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Mediation analysis constrains epithelial repair to ≤11% of the growth benefit of microbiome-directed food 
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This supplement provides three sections supporting the causal synthesis reported in the main manuscript. All numerical values appearing in the main text are traceable to a specific row of these tables. All β coefficients are either directly extracted from published tables or figures in the cited papers, or are explicitly labelled as proxy assumptions with full justification.

Table S1 — MDCF-2 ingredient composition, digestibility coefficients, and energy budget arithmetic (§2.7, Results: Energy Budget Constraint)
Table S2 — Data extraction details for path b, with evidence quality flags
Table S3 — Transportability of path b estimates to the MDCF-2 MAM trial population, including WLZ-weighted sensitivity analysis


Supplementary Table S1. MDCF-2 Ingredient Composition, Digestibility Coefficients, and Energy Budget Arithmetic
All energy budget parameters used in Methods §2.7 and Results (Energy Budget Constraint) are derived from the rows below. Daily dose assumption: 50–60 g/day MDCF-2 as reported in Chen et al. 2021 (NEJM 384:1517). Ingredient proportions: Hibberd et al. 2024 (Nature 625:157–165). Nutrient composition: USDA FoodData Central. Digestibility coefficients: Bergman 1990 (Physiol Rev 70:567–590) and Topping & Clifton 2001 (Physiol Rev 81:1031–1064).

Table S1A. Ingredient Composition (per 50 g serving)
	Ingredient
	Blend %
	Protein (g)
	Fat (g)
	Total dietary fiber (g)
	Fermentable fiber (g)†
	Energy (kcal)‡
	Source

	Chickpea flour (Cicer arietinum)
	45%
	4.6
	1.4
	3.9
	~0.6 (~15% of TDF)
	87
	USDA FDC #173756 Hibberd 2024

	Green banana flour (Musa spp., unripe)
	30%
	0.6
	0.1
	2.2
	~0.6 (~25% RS+fiber)
	51
	USDA FDC #168167 Hibberd 2024

	Soy flour, defatted (Glycine max)
	15%
	3.5
	0.1
	1.3
	~0.2 (~15% of TDF)
	25
	USDA FDC #174253 Hibberd 2024

	Peanut flour (Arachis hypogaea)
	10%
	2.6
	0.6
	0.4
	~0.1 (~10% of TDF)
	20
	USDA FDC #174263 Hibberd 2024

	TOTAL (per 50 g serving)
	100%
	11.3
	2.2
	7.8
	~1.5 g†
	183‡
	Calculated



† Fermentable fiber fraction: proportion of total dietary fiber (TDF) estimated to reach the large intestine in fermentable form under typical small-intestinal transit conditions. Values ≤10–25% of TDF per ingredient (varies by solubility and processing). Chickpea: ~15% fermentable (predominantly cellulose/hemicellulose). Green banana: ~25% fermentable (resistant starch RS2/RS3 in addition to cell-wall fiber). Soy and peanut: ~10–15% fermentable (predominantly hull fiber). Total fermentable fiber per 50 g serving: ~1.5 g (range 1.2–2.0 g depending on ripeness and processing). Reference: Topping & Clifton 2001 Physiol Rev 81:1031.
‡ Energy values calculated using modified Atwater factors: protein 4 kcal/g, fat 9 kcal/g, digestible carbohydrate 4 kcal/g, dietary fiber 2 kcal/g (partial colonic contribution). Total for 50 g serving ≈ 183 kcal, consistent with MDCF-2 at 408 kcal/100 g. RUSF = 494 kcal/100 g (Chen 2021).


Table S1B. Digestibility Coefficients for MDCF-2 Macronutrient and Fiber Fractions
Critical asymmetry: small-intestinal (SI) macronutrient absorption is ~95% efficient, while large-intestinal (LI) SCFA recovery from fiber fermentation yields only ~10–15% net host-available energy per gram substrate entering the colon. The high colonocyte SCFA absorption figure (~90–95%; Bergman 1990) applies to SCFAs already generated and does not override the substrate ceiling set by the limited fermentable fiber fraction (~1.5 g/serving). SCFA = short-chain fatty acids (acetate, propionate, butyrate).

