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Abstract
To examine the combined effects of aerobic interval training (AIT) and nutrient-fortified fermented rice porridge (NFFRP) 
on endurance performance, cardiopulmonary fitness, and recovery kinetics in collegiate distance runners. A 12-week, 
single-centre, four-arm parallel-group randomised controlled trial enrolled 90 collegiate runners (18–25 years) allocated 
equally to: (1) AIT + NFFRP, (2) AIT + placebo, (3) conventional training (CT) + NFFRP, or (4) CT + placebo. AIT comprised 
three weekly sessions of 4×4-min intervals at 90–95% HRmax. NFFRP (300 mL twice daily on training days) provided 
carbohydrate, protein, iron, and probiotics; the placebo contained approximately 120 kcal versus 295 kcal in NFFRP. The 
primary outcome was half-marathon completion time. Secondary outcomes included VO₂max, peripheral oxygen satu-
ration (SpO₂), one-minute recovery heart rate, blood lactate, heart rate variability (RMSSD), rating of perceived exertion, 
haemoglobin, and running economy. All 90 participants completed the trial. The AIT + NFFRP group showed the greatest 
improvement in half-marathon time (−14.6%; mean −16.8 min; 95% CI −19.3 to −14.3; p<0.001), VO₂max (+15.8%), blood 
lactate reduction (−31.7%), and RMSSD improvement (+34.9%). Significant group-by-time interactions were observed 
across all outcomes (p<0.001; η²p = 0.34–0.46). Combining AIT with NFFRP was associated with greater improvements 
in endurance performance and recovery than either intervention alone. However, NFFRP’s caloric and nutritional compo-
sition differed substantially from the placebo, and the specific contributions of fermentation, probiotics, or iron cannot 
be isolated from the current design.
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Introduction
Endurance running performance is governed by three 

interconnected physiological determinants: maximal oxygen 
uptake (VO₂max), lactate threshold, and running economy 
(Bassett, 2000a). In collegiate athletes near a physiological 
plateau, multifactorial interventions that target these deter-
minants simultaneously have clear practical relevance (Seiler, 
2010a). The half marathon demands sustained aerobic output 
across 90–120 minutes, requiring not only a high VO₂max 
but also the capacity to resist progressive lactate accumula-
tion alongside efficient inter-session recovery (Barnett, 2006; 
Faude et al., 2009).

Aerobic interval training (AIT) characterised by re-
peated work bouts at or near VO₂max intensity is among the 
most evidence-based strategies for improving cardiorespira-
tory fitness. Protocols of 4×4 min at ~90–95% HRmax pro-
duce substantial VO₂max gains in trained individuals (Hel-
gerud et al., 2007), and meta-analyses confirm superiority 
over moderate-intensity continuous training across multiple 
populations, though outcomes vary by training status and 
protocol design (Milanović et al., 2015). Mechanistically, 
high-intensity intervals drive central adaptations (left ven-
tricular remodelling, plasma volume expansion) alongside 
peripheral adaptations (mitochondrial enzyme activity, cap-
illarisation), thereby enhancing oxygen delivery and utilisa-
tion (Buchheit & Laursen, 2013a).

Nutrition is a complementary component of training 
adaptation. Fermented cereal substrates reduce phytic acid, 
improving non-haem iron bioavailability (Hotz & Gibson, 
2007a), and emerging evidence links gut microbiota mod-
ulation to endurance performance through metabolic and 
immunological pathways (Mohr et al., 2020). However, iso-
lating fermentation-specific effects from concurrent effects of 
carbohydrate, protein, and micronutrient delivery is method-
ologically challenging and has rarely been achieved in con-
trolled trials.

No study to date has examined the combined effects of 
structured AIT and a culturally relevant, food-based nutrition-
al intervention such as NFFRP on endurance performance in 
collegiate runners. NFFRP is low-cost and ecologically valid 
within South Asian dietary contexts, yet its ergogenic poten-
tial in a controlled training framework remains unexplored. 
Accordingly, this four-arm RCT evaluated the independent 
and combined effects of AIT and NFFRP on half-marathon 
performance, cardiopulmonary fitness, and recovery kinetics. 
It was hypothesised that the combined intervention would 
produce greater improvements than either component alone, 
with no specific mechanistic assumptions made regarding the 
source of any additive effect.

