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Abstract
Background & Aims—Progressive familial intrahepatic cholestasis (PFIC) with normal serum
levels of gamma-glutamyltranspeptidase can result from mutations in ATP8B1 (encoding familial
intrahepatic cholestasis 1 [FIC1]) or ABCB11 (encoding bile salt export pump [BSEP]). We
evaluated clinical and laboratory features of disease in patients diagnosed with PFIC, who carried
mutations in ATP8B1 (FIC1 deficiency) or ABCB11 (BSEP deficiency). Our goal was to identify
features that distinguish presentation and course of these 2 disorders, thus facilitating diagnosis
and elucidating the differing consequences of ATP8B1 and ABCB11 mutations.

Methods—A retrospective multi-center study was conducted, using questionnaires and chart
review. Available clinical and biochemical data from 145 PFIC patients with mutations in either
ATP8B1 (61 “FIC1 patients”) or ABCB11 (84 “BSEP patients”) were evaluated.

Results—At presentation, serum aminotransferase and bile salt levels were higher in BSEP
patients; serum alkaline phosphatase values were higher, and serum albumin values were lower, in
FIC1 patients. Elevated white blood cell counts, and giant or multinucleate cells at liver biopsy,
were more common in BSEP patients. BSEP patients more often had gallstones and portal
hypertension. Diarrhea, pancreatic disease, rickets, pneumonia, abnormal sweat tests, hearing
impairment, and poor growth were more common in FIC1 patients. Among BSEP patients, the
course of disease was less rapidly progressive in patients bearing the D482G mutation.

Conclusions—Severe forms of FIC1 and BSEP deficiency differed. BSEP patients manifested
more severe hepatobiliary disease, while FIC1 patients showed greater evidence of extrahepatic
disease.

Keywords
cholestasis; genetics; transport protein; pediatrics; P-type ATPase; ATP binding cassette protein;
ATP8B1; FIC1; ABCB11; BSEP

INTRODUCTION
Mutations in ATP8B1 or ABCB11 can result in hereditary cholestasis [1–3]. ATP8B1
encodes FIC1 (familial intrahepatic cholestasis 1), a widely expressed membrane P-type
ATPase [1]. FIC1 may function as an aminophospholipid flippase, transferring
phosphatidylserine from the outer to the inner leaflet of the plasma membrane [4–5].
ABCB11, expressed only in the liver, encodes the bile salt export pump (BSEP), responsible
for the bulk of conjugated bile acid (BA) transport from hepatocytes into biliary canaliculi
[6–9]. A spectrum of disease severity is seen in both FIC1 and BSEP deficiencies [10–12].
Severe FIC1 or BSEP deficiency is termed ‘low-γGT’ progressive familial intrahepatic
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cholestasis (low-γGT PFIC), as gamma-glutamyl transpeptidase (γGT) activity in serum
typically remains within normal ranges and is low relative to the degree of cholestasis.

Before identification of ATP8B1 and ABCB11, low-γGT PFIC was considered a single
disease entity [13–14]. Genetic analysis now permits FIC1 and BSEP deficiencies to be
studied individually. Case series have suggested differences between the 2 phenotypes;
however, these featured modest numbers of patients, often not distinguished genetically [15–
23]. To perform a comprehensive evaluation of genotype-phenotype correlations in these 2
diseases, we assembled a cohort of 145 patients with low-γGT PFIC in whom mutational
analysis of ATP8B1 and ABCB11 established the diagnosis of FIC1 deficiency (FIC1
patients, N = 61) or BSEP deficiency (BSEP patients, N = 84).

Here we report findings at presentation and during the course of disease before surgical
intervention (partial external biliary diversion [PEBD], ileal exclusion [IE], and/or
orthotopic liver transplantation [OLT]). We report differences in symptoms and laboratory
findings that distinguish severe FIC1 deficiency from severe BSEP deficiency. Our results
also indicate that while BSEP deficiency is primarily a liver disease, FIC1 deficiency is a
multisystem disorder.

PATIENTS AND METHODS
Patients were enrolled through centers with study protocols approved by the appropriate
committees, including University of California, San Francisco, CA, USA; King’s College
Hospital, London, UK; Children’s Memorial Health Institute, Warsaw, Poland; Children’s
Memorial Hospital, Chicago, IL, USA; Université Catholique de Louvain and Cliniques St
Luc, Louvain, Belgium; and Karolinska University Hospital, Huddinge, Sweden. Informed
consent was obtained from patients, parents, or guardians.

