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Derivation and Internal Validation of a Clinical Prediction Tool to 
Predict Nonalcoholic Fatty Liver Disease in Patients With Crohn’s 
Disease
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Nicholas O. Davidson, MD, DSc,* Kathryn J. Fowler, MD,‡,¶ Matthew A. Ciorba, MD,*,‖ and  
Parakkal Deepak, MD*,‖

Background: Crohn’s disease (CD) patients have more than double the risk of nonalcoholic fatty liver disease (NAFLD) compared with the 
general population after considering traditional risk factors. NAFLD remains underappreciated because routine imaging and liver biochemistries 
are neither sensitive nor specific for the diagnosis. Here we developed a Clinical Prediction Tool for NAFLD in CD (CPN-CD) using readily ac-
cessible parameters to diagnose NAFLD, as determined by magnetic resonance proton density fat fraction (PDFF).

Methods: A total of 311 consecutive CD patients who underwent magnetic resonance enterography from June 1, 2017, to May 31, 2018, were 
screened for NAFLD, defined as a PDFF >5.5% after excluding other liver diagnoses. CPN-CD was derived using binary multivariate logistic re-
gression and internally validated with a 10-fold cross-validation. CPN-CD was compared with the Hepatic Steatosis Index (HSI) by the C-statistic 
and categorical Net Reclassification Improvement (NRI).

Results: CPN-CD included age, sex, ethnicity/race, serum alanine aminotransferase, body mass index, known cardiometabolic diagnoses, CD 
duration, and current use of azathioprine/6-mercaptopurine. At <20% risk, NAFLD could be excluded with a sensitivity of 86% (negative pre-
dictive value, 86%). At ≥50% risk, NAFLD was diagnosed with a specificity of 87% (positive predictive value, 75%). CPN-CD exhibited good 
discrimination (C-statistic 0.85) compared with fair discrimination of the HSI (C-statistic, 0.76). CPN-CD was superior to the HSI by net reclas-
sification improvement (+0.20; P < 0.001) and decision curve analysis.

Conclusions: CPN-CD outperforms HSI in detecting NAFLD in patients with CD. Future directions include external validation, outcome val-
idation, and testing generalizability to patients with ulcerative colitis.

The findings of this article are also available as a playable video in the 
HTML version of this article.
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INTRODUCTION
With the introduction of treatment paradigms that can 

induce clinical, endoscopic, and mucosal disease remission, 
the care of patients with Crohn’s disease (CD) has increasingly 
focused on health maintenance and chronic disease manage-
ment.1 This is highlighted by the growing burden of obesity 

in this population, which is paradoxical as those patients 
are known to exhibit malabsorption, undernutrition, and 
wasting.2, 3 The impact of obesity is expected to compound the 
burden of nonalcoholic fatty liver disease (NAFLD), one of 
the earliest appreciated extra-intestinal manifestations of in-
flammatory bowel diseases (IBDs).4, 5
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Although NAFLD is already known to affect one-
quarter of the world population,6 CD patients have an even 
higher burden of NAFLD than community-based or clinic-
based controls despite being thinner and younger.7 The risk for 
NAFLD is more than doubled in CD after adjusting for classic 
risk factors such as body mass index (BMI) and ethnicity.7 As 
the hepatic manifestation of the metabolic syndrome, NAFLD 
patients are at risk for both liver cirrhosis and hepatocellular 
carcinoma.8, 9

Independent of these liver-related outcomes, the overall 
clinical course of NAFLD is shaped by the attendant risks of 
cardiometabolic complications such as diabetes mellitus, ce-
rebrovascular disease, and coronary artery disease.10 These 
comorbidities are predicted to compound the increased risk of 
acute myocardial infarction and heart failure recently demon-
strated in patients with IBD.11 In the general population, lon-
gitudinal studies demonstrate that the resolution of hepatic 
steatosis is associated with a reduction in the incidence of di-
abetes mellitus; however, patients with worsening obesity may 
have more progressive hepatic fibrosis.12, 13 This suggests that 
early recognition of NAFLD in patients with CD may likewise 
mitigate the development of cardiometabolic complications in 
this population.

