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A B S T R A C T   

Aims: Non-alcoholic fatty liver disease (NAFLD) is a common comorbidity that leads to poor outcomes in people 
at high risk for development of type 2 diabetes (T2D). Vitamin D is a possible mediator. In the vitamin D and type 
2 diabetes study (D2d), we investigated the relationship of baseline indices of NAFLD with incident T2D and 
whether the effect of vitamin D on diabetes was modified by NAFLD. 
Methods: Cross-sectional associations of indices of NAFLD with glycemia and vitamin D status were assessed in 
3972 individuals screened for the D2d study. In those with prediabetes randomized to vitamin D or placebo (n =
2423), we examined longitudinal associations of NAFLD indices with incident T2D. We used validated non- 
invasive scores to assess steatosis [(hepatic steatosis index (HSI); NAFLD-liver fat score (NAFLD-LFS)] and 
advanced fibrosis [fibrosis-4 (FIB-4) index; AST to Platelet Ratio Index (APRI)]. 
Results: Eighty-five percent of screened participants had likely steatosis by HSI and 71 % by NAFLD-LFS; 3 % 
were likely to have advanced fibrosis by FIB-4 and 1.2 % by APRI. FIB-4 indicated that 20.4 % of individuals 
require further follow up to assess liver health. Steatosis and fibrosis scores were higher among participants with 
worse glycemia. The NAFLD-LFS and APRI predicted development of diabetes (hazard ratios [95%CI] 1.35 [1.07, 
1.70]; P = 0.012) and 2.36 (1.23, 4.54; P = 0.010), respectively). The effect of vitamin D on diabetes risk was not 
modified by baseline NAFLD indices. Individuals with likely steatosis had a smaller increase in serum 25-hydrox
yvitamin D level in response to vitamin D than those without steatosis. 
Conclusions: The predicted high prevalence of steatosis, the need for further fibrosis workup, and the relationship 
between liver health and incident T2D suggest that routine screening with clinically accessible scores may be an 
important strategy to reduce disease burden.   

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; APRI, AST to platelet ratio index; FIB-4, fibrosis-4 index; HSI, hepatic steatosis index; IFG, impaired fasting 
glucose; IGT, impaired glucose tolerance; NAFLD, non-alcoholic fatty liver disease; NAFLD-LFS, non-alcoholic fatty liver disease liver fat score; NASH, non-alcoholic 
steatohepatitis; NGT, normal glucose tolerance; T2D, type 2 diabetes; D2d, vitamin D and type 2 diabetes study. 
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1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver 
disorder worldwide without approved pharmacologic therapies. It en
compasses a range of pathologies including uncomplicated hepatic 
steatosis, an inflammatory phenotype (non-alcoholic steatohepatitis - 
NASH), and more advanced stages including fibrosis and cirrhosis. 
People with advanced NAFLD, fibrosis in particular, have a higher risk of 
liver-related and all-cause mortality, including cardiovascular mortality. 
NAFLD is a common comorbidity in people with type 2 diabetes (T2D) 
and is associated with complications such as cardiovascular disease. 
Thus, early detection of NAFLD is important in populations at high-risk 
for advanced stages including people with metabolic diseases such as 
obesity, cardiovascular disease, metabolic syndrome, prediabetes, and 
T2D.1 

Steatotic and fibrotic features of NAFLD are highly prevalent in 
people with prediabetes and T2D.2,3 NAFLD independently predicts 
prediabetes and T2D4,5 and improvement in NAFLD is associated with 
reduced T2D incidence.6 Often the diagnosis of NAFLD is made at 
advanced stages, and early identification of NAFLD and intervention 
may be important for high-risk populations with prediabetes and early 
T2D. Although it is well established that T2D is a risk factor for NAFLD1, 
the link between NAFLD and risk of T2D in people with prediabetes is 
not fully understood. It is important to establish how common NAFLD is 
in people with prediabetes using tools that are readily available in 
clinical practice and determine whether identifying NAFLD adds pre
dictive value to risk of progressing from prediabetes to T2D. 

A complementary approach to early diagnosis of NAFLD is to 
advance understanding of modifiable risk factors and mechanisms of 
disease. Vitamin D deficiency could be a unifying mechanism between 
NAFLD and progression from prediabetes to T2D. Vitamin D deficiency 
is common in patients with chronic liver disease7 and is also implicated 
in dysglycemia.8 Preclinical data suggest therapeutic efficacy of vitamin 
D supplementation in NAFLD.9 Results from human studies have been 
mixed with respect to mechanisms linking vitamin D deficiency or 
supplementation and NAFLD/NASH.10 In addition, among patients with 
NAFLD and low vitamin D levels, response to vitamin D supplementa
tion is attenuated in people with advanced liver disease,11 which could 
be due to an impairment in hepatic vitamin D hydroxylation.12 

