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Abstract: Pediatric tuberculosis remains difficult to monitor using objective biomarkers. Total serum adenosine
deaminase (ADA) reflects cellular immune activation, whereas vitamin D and zinc may modify antimycobacterial
immunity. This pilot randomized trial evaluated whether adjunctive vitamin D or zinc altered serum ADA during the
intensive phase of pediatric tuberculosis treatment. Thirty-three treatment-naive children with tuberculosis were
randomized equally to standard anti-tuberculosis treatment (ATT) alone, ATT plus zinc, or ATT plus vitamin D. Total
serum ADA was measured at baseline and after two months. The prespecified completer analysis compared change
scores, while the primary adjusted analysis used analysis of covariance (ANCOVA) with post-treatment ADA as the
outcome and baseline ADA as a covariate. A multiple-imputation intention-to-treat sensitivity analysis included
all randomized participants. Twenty-two participants completed follow-up (ATT, n = 8; zinc, n = 8; vitamin D, n
= 6). Unadjusted ADA decreased in all groups and most markedly in the vitamin D arm, but the between-group
difference in change was not significant (p = 0.364). Baseline-adjusted ANCOVA also showed no treatment-group
difference (F2,18 = 0.79; p = 0.470). Compared with ATT alone, the adjusted effects were —4.35 U/L for vitamin D
(95% CI -15.70 to 7.00) and +2.26 U/L for zinc (95% CI -8.07 to 12.59). The intention-to-treat sensitivity analysis
produced the same overall interpretation. In this underpowered pilot trial, adjunctive vitamin D or zinc did not
significantly reduce total serum ADA beyond standard therapy. The large crude decline in the vitamin D arm was
attenuated after adjustment for baseline imbalance and regression to the mean. Larger multicentre trials should
confirm micronutrient repletion, measure ADA2, and prespecify methods for missing data.

Keywords: Adenosine Deaminase; Pediatric Tuberculosis; Vitamin D; Zinc; Intensive Phase

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a major infectious disease burden world-
wide. Children carry a particular clinical risk: those younger than five years progress from infection to active disease
more often than adults, and they are more prone to severe manifestations [1]. Loss to follow-up during pediatric
tuberculosis treatment is likewise common, in part because a child’s care depends on an adult caregiver, and it
complicates both clinical management and research in this population [2].

Micronutrient deficiency is endemic among Indonesian children. Zinc, vitamin D, and iron deficiency each
occur at high rates in school-aged populations and each impairs immune responses during active infection. Low
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vitamin D status in particular has been associated with TB disease in children. Because vitamin D status has shown
a particular association with TB disease in children, micronutrient supplementation warrants evaluation as an add-
on to standard anti-tuberculosis therapy, not a substitute for it, to determine whether it improves treatment out-
comes [3,4].

Vitamin D modulates antimycobacterial immunity through several mechanisms, including expression of the
vitamin D receptor on innate and adaptive immune cells, macrophage activation, and the induction of antimicro-
bial peptides [5]. Randomized trials of adjunctive vitamin D in tuberculosis have yielded mixed results. In some
populations, improved sputum conversion or more rapid symptom resolution has been reported [6, 7], whereas
others have demonstrated no benefit. In children specifically, the available evidence remains limited, and the role
of vitamin D in prevention as opposed to treatment is still debated [8].

Zinc contributes to immune function through the maintenance of epithelial barrier integrity, T-cell activation,
lymphocyte proliferation, and cytokine production, and its deficiency impairs cell-mediated immunity [9]. In adults
with pulmonary tuberculosis, randomized trials and meta-analyses have reported changes in nutritional markers
and biochemical outcomes following zinc supplementation, although effects on clinical endpoints remain inconsis-
tent [10,11].

ADA is a purine-metabolizing enzyme that rises in serum during active cellular immune responses, driven by
lymphocyte proliferation and monocyte-macrophage activation. Its isoform ADA2, secreted by activated monocytes
and macrophages, differentiates active tuberculosis from latent infection. Serum ADA concentration also reflects
mycobacterial burden and disease severity in pulmonary TB [12,13].