Although an ultrasound-based screening program for 
NAFLD in patients with IBD has been proposed,14 this ap-
proach can only reliably detect hepatic steatosis if  >30% of the 
liver is involved.15, 16 An expected consequence of this screening 
approach is it would fail to recognize patients with subtle de-
grees of hepatic steatosis. Although this limitation can be cir-
cumvented with modified techniques such as the continuous 
attenuation parameter,17, 18 this approach is not widely available. 
Furthermore, there persists an as-yet unproven cost-benefit of 
such an NAFLD screening program.

Recognizing these important limitations, we reasoned 
that the accuracy and cost-effectiveness of an NAFLD 
screening program in CD could be improved if  patients are 
first screened by a clinical prediction tool, with a subset of 
at-risk patients then undergoing imaging to evaluate for he-
patic steatosis and fibrosis. Accordingly, we developed and 
internally validated a Clinical Prediction Tool for NAFLD in 
CD (CPN-CD) coupling magnetic resonance proton density fat 
fraction (MR-PDFF) imaging with clinical predictors readily 
available to the physician.

METHODS

Ethical Statement
The protocol and conduct of this study conformed with 

the 1975 Declaration of Helsinki and the Health Insurance 
Portability and Accountability Act (HIPPA). A waiver of con-
sent was obtained through the institutional review board at 
Washington University School of Medicine in St. Louis (IRB 
#201705093).

Patient Selection
This study represents a secondary analysis of a previ-

ously published analysis in patients with CD.7 In brief, we 
included all consecutive CD patients who underwent mag-
netic resonance enterography through our tertiary referral 
center’s Inflammatory Bowel Disease network of clinics from 
June 1, 2017, to May 31, 2018 (BJC Health Care, Washington 
University Physicians, Saint Louis, MO, USA). Magnetic res-
onance (MR) enterography is standard of care in our practice 
for disease staging and to screen for clinically occult activity. 
These data were linked to the patient’s electronic medical re-
cords, which then underwent a structured chart review using 
Research Electronic Data Capture (REDCap) to ensure data 
fidelity, security, and to provide a clear audit trail. Missing data 
were handled by multiple (5) imputations, with the results re-
ported as the aggregate value, unless otherwise noted.

Subjects were included if  a board-certified gastroente-
rologist had made the clinical diagnosis of CD. The exclusion 
criteria included the presence of a confounding IBD diagnosis 
(such as indeterminate colitis, microscopic colitis, ulcerative 
colitis) or the presence of an alternative etiology of liver di-
sease. We excluded patients who consumed excess alcohol (de-
fined as >3 drinks a day for men, >2 standard drinks a day for 
women, consistent with the guideline criteria for the diagnosis 
of NAFLD),19 chronic viral hepatitis (defined using serology 
regardless of treatment status), autoimmune liver disease (de-
fined as a the clinical diagnosis of primary sclerosing cholan-
gitis, primary biliary cholangitis, or autoimmune hepatitis), or 
a clinical diagnosis of an alternative metabolic/toxic liver di-
sease. We did not exclude severe malnutrition (defined as a BMI 
<18.5  kg/m2), glucocorticoid use, methotrexate use, or total 
parenteral nutrition, as we wished to increase the generaliza-
bility of our model and potentially include these as predictors 
if  appropriate.

Imaging and Fat Quantification
All imaging was performed on 1 of 9 1.5–3.0-T Siemens 

(Erlangen, Germany) MR scanners. During the study period, 
clinical MR enterography protocols had been modified to allow 
the calculation of proton density fat fraction (PDFF) maps. 
The additional sequence itself  is a 2-dimensional low-flip-angle 
multi-echo proton density–weighted gradient-recalled echo se-
quence for fat and iron quantification, which is obtained in a 
single breath hold in <30 seconds. This method has excellent 
sensitivity/specificity compared with the histologic diagnosis of 
hepatic steatosis (C-statistic, 0.989).20

To create the PDFF maps from the raw imaging sequence, 
the imaging files were transferred to a separate, secure local com-
puter and processed using open-source OsiriX software.21 The 
mean PDFF was calculated using 1-cm2 regions of interest (ROI) 
in 9 liver segments (separating 4A and 4B), taking care to avoid 
blood vessels, bile ducts, or any focal liver lesions. NAFLD was 
defined as a mean liver fat of >5.5%, which is the well-established 
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threshold from the Dallas Heart Study and represents the 95th 
percentile of metabolically normal, lean subjects.22