Patients were enrolled from multiple sites in North America (48 patients), Europe (91
patients, including 32 from Poland), and the Middle East (6 patients). Partial phenotypic
descriptions of some patients are published [12,15,17–18,21–22,24–37]. Subjects carried a
clinical diagnosis of low-γGT PFIC and had mutation(s) in ATP8B1 or ABCB11 [1–
2,10,12,15,18,22,30,33,38]. Clinical and biochemical data were collected using a
questionnaire and by chart review. Enrollment was closed in 2004. We analyzed findings at
presentation and during the course of disease until surgical intervention. Evidence of hearing
impairment and sweat test results were reported regardless of surgery.

Data collection was retrospective; not all requested data were available for every participant.
For each variable, the number of subjects (‘N’) from whom data were available is indicated.
For clinical chemistry test results at presentation, the earliest available measurement within
the 1st year of life was used. Median value per patient per age bin was used for evaluation of
transaminases and ALP over pre-surgical course of disease. Most continuous variables were
transformed into multiples (fold) of upper or lower limit of normal range (FULN or FLLN)
to adjust for differences in reference ranges among sites. Serum bilirubin values were
converted to mg/dl without normalizing. Serum alkaline phosphatase (ALP) values were not
normalized, as age-specific normal ranges were not available for all centers; absolute values
in International Units (IU) per liter were used. One center reported ALP values as microkat/
L; these values were multiplied by 59 to convert to IU/L. White blood cell count (WBC) and
platelet levels were grouped into 3 categories: low, normal, or high. Birth-weights were
normalized to the sex-specific median for full-term births. Height and weight were evaluated
based on the latest data during the study period.

To normalize distributions, most continuous variables were log-transformed before analysis.
Analyses were performed using Statistical Analysis System version 9 (SAS Institute, Cary,
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NC, USA) or Graphpad Prism and QuickCalcs (Graphpad Software, Inc, La Jolla, CA,
USA). Continuous dependent variables were analyzed using linear regression. Where non-
normal distribution of residuals was encountered, the bias-corrected accelerated
bootstrapping method was used to obtain valid confidence intervals, with p-values defined
as one minus the highest confidence level for which the interval excluded an effect of zero
[39]. The Wilcoxon signed-rank test was used for comparison of birth-weight distribution to
normal expectation. For comparison of transaminase and ALP values in different age ranges
between FIC1 and BSEP deficiencies, the t-test was used. For categorical variables, logistic
regression or Fisher’s Exact test was employed.

We report nominal p-values without adjustment for multiple testing. Given the biological
relationships among the parameters examined, coherent sets of findings often reinforce
rather than detract from one another, making such adjustment unhelpful [40–43].

We tested the robustness to potential confounding factors of findings with small p-values
using bivariate and multivariate analyses (where computationally feasible), factoring in sex,
year of birth, and presence of older affected siblings.

The primary comparison was between FIC1 and BSEP deficiency. We also performed
exploratory analyses to evaluate whether BSEP patients carrying 1 or 2 copies of the
common European D482G (c.1445A>G) and/or E297G (c.890A>G) mutations differed
from other BSEP patients, and whether FIC1 patients carrying G308V differed from other
FIC1 patients.

For clinical findings, we used a 3-way categorization of ‘FIC1’ versus ‘D482G BSEP’
(BSEP patients carrying D482G on one or both of their ABCB11 alleles) versus ‘non-D482G
BSEP’ (BSEP patients not carrying D482G). Since biochemical data were available for
relatively few D482G-bearing patients, 3-way analyses were not performed, although in
some figures the 2 BSEP subgroups are shown separately for qualitative comparison. The
D482G and non-D482G BSEP subgroups do not always sum to the total N for ‘all BSEP’,
because we could not sub-classify 3 BSEP patients in whom only one mutation was detected
and presence of D482G on the 2nd allele was not ruled out; they were excluded from this
analysis.

To build a model predictive of FIC1 versus BSEP deficiency, we performed univariate and
multivariate logistic regression. Only variables for which values were available for a
substantial number of patients were tested. Given the high correlation (0.78) between AST
and ALT measured in the same patient on the same date, we defined the variable sAT
(serum aminotransferase) as the FULN for ALT, or for AST, if ALT was not available.
Stepwise logistic regression was used to build a predictive model, with the p-value cutoff for
entry selected by cross-validation [39]. All cutoffs ≤0.02 resulted in the same model, with
sAT as the only predictor (p <0.0001). Cross-validation suggested that this cutoff produced
the best prediction.