The enzyme’s role does not stop at diagnosis. Systematic reviews show that serum ADA falls measurably during
effective TB treatment, a pattern confirmed by recent data from Indonesian adults with pulmonary TB who had
lower ADA values after completing two months of intensive-phase therapy [14,15], in extrapulmonary TB where
ADA declines over six months of treatment [16], and in studies using ADA alongside ferritin and c-reactive protein
(CRP) to monitor treatment response [17].

Evidence in the pediatric population remains sparse. Whether vitamin D or zinc supplementation alters serum
ADA during pediatric TB treatment has not been established. We hypothesized that adjunctive vitamin D or zinc
during the intensive phase would produce a greater reduction in serum ADA than standard therapy alone, and
measured the effect of each supplement on total serum ADA levels in children with TB over the course of intensive-
phase treatment.

2. Materials and Methods
2.1. Study Design and Setting

This was a single-centre, pilot randomized, single-blind, controlled trial using a pretest-posttest control-group
design with three parallel arms. The trial was conducted at the Department of Child Health, Dr. Saiful Anwar Gen-
eral Hospital, Malang, with laboratory analysis performed at the Clinical Pathology Laboratory, Faculty of Medicine,
Universitas Brawijaya. Recruitment ran from August 2023 to January 2024, following approval by the institutional
ethics committee. Reporting follows the Consolidated Standards of Reporting Trials (CONSORT) 2010 statement,
and participant flow is shown in Figure 1.

2.2. Study Participants

The target population was children with TB. The accessible population comprised pediatric TB patients receiv-
ing outpatient or inpatient treatment at the Pediatric Respirology Clinic of the study hospital. Children were eligible
if they were aged 18 years or younger, newly diagnosed with TB according to the 2023 national technical guideline,
had received no prior anti-TB treatment, and had written informed consent from a parent or legal guardian.

Children were excluded if they had another condition producing symptoms or signs that overlapped with the
parameters of the pediatric TB scoring system, or if they had an immunosuppressive disorder or were receiving
immunosuppressant therapy. Further exclusion criteria were chronic liver disease, non-tuberculous infectious dis-
ease, renal failure, nephrotic syndrome, malabsorption syndrome, diabetes mellitus, HIV infection, heart failure,
and neoplasm. Children were also excluded if they had a history of corticosteroid use or of taking supplements
containing zinc or vitamin D, or if they had already received more than one week of anti-tuberculosis treatment.
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Figure 1. Participant flow diagram.

Diagnosis used the Indonesian pediatric TB scoring system referenced in the 2023 technical guideline and
aligned with world health organization (WHO) guidance on TB in children [18]. It is a weighted point-based tool
combining contact history, tuberculin skin-test result, nutritional status, clinical features (persistent fever, chronic
cough, weight or growth faltering), peripheral lymph node findings, and chest radiography, with a total score of six
or more supporting a TB diagnosis. Consistent with the guideline, children with a score below six were also eligible
if they had at least one specific feature: cough for three weeks or more, fever for two weeks or more, cervical
lymphadenopathy not improving after two weeks of non-specific treatment, a chest radiograph suggestive of TB, or
close contact with a confirmed adult TB case verified by tuberculin testing.

2.3. Sample Size

The original trial was formally powered a priori for the between-arm difference in change in serum ADA. Us-
ing a minimally important mean difference of 6.52 U/L and a standard deviation of 5.97 U/L from the available
literature, with a two-sided alpha of 0.05 and 90% power, the calculation yielded nine completers per arm (27 in
total). Eleven participants were therefore randomized per arm to allow for attrition. Only 22 participants com-
pleted follow-up, including six in the vitamin D arm; consequently, the achieved sample was below the planned
analysable sample. The study is therefore presented as a pilot trial, and effect estimates and confidence intervals
are emphasized rather than definitive efficacy claims.

2.4. Randomization and Blinding

Allocation used simple randomization from a random-number table. Each participant received a sequential
enrolment number and was assigned to one of the three arms according to a pre-generated allocation list, giving 11
participants per arm. The randomization sequence was generated before participant enrollment. Allocation con-
cealment was maintained by an independent study coordinator who was not involved in participant recruitment,
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clinical management, outcome assessment, or statistical analysis. The coordinator assigned participants according
to the predetermined randomization sequence after eligibility had been confirmed. The trial was single-blind. Be-
cause the ATT-only arm received no matching placebo, participants and their caregivers could not be masked to the
presence or absence of a supplement; masking therefore applied to outcome assessment. Laboratory personnel
who measured serum ADA and vitamin D analysed coded samples and were blinded to arm assignment, so that the
primary biochemical outcome was determined without knowledge of allocation.