Statistical Methods

Derivation of the risk prediction model
We identified candidate predictor variables based on liter-

ature review of known risk factors of NAFLD and an explora-
tory analysis for Crohn’s-specific variables. As the CPN-CD was 
designed to be used before obtaining staging MR enterography 
or endoscopy, predictors obtained by those means (eg, Simple 
Endoscopic Score of Crohn’s disease, Magnetic Resonance 
Index of Activity) were not included as candidate predictors. 
Median and interquartile range for continuous variables and 
frequency and proportions for categorical variables were cal-
culated. Continuous variables were examined for the linearity 
assumption. BMI did not meet the linearity assumption, so 
variables were grouped into categories chosen in a data-driven 
fashion to have a linear relationship to the logit for NAFLD 
rather than by World Health Organization classification.

To derive the CPN-CD, binary multivariate logistic re-
gression was performed for the outcome of NAFLD (liver fat 
>5.5%). Model selection was then achieved by a backwards se-
lection, likelihood ratio method (Pentry = 0.15 and Pstay = 0.10). 
The model was assessed for overall performance by the Hosmer 
and Lemeshow test (a measure of fitting the data where a statis-
tically significant value implies poor performance), Nagelkerke 
R2 statistics (measure of the explained variance), discrimination 
by C-statistic (excellent ≥0.90, good 0.80–0.89, fair 0.70–0.79, 
and poor <0.70),23 and calibration by the slope and intercept 
of the predicted vs observed plot. The CPN-CDLOGIT was con-
verted to the predicted probability of NAFLD by:

 
Predicted Probability of NAFLD =

eCPN−CD (Logit)

1 + eCPN−CD (logit) .

Three CPN-CD risk categories (low, intermediate, and 
high) were created in a data-driven fashion to maximize the sen-
sitivity/negative predictive value for those at “low risk,” to max-
imize the specificity/positive predictive value for those at “high 
risk,” and to minimize the total number of subjects categor-
ized as “intermediate risk.” This was achieved by mapping the 
CPN-CD logit values from the receiver operating curve to give 
a sensitivity and specificity of ~90% at the lower- and higher-
risk thresholds, respectively.

Model performance was internally validated with a 
10-fold cross-validation, with the internally validated C-statistic 
reported as the apparent C-statistic minus the average opti-
mism/overfitting. All statistical tests utilized SPSS, version 25 
(IBM Corp., Armonk, NY, USA).

Comparison with the Hepatic Steatosis Index
Our findings were then compared with the previously pub-

lished Hepatic Steatosis Index (HSI).24 The HSI has previously 

been used to assess the burden of NAFLD in IBD25 and is an 
appropriate comparator as a model that may inform the devel-
opment of a screening program, as it includes clinical predictors 
readily available to a treating gastroenterologist, compared with 
more complex models such as the Fatty Liver Index, which in-
cludes waist circumference and insulin concentration.26

The CPN-CD was compared with the HSI in its native, 
recalibrated, and revised forms by the C-statistic and calibra-
tion plots. The strategy to recalibrate the model was to keep 
the same beta coefficients and to add a constant to best fit the 
data from our population while keeping the same risk category 
thresholds as the native model, and the strategy to revise the 
model was to keep the same predictor variables but to adjust 
both the beta coefficients and constant.27

The CPN-CD was then compared with the HSI by its 
categorical Net Reclassification Improvement (NRI).28 The 
NRI is the sum of  the proportion of  patients with NAFLD 
who were more correctly classified (eg, intermediate risk to 
high risk) and the proportion of  patients with normal liver fat 
who were more correctly classified (eg, intermediate risk to low 
risk). A paired proportion (McNemar’s) test was calculated to 
assess the statistical significance of  the NRI. The native and 
recalibrated HSI were compared by the previously published 
low-score (<30), intermediate-score (30–35.9), and high-score 
(≥36) thresholds. As the HSI is not strictly a probability-based 
risk prediction model, the revised version of  the HSI was split 
into 3 risk categories chosen in a data-driven fashion analo-
gous to the CPN-CD to maximize the sensitivity and speci-
ficity at the low-risk and high-risk thresholds, respectively.