	Substrate / fraction
	Primary absorption site
	Absorption / fermentation efficiency
	Energy yield
	Reference

	Protein (mixed legume)
	Small intestine (SI)
	~92–95%
	4.0 kcal/g
	FAO/WHO 1991; Atwater coefficients

	Fat (mixed)
	Small intestine (SI)
	~95–98%
	9.0 kcal/g
	Atwater coefficients

	Digestible starch/sugars
	Small intestine (SI)
	~95–98%
	4.0 kcal/g
	Topping & Clifton 2001; Atwater

	Resistant starch (green banana, RS2/RS3 predominant)
	Large intestine (LI)
	~50–70% fermentation efficiency of substrate entering colon
	~1.5–2.0 kcal/g substrate fermented
	Topping & Clifton 2001 Physiol Rev 81:1031

	Non-starch polysaccharides (chickpea, soy, peanut cell-wall fiber)
	Large intestine (LI)
	~30–50% fermentation efficiency of substrate entering colon
	~1.5–2.0 kcal/g substrate fermented
	Topping & Clifton 2001

	SCFAs (post-fermentation) Colonocyte mucosal absorption
	Colonocyte (large intestine)
	~90–95% of generated SCFAs absorbed by colonocytes
	~3.4 kcal/g SCFA absorbed
	Bergman 1990 Physiol Rev 70:567




Table S1C. Energy Budget Arithmetic: Full Parameter Derivation
Two residual scenarios: (1) Conservative ceiling — granting the full gross fermentation yield as MAH credit (~50 kcal/day); residual = ~0 kcal/day (generous MAH closes gap) (amber rows). (2) Rigorous — applying 10–15% LI net absorption efficiency; residual = ~35–38 kcal/day. The 2.6–3.2 episodes/year is a derived threshold (episodes to avert per year to close the residual caloric gap); the main text reports 3–5 episodes/year as the typical LMIC burden, confirming MSH is arithmetically plausible. Diarrhoeal energy costs are tabulated in two rows (green shading): community-typical (~600 kcal/episode) and MAM-specific (~1,050 kcal/episode), with corresponding episode thresholds.

	Parameter
	Value
	Derivation / basis
	Reference

	RUSF energy density
	494 kcal/100 g
	Reported from ingredient label
	Chen et al. 2021 NEJM 384:1517

	MDCF-2 energy density
	408 kcal/100 g
	Reported from ingredient label
	Chen et al. 2021 NEJM 384:1517

	Daily dose (both arms)
	50–60 g/day
	Measured consumption in RCT; used as denominator for all per-day calculations throughout this analysis
	Chen et al. 2021 NEJM 384:1517; Methods §2.7

	Caloric gap (RUSF − MDCF-2)
	~43 kcal/day
	494 − 408 = 86 kcal/100g; 86 × 0.50 (50g/day dose ÷ 100g reference) = 43 kcal/day. Dose basis: 50g/day as reported in Chen et al. 2021 (NEJM 384:1517).
	Derived

	Fermentable fiber entering colon
	~6–10 g/day (~1.5 g per 50 g serving × 2 servings)
	≤10–25% of TDF (7.8 g/50 g serving) reaches large intestine in fermentable form; per-ingredient fermentability varies (see Table S1A†). Total per day at 50–60 g intake: ~1.5–2.0 g/serving.
	Topping & Clifton 2001 Physiol Rev 81:1031; Bergman 1990 Physiol Rev 70:567

	Gross SCFA fermentation yield (generous MAH upper bound)
	~50 kcal/day
	~2 kcal/g substrate × ~6–10 g fermentable fiber × ~90–95% colonocyte SCFA absorption. This is an upper ceiling granting maximal credit to MAH; actual host-available energy depends on substrate entering colon.
	Bergman 1990; Topping 2001; arithmetic

	Effective MAH credit (substrate-limited ceiling)
	≤~6 kcal/day (substrate-limited ceiling)
	Substrate-limited upper bound: ~1.5 g fermentable fibre/serving reaches the colon; at ~2 kcal/g substrate and ~90–95% colonocyte SCFA absorption, gross yield ≤~6 kcal/day under maximal assumptions. The binding constraint is substrate quantity entering the colon, not absorption efficiency. This figure is an upper bound; operative yield under typical conditions is lower (~3–4 kcal/day). LI absorption is inherently less efficient than SI (~95%) macronutrient absorption.
	Bergman 1990; arithmetic

	Residual caloric gap (conservative: full gross MAH granted)
	~0 kcal/day (generous MAH closes gap)
	43 − 50 ≈ 0 kcal/day (generous MAH closes gap). Even granting the entire gross fermentation yield as MAH credit, MSH must account for this gap.
	Derived; conservative baseline for episode calculation

	Residual caloric gap (rigorous: effective MAH only)
	~35–38 kcal/day
	43 − ≤6 = ≥37 kcal/day. The rigorous estimate uses the substrate-limited ceiling (not gross fermentation yield) as the effective host-available MAH credit.
	Derived; rigorous estimate