2.5. Interventions

Standard pediatric ATT was given at body-weight-adjusted doses across the two-month intensive phase, com-
prising at least rifampicin, isoniazid and pyrazinamide. Zinc sulfate syrup was given at 15 mg daily for two months
in the zinc arm. Vitamin D was given at 1,000 IU daily for two months in the vitamin D arm. Supplements were
added to, and did not replace, standard therapy.

2.6. Laboratory Methods

Serum ADA was measured at baseline and at two months, coinciding with the end of intensive-phase therapy.
Blood samples were allowed to clot for 10 to 20 min at room temperature, then centrifuged at 2,000 to 3,000 rpm
for 20 min, and serum was stored under standard laboratory conditions pending analysis. Total ADA was measured
on a Mindray BS-200E chemical analyzer using Mindray reagent via enzymatic colorimetric assay, with a reference
interval of 4 to 24 U/L, linearity of 1 to 200 U/L, and a detection limit of 1 U/L. Two levels of Mindray internal quality
control material were run daily before sample measurement.

Serum vitamin D (25-hydroxyvitamin D2 and D3) was measured on a Cobas c801 analyzer using Elecsys Vita-
min D total IIl reagent and electrochemiluminescence binding assay. The measuring range was 6.00 to 120 ng/mL.
PreciControl total III (two-level material) was used daily for internal quality control, after reagent replacement, and
following instrument calibration.

2.7. Statistical Analysis

Data were analyzed using IBM SPSS Statistics version 23. Normality was assessed with the Shapiro-Wilk test,
chosen because all group sizes were below 50. Levene’s test assessed homogeneity of variance. For normally dis-
tributed and homogeneous data, within-group comparisons used the paired ¢-test and between-group comparisons
of ADA change used one-way ANOVA. For non-normally distributed data, the Wilcoxon test was used within-groups
and the Kruskal-Wallis test between groups. Spearman correlation examined the relationship between change in
vitamin D and change in ADA. The significance threshold was set at p < 0.05.

Because the arms were imbalanced at baseline and a pretest-posttest randomized design is more efficiently
and less biasedly analysed by covariate adjustment, we additionally fitted an ANCOVA with post-treatment ADA as
the outcome, treatment arm as a fixed factor, and baseline ADA as a covariate; adjusted (estimated marginal) means
and between-arm contrasts with 95% confidence intervals were derived from this model. A secondary ANCOVA
additionally adjusted for baseline vitamin D and nutritional status, interpreted cautiously given the limited residual
degrees of freedom. Regression to the mean was examined directly by correlating baseline ADA with within-subject
change. Robustness was checked with a rank-based Kruskal-Wallis test on change and an ANCOVA on change scores.
Spearman correlation examined the relationship between change in vitamin D and change in ADA. The significance
threshold was p < 0.05; post-hoc pairwise comparisons used Bonferroni correction [19].

2.8. Research Ethics

The procedure for this research has obtained ethical approval from Dr. Saiful Anwar General Hospital, Malang
through the ethical approval number 400/179/K.3/102.7 /2022.

3. Results
3.1. Participant Enrollment and Baseline Characteristics

Thirty-three children were randomized, 11 per arm. During the two-month follow-up, 11 (33.3%) did not
provide complete post-treatment data, mainly because they did not return for the follow-up visit at which post-
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treatment ADA was drawn. Complete data were therefore available for 22 children: eight in the ATT arm, eight in
the ATT + zinc arm and six in the ATT + vitamin D arm (Figure 1). Attrition was thus both high and differential,
being greatest in the vitamin D arm (5/11, 45%). Baseline characteristics are shown in Table 1.

Table 1. Baseline characteristics by treatment group.