The vitamin D and type 2 diabetes study (D2d) is the largest clinical 
trial examining the effect of vitamin D, as compared to placebo, for 
diabetes prevention in a modern population at high risk for T2D.13 We 
performed a post-hoc analysis within the D2d study with the following 
aims: (1) report the prevalence of steatosis and advanced fibrosis in 
prediabetes and across the glycemic spectrum from normal glucose 
tolerance (NGT) to diabetes using validated, non-invasive indices; (2) 
examine the cross-sectional association between steatosis and advanced 
fibrosis across the spectrum of vitamin D status; (3) examine whether 
baseline steatosis and advanced fibrosis modify the response of vitamin 
D on serum 25-hydroxyvitamin D (25(OH)D level; and (4) test whether 
baseline steatosis and advanced fibrosis predict incident T2D and (5) 
whether scores modify the effect of vitamin D on development of T2D. 

2. Subjects 

In this post-hoc analysis, we studied two populations: 1) participants 
fully screened for participation in D2d (n = 3972) and 2) those ran
domized to vitamin D or placebo (n = 2423). The Screened D2d popu
lation included all participants with complete baseline data, irrespective 
of whether they were subsequently randomized.14 At baseline, these 
participants had either normal glucose tolerance, pre-diabetes diag
nosed with one, two or three pre-diabetes glycemic criteria, or newly 
recognized diabetes (met at least one diabetes glycemic criterion). This 
population was suitable for evaluating cross-sectional associations be
tween NAFLD scores and clinical characteristics, including glycemia and 
vitamin D status (assessed by 25(OH)D) (aims 1–2). The Randomized 

D2d population included participants that met two or three glycemic 
criteria for prediabetes (fasting plasma glucose level of 100 to 125 mg/ 
dL; plasma glucose level 2 h after a 75-g oral glucose load of 140 to 199 
mg/dL; and glycated hemoglobin level of 5.7 to 6.4 %) and met no 
diagnostic criteria for diabetes. They were randomized to vitamin D (n 
= 1211) or placebo (n = 1212) and followed for a median of 2.5 years. 
The Randomized D2d population was used to evaluate whether NAFLD 
scores modified the response to vitamin D on serum 25(OH)D (aim 3), 
predicted incident diabetes (aim 4), and whether the presence of NAFLD 
modified the effect of vitamin D on incident T2D (aim 5). People taking 
diabetes or weight loss medications and those with liver transaminases 
>3 times the upper limit of normal were excluded from the parent study. 

3. Materials and methods 

3.1. Overview of D2d study 

The design and primary outcome of the D2d parent study from which 
the data were derived for the post-hoc analyses presented herein have 
been published.13,14 Briefly, the D2d study is a US-based multicenter, 
randomized, primary prevention trial that compared oral vitamin D3 at 
4000 IU/day versus placebo in participants at high risk for developing 
diabetes who were followed for incident diabetes. Participants were 
recruited and followed at 22 academic medical centers (d2dstudy. 
org/sites). The institutional review board at each clinical site 
approved the protocol, and all the participants provided written 
informed consent. 

3.2. Intervention 

The Randomized D2d population was assigned to take a single, once- 
daily soft-gel pill containing 4000 IU of vitamin D3 or a matching 
placebo.14 

3.3. Scoring models of liver disease 

In the absence of histology, imaging or liver-specific biomarkers, we 
used several liver disease scoring models that can be calculated with 
commonly available clinical data. Although all scores have limitations, 
we selected a suite of scores based on availability of data in the D2d 
study and published performance characteristics.15,16 Secondary causes 
of liver steatosis (e.g., alcohol use, medications, etc.) were not assessed. 
Each score is described below. 

3.3.1. Hepatic Steatosis Index (HSI) 
This score correlates with liver fat (measured with proton magnetic 

resonance spectroscopy) and insulin resistance.17 The formula is: HSI =
8 x ALT/AST + BMI (+ 2 if type 2 diabetes yes, + 2 if female). Scores can 
be interpreted as follows: <30 steatosis can be ruled out; 30- < 36 is 
indeterminate; ≥36 steatosis is highly likely.18 

3.3.2. NAFLD/Liver Fat Score (NAFLD-LFS) 
This score has been confirmed to predict liver fat (area under the 

reciever operating curve 0.786).19 The formula is: NAFLD/LFS = − 2.89 
+ 1.18 x Metabolic Syndrome (Yes: 1, No: 0) + 0.45 x Type 2 Diabetes 
(Yes: 2, No: 0) + 0.15 x Insulin in mU/L + 0.04 x AST in U/L – 0.94 x 
AST/ALT. Scores can be interpreted as follows: ≤ − 0.640 steatosis can 
be ruled out; > − 0.640 steatosis is highly likely.20 