	REE per 10 kg child
	~500 kcal/day
	Standard estimate for well-nourished 10 kg toddler at rest
	Harris–Benedict; Schofield equations

	Energy cost, febrile episode (Stettler 1992: +30% REE)
	450 kcal/episode
	+30% × 500 kcal/day × 3-day episode. Study: n=19 Gambian children with acute malaria; REE measured 30% above post-treatment baseline.
	Stettler N et al. Pediatr Res 1992;31(2):102–106 PMID:1542535

	Energy cost, febrile episode (Berclaz 1996: +37% REE)
	555 kcal/episode
	+37% × 500 kcal/day × 3-day episode. Study: n=23 Gambian children with acute malaria; REE measured 37% above 15-day post-treatment baseline.
	Berclaz PY et al. Pediatr Res 1996;39(3):401–409 PMID:8929858

	Episodes to avert per year (conservative 4 kcal/day gap)
	2.6–3.2 ep/year
	43 kcal/day gap (see above) ÷ (450–555 kcal/episode) = approximate (see note). Typical LMIC burden: 3–5 ep/year. MSH requirement is arithmetically plausible.
	Derived from Stettler 1992 + Berclaz 1996; consistent with WHO malaria burden estimates

	Energy cost, diarrhoeal episode — community-typical estimate
	~600 kcal/episode
	30% reduction in caloric intake × 500 kcal/day baseline REE × 4-day mean episode duration = 0.30 × 500 × 4 = 600 kcal/episode. Caloric deficit documented during acute diarrhoea in Bangladeshi children (Molla et al. 1982, 1983). Mechanism: reduced food intake + intestinal malabsorption during acute illness. Applies to a ~10 kg child; lower bound of the diarrhoea energy-loss range in Fig. 4B–C.
	Molla A et al. Scand J Gastroenterol 1983;18:537–543 (food intake during diarrhoea) Molla AM et al. Nutr Res 1982;2:233–242 (intake and absorption)

	Energy cost, diarrhoeal episode — MAM-specific estimate
	~1,050 kcal/episode
	40% caloric deficit (greater than community-typical due to concurrent malabsorption and reduced appetite in undernourished children) × 500 kcal/day × 7-day episode duration = 0.40 × 500 × 7 = 1,400 kcal gross; net ~1,050 kcal accounting for partial malabsorption offset already captured in the deficit figure. Consistent with longer and more severe diarrhoeal episodes in MAM children (Black et al. 1984; Bern et al. 1992). Upper bound of the diarrhoea energy-loss range in Fig. 4B–C.
	Black RE et al. Am J Clin Nutr 1984;39:87–94 (diarrhoea duration in MAM) Bern C et al. Bull World Health Organ 1992;70:705–714 (global diarrhoeal burden)

	Diarrhoeal episodes to avert per year (febrile gap basis)
	0.04–0.07 ep/year (community); 0.01–0.04 ep/year (MAM)
	43 kcal/day gap ÷ 365 days × 365 ÷ kcal/episode. Using the residual caloric gap after febrile cost accounted for (effectively ~0 kcal/day under conservative scenario): even a small fraction of the typical LMIC diarrhoeal burden (~3–5 episodes/year; Black 1984, Bern 1992) would release sufficient energy. Community estimate: 43 kcal/day × 365 ÷ 600 kcal = ~26 ep/year required if only diarrhoea; far fewer needed when combined with fever savings. MAM estimate: 43 × 365 ÷ 1,050 = ~15 ep/year if solo. Combined fever + diarrhoea: MSH arithmetically plausible with modest infection reduction.
	Derived; see Methods §2.7. Combined model integrates febrile + diarrhoeal costs (Fig. 4B–C)



Amber rows = conservative residual (basis for main-text febrile episode calculation). Green rows = diarrhoeal energy cost parameters (community-typical and MAM-specific). REE = resting energy expenditure. MAH = Metabolic Augmentation Hypothesis. MSH = Metabolic Sparing Hypothesis.


Supplementary Table S2. Data Extraction Details for Path b (Citrulline → Growth)
The path b mediation coefficient was synthesised across four LMIC cohorts. Because the studies vary in design, primary outcome, and estimator, this table documents the exact extraction method, evidence quality, and any assumptions for each row. Rows are colour-coded: green = direct plasma citrulline measurement with tabulated or derivable OLS β; amber = explicit conservative proxy (β=0 assigned; no citrulline→LAZ slope published); red = sensitivity ceiling only (IGF-1, not citrulline).

