infants: Indications and 
Outcomes. Am J Perinatol. 2016;33(9):894-902. 

183. Kelly MS, Benjamin DK, Puopolo KM, Laughon MM, Clark RH, 
Mukhopadhyay S, et al. Postnatal Cytomegalovirus Infection and the Risk for 
Bronchopulmonary Dysplasia. JAMA pediatrics. 2015;169(12):e153785. 

184. Stark A, Cantrell S, Greenberg RG, Permar SR, Weimer KED. Long-term 
Outcomes after Postnatal Cytomegalovirus Infection in Low Birthweight Preterm Infants: A 
Systematic Review. Pediatr Infect Dis J. 2021. 

185. Zhao D, Gong X, Li Y, Sun X, Chen Y, Deng Z, et al. Effects of 
cytomegalovirus infection on the differential diagnosis between biliary atresia and 
intrahepatic cholestasis in a Chinese large cohort study. Ann Hepatol. 2020;23:100286. 

186. Oliveira NL, Kanawaty FR, Costa SC, Hessel G. Infection by cytomegalovirus 
in patients with neonatal cholestasis. Arq Gastroenterol. 2002;39(2):132-6. 



 

 71 

187. Humphrey TM, Stringer MD. Biliary atresia: US diagnosis. Radiology. 
2007;244(3):845-51. 

188. Kosai K, Kage M, Kojiro M. Clinicopathological study of liver involvement in 
cytomegalovirus infection in infant autopsy cases. J Gastroenterol Hepatol. 1991;6(6):603-8. 

189. Goel A, Chaudhari S, Sutar J, Bhonde G, Bhatnagar S, Patel V, et al. Detection 
of Cytomegalovirus in Liver Tissue by Polymerase Chain Reaction in Infants With Neonatal 
Cholestasis. Pediatr Infect Dis J. 2018;37(7):632-6. 

190. Fischler B, Ehrnst A, Forsgren M, Orvell C, Nemeth A. The viral association of 
neonatal cholestasis in Sweden: a possible link between cytomegalovirus infection and 
extrahepatic biliary atresia. J Pediatr Gastroenterol Nutr. 1998;27(1):57-64. 

191. Chatterjee A, Mukherjee S, Basu B, Roy D, Basu R, Ghosh H, et al. Insight into 
the distinctive paradigm of Human Cytomegalovirus associated intrahepatic and extrahepatic 
cholestasis in neonates. Sci Rep. 2020;10(1):15861. 

192. Hasosah MY, Kutbi SY, Al-Amri AW, Alsahafi AF, Sukkar GA, Alghamdi KJ, 
et al. Perinatal cytomegalovirus hepatitis in Saudi infants: a case series. Saudi journal of 
gastroenterology : official journal of the Saudi Gastroenterology Association. 
2012;18(3):208-13. 

193. Meshram H, Velhal S, Padwal V, Sutar J, Kadam R, Pereira J, et al. Hepatic 
interferon γ and tumor necrosis factor a expression in infants with neonatal cholestasis and 
cytomegalovirus infection. Clinical and experimental hepatology. 2020;6(4):367-73. 

194. Zani A, Quaglia A, Hadzić N, Zuckerman M, Davenport M. Cytomegalovirus-
associated biliary atresia: An aetiological and prognostic subgroup. J Pediatr Surg. 
2015;50(10):1739-45. 

195. Saito T, Terui K, Mitsunaga T, Nakata M, Ono S, Mise N, et al. Evidence for 
viral infection as a causative factor of human biliary atresia. J Pediatr Surg. 2015;50(8):1398-
404. 

196. Fjaer RB, Bruu AL, Nordbø SA. Extrahepatic bile duct atresia and viral 
involvement. Pediatr Transplant. 2005;9(1):68-73. 

197. Mangalat N, Bell C, Graves A, Imseis EM. Natural history of conjugated 
bilirubin trajectory in neonates following parenteral nutrition cessation. BMC Pediatr. 
2014;14:298. 

198. Teitelbaum DH, Tracy TF, Jr., Aouthmany MM, Llanos A, Brown MB, Yu S, 
et al. Use of cholecystokinin-octapeptide for the prevention of parenteral nutrition-associated 
cholestasis. Pediatrics. 2005;115(5):1332-40. 

199. Ng E, Shah VS. Erythromycin for the prevention and treatment of feeding 
intolerance in preterm infants. Cochrane Database Syst Rev. 2008(3):CD001815. 

200. Chen CY, Tsao PN, Chen HL, Chou HC, Hsieh WS, Chang MH. 
Ursodeoxycholic acid (UDCA) therapy in very-low-birth-weight infants with parenteral 
nutrition-associated cholestasis. J Pediatr. 2004;145(3):317-21. 