3.3.3. Fibrosis-4 (FIB-4) Index 
The FIB-4 index has been validated in NAFLD, including comparison 

to histologically defined fibrosis.21 The performance characteristics of 
this score make it particularly valuable for risk stratification and 
determination of need for further diagnostics. This score is not recom
mended for people aged ≤35. The formula is: FIB-4 = (Age x AST) / 
(Platelets in 1000/μL x √(ALT)). Scores can be interpreted as follows: 
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for age 36–64, <1.3 advanced fibrosis excluded; 1.3 to 2.67 further 
investigation needed; > 2.67 advanced fibrosis likely; for age ≥ 65, <2.0 
advanced fibrosis excluded; 2.0 to 2.67 further investigation needed; >
2.67 advanced fibrosis likely.22 

3.3.4. AST to Platelet Ratio Index (APRI) 
The APRI score has been validated in NAFLD, including comparison 

to histologically defined fibrosis.23 The formula is: (AST (IU/L)/upper 
limit of normal)/platelets (X 109/L)) X 100. The scores can be inter
preted as follows: <0.7 fibrosis excluded; 0.7 to <1.0 significant fibrosis; 
≥1.0 severe fibrosis/cirrhosis.24 

3.4. Statistical methods 

We examined the distribution of steatosis and fibrosis scores 
measured at the baseline visit (aim 1). Descriptive statistics included 
means ± standard deviation (SD), medians, the range between the 25th 
and 75th percentiles, and the minimum and maximum values. For score 
cutoffs above or below a given threshold, percentages are given. Cross- 
sectional comparisons of steatosis and fibrosis scores across the spec
trum of glycemia used Wilcoxon rank-sum tests for continuous scores 
and chi-square tests for dichotomous cutoffs (aim 1). The cross-sectional 
correlation between the scores and continuous serum 25(OH)D levels 
used R-square statistics from ordinary least squares regression (aim 2). 
Cross-sectional comparisons across vitamin D status groups defined by 
specific serum 25(OH)D thresholds used Spearman's rank correlation. 

To examine whether steatosis and fibrosis scores influence change in 
serum 25(OH)D level in response to vitamin D, we tested for an inter
action between dichotomous score cutoffs and vitamin D on serum 25 
(OH)D levels in the Randomized D2d population (aim 3). The average 
percent change in serum 25(OH)D level from baseline and 95 % confi
dence interval (95 % CI) between the dichotomous score categories was 
compared using linear mixed effects regression models to account for 
repeated measurements within participants over time. 

Time-to-event Cox proportional hazards regression models were 
used to describe the relationship between the steatosis and fibrosis 
scores measured at baseline and development of T2D overall and in 
response to vitamin D (aims 4 and 5). We report hazard ratios and 95 % 
CI and model P-values with the dichotomous score as the only inde
pendent variable in the model. 

Statistical analyses were performed using SAS version 9.4 (SAS 
Institute Inc). Two-tailed tests with alpha-level of 0.05 were used for P- 
values to determine statistical significance. 

4. Results 

4.1. Prevalence of steatosis and advanced fibrosis in prediabetes and by 
glycemic category (aim 1) 

The Screened and Randomized D2d populations were similar in age, 
sex, race, ethnicity, and body mass index. Glycemic parameters aligned 
with a population of people at risk for diabetes (Table 1). In the Screened 
population, the HSI showed that steatosis was likely in about 85 % of 
participants while the NAFLD-LFS showed that >70 % were likely to 
have steatosis. The FIB-4 Score showed that >3 % of the population was 
likely to have advanced fibrosis and ~ 22 % needed further investiga
tion. The APRI showed that ~1.0 % were likely to have advanced 
fibrosis (Table 1). The distribution of the liver indices was similar in the 
Randomized D2d population and scores did not differ between the 
vitamin D and placebo groups (not shown). There is known sexual 
dimorphism in diabetes and chronic liver diseases. We did not stratify 
our analyses by sex for various reasons. First, it is not appropriate to do 
this for the HSI because this index includes sex in the calculation. Sec
ond, we examined whether there was an interaction by sex in the rela
tionship between NAFLD-LFS, FIB-4 and APRI (dichotomous cutoffs) 
and development of T2D overall and there was no interaction between 

Table 1 
Baseline characteristics.   

Screened 
(n = 3972) 

Randomized 
(n = 2423) 

Demographic 
Age, years 59.4 ± 10.2 60.0 ± 9.9 
Female, n (%) 1817 (45.7) 1086 (44.8) 
Race, n (%)   

Asian 193 (4.9) 130 (5.4) 
Black 1016 (25.6) 616 (25.4) 
White 2658 (66.9) 1616 (66.7) 
Other 105 (2.6) 61 (2.5) 

Hispanic or Latino ethnicity, n (%) 387 (9.7) 225 (9.3)  