Materials and methods
Study Design

This was a 12-week, single-centre, four-arm, paral-
lel-group superiority RCT with a 2 (within: pre/post) × 4 
(between: AIT+NFFRP, AIT+Placebo, CT+NFFRP, CT+Pla-
cebo) mixed design. Ethical approval was obtained from the 
Institutional Human Ethics Committee of Avinashilingam 
Institution (Ref: IHEC/23-24/Phy/Edu-02; approval: AUM/
IHEC/23-24/Phy/Edu/FHP-02). All participants provided 
written informed consent. The study conformed to the Dec-
laration of Helsinki (2013) and reporting follows CONSORT 
2010 guidelines (Schulz et al., 2010). No interim analyses 
were conducted.

Participants
Eligible participants were collegiate distance runners 

aged 18–25 years with ≥2 years of competitive training and 
a documented baseline half-marathon time of 100–135 min-
utes. Inclusion required current university enrolment and 
GPS-confirmed training load ≥35 km/week. Key exclusion 
criteria included musculoskeletal injury within 8 weeks, car-
diovascular or haematological disorder, concurrent probiotic 
or iron supplementation within 4 weeks, gastrointestinal dis-
ease, and antibiotic use within 6 weeks. Sample size calcula-
tion (G*Power 3.1; 80% power, α=0.05, Cohen’s d ≈0.94 from 
pilot data) required 20 participants per group; with 10% drop-
out allowance, 90 were enrolled.

Randomisation and blinding
The allocation sequence was computer-generated 

(block size 8, stratified by sex and baseline half-marathon 
time: <110 min vs. ≥110 min) and concealed in sequential-
ly numbered opaque envelopes managed by an indepen-
dent coordinator. Given that training group blinding was 
not feasible, the trial was assessor- and statistician-blinded. 
NFFRP and placebo were identical in volume (300 mL) and 
appearance but differed in caloric content (NFFRP ≈295 
kcal; placebo ≈120 kcal per serving); participants were in-
formed only that they were receiving a rice-based beverage. 
This caloric and compositional difference was an unavoid-
able consequence of maintaining the nutritional integrity of 
the active intervention. Blinding effectiveness was evaluated 
post-intervention using a validated blinding index (Bang 
et al., 2004); the blinding index for outcome assessors was 
0.08 (95% CI −0.04 to 0.20), indicating adequate assessor 
blinding. Participant-level expectancy effects cannot, how-
ever, be excluded given the perceptible differences between 
beverages, and this is acknowledged as a limitation.
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Interventions
All four groups maintained their standard university 

training programme (~42–43 km/week). AIT groups replaced 
three weekly sessions with structured interval sessions (4×4-
min work bouts at 90–95% HRmax, 3-min active recovery at 
60–70% HRmax, ~5.8 km per session); a fifth interval was add-
ed at weeks 5 and 9. CT groups performed steady-state run-
ning at 65–75% HRmax in place of those sessions. Total weekly 
mileage and average training intensity were recorded via GPS 
watch (Garmin Forerunner 45S) for all participants; group-lev-
el mileage and intensity distributions across the 12 weeks are 
summarised in Supplementary Table S1. Mean weekly mileage 

did not differ substantially between AIT and CT groups (dif-
ference <3 km/week), confirming that performance differences 
cannot be attributed to greater total training volume.

NFFRP was prepared from parboiled rice fermented for 
16–18 hours at 30°C with Lactobacillus plantarum NCIMB 
8826 and L. acidophilus NCFM, fortified with ferrous glu-
conate. Each 300 mL serving provided 58.4 g carbohydrate 
(glycaemic index 52±4), 12.6 g protein, 6.2 mg elemental iron, 
and 1.2×10⁹ CFU. The placebo (plain boiled rice water; ~120 
kcal) was matched only for volume and appearance. NFFRP 
was provided twice daily on training days and once daily on 
rest days. Full specifications are in Table 1.

