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Abstract
Background and Aims: Early identification of risk factors for the development of se-
vere fibrosis in children with cystic fibrosis-related liver disease (CFLD) is crucial as 
promising therapies emerge.
Methods: This multi-center cohort study of children with a priori defined CFLD from 
1999 to 2016, was designed to evaluate the clinical utility of CF-specific characteris-
tics and liver biomarkers assessed years prior to liver biopsy-proven CFLD to predict 
risk of developing severe fibrosis (F3-4) over time. Fibrosis was staged by Metavir 
classification.
Results: The overall study cohort of 42 patients (F0-2 (n = 22) and F3-4 (n = 20)) was 
57% male (n = 24) with median age of 7.6 years at baseline visit versus 10.3 years at 
biopsy. Median FEV1% predicted was lower in F3-4 participants at baseline versus 
F0-2 (59% vs. 85%; p = .002), while baseline FIB-4, APRI and GGT were higher in F3-4. 
Median splits for FIB-4 (≥.13), APRI (≥.36), GPR (≥.09), GGT (≥25.5), and FEV1% (<64%) 
were associated with more rapid progression to F3-4 (p < .01 for all). Using a combina-
tion of change/year in FIB-4, APRI, and GPR to predict F3-4, the AUROC was .81 (95% 
CI, .66, .96; p < .0001). For up to 5.8 years prior, thresholds for GPR were met 6.5-fold 
more rapidly, and those for APRI and FIB-4 were met 2.5-fold more rapidly, in those 
who progressed to F3-4 than those that did not.
Conclusions: This study suggests mild–moderate pulmonary dysfunction and higher 
liver biomarker indices at baseline may be associated with faster progression of CFLD.

K E Y W O R D S
biomarkers, cystic fibrosis, liver disease, severe liver fibrosis, time to progression

www.wileyonlinelibrary.com/journal/liv
mailto:
https://orcid.org/0000-0002-4221-3683
mailto:shruti.sakhuja@bcm.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fliv.15572&domain=pdf&date_stamp=2023-04-10


1278  |    SAKHUJA et al.

1  |  INTRODUC TION

Cystic fibrosis-associated liver disease (CFLD) has long plagued clini-
cians due to non-uniform diagnostic criteria1–3 and limited therapies 
to halt or reverse progression to severe CFLD with portal hyperten-
sion or cirrhosis. It has been estimated that 5% to 10% of CF par-
ticipants are diagnosed with liver cirrhosis or portal hypertension4,5 
within the first decade of life6 and mortality due to CFLD is reported 
as the primary cause of death in 3.4%,7 but considered a contrib-
uting factor to premature mortality from all causes in many more 
patients.8

Identifying patients with CF who are at higher risk for progres-
sion to severe liver disease has been equally challenging. Severe 
class I-III CFTR mutations, alpha-1-antitrypsin ZZ genotype9,10 and a 
heterogeneous echogenic ultrasound pattern represent established 
or reproducible clinical predictors that have permitted early risk-
stratification of participants with CFLD who are more likely to de-
velop severe fibrosis4,11 and hence decreased survival.12 However, it 
is unknown if progression to severe CFLD occurs gradually over time 
or in discrete rapid cycles. Data regarding timing of disease progres-
sion would inform more effective early surveillance for CFLD.1–3,13,14 
While the reference standard has historically been liver biopsy, 
promising modalities to investigate liver involvement in CF and 
assess risk for severe fibrosis have included elastography,15–19 mi-
croRNAs,20,21 gamma glutamyl transferase (GGT), fibrosis-4 index 
(FIB-4) and aspartate aminotransferase-to-platelet ratio index 
(APRI).16,20,22,23,24 GGT-to-platelet ratio (GPR) has been studied in 
non-CF liver disease25,26 and its utility as a biomarker of liver dis-
ease, portal hypertension and hepatic fibrosis severity has recently 
been demonstrated in children with CF.27,28

This study aims to evaluate the clinical utility of baseline and 
change in biomarker indices, CF-specific clinical features and spe-
cific laboratory parameters over time in paediatric CFLD to predict 
the risk of developing, and time taken to develop, severe (F3-4) fi-
brosis. Early identification of the risk of developing significant liver 
disease and timing of this process is crucial as highly effective mod-
ulator therapies and other candidate drugs which may reverse CFLD 
emerge.