Anthropometric 
Body Mass Index, kg/m2 31.9 ± 4.5 32.1 ± 4.5  

Laboratory assessments 
Fasting plasma glucose, mg/dL 106.7 ±

10.7 
107.9 ± 7.4 

2 h post-load plasma glucose, mg/dL 137.9 ±
44.9 

137.2 ±
34.3 

Glycated hemoglobin, % 5.9 ± 0.3 5.9 ± 0.2 
Serum 25-hydroxyvitamin D   

Mean ± SD, ng/mL 28.1 ± 10.2 28.0 ± 10.2 
Distribution, n (%)   

<12 ng/mL 156 (3.9) 103 (4.3) 
12–19 ng/mL 682 (17.2) 422 (17.4) 
20–29 ng/mL 1420 (35.9) 876 (36.2) 
≥ 30 ng/mL 1699 (42.9) 1021 (42.2) 

AST, U/L 26.3 ± 10.8 26.3 ± 10.5 
ALT, IU/L 29.8 ± 15.7 30.0 ± 15.6 
Platelets, 109/L 244.8 ±

57.8 
243.8 ±
57.6 

HOMA2%S, insulin 67.4 ± 45.8 71.5 ± 50.0  

Steatosis scores 
Hepatic Steatosis Index   

Mean ± SD 42.2 ± 5.9 42.2 ± 5.8 
Distribution, n (%)   

<30: steatosis ruled out 17 (0.4) 10 (0.4) 
30 to <36: indeterminate 568 (14.4) 332 (13.7) 
≥36: steatosis likely 3360 (85.2) 2078 (85.9) 

NAFLD Liver Fat Score   
Mean ± SD 0.56 ± 2.14 0.48 ± 1.89 
Distribution, n (%)   

≤ − 0.64: steatosis ruled out 1003 (29.2) 555 (25.7) 
> − 0.64: steatosis likely 2429 (70.8) 1608 (74.3)  

Advanced fibrosis scores 
Fibrosis-4 Score   

Mean ± SD 1.29 ± 0.64 1.31 ± 0.63 
Distribution, n (%)   

<1.3 (age 36–64) or < 2.0 (age ≥ 65): advanced 
fibrosis excluded 

2902 (74.3) 1782 (74.4) 

1.3 (age 36–64) or < 2.0 (age ≥ 65): further 
investigation needed 

873 (22.4) 527 (22.0) 

> 2.67 (age ≥ 36): advanced fibrosis likely 129 (3.3) 87 (3.6) 
AST to Platelet Ratio Index   

Mean ± SD 0.27 ± 0.14 0.27 ± 0.13 
Distribution, n (%)   

<0.7: advanced fibrosis excluded 3915 (98.8) 2393 (98.8) 
0.7 to <1.0: significant fibrosis 38 (1.0) 25 (1.0) 
≥1.0: severe fibrosis/cirrhosis 9 (0.2) 3 (0.1) 

Plus-minus values are mean ± SD. 
The Screened D2d population comprised people in the entire glycemic spectrum 
(normal glucose tolerance, prediabetes, diabetes) and was used in cross- 
sectional analyses. The Randomized D2d population comprised people with 2 
or 3 criteria for prediabetes and none in the diabetes range and was used in the 
longitudinal analyses. Randomized is a subset of Screened. 
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biological sex and the scores dichotomized by disease threshold (p for 
interaction 0.68, 0.81 and 0.96, respectively). Lastly, sample sizes, 
especially for the high fibrosis group, would be small and results might 
be misleading. 

We compared the estimated prevalence of steatosis and advanced 
fibrosis in groups defined by normal glucose tolerance (NGT, all three 
criteria in the normal range), prediabetes (any criterion for prediabetes 
and none in the diabetes range) and diabetes (any criterion in the dia
betes range). All four scores increased as the degree of glycemia wors
ened (Table 2). These differences were statistically significant for most 
of the pairwise comparisons (Prediabetes vs. NGT; T2D vs. prediabetes; 
T2D vs. NGT). The only exceptions were that FIB-4 was not significant 
when comparing prediabetes vs. T2D, and APRI was only significant 
when comparing T2D vs. NGT. For all the scores, the percentage of in
dividuals above the disease cutoff increased as glycemia worsened with 
significant differences for HSI (NGT vs. T2D and prediabetes vs. T2D), 
NAFLD-LFS (all comparisons) and APRI (NGT vs. T2D and prediabetes 
vs. T2D) (Table 2). 