We analyzed transplant-free survival, surgery-free survival, and age at report of cirrhosis
using Kaplan-Meier curves and Cox proportional hazards models. For age of cirrhosis,
patients were censored at age of surgery or age of death, if free of cirrhosis at that time.

RESULTS
Genetic and demographic features

Sixty-one patients carried mutation(s) in ATP8B1, and 84 patients carried mutation(s) in
ABCB11 (Supplementary Table 1). One of 2 ‘common’ ABCB11 mutations (D482G or
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E297G) was identified on one or both alleles in 51 BSEP patients (61%) [2, 12].
Demographic features (Table 1) of the FIC1 and BSEP deficiency cohorts were similar.
Complete or partial clinical data were available for all 145 patients, and laboratory results,
for 140 patients. Clinical data at presentation were available for 139 patients; laboratory
results in the 1st year of life were available for 74 patients (32 FIC1, 42 BSEP).

Since functional studies have suggested that the BSEP D482G and E297G mutations may
not completely abolish protein function [9,44–47], we performed exploratory analyses
stratified by mutation. Our results suggested that phenotypic differences exist between
BSEP patients with and without D482G (data not shown); those differences that attained
statistical significance are discussed below.

Clinical features at presentation
Birth—Four FIC1 and 2 BSEP patients were from twin pregnancies. Four of 46 singleton
pregnancies (8.7%) of FIC1 patients and 3 of 78 singleton pregnancies (3.8%) of BSEP
patients were delivered prematurely (<36 weeks gestation). Normalized, sex-specific birth-
weights of full-term FIC1 and BSEP patients from singleton births were similar (Table 2).
For all patient groups, birth-weights trended below expectation; this only reached statistical
significance in non-D482G BSEP patients (p <0.0003, 95% CI 0.88–0.96).

Onset—One BSEP patient had a reported age of onset (66 months) much later than all
other patients (all ≤12 months) and was excluded from analysis of onset age [18,25]. Onset
by 3 months was reported in most patients (FIC1: 85%; D482G BSEP: 67%; non-D482G
BSEP: 71%). Median age at onset was similar in FIC1 and BSEP deficiency, although there
was a trend (Table 2) toward earlier reported onset in FIC1 deficiency (onset 0.85 months
earlier, 95% CI = −1.65 to +0.02 months).

Symptoms reported at presentation—Symptoms were intermittent early in disease
course in 52% (71/137) of patients. Jaundice was the most common presentation symptom
(73% of patients). Jaundice was less frequent in patients bearing BSEP D482G (48%) than
in patients carrying other BSEP mutations (78%; p = 0.013) or in FIC1 patients (78%; p =
0.014) (Table 2). Diarrhea was more frequent in FIC1 than in BSEP patients (Table 2; OR =
3.9, 95% CI = 1.3–12.1). Twelve patients (9%; 2 FIC1 and 10 BSEP) presented with clinical
manifestations of vitamin deficiency, including coagulopathy (10 patients), rickets (2
patients), and/or seizures (3 patients). Clinically manifest vitamin deficiency was more
common in BSEP patients bearing D482G than in FIC1 patients (p = 0.047). Nine of these
12 children were male (p = 0.035, male versus female, OR = 4.3, 95% CI = 1.11–16.6).
Seven of the twelve (3 D482G BSEP patients, 3 other BSEP patients, and 1 FIC1 patient)
presenting with manifestations of vitamin deficiency were not clinically jaundiced.