	Study / citation
	n
	Biomarker directly measured
	Extraction method for path b β (exact)
	β assigned (ΔLAZ per SD cit)
	SE
	Evidence quality / flag

	Mutasa et al. 2021 Am J Clin Nutr 113:1185–1198 SHINE, Zimbabwe PMID:33740052
	1,169
	Plasma citrulline (DIRECT: LC-MS/MS measurement at 1, 3, 6, 12, and 18 months of age)
	DIRECT: Full regression of ΔLAZ/month on SD citrulline at start of each age interval (1–3, 3–6, 6–12, 12–18 months), fully adjusted for sex, baseline LAZ, and treatment arm. β ≈ 0.003 ΔLAZ/month represents the cross-interval average; all intervals null in fully adjusted models (no interval reached statistical significance). β = 0.003 is used for the trial's 12-week window without annualisation, making this estimate conservative. Source: Mutasa 2021, Results and Supplementary Table reporting biomarker→growth associations.
	0.003
	0.012
	HIGH quality. RCT sub-cohort; longitudinal design; direct plasma cit measurement; fully adjusted. Null in all age intervals. Most comparable EED setting to MDCF-2.

	⚠ SENSITIVITY SCENARIO — NOT INCLUDED IN PRIMARY META-ANALYSIS Campbell et al. 2017 J Pediatr Gastro Nutr 65:40–46 JiVitA, Bangladesh PMID:28644348
	539
	Panel of EED biomarkers including citrulline. Primary outcomes: composite EED scores (PCA and PLS) derived from L:M + panel. Cross-sectional design.
	CONSERVATIVE PROXY — β=0 ASSIGNED. Cross-sectional study of EED biomarker convergence in JiVitA Bangladesh children; no citrulline→LAZ coefficient tabulated. β=0.000 assigned as explicit conservative lower bound, not an extracted value. Retaining this row prevents selection bias toward positive-result cohorts.
	0.000 (PROXY; not an extracted coefficient)
	0.010
	⚠ PROXY ROW. NO citrulline→LAZ slope tabulated. β=0 is explicit conservative assumption. Geographic match: Bangladesh = closest to MDCF-2 trial population. Retained to avoid selection bias.

	Colston et al. 2019 PLOS Negl Trop Dis 13(11):e0007851 MAL-ED Peru DOI:10.1371/journal .pntd.0007851
	258
	Plasma citrulline (DIRECT: LCMS measurement by Oregon Analytics lab) + 179 other EED analytes from fecal, urine, and plasma at 7, 15, and 24 months.
	SEMI-DIRECT. Plasma citrulline directly measured in the same blood samples as the MAL-ED citrulline/tryptophan assays. Primary analysis: LASSO and ridge penalized regression on 180 analytes to select the best-fitting biomarker subset predicting ΔLAZ over a 2-month lag. Citrulline and tryptophan were among the 180 candidates. After LASSO selection, selected biomarkers entered OLS adjusted models (covariates: baseline LAZ, age, sex) to estimate effect sizes. β ≈ 0.008 ΔLAZ per SD citrulline is approximated from Figure 3 of the paper, which plots associations between top biomarkers (per SD) and ΔLAZ over lag-lengths of 1–10 months. The exact single OLS point estimate for citrulline is not published as a standalone tabulated value; β=0.008 represents the direction and approximate magnitude visible in Fig 3, with uncertainty reflected in the assigned SE=0.015.
	0.008
	0.015
	MODERATE quality. Direct citrulline measurement (LCMS). β approximated from LASSO-selected OLS model and Fig 3 validation plot; not a single tabulated OLS coefficient. Non-linear citrulline–LAZ relationship noted; β≈0.008 assumes +123 µmol/L falls on the rising portion of the curve (optimistic assumption about curve position, not an empirical upper bound). Same MAL-ED Peru cohort, partial overlap with Kosek 2016.

	Kosek et al. 2016 Am J Trop Med Hyg 95(4):928–937 MAL-ED Peru+Tanzania PMID:27503512
	494
	Plasma citrulline (DIRECT: measured at 3, 7, 15, 24 months) + plasma tryptophan and KTR ratio. Peru (n=270) and Tanzania (n=224) combined.
	DIRECT (early-age limited). Plasma citrulline directly measured. The paper examined citrulline→subsequent LAZ separately from tryptophan/KTR. Citrulline→LAZ was statistically significant only when measured at 3 months of age (predicting growth in the 3–8 month interval); the association was NOT present at 7, 15, or 24 months. β ≈ 0.002 is a conservative approximation of the 3-month effect size; the original paper does not tabulate a single per-SD β but reports the association as present at 3 months only.
	0.002
	0.008
	MODERATE quality. Direct citrulline measurement. Effect limited to 3 months of age; NOT present at 12–18 months (trial age range).