Characteristic ATT (n =8) ATT + Zinc (n = 8) ATT + Vitamin D (n = 6)
Age (years), median (min-max) 10 (1-17) 13.5 (1.75-17) 8 (4-16)

TB score, median (min-max) 7 (3-8) 7 (6-8) 7 (6-9)

ADA pre-treatment (U/L), median (min-max) 16 (8-20) 22.5(3-28) 16.5 (5-47)
ADA post-treatment (U/L), median (min-max) 9.5(7-32) 11.5 (7-41) 10 (2-22)
Vitamin D pre-treatment (ng/mL), median (min-max) 15.9 (3-27.6) 9.9 (3-20) 3(1-9.2)
Vitamin D post-treatment (ng/mL), median (min-max) 15 (3-27) 12.6 (3-40) 16.5 (9-25.5)
Male, n (%) 3(37.5) 4 (50.0) 2(33.3)
Female, n (%) 5(62.5) 4 (50.0) 4 (66.7)

Poor nutrition, n (%) 1(12.5) 5(62.5) 3 (50.0)
Under nutrition, n (%) 5(62.5) 3(37.5) 2(33.3)
Good nutrition, n (%) 2(25.0) 0(0.0) 1(16.7)
Pulmonary TB, n (%) 5(62.5) 6 (75.0) 4 (66.7)
Extrapulmonary TB, n (%) 3(37.5) 2(25.0) 2 (33.3)
Body weight pre-treatment (kg), median (min-max) 27 (9-49) 35.5 (7-40) 21.15 (9-46)
Body weight post-treatment (kg), median (min-max) 27.5 (11-49) 37 (8-48) 25 (11-50)

Note: ADA, adenosine deaminase; ATT, anti-tuberculosis treatment; TB, tuberculosis.

The arms were not well balanced at baseline, despite randomization, a pattern that is not unusual in small
trials and that motivated the ANCOVA reported below. Median baseline vitamin D was lowest in the vitamin D arm
(3.0 ng/mL) and higher in the ATT and zinc arms (15.9 and 9.9 ng/mL), and mean baseline ADA was highest in
the vitamin D arm (21.0 U/L) versus 14.9 and 18.4 U/L. The cohort spanned ages 1 to 17 years and included both
pulmonary and extrapulmonary disease.

3.2. Within-Arm Change in Serum ADA

Serum ADA decreased numerically in all three groups after two months of intensive-phase therapy (Table 2).
The mean decrease was 1.38 U/L in the ATT group (p = 0.752), 1.75 U/L in the ATT plus zinc group (p = 0.670), and
10.33 U/L in the ATT plus vitamin D group (p = 0.154). None reached statistical significance within-groups.

Table 2. Changes in serum ADA after two months of intensive-phase therapy.

Grou Pre-Treatment ADA, Post-Treatment ADA, Mean Change Within-Group p-Value
p Mean # SD (U/L) Mean # SD (U/L) (U/L) PP

ATT (n=8) 14.88 + 4.67 13.50 £8.90 1.38 0.752

ATT + Zinc (n = 8) 18.38 £ 10.49 16.63 £12.39 1.75 0.670

ATT + Vitamin D (n = 6) 21.00 + 16.43 10.67 + 6.56 10.33 0.154
Between-group comparison of ADA change - - One-Way ANOVA p = 0.364

Note: ADA, adenosine deaminase; ATT, anti-tuberculosis treatment; SD, standard deviation.

ADA change met assumptions for one-way ANOVA. Shapiro-Wilk testing confirmed normal distribution in the
ATT group (p = 0.081), ATT plus zinc group (p = 0.639), and ATT plus vitamin D group (p = 0.157). Levene’s test
showed homogeneous variance (p = 0.969). One-way ANOVA found no statistically significant between-group dif-
ference in ADA change (p = 0.364).