4.2. Steatosis and advanced fibrosis scores across the spectrum of vitamin 
D status (aim 2) 

We evaluated the correlation between serum 25(OH)D level and 
steatosis and advanced fibrosis scores. There was a statistically signifi
cant but weak inverse correlation between serum 25(OH)D and HSI and 
NAFLD-LFS steatosis scores (Table 3). There was also a statistically 
significant but weak correlation between 25(OH)D levels and FIB-4. 
There was no significant association between 25(OH)D and APRI. 
When evaluated within categories of serum 25(OH)D level (Table 3), the 
associations were similar: in categories of higher 25(OH)D level, the HSI 
and NAFLD-LFS scores were lower. In categories of higher 25(OH)D 
level, FIB-4 score was higher. There was no meaningful difference in 
mean APRI scores across categories by 25(OH)D level despite a signifi
cant P-value for the correlation. The mean scores for the HSI were above 
the threshold for steatosis in all 25(OH)D categories. For the NAFLD- 
LFS, the score was below the disease cutoff in people with serum 25 
(OH)D ≥ 30 ng/mL. The FIB-4 score and the APRI had mean values that 

were below the disease threshold for all 25(OH)D categories. 

4.3. Change in serum 25(OH)D in response to vitamin D according to 
baseline steatosis and advanced fibrosis scores (aim 3) 

We next evaluated whether change in serum 25(OH)D in response to 
vitamin D was modified by baseline steatosis or fibrosis scores. In the 
Randomized D2d population, the group treated with vitamin D had 
significant increases from baseline in serum 25(OH)D level at 12, 24, 36 
and 48 months, and the percent change was higher in participants with 
liver scores below the disease threshold for HSI and NAFLD-LFS 
(Table 4). There was no interaction between vitamin D and advanced 
fibrosis scores (FIB-4, APRI) on change in serum 25(OH)D level. 

4.4. The relationship between steatosis and advanced fibrosis scores and 
incident diabetes (aims 4 & 5) 

In the parent study, 293 study participants in the vitamin D group 
and 323 in the placebo group developed diabetes.13 In the entire cohort, 
we evaluated whether baseline steatosis or advanced fibrosis scores 
predicted development of diabetes (Fig. 1). The hazard ratios (95%CI) 
for development of diabetes were 1.33 (0.94, 1.87), 1.35 (1.07, 1.70), 
1.17 (0.75, 1.83), and 2.36 (1.23, 4.54) for HSI, NAFLD-LFS, FIB-4 and 
APRI, respectively, when comparing the scores above vs. below the 
disease thresholds. We did not find an interaction between baseline 
steatosis or fibrosis scores and vitamin D on the development of T2D 
(aim 5; data not shown). 

5. Discussion 

Our results in a modern at-risk for diabetes cohort showed that 
steatosis, assessed by non-invasive scores, is likely common in people 
with prediabetes with the prevalence being higher among those with 
worse glycemia. We also found that in this cohort, higher NAFLD-LFS 
and APRI scores predicted incident diabetes and those with likely stea
tosis at baseline had a lower rise in blood 25(OH)D following supple
mentation with vitamin D. The effect of vitamin D on diabetes risk was 

Table 2 
Steatosis and fibrosis scores across the glycemia spectrum in the screened D2d population.  

Steatosis and fibrosis scores NGT Prediabetes Type 2 diabetes P-value 
Prediabetes vs. NGT 

P-value Prediabetes vs. T2D P-value Type 2 Diabetes vs. NGT 

Hepatic Steatosis Index       
n 152 3324 469  0.004  <0.001  <0.001 
Mean ± sd 40.48 ± 5.31 41.95 ± 5.78 44.67 ± 5.91    
Median (IQR) 39.58 (36.74 to 43.99) 41.53 (37.65 to 46.02) 44.61 (40.1 to 48.18)    
range 28.75 to 54.77 28.43 to 81.4 32.07 to 74.3    
n (%) above cutoff 120 (78.9 %) 2797 (84.1 %) 443 (94.5 %)  0.088  <0.001  <0.001 

NAFLD Liver Fat Score       
n 130 2902 400  <0.001  <0.001  <0.001 
Mean ± sd − 0.72 ± 1.45 0.35 ± 1.91 2.53 ± 2.67    
Median (IQR) − 1.11 (− 1.81 to − 0.11) 0.05 (− 0.87 to 1.17) 2.31 (0.76 to 3.59)    
Range − 2.66 to 4 − 6.05 to 20.15 − 1.95 to 21.59    
n (%) above cutoff 48 (36.9 %) 2007 (69.2 %) 374 (93.5 %)  <0.001  <0.001  <0.001 

Fibrosis-4 Score       
n 152 3321 467  0.004  0.095  <0.001 
Mean ± sd 1.13 ± 0.52 1.29 ± 0.62 1.38 ± 0.78    
Median (IQR) 1.06 (0.76 to 1.36) 1.15 (0.87 to 1.56) 1.22 (0.9 to 1.66)    
Range 0.3 to 3.94 0.25 to 7.26 0.41 to 9.69    
n (%) above cutoff 2 (1.4 %) 107 (3.3 %) 20 (4.3 %)  0.217  0.249  0.107 

AST to Platelet Ratio Index       
n 152 3321 467  0.181  0.084  0.024 
Mean ± sd 0.24 ± 0.1 0.26 ± 0.13 0.29 ± 0.19    
Median (IQR) 0.24 (0.17 to 0.28) 0.24 (0.18 to 0.31) 0.24 (0.18 to 0.35)    
Range 0.09 to 0.59 0.06 to 1.9 0.08 to 2.57    
n (%) above cutoff 0 (0) 35 (1.1 %) 12 (2.6 %)  0.203  0.006  0.046 

SD, standard deviation; IQR, interquartile range. 
Comparison across glycemic groups for continuous measures is based on Wilcoxon rank-sum tests and for dichotomous cutoffs is based on chi-square tests. 
Bolded p-values are statistically significant (P < 0.05). 
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not modified by baseline NAFLD indices. 

