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Abstract

Background and Aims:

Persistent HDV RNA replication predicts worse outcomes in chronic hepatitis D (CHD), but the clinical
significance of HDV RNA's levels, relative to other predictors of liver-related events (LREs), remains
unclear.

Methods:

Adults with CHD attending a Mongol liver center, 2015-2025, without prior LREs or anti-CHD therapy,
were eligible. HDV RNA levels were quantified using Bio-Rad kit (lower limit of quantification of 50
IU/mL). Associations of baseline and longitudinal HDV RNA levels with cirrhosis progression, and LREs
were assessed using Cox regression models.

Results:

Overall 2,447 patients were included with: median age 40.3 years, 56.1% females, median HDV RNA 5.3
logqg IU/mL, 37.4% HBeAg+, 76.5% with elevated ALT, and 23.6% with cirrhosis at baseline. During a
median follow-up of 7.3 years (range 0.6—12.7), 247 of 1,870 patients (13.2%) progressed to cirrhosis,
and 287 of 2,447 patients (11.7%) experienced any LREs, with cumulative risks of 6.9%, and 18.0% at 5
and 10 years, respectively. The risk of HCC, and LREs increased from HDV RNA level above 3 log;
IU/mL, without further increase at higher levels (threshold pattern), while cirrhosis risk rose more
gradually to 5 logqo lU/mL. HDV RNA level alone showed limited prognostic discrimination (AUROC
<0.70), while age, ALT, GGT, platelet count, liver stiffness, and cirrhosis provided additional prognostic
information (AUROC =0.83).

Conclusion:

HDV RNA levels showed a threshold, not a dose-response, association with HCC and liver-related events,
with limited prognostic accuracy alone. Adding other liver-related parameters improved risk stratification,
potentially guiding monitoring, and treatment decisions.

Introduction

Chronic hepatitis D (CHD) is associated with accelerated cirrhosis, and increased risks of liver-related
morbidity and mortality [1, 2]. The global prevalence of hepatitis D virus (HDV) infection is around 10—
19 million with Central Asia, Sub-Saharan Africa and South America identified as high endemic regions
[2]. In Europe, CHD also contributes to the burden of liver disease [2]. Current guidelines recommend
HDV RNA testing in anti-HDV-positive individuals to confirm active infection and guide clinical
management, as detectable HDV RNA is strongly associated with a worse prognosis [3]. However, HDV
RNA detectability as a dichotomic parameter provides only broad prognostic information [1]. The clinical
significance of different quantitative HDV RNA levels remains insufficiently defined, and whether this
association follows a linear-like, threshold-like, or another pattern, is unclear [4-7]. This is particularly
becoming important to identify patients at greatest risk of CHD progression considering the high cost of
Page 3/16



bulevirtide and other emerging anti-HBV/HDV therapies [8, 9]. Therefore, this study aimed to characterize
the pattern of association between HDV RNA levels, both at baseline and longitudinally, with cirrhosis
progression and other LREs in a large, treatment-naive Asian cohort with CHD. We further assessed to
what extent HDV RNA levels added prognostic value beyond established virological, biochemical, and
liver disease severity markers.

Patients and methods

Study design and setting

This retrospective observational study included all patients with CHD attending a single secondary-care
referral hepatology center, at Ulaanbaatar, Mongolia from January 2015 to June 2025.

Population

Eligibility criteria were age = 18 years at initial HDV RNA test, a confirmed CHD diagnosis with >2 HDV
RNA+ tests = 50 IU/mL obtained at least 3 months apart, with = 6 months follow-up time. We excluded
patients with ever exposure to anti-HDV therapy, and those with hepatic decompensation, liver
transplantation, or HCC prior to and within 180 days of baseline. (Figure S1 Study flowchart).

Study outcomes

The primary outcome was the incidence of composite LREs, defined as any of decompensation events,
HCC, liver transplantation or liver-related death. The secondary outcome was cirrhosis progression
among patients without cirrhosis at baseline.