Laboratory studies at presentation
To assess biochemical features of disease at presentation, we analyzed the earliest reported
value for each patient within the 1st year of life. Serum AST and ALT activities were
significantly higher in BSEP deficiency than in FIC1 deficiency (Table 3, Fig. 1A); AST
was estimated to be 3.7-fold higher (95% CI 2.5–5.6), and ALT 3.8-fold higher (95% CI
2.7–5.6). Six (22%) FIC1 patients, but only 1 BSEP patient, had normal AST (p = 0.11,
Fisher’s Exact test). A different BSEP patient had normal ALT; 30% of FIC1 patients did (p
= 0.005, Fisher’s Exact test). ALP values were 66% higher (95% CI 9.9–151%) in FIC1 than
BSEP patients (Table 3). Serum albumin levels were 14% lower (95% CI 6.0–21%) in FIC1
patients than in BSEP patients (Table 3); approximately half of the FIC1 patients had
abnormally low serum albumin levels while few BSEP patients did (Fig. 1B).
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Elevated WBC counts were more common in BSEP patients than in FIC1 patients (OR =
7.1, 95% CI = 1.72 to 25). No patient had a WBC count below the normal range. Serum
cholesterol values trended higher in BSEP patients (Table 3, estimated 20% higher in BSEP
deficiency, 95% CI 47% higher to 1% lower). While 58% of BSEP patients had elevated
cholesterol values, only 21% of FIC1 patients did (p = 0.019, Fisher exact test). Serum BA
values were elevated in all patients, the lowest recorded value being 5-fold elevated. Values
for sBA in FIC1 deficiency were estimated as only 50% (95% CI 4–70%) of those in BSEP
deficiency.

Liver biopsy results were available for 62 patients in the 1st year of life. Giant or
multinucleate cells were reported in 24/33 (73%) BSEP patients and 2/29 (7%) FIC1
patients (p <0.0001). Two of six (33%) BSEP patients with D482G and 22/27 (81%) without
D482G were reported to have giant cells (p = 0.034).

Distinguishing FIC1 from BSEP deficiency at presentation
Rapid and early differential diagnosis between FIC1 and BSEP disease would be facilitated
by development of a diagnostic model valid at presentation. We used logistic regression to
identify which laboratory variables help to distinguish FIC1 from BSEP deficiency at
presentation. The strongest predictive effects were seen with ALT (p <0.0001; AROC 0.91)
and AST (p <0.0001; AROC 0.89). Significant but weaker predictive effects were observed
with 3 other serum analytes: albumin (p = 0.0084; AROC 0.74), sBA (p = 0.024; AROC
0.77), and ALP (p = 0.024; AROC 0.66) values.

Given that some centers report either AST or ALT, and that AST and ALT are highly
correlated, we created a diagnostic model using sAT, defined as FULN of ALT, or of AST,
if ALT was not available. The sAT-based model had an AROC of 0.92 and p <0.0001 for
FIC1 vs. BSEP deficiency (Fig. 2A). The ‘break-even point,’ where a patient is equally
likely to have FIC1 or BSEP deficiency, is at sAT = 2.2 (95% CI 1.7–2.9) (Fig. 2B). To
optimize the model we then evaluated, by cross-validation, the effect of addition of other
variables, including albumin, sBA, ALP, and the best distinguishing clinical feature
(diarrhea). Since addition of these variables did not improve cross-validated disease
prediction in this dataset, there appeared to be no benefit to incorporating them into the
model based only on sAT.

Disease Course
Hepatobiliary disease (Table 4)—While no FIC1 patients were diagnosed with
gallstones, 32% of BSEP patients were. Four BSEP patients, all without D482G, were
diagnosed with hepatocellular carcinoma (HCC). Overall, 31% of patients were diagnosed
with portal hypertension (PH); BSEP patients without D482G developed PH more
frequently than those bearing D482G (p = 0.017), and than FIC1 patients (p = 0.022).
Twenty-four percent of patients were diagnosed with cirrhosis (median age 4.4y,
interquartile range 2.3–6.5y); BSEP patients bearing the D482G mutation survived to an
older age without diagnosis of cirrhosis than did other BSEP patients (p = 0.029, hazard
ratio = 0.19, 95% CI = 0.04–0.84).

Medications—Reported data on medication use and effect upon pruritus (improvement
versus no improvement) were analyzed. Response to ursodeoxycholate (UDCA),
cholestyramine, and rifampicin may have been better for BSEP than FIC1 disease (OR 1.9,
3.1, and 2.6), but no differences reached statistical significance (p = 0.19, 0.14, 0.091);
phenobarbitol was used by too few, with positive response in too few patients (only 4), to
permit meaningful analysis. Overall, UDCA was the most commonly used drug, whereas
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rifampicin was reported to improve pruritus in a greater proportion of patients to whom it
was administered (Supplementary Table 2).