3.3. ANCOVA Adjusted for Baseline

Because baseline ADA differed between treatment groups, post-treatment ADA was compared using ANCOVA
with baseline ADA included as a covariate. After adjustment, no statistically significant difference was observed
between groups (F,15 = 0.79, p = 0.470), and baseline ADA was not independently associated with post-treatment
ADA (B =0.25, p = 0.242). The adjusted mean post-treatment ADA at the grand mean baseline value of 17.82 U/L
was 14.23 U/L in the ATT group, 16.49 U/L in the zinc group, and 9.88 U/L in the vitamin D group. Compared with
ATT alone, the adjusted treatment effect was —4.35 U/L for vitamin D (95% CI -15.70 to 7.00; p = 0.431) and +2.26
U/L for zinc (95% CI -8.07 to 12.59; p = 0.651).
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Adjustment for baseline ADA materially changed the estimated treatment effect. Before adjustment, the crude
difference in ADA reduction between the vitamin D and ATT groups was 8.96 U/L. After adjustment, this difference
decreased to 4.35 U/L, indicating that approximately half of the apparent treatment effect was explained by base-
line imbalance rather than by vitamin D supplementation. To examine the robustness of this finding, a secondary
ANCOVA additionally adjusted for baseline vitamin D status and nutritional status. This analysis likewise showed
no statistically significant difference between treatment groups (p = 0.480) and further attenuated the estimated
vitamin D effect toward the null. Because this expanded model retained only 15 residual degrees of freedom, the
results should be interpreted cautiously owing to the increased risk of overfitting.

3.4. Regression to the Mean

The observed pattern is consistent with regression to the mean. Across the full cohort, higher baseline ADA
values were associated with larger within-subject declines during follow-up (r = -0.67, p = 0.001). This inverse
correlation indicates that participants entering the study with the highest ADA concentrations tended to show the
greatest reductions, regardless of treatment allocation. The association was strongest in the vitamin D group (r =
-0.92, p = 0.010), which also had the highest baseline ADA values, and remained significant in the ATT group (r =
-0.75, p = 0.032). By contrast, the relationship was weaker and not statistically significant in the zinc group (r =
-0.35, p = 0.402). Taken together, these findings suggest that part of the larger decline observed in the vitamin D
arm can be explained by its higher starting values. The data therefore support regression to the mean as a plausible
contributor to the apparent treatment effect, alongside any biological effect that vitamin D supplementation may
or may not have produced.

3.5. Intention-to-Treat Analysis

To evaluate the potential impact of the high and differential attrition, an intention-to-treat analysis was per-
formed including all 33 randomized participants using multiple imputation by chained equations with predictive
mean matching. The results were consistent with those of the complete-case analysis. No statistically significant
difference was detected between treatment groups (p = 0.66), and the adjusted treatment effect for vitamin D was
further attenuated, decreasing from -4.35 U/L in the complete-case ANCOVA to -2.11 U/L in the intention-to-treat
analysis (95% CI -11.86 to 7.65; p = 0.66; fraction of missing information = 0.28). The corresponding adjusted
estimate for the zinc group was +1.99 U/L relative to ATT alone (95% CI -7.28 to 11.25; p = 0.66). Mean reductions
in serum ADA after multiple imputation were 2.2 U/L in the ATT group, 2.1 U/L in the zinc group, and 8.8 U/L in
the vitamin D group. The close agreement between the complete-case and intention-to-treat analyses indicates
that missing outcome data had little influence on the overall interpretation of the trial. A comparison of the pooled
treatment estimates from both analytical approaches is presented in Table 3.

Table 3. Complete-case versus multiple-imputation intention-to-treat estimates from the baseline-adjusted AN-
COVA.

Analysis Analysable (n) Adjusted Vitamin D - ATT, U/L Adjusted zinc - ATT, U/L Omnibus

4 4 (95% CI) (95% CI) between-Arm p
Complete-case ANCOVA 22 -4.35 (-15.70 to 7.00) +2.26 (-8.07 to 12.59) 0.470
Multiple-imputation intention-to-treat 33 -2.11 (-11.86 to 7.65) +1.99 (-7.28 to 11.25) 0.665

3.6. Correlation between Change in Vitamin D and Change in ADA

Spearman correlation between change in vitamin D and change in ADA was non-significant in every arm: r =
-0.42 (p = 0.299) in the ATT arm, r = -0.69 (p = 0.060) in the zinc arm, and r = +0.70 (p = 0.125) in the vitamin D
arm. With six to eight subjects per arm these coefficients are unstable, and the sign reversal in the vitamin D arm is
more plausibly the effect of one or two extreme values on a small sample than a genuine biological divergence [20].