Laboratory and virological tests

HBsAg, anti-HCV, and anti-HIV were qualitatively tested by rapid diagnostic test (CTK Co.LtD, USA), while
anti-HDV were tested using ELISA (Wantai Co.Ltd, PRC). Quantitative HBsAg was estimated by HISCL-
5000 fully automated chemiluminescence analyzer (Sysmex Co.Ltd, Japan). HBeAg was measured using
a chemiluminescent immunoassay (CLIA, Sysmex, Japan).

HDV RNA was extracted using the BioActGene® Virus Purification Kit (Bioactiva Diagnostics GmbH,
Germany) and quantified using a quantitative reverse-transcription PCR assay with the iTaq Universal
Probes One-Step Kit (Bio-Rad, USA). The assay was performed on an Mx3005P gPCR system (Agilent
Technologies, USA) and had a lower limit of detection of 50 IU/mL. Details on ascertainment of
outcome, laboratory, virological variables, and LSM are provided in Supplementary methods.

Statistical analysis
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Continuous variables were presented as mean (+ SD) or median (IQR, interquartile range) and categorical
variables were described as frequencies (numbers) and proportions. Student’s t-test, Mann-Whitney U,
Chi-Square or Fisher’s exact tests were used, as appropriate.

Follow-up and cumulative incidence

The baseline date was defined as the first HDV RNA positive (= 50 IU/mL). Follow-up was defined from
the baseline date to the date of first LRE, last recorded visit, death or end of the study set at 30 June
2025, whichever occurred first. The cumulative incidence of LREs across HDV RNA categories was
estimated using the Kaplan-Meier analysis.

Predictors of study outcomes

The association between baseline predictors with the incidence of study outcomes was examined using
Cox regression analysis. Significant factors and those of clinical interest in univariable analysis, were
introduced in the multivariable analysis.

Dynamic analysis of HDV RNA trajectory

Patients with at least two HDV RNA measurements spaced = 6 months apart were considered for the
dynamic analysis. For each eligible patient, three summary measures of HDV RNA values were derived:
the first measurement (baseline), the time-weighted mean of all measurements during follow-up, and the
relative change between the first and last measurements. The time-weighted mean was calculated by
weighing each interval between consecutive measurements by its duration, to account for unequal
spacing between visits.

The association between baseline HDV RNA value and time-weighted mean with the incidence of
cirrhosis and LREs was examined using restricted cubic splines (RCS) with three knots placed at the 5th,
35th, and 65th percentiles of the predictor distribution, fitted within a cause-specific Cox regression
model. The reference value was set at the HDV RNA < 1000 IU/mL. The prognostic utility of a relative
change in HDV RNA levels was also evaluated defined as = 1 log decline, = 1 log increase and stable level
for those < 1 log change across follow-up.

Sensitivity analyses

As a sensitivity analysis, the cumulative risk of the primary outcome was estimated across HDV RNA
categories using the Aalen-Johansen estimator, accounting for competing events. All analyses were
performed in R (version 4.2.2). Statistical significance was defined as a two-sided p-value < 0.05.

Ethical aspects
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All data were anonymized, and statistical analyses were conducted at Karolinska Institutet. Ethical
approval was granted from the local ethics review boards in Mongolia and Sweden, with waived
individual patient consent. The study was funded by ALF grant from Region Stockholm, Sweden, and was
conducted in accordance with the Declaration of Helsinki.

Results

Baseline characteristics of study cohort

Overall, 2,447 patients were eligible (Figure S1). As shown in Table 1, the median age was 40.3 years,
females constituted 56.1% and 23.6% had cirrhosis. The prevalence of elevated ALT and GGT = ULN was
76.5%, and 42.6%, respectively. The median (IQR) HDV RNA level was 5.3 (4.1-6.1) log;o IU/mL, 13.6%,
28.4% and 58.1% had < 3 log,, 3-<5 log(, and = 5 log, IU/mL, respectively. No significant difference in
HDV RNA levels by cirrhosis, and sex was noted. While younger age (18-29 years) had higher HDV RNA
levels. (Figure S2 A-B) The difference between patients with HDV RNA < 5 vs = 5 log, IU/mL (Table 1) is
presented in the supplements.