Extrahepatic findings (Table 4)—Diarrhea, pancreatic disease (BSEP: 1 pancreatitis;
FIC1: 2 pancreatitis, 5 pancreatic insufficiency), rickets, and pneumonia were all more
frequently reported in FIC1 patients than in BSEP patients. Hearing impairment was
reported exclusively in FIC1 patients.

Growth—FIC1 patients demonstrated worse growth than did BSEP patients, with greater
proportions reported to be failing to thrive and documented to be below the 3rd centiles for
weight and height (Table 4).

Laboratory findings—Sweat tests were performed in 19 patients with FIC1 deficiency
and 23 with BSEP deficiency. Six (32%) FIC1 patients and 1 BSEP patient had an abnormal
result (p = 0.034).

Of the variables that differed between FIC1 and BSEP at presentation, sufficient data were
available for sAT and ALP to allow evaluation over time. For both, the differences were
present for age bins up to 4 years. The trends toward a decrease with time of sAT in BSEP,
and ALP in FIC1, meant that in later age bins the differences between diseases were
attenuated (Figure 3).

Surgery-free survival—By the end of the study period, 75% (109/145) of patients had
undergone surgical intervention (PBD, IE, and/or OLT). Sixty-four patients had undergone
OLT. Of those patients who did not undergo surgical intervention, 7 died (5 FIC1 and 2
BSEP patients without D482G). BSEP patients carrying the D482G mutation survived to a
greater age without OLT than did other BSEP patients (p = 0.0092, hazard ratio = 0.31, 95%
CI = 0.13–0.75) or FIC1 patients (p = 0.045, hazard ratio=0.41, 95% CI = 0.17–0.98)
(Figure 4A). The probability of any form of surgery was less in BSEP patients with D482G
than in others, and this bordered on significance (p = 0.050, hazard ratio = 0.56, 95% CI =
0.31–1.00) (Fig. 4B).

DISCUSSION
FIC1 and BSEP deficiencies are the most common forms of persistent neonatal cholestasis
with normal serum γGT levels. Detailed comparison of phenotypes in patients with
confirmed genetic diagnoses is now possible. Here we report analysis of clinical and
laboratory findings at presentation and over the course of disease before surgical
intervention in these 2 disorders. This study necessarily has limitations due to its
retrospective design and to variation in practices and reporting among clinical centers.
However, this cohort is by far the largest in which genetically informed analysis has been
conducted, and the 1st allowing systematic comparison of FIC1 and BSEP deficiencies;
consequently, we have been able to demonstrate multiple clinically important differences in
disease course between the 2 disorders. Our findings may facilitate timely diagnosis and
inform clinical management, as well as help to elucidate the pathophysiological mechanisms
underlying the 2 disorders.

With a few exceptions, presentation symptoms did not differ substantially between BSEP
and FIC1 deficiency. Presentation with diarrhea was more common in FIC1 deficiency,
consistent with FIC1 expression in the intestine [1,11,48]. Seven patients (mostly BSEP)
presented with clinically manifest vitamin deficiency in the absence of jaundice, confirming
that this complication of cholestasis can manifest in the absence of icterus. Laboratory
investigation identifies differences between the 2 conditions at presentation. Giant or
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multinucleate hepatocytes were infrequent in liver biopsies from children with FIC1
deficiency. This contrasts with many other causes of cholestasis in young children, including
BSEP deficiency. Values of sBA, ALT, AST, and cholesterol were higher in BSEP than
FIC1 patients. These findings may reflect greater abnormalities in canalicular BA transport
and intracellular BA retention in BSEP deficiency. WBC counts were also more likely to be
elevated in BSEP patients than in FIC1 patients. By contrast, serum ALP values were higher
in FIC1. As both FIC1 and ALP are expressed in tissues besides the liver, this finding may
reflect plasma membrane destabilization in multiple tissues. Albumin values were lower in
FIC1 patients, which may reflect decreased synthesis or increased loss.

Of the features evaluated, serum ALT and AST values differed most dramatically between
FIC1 and BSEP deficiencies, yielding a predictive model that can facilitate differential
diagnosis at presentation; addition of other serum biochemical and clinical variables that
differed between FIC1 and BSEP to the transaminase-based model did not appear to
improve discrimination between the 2 disorders. This model may be particularly useful in
combination with histopathological and immunohistochemical studies in prioritizing genes
for testing [12,17].