5.1. Steatosis evaluated by non-invasive scores is common in people with 
prediabetes (aim 1) 

This study shows that individuals with prediabetes have a high 
prevalence of steatosis, assessed by non-invasive scores and, therefore, 

are at risk for progression to fibrosis. The predicted prevalence of 
advanced fibrosis was low (~1–3 % depending on score used). Given 
that the D2d study excluded people with liver enzymes >3 times the 
upper limit of normal, these low proportions represent a group at risk for 
having advanced fibrosis that could have gone undetected on clinical 
screening. Indeed, it is known that people with established T2D have a 
high prevalence of NAFLD and NASH despite having normal liver 

Table 3 
Steatosis and fibrosis scores across the spectrum of vitamin D status in the screened D2d population.   

Serum 25(OH)D: 
continuous variable 

Serum 25(OH)D 

Steatosis and fibrosis scores R2 P-value <12 ng/mL 12–19 ng/mL 20–29 ng/mL ≥ 30 ng/mL Spearman correlation P-value 

Hepatic Steatosis Index  0.023  <0.001     − 0.15 
(<0.001) 

n   155 682 1412 1690  
mean ± sd   43.93 ± 5.77 43.36 ± 6.24 42.56 ± 5.74 41.3 ± 5.65  
median (IQR)   44.27 (40.36 to 47.2) 42.76 (38.89 to 47.77) 42.39 (38.39 to 46.55) 40.67 (37.23 to 45.2)  
range   29.85 to 58.78 29.97 to 74.3 28.45 to 81.4 28.43 to 66.6  

NAFLD Liver Fat Score  0.010  <0.001     − 0.09 
(<0.001) 

n   128 576 1225 1501  
Mean ± sd   0.79 ± 2.09 0.82 ± 2.27 0.7 ± 2.25 0.33 ± 1.97  
Median (IQR)   0.25 (− 0.55 to 1.58) 0.44 (− 0.72 to 1.86) 0.32 (− 0.73 to 1.6) 0.02 (− 0.91 to 1.18)  
Range   − 2.69 to 10.41 − 3.36 to 12.37 − 3.95 to 21.59 − 6.05 to 20.15  

Fibrosis-4 Score  0.026  <0.001     0.19 
(<0.001) 

n   156 679 1419 1693  
Mean ± sd   1.07 ± 0.57 1.16 ± 0.6 1.24 ± 0.61 1.4 ± 0.66  
Median (IQR)   0.96 (0.72 to 1.31) 1.05 (0.77 to 1.4) 1.12 (0.84 to 1.49) 1.27 (0.95 to 1.7)  
Range   0.32 to 5.45 0.3 to 6.09 0.25 to 7.26 0.27 to 9.69 0.05 

AST to Platelet Ratio Index  0.001  0.097     (0.001) 
n   156 679 1419 1693  
Mean ± sd   0.27 ± 0.2 0.26 ± 0.14 0.26 ± 0.12 0.27 ± 0.14  
Median (IQR)   0.24 (0.17 to 0.31) 0.23 (0.18 to 0.31) 0.23 (0.18 to 0.31) 0.24 (0.19 to 0.32)  
Range   0.07 to 1.88 0.07 to 1.75 0.06 to 0.98 0.08 to 2.57  

SD, standard deviation; IQR, interquartile range. 
For continuous serum 25(OH)D R-square and p-value are from unadjusted linear regression model. Comparison across groups is based on Spearman's rank correlation. 

Table 4 
Interaction between liver health indices and vitamin D supplementation on serum 25(OH)D among D2d participants randomized to vitamin D.  