Incidence rate and cumulative risks of liver-related events

During a median follow-up of 7.3 years (min-max 0.6—12.7), corresponding to 17,095.1 person-years, 247
of 1,870 patients without cirrhosis at baseline (13.2%) progressed to cirrhosis. Among 247 patients who
progressed to cirrhosis, 92 (37.2%) did so within 2 years and were classified as “fast-progressors”, while
87 (35.2%) and 68 (27.5%) progressed within 5 and 10 years, respectively.

Overall, 287 (11.7%) experienced any LREs, at an annual incidence rate (IR) of 1.74% with 3-, 5- and 10-
years cumulative incidence of 4.0%, 6.9%, and 18.0%, respectively. Among 577 patients with baseline
cirrhosis, 28.3% experienced any LREs, corresponding to an IR of 4.5% and cumulative risks of 9.9%,
17.6%, and 41.7% at 3, 5, and 10 years, respectively. In patients without cirrhosis, the IR of LREs was
1.0%, with corresponding cumulative incidence of 2.1%, 3.6%, and 11.3%, respectively.

Cirrhosis progression and liver-related events according to
baseline HDV RNA levels

The cumulative incidence of cirrhosis, and LREs was significantly lower in patients with HDV RNA levels
<3 logqg IU/mL. Specifically, patients with < 2 log;, had an annual IR of cirrhosis of 0.5%, and patients

with 2-<3 logy showed an annual IR of 1.24%. The corresponding 3, 5- and 10-year cumulative risks were
0.0%, 3.3%, and 5.1%, for <2 log4g, 5.0%, and 5.6%, and 11.3% for 2-<3 log,( IU/mL, respectively.

The risk of cirrhosis progression increased progressively with HDV RNA levels up to approximately 5
logqo IU/mL, more consistent with a graded, dose-dependent relationship than a sharp threshold

(Fig. 1A). By contrast, the cumulative risk of HCC increased from HDV RNA level = 3 log,, IU/mL, with
little additional increase at higher viral loads, showing a clearer threshold effect (Fig. 1B). This distinction
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between HDV RNA categories for composite LREs was more pronounced among patients with baseline
cirrhosis (Fig. 1D; p = 0.004) than among those without (Fig. 1C, p = 0.37). None of the patients with HDV
RNA <2log4 progressed to cirrhosis within 2 years, while only 5 (5.4%) among those “fast-progressors”
had HDV RNA < 3 log4o IU/mL at baseline.

Predictors of cirrhosis progression

In Table S2, univariable analysis showed that age, sex, prior NUC, ALT, AST, GGT, albumin, total bilirubin,
platelets count, HBsAg, HDV RNA, and LSM were all significant factors. In the adjusted model,
independent predictors were older age (aHR =1.03; 1.01-1.04), elevated ALT = 2*ULN (aHR =1.37; 1.06~-
1.78), elevated GGT = 2*ULN (aHR = 1.32; 1.58 - 2.76), platelets count < 150.000 cells/pL (aHR =1.29;
1.10-1.63), and higher HDV RNA level (aHR =1.12; 1.02-1.23), higher LSM (aHR =1.22; 1.16-1.28). In
separate models, patients with HBsAg = 3 logy IlU/mL had 1.51-fold higher risk to progress to cirrhosis,
those with HDV RNA 2 3 log, o, had 2.20-fold, and those with HDV RNA = 5 log,, IU/mL had 1.33-fold the
risk compared to peers below these cutoffs, respectively. Those with LSM =10 kPa had 1.98- fold (1.51-
2.60) higher risk.

Notably, elevation of ALT and GGT levels = ULN alone was not independently associated with cirrhosis
progression, whereas two-times elevation = ULN was (Table S2).