2  |  METHODS

From May 1991 to November 2016, 86 participants with CFLD 
who received a liver biopsy as part of routine clinical care or had 
explant histopathology were identified from two institutions: Texas 
Children's Hospital, Houston, Texas and Queensland Children's 
Hospital, Brisbane, Australia, 42 of which were included in the study. 
CFLD was defined a priori as subjects having ≥2 of the following: 
(1) hepatomegaly (defined as palpable on clinical exam or large for 
age on ultrasound) with or without splenomegaly; (2) a persistent 
(>6 months) elevation of serum alanine aminotransferase (ALT; 
level >1.5× upper limit of normal [ULN]); or (3) abnormal liver ul-
trasound (US) findings (abnormal echogenicity or a nodular edge), 

as we previously describe.20,24,29 Participants with other causes of 
concomitant hepatobiliary disease were excluded. Other exclusion 
criteria included: lack of biopsy, missing laboratory values and miss-
ing clinical information.

Participants with a liver biopsy had a minimum of either a dual-
pass 2 cm core of liver tissue or wedge biopsy for histologic evaluation. 
Biopsies were staged for hepatic fibrosis using Metavir classifica-
tion30 with F0-2 fibrosis classified as not severe and F3-4 classified 
as severe fibrosis. Liver and CF-specific clinical variables, liver bio-
chemistries and anthropometrics were collected up to 5.8 years prior 
to liver biopsy in all subjects and used as “baseline” values for analy-
ses. These values were again obtained within a 30-day goal window 
of subsequent liver biopsy and included platelet count, AST, ALT and 
GGT. FIB-4,31 APRI,32 and GPR,33 calculated using an upper limit of 
normal of 40 U/L for AST and 19 U/L for GGT. Lastly, the change per 
year in platelets, AST, ALT, FIB-4, APRI, GGT and GPR were also as-
sessed based on the time elapsed between the initial (baseline) visit 
and the time of subsequent labs (at biopsy). Spirometry values were 
obtained ±6 months of their associated baseline laboratory values. 
Abnormal baseline US findings were defined as splenomegaly, hep-
atomegaly, liver coarseness or nodularity, increased liver echogenic-
ity, fatty liver infiltration, or abnormal doppler flow.

Patient demographics and clinical characteristics are summa-
rized by medians with minimum and maximum values or frequencies 
with percentages. The Wilcoxon rank sum test or Fisher's exact test 
compared F0-2 versus F3-4. A multiple logistic regression model 
predicting F3-4 is estimated with change per year in FIB-4, APRI, 
PLT, and GPR as predictors. The model estimates the area under the 
ROC curve (95% CI). Kaplan–Meier curves estimate time-to-severe 
fibrosis, assuming F3-4 occurred at the time of biopsy. Participants 
who had not developed F3-4 were censored for this event at the 
time of biopsy. Median splits were used for continuous predictors, 
and the log-rank test compared cohorts. Statistical significance was 
assessed at the two-sided .05 level for all hypothesis tests without 
adjusting for multiple comparisons. Multiple logistic regression was 

Key points

•	 Patients with cystic fibrosis-associated liver disease 
(CFLD) are at high risk of morbidity and mortality due to 
portal hypertension or cirrhosis.

•	 Identification of patients with CF who are at higher risk 
of progression to severe liver fibrosis is challenging, as is 
the timing of progression.

•	 Patients with moderate lung dysfunction (FEV1 <64%) 
develop severe fibrosis faster than patients with normal 
lung function.

•	 GGT, FIB-4, APRI, and GPR are good predictors of pa-
tients who are more likely to progress to severe liver 
disease, and may be useful for risk stratification based 
on specific individual median splits.
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performed using predictors with 90% data completeness that were 
significant by Fisher's exact test. Median and 95% confidence inter-
vals were derived from KM curves analysis. All analyses were com-
pleted using SAS for Windows version 9.4 (Cary, NC).

