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Abstract 

Low serum 25-hydroxyvitamin D is repeatedly reported alongside abnormal liver chemistry 
and higher fibrosis scores, but its size, and how much survives adjustment for general 
health, are rarely quantified. We analysed 31,607 adult records from 22,103 patients with 
co-ordered 25-hydroxyvitamin D and a complete liver panel at a single Slovenian 
laboratory, 2014–2023. Correlations with every hepatobiliary analyte were negative but 



small: gamma-glutamyltransferase was strongest (rho ‑0.156, 95% CI ‑0.167 to ‑0.145; 
2.43% of rank variance), FIB-4 0.65% (rho ‑0.081, ‑0.092 to ‑0.069). Each 25 nmol/L higher 
25-hydroxyvitamin D was crudely associated with 5.21% lower FIB-4 and 23% lower odds of 
FIB-4 above 2.67 (odds ratio 0.765, 0.743–0.787). Adjustment for age, sex, albumin, 
season, era and kidney function removed 80% of the continuous signal (‑1.06%, ‑1.62 to ‑0.49) and 75% of the log-odds (0.935, 0.906–0.966). The one-record-per-patient adjusted 
association was null (0.967, 0.933–1.002). Five negative-control analytes vitamin D does 
not regulate, identically adjusted (model 4), showed residuals of similar size (median 
|OR‑1| 0.050). The association is statistically unambiguous, clinically negligible, and would 
bring fewer than 0.5% of records within reach of the high-risk threshold. We present crude 
and adjusted estimates as bounds, not causal effects. 

Keywords: 25-hydroxyvitamin D; FIB-4; liver enzymes; gamma-glutamyltransferase; 
confounding; laboratory epidemiology 

 

Introduction 

Vitamin D deficiency and chronic liver disease travel together. Low serum 25-
hydroxyvitamin D [25(OH)D] is found in the great majority of patients with established 
cirrhosis [13,14], and cross-sectional surveys repeatedly report inverse associations 
between 25(OH)D and hepatic steatosis, aminotransferase activity and non-invasive 
fibrosis scores [10–12]. The mechanistic case is attractive: the vitamin D receptor is 
expressed in hepatic stellate cells, and receptor ligands gate the transforming-growth-
factor-β/SMAD programme that drives fibrogenesis in mice [15]. From these two 
observations a therapeutic hypothesis has been built and, repeatedly, tested. 

The fibrosis scores in question are now part of routine practice rather than a research 
instrument. FIB-4, a four-variable index of age, aspartate aminotransferase, alanine 
aminotransferase and platelet count, is recommended as the initial risk-stratification step 
in steatotic liver disease both by the AASLD practice guidance [3] and by the joint EASL–
EASD–EASO clinical practice guidelines [4], and the disease itself was renamed by 
multisociety Delphi consensus from non-alcoholic fatty liver disease to metabolic 
dysfunction-associated steatotic liver disease during the period of this analysis [5]. We 
retain the older terminology where it is the terminology of the studies we cite. Anything that 
shifts FIB-4 therefore has a route into clinical decisions, which is why the size of such a 
shift, and not only its statistical significance, is the quantity of interest. 

It has not survived testing. Randomised supplementation in type 2 diabetes with fatty liver 
produced no change in hepatic fat or enzymes [16]; a Cochrane review of 27 trials in 
chronic liver disease found the evidence insufficient and inconsistent [17]; bi-directional 
Mendelian randomisation found no causal relation between genetically instrumented 
25(OH)D and non-alcoholic fatty liver disease [18]; and the two largest general-population 
trials of vitamin D found no effect on the non-skeletal endpoints they were designed to test 
[19,20]. The most parsimonious reading of the discordance is the one Autier and 



colleagues proposed from a wider literature: that low 25(OH)D is largely a consequence of 
ill health rather than a cause of it [21,22]. 

That reading has a testable corollary in laboratory data. If low 25(OH)D marks general poor 
health rather than hepatic biology specifically, then (i) the crude association with any liver 
marker should be small, (ii) it should be broadly similar across analytes rather than 
concentrated on a fibrosis-specific one, and (iii) it should attenuate substantially once age 
and a proxy for inflammatory and nutritional status are entered into the model. 25(OH)D 
behaves as a negative acute-phase reactant — it falls by roughly 40% within 48 h of elective 
arthroplasty, independently of any change in vitamin D stores [23,24] — and it circulates 
almost entirely bound to vitamin D-binding protein and albumin [25], both of which are 
hepatically synthesised and both of which fall in inflammation [26]. 

Large routine-laboratory datasets are well suited to this question and badly suited to the 
usual way of reporting it. With tens of thousands of observations, essentially every 
association reaches conventional statistical significance, so a p value carries almost no 
information; what matters is the effect size, its confidence interval, and how much of it 
survives adjustment. Such datasets also carry a structural hazard that is rarely 
acknowledged: patients enter the analysis only because a clinician ordered both tests, so 
the sample is conditioned on a collider of illness and vitamin D status [33]. 

We therefore asked three deliberately modest questions of a ten-year, single-centre 
laboratory database. First, how large — in variance-explained terms — is the association 
between 25(OH)D and each of the standard hepatobiliary analytes and the FIB-4 index? 
Second, how much of that association remains after adjustment for age, sex, serum 
albumin, season, calendar era and estimated glomerular filtration rate? Third, is what 
remains large enough to matter to a patient? We state at the outset that the answer to the 
third question is no, and that we regard the honest quantification of a widely over-claimed 
association as the contribution of this work. 

 

Results 

Cohort 

Of 107,900 laboratory records from 2014–2023, 107,856 carried a valid serum 25(OH)D 
result and 82,235 belonged to adults aged 18–100 years. Complete and physiologically 
plausible co-measurement of aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), gamma-glutamyltransferase (GGT) and alkaline phosphatase (ALP) was available in 
37,456 records; taking the first record per patient per calendar year yielded the primary 
cohort of 31,607 records from 22,103 adults (Fig. 1). Most patients (78.3%) contributed a 
single record and the maximum was ten. 



 

Figure 1. STROBE participant flow for the hepatobiliary cohort, 2014–2023. Sequential 

application of the prespecified cohort rule to the source laboratory extract. From 107,900 

records, 107,856 carried a valid serum 25-hydroxyvitamin D result, 107,856 also had a valid 

sampling date, sex and date of birth, and 82,235 belonged to adults aged 18–100 years. 

Requiring aspartate aminotransferase, alanine aminotransferase, gamma-

glutamyltransferase and alkaline phosphatase to be co-measured and physiologically 

plausible left 37,456 records, and retaining the first record per patient per calendar year 

gave the primary analysis cohort of 31,607 records from 22,103 adults. Boxes show n at 

each step and the number excluded. The FIB-4 index was computable in 30,232 of these 

records (95.6%); the 1,375 records without a platelet count are treated as missing for every 

FIB-4 analysis and are never counted as low risk. 

The cohort was 58.3% female with a median age of 60.8 years (interquartile range, IQR 
45.0–73.2) and a median 25(OH)D of 59 nmol/L (IQR 38–79); 16.1% were deficient (<30 



nmol/L). Median GGT was 22.2 U/L (0.37 µkat/L) and median ALP 72.0 U/L (1.20 µkat/L). 
FIB-4 was computable in 30,232 records (95.6%; platelet counts were missing in the 
remainder), with a median of 1.22 (IQR 0.76–1.99); 4,641 of those 30,232 (15.4%) exceeded 
the 2.67 high-risk threshold. Table 1 gives the full baseline description by 25(OH)D 
category. 

Two features of Table 1 deserve emphasis because they set up everything that follows. 
First, the four 25(OH)D categories are not exchangeable groups: the deficient group was six 
years older than the insufficient group (median 65.2 vs 58.9 years), had a 3.0 g/L lower 
median albumin (41.0 vs 44.0 g/L), and was sampled disproportionately in winter (40.3% vs 
26.1% of the optimal group). Second, the gradient in FIB-4 across 25(OH)D categories is 
not monotone (median 1.56, 1.17, 1.13, 1.22 from deficient to optimal; Kruskal–Wallis H = 
602.4, df = 3, p = 3.1 × 10‑130, ε² = 0.020). The “optimal” group is older than the two middle 
groups and contains supplemented patients, so its slightly higher FIB-4 is expected and is a 
first warning against reading the exposure gradient as a dose–response curve. 

Every hepatobiliary association is negative and small 

All ten prespecified Spearman correlations with 25(OH)D were negative and all were 
statistically unambiguous, but none explained more than 2.5% of rank variance (Table 2; 
Fig. 5a). GGT was the strongest (rho = ‑0.156, 95% CI ‑0.167 to ‑0.145; n = 31,601; rho² = 
2.43%; p = 6.4 × 10‑171), followed by ALP (rho = ‑0.131, ‑0.142 to ‑0.120; 1.71%), AST (rho = ‑0.090, ‑0.101 to ‑0.079; 0.82%), FIB-4 (rho = ‑0.081, ‑0.092 to ‑0.069; n = 30,226; 0.65%; p = 
7.3 × 10‑45) and ALT (rho = ‑0.071, ‑0.082 to ‑0.060; 0.50%). The De Ritis ratio was essentially 
unrelated (rho = ‑0.023; 0.05%). The largest correlate of 25(OH)D in the entire panel was not 
a liver enzyme at all but serum albumin (rho = +0.189, +0.178 to +0.201; 3.59%) — a 
stronger association than any hepatobiliary analyte. 