Score Category 25-hydroxyvitamin D Level (ng/mL) Average % change compared 
to baseline 
(95 % CI) 

Interaction P- 
value 

Baseline Month 12 Month 24 Month 36 Month 48 

Hepatic Steatosis Index 
≥ 36 27.4 ± 10.1 51.4 ± 14.6 53.4 ± 15.2 56.4 ± 16.1 60.7 ± 17.7 118 (115, 121)  0.005 

n = 1035 n = 958 n = 844 n = 524 n = 204 
<36 29.5 ± 10.6 56.6 ± 15.8 57.7 ± 15.9 59.4 ± 16.7 60.8 ± 20.3 130 (122, 138) 

n = 174 n = 161 n = 140 n = 82 n = 33  

NAFLD-Liver Fat Score 
> − 0.640 27.5 ± 10.1 51.4 ± 14.6 53.0 ± 14.5 55.8 ± 16.3 60.2 ± 18.0 115 (111, 119)  <0.001 

n = 805 n = 745 n = 656 n = 390 n = 138 
≤ − 0.640 29.1 ± 10.6 55.3 ± 14.9 57.4 ± 16.2 59.2 ± 15.8 62.7 ± 16.7 129 (124, 135) 

n = 277 n = 264 n = 227 n = 146 n = 67  

Fibrosis-4 Score 
> 2.67 27.2 ± 9.3 55.4 ± 12.9 57.4 ± 15.9 59.1 ± 19.6 64.2 ± 22.0 127 (112, 143)  0.310 

n = 41 n = 40 n = 36 n = 22 n = 10 
≤ 2.67 27.9 ± 10.2 52.3 ± 14.8 54.0 ± 15.2 56.9 ± 16.0 60.7 ± 17.8 119 (116, 122) 

n = 1156 n = 1070 n = 943 n = 580 n = 226  

AST to Platelet Ratio Index 
≥ 0.7 22.9 ± 10.2 49.5 ± 17.9 54.4 ± 14.6 57.3 ± 15.1 59.0 ± 29.7 135 (107, 163) 0.286 

n = 13 n = 12 n = 10 n = 8 n = 2 
< 0.7 27.8 ± 10.2 52.2 ± 14.8 54.0 ± 15.4 56.9 ± 16.2 60.7 ± 18.1 119 (116, 122) 

n = 1198 n = 1109 n = 976 n = 600 n = 237 

Average percent change compared to baseline within group is based on linear mixed effects model to account for repeated measures of longitudinal clustering within 
individual participant. 
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enzymes,25 and our data suggest that this may also be the case in people 
with prediabetes. In addition, our findings highlight that a large pro
portion of people (~22 %) with prediabetes fall in the FIB-4 category 
where “further investigation” by imaging and/or liver biopsy are indi
cated. This group may benefit from early intervention to reduce the 
burden of liver disease.25 

We found that people with prediabetes had an intermediate score- 
predicted prevalence of steatosis and advanced fibrosis, suggesting the 
possibility of lower liver disease burden before overt diabetes occurs. 
These findings suggest that risk for liver disease begins before overt 
diabetes. Indeed, recent data from the Diabetes Prevention Program 
Outcome Study show that in a population with prediabetes followed 
longitudinally for 14 years, hepatic steatosis occurred almost twice as 
often in people who developed T2D vs. those who did not.26 Our results 
suggest that in addition to NAFLD surveillance in populations with T2D, 
there is a need to begin surveillance at the prediabetes stage so that 
cardiometabolic risk factors for both development of diabetes and 
NAFLD can be appropriately managed with weight loss or pharmaco
logical interventions. 

5.2. NAFLD indices and vitamin D status (aim 2) 

Several mechanisms have been postulated to mediate the relation
ship between vitamin D metabolism and hepatic lipid balance, primarily 
in non-human model systems.10 We observed a relationship between 
low vitamin D status, assessed by serum 25(OH)D level, and higher 
steatosis and fibrosis scores, but the correlations were very weak. These 
weak correlations may be because vitamin D-mediated NAFLD is a 
pathophysiological mechanism in only a subset of individuals such as 
those with vitamin D receptor impairments or marked vitamin D defi
ciency.27,28 Some studies have reported associations between low 
vitamin D status and presence of NAFLD/NASH29,30 while some studies 
– including ours – did not show this association.31,32 Future studies with 
more robust liver phenotyping methods that are designed to specifically 
test these relationships are needed. 

5.3. Interaction between steatosis scores and response to vitamin D 
supplementation (aim 3) 

For vitamin D to have a biological effect, it needs to be converted to 
25(OH)D by CYP2R1 and recent studies have shown that obesity 

represses vitamin D bioactivation by CYP2R1 leading to reduced pro
duction of 25(OH)D.33 Through similar mechanisms, we hypothesized 
that people with steatosis and advanced fibrosis would have impaired 
CYP2R1 activity leading to lower increase in serum 25(OH)D level in 
response to supplementation over time. We found this to be true based 
on the steatosis scores, but the effect was modest. There was no signif
icant interaction between advanced fibrosis scores and vitamin D sup
plementation, likely because our study was underpowered to detect a 
mediating effect of fibrosis in response to vitamin D. 

5.4. Steatosis and advanced fibrosis scores are related to incident T2D 
with no impact of vitamin D supplementation (aims 4 and 5) 

It is plausible that having both prediabetes and NAFLD represents a 
high-risk phenotype for progression to T2D. We found that there was a 
relationship between scores for steatosis and advanced fibrosis and 
development of diabetes irrespective of vitamin D supplementation with 
two of the scores tested: HSI and APRI. Larger studies with deeper 
phenotyping, including change in liver disease over time and including 
participants with overt vitamin D deficiency, are needed to better un
derstand these relationships. 