3  |  RESULTS

A total of 42 participants (57% male) with CFLD who had received ≥1 
liver biopsy (native or explant) met criteria for inclusion in the study 
(Figure  S1). The median age at initial “baseline” lab collection and 
subsequent time of liver biopsy was 7.6 and 10.3 years, respectively. 
Baseline liver and CF-specific clinical variables, liver biochemistries 
and anthropometrics were collected over a median of 2.1 years (min 
.04, max 5.81) prior to liver biopsy. Each fibrosis stage using the 
METAVIR classification27 (F0-F4) was represented in this study as 
follows for F0, F1, F2, F3, and F4: 14% (n = 6), 19% (n = 8), 19% (n = 8), 
19% (n = 8) and 29% (n = 12), respectively (Figure  S2). Participants 
were categorized as non-severe, F0-2 (n = 22) and severe, F3-4 
(n = 20). There were no significant differences in the distribution of 
sex, pancreatic sufficiency, CF genotype, history of meconium ileus, 
and isolation of Pseudomonas aeruginosa infection prior to the age of 
2 years between the different stages of fibrosis (Table 1). No partici-
pants with F0 had CF-related diabetes mellitus (CFRD).

3.1  |  Baseline differences between F0-2 and F3-4

Median age at baseline for participants later found to develop F3-4 
was 10.5 years versus 5.8 years for F0-2 (p = .08, Table 1). Baseline 

BMI z-scores were not significantly different in F3-4 versus F0-2. 
Median FEV1% predicted was lower at baseline in F3-4 compared 
with F0-2 (58.8% vs. 85%, p = .03). Exposure to ursodeoxycholic acid 
(UDCA) was higher in F3-4 versus F0-2 (100% vs. 68.2%, p = .01) and 
all F3-4 had a history of an abnormal liver ultrasound compared to 
F0-2 (100% vs. 72.7%, p = .02) (Table 2). There were no significant 
differences between groups in the frequency of documented hepa-
tomegaly or splenomegaly, but both were more common among pa-
tients with F3-4. A majority of F3-4 had a clinical diagnosis of portal 
hypertension with a much lower prevalence in F0-2 (55% vs. 4.5%, 
p < .001). Liver biochemistries and biomarker indices were signifi-
cantly elevated at baseline in participants with F3-4 versus F0-2, in-
cluding GGT (59.5 U/L vs. 18 U/L, p = .002), APRI (.5 vs. .28, p = .003), 
FIB-4 (.23 vs. .11, p = .03), and GPR (.21 vs. .06, p < .001). ALT, AST, 
and platelet counts were not statistically different between cohorts. 
Only participants with F3-4 had documented oesophageal varices 
(33% vs. 0%; p = .01) (Table 2).

3.2  |  Differences at time of final biopsy between 
F0-2 and F3-4

By the time of liver biopsy, age was not significantly different in F3-4 
versus F0-2 (11.5 and 10.2 years, p = .15). Platelet count and liver bi-
ochemistries among F3-4 were significantly different versus F0-2 by 
the time of biopsy (Table 2). Median platelet count decreased by 127 
×103/μL in participants with F3-4 versus only 39 ×103/μL with F0-2 
(p = .008). F3-4 also had significantly higher biomarker values at time 
of biopsy compared with F0-2: FIB-4 (.48 vs. .16, p = .006), APRI (.95 
vs. .27, p < .001), and GPR (.33 vs. .06, p < .001) (Table 2).

TA B L E  1  Baseline demographic, anthropometrics, and CF-specific variables.

Characteristicb

F0-2 (n = 22) F3-4 (n = 20)

p-valuebN Summary statistica N Summary statistica

Age at baseline visit (years) 22 5.8 (.1, 12.0) 20 10.5 (.0, 18.2) .075

Male 13/22 59% 11/20 55% >.999

Height (cm)c 18 127 (50, 155) 16 148 (58, 173) .022

Weight (kg)c 18 23.9 (3.0, 41.0) 17 37.2 (2.8, 69.3) .044

BMI z-scorec 14 .0 (−1.6, 1.4) 14 .1 (−2.1, 1.3) .982

FEV1% predictedd 13 85.2 (50, 110) 11 58.8 (27, 99) .002

Pancreatic insufficiency 20/21 95% 17/19 89% .596

CFRD 5/22 23% 8/20 40% .320

History of meconium ileus 9/16 56% 7/13 54% >.999

F508del homozygous 16/21 76% 11/17 65% .394

Pseudomonas +<2 years 2/21 10% 2/12 17% .610

aSummary statistics are calculated as % within group or medians with minimum and maximum values.
bFisher's exact test for categorical variables or Wilcoxon rank sum test for continuous variables.
cHeight, weight, and BMI z-score were measured at the baseline lab date (AST, ALT, PLT, GGT) except for 9 patients whose measures were observed 
within about 12-months of the baseline lab date (median −2.1, min −11.5, max 13.1).
dFEV1% predicted as measured at baseline lab date (AST, ALT, PLT, GGT) except for 13 patients whose measures were observed within about 
12-months of baseline lab date (median .1, min −11.5, max 13.1).
Bold indicates significance level at p-value p < .05
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TA B L E  2  Liver-specific clinical variables.