The course of disease differs between FIC1 and BSEP deficiencies. BSEP patients were
more likely to develop gallstones. All 4 study participants who developed HCC were BSEP
patients, a trend consistent with previous reports of HCC in BSEP deficiency [12]. The
incidence of HCC in BSEP appears lower in the current cohort, which may reflect the
smaller proportion of patients with 2 protein truncating mutations in the current study; such
patients are known to be at increased risk [12].

FIC1 patients were more likely to manifest extrahepatic disease, including diarrhea,
pancreatic disease, rickets, pneumonia, hearing impairment, abnormal sweat test results, and
poor growth. These findings are consistent with the broad tissue distribution of FIC1
expression, and mark FIC1 deficiency as a multisystem disorder.

BSEP deficiency was considered both as one condition and as stratified by mutation when
analyzing clinical findings. The higher incidence of presentation without jaundice but with
vitamin deficiency, and lower frequency of giant cells upon biopsy, in “D482G BSEP”
suggests a more insidious onset; however, the overall clinical picture at presentation does
not differ substantially among the BSEP mutation subclasses. Some features of the disease
course in BSEP patients with D482G suggested a more slowly progressing disease,
consistent with data suggesting that the D482G BSEP protein retains some function [9,45–
46]; when compared to other BSEP patients, those bearing D482G developed portal
hypertension less frequently, developed cirrhosis at an older age, and required OLT at an
older age. For most disease features, the results of comparison between FIC1 and BSEP
patients were similar whether BSEP patients with D482G were included or excluded. An
exception was portal hypertension, where FIC1 patients had an intermediate phenotype
between BSEP D482G and non-D482G patients. For some disease features, we had wide
confidence intervals for the estimated differences between BSEP mutational subgroups,
which implies little evidence for or against potentially important differences.

We evaluated clinical and biochemical features in the largest cohort of genetically
characterized PFIC patients yet assembled. We found that severe FIC1 deficiency differed
from severe BSEP deficiency both at presentation and as the disease progressed; BSEP
patients manifested biochemical evidence of greater hepatobiliary injury (higher ALT and
AST values), more severely impaired bile salt handling (higher sBA and cholesterol values
at presentation and gallstone disease), and a more progressive disease course (portal
hypertension). FIC1 patients showed stronger clinical and laboratory evidence of
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extrahepatic disease. These findings are of clinical utility and suggest differences in disease
pathophysiology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ABCB11 ATP binding cassette, sub-family B, member 11