3.7. Change in Body Weight

Change in body weight differed across arms by Kruskal-Wallis test (p = 0.031). Post-hoc Mann-Whitney com-
parisons with Bonferroni correction (per-comparison a = 0.017) gave p = 0.357 (ATT vs. vitamin D), 0.025 (ATT vs.
zinc) and 0.026 (vitamin D vs. zinc); no pair reached the corrected threshold.
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4. Discussion

The numerical decline in serum ADA observed in all three groups after the two months intensive phase indi-
cates that cellular immune activation decreased during anti-tuberculosis treatment. Although the vitamin D group
showed the largest unadjusted reduction, neither the within-group nor the between group comparisons reached
statistical significance. This pattern remained unchanged after adjustment for baseline ADA using ANCOVA. Taken
together, these findings indicate that the present study did not detect an additional effect of vitamin D or zinc sup-
plementation beyond standard anti-tuberculosis therapy. The larger crude decline observed in the vitamin D group
appears to be explained, at least in part, by baseline imbalance and regression to the mean rather than by the inter-
vention itself.

The decline in ADA across all treatment groups is biologically plausible. Adenosine deaminase reflects activa-
tion of T lymphocytes and the monocyte macrophage system during the host immune response to Mycobacterium
tuberculosis. As bacterial burden decreases during effective treatment, immune activation also subsides, leading to
lower circulating ADA concentrations. Previous studies have consistently shown that serum ADA parallels disease
activity and declines during successful anti-tuberculosis therapy [13,21]. The reduction observed in the ATT only
group therefore represents the expected response to standard treatment. Its relatively modest magnitude may re-
flect two characteristics of the present cohort. First, childhood tuberculosis is typically paucibacillary, particularly
in children younger than five years, resulting in weaker and more variable inflammatory biomarker responses than
those reported in adult pulmonary tuberculosis [18]. Second, the limited sample size and substantial variability in
post treatment ADA values reduced the precision of the estimated treatment effect.

The apparent benefit observed in the vitamin D group requires careful interpretation because this group en-
tered the study with both the highest baseline ADA concentration and the lowest serum vitamin D level. Groups
with more extreme baseline values tend to show greater movement toward the population average on repeat mea-
surement even in the absence of a true treatment effect. The present data support this explanation. Baseline ADA
was inversely correlated with the magnitude of ADA change, and this relationship was strongest in the vitamin D
group. More importantly, adjustment for baseline ADA reduced the crude difference between the vitamin D and
ATT groups by approximately one half. This finding indicates that a substantial proportion of the observed decline
can be attributed to baseline imbalance rather than supplementation. The issue extends beyond the instability
expected in small correlation analyses and directly affects the primary comparison of treatment groups. For this
reason, ANCOVA provides a more appropriate analytical framework than simple change score analysis in a pretest-
posttest randomized trial. The adjusted analysis does not support the conclusion that vitamin D supplementation
produced a measurable reduction in serum ADA.

Another consideration is whether the vitamin D intervention was sufficient to test the biological hypothesis.
Participants assigned to this group had a median baseline 25 hydroxyvitamin D concentration of only 3.0 ng/mL,
indicating severe deficiency. After two months of supplementation with 1,000 IU daily, the median concentration
increased to 16.5 ng/mL. Although this represented biochemical improvement, most participants remained below
the conventional deficiency threshold of 20 ng/mL and far below the commonly accepted sufficiency target of 30
ng/mL. The intervention therefore failed to achieve vitamin D repletion in the majority of children. This incomplete
correction provides a plausible explanation for the absence of an observable effect on ADA. In contrast, Chandra and
colleagues administered four oral doses of 100,000 IU vitamin D to deficient adults with pulmonary tuberculosis
and reported significant reductions in ADA after four, six, and eight weeks of treatment [22]. Their cumulative dose
of approximately 400,000 IU was substantially higher than the approximately 60,000 IU delivered in the present
study. The discrepancy between the findings of the two studies is therefore more readily explained by differences in
achieved vitamin D exposure than by differences between adult and pediatric populations alone. Future pediatric
trials should employ dosing strategies capable of achieving confirmed vitamin D repletion and should incorporate
serial monitoring of serum 25 hydroxyvitamin D concentrations throughout the intervention period before conclud-
ing whether vitamin D influences ADA responses during tuberculosis treatment.