201. Al-Hathlol K, Al-Madani A, Al-Saif S, Abulaimoun B, Al-Tawil K, El-
Demerdash A. Ursodeoxycholic acid therapy for intractable total parenteral nutrition-
associated cholestasis in surgical very low birth weight infants. Singapore Med J. 
2006;47(2):147-51. 



 

72 

202. De Marco G, Sordino D, Bruzzese E, Di Caro S, Mambretti D, Tramontano A, 
et al. Early treatment with ursodeoxycholic acid for cholestasis in children on parenteral 
nutrition because of primary intestinal failure. Aliment Pharmacol Ther. 2006;24(2):387-94. 

203. Arslanoglu S, Moro GE, Tauschel HD, Boehm G. Ursodeoxycholic acid 
treatment in preterm infants: a pilot study for the prevention of cholestasis associated with 
total parenteral nutrition. J Pediatr Gastroenterol Nutr. 2008;46(2):228-31. 

204. Gokmen T, Oguz SS, Bozdag S, Erdeve O, Uras N, Dilmen U. A controlled 
trial of erythromycin and UDCA in premature infants during parenteral nutrition in 
minimizing feeding intolerance and liver function abnormalities. J Perinatol. 2012;32(2):123-
8. 

205. de Haas M, Thurik FF, Koelewijn JM, van der Schoot CE. Haemolytic disease 
of the fetus and newborn. Vox Sang. 2015;109(2):99-113. 

206. Rath ME, Smits-Wintjens VE, Lindenburg IT, Folman CC, Brand A, van Kamp 
IL, et al. Postnatal outcome in neonates with severe Rhesus c compared to rhesus D 
hemolytic disease. Transfusion (Paris). 2013;53(7):1580-5. 

207. Slootweg YM, Lindenburg IT, Koelewijn JM, Van Kamp IL, Oepkes D, De 
Haas M. Predicting anti-Kell-mediated hemolytic disease of the fetus and newborn: 
diagnostic accuracy of laboratory management. Am J Obstet Gynecol. 2018;219(4):393.e1-
.e8. 

208. Nordvall M, Dziegiel M, Hegaard HK, Bidstrup M, Jonsbo F, Christensen B, et 
al. Red blood cell antibodies in pregnancy and their clinical consequences: synergistic effects 
of multiple specificities. Transfusion (Paris). 2009;49(10):2070-5. 

209. Spong CY, Porter AE, Queenan JT. Management of isoimmunization in the 
presence of multiple maternal antibodies. Am J Obstet Gynecol. 2001;185(2):481-4. 

210. Markham KB, Rossi KQ, Nagaraja HN, O'Shaughnessy RW. Hemolytic 
disease of the fetus and newborn due to multiple maternal antibodies. Am J Obstet Gynecol. 
2015;213(1):68.e1-.e5. 

211. Phung TV, Houfflin-Debarge V, Ramdane N, Ghesquière L, Delsalle A, 
Coulon C, et al. Maternal red blood cell alloimmunization requiring intrauterine transfusion: 
a comparative study on management and outcome depending on the type of antibody. 
Transfusion (Paris). 2018;58(5):1199-205. 

212. Singh B, Chaudhary R, Katharia R. Title: Effect of multiple maternal red cell 
alloantibodies on the occurrence and severity of Hemolytic Disease of the Fetus and 
Newborn. Transfus Apher Sci. 2020:102958. 

213. Li S, He Z, Luo Y, Ji Y, Luo G, Fang Q, et al. Distribution of maternal red cell 
antibodies and the risk of severe alloimmune haemolytic disease of the foetus in a Chinese 
population: a cohort study on prenatal management. BMC Pregnancy Childbirth. 
2020;20(1):539. 

214. Lindenburg IT, van Kamp IL, Oepkes D. Intrauterine blood transfusion: current 
indications and associated risks. Fetal Diagn Ther. 2014;36(4):263-71. 

215. Rath ME, Smits-Wintjens VE, Oepkes D, Walther FJ, Lopriore E. Iron status in 
infants with alloimmune haemolytic disease in the first three months of life. Vox Sang. 
2013;105(4):328-33. 



 

 73 

216. Lightwood R, Hawksley JC. Icterus Gravis Neonatorum and Allied Diseases: 
(Section of Obstetrics and Gynaecology). Proc R Soc Med. 1934;27(3):255-7. 

217. Skelton MO, Tovey GH. Congenital Obliteration of Bile Ducts and Icterus 
Gravis Neonatorum. Br Med J. 1945;2(4434):914-6. 

218. Oppe TE, Valaes T. Obstructive jaundice and haemolytic disease of the 
newborn. Lancet. 1959;1(7072):536-9. 

219. Bowman JM. Another cause of neonatal cholestasis. J Pediatr. 
1986;108(3):489. 

220. Hsia DY, Patterson P, Jr., Allen FH, Jr., Diamond LK, Gellis SS. Prolonged 
obstructive jaundice in infancy. AMA Am J Dis Child. 1952;84(4):470-2. 