Parameter AIT Protocol NFFRP Composition

Structure 4×4 min at 90–95% HRmax; 3-min active 
recovery at 60–70% HRmax

Parboiled rice fermented 16–18 h with L. 
plantarum NCIMB 8826 and L. acidophilus 
NCFM; fortified with ferrous gluconate

Frequency 3 sessions/week for 12 weeks; RPE 
progressed 16→18 (Borg 6–20)

Twice daily on training days (pre- and post-
training); once daily (morning) on rest days

Volume / Progression
~5.8 km high-intensity per session; volume 
increased ~10% at weeks 5 and 9 (fifth 
interval added)

300 mL per serving (600 mL/day on training 
days)

Carbohydrate — 58.4 g per serving (maltose + amylose; GI 
52±4)

Protein — 12.6 g per serving

Iron —
6.2 mg elemental iron per serving (ferrous 
gluconate; enhanced bioavailability via phytic 
acid reduction)

Probiotics —
1.2×10⁹ CFU/serving (L. plantarum + 
L. acidophilus); viability confirmed at 
manufacture and mid-trial

Energy density — ~295 kcal per 300 mL serving; placebo (plain 
boiled rice water) ~120 kcal

Supervision
All sessions supervised by certified exercise 
physiologist; HR telemetry (Polar H10) 
verified intensity

Supervised intake for weeks 1–4; thereafter 
self-administered with daily log and 
fortnightly container-return count

Table 1. Intervention protocol specifications

Note. AIT = aerobic interval training; NFFRP = nutrient-fortified fermented rice porridge; HRmax = maximum heart rate; CFU 
= colony-forming units; GI = glycaemic index; RPE = rating of perceived exertion (Borg 6–20).

Outcome Measures
The primary outcome was half-marathon completion 

time, assessed over a standardised 21.1-km outdoor road course 
at baseline (week 0) and post-intervention (week 12). Both as-
sessments were conducted under comparable environmental 
conditions (ambient temperature 26–31°C, relative humidity 
65–74%, wind <3 m/s) using electronic chip timing (±0.1 s).

Secondary outcomes included: VO₂max (University of 
Montreal Track Test; COSMED K5 portable analyser), run-
ning economy (sub-maximal treadmill stage at 70% VO₂max; 
Cosmed M10), peripheral oxygen saturation — SpO₂ (Nonin 
9600 pulse oximeter), post-effort blood lactate (Lactate Pro 
2), heart rate variability — RMSSD from 5-min resting ECG 

(Kubios HRV v3.5), one-minute recovery heart rate, haemo-
globin (Sysmex XN-550 from fasting venous blood draw), and 
RPE (Borg 6–20 scale). All assessments were performed by 
the same blinded assessor under standardised conditions at 
both time-points.

Statistical analysis
Intention-to-treat analyses used two-way repeated-mea-

sures ANOVA (group × time). Normality was confirmed by 
Shapiro–Wilk test and Q–Q plots; homogeneity of variance by 
Levene’s test. Post-hoc pairwise comparisons applied Bonfer-
roni correction. Effect sizes are reported as partial eta-squared 
(η²p). Analyses were performed in SPSS v27.0 and R v4.3.1.
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Results
Participant flow and baseline characteristics

Ninety collegiate distance runners were randomised 
(n=23, 23, 22, 22 per group). All 90 completed the 12-week 

intervention (0% attrition). AIT session compliance averaged 
96.4%; NFFRP/placebo compliance was 94.8%. No serious 
adverse events were recorded. Baseline characteristics were 
well matched across groups (Table 2; all p>0.05).