Characteristic

F0-2 (n = 22) F3-4 (n = 20)

p-valuebN %a N %a

UDCA exposure (%) 15/22 68.2% 20/20 100% .009

Abnormal US (%) 16/22 72.7% 20/20 100% .022

Hepatomegaly (%) 7/22 31.8% 13/20 65% .062

Splenomegaly (%) 6/22 27.3% 11/20 55% .115

Portal hypertension (%) 1/22 4.5% 11/20 55% .0004

Oesophageal varices (%) 0/19 0% 5/15 33.3% .011

Lab value

Platelets (×103/μL)

Baseline 22 336.5 (232, 796) 20 302.5 (31–545) .081

At biopsyc 22 297.5 (215, 634) 20 175.5 (20, 523) .008

Change 22 −39 (−179, 211) 20 −25 (−265 230) .783

Change per year 22 −18.1 (−10 889, 121) 20 −20.7 (−154.8, 770.2) .626

ALT (units/L)

Baseline 22 34 (21, 129) 20 42 (19, 100) .960

At biopsyc 22 43.5 (20, 120) 20 46 (19, 171) .96

Change 22 4.5 (−39, 95) 20 0 (−57, 132) .454

Change per year 22 1.4 (−2068.3, 77.7) 20 .1 (−107.4, 170.8) .591

AST (units/L)

Baseline 22 38 (17, 95) 20 51.5 (23, 101) .099

At biopsyc 22 42.5 (14, 66) 20 44.5 (14, 176) .068

Change 22 −6.5 (−38, 28) 20 6.5 (−47, 95) .248

Change per year 22 −2.2 (−1885.8, 15.7) 20 2.9 (−272, 304.7) .326

GGT (units/L)

Baseline 22 18 (7, 889) 18 59.5 (7, 264) .002

At biopsyc 21 19 (10, 812) 20 39.5 (18, 469) .006

Change 21 2 (−77, 60) 18 1 (−73, 205) .635

Change per year 21 .6 (−4684.2, 19.7) 18 −2.3 (−343.5, 686.5) .548

FIB-4

Baseline 22 .1 (0, .2) 20 .2 (0, 6.7) .033

At biopsyc 22 .2 (0, .3) 20 .5 (.0, 17.2) .006

Change 22 0 (−.1, .1) 20 .1 (−.4, 13.7) .447

Change per year 22 .0 (.0, .2) 20 .0 (−1.2, 9.5) .338

APRI

Baseline 22 .3 (.1, .6) 20 .5 (.2, 6.7) .003

At biopsyc 22 .3 (.1, .7) 20 .9 (.1, 22) .0006

Change 22 0 (−.3, .3) 20 .1 (−2.4, 17.7) .248

Change per year 22 .0 (−.2, 2.2) 20 .0 (−3.9, 12.2) .462

GPR

Baseline 22 .1 (.0, 2.1) 18 .2 (.0, 4.6) .0008

At biopsyc 21 .1 (.0, 3.2) 20 .3 (.1, 9.7) .0004

Change 21 0 (−.1, 1.2) 18 0 (−.9, 5.1) .625

Change per year 21 .0 (.0, 71) 18 .0 (−2.2, 3.5) .567

Abbreviations: ALT, aspartate aminotransferase; APRI, [(AST/upper limit of normal AST) ×100]/platelet count (109/L); AST, alanine aminotransferase; 
FIB-4, (age (years) × AST [U/L])/(platelets (109/L) × (√ALT [U/L]); GGT, gamma-glutamyl transferase; GGT PR, gamma-glutamyl transferase to platelet 
ratio; UDCA, ursodeoxycholic acid.
aSummary statistics are calculated as % within group or medians with minimum and maximum values.
bFisher's exact test for categorical variables or Wilcoxon rank sum test for continuous variables.
cLab measures were observed within 24 months prior to the biopsy date (median 0, min = −23.9, max = 0).
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3.3  |  Time to development of severe fibrosis (F3-4) 
in cystic fibrosis-related liver disease

Participant data was analysed via Kaplan–Meier, product-limit sur-
vival estimates to determine time to progression to F3-4 based on 
clinical variables. Participants who progressed to F3-4 did so in a 
median time of 3.3 years (95% CI [2.01, 4.5]) from baseline.