 

Figure 5. Effect sizes for 25-hydroxyvitamin D and the hepatobiliary panel, with the FIB-4 

self-check. (a) Forest plot of crude Spearman rank correlations between 25-hydroxyvitamin 

D and each analyte, with Fisher z-transformed 95% confidence intervals and n annotated. 

All hepatobiliary correlations are negative and small (maximum |rho| = 0.156 for gamma-



glutamyltransferase, 2.43% of rank variance); the largest correlation in the whole panel is 

with serum albumin (+0.189, 3.59%). (b) Self-check for a derived-variable artefact: the 25-

hydroxyvitamin D–FIB-4 partial Spearman correlation falls from ‑0.081 (crude) to ‑0.067 

after residualising on age and to ‑0.025 after residualising on age and albumin, and the 

same cascade computed on the age-free surrogate AST/(platelets × √ALT) reproduces it 

(crude rho ‑0.065). FIB-4 contains age and platelets by construction (rho with age +0.687, 

with platelets ‑0.618), whereas 25-hydroxyvitamin D correlates only weakly with either 

(‑0.049 and +0.041), so the association is not arithmetically forced — but neither is it larger 

than the crude derived variable implies. 

Comparing the extremes of exposure gave the same ordering of magnitudes (Fig. 2): Cliff’s 
delta between deficient and optimal patients was 0.265 for GGT, 0.228 for ALP, 0.193 for 
FIB-4, 0.173 for AST and 0.099 for ALT, but ‑0.338 for albumin (Supplementary Table S5). 
The strongest contrast between vitamin D-deficient and vitamin D-replete patients in this 
cohort concerns a nutrition and inflammation marker, not a hepatic one. 

 

Figure 2. Hepatobiliary outcomes across 25-hydroxyvitamin D status categories. Four 

panels for the primary cohort, plotted against the Institute of Medicine / Endocrine Society 

categories deficient (<30 nmol/L, n = 5,080), insufficient (30 to <50, n = 7,055), sufficient (50 

to <75, n = 10,045) and optimal (≥75, n = 9,421). (a) Median FIB-4 index with bootstrap 95% 

confidence interval; note the non-monotone pattern (1.56, 1.17, 1.13, 1.22), which tracks 

the median age of each group (65.2, 58.9, 59.0, 61.3 years) rather than the exposure. (b) 



Percentage with high-risk FIB-4 > 2.67 with Wilson 95% confidence intervals, computed 

only among records in which FIB-4 was computable (29.0%, 15.2%, 11.4%, 12.3%). (c) 

Median gamma-glutamyltransferase and (d) median alkaline phosphatase, both in U/L 

(divide by 60 for µkat/L). Kruskal–Wallis tests across the four categories with epsilon-

squared effect sizes are given in Supplementary Table S4, and the corresponding Dunn 

post-hoc comparisons in Supplementary Table S3; all epsilon-squared values are below 

0.03, i.e. less than 3% of the variance in any outcome is shared with the exposure category. 

Adjustment removes most of the FIB-4 association 

Table 3 and Fig. 3 report the prespecified five-step adjustment cascade. Crudely, each +25 
nmol/L of 25(OH)D was associated with a 5.21% lower FIB-4 (95% CI ‑5.90% to ‑4.52%; n = 
30,226; p = 9.7 × 10‑47). Adding age and sex reduced this to ‑2.78% (‑3.32% to ‑2.23%; 47.3% 
attenuation). Adding serum albumin reduced it to ‑0.39% (‑0.94% to +0.17%; p = 0.168; 
92.7% attenuation) — that is, to a value indistinguishable from zero. Adding season and era 
moved the coefficient partly back, to ‑1.21% (‑1.77% to ‑0.65%; 77.2% attenuation), and 
the full model additionally including estimated glomerular filtration rate (eGFR) gave ‑1.06% (‑1.62% to ‑0.49%; p = 2.4 × 10‑4; n = 25,504; 80.2% attenuation). 

 

Figure 3. Crude versus progressively adjusted 25-hydroxyvitamin D effect sizes. The 

prespecified five-step adjustment cascade: crude; + age and sex; + serum albumin; + 

season and era; + estimated glomerular filtration rate. (a) Continuous outcomes, plotted as 

the percentage change in the log-transformed outcome per +25 nmol/L of 25-

hydroxyvitamin D with 95% confidence intervals from HC3 robust standard errors. For FIB-4 

the coefficient moves from ‑5.21% (crude) to ‑1.06% (full model), an 80.2% attenuation, 

and the intermediate albumin-only step over-shoots to ‑0.39%. (b) Binary outcomes as 

odds ratios per +25 nmol/L with 95% Wald confidence intervals; for FIB-4 > 2.67 the odds 

ratio moves from 0.765 to 0.935 (75.1% attenuation of the log-odds ratio), while elevated 

alanine aminotransferase is essentially unattenuated (0.938 to 0.940). The cascade is 

deliberately shown step by step because it is not monotone; reporting only the endpoints 



would conceal that the adjusted estimate depends on where the model stops. n differs 

between steps because of complete-case analysis and is annotated on each row. 

We report all five steps rather than the endpoints because the cascade is not monotone: 
albumin alone over-shoots (92.7%) and the seasonal and era terms partially restore the 
coefficient. A reader given only “crude ‑5.2%, adjusted ‑1.1%, attenuation 80%” would not 
know that the adjusted estimate depends on which step the model stops at, and we regard 
that as material. 

The attenuation is not an artefact of the changing sample size. Restricting the crude model 
to the 25,588 rows in which albumin was measured gave a crude coefficient of ‑5.12% — 
essentially identical to the full-cohort crude value — against a fully adjusted ‑1.06% on 
almost the same rows, i.e. 79.8% attenuation on identical data. 

For the binary outcome the pattern was the same. Crude odds of FIB-4 > 2.67 fell by 23.5% 
per +25 nmol/L (OR 0.765, 95% CI 0.743–0.787; 4,641 events in 30,226 records). 
Adjustment for age and sex gave OR 0.810; adding albumin gave OR 0.960 (0.931–0.990); 
adding season and era gave OR 0.931; the full model gave OR 0.935 (0.906–0.966), p = 4.2 × 

10‑5, n = 25,504, corresponding to 75.1% attenuation of the log-odds ratio. For comparison, 
in that same model the odds ratio per year of age was 1.061, per g/L of albumin 0.874, and 
for the 2020–2023 era 1.87 — each far larger than the exposure of interest. 

Elevated ALT behaved differently. Using the ACG “true-normal” upper limits of 25 U/L in 
women and 33 U/L in men [8,9], 13,736 of 31,607 records (43.5%) were flagged. The crude 
odds ratio was 0.938 (0.922–0.954) and the fully adjusted 0.940 (0.921–0.959) — essentially 
unattenuated overall, but again not monotonically so, since the season-and-era step 
strengthened the association by 27% before eGFR adjustment reversed it. Because a 
43.5% prevalence is a consequence of the deliberately low “true-normal” thresholds rather 
than of the population, we repeated the analysis at the routine clinical-chemistry limits of 
0.58/0.74 µkat/L (34.8/44.4 U/L), which flagged 22.5% of records: crude OR 0.896 (0.877–
0.916), fully adjusted 0.940 (0.917–0.964). The conclusion is unchanged by threshold; the 
full threshold series, including a single 40 U/L cut-off in both sexes, is in Supplementary 
Table S12, Panel A. 

For GGT, the analyte with the strongest crude association, the same cascade gave ‑10.11% 
per +25 nmol/L crudely and ‑4.59% fully adjusted (56.0% attenuation); for ALP, ‑3.98% to ‑2.42% (39.8%). Full model output for all six continuous outcomes is in Supplementary 
Table S6. 

The FIB-4 signal is largely an age and health-status signal 

FIB-4 contains age in its numerator and platelets in its denominator, so an apparent 
25(OH)D–FIB-4 association could be arithmetically forced. We tested this explicitly (Fig. 
5b). FIB-4 correlated with age at rho = +0.687 and with platelets at rho = ‑0.618, whereas 
25(OH)D correlated with age at only rho = ‑0.049 and with platelets at rho = +0.041; the 
25(OH)D–FIB-4 association is therefore not simply age leaking through. Partial Spearman 



correlation, residualising both ranks, fell from ‑0.081 crude to ‑0.067 adjusting for age and 
to ‑0.025 adjusting for age and albumin (p = 7.2 × 10‑5, n = 25,588) — 0.06% of rank 
variance. Repeating the entire analysis with an age-free surrogate, AST/(platelets × √ALT), 
gave the same picture (rho = ‑0.065; crude ‑3.94% per +25 nmol/L, fully adjusted ‑1.13%, 
71.7% attenuation), confirming that the residual association is not a derived-variable 
artefact but is also not larger than the derived variable suggested. 