The zinc supplementation group likewise demonstrated a modest reduction in serum ADA, although the change
was not statistically significant. Interpretation of this finding is constrained by the absence of serum zinc measure-
ments before and after supplementation. Without these data, it is impossible to determine whether participants
were zinc deficient at baseline, whether supplementation corrected that deficiency, or whether the administered
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dose achieved biologically meaningful concentrations. As a result, the present study cannot distinguish between a
true lack of biological effect and inadequate zinc exposure. Future trials should combine zinc supplementation with
serial assessment of serum zinc concentrations to verify that the intervention produces the intended biochemical
response before evaluating clinical or immunological outcomes.

The choice of biomarker may also have reduced the ability to detect treatment-related changes. This study mea-
sured total serum ADA, whereas the ADA2 isoenzyme is more closely associated with active tuberculosis because
it is released predominantly by activated monocytes and macrophages during the antimycobacterial immune re-
sponse [12,23]. Total ADA represents the combined activity of ADA1 and ADA2. Since ADA1 is widely distributed
in many tissues and is less specific to tuberculosis associated inflammation, measurement of total ADA may dilute
changes that occur primarily within the ADA2 fraction. A genuine treatment effect mediated through ADA2 could
therefore remain undetected when only total ADA is measured. Future investigations should consider measuring
ADA?2 directly or reporting the ADA2 to total ADA ratio to improve the specificity of biomarker assessment during
anti-tuberculosis therapy.

Previous exposure to anti-tuberculosis treatment represents another potential source of variability in baseline
ADA concentrations. Eligibility criteria limited enrollment to treatment-naive children or those who had received
no more than one week of therapy, thereby increasing the likelihood that observed changes reflected the inten-
sive treatment phase rather than prior drug exposure. Even so, complete exclusion of undocumented treatment
before referral cannot be guaranteed. Dr. Saiful Anwar Hospital functions as a tertiary referral centre, and some
children may have received incomplete treatment or unrecorded medications before referral. Such exposure could
contribute to baseline heterogeneity in ADA concentrations despite careful participant screening. Future multicen-
tre studies should document referral pathways and any previous anti-tuberculosis medication in greater detail to
minimise this potential source of bias.

The absence of statistically significant differences between treatment groups should not be interpreted as evi-
dence that vitamin D or zinc has no biological effect on tuberculosis related immune responses. Rather, it indicates
that the present trial did not detect a difference within the limits imposed by its sample size and variability. The
biological effects of micronutrient supplementation depend on multiple factors, including baseline nutritional sta-
tus, host genetic background, inflammatory activity, adherence to supplementation, and the degree of deficiency
before treatment. Small clinical trials may therefore fail to detect genuine treatment effects despite consistent di-
rectional changes. This limitation has been recognised previously. A Cochrane review that included 35 randomized
controlled trials involving 8,285 participants concluded that most micronutrient supplementation trials in tuber-
culosis lacked sufficient statistical power to exclude clinically meaningful effects and that non-significant findings
from small studies should not be interpreted as evidence of no effect [24]. The consistent decline in ADA observed
across all study groups is compatible with the expected biological response to anti-tuberculosis therapy. The broad
confidence intervals simply indicate that the present estimates lack precision.

Clinical heterogeneity within the study population probably contributed further to the observed variability.
Participants ranged in age from one to seventeen years and included both pulmonary and extrapulmonary tubercu-
losis. These clinical entities differ in bacillary burden, immune activation, and inflammatory kinetics, all of which
may influence circulating ADA concentrations. Most participants were also undernourished, a condition known
to alter cellular immune function and inflammatory biomarkers [25,26]. In addition, susceptibility to tuberculo-
sis and immune responses may vary according to sex during adolescence [27]. With only six to eight participants
per treatment group, these sources of biological variation likely increased within-group variance and reduced sta-
tistical power. Age distribution and disease classification by treatment group are presented in Table 1. Future
studies would benefit from narrower eligibility criteria or stratified randomization according to disease site and
age category to reduce clinical heterogeneity and improve precision of treatment effect estimates.

Evidence from pediatric populations remains limited, and the closest comparison with the present study pro-
vides useful context. Tamara and colleagues conducted a double-blind randomized trial in Indonesian children with
pulmonary tuberculosis using the same daily vitamin D dose of 1,000 IU and reported earlier resolution of fever and
cough together with greater improvement in nutritional status compared with placebo [7]. These findings are not
inconsistent with the present results. Their study evaluated clinical recovery, whereas the current trial examined a
single biochemical marker with lower disease specificity in a smaller and more heterogeneous cohort. In addition,
the baseline imbalance observed in the vitamin D group further complicated interpretation of treatment-related
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changes. The available pediatric literature on ADA also focuses largely on its diagnostic performance, particularly
in pleural fluid, rather than its role as a marker of treatment response in serum [23]. The present study therefore
contributes new evidence regarding serum ADA during the intensive phase of childhood tuberculosis treatment,
although the findings should be viewed as exploratory rather than definitive.