Decision curve analysis
Decision curve analysis was performed by comparing the 

net benefit for the CPN-CD for each decile of calculated risk 
with the net benefit of screening all patients for NAFLD re-
gardless of calculated risk.29 The net benefit of a risk prediction 
model is defined as:

 
Net Benefit =

Å
True Positives

N

ã

−
Å

False Positives
N

ã
×
Å

Risk Probability
1 − Risk Probability

ã
.

Decision curve analysis was also performed for the re-
vised HSI if  only obese (BMI >30 kg/m2) patients were screened 
and if  all patients were screened.

Sensitivity analysis: NAFLD with an elevated 
Fibrosis-4 score

As the risk of  liver-related outcomes in NAFLD is as-
sociated with the stage of  hepatic fibrosis,30 we performed a 
sensitivity analysis by testing the operating characteristics of 
the CPN-CD for the outcome of  those with both NAFLD 
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(PDFF >5.5%) and at least intermediate risk of  hepatic fi-
brosis. The later determination was based on the value of 
the Fibrosis-4 (FIB-4) score, which is a histologically valid-
ated score using the patient’s age along with the alanine/as-
partate aminotransferase and platelet concentrations.31, 32 An 
FIB-4 threshold of  >1.3 was used, as that is the division be-
tween low-risk and intermediate-risk advanced-stage fibrosis. 
This threshold was chosen as it is reasoned that patients 
with NAFLD and a FIB-4 with low risk of  hepatic fibrosis 
(ie, <1.3) could be managed by the treating gastroenterol-
ogist without needing elastography or specific hepatology 
consultation.

RESULTS
After applying the inclusion/exclusion criteria, 

there were 311 subjects in the analytic cohort (90% non-
Hispanic white, 50% female, 77% ileocolonic distribution, 
30%/35%/35% inflammatory/stricturing/penetrating pheno-
type, median age 40  years, median CD duration 11  years, 
median BMI 26  kg/m2).7 In general, there were only rare 
missing data, with only 9 (3%) patients missing liver bio-
chemistry results, which was supplemented by multiple im-
putation. Missing data to calculate clinical severity using the 
Harvey-Bradshaw Index (HBI) were more common (60 pa-
tients, 19%); however, as the HBI was not a risk factor for 
NAFLD and appeared to be missing at random, this variable 
was not imputed or included as a candidate predictor for the 
multivariate model.

As shown previously,7 NAFLD was present in 118 
patients (38%), with univariate odds ratios (ORs) calcu-
lated (Table 1). The presence of  hepatic steatosis was listed 
in the clinical MR report in only 11 patients (9% of  those 
with NAFLD) and was a recognized problem in the treating 
gastroenterologist’s note in only 9 patients (7% of  those with 
NAFLD). Statistically significant univariate risk factors in-
cluded traditional predictors such as age, race/ethnicity, al-
anine aminotransferase (ALT), recent weight loss, BMI, and 
known cardiometabolic diagnoses (dyslipidemia, hyperten-
sion, diabetes mellitus).

We identified several CD-specific univariate predictors 
including duration of  disease, prior ileocolonic or small bowel 
resection, and current use of  azathioprine. Interestingly, the 
subjective disease severity in the form of the HBI, the use of 
total parenteral nutrition, and the current use of  corticoster-
oids, biologics, or methotrexate were not predictors for a di-
agnosis of  NAFLD. This is true even if  PDFF was used as a 
continuous outcome rather than the dichotomous outcome of 
having NAFLD.

The final multivariate risk factors and associated ORs 
are shown in Table 2. They were used to develop the CPN-CD, 
defined as:

CPN CDlogit = 0.668 (if CD duration ≥ 15years)
−1.996 (if black/African American)
+1.232 (if female and age ≥ 50 years)
+0.956 (if there is a clinical diagnosis of
either dyslipidemia, hypertension,
or diabetes mellitus)
+0.871 (if currently on azathioprine
or 6 − mercaptopurine)
+1.794 (if ALT20−39.9 IU/L)
+2.213 (if ALT ≥ 40 IU/L)
+1.062 (if BMI 27.5−34.9 kg/m2)

+1.884 (if BMI 35−37/49 kg/m2)
+2.768 (if BMI ≥ 37.5 kg/m2)
−3.336.