Variable AIT+NFFRP
(n=23)

AIT+Placebo
(n=23)

CT+NFFRP
(n=22)

Control
(n=22)

Age (years) 21.4±1.8 21.6±1.7 21.3±1.9 21.5±1.8

Male / Female (n) 16/7 15/8 14/8 15/7

Body mass (kg) 62.4±6.1 62.8±5.9 62.2±6.3 62.6±6.0

Height (cm) 171.2±6.4 170.8±6.1 171.5±6.6 171.0±6.3

BMI (kg/m²) 21.3±1.6 21.5±1.5 21.2±1.7 21.4±1.6

Training age (years) 3.8±1.2 3.6±1.3 3.9±1.1 3.7±1.2

Weekly mileage (km) 42.6±7.3 43.1±7.1 42.8±7.4 42.4±7.2

Resting HR (bpm) 58.4±5.2 58.8±5.0 58.2±5.4 58.6 ±5.1

Haemoglobin (g/dL) 13.8±1.1 13.9±1.0 13.7±1.1 13.8±1.0

Table 2. Baseline participant characteristics by randomised group

Note. Data are mean ± SD unless otherwise stated. AIT = aerobic interval training; NFFRP = nutrient-fortified fermented rice 
porridge; CT = conventional training; BMI = body mass index; HR = heart rate.

Primary outcome: half-marathon performance
A significant group-by-time interaction was observed 

for half-marathon completion time (F₃,₈₆=24.7; p<0.001; 
η²p=0.46). The AIT+NFFRP group reduced mean com-
pletion time from 115.4±8.2 to 98.6±6.1 minutes (−14.6%; 
mean change −16.8 min; 95% CI −19.3 to −14.3; p<0.001). 

AIT+Placebo improved by 9.3% (−10.8 min; 95% CI −12.4 
to −9.2; p<0.001), CT+NFFRP by 6.1% (−7.1 min; 95% CI 
−8.6 to −5.6; p<0.001), and the control group by a non-sig-
nificant 1.8% (p=0.062). Post-hoc comparisons confirmed the 
combined group outperformed all other arms at week 12 (all 
p<0.01). Results are illustrated in Figure 1.

Figure 1. Half-marathon completion time (minutes) at baseline and week 12 for all four groups

Note. Error bars represent 95% confidence intervals. †p<0.001 vs. pre (within-group); ‡p<0.01 vs. control; §p<0.01 vs. 
AIT+Placebo and CT+NFFRP (Bonferroni post-hoc). AIT = aerobic interval training; CT = conventional training; NFFRP = 
nutrient-fortified fermented rice porridge.
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Figure 2. Percentage change in VO₂max (mL/kg/min) from baseline to week 12 by group

Note. Error bars represent 95% CIs. Group symbols as in Figure 1.

VO₂max
VO₂max increased most in the AIT+NFFRP group (+7.6 

mL/kg/min; 95% CI 5.9–9.3; p<0.001) and AIT+Placebo (+5.2 
mL/kg/min; 95% CI 3.8–6.6; p<0.001). CT+NFFRP showed a 

smaller but significant gain (+2.8 mL/kg/min; 95% CI 1.2–4.4; 
p=0.001). No meaningful change was observed in the control 
group (+0.5 mL/kg/min; p=0.32). The group-by-time interac-
tion was significant (F₃,₈₆=18.4; p<0.001; η²p=0.39). Percent-
age changes are shown in Figure 2.

Recovery kinetics
The combined group produced the largest gains across 

all recovery metrics (Table 3). Post-effort blood lactate fell by 
31.7% (8.2 to 5.6 mmol/L), RMSSD rose by 34.9% (42.1 to 
56.8 ms; η²p=0.38), and one-minute recovery heart rate de-

clined by 24 bpm (16.9%). Haemoglobin rose by 7.2% (13.8 
to 14.8 g/dL), the largest between-group gain. Running econ-
omy improved by 11.9% (218 to 192 mL/kg/km). Figure 3 
summarises percentage changes in three key recovery metrics 
across all groups.