Predictors of composite liver-related events

In Table 2, independent factors associated with composite LREs were older age (aHR = 1.05; 1.04-1.06),
smoking (aHR =1.75; 1.22-2.49), elevated GGT (aHR =2.09; 1.58-2.76), albumin < 35 g/L (aHR = 1.80,
1.22-2.65), low platelets (aHR =2.02; 1.58-2.59), HBeAg+ (aHR = 1.29; 1.10-1.63), lower HBV DNA level
(aHR =0.88; 0.82-0.97), higher HDV RNA level (aHR =1.14; 1.06-1.26), LSM = 10 kPa (aHR = 2.20; 1.69-
2.87) and baseline cirrhosis (aHR = 2.60; 2.02-3.35). In a separate categorical model, HDV RNA = 3 log,
IU/mL was associated with a 2.40-fold higher risk of composite LREs compared with HDV RNA < 3 log-,
IU/mL. Using < 2-<3 log as reference, HDV RNA 3-<4 log,,, HDV RNA 4-<5 logg and = 5 log10 IU/mL
showed significantly increased risk of LREs (aHR 1.46, p =0.007, aHR =2.09, p =0.002 and aHR 1.61,p =
0.01, respectively).

Association of summary HDV RNA measures with risk of
composite outcome

Overall, 1,615 patients (66.0%) had = 2 measurements = 6 months (median 3 measurements per patient).
Consistent with the primary analysis, the risk of cirrhosis, HCC, and composite LREs increased from 3
logqg IU/mL when using time-weighted mean HDV RNA level, with a consistent inflection point around
this level across all three outcomes on restricted cubic spline analysis, though the shape of the
association above this level again differed; a more gradual, continued rise for cirrhosis versus a peak
around 4-5 log, IU/mL followed by a modest decline for HCC and composite LREs. (Fig. 2A-F)

Dynamic analysis of HDV RNA trajectory
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During a median of 4.2 years (IQR 2.1-8.5) between first and last HDV RNA measurements, HDV RNA
remained stable (< 1 log change) in 69.6% of patients, increased = 1 log in 12.2%, declined = 1 log in
12.6%, and became undetectable in 5.6%. (Table S3) Patterns were broadly similar across subgroups by
baseline cirrhosis, HBeAg status, and sex.

The cumulative incidence of composite LREs by HDV RNA trajectory was comparable during the first 5
years of follow-up (p = 0.49), thereafter patients with undetectable HDV RNA showed lower cumulative
rates than the other trajectory groups. (Fig. 3) Compared to patients with declining HDV RNA levels (= 1
log decline), patients with undetectable HDV RNA showed significant lower risk of composite events
(HR=0.31;0.07-0.83), whereas those with increasing HDV RNA showed a trend of increased risk (HR =
1.33;0.85-2.37).

Validation of HDV RNA level to predict liver disease
progression

Although a consistent positive association was demonstrated between HDV RNA levels and the risk of
composite LREs, the predictive accuracy of HDV RNA as a standalone parameter was suboptimal and
declined further at prolonged time horizons as demonstrated by time-dependent area-under the curve
(AUROC): 61.2% at 3-years using an optimal baseline cutoff of 5.24 log,, IU/mL (sensitivity 59.6%,
specificity 50.2%, PPV 13.7%, NPV 90.3%), 57.8% at 5-years using a cutoff of 4.03 log,, IU/mL (sensitivity
85.4%, specificity 25.4%, PPV 13.2%, NPV 92.9%), and only 53.0% at 10-years using a cutoff of 3.39 log;
IU/mL (sensitivity 92.7%, specificity 17.4%, PPV 13.0%, NPV 94.7%). (Figure S3A) The progressively lower
optimal cutoff and declining AUROC at longer time-horizons suggest that a single baseline HDV RNA
measurement becomes less informative over time, consistent with the added value of longitudinal
monitoring described above.

The addition of age, ALT, GGT, platelets count, and cirrhosis to HDV RNA summary measures
significantly improved prediction of liver outcomes, yielding AUROC = 0.83 at all-time horizons. (Figure
S3B)

Sensitivity analysis

The competing risk analysis of composite liver-related events showed consistent results with the primary
analysis. (Figure S4)

Discussion

In ~ 2500 treatment-naive patients with chronic hepatitis D, HDV RNA > 1,000 IlU/mL was associated with
a more than two-fold increased-risk of liver-related events, with a threshold rather than a linear dose-
response effect. The risk of liver-events rose when HDV RNA exceeded ~ 1,000 IU/mL, with little
additional increase in the risk at higher levels. Older age, HBeAg positivity, elevated GGT, and cirrhosis
were independent determinants of worse outcomes. Although 93% of those who developed a major liver
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outcome had HDV RNA level above 1,000 IU/mL, HDV RNA level alone showed a limited prognostic
accuracy and combining it with other clinical markers substantially improved risk discrimination.