The CPN-CD has good discrimination for CD subjects with 
NAFLD, with a C-statistic of 0.85. The agreement between the 
observed and predicted probability of NAFLD was excellent, with 
a calibration slope of 0.98, calibration intercept of –0.040, and a 
nonsignificant Hosmer and Lemeshow test (chi-square 10.86; 
df 8; P = 0.21). The model explained 47% of the variability for 
NAFLD by the Nagelkerke R2 statistic. After performing 10-fold 
cross-validation, the average optimism of the C-statistic was 0.016, 
show that the CPN-CD’s optimism correct C-statistic 0.83.

The CPN-CDlogit was converted to predicted probability 
of NAFLD, with the diagnostic operating characteristic of 
the CPN-CD for each 10% increase in calculated risk shown 
in Table  3. This was used to stratify 3 clinically useful risk 
categories (low <20%, intermediate 20–49%, and high ≥50%). 
For example, at a threshold of <20% vs ≥20% risk, 40% of pa-
tients would be at low risk and NAFLD could be excluded with 
a sensitivity of 86% and a negative predictive value of 86%. At 
a threshold of <50% vs ≥50% risk, 27% of patients would be at 
high risk and NAFLD could be diagnosed with a specificity of 
87% and a positive predictive value of 75%.

Due to the observational nature of this study, a liver bi-
opsy had been obtained for only 5 patients at an average of 
4  years before the MR. Although clearly underpowered, the 
CPN-CD predicted a high risk for NAFLD in the 3 patients 
with biopsy-proven NAFLD, whereas the CPN-CD predicted 
an intermediate risk for NAFLD for the 2 patients who had 
normal histology.

Comparison of the CPN-CD and the Hepatic 
Steatosis Index

The HSI was calculated in native, recalibrated, and re-
vised forms (see Supplementary Table 1 for relevant risk equa-
tions and Supplementary Table 2 for their diagnostic operating 
characteristics). For example, almost half  of all patients would 
be classified as high risk by the native his, but this had only 65% 
specificity and a 56% positive predictive value.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izz324#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izz324#supplementary-data
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TABLE 1. Population Characteristics and Univariate Risk Factors

NAFLD (n = 118) Normal Liver (n = 193) Odds Ratio (95% CI) P

Demographics and cardiometaboic risk factors
Age, y <40 38 (32) 117 (61) Ref Ref

40–59.9 56 (48) 49 (25) 3.5 (2.1–6.0) <0.001
≥60 24 (30) 27 (14) 2.7 (1.4–5.3) 0.003

Black/African American 4 (3) 19 (10) 0.3 (0.1–1.0) 0.035
Female 63 (53) 93 (48) 1.2 (0.8–1.9) 0.373
ALT, IU/L <20 20 (17) 107 (55) Ref Ref

20–39.9 65 (55) 65 (34) 5.4 (3.0–9.6) <0.001
≥40 33 (28) 21 (11) 8.4 (4.1–17) <0.001

≥5% weight loss over last 12 mo 9 (8) 34 (18) 0.4 (0.1–0.8) 0.013
BMI, kg/m2  <27.5 41 (35) 141 (73) Ref Ref

27.5–34.9 53 (45) 46 (24) 4.0 (2.3–6.7) <0.001
35–37.49 8 (7) 3 (2) 9.2 (2.3–36) 0.002
≥37.5 16 (14) 3 (2) 18.3 (5.1–66) <0.001

Dyslipidemia 20 (17) 18 (9) 2.0 (1.0–3.9) 0.046
Diabetes mellitus 15 (13) 2 (1) 13.9 (3.1–62) <0.001
Coronary artery disease 7 (6) 13 (7) 0.9 (0.3–2.2) 0.779
Hypertension 45 (38) 28 (15) 3.6 (2.1–6.3) <0.001
Crohn’s-related risk factors
CD duration ≥15 y 59 (50) 60 (31) 2.2 (1.4–3.6) 0.001
Harvey Bradshaw Index (n = 251) ≤3 37 (39) 72 (46) Ref Ref