Sex and age modify the association; era does not 

Formal likelihood-ratio interaction tests, not subgroup comparisons, were used throughout 
(Supplementary Table S7). The 25(OH)D × sex interaction on log FIB-4 was supported (LR χ² 
= 19.42, df = 1, p = 1.0 × 10‑5; n = 25,588), as was 25(OH)D × age (χ² = 11.97, p = 5.4 × 10‑4); 
the interaction with era was not (χ² = 0.25, p = 0.616). Sex-stratified correlations were rho = ‑0.031 in women (n = 17,576) versus ‑0.132 in men (n = 12,650), a difference confirmed by 
Fisher z (z = 8.77, p < 1 × 10‑16). In the fully adjusted models the association was confined to 
men (OR 0.904, 0.862–0.947) and to patients over 60 (OR 0.920, 0.889–0.953), and was 
absent in women (OR 0.966, 0.925–1.009) and in those aged ≤60 (OR 0.973, 0.903–1.049) 
(Supplementary Table S8). On the binary outcome, however, the sex interaction was not 
supported (χ² = 1.72, p = 0.190) while the age interaction was (χ² = 13.25, p = 2.7 × 10‑4), so 
the sex-specific claim should be regarded as scale-dependent and provisional. 

Season, era and secular trend 

25(OH)D showed the expected seasonal cycle (Fig. 4; median 52 nmol/L in winter and 53 in 
spring versus 65 in both summer and autumn; deficiency 21.3% versus 8.3%; Kruskal–
Wallis H = 1,258.8, p = 1.3 × 10‑272, ε² = 0.040; Fig. 4a), consistent in direction with the 
pronounced seasonal variation previously described for the Slovenian general adult and 
elderly population in the Nutrihealth survey [29]. FIB-4 varied far less across seasons (ε² = 
0.005). Median 25(OH)D rose across the decade (rho with calendar year = +0.107, 0.096–
0.118) while FIB-4 rose only marginally (rho = +0.041). The 2020–2023 era differed 
materially from 2014–2019 in both exposure (Cliff’s delta ‑0.126) and outcome (delta ‑0.113), and carried a large independent effect on high-risk FIB-4 (OR 1.87), which is why 
era was retained as a covariate rather than asserted to be irrelevant. 



 

Figure 4. Seasonal and secular patterns in 25-hydroxyvitamin D and FIB-4, 2014–2023. (a) 

Median 25-hydroxyvitamin D by calendar month (left axis) with median FIB-4 overlaid (right 

axis), showing the expected late-winter trough and late-summer peak in the exposure and a 

far flatter outcome curve. (b) Median 25-hydroxyvitamin D and the percentage of records 

below 30 nmol/L by calendar year; the exposure rose across the decade (Spearman rho 

with year = +0.107, 95% CI 0.096 to 0.118). (c) FIB-4 by calendar year, showing the marked 

2020–2021 excursion that motivated retaining calendar era (pre-pandemic 2014–2019 

versus 2020–2023) as a model covariate rather than asserting it to be unimportant; in the 

fully adjusted model the pandemic era carried an odds ratio of 1.87 for high-risk FIB-4, far 

larger than the exposure of interest. Numeric values underlying all three panels are in 

Supplementary Tables S9, S9b and S10. 

Sensitivity and missing-data analyses 

Restricting to one record per patient (n = 22,103, the earliest record) gave a larger crude 
correlation with FIB-4 (rho = ‑0.126, ‑0.139 to ‑0.113; n = 21,058), but the association 
attenuated to the null on adjustment: the fully adjusted odds ratio for FIB-4 > 2.67 was 
0.9670 (95% CI 0.9334–1.0018), p = 0.063, and the fully adjusted continuous estimate ‑0.40% per +25 nmol/L (p = 0.261) (Supplementary Table S11). At the patient level, 
therefore, the adjusted association is not distinguishable from the null, and we do not 
present this analysis as confirmation of the primary one. 

We record explicitly why this number changed, because it changed in our own favour. An 
earlier version of this analysis returned a fully adjusted odds ratio of 0.963 (0.929–0.997), p 
= 0.033, and we had reported the patient-level result as concordant with the primary 
analysis. That significance rested on 208 records whose FIB-4 was computed from a 
platelet count that had been carried over from a different visit: the sensitivity cohort was 
assembled with a de-duplication rule that took the first non-missing value in each column 
rather than the earliest record as a whole, so patients whose earliest visit had no platelet 
count were nonetheless assigned one. Removing those 208 records — they have no 
measured FIB-4 and should never have had one — reduces the evaluable sample from 
21,266 to 21,058 and removes the significance with them. The defect and its correction are 
documented in Supplementary Methods S.3. 



Two readings of the resulting discordance are compatible with the data and we cannot 
separate them here. The patient-level analysis discards about 30% of the records and is 
correspondingly less precise, so an effect of this size would not reliably reach conventional 
significance in it; equally, the primary adjusted estimate may be partly sustained by 
repeated sampling of the same patients. The point estimate is the same negligible 
magnitude in both, which is the basis on which we draw our conclusion — but the 
statistical significance of the primary estimate should be read with this discordance in 
mind. 

Missingness of co-ordered analytes was not random with respect to the exposure, which is 
the empirical signature of the co-testing selection problem. Patients in whom glucose was 
not co-ordered had a median 25(OH)D of 67 versus 58 nmol/L (Cliff’s delta ‑0.149, p = 1.0 × 
10‑30), and those without a urate result had a median of 57 versus 61 nmol/L (delta +0.083, 
p = 7.1 × 10‑37). Albumin missingness was much less differential (delta ‑0.023, p = 0.011) 
but not null (Supplementary Table S1). 

Finally, we quantified what the adjusted estimate would mean for a patient. A +25 nmol/L 
difference in 25(OH)D corresponds, in the fully adjusted model, to a FIB-4 shift of ‑0.013 
units at the cohort median of 1.22. Only 138 of 30,232 records (0.46%) lie close enough to 
the 2.67 threshold for a shift of that size to cross it. The E-value for the adjusted odds ratio 
is 1.31 (1.21 at the confidence limit): an unmeasured confounder associated with both 
25(OH)D and high-risk FIB-4 by a risk ratio of about 1.3 would suffice to produce the entire 
residual association. The reclassification arithmetic, the distribution of records per patient 
and the E-value calculation are set out in Supplementary Table S12, Panels B–D. 

How large a residual does this adjustment set produce where no effect can 
exist? 

The adjusted association is small but not zero, and the obvious objection to a deflationary 
reading is that something survived adjustment. We therefore calibrated it against negative-
control outcomes — analytes co-ordered in the same specimen and not under vitamin D 
control (Methods; Table 3, Panel C). 

Under the identical adjustment set, which is this paper’s model 4, four of the five clean 
negative controls “survived” at p < 0.05, with a median |OR – 1| of 0.050 and a range of 
0.039 to 0.202. Two were substantially larger than this paper’s own residual: 
hypochloraemia (OR 1.114, 95% CI 1.069–1.162) and hyperkalaemia (1.202, 1.154–1.251). 
The adjustment set does not only remove associations, it also produces them: four of the 
five controls moved further from the null on adjustment (hyperkalaemia 1.099 → 1.202), and 
sodium changed direction (0.945 → 1.050). 

This paper’s residual at that same step is OR 0.931 (0.896–0.968), |OR – 1| = 0.069; the 
interval is wider than Table 3’s because every estimate in this calibration carries patient-
clustered robust standard errors. It is inside the control range and sits at its 60th 

percentile — three controls smaller, two larger, 1.38 times the control median. Because 
|OR – 1| is not prevalence-free (the same effect gives a larger value in a rarer outcome) and 



the clean controls are rarer (7.0–12.0% of records) than high-risk FIB-4 (16.1%), we also 
report the comparison on the |log OR| scale, where the position is unchanged (0.071 
against a control median of 0.048, range 0.039–0.184; 60th percentile). A nine-control band 
adding the opposite tail of each analyte — two tails of one analyte are not independent — 
puts it at the 56th percentile, range 0.016–0.202. 

On the continuous outcome and in the patient-level analysis the residual sits lower still. 
For log FIB-4 the standardised coefficient at model 4 is ‑0.0200, below all five clean 
controls (band 0.0208 to 0.0770, median 0.0240). Restricting to one record per patient, the 
residual falls to |OR – 1| = 0.032 while the control band barely moves (median 0.051, range 
0.037–0.104), so it too is smaller than every clean control. The comparison has a stated 
failure mode — the argument fails for this paper if its residual exceeds every clean control 
— and it was not triggered in either frame or on either metric. 

The calibration has a ceiling, which we measured rather than assumed. Total calcium — 
which vitamin D genuinely regulates, and which is excluded from the control set for that 
reason — has a crude standardised association 2.13 times the largest clean control, so the 
procedure has power; but after the same adjustment calcium too falls inside the clean 
band (|standardised β| 0.037 against 0.021 to 0.077). A residual inside this band is therefore 
not distinguishable from what the adjustment set returns on analytes vitamin D does not 
set — it is not thereby shown to be absent. The full control set, all four cascade steps, the 
continuous forms, the contaminated controls kept outside the band and the analytes 
excluded outright are in Supplementary Table S14. 

 

Discussion 

In 31,607 records from 22,103 adults, serum 25(OH)D was inversely associated with every 
hepatobiliary analyte we examined and with the FIB-4 fibrosis index. Every one of those 
associations was statistically overwhelming and every one was small: the largest, with 
GGT, explained 2.4% of rank variance, and the FIB-4 association explained 0.65%. 
Adjustment for age, sex, serum albumin, season, era and eGFR removed 80% of the 
continuous FIB-4 association and 75% of the log-odds of high-risk FIB-4, leaving a residual 
of about ‑1% in FIB-4 per 25 nmol/L. That residual would shift a median patient’s FIB-4 by 
0.013 units and would reclassify essentially nobody. We therefore report an association 
that is real in the statistical sense and negligible in the clinical one. 