3.3.1  |  Influence of baseline CF-specific variables

Certain CF-specific variables were found to be associated with 
time to develop F3-4 (Figure 1). Participants with a baseline FEV1% 
predicted <64% progressed to F3-4 in a median of 1.05 years (95% 
CI:  .36, 1.52) compared to 3.62 years (95% CI: 2.01, ∞) in those with 
FEV1 >64%. Those participants who isolated P. aeruginosa from a 
respiratory culture prior to the age of 2 years, progressed to F3-4 
in a median of 2.73 years (95% CI [.53, ∞]; p = .04,) compared to 
3.78 years (95% CI [3.17, ∞]) in those who did not. Participants with 
a F508del heterozygous genotype progressed to F3-4 more rapidly 
(p = .02) than those with a F508del homozygous genotype with a 
median of 2.38 years (95% CI [.77, ∞]) and 3.62 years (95% CI [2.73, 
∞]), respectively. Those with pancreatic insufficiency progressed 
slower to F3-4 (p = .051) with a median time of 3.62 years (95% CI 
[2.01, ∞]) than those who were pancreatic sufficient (1.17 years (95% 
CI [.77, ∞]). There was no statistically significant difference in time 
to severe fibrosis for the variables of sex, history of meconium ileus, 
baseline age or BMI.

3.3.2  |  Influence of baseline liver-specific variables

Liver-specific clinical variables were also associated with time to 
progression to F3-4. Participants with hepatomegaly (p = .006) and 
splenomegaly (p < .001) developed F3-4 sooner than those without. 
With hepatomegaly, the median time to F3-4 was 2.38 years (95% 
CI [.79, 3.62]) versus 4.45 years (95% CI [3.17, ∞]) in those without 
(Figure  1). Participants with splenomegaly had a median time to 
F3-4 of 1.17 years (95% CI [.77, 1.78]), compared to 3.78 years (95% 
CI [3.17, ∞]) in those with normal spleen size. Participants who never 
had an abnormal liver ultrasound never progressed to F3-4. Those 
with a history of an abnormal ultrasound however progressed to 
F3-4 in a median of 3.17 years (95% CI [1.52, 3.78]; p = .02). The pres-
ence of oesophageal varices was also associated with a more expe-
dited progression to F3-4 (p = .001) in a median time of 1.52 years 
(95% CI [.77, ∞]). Those without varices developed F3-4 in a median 
time of 4.45 years (95% CI [3.17, ∞]). The presence of portal hyper-
tension was likewise associated with faster progression to F3-4 
(p < .0001). Those with portal hypertension (n = 12) developed F3-4 
in 1.05 (95% CI [.36, 1.52]) years versus 4.45 years (95% CI [3.17, 
∞]) in those without. One F2, one F3, and ten F4 participants had 
portal hypertension. There were no significant differences in time 
to severe fibrosis in participants who had been exposed to UDCA 

(p = .054), though severe fibrosis did not occur in any participant 
who was not exposed to UDCA.

3.3.3  |  Influence of baseline liver biochemistries and 
biomarker indices on time to progression

Several baseline labs were associated with earlier progression to 
F3-4 (Figure 1). Participants with a platelet count <329.5 ×103/μL 
progressed to F3-4 in a median of 1.78 years (95% CI [1.05, ∞]) com-
pared to 3.62 years (95% CI: 2.73, ∞) in those with platelets ≥329.5 
×103/μL (p = .20). AST of ≥39 units/L was associated with more rapid 
development of F3-4 (2.73 vs. 4.45 years, p = .08). There was no sig-
nificant difference in time to severe fibrosis based on ALT. There 
was a significant difference in time to F3-4 between those with high 
GGT (≥25.5 units/L) versus lower GGT (<25.5 units/L). The median 
time to F3-4 for those with high GGT was 1.78 years (.96, 3.17). The 
median time for those with lower GGT values was not estimable, 
but the lower bound of the 95% CI was 3.78 years. FIB-4 ≥.13 was 
associated with F3-4 development (1.78 vs. 4.45 years, p = .008). 
Participants with an APRI ≥.36 progressed to F3-4 more rapidly 
(1.78 vs. 4.45 years, p = .005). Those with a GPR ≥.09 progressed to 
F3-4 (p < .001) in a median of 1.52 years (95% CI [.96, 3.17]).