4–7 37 (39) 55 (35) 1.3 (0.7–2.3) 0.359
≥8 20 (21) 30 (19) 1.3 (0.7–2.6) 0.460

Total parental nutrition (within 6 mo) 1 (1) 2 (1) 0.8 (0.1–9.0) 1.000
Montreal location Ileal (L1) 8 (7) 16 (8) 1.1 (0.4–3.1) 0.861

Colon (L2) 17 (14) 31 (16) Ref Ref
Ileocolonic (L3) 93 (80) 146 (76) 1.2 (0.5–3.1) 0.593

Upper GI involved (L4) 5 (4) 16 (8) 0.5 (0.2–1.4) 0.167
Montreal phenotype Inflammatory 31 (31) 60 (26) Ref Ref

Stricturing 43 (36) 67 (35) 1.2 (0.7–2.2) 0.462
Penetrating 44 (37) 66 (34) 1.2 (0.7–2.3) 0.387

Perianal disease 32 (27) 50 (26) 1.1 (0.6–1.8) 0.814
Surgical history No prior surgery 41 (35) 100 (51) Ref Ref

Ileocolonic resection 43 (36) 51 (26) 2.1 (1.2–3.5) 0.009
Small bowel resection only 24 (20) 25 (13) 2.3 (1.2–4.6) 0.013
Colonic resection only 10 (9) 17 (9) 1.4 (0.6–3.4) 0.412

Biologic therapy None 45 (38) 69 (36) Ref Ref
Anti-TNF 48 (41) 82 (43) 0.9 (0.5–1.5) 0.682
Anti-integrin 12 (10) 15 (8) 1.2 (0.5–2.9) 0.636
Anti-IL 12/23 13 (11) 26 (14) 0.8 (0.4–1.6) 0.496

Immunomodulator None 50 (42) 111 (58) Ref Ref
Azathioprine/6-MP 51 (43) 59 (31) 1.9 (1.2–3.2) 0.011
Methotrexate 17 (14) 23 (12) 1.6 (0.8–3.3) 0.172

Corticosteroids None 108 (92) 163 (85) Ref Ref
Prednisone 6 (5) 16 (8) 0.6 (0.2–1.5) 0.250
Budesonide 4 (3) 14 (7) 0.4 (0.1–1.3) 0.147

P values represent chi-square test results for these categorical variables.
Abbreviations: 6-MP, 6 mercaptopurine; IL, interleukin; TNF, tumor necrosis factor.
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The C-statistic (0.85) for the CPN-CD is numerically 
higher than the native/recalibrated (0.76) and revised (0.78) 
HSI (Fig. 1), but this did not reach statistical significance. The 
CPN-CD had superior discrimination by the NRI, with all 
comparisons having a P value <0.001 (Table 4). For example, 
28% of all patients with NAFLD were more accurately clas-
sified as intermediate or high risk by the CPN-CD than the 
recalibrated HSI.

By decision curve analysis, there is a higher net benefit 
using the CPN-CD to triage patients for screening compared 
with using the HSI (revised) to triage, screening only obese 
(BMI >30 kg/m2), or simply screening all patients throughout 
the entire range of predicted risk (Fig. 2).

Sensitivity Analysis
A total of 38 (12% of the entire population) patients had 

both NAFLD (PDFF >5.5%) and an elevated FIB-4 score (≥1.3), 
where further evaluation (eg, elastography) would routinely 
be indicated. The diagnostic operating characteristics per each 
decile of predicted risk are shown in Supplementary Table 3. For 
example, a CPN-CD predicting a low risk (<20%) of NAFLD 
would exclude this important subgroup with a sensitivity of 90%, 
whereas a CPN-CD predicting a high risk (>50%) of NAFLD 
would identify this subgroup with a specificity of 71%.