Two internal patterns argue that what we measured is general health status rather than 
hepatic biology. First, the analyte most strongly associated with 25(OH)D in the whole 
panel was serum albumin (rho = +0.19), not any liver enzyme — and the largest deficient-
versus-optimal contrast was likewise albumin (Cliff’s delta ‑0.33). Second, adding albumin 
to the model was, by a wide margin, the single most consequential adjustment step, 
moving the FIB-4 coefficient from ‑2.78% to ‑0.39%. If 25(OH)D were tracking fibrogenesis, 
one would not expect a nutrition-and-inflammation marker to absorb almost the whole 
signal. 



This is consistent with the wider literature, in which the observational and interventional 
evidence have diverged persistently. Supplementation trials in fatty liver disease [16], the 
Cochrane synthesis in chronic liver disease [17], Mendelian randomisation against NAFLD 
[18] and the two largest general-population vitamin D trials [19,20] all failed to reproduce 
the benefit predicted by cross-sectional associations of the kind we report here. Our 
findings do not adjudicate that question — a cross-sectional laboratory study cannot — but 
they do quantify how little there is to explain: an association of 0.65% of rank variance does 
not require a large biological effect to produce it, and the physiology of 25(OH)D as a 
negative acute-phase reactant [23,24] bound to hepatically synthesised carrier proteins 
[25,26] supplies an unforced explanation. The observation that GGT, an oxidative-stress 
and induction marker rather than a fibrosis marker [37], showed the strongest association 
fits the same reading. 

The albumin adjustment is a bound, not a control. Serum albumin was the only available 
proxy for systemic inflammation and nutritional status, and it is not a clean confounder. 
Albumin is hepatically synthesised and therefore lies partly downstream of the hepatic 
process that FIB-4 is intended to capture (Spearman rho = ‑0.39 with FIB-4 in this cohort); it 
is simultaneously a negative acute-phase reactant that covaries with 25(OH)D (rho = 
+0.19), and a carrier compartment for circulating 25-hydroxyvitamin D, alongside the 
quantitatively dominant vitamin D-binding protein [25]. Adjustment for albumin is therefore 
expected to remove genuine confounding, some mediated pathway, and some of the 
exposure itself, in unknown proportions [32]. We consequently present the crude (‑5.2% in 
FIB-4 per 25 nmol/L; OR 0.765 for FIB-4 > 2.67) and the fully adjusted (‑1.1%; OR 0.935, 95% 
CI 0.906–0.966) estimates as bounds on a partially confounded, partially over-adjusted 

association rather than as competing estimates of a causal effect, and we make no 
claim as to where within that interval any true association lies. This is reinforced by the 
sampling frame: the cohort exists only where a clinician co-ordered 25(OH)D and a liver 
panel, and we show that the probability of co-ordering additional analytes varies 
systematically with 25(OH)D concentration (Cliff’s delta = ‑0.149 for glucose co-testing, p = 
1.0 × 10‑30). Conditioning on having been tested is conditioning on a collider of ill health and 
vitamin D status [33], so neither the magnitude nor the direction of the residual association 
is formally identified. Even taken at face value, the fully adjusted association corresponds 
to 0.65% of the rank variance in FIB-4 and would bring fewer than 0.5% of records within 
reach of the high-risk fibrosis threshold; we therefore report it as a population-level marker 
of general health status and explicitly not as evidence that vitamin D status influences 
hepatic fibrosis risk. The E-value of 1.31 makes the same point quantitatively [34]: a 
modest unmeasured confounder suffices. 

“But something survived adjustment.” That is the natural objection to a deflationary 
reading, and we answered it by measuring rather than arguing. The identical adjustment set 
applied to five analytes whose concentration vitamin D does not set returns residuals of the 
same order as ours: four reach p < 0.05, their median |OR – 1| is 0.050, and two exceed our 
own 0.069, which sits at the 60th percentile of that distribution; on the continuous 
outcome and at one record per patient our residual is smaller than every clean control. The 
inference we draw is deliberately narrow: a residual that lies inside the range this 



adjustment set produces on analytes vitamin D does not control cannot be read as a 

specific vitamin D effect on hepatic fibrosis risk, because a residual of that size is what 
the procedure returns where no such effect can exist. 

We are equally explicit about what the controls do not establish. They do not prove that our 
residual is confounded — a negative control cannot identify the mechanism by which an 
association arises, and in a single cross-section neither can anything else. Nor do they 
show the residual to be zero, and we quantified that limit rather than asserting it: total 
calcium, which vitamin D demonstrably does regulate, has a crude association 2.13 times 
larger than the largest clean control, yet after the same adjustment it too lies inside the 
clean band. The controls therefore bound what this adjustment set can achieve; they do 

not adjudicate what remains inside that bound. Two caveats belong with them: the band 
is built from five controls, so its median is fragile and the sorted values are reported 
alongside every percentile; and the controls share this laboratory’s testing stream and its 
co-testing selection — a requirement of the design rather than a defect, since a negative 
control is meant to be confounded, but one that limits the calibration to this stream. Read 
together with the E-value of 1.31, the reclassification arithmetic and the patient-level null, 
the controls say that what we are reporting is of the size this design generates as 
background. 

Other limitations. The design is cross-sectional, so no temporal ordering and no causal 
inference is available; all language in this paper is deliberately associational. The cohort is 
a vitamin D-request cohort from a single tertiary centre in a single country, in which the 
indication for testing is unknown and is certainly not random; generalisation beyond similar 
laboratory populations is not warranted. We lack parathyroid hormone, body-mass index, 
alcohol intake, medication (including vitamin D supplementation, which is very likely to 
contribute to the non-monotone FIB-4 gradient in the “optimal” group), comorbidity coding, 
viral hepatitis serology and any measure of ultraviolet exposure other than sampling 
month; residual confounding by all of these is likely and is not bounded by our models. FIB-
4 is a surrogate: it was derived in HIV/HCV co-infection [1] and validated in fatty liver 
disease [2], it predicts liver-related mortality at population scale [7], but its specificity 
above 65 years of age falls sharply [6], and 31.2% of our cohort was over 70, so some of the 
15.4% classified as high-risk are false positives. Albumin was missing in 15.4% of records 
and platelets in 4.4%, and we used complete-case analysis; the missing-data analysis 
(Supplementary Table S1) shows the missingness is mildly differential in the exposure. The 
sex-specific finding was supported on the continuous scale but not on the binary one, and 
should be treated as hypothesis-generating. Finally, with n above 30,000 essentially every 
comparison attains significance, which is why we have reported an effect size with a 
confidence interval for every claim and have avoided any inference resting on a p value 
alone. 

Clinical bottom line. There is no clinically actionable association here. Nothing in these 
data supports measuring 25(OH)D to refine hepatic fibrosis risk, adding it to a non-invasive 
fibrosis score, or supplementing vitamin D with a hepatic endpoint in mind. Conversely, a 
low 25(OH)D in a patient with abnormal liver chemistry should be read as what it most 



likely is — a marker of poor general health, inflammation, low albumin, indoor living or 
advanced age — and investigated as such rather than as a hepatic finding. We consider the 
calibration of this association to be the useful result: it converts a frequently over-
interpreted correlation into a bounded, negligible quantity. 

 

Methods 

Study design, setting and data source 

This was a retrospective cross-sectional analysis of routine clinical laboratory data 
generated at the Institute of Clinical Chemistry and Biochemistry, University Medical 
Centre Ljubljana, Slovenia, between 2 January 2014 and 29 December 2023. The database 
comprises 107,900 records; 107,856 (99.96%) carry a serum 25(OH)D result, so the source 
population is a vitamin D-request cohort with co-ordered panels attached rather than a 
general-population sample. Reporting follows the STROBE statement for cross-sectional 
studies [31] (completed checklist: Supplementary Table S13). 

Ethics 

The study used pre-existing, pseudonymised routine laboratory data and involved no 
intervention and no contact with patients. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the Institutional Review Board of University 
Medical Center Ljubljana (protocol code KSEV-5-111125; approval date 11 November 
2025), which authorized retrospective use of anonymized laboratory data from 2014 to 
2023 for this study. Patient consent was waived because the study is a retrospective 
analysis of fully de-identified routine laboratory data with no possibility of re-identification 
and no contact with participants, in accordance with. Patient names were irreversibly 
hashed to a pseudonymous identifier at the point of loading and the name field was 
discarded; no identifier, and no individual-level data, appear in this article, its figures, its 
tables or its Supplementary Information. 

Variables and units 

Analytes are reported in the units delivered by the laboratory (Slovenian convention): 
25(OH)D in nmol/L; creatinine in µmol/L; albumin in g/L; platelets in 10⁹/L; AST, ALT, GGT 
and ALP in µkat/L. Catalytic activities are additionally given in U/L throughout (µkat/L × 60) 
so that an international readership can interpret them. 25(OH)D was categorised using the 
Institute of Medicine and Endocrine Society cut-points [27,28] as deficient (<30 nmol/L), 
insufficient (30 to <50), sufficient (50 to <75) and optimal (≥75). Effect sizes for 25(OH)D are 
expressed per +25 nmol/L, a clinically interpretable increment corresponding to roughly 
one interquartile step in this cohort. 