3.4  |  Predicting severe fibrosis (F3-4) in cystic 
fibrosis-related liver disease over time

Logistic regression and receiver operating characteristic curve anal-
ysis estimated the association between the change per year in APRI, 
FIB-4, platelet count and GPR with fibrosis stage (F0-2 vs. F3-4) 
(Table 2). There were no significant associations in change per year 
of FIB-4, APRI, GPR or platelet count, respectively with the devel-
opment of F3-4 (Table 2, Figure 2). However, when change in APRI, 
FIB-4 and GPR were simultaneously included in a multiple logistic 
regression model, the AUROC to predict F3-4 was .81 (p < .0001, 
95% CI [.66, .96]) (Figure 3).

4  |  DISCUSSION

The ability to identify CF patients at risk of developing severe liver 
disease and the timing of when to more closely monitor hepatic 
deterioration has been a challenge for paediatric subspecialty pro-
viders. Previous studies have reported varying risk factors for the 
development of significant liver disease4,5,11,15,17,34 but few studies 
exist that have been validated by liver biopsy. In the present study, 
we identify differences in clinical parameters that are evident a me-
dian of two years prior to biopsy in those participants with CFLD 
who progress to severe fibrosis. Interestingly, participants in our 
study who developed F3-4 fibrosis had moderate lung disease at 
baseline, as defined by the American Thoracic Society (ATS) as an 
FEV1 predicted of 64% or less,35 while those with F0-2 on biopsy 
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F I G U R E  1  Unadjusted median years (95% CI) to severe fibrosis estimated by Kaplan–Meier curves. Median split used for continuous 
variables.
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had normal lung function. Prior studies have reported varied sever-
ity of lung disease in participants with CFLD, with few including liver 
histology. Colombo et al. reported that lung function is no worse in 
patients with CFLD4 and data from Polileni et al. suggest that pul-
monary decline is not accelerated among those with CFLD versus 
those without.36 Our data suggest the rate of progression to severe 
fibrosis in CFLD patients with moderate lung function impairment35 

using a split of FEV1 <64% was 3-fold faster than those patients with 
normal lung function.4,36,37

Surveillance for development of CFLD often involves monitoring 
liver biochemistries.3 In the last several years, calculated biomarker in-
dices such as FIB-4,6,13,24 APRI6,13,16,20,24 and GPR28 have demonstrated 
significant potential in the detection or fibrosis staging of CFLD. Our 
study reveals that several of these labs and biomarker indices including 

F I G U R E  2  Change per year in liver-specific clinical variables.
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GGT, FIB-4, APRI and GPR are abnormally elevated in the years leading 
up to biopsy, and continue to worsen at the time of liver biopsy. In the 
present study, participants with F3-4 had a higher baseline APRI in the 
2 years prior to biopsy. This indicates a higher threshold may be useful 
to further categorize early risk for development of severe fibrosis and 
is consistent with our prior work which identified an APRI threshold of 
.462 to be associated with F3-4.24 Interestingly, even a modest eleva-
tion in AST is associated with a >2-fold increased rate of progression to 
severe fibrosis. Likewise, GGT also showed an association with 3-fold 
more rapid progression to F3-4 in those whose values >68.3 units/L. 
Notably, median platelet count at the time of biopsy among F3-4 had 
dropped more than 40% from baseline just 2 years prior, though was 
still within normal limits. Further, we found that even platelet counts 
that are normal by laboratory standards can be useful to assess risk 
for severe fibrosis, and a rapid or profound decrease in platelet counts 
should raise concern for emerging CFLD and portal hypertension.

We anticipated that the change in clinical biomarkers (FIB-4, 
APRI and GPR) over time would be useful in predicting F3-4 devel-
opment. While a limited sample size over a relatively short time pe-
riod precluded demonstrating statistical significance when assessed 
individually, the combination of these biomarkers when assessed as 
change per year, proved particularly useful in predicting F3-4. These 
values are easily obtained and calculated, and could be included in 
yearly CF laboratory evaluations.