221. Ladd WE. Congenital obstruction of the bile ducts. Ann Surg. 
1935;102(4):742-51. 

222. Kordes U, Richter A, Santer R, Schafer H, Singer D, Sonntag J, et al. Neonatal 
cholestasis and glucose-6-P-dehydrogenase deficiency. Pediatr Blood Cancer. 
2010;54(5):758-60. 

223. Olivier F, Wieckowska A, Piedboeuf B, Alvarez F. Cholestasis and Hepatic 
Failure in a Neonate: A Case Report of Severe Pyruvate Kinase Deficiency. Pediatrics. 
2015;136(5):e1366-8. 

224. Chin HL, Lee LY, Koh PL. Fetal-onset Congenital Dyserythropoietic Anemia 
Type 1 due to a Novel Mutation With Severe Iron Overload and Severe Cholestatic Liver 
Disease. J Pediatr Hematol Oncol. 2019;41(1):e51-e3. 

225. Shneider BL, Moore J, Kerkar N, Magee JC, Ye W, Karpen SJ, et al. Initial 
assessment of the infant with neonatal cholestasis-Is this biliary atresia? PLoS One. 
2017;12(5):e0176275. 

226. Teng J, Arnell H, Bohlin K, Nemeth A, Fischler B. Impact of parenteral fat 
composition on cholestasis in preterm infants. J Pediatr Gastroenterol Nutr. 2015;60(6):702-
7. 

227. Physical status: the use and interpretation of anthropometry. Report of a WHO 
Expert Committee. World Health Organ Tech Rep Ser. 1995;854:1-452. 

228. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, Barton L, et al. 
Neonatal necrotizing enterocolitis. Therapeutic decisions based upon clinical staging. Ann 
Surg. 1978;187(1):1-7. 

229. International Committee for the Classification of Retinopathy of P. The 
International Classification of Retinopathy of Prematurity revisited. Arch Ophthalmol. 
2005;123(7):991-9. 

230. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care 
Med. 2001;163(7):1723-9. 

231. Bowerman RA, Donn SM, Silver TM, Jaffe MH. Natural history of neonatal 
periventricular/intraventricular hemorrhage and its complications: sonographic observations. 
AJR Am J Roentgenol. 1984;143(5):1041-52. 

232. Agostoni C, Buonocore G, Carnielli VP, De Curtis M, Darmaun D, Decsi T, et 
al. Enteral nutrient supply for preterm infants: commentary from the European Society of 



 

74 

Paediatric Gastroenterology, Hepatology and Nutrition Committee on Nutrition. J Pediatr 
Gastroenterol Nutr. 2010;50(1):85-91. 

233. Xu X, Estekizadeh A, Davoudi B, Varani S, Malmström V, Rahbar A, et al. 
Detection of human cytomegalovirus in synovial neutrophils obtained from patients with 
rheumatoid arthritis. Scand J Rheumatol. 2020:1-6. 

234. Deshpande G, Simmer K, Deshmukh M, Mori TA, Croft KD, Kristensen J. 
Fish Oil (SMOFlipid) and olive oil lipid (Clinoleic) in very preterm neonates. J Pediatr 
Gastroenterol Nutr. 2014;58(2):177-82. 

235. Teng J, Bohlin K, Nemeth A, Fischler B. Cholestasis after very preterm birth 
was associated with adverse neonatal outcomes but no significant long-term liver disease: A 
population-based study. Acta Paediatr. 2021;110(1):141-8. 

236. Bose C, Van Marter LJ, Laughon M, O'Shea TM, Allred EN, Karna P, et al. 
Fetal growth restriction and chronic lung disease among infants born before the 28th week of 
gestation. Pediatrics. 2009;124(3):e450-8. 

237. Leviton A, Fichorova RN, O'Shea TM, Kuban K, Paneth N, Dammann O, et al. 
Two-hit model of brain damage in the very preterm newborn: small for gestational age and 
postnatal systemic inflammation. Pediatr Res. 2013;73(3):362-70. 

238. DeMauro SB, Kilpatrick LE, Gerdes JS, Abbasi S. Early inflammatory markers 
for prediction of cholestasis in very-low-birth-weight infants. Neonatology. 2012;102(3):229-
34. 

239. Olin A, Henckel E, Chen Y, Lakshmikanth T, Pou C, Mikes J, et al. Stereotypic 
Immune System Development in Newborn Children. Cell. 2018;174(5):1277-92.e14. 

240. Hellström A, Nilsson AK, Wackernagel D, Pivodic A, Vanpee M, Sjöbom U, et 
al. Effect of Enteral Lipid Supplement on Severe Retinopathy of Prematurity: A Randomized 
Clinical Trial. JAMA pediatrics. 2021;175(4):359-67. 

 