Derived variables: FIB-4 = age (years) × AST (U/L) / [platelets (10⁹/L) × √ALT (U/L)] [1], with 
the conventional high-risk threshold of 2.67 adopted from its validation in fatty liver disease 
[2]; the De Ritis ratio as AST/ALT; eGFR by the race-free CKD-EPI 2021 creatinine equation 



[30]; and elevated ALT by the sex-specific ACG “true-normal” upper limits of 25 U/L 
(women) and 33 U/L (men) [8,9]. These are the low “healthy-range” limits derived from 
screened blood donors [9] and not the reporting laboratory’s own reference interval; they 
flag 43.5% of this cohort, and we therefore report a prespecified sensitivity analysis at the 
routine clinical-chemistry limits of 0.58 µkat/L (women) and 0.74 µkat/L (men), i.e. 34.8 and 
44.4 U/L, and at 40 U/L in both sexes. Season was assigned from month of sampling (winter 
= December–February) and era as pre-pandemic (2014–2019) versus pandemic (2020–
2023). Values outside prespecified physiological plausibility ranges were set to missing 
rather than deleted row-wise. 

Cohort definition 

The cohort rule was fixed in advance and is shared across this laboratory’s paper series: (i) 
valid 25(OH)D; (ii) valid sampling date, sex and date of birth; (iii) age 18–100 years; (iv) all 
four index analytes (AST, ALT, GGT, ALP) co-measured and physiologically plausible; (v) 
primary analysis unit = the first record per patient per calendar year. A one-record-per-
patient sensitivity analysis is reported. 

Analysis unit and estimand. Retaining the first qualifying record per patient per calendar 
year, so that a patient may contribute up to ten records, is a deliberate estimand choice, 
and we state its consequences rather than treat it as a technicality. The estimand is a 
record-level association within a laboratory testing stream and not a patient-level 
association: 78.3% of patients contribute a single record and supply 54.7% of the analysed 
records, while the remaining 21.7% of patients supply 45.3% of them. Patient-clustered 
dependence is why a one-record-per-patient analysis is reported alongside the primary 
estimates; it does not alter the weighting of the primary analysis and we do not claim that it 
does. Because the rule retains the earliest qualifying record within each patient-year by 
construction, records sampled early in the calendar year are over-represented relative to 
the eligible pool, which is one of the reasons season is a covariate in every adjusted model. 
Where the primary and the one-record analyses disagree we report both and draw our 
conclusion from the magnitude of the point estimates rather than from the statistical 
significance of either. The one-record-per-patient cohort is formed by taking each patient’s 
earliest qualifying record as a whole row — not the first non-missing value in each column, 
which would splice values recorded at different visits into a profile that no visit produced — 
with complete-case restriction applied afterwards within each model. 

Note that the plausibility filter is applied after the 25(OH)D-present filter, so 6 of the 31,607 

cohort records have a 25(OH)D value that was subsequently set to missing as 

implausible (outside 1–500 nmol/L); analyses of the exposure therefore use n = 31,601 
while cohort-level counts use n = 31,607. This discrepancy is intentional and is 
documented in Supplementary Methods. 



Statistical analysis 

All analyses were performed in Python 3 with pandas, NumPy, SciPy and statsmodels. 
Alpha was set at 0.05 and all tests were two-tailed. Exact p values are reported throughout, 
and the word “significant” is used only when accompanied by a p value. 

Continuous variables were markedly right-skewed (e.g. GGT median 22.2 U/L, IQR 13.8–
45.0, with a maximum two orders of magnitude above the median) and Shapiro–Wilk and 
visual assessment rejected normality for every analyte; non-parametric methods were 

therefore used for all univariable comparisons, and all regression models with a 
continuous outcome were fitted on the natural-log scale, in which the residuals were 
approximately symmetric. Datasets are summarised as median (a labelled measure of 
centre) with interquartile range (a labelled measure of variability) and n. 

Univariable association. Spearman rank correlation with Fisher z-transformed 95% 
confidence intervals, reported with n, rho, its confidence interval, rho² as the percentage of 
rank variance explained, and the exact p value. Fisher z-transformed confidence intervals 
were verified against 1,000-replicate bootstrap intervals during independent verification 
and agreed to within 0.002 in rho. 

Group comparison. Kruskal–Wallis across the four 25(OH)D categories with epsilon-
squared as the effect size, followed by Dunn post-hoc tests with Bonferroni correction 
across the six pairwise comparisons within each outcome — the conservative alternative to 
false-discovery-rate control [36] — with both raw and corrected p values reported 
(Supplementary Table S3). Two-group contrasts (deficient versus optimal; pandemic versus 
pre-pandemic era) used the Mann–Whitney U test with Cliff’s delta as the effect size [35]. 

Multivariable models. A prespecified five-step adjustment cascade was applied to every 
outcome: (1) crude; (2) + age and sex; (3) + serum albumin; (4) + season and era; (5) + 
eGFR. Continuous outcomes were modelled by ordinary least squares on the log scale with 
HC3 heteroscedasticity-consistent standard errors, and coefficients are reported as the 
percentage change in the outcome per +25 nmol/L, with standardised beta and partial R². 
Binary outcomes (FIB-4 > 2.67; elevated ALT) were modelled by logistic regression, 
reporting odds ratios per +25 nmol/L with 95% Wald confidence intervals and McFadden 
pseudo-R². Attenuation is reported as the percentage reduction in the exposure coefficient 
(or log-odds ratio) relative to the crude model at every step, not only at the endpoint, 
because the cascade is not monotone. To exclude changing sample size as the explanation 
for attenuation, the crude model was refitted on the complete-case rows of the fully 
adjusted model. Complete-case analysis was used; no imputation was performed, and a 
missing-data analysis comparing the exposure distribution by missingness of each co-
ordered analyte is reported (Supplementary Table S1). 

Effect modification. Subgroup estimates are reported only alongside a formal likelihood-
ratio test of the exposure × modifier interaction term in the fully adjusted model; no claim is 
made from a comparison of two separately significant subgroups. 



Derived-variable artefact check. Because FIB-4 contains age and platelets by construction, 
we (a) report correlations of 25(OH)D with each FIB-4 component separately, (b) compute 
partial Spearman correlations residualising both ranks on age and on age plus albumin, 
and (c) repeat the whole cascade using the age-free surrogate AST/(platelets × √ALT). 

Sensitivity analysis for unmeasured confounding. The E-value was computed for the fully 
adjusted odds ratio on the approximate risk-ratio scale, converting the odds ratio using the 
marginal outcome prevalence [34]. 

Negative-control outcomes. A residual that survives adjustment is interpretable only 
against a calibration: how large a residual does this adjustment set, applied to this testing 
stream, produce for analytes whose concentration vitamin D does not set? A negative-

control outcome is such an analyte — one for which the true exposure effect is taken to be 
zero, so that any association the models return is a measure of what the design and the 
adjustment procedure generate on their own [39,40]. This analysis was added after the 

primary analysis was complete and is not prespecified; what was fixed before any 
control was fitted is the control set, the classification criteria and the falsification test 
stated below. 

Four criteria were required: (i) measured in the same specimen stream; (ii) subject to the 
same co-testing selection and confounding structure — a requirement rather than a defect, 
since a negative control is meant to be confounded, and that is what makes it a calibration; 
(iii) no credible causal path from 25(OH)D to the analyte; (iv) not an outcome, nor an 
arithmetic component of an outcome, in this paper or in the companion analyses of the 
same database (Methods, “Overlap”). Five analytes met all four and form the clean control 
set, with cut-points taken from conventional adult reference limits or standard clinical 
thresholds: sodium (hyponatraemia, Na < 135 mmol/L), chloride (hypochloraemia, Cl < 98 
mmol/L), potassium (hyperkalaemia, K > 5.0 mmol/L), total CO₂ (low bicarbonate, < 22 
mmol/L) and mean platelet volume (MPV > 11 fL). Each cut-point, and the reasoning and 
the reservations recorded for each control, are given in Supplementary Table S14; 
potassium and total CO₂ carry explicit caveats there, and total CO₂ was available in only 
15.1% of the cohort, so its control estimate rests on a differently selected subsample. 

Calcium and phosphate were excluded outright rather than down-weighted: vitamin D 
directly regulates intestinal absorption of both, so neither can serve as a negative control at 
any level of adjustment, and both are primary outcomes of a companion analysis of this 
database. Total protein was excluded because serum albumin — the pivotal covariate here 
— is an arithmetic component of it, so an albumin-adjusted model would regress the 
outcome partly on itself. Serum albumin itself, and every analyte that is an outcome of this 
paper or its companions, were excluded under criterion (iv). Six further analytes are 
reported separately as contaminated controls and are never admitted to the control band: 
glucose and white-cell count because a vitamin D pathway is plausible (adiposity and 
dysglycaemia are documented shared causes of low 25(OH)D; immunomodulation is 
among the best-documented non-skeletal actions of vitamin D), urea and urate because 
they track the same nutritional and renal axis that albumin proxies, mean cell volume 



because it is a companion paper’s own outcome, and the platelet count because it is the 
denominator of FIB-4 and therefore circular for this paper. 