Several methodological improvements should be considered in future studies. Recruitment across multiple
centres or a longer enrolment period would increase the likelihood of achieving the planned sample size and pro-
vide adequate statistical power. Intention-to-treat analysis with appropriate methods for handling missing data,
such as multiple imputation, should be specified before recruitment begins. Micronutrient interventions should
also be verified biochemically rather than assumed. Vitamin D supplementation should continue until serum 25 hy-
droxyvitamin D concentrations reach predefined target levels, while zinc supplementation should be accompanied
by serial measurement of serum zinc concentrations. Biomarker selection could also be refined through measure-
ment of the ADA2 isoenzyme or the ADA2 to total ADA ratio, both of which are expected to better reflect tubercu-
losis specific immune activity. For pretest-posttest randomized trials, covariate adjusted analyses such as ANCOVA
should remain the primary analytical approach, accompanied by reporting of baseline to change correlations to
allow readers to evaluate the potential influence of regression to the mean. Restricting enrolment to narrower age
groups or specific forms of tuberculosis would further reduce biological heterogeneity and improve the precision
of treatment effect estimates.

The study also has several strengths. Random allocation was performed prospectively, sample size estimation
was conducted before recruitment, and only treatment-naive children were enrolled, reducing confounding from
previous anti-tuberculosis therapy. Laboratory analyses were performed under standardized quality-controlled
conditions, and the results are presented transparently by distinguishing numerical trends from statistically sup-
ported findings. At the same time, several limitations should be acknowledged. The final sample size was smaller
than originally planned, leaving the study underpowered and limiting the precision of between group comparisons.
Serum zinc concentrations, dietary intake, treatment adherence, and biochemical confirmation of vitamin D reple-
tion were not available, preventing direct assessment of treatment exposure. Attrition reached 33.3% and was
greatest in the vitamin D group. Consequently, complete case analysis may have introduced bias if withdrawal
was associated with disease severity, supplement related gastrointestinal symptoms, or other factors related to
outcome [2,28]. The direction of this potential bias cannot be determined from the available data. If participants
with poorer biochemical responses were more likely to discontinue vitamin D supplementation, the observed de-
cline among completers would overestimate the true treatment effect. Conversely, if participants who responded
well were disproportionately lost for reasons unrelated to treatment, the observed effect would underestimate the
true response. Although the primary adjusted analysis did not demonstrate a statistically significant difference be-
tween groups, future adequately powered trials incorporating intention-to-treat analyses and formal methods for
handling missing data are needed before firm conclusions regarding the immunomodulatory effects of vitamin D
or zinc supplementation in childhood tuberculosis can be drawn.

5. Conclusions

During the two-month intensive phase of anti-tuberculosis treatment, serum ADA declined numerically in all
study groups, with the largest unadjusted reduction observed among children receiving vitamin D supplementation.
After adjustment for baseline ADA, however, neither vitamin D nor zinc supplementation produced a statistically
significant reduction in total serum ADA compared with standard anti-tuberculosis therapy alone. The attenuation
of the vitamin D effect after covariate adjustment indicates that much of the apparent benefit was attributable to
baseline imbalance and regression to the mean rather than to the intervention itself. Interpretation of these findings
should also consider the limited statistical power, incomplete vitamin D repletion, absence of serum zinc measure-
ments, and reliance on total ADA rather than the more tuberculosis-specific ADA2 isoenzyme. Consequently, the
present findings do not exclude a potential biological effect of micronutrient supplementation. Larger multicentre
randomized trials with adequate statistical power, confirmation of micronutrient repletion, serial assessment of
vitamin D and zinc status, measurement of ADAZ, and intention-to-treat analyses are needed to determine whether
adjunctive vitamin D or zinc supplementation modifies ADA responses during the treatment of childhood tubercu-
losis.
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