Outcome Time AIT+NFFRP 
(n=23)

AIT+Placebo 
(n=23)

CT+NFFRP 
(n=22) Control (n=22)

Half-marathon time 
(min)

Pre 115.4±8.2 116.1±7.8 115.8±8.5 115.2±8.1

Post 98.6±6.1†‡§ 105.3±6.8† 108.7±7.2† 113.1±7.9

Δ% −14.6% −9.3% −6.1% −1.8%

VO₂max (mL/kg/min)

Pre 48.2±4.1 47.9±4.3 48.4±4.0 48.1±4.2

Post 55.8±3.6†‡§ 53.1±3.9† 51.2±3.8† 48.6±4.1

Δ% +15.8% +10.9% +5.8% +1.0%

SpO₂ (%)

Pre 97.2±0.8 97.4±0.7 97.3±0.9 97.1±0.8

Post 98.6±0.6†‡ 98.1±0.7† 97.8±0.8† 97.2±0.9

Δ% +1.4% +0.7% +0.5% +0.1%

Recovery HR 1-min 
(bpm)

Pre 142.0±12.0 144.0±11.0 143.0±12.0 141.0±12.0

Post 118.0±9.0†‡§ 128.0±10.0† 132.0±11.0† 139.0±12.0

Δ% −16.9% −11.1% −7.7% −1.4%

Table 3. Primary and secondary outcomes at baseline and week 12 by randomised group



8 Sport Mont 24 (2026) 1: Ahead of Print

TRAINING & FERMENTED RICE IN DISTANCE RUNNERS | S.PERIYAPANDI ET AL.

Outcome Time AIT+NFFRP 
(n=23)

AIT+Placebo 
(n=23)

CT+NFFRP 
(n=22) Control (n=22)

Blood lactate 
(mmol/L)

Pre 8.2±1.2 8.4±1.3 8.1±1.2 8.3±1.2

Post 5.6±0.9†‡§ 6.8±1.1† 7.1±1.0† 8.1±1.2

Δ% −31.7% −19.0% −12.3% −2.4%

HRV – RMSSD (ms)

Pre 42.1±8.4 41.8±8.1 42.4±8.6 42.0±8.3

Post 56.8±7.2†‡§ 50.4±7.8† 47.2±8.0† 42.9±8.4

Δ% +34.9% +20.6% +11.3% +2.1%

RPE (Borg 6–20)

Pre 16.8±1.2 16.9±1.1 16.7±1.3 16.8±1.2

Post 13.6±1.1†‡§ 14.8±1.2† 15.2±1.2† 16.5±1.3

Δ% −19.0% −12.4% −9.0% −1.8%

Haemoglobin (g/dL)

Pre 13.8±1.1 13.9±1.0 13.7±1.1 13.8±1.0

Post 14.8±1.0†‡§ 14.4±0.9† 14.2±1.0† 13.9±1.0

Δ% +7.2% +3.6% +3.6% +0.7%

Running economy 
(mL/kg/km)

Pre 218.0±18.0 220.0±17.0 217.0±19.0 219.0±18.0

Post 192.0±14.0†‡§ 204.0±15.0† 207.0±16.0† 216.0±18.0

Δ% −11.9% −7.3% −4.6% −1.4%

(continued from previous page)
Table 3. Primary and secondary outcomes at baseline and week 12 by randomised group

Figure 3. Percentage changes in three key recovery kinetics metrics (blood lactate, RMSSD, and one-minute 
recovery heart rate) at week 12 by group

Note. RMSSD = root mean square of successive differences; HR = heart rate. Group symbols as in Figure 1. For blood lac-
tate and one-minute recovery HR, negative values indicate improvement.
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Discussion
This four-arm RCT provides evidence that combining 

structured AIT with twice-daily NFFRP is associated with 
greater improvements in half-marathon performance, cardio-
pulmonary fitness, and recovery kinetics than either interven-
tion alone over 12 weeks. The 14.6% reduction in completion 
time in the combined group (mean 16.8 min) is clinically 
meaningful in collegiate competition. However, several im-
portant interpretive caveats accompany these findings.