5.5. Strengths and limitations 

Our study has several strengths. The modern cohort of people with 
prediabetes, the cohort's wide range of glycemia, the long-term inter
vention with vitamin D and longitudinal follow-up at multiple time
points are key strengths. In addition, our findings support the use of liver 
indices for screening purposes of individuals with prediabetes. This is of 
public health significance because those with higher scores warrant 
further diagnostic evaluation and may be at increased risk for progres
sion to diabetes and the development of cardiovascular disease. 

There are also limitations. First, the predictive values of non-invasive 
scores have known inherent limitations. For HSI and NAFLD-LFS, 
although areas under the curve have been reported to be 0.81 and 
0.80 (respectively) in comparison to liver biopsy for detecting any level 
of steatosis, they are not able to distinguish between different levels of 
steatosis.34 Their ability to detect change in response to an intervention 
has also come into question.35 The inclusion of glycemic parameters in 
the scores may confound our results. As far as fibrosis prediction, APRI 
and FIB-4 perform best for excluding advanced fibrosis (fibrosis stage 

Fig. 1. Incident Diabetes according to Baseline Steatosis and Fibrosis Scores in the Randomized D2d Population. The hazard ratio for incident diabetes was derived 
from a time-to-event Cox proportional hazards regression model. 
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≥3), but are unable to discern lower levels of fibrosis that are clinically 
meaningful and more likely to respond to interventions.36 We did not 
calculate other scores, such as the fatty liver index37, due to the lack of 
all necessary data for the calculation. 

There were several important domains that were not fully addressed 
by our analyses. We did not find that sex modified the observed results; 
however, future studies should address this since multiple biological and 
behavioral/societal constructs related to biological sex are known to 
impact outcomes in diabetes and NAFLD.37 Complications such as renal 
and cardiovascular disease are more prevalent in people with T2D and 
NAFLD and impact outcomes.38,39 Future studies should address how 
these pathophysiological conditions interact.38 The lack of longitudinal 
evaluation of steatosis and fibrosis scores is also a limiting factor, as 
repeated measures can add insight related to whether changes in the 
scores are linked to vitamin D supplementation and transition from 
prediabetes to T2D. This population was not selected based on vitamin D 
status and excluded people with high liver enzymes, which may have 
limited the study's power to detect differences. In addition, people with 
BMI > 42 were excluded, and studies show higher levels of liver fat in 
extreme obesity.40 Lastly, several variables within the scores are also 
risk factors for prediabetes and T2D, and they may be driving some of 
the associations observed in our analyses. 

6. Conclusions 

Populations at high risk for T2D are also at high risk for hepatic 
steatosis and, to a lesser extent, fibrosis. We uncovered a relationship 
between baseline steatosis and fibrosis scores and the progression from 
prediabetes and diabetes that warrants further study. Participants with 
likely steatosis had a smaller increase in serum 25(OH)D level in 
response to vitamin D than those without steatosis; however, the effect 
of vitamin D on diabetes risk was not modified by baseline NAFLD 
indices. Our study shows that in a population at high risk for developing 
T2D, evaluation of NAFLD using non-invasive, clinically available scores 
can further delineate risk. Given that NAFLD is associated with poor 
health outcomes, close monitoring and appropriate management with 
weight loss interventions and risk-factor modification are essential. An 
open question in the fields of both endocrinology and hepatology is 
whether vitamin D metabolism is a causal pathway in disease in a subset 
of individuals. The link between liver health, vitamin D and T2D is 
complex and warrants further study. 
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19. Kabisch S, Bäther S, Dambeck U, Kemper M, Gerbracht C, Honsek C, et al. Liver fat 
scores moderately reflect interventional changes in liver fat content by a low-fat diet 
but not by a low-carb diet. Nutrients. 2018;10:157. 

20. Kotronen A, Peltonen M, Hakkarainen A, Sevastianova K, Bergholm R, 
Johansson LM, et al. Prediction of non-alcoholic fatty liver disease and liver fat using 
metabolic and genetic factors. Gastroenterology. 2009;137:865–872. 

21. Shah AG, Lydecker A, Murray K, Tetri BN, Contos MJ, Sanyal AJ, et al. Comparison 
of noninvasive markers of fibrosis in patients with nonalcoholic fatty liver disease. 
Clin Gastroenterol Hepatol. 2009;7:1104–1112. 

22. Kanwal F, Shubrook JH, Adams LA, Pfotenhauer K, Wai-Sun Wong V, Wright E, et al. 
Clinical care pathway for the risk stratification and management of patients with 
nonalcoholic fatty liver disease. Gastroenterology. 2021;161:1657–1669. 
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