These findings extend on previous literature, which has largely characterized HDV RNA detectability as a
binary predictor of disease progression without addressing whether viral load level, shape, or trajectory
carries additional prognostic information [1, 10—12]. Earlier studies have been limited by small sample
size and heterogeneous, often treatment-experienced populations. By leveraging a large cohort from a
highly-endemic country, we were able to characterize the shape of the HDV RNA-disease progression
relationship more precisely.

In our study, patients with HDV RNA < 100 and < 1000 IU/mL showed a lower incidence of cirrhosis than
HDV RNA+ patients in several European studies, but still higher than that reported for patients with
undetectable or resolved HDV RNA [1, 13, 14]. Notably, 70% of patients with cirrhosis remained free of
liver-related events during follow-up; challenging the severe course often ascribed to cirrhotic CHD. For
instance, compared with the multicenter D-SOLVE, and DELTAVIR studies [7, 10], our cohort was younger,
had fewer HCV/HIV co-infections, fewer baseline cirrhosis, but higher HBeAg + and HDV RNA levels. The
more advanced fibrosis and lower viremia typical of non-endemic cohorts likely reflect their tertiary-care,
treatment-experienced populations [7]. Despite these compositional differences, all cohorts agreed on
the deleterious impact of persistent HDV RNA viremia on disease progression [1, 10—12].

Restricted cubic spline analyses of both baseline and time-weighted mean HDV RNA levels showed a
consistent inflection point around 3 log,, IU/mL (1,000 IU/mL) across liver-events, with the hazard ratio
crossing one relative to lower reference. Above this threshold, however, the shape of the association
differed by outcome: the risk of cirrhosis rose progressively with HDV RNA level up to approximately 5
log,, IU/mL; a graded, dose-dependent pattern also reflected in the ordinal categorical model; whereas
HCC and composite LREs risk peaked around 4-5 log,, lU/mL and declined modestly at higher levels.
Our findings agree with emerging data suggesting that a pragmatic threshold of HDV RNA < 1,000 IU/mL
is linked to better liver outcomes, particularly in non-cirrhotic CHD [7], a threshold which was also
associated with a higher likelihood of spontaneous HDV RNA resolution [15]. Our findings contrast,
however, reports of an attenuated HDV RNA effect after cirrhosis develops, possibly reflecting the small
number of low-replication patients in those studies [4, 6].

Only 13.6% of patients had HDV RNA < 1,000 IU/mL at diagnosis, indicating that most patients with CHD
remain at increased risk of liver-related complications, including HCC, and will likely need antiviral
therapy at some point. Despite the recognized role of HDV viremia, HDV RNA level alone showed limited
and time-dependent prognostic accuracy for liver-related outcomes, with discrimination worsening at
longer time-horizons — from an AUROC of 61.2% at 3-years to 53.0%, approaching chance, at 10-years.
Adding age, ALT, GGT, platelet count, and cirrhosis to HDV RNA substantially improved discrimination,
yielding AUROC = 0.83 at all-time horizons. In the multivariable Cox model, additional independent
predictors of composite LREs included smoking, albumin < 35 g/L, and HBeAg positivity, while ALT
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approached but did not reach conventional significance (p = 0.06). These factors should be considered
into risk stratification models and patient counselling.

Longitudinal HDV RNA data remain scarce in the literature, yet dynamic changes may carry prognostic
information beyond a single baseline measurement. Among the 1,615 patients with =2 HDV RNA
measurements at least 6 months apart, HDV RNA remained stable (< 1 log change) in 69.6%, increased =
1login 12.2%, declined = 1 log in 12.6%, and became undetectable in 5.6% by the end of follow-up. The
cumulative incidence of composite LREs by HDV RNA trajectory was comparable during the first 5 years
but diverged thereafter, with undetectable HDV RNA associated with consistently lower cumulative rates.
These findings, together with the progressively declining accuracy of a single baseline HDV RNA
measurement noted above, suggest that repeated testing — particularly to confirm viral suppression or
resolution — could better capture the ongoing, fluctuating risk of CHD than a one-time baseline value.