Limitations of our study include both a small sample size and 
number of laboratory measures over time. We excluded 44 patients 
from our analysis due to lack of documented liver biopsy or missing 
lab values. Additionally, liver biopsy is not a standard of care in pa-
tients with CFLD and therefore could not be protocolized. Hence, 
we acknowledge the likelihood of referral bias as this study includes 
only participants in which the provider determined that an initial 
liver biopsy was warranted. Our data set also includes a large num-
ber of liver samples from the US cohort being from explants (6 out of 
16 patients), introducing the potential for self-selection bias for pa-
tients with a more aggressive or severe clinical phenotype. However, 
this study represents one of the largest paediatric cohorts assessing 
both baseline and change in biomarker indices over time based on 
real life clinical care in children with varying stages of CFLD, as val-
idated by liver biopsy. As our data spanned a 17-year time period, 
data missingness due to transition from paper charting to electronic 
health record systems precluded our ability to power the study as 
desired. Additionally, given the retrospective design, not all missing 
data elements could be reconciled. The frequency of laboratory and 
pulmonary function tests was dictated by real-time clinical care and 
likely reflects varying severity of disease or varying clinical practices. 
In evaluating time to progression to F3-4 fibrosis, we were limited by 
our assumption that these participants did not already have severe 
liver fibrosis at the time of their baseline labs or that participants did 
not develop severe fibrosis until time of their liver biopsy. This was 
unable to be confirmed due to lack of biopsy data at baseline.

Infection with P. aeruginosa from a respiratory culture prior to the 
age of 2 years was found to be associated with a more rapid progres-
sion to F3-4 as well. This raises the question of whether earlier antibi-
otic exposure, earlier infection or longer states of inflammation modify 
the risk of developing fibrosis or portal hypertension via mechanisms 
such as nodular regenerative hyperplasia.38 In a prior large multi-center 
study, it was reported that earlier P. aeruginosa infection may be pro-
tective from development of abnormal liver ultrasound patterns among 
children with CF,39 making our observations of particular interest.

The more rapid progression to F3-4 in participants who were 
F508del heterozygous or pancreatic sufficient (PS) was also unex-
pected. In our study, children with PS demonstrated a 3-fold more 
rapid rate of progression to F3-F4 liver disease while others have 
shown that those who develop nodular appearing livers have an 
increased incidence of pancreatic insufficiency.23,40 This discrep-
ant finding could either be explained by our small sample size, or 
alternatively, consideration that what was categorized as “cirrhosis” 
by imaging in other studies was not histologic cirrhosis, as demon-
strated on liver biopsy validation in our study. It would be reasonable 
to postulate that a heterozygote with some residual CFTR function 
may not develop as severe liver disease,40 though it is important to 
note that degree of fibrosis is not equivalent to degree of nodularity 
or portal hypertension.

Importantly, not a single participant in our cohort who had a 
normal abdominal US developed F3-4, further supporting the util-
ity of ultrasound as an important screening measure and clinical 
predictor.

F I G U R E  3  Area under the receiver operating characteristic 
curves (AUROC) for change in FIB4 per year, change in APRI per 
year, and change in GPR per year.
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In summary, this study provides a unique assessment of the clin-
ical and biochemical variables over time that are associated with 
the development of liver biopsy-validated severe paediatric CFLD, 
including moderate pulmonary dysfunction defined as FEV1% <64%. 
For patients identified early as more rapid progressors, there is 
emerging evidence from retrospective studies of the potential ben-
efit of CFTR modulators to improve liver biomarkers or even reduce 
the incidence of cirrhosis in those with CFLD.41,42 In the future, tar-
geted gene therapy or other proposed medications that promote bile 
flow or reduce portal pressures could also be considered.43 We also 
found a negative association between severe liver-biopsy proven 
fibrosis with pancreatic insufficiency and F508del homozygosity 
which merits further study and validation by others. Importantly, 
we have identified specific threshold values (FIB-4 ≥.55, APRI ≥.78, 
GPR ≥.41) that differentiate patients at higher and more rapid risk for 
development of F3-4 up to a median of 2 years prior to liver biopsy. 
These differences may better assist in risk-stratifying and monitor-
ing patients for CFLD, allowing for earlier surveillance of disease 
progression and intervention when available.
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