Every control was fitted with the same estimator and the same cascade as the study 
outcomes — 25(OH)D per +25 nmol/L, crude → + age and sex → + serum albumin → + season 
and era — with all four models on the same complete-case sample and with patient-
clustered robust standard errors. That set is exactly this paper’s model 4, so the 
comparison with the controls is made at model 4, where the adjustment sets match; model 
5 adds eGFR, which the controls do not carry, and its residual lies closer to the null, so the 
model-4 comparison is the conservative one. Binary and continuous forms of every control 
are reported. Total calcium was additionally fitted as a positive control, to establish that 
the procedure retains power to register an association vitamin D really does produce. The 
falsification test was fixed before any control was fitted: the calibration argument fails for 
this paper if its residual is larger than every clean control, and that test is reported 
whichever way it falls. 

Overlap with companion work from the same database 

This laboratory has published, and is publishing, other analyses of the same source 
database, and we declare the overlap explicitly. (i) A companion paper on vitamin D status 
in this laboratory population appeared in Nutrients [38] in 2026. (ii) A manuscript on the 
relationship between 25(OH)D and indirect versus direct bilirubin, by Osredkar, Godnov, 
Jerin and Žiberna — the authors of the present paper — is being finalised for submission to 
Antioxidants. That manuscript is unpublished and has no DOI, accession number or 
preprint identifier at the time of this submission; it therefore carries no reference number 
here, in accordance with this journal’s requirement that the reference list contain only work 
that has been published or accepted by a named publication, recognised preprint server or 
data repository. A clearly marked copy is uploaded with this submission and is available to 
the editors and reviewers. Bilirubin is not an exposure, outcome or covariate in the 

present analysis, and no bilirubin result appears anywhere in this paper. (iii) Two further 
analyses of the same database, addressing haematological indices and renal-mineral 
indices respectively, are in preparation by the same authors; they use different index 
analytes, different cohort selections (48,402 and 33,852 records respectively) and different 
research questions. The present paper is the only one of the series in which hepatobiliary 
enzymes and FIB-4 are the outcomes. 

Because all four analyses draw on the same testing stream, the patient overlap is 
substantial and we state it numerically rather than qualitatively: 96.7% of the patients 
analysed here also appear in the haematological cohort and 61.4% in the renal-mineral 
cohort, and 13,043 patients appear in all three of the parallel analyses. No hepatobiliary or 
FIB-4 result reported here appears in any companion work. Two descriptive quantities do 
recur across the series — the Spearman correlations of 25(OH)D with serum albumin and 
with eGFR — and their values differ between cohorts (rho with eGFR ‑0.025 here, against 
+0.072 and +0.076 in the haematological and renal-mineral cohorts respectively). We 
regard that difference as informative rather than contradictory: each cohort is defined by 



which analytes a clinician co-ordered, so the co-ordering pattern itself determines the sign 
of a marginal correlation. This is the selection mechanism we describe as a collider in the 
Discussion, made visible. 

Use of artificial intelligence 

Large language models were used as a drafting and code-review aid during preparation of 
the analysis scripts and the manuscript text, under the direct supervision and full 
responsibility of the named authors; all statistical results were produced by the deposited, 
re-runnable analysis code and were independently re-derived by a second code path 
before submission. No large language model is an author or satisfies authorship criteria. 
All five figures were generated with Python/matplotlib directly from the study data; no 

generative-AI image tool was used at any point. 
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Figure legends 

Figure 1. STROBE participant flow for the hepatobiliary cohort, 2014–2023. Sequential 
application of the prespecified cohort rule to the source laboratory extract. From 107,900 
records, 107,856 carried a valid serum 25-hydroxyvitamin D result, 107,856 also had a valid 
sampling date, sex and date of birth, and 82,235 belonged to adults aged 18–100 years. 
Requiring aspartate aminotransferase, alanine aminotransferase, gamma-
glutamyltransferase and alkaline phosphatase to be co-measured and physiologically 
plausible left 37,456 records, and retaining the first record per patient per calendar year 
gave the primary analysis cohort of 31,607 records from 22,103 adults. Boxes show n at 
each step and the number excluded. The FIB-4 index was computable in 30,232 of these 
records (95.6%); the 1,375 records without a platelet count are treated as missing for every 
FIB-4 analysis and are never counted as low risk. 

Figure 2. Hepatobiliary outcomes across 25-hydroxyvitamin D status categories. Four 
panels for the primary cohort, plotted against the Institute of Medicine / Endocrine Society 
categories deficient (<30 nmol/L, n = 5,080), insufficient (30 to <50, n = 7,055), sufficient (50 
to <75, n = 10,045) and optimal (≥75, n = 9,421). (a) Median FIB-4 index with bootstrap 95% 
confidence interval; note the non-monotone pattern (1.56, 1.17, 1.13, 1.22), which tracks 
the median age of each group (65.2, 58.9, 59.0, 61.3 years) rather than the exposure. (b) 
Percentage with high-risk FIB-4 > 2.67 with Wilson 95% confidence intervals, computed 
only among records in which FIB-4 was computable (29.0%, 15.2%, 11.4%, 12.3%). (c) 
Median gamma-glutamyltransferase and (d) median alkaline phosphatase, both in U/L 
(divide by 60 for µkat/L). Kruskal–Wallis tests across the four categories with epsilon-
squared effect sizes are given in Supplementary Table S4, and the corresponding Dunn 
post-hoc comparisons in Supplementary Table S3; all epsilon-squared values are below 
0.03, i.e. less than 3% of the variance in any outcome is shared with the exposure category. 

Figure 3. Crude versus progressively adjusted 25-hydroxyvitamin D effect sizes. The 
prespecified five-step adjustment cascade: crude; + age and sex; + serum albumin; + 
season and era; + estimated glomerular filtration rate. (a) Continuous outcomes, plotted as 
the percentage change in the log-transformed outcome per +25 nmol/L of 25-
hydroxyvitamin D with 95% confidence intervals from HC3 robust standard errors. For FIB-4 
the coefficient moves from ‑5.21% (crude) to ‑1.06% (full model), an 80.2% attenuation, 
and the intermediate albumin-only step over-shoots to ‑0.39%. (b) Binary outcomes as 
odds ratios per +25 nmol/L with 95% Wald confidence intervals; for FIB-4 > 2.67 the odds 
ratio moves from 0.765 to 0.935 (75.1% attenuation of the log-odds ratio), while elevated 
alanine aminotransferase is essentially unattenuated (0.938 to 0.940). The cascade is 
deliberately shown step by step because it is not monotone; reporting only the endpoints 
would conceal that the adjusted estimate depends on where the model stops. n differs 
between steps because of complete-case analysis and is annotated on each row. 

Figure 4. Seasonal and secular patterns in 25-hydroxyvitamin D and FIB-4, 2014–2023. 
(a) Median 25-hydroxyvitamin D by calendar month (left axis) with median FIB-4 overlaid 
(right axis), showing the expected late-winter trough and late-summer peak in the exposure 



and a far flatter outcome curve. (b) Median 25-hydroxyvitamin D and the percentage of 
records below 30 nmol/L by calendar year; the exposure rose across the decade 
(Spearman rho with year = +0.107, 95% CI 0.096 to 0.118). (c) FIB-4 by calendar year, 
showing the marked 2020–2021 excursion that motivated retaining calendar era (pre-
pandemic 2014–2019 versus 2020–2023) as a model covariate rather than asserting it to be 
unimportant; in the fully adjusted model the pandemic era carried an odds ratio of 1.87 for 
high-risk FIB-4, far larger than the exposure of interest. Numeric values underlying all three 
panels are in Supplementary Table S9 (seasonal), Table S9b (monthly) and Table S10 
(annual). 

Figure 5. Effect sizes for 25-hydroxyvitamin D and the hepatobiliary panel, with the FIB-

4 self-check. (a) Forest plot of crude Spearman rank correlations between 25-
hydroxyvitamin D and each analyte, with Fisher z-transformed 95% confidence intervals 
and n annotated. All hepatobiliary correlations are negative and small (maximum |rho| = 
0.156 for gamma-glutamyltransferase, 2.43% of rank variance); the largest correlation in 
the whole panel is with serum albumin (+0.189, 3.59%). (b) Self-check for a derived-
variable artefact: the 25-hydroxyvitamin D–FIB-4 partial Spearman correlation falls from ‑0.081 (crude) to ‑0.067 after residualising on age and to ‑0.025 after residualising on age 
and albumin, and the same cascade computed on the age-free surrogate AST/(platelets × 
√ALT) reproduces it (crude rho ‑0.065). FIB-4 contains age and platelets by construction 
(rho with age +0.687, with platelets ‑0.618), whereas 25-hydroxyvitamin D correlates only 
weakly with either (‑0.049 and +0.041), so the association is not arithmetically forced — but 
neither is it larger than the crude derived variable implies. 

 

Tables 

Table 1. Baseline characteristics of the hepatobiliary cohort by serum 25-

hydroxyvitamin D category Values are median [interquartile range] for continuous 
variables and n (%) for categorical variables. Group comparisons are Kruskal–Wallis tests 
across the four categories with epsilon-squared effect sizes for continuous variables, and 
chi-squared tests with Cramér’s V for categorical variables; exact p values are given. 
Enzyme activities are shown in U/L with the delivered µkat/L values beneath (U/L = µkat/L × 
60). The FIB-4 > 2.67 row uses the 30,232 records in which FIB-4 was computable as 
denominator; the eGFR < 60 row uses the 31,253 records with a creatinine result. 