Non-isoenergetic control and attribution of effects. A 
critical limitation that requires direct acknowledgment is that 
NFFRP (~295 kcal/serving, consumed twice daily on train-
ing days) was not isoenergetically or isoproteically matched 
to the placebo (~120 kcal). On training days, participants in 
the NFFRP arms consumed approximately 350 additional 
kilocalories and 25.2 g additional protein per day from the 
intervention beverage alone. This energy and protein differ-
ential could independently explain a portion of the observed 
performance and recovery advantage irrespective of the fer-
mentation process, probiotic organisms, or iron content. Ac-
cordingly, the effects attributed to NFFRP in this trial should 
be understood as the aggregate effect of additional energy, 
protein, iron, and probiotic intake within a fermented matrix, 
and cannot be attributed to fermentation or probiotics specif-
ically. Future trials comparing NFFRP against a nutritionally 
matched, non-fermented comparator are needed to isolate 
fermentation-specific contributions.

Blinding and expectancy. Assessor blinding was adequate 
(blinding index 0.08; 95% CI −0.04 to 0.20). However, partic-
ipants could plausibly detect which beverage they received, 
given the perceptible differences in taste, viscosity, and satiety 
stemming from the unavoidable caloric disparity. Expectancy 
effects may have influenced subjective outcomes such as RPE 
and potentially pacing behaviour during half-marathon test-
ing. This limitation is most consequential for the subjective 
endpoints and warrants consideration when interpreting the 
RPE differences between groups.

The VO₂max response in the AIT+NFFRP group (+7.6 
mL/kg/min, +15.8%) lies at the upper boundary of gains re-
ported in meta-analyses of HIIT in athletic populations (Ma 
et al., 2023). The additional increment over AIT alone (+2.4 
mL/kg/min) is consistent with a nutritional contribution to 
training adaptation possibly through improved inter-session 
recovery enabled by higher carbohydrate and protein avail-
ability (Burke et al., 2011; Jeukendrup, 2014b) but cannot be 
attributed to any specific NFFRP component without mecha-
nistic measurement.

The 31.7% reduction in post-effort blood lactate in the 
combined group likely reflects AIT-driven upregulation of 
monocarboxylate transporter expression (Brooks, 2018), 
though nutritionally enabled recovery may have amplified 
this adaptation. Similarly, the 34.9% RMSSD rise exceeds val-
ues typically seen with HIIT alone (Plews et al., 2013), sug-
gesting a synergistic effect whose mechanism cannot be deter-
mined without continuous HRV monitoring and microbiota 
analysis. The 7.2% haemoglobin gain in the combined group 
is consistent with NFFRP’s iron content and the known effect 
of fermentation on non-haem iron bioavailability via phytic 

acid reduction (Hotz & Gibson, 2007b), though serum ferritin 
was not measured, so iron-mediated erythropoietic adapta-
tion cannot be confirmed.

The observed running economy improvement of 11.9% 
in the combined group likely reflects enhanced neuromuscu-
lar efficiency and mitochondrial substrate utilisation driven 
by AIT (Barnes & Kilding, 2015b; Rosenblat et al., 2022), with 
possible amplification through improved recovery quality.

Limitations include the single-centre design, non-iso-
energetic placebo (preventing attribution to specific NFFRP 
components), reliance on 24-hour dietary recall (subject to 
recall bias), absence of mechanistic measurements (gut mi-
crobiota, serum ferritin, MCT protein quantification, mus-
cle biopsy), limited 12-week duration, and underpowered 
sex-disaggregated analyses. Future trials should use a nutri-
tionally matched non-fermented control, incorporate direct 
mechanistic endpoints (including gut microbiota profiling 
and iron status biomarkers), ensure sex-stratified recruitment 
with adequate power, and adopt multicentre designs.

Conclusion
In this 12-week, four-arm RCT, the combination of AIT 

and NFFRP was associated with greater improvements in 
half-marathon performance, VO₂max, and recovery kinetics 
than either intervention alone, with complete retention and 
no adverse events. These findings suggest a potential perfor-
mance benefit of combining structured interval training with 
this fermented, nutrient-dense food-based supplement. The 
NFFRP’s caloric and nutritional composition differed sub-
stantially from the placebo; the specific contributions of fer-
mentation, probiotics, or iron therefore require confirmation 
through trials incorporating isoenergetic controls, mechanis-
tic endpoints, and multicentre replication.
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