For this subpopulation, the C-statistic for the CPN-CD 
(0.78) was numerically higher than the native/recalibrated 

TABLE 3. Operating Characteristics at Each Decile of Predicted Risk for the CPN-CD

Risk 
Threshold

Subjects Above Risk 
Threshold (n = 311), No. (%)

NAFLD 
(n = 118)

Normal Liver 
(n = 193)

Sensi-
tivity, %

Speci-
ficity, %

PPV, 
%

NPV, 
%

Net Benefit (Screen 
at Risk Threshold)

Net Benefit 
(Screen All)

>10% 232 (75) 113 119 96 38 49 94 0.320 0.310
>20% 186 (60) 101 85 86 56 54 86 0.256 0.224
>30% 160 (51) 94 66 80 66 59 84 0.211 0.113
>40% 124 (40) 85 39 72 80 69 82 0.190 –0.034
>50% 105 (34) 79 26 67 87 75 81 0.170 –0.241
>60% 83 (27) 69 14 59 93 83 79 0.154 –0.551
>70% 61 (20) 55 6 47 97 90 75 0.132 –1.069
>80% 41 (13) 40 1 34 99.5 98 71 0.116 –2.103
>90% 18 (6) 18 0 15 100 100 66 0.058 –5.206

Net benefit is the difference between the true-positive count proportion and the false-positive count proportion * (risk probability/1-risk probability).
Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

TABLE 2. Clinical Prediction Tool to Detect Nonalcoholic Fatty Liver Disease in Crohn’s Disease (CPN-CD)

Predictor Variable Beta Coefficient Odds Ratio (95% CI) P

CD duration ≥15 y 0.668 2.0 (1.1–3.6) 0.032
Black/African American –1.996 0.1 (0.01–0.6) 0.007
Postmenopausal female 1.232 3.4 (1.5–8.1) 0.005
Any cardiometabolic complications 0.956 2.6 (1.3–5.1) 0.006
Azathioprine or 6-MP 0.871 2.4 (1.3–4.5) 0.006
ALT, IU/L <20 Ref Ref Ref

20–39.9 1.794 6.0 (2.9–12) <0.001
≥40 2.213 9.1 (3.8–22) <0.001

BMI, kg/m2 <27.5 Ref Ref Ref
27.5–34.9 1.062 2.9 (1.6–5.4) 0.001
35–37.4 1.884 6.6 (1.4–30) 0.015

≥37.5 2.768 16 (3.5–73) <0.001
Constant –3.336   

Postmenopausal female was defined by the interaction of age and sex variables with females ≥50 years (coded as “1”) compared with either males (coded as “0”) or females 
aged <50 years (coded as “0”). Any cardiometabolic complication was coded as “0” or “1” for patients who were already known to have a clinical diagnosis of hypertension, 
dyslipidemia, impaired fasting glucose, diabetes mellitus, or coronary artery disease by manual review of the patient’s problem list (without using any specific a priori screening 
program or laboratory values).
Abbreviations: 6-MP, 6 mercaptopurine; CI, confidence interval.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izz324#supplementary-data
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(0.62) and revised (0.67) HSI, but this did not reach statistical 
significance. The CPN-CD had statistically superior discrimi-
nation by the NRI approach (Supplementary Table 4). For ex-
ample, 53% of patients with NAFLD with an elevated FIB-4 
were more correctly classified as intermediate or high risk by 
the CPN-CD than the recalibrated HSI.

DISCUSSION
Here we report the derivation and internal validation of 

the Clinical Prediction Tool for NAFLD in Crohn’s Disease 

using the highly accurate magnetic resonance proton density 
fat fraction method as the means to diagnose hepatic steatosis. 
The model’s discrimination remains very good and the pre-
dictors robust after internal validation; furthermore, this model 
significantly outperforms the Hepatic Steatosis Index in this pa-
tient population by the clinically relevant Net Reclassification 
Improvement measurement.

Although the CPN-CD has a numerically higher C-statistic 
(0.85), our study was underpowered to detect a statistically signifi-
cant difference between either the native/recalibrated (0.76) or revised 

FIGURE 1. Receiver operating curve for CPN-CD and the HSI. The receiver operating curves for the risk model’s native and recalibrated (where the 
beta coefficients are the same but with a different constant) versions are identical; however, the diagnostic operating characteristics differ due to 
risk category reclassification.