Charact
eristic 

Overall 
(n = 
31,607) 

Deficient 
<30 (n = 
5,080) 

Insufficie
nt 30–
<50 (n = 
7,055) 

Sufficien
t 50–<75 
(n = 
10,045) 

Optimal 
≥75 (n = 
9,421) p 

Effect 
size 

Age 
(years) 

60.8 
[45.0–
73.2] 

65.2 
[52.1–
77.8] 

58.9 
[43.6–
71.0] 

59.0 
[42.8–
72.0] 

61.3 
[45.1–
73.5] 

1.27 × 
10⁻⁹⁴ 

ε² = 
0.0138 



Charact
eristic 

Overall 
(n = 
31,607) 

Deficient 
<30 (n = 
5,080) 

Insufficie
nt 30–
<50 (n = 
7,055) 

Sufficien
t 50–<75 
(n = 
10,045) 

Optimal 
≥75 (n = 
9,421) p 

Effect 
size 

Female, 
n (%) 

18,435 
(58.3) 

2,680 
(52.8) 

3,794 
(53.8) 

5,969 
(59.4) 

5,988 
(63.6) 

6.83 × 
10⁻⁵¹ 

V = 0.086 

25(OH)D 
(nmol/L) 

59 [38–
79] 

21 [16–
25] 

40 [35–
45] 

62 [56–
68] 

91 [82–
106] 

<1 × 
10⁻³⁰⁰ 

ε² = 
0.9262 

AST (U/L) 25.2 
[19.8–
34.2] 

27.6 
[21.0–
45.0] 

25.2 
[19.8–
35.4] 

24.6 
[19.2–
31.8] 

24.6 
[19.8–
31.8] 

6.22 × 
10⁻⁸⁵ 

ε² = 
0.0124 

AST 
(µkat/L) 

0.42 
[0.33–
0.57] 

0.46 
[0.35–
0.75] 

0.42 
[0.33–
0.59] 

0.41 
[0.32–
0.53] 

0.41 
[0.33–
0.53] 

— — 

ALT (U/L) 25.8 
[19.2–
37.2] 

27.0 
[19.2–
42.0] 

27.0 
[19.2–
40.2] 

25.2 
[19.2–
36.0] 

24.6 
[18.6–
34.2] 

3.02 × 
10⁻³⁵ 

ε² = 
0.0051 

ALT 
(µkat/L) 

0.43 
[0.32–
0.62] 

0.45 
[0.32–
0.70] 

0.45 
[0.32–
0.67] 

0.42 
[0.32–
0.60] 

0.41 
[0.31–
0.57] 

— — 

GGT 
(U/L) 

22.2 
[13.8–
45.0] 

31.2 
[16.8–
78.0] 

24.0 
[15.0–
49.2] 

20.4 
[13.2–
39.0] 

19.8 
[13.2–
36.6] 

9.51 × 
10⁻¹⁸⁷ 

ε² = 
0.0272 

GGT 
(µkat/L) 

0.37 
[0.23–
0.75] 

0.52 
[0.28–
1.30] 

0.40 
[0.25–
0.82] 

0.34 
[0.22–
0.65] 

0.33 
[0.22–
0.61] 

— — 

ALP (U/L) 72.0 
[57.6–
93.6] 

81.0 
[63.0–
112.2] 

73.8 
[58.8–
96.0] 

70.2 
[56.4–
88.8] 

69.6 
[55.8–
88.8] 

7.16 × 
10⁻¹³⁸ 

ε² = 
0.0201 

ALP 
(µkat/L) 

1.20 
[0.96–
1.56] 

1.35 
[1.05–
1.87] 

1.23 
[0.98–
1.60] 

1.17 
[0.94–
1.48] 

1.16 
[0.93–
1.48] 

— — 

De Ritis 
ratio 
(AST/ALT
) 

0.98 
[0.76–
1.27] 

1.05 
[0.79–
1.47] 

0.94 
[0.73–
1.24] 

0.95 
[0.75–
1.22] 

1.00 
[0.79–
1.26] 

3.20 × 
10⁻⁶⁵ 

ε² = 
0.0095 

Platelets 
(10⁹/L) 

233 
[187–
285] 

224 
[168–
284] 

235 
[188–
286] 

236 
[193–
285] 

233 
[191–
284] 

8.46 × 
10⁻²³ 

ε² = 
0.0034 



Charact
eristic 

Overall 
(n = 
31,607) 

Deficient 
<30 (n = 
5,080) 

Insufficie
nt 30–
<50 (n = 
7,055) 

Sufficien
t 50–<75 
(n = 
10,045) 

Optimal 
≥75 (n = 
9,421) p 

Effect 
size 

FIB-4 
index 

1.22 
[0.76–
1.99] 

1.56 
[0.89–
3.14] 

1.17 
[0.72–
1.96] 

1.13 
[0.72–
1.78] 

1.22 
[0.79–
1.88] 

3.10 × 
10⁻¹³⁰ 

ε² = 
0.0198 

FIB-4 > 
2.67, n 
(%)a 

4,641 
(15.4) 

1,410 
(29.0) 

1,028 
(15.2) 

1,092 
(11.4) 

1,111 
(12.3) 

4.59 × 
10⁻¹⁸⁹ 

V = 0.170 

Elevated 
ALT, n 
(%)b 

13,736 
(43.5) 

2,394 
(47.1) 

3,260 
(46.2) 

4,246 
(42.3) 

3,836 
(40.7) 

4.06 × 
10⁻¹⁸ 

V = 0.052 

Albumin 
(g/L) 

44.0 
[40.0–
46.0] 

41.0 
[35.0–
45.0] 

44.0 
[39.0–
46.0] 

44.0 
[41.0–
47.0] 

44.0 
[42.0–
47.0] 

5.64 × 
10⁻²⁴⁵ 

ε² = 
0.0422 

Creatinin
e 
(µmol/L) 

74 [63–
92] 

75 [61–
101] 

74 [62–
91] 

73 [62–
89] 

75 [64–
93] 

1.14 × 
10⁻¹⁴ 

ε² = 
0.0021 

eGFR 
(mL/min/
1.73 m²) 

90.5 
[68.8–
104.0] 

87.8 
[59.3–
103.6] 

92.9 
[71.5–
106.0] 

92.0 
[73.3–
104.8] 

88.0 
[66.7–
101.7] 

8.75 × 
10⁻⁵⁴ 

ε² = 
0.0079 

eGFR < 
60, n 
(%)c 

5,924 
(19.0) 

1,287 
(25.6) 

1,208 
(17.3) 

1,549 
(15.6) 

1,880 
(20.2) 

4.38 × 
10⁻⁵¹ 

V = 0.087 

Season: 
winter, n 
(%) 

9,600 
(30.4) 

2,045 
(40.3) 

2,418 
(34.3) 

2,681 
(26.7) 

2,455 
(26.1) 

— — 

Season: 
spring, n 
(%) 

8,377 
(26.5) 

1,744 
(34.3) 

2,110 
(29.9) 

2,564 
(25.5) 

1,958 
(20.8) 

— — 

Season: 
summer, 
n (%) 

5,517 
(17.5) 

459 (9.0) 1,037 
(14.7) 

2,012 
(20.0) 

2,006 
(21.3) 

— — 

Season: 
autumn, 
n (%) 

8,113 
(25.7) 

832 
(16.4) 

1,490 
(21.1) 

2,788 
(27.8) 

3,002 
(31.9) 

— — 

Era: 
pandemi
c 2020–

20,475 
(64.8) 

3,010 
(59.3) 

4,205 
(59.6) 

6,572 
(65.4) 

6,685 
(71.0) 

— — 



Charact
eristic 

Overall 
(n = 
31,607) 

Deficient 
<30 (n = 
5,080) 

Insufficie
nt 30–
<50 (n = 
7,055) 

Sufficien
t 50–<75 
(n = 
10,045) 

Optimal 
≥75 (n = 
9,421) p 

Effect 
size 

2023, n 
(%) 

Age > 70 
years, n 
(%) 

9,869 
(31.2) 

2,017 
(39.7) 

1,905 
(27.0) 

2,913 
(29.0) 

3,034 
(32.2) 

— — 

a Denominator = 30,232 records with computable FIB-4 (by category, among the 31,601 
records with an analysable 25(OH)D value: 4,866 / 6,770 / 9,582 / 9,008). b Sex-specific 
ACG “true-normal” thresholds, ALT > 25 U/L in women and > 33 U/L in men [8]; see 
Methods for the threshold sensitivity analysis. c Denominator = 31,253 records with a 
creatinine result. 

 

Table 2. Spearman rank correlations of serum 25-hydroxyvitamin D with hepatobiliary 

and reference analytes Spearman rho with Fisher z-transformed 95% confidence 
intervals; rho² is expressed as the percentage of rank variance explained. Exact two-tailed p 
values. n differs by analyte because of complete-case analysis. Sex-stratified correlations 
and formal Fisher z tests of the sex difference are in Supplementary Table S2. 