Two phenotypes emerged from our data. Patients with HBeAg positivity had higher HDV RNA, HBV DNA,
and HBsAg levels than HBeAg-negative patients, consistent with prior observations [16], this high-
replication phenotype could be prioritized for anti-CHD therapy. Conversely, the combination of low HDV
RNA, low HBsAg, and HBeAg-negative status identified non-cirrhotic patients at negligible risk of disease
progression over a 5-year horizon, a group in whom watchful monitoring rather than immediate
treatment intensification may be reasonable.

Our study has limitations. The retrospective design, and the lack of histological fibrosis staging could
introduce ascertainment bias, however we adopted biopsy-proven cutoffs for liver stiffness and platelets
count with high sensitivity for cirrhosis [17]. Other limitations include the non-standardized timing of
virological testing, and possible immortal time bias for those with repeated tests. We accounted for
these limitations by time-weighted analyses with consistent findings. We acknowledge that robust data
on comorbidities, therapies and behavioral factors were lacking. HDV RNA quantitative assays showed
intraassay variability (> 1 log), and absolute HDV RNA values might not be directly interchangeable
across studies [18, 19]. The present study involved a single ethnic group, mostly attributed to HDV
genotype 1 and HBV genotype D to the contrast of more prevalent HBV genotypes B and C in Asia [2].
Although current management of CHD is similar for all genotypes, evidence is lacking to mandate HDV
genotyping outside clinical trials, which might not be possible also in low-viremic patients. Nevertheless,
our findings warrant validation in other populations and genotypes.

In conclusion, HDV RNA levels showed a threshold, not a dose-response, association with liver disease
progression in this large treatment-naive cohort, with limited prognostic accuracy when used alone. A
multi-marker approach incorporating age, ALT, GGT, HBeAg, platelet count, and cirrhosis diagnosis,
together with longitudinal HDV RNA trajectory, may improve risk stratification and potentially guide
monitoring and treatment decisions.
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Figure 1

The cumulative incidence of cirrhosis, hepatocellular carcinoma and composite liver-related events by
baseline cirrhosis subgrouped by HDV RNA levels. Significance was tested by log-rank test.
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Figure 2

The association between HDV RNA summary measures during study period with the hazard to develop

cirrhosis (A, B), hepatocellular carcinoma (C, D) and composite liver-related events (E, F).

Time weighted mean adjusted for duration between, and the number of visits. Analysis of only patients with

>2 HDV RNA measurements spaced = 6months for a median of 4.6 (1.2-8.1) years. The total number of
HDV RNA measurements 4,749 tests at median 3 measurements per patient. Abbreviations:

HCC=hepatocellular carcinoma,; LREs= liver-related events
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Composite LREs by HDV RNA evolution
— Undetectable at last visit — Stable {<1 log change) — 21 log decline — 21 log increase
40% p=0.49
® 30%
Q
c
@
o
o
&
@ 20% —
£ [
E —
3 c, —
10% [
0%
0 1 2 3 4 5 6 7 8 9 10
Time (years)
Al Risk
Undetectable at last visit. 90 88 87 84 81 77 70 63 51 20 4
Stable (<1 logchange) 1130 1121 1100 1034 986 876 751 580 420 235 90
zllogdecine 201 200 197 190 184 175 155 127 87 38 14
=tlogincrease 194 194 192 183 175 157 134 102 75 32 "
Events
Undsiectable at lastvisit () 2 3 4 5 5 5 6 7 8 B
Stable (<1 log change) ) 9 20 39 53 71 93 103 122 128 140
z1logdecine 1 1 6 9 13 18 23 25 26 26
=1 Iug incraase ﬂ l:] 1 4 5 B 1{] 14 1 B 19 2D

Figure 3

The cumulative incidence of composite liver-related events by HDV RNA evolution during a median
follow-up time of 7.3 (0.6-12.7) years.
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