ALP alkaline phosphatase

ALT alanine aminotransferase

AROC area under the ROC (receiver operating characteristic) curve

AST aspartate aminotransferase

ATP8B1 ATPase, class I, type 8B, member 1

BA bile acids

BRIC benign recurrent intrahepatic cholestasis

BSEP bile salt export pump

FIC1 familial intrahepatic cholestasis 1

FLLN fold lower limit of normal range

FULN fold upper limit of normal range

γGT gamma-glutamyltranspeptidase

IE ileal exclusion

N sample size

OLT orthotopic liver transplantation

OR odds ratio

PEBD partial external biliary diversion

PFIC progressive familial intrahepatic cholestasis

sAT serum aminotransferase activity

sBA serum bile acids

WBC white blood cell
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Figure 1. The distribution of biochemical data at presentation. Medians and interquartile ranges
are shown
A: Serum transaminase values shown as sAT: defined as FULN of ALT if available,
otherwise FULN of AST (FULN, fold of the upper limit of the normal range). For FIC1
deficiency, N = 31; for BSEP deficiency, N = 40. B: Serum albumin values (FLLN, fold
lower limit of normal range). For FIC1 deficiency, N = 27; for BSEP deficiency, N = 28.
The horizontal dashed line marks the upper (A) or lower (B) limit of normal.
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Figure 2. Discriminating FIC1 and BSEP deficiencies
A: ROC curve for prediction of FIC1 versus BSEP deficiency. The curves for sAT
(serum aminotransferase activity, expressed as FULN) versus chance are shown. B:
Probability of FIC1 versus BSEP deficiency. The predicted probability of FIC1 versus BSEP
deficiency is obtained from 1/(1+e[1.88×log2SAT−2.11]). All values of sAT <2 collectively
confer a sensitivity of 81% (95% CI of 63–93%) and specificity of 88% (95% CI of 73–
96%) for FIC1 deficiency. Similarly, all values of sAT >2 collectively have sensitivity of
88% (95% CI of 73–96%) and specificity of 81% (95% CI of 63–93%) for BSEP deficiency.
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Figure 3. Serum transaminase and ALP values over time
Medians and interquartile ranges for the indicated age bins are shown. For BSEP, filled
shapes represent data from patients bearing D482G, and open shapes, all other patients. (A)
Serum transaminase values, expressed as sAT. P-values (t-test) from comparison of log-
transformed data from BSEP and FIC1 disease: age 0–1: <0.0001; age 1–2: = 0.0001; age 2–
4: = 0.0015; age 4–6: = 0.95; age >6: = 0.30. (B) ALP values. P-values (t-test) from
comparison of log-transformed data from BSEP and FIC1 disease: age 0–1: = 0.0017; age
1–2: = 0.0013; age 2–4: = 0001; age 4–6: = 0.20; age >6: = 0.53.
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Figure 4. Kaplan-Meier analysis for survival is shown
In each case FIC1, D482G-BSEP and other BSEP are plotted. Fig.4A shows survival
without OLT. 26/61 (43%) FIC1 patients, and 38/84 (45%) BSEP patients underwent OLT.
Among BSEP patients, 5/21 (24%) with D482G and 30/60 (50%) without D482G underwent
OLT. Fig. 4B shows survival without OLT, PEBD or IE.
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Table 1

Demographic features of the study cohort of 145 patients.

Feature ATP8B1 (FIC1) ABCB11 (BSEP) p*

Year of birth: median (full range) 1994 (1976–2002) 1993 (1969–2003) 0.75

Female (%) (tally) 64% (39/61) 49% (41/84) 0.072

% with older affected sibling (tally) 25% (15/61) 15% (13/84) 0.17

Data collected until Age (years): median (interquartile range) 4.4 (1.7–9.2) 3.6 (2.0–8.9) 0.91

*
Linear and logistic regression were used, and Mann-Whitney test for age due to non-normality . ‘Age’ is the age at first surgical intervention

(PBD, OLT or IE), or in the absence of surgery, the age at last follow-up.
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Table 3

Laboratory Studies at Presentation.

Serum assay FIC1 BSEP p

AST
(FULN)

1.40
(1.11–2.19) N=27

5.33
(4.06–10.50) N=29

<0.0001

ALT
(FULN)

1.25
(0.85–1.80) N=30

5.63
(2.41–9.13) N=34

<0.0001

ALP
(IU/l)

851
(496–1506) N=30

482
(298–1106) N=36

0.017

γGT
(FULN)

0.55
(0.37–0.74) N=28

0.42
(0.28–0.70) N=39

0.26

Albumin
(FLLN)

1.03
(0.92–1.14) N=27

1.19
(1.07–1.31) N=28

0.0014

Total Protein
(FLLN)

1.19
(0.96–1.30) N=19

1.11
(1.01–1.22) N=16

0.74

Bilirubin, total
(mg/dl)

6.48
(3.53–15.10) N=32

6.20
(4.71–7.70) N=40

0.10

Bilirubin, direct
(mg/dl)

3.35
(1.94–11.15) N=28

4.60
(2.94 –6.01) N=27

0.33

Hemoglobin
(FLLN)

1.06
(0.97–1.10) N=22

1.00
(0.93–1.06) N=26

0.41

Hematocrit
(FLLN)

0.97
(0.79–1.06) N=21

0.93
(0.88–1.07) N=12

0.59

WBC above normal
(% of patients)

33%
N=24

78%
N=18

0.0064

Platelets above normal
(% of patients)

75%
N=24

58%
N=26

0.20

Prothrombin time
(FULN)

1.00
(0.81–1.16) N=19

0.81
(0.77–1.09) N=15

0.89

Cholesterol
(FULN)

0.81
(0.69–0.98) N=19

1.08
(0.81–1.20) N=33

0.059

Triglycerides
(FULN)

1.40
(1.11–1.85) N=13

1.47
(1.10–2.32) N=22

0.77

SBA
(FULN)

17.06
(9.00–25.17) N=13

31.55
(19.71–49.43)N=23

0.037

Results are from earliest available measurement, within the first year of life. For continuous variables, medians, interquartile ranges, and sample
sizes are shown. Linear regression was used to obtain p-values, along with the estimated fold- or percentage differences reported in the text. For
WBC and platelets, percent of patients is shown.
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