Analyte n rho 95% CI 

Variance 
explained 
(rho², %) p 

Gamma-
glutamyltran
sferase (U/L) 

31,601 −0.156 −0.167 to ‑0.145 
2.43 6.4 × 10⁻¹⁷¹ 

Alkaline 
phosphatas
e (U/L) 

31,601 −0.131 −0.142 to ‑0.120 
1.71 1.8 × 10⁻¹²⁰ 

Aspartate 
aminotransf
erase (U/L) 

31,601 −0.090 −0.101 to ‑0.079 
0.82 2.3 × 10⁻⁵⁸ 

FIB-4 index 30,226 −0.081 −0.092 to ‑0.069 
0.65 7.3 × 10⁻⁴⁵ 

Alanine 
aminotransf
erase (U/L) 

31,601 −0.071 −0.082 to ‑0.060 
0.50 2.9 × 10⁻³⁶ 

De Ritis ratio 
(AST/ALT) 

31,601 −0.023 −0.034 to ‑0.012 
0.05 3.6 × 10⁻⁵ 



Analyte n rho 95% CI 

Variance 
explained 
(rho², %) p 

Platelets 
(10⁹/L) 

30,226 +0.041 +0.030 to 
+0.052 

0.17 8.1 × 10⁻¹³ 

Age (years) 31,601 −0.049 −0.060 to ‑0.038 
0.24 5.8 × 10⁻¹⁸ 

eGFR 
(mL/min/1.7
3 m²) 

31,247 −0.025 −0.036 to ‑0.014 
0.06 1.0 × 10⁻⁵ 

Albumin 

(g/L) 
26,726 +0.189 +0.178 to 

+0.201 
3.59 1.7 × 10⁻²¹⁴ 

The largest single association of 25-hydroxyvitamin D in this panel is with serum albumin, a 
nutrition and inflammation marker, not with any hepatobiliary analyte. 

 

Table 3. Crude and progressively adjusted associations of serum 25-hydroxyvitamin D 

(per +25 nmol/L) with FIB-4, elevated ALT and the two strongest enzyme outcomes 
Continuous outcomes are natural-log transformed and fitted by ordinary least squares with 
HC3 robust standard errors; coefficients are back-transformed to the percentage change in 
the outcome per +25 nmol/L. Binary outcomes are fitted by logistic regression; effects are 
odds ratios per +25 nmol/L with 95% Wald confidence intervals. Attenuation is the 
percentage reduction in the exposure coefficient (log-odds ratio for binary outcomes) 
relative to the crude model at that step. n differs between steps because of complete-case 
analysis. Model 1 = crude; 2 = + age, sex; 3 = + serum albumin; 4 = + season, era; 5 = + eGFR 
(full model). Panel C calibrates the residual in Panel B against negative-control outcomes 
at model 4 and uses patient-clustered robust confidence intervals throughout. 

Panel A — continuous outcomes, % change per +25 nmol/L (95% CI) 

Model 
FIB-4 
(n) 

% 
chang
e [95% 
CI] Atten. 

GGT 
(n) 

% 
chang
e [95% 
CI] Atten. ALP (n) 

% 
chang
e [95% 
CI] Atten. 

1 
Crude 

30,226 −5.21 
[‑5.90, ‑4.52] 

— 31,601 −10.11 
[‑10.9
8, ‑9.23] 

— 31,601 −3.98 
[‑4.40, ‑3.57] 

— 

2 + 
Age, 
sex 

30,226 −2.78 
[‑3.32, ‑2.23] 

47.3% 31,601 −8.10 
[‑8.94, ‑7.25] 

20.7% 31,601 −3.62 
[‑4.03, ‑3.22] 

9.2% 



Model 
FIB-4 
(n) 

% 
chang
e [95% 
CI] Atten. 

GGT 
(n) 

% 
chang
e [95% 
CI] Atten. ALP (n) 

% 
chang
e [95% 
CI] Atten. 

3 + 
Album
in 

25,588 −0.39 
[‑0.94, 
+0.17] 

92.7% 26,726 −4.65 
[‑5.55, ‑3.75] 

55.3% 26,726 −2.21 
[‑2.64, ‑1.78] 

45.0% 

4 + 
Seaso
n, era 

25,588 −1.21 
[‑1.77, ‑0.65] 

77.2% 26,726 −5.01 
[‑5.92, ‑4.09] 

51.8% 26,726 −2.33 
[‑2.77, ‑1.89] 

42.0% 

5 Full 

(+ 

eGFR) 

25,504 −1.06 

[‑1.62, ‑0.49] 

80.2% 26,570 −4.59 

[‑5.50, ‑3.66] 

56.0% 26,570 −2.42 

[‑2.87, ‑1.97] 

39.8% 

Exact p values, model 5: FIB-4 p = 2.4 × 10⁻⁴; GGT p = 1.8 × 10⁻²¹; ALP p = 1.3 × 10⁻²⁵. Model 
3 for FIB-4 is the only step at which the exposure coefficient is not distinguishable from zero 
(p = 0.168). 

Panel B — binary outcomes, odds ratio per +25 nmol/L (95% CI) 

Model 

FIB-4 > 
2.67: n 
/ events 

OR 
[95% 
CI] p Atten.a 

Elevate
d ALT: n 
/ events 

OR 
[95% 
CI] p Atten.a 

1 Crude 30,226 
/ 4,641 

0.765 
[0.743, 
0.787] 

4.1 × 
10⁻⁷⁷ 

— 31,601 
/ 
13,736 

0.938 
[0.922, 
0.954] 

3.0 × 
10⁻¹³ 

— 

2 + Age, 
sex 

30,226 
/ 4,641 

0.810 
[0.787, 
0.834] 

1.8 × 
10⁻⁴⁵ 

21.5% 31,601 
/ 
13,736 

0.935 
[0.919, 
0.952] 

4.1 × 
10⁻¹⁴ 

−4.2% 

3 + 
Albumi
n 

25,588 
/ 4,125 

0.960 
[0.931, 
0.990] 

9.6 × 
10⁻³ 

84.8% 26,726 
/ 
11,630 

0.931 
[0.914, 
0.950] 

7.8 × 
10⁻¹³ 

−10.4% 

4 + 
Season
, era 

25,588 
/ 4,125 

0.931 
[0.902, 
0.961] 

1.1 × 
10⁻⁵ 

73.5% 26,726 
/ 
11,630 

0.921 
[0.903, 
0.940] 

9.7 × 
10⁻¹⁶ 

−27.3% 

5 Full 

(+ 

eGFR) 

25,504 

/ 4,112 
0.935 

[0.906, 

0.966] 

4.2 × 

10⁻⁵ 
75.1% 26,570 

/ 

11,576 

0.940 

[0.921, 

0.959] 

1.5 × 

10⁻⁹ 
3.5% 

a Attenuation of the log-odds ratio relative to model 1; negative values indicate that 
adjustment strengthened the association. For context, in model 5 for FIB-4 > 2.67 the odds 
ratios for the covariates were 1.061 per year of age, 0.632 for female sex, 0.874 per g/L of 
albumin and 1.872 for the 2020–2023 era — each substantially larger than the exposure 



effect. Sensitivity analysis at higher ALT thresholds (0.58/0.74 µkat/L, i.e. 34.8/44.4 U/L; 
22.5% of records flagged) gave crude OR 0.896 [0.877, 0.916] and fully adjusted OR 0.940 
[0.917, 0.964]. 

Panel C — negative-control outcomes at the same adjustment step (model 4), odds 

ratio per +25 nmol/L (95% CI) 

Calibration of the residual in Panel B. Each row is a routine analyte co-ordered in the same 
specimen whose concentration vitamin D does not set (Methods, “Negative-control 
outcomes”), fitted with the identical exposure scaling, the identical adjustment set — age, 
sex, serum albumin, season and era, i.e. model 4 — and the identical estimator. Rows are 
ordered by |OR – 1|. Model 5 is not shown because it adds eGFR, which the controls do not 
carry. 

Outcome n / events OR [95% CI]b p |OR – 1| 

Low 
bicarbonate 
(total CO₂ < 22 
mmol/L)c 

4,745 / 569 1.039 [0.963, 
1.122] 

0.318 0.039 

High mean 
platelet volume 
(> 11 fL) 

25,553 / 2,225 0.953 [0.917, 
0.991] 

0.015 0.047 

Hyponatraemia 
(Na < 135 
mmol/L) 

25,641 / 1,845 1.050 [1.009, 
1.092] 

0.016 0.050 

Hypochloraemi
a (Cl < 98 
mmol/L) 

18,038 / 1,261 1.114 [1.069, 
1.162] 

3.6 × 10⁻⁷ 0.114 

Hyperkalaemia 
(K > 5.0 
mmol/L) 

26,168 / 1,940 1.202 [1.154, 
1.251] 

4.6 × 10⁻¹⁹ 0.202 

FIB-4 > 2.67 

(this paper, 

model 4) 

25,586 / 4,123 0.931 [0.896, 

0.968] 
3.4 × 10⁻⁴ 0.069 

Four of the five controls reach p < 0.05; their median |OR – 1| is 0.050 and the range is 0.039 
to 0.202. This paper’s own residual lies inside that range at its 60th percentile — larger 
than three controls and smaller than two. The falsification test set in advance (residual 
larger than every clean control) is not met. The band bounds the residual; it does not show 
it to be zero — total calcium, which vitamin D genuinely regulates, also falls inside the band 
after the same adjustment (Results; Supplementary Table S14). 

b Patient-clustered (CR0) robust confidence intervals throughout this panel, applied 
identically to the controls and to the study outcome; the interval for FIB-4 > 2.67 is 



therefore wider than the model-based interval given for the same odds ratio in Panel B, and 
n differs by two records because all rows are fitted on the common complete-case sample. 
c Total CO₂ was measured in only 15.1% of the cohort, so this control rests on a differently 
selected subsample and its estimate is the least comparable of the five. The contaminated 
controls deliberately excluded from this band, the extended nine-control band, the 
continuous forms and all four cascade steps are in Supplementary Table S14. 
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