TABLE 4. CPN-CD Has Superior Discrimination Compared With the Hepatic Steatosis Index

CPN-CD
HSI Index  
(Native)

HSI (Recali-
brated) HSI (Revised)

C-statistic (95% CI) 0.848  
(0.804–
0.892)

0.763  
(0.708–0.819)

0.763  
(0.709–0.819)

0.779  
(0.725–
0.833)

Net Reclassification Index RI for NAFLD Ref Ref –0.30 +0.08 –0.20 –0.28 –0.13 –0.19
RI for normal Ref –0.38 +0.08 +0.06

P Ref <0.001 <0.001 <0.001

The C-statistic represents the area under the receiver operating curve (plotting the sensitivity by the 1-specifcity). The Net Reclassification Index is the sum of the proportion of 
patients with NAFLD who are reclassified correctly and the proportion of patients with a normal liver who are reclassified correctly. The NRI P value refers to the results of the 
McNemar test.
Abbreviations: CI, confidence interval; RI, reclassification improvement.

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izz324#supplementary-data
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(0.78) HSI. This conclusion is supported by the results of Bessissow 
et al., where the HSI had only fair discrimination in 62 IBD patients 
to detect ultrasonographic evidence of hepatic steatosis (0.74).25

The CPN-CD was developed to inform the development 
of an NAFLD screening program in the Crohn’s disease popu-
lation. For example, in Crohn’s patients with a risk of NAFLD 
≥20%, the addition of PDFF sequences and elastography at the 
time of staging MR enterography has the potential to impact 
the care of these patients with only minimal additional cost/
scanner time. Identification of otherwise healthy Crohn’s pa-
tients with NAFLD should then prompt screening and treat-
ment for prevalent cardiometabolic complications (diabetes 
mellitus, dyslipidemia, coronary artery disease), including 
weight loss strategies to mitigate additional incident disease. 
This is particularly relevant, as there appears to already be an 
increased risk of acute myocardial infarction,11, 33 heart failure,11 
and diabetes mellitus34 in patients with inflammatory bowel 
disease.

With regards to liver-related outcomes, identification 
of CD patients with NAFLD is also important, considering 
that the prevalence of hepatic fibrosis as detected by transient 
elastography has been reported to be as high as 12%.14 This 
prevalence agrees with our observation in this cohort using the 
FIB-4 score as a marker of hepatic fibrosis7; however, we ac-
knowledge that the FIB-4 has not been validated against his-
tology specifically in CD patients with NAFLD. Nevertheless, 
evidence of NAFLD with hepatic fibrosis would prompt re-
ferral to a hepatologist to help direct care and evaluation.

We are also aware of  the limitations of  these findings. 
Importantly, the CPN-CD is derived from a tertiary referral 
center of  a primarily non-Hispanic white and black/African 
American population with small bowel and ileocolonic CD. 
The current findings will need to be examined in patients with 
ulcerative colitis, and those studies are currently in progress. 

The limitations of  race and ethnicity are also relevant, as the 
HSI was developed in a Korean population.24 External valida-
tion to nontertiary centers with more straightforward disease 
is further warranted; however, it is important to note that 
many clinical features of  CD were considered in this model 
without impacting the results. For example, the Montreal lo-
cation (ileal, colonic, ileocolonic, upper gastrointestinal [GI]), 
Montreal phenotype (inflammatory, stenosing, penetrating), 
subjective clinical activity (Harvey Bradshaw Index), and bio-
logic use did not appear to be risk factors in this population.

We acknowledge that the findings that some expected pre-
dictors were not acting as risk factors for NAFLD (eg, cortico-
steroids, methotrexate) could be a function of the study simply 
being underpowered; however, an alternative hypothesis is that 
they were not acting as risk factors because there is a unique 
pathology in this population. Although the scope of this man-
uscript was not to address the underlying pathophysiology, 
mechanistic studies to better explain the role of medications, 
enterokines, and dynamic fluctuations in gut inflammation are 
currently underway.

In conclusion, we have developed and internally validated 
the CPN-CD to identify patients with Crohn’s disease who ex-
hibit NAFLD. Future directions include external and outcome 
validation of the CPN-CD, while also performing cost-effec-
tiveness analysis for a multitiered NAFLD screening program 
in this at-risk population.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel 

Diseases online.
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