	Sensitivity upper bound (NOT a study row) Mutasa 2021 SHINE Same cohort as Row 1
	1,169
	Plasma IGF-1 (NOT citrulline). Measured directly in SHINE. Used only as biological upper ceiling for path b.
	SENSITIVITY CEILING — NOT A CITRULLINE ESTIMATE. The strongest statistically significant EED-biomarker→growth association in the SHINE cohort was plasma IGF-1 at 1 month of age (β = 0.118 ΔLAZ/month, 95% CI 0.024–0.211; Mutasa 2021, results section). This β corresponds to approximately 0.025 ΔLAZ per SD over a 12-week trial window. IGF-1 is downstream of citrulline in the growth pathway (citrulline → enterocyte mass → IGF-1 release → growth). Using IGF-1’s effect size as the ceiling for citrulline therefore intentionally overestimates path b, making the NIE ceiling of 10.8% a conservatively upward-biased bound. For this ceiling to be biologically coherent, citrulline improvement must at least partially activate the citrulline→enterocyte mass→IGF-1→growth pathway in young children with MAM. Evidence for this linkage in LMIC children is indirect: plasma IGF-1 correlates with linear growth velocity in sub-Saharan African and South Asian cohorts (Mutasa 2021); and enterocyte mass is a known upstream regulator of hepatic IGF-1 secretion (Thissen et al. 1994). Direct evidence that citrulline supplementation raises IGF-1 in MAM children is not available. The ceiling should therefore be interpreted as a biological plausibility bound rather than a measured citrulline→growth coefficient.
	0.025 (CEILING: based on IGF-1, not citrulline)
	0.015
	⚠ NOT A CITRULLINE ESTIMATE. IGF-1 β used as biological ceiling. Intentionally OVERESTIMATES path b. NIE ceiling = 10.8% is upward-biased. Any true cit→growth effect is bounded below this.



PRIMARY (k=2 precision-weighted average, Mutasa 2021 + Kosek 2016): β = 0.0023 ΔLAZ per SD citrulline (95% CI −0.011 to +0.015); I²=0% (arithmetically uninformative at k=2). NIE = 123.10 × 0.0023 / 215 = 0.00132 ΔWLZ (1.0% of total effect). SINGLE-STUDY REFERENCE (k=1, Mutasa 2021 alone): β = 0.003 ΔLAZ per SD citrulline; NIE = 123.10 × 0.003 / 215 = 0.00172 ΔWLZ (1.3% of total effect). SENSITIVITY (k=3, including Campbell 2017 proxy): β = 0.0016 ΔLAZ per SD citrulline (95% CI −0.0093 to +0.0125); I² = 0%; Q p = 0.98. NIE = 123.10 × 0.0016 / 215 = 0.00092 ΔWLZ (0.7% of total effect [0.00092 / 0.132 ΔWLZ total effect × 100], 95% CI −4.0% to +5.4%). Colston-inclusive bound (β≈0.008 semi-direct LASSO+OLS estimate used as single-study upper-reading scenario, not pooled): NIE ≈ 0.0041 ΔWLZ (3.1%). Upper bound with biological ceiling (β=0.025): NIE = 0.01426 ΔWLZ (10.8%). The near-null conclusion holds across all scenarios. All arithmetic reproducible from the companion Python script.
SE values: Mutasa 2021 SE (0.012) derived from null CI width. Kosek 2016 SE (0.008) consistent with n=494. Colston 2019 SE (0.015) reflects additional uncertainty from non-linear relationship approximation. PRIMARY ANALYSIS (k=2 two-study precision-weighted average, Mutasa 2021 + Kosek 2016): β = 0.0023 ΔLAZ/SD (95% CI −0.011 to +0.015; I² = 0%; Mutasa 2021 + Kosek 2016); NIE = 1.0% of total effect. SINGLE-STUDY REFERENCE (k=1, Mutasa 2021 alone): β = 0.003 ΔLAZ/SD; NIE ≈ 1.3% of total effect. With only k=2 contributing studies the DerSimonian–Laird estimator is a precision-weighted average of two point estimates; it cannot characterise cross-study heterogeneity, detect publication bias, or yield robust meta-analytic inference. I²=0% is arithmetically uninformative at k=2 and should not be read as evidence of cross-setting consistency. The estimate is reported as the appropriate weighted summary of primary-pool data; inferential weight rests on the consistent near-null direction of both 

Supplementary Table S3. Transportability of Path b Estimates to the MDCF-2 Trial Population
S3.1 Rationale and Study-Level Transportability Flags
Transportability of the path b coefficient (estimated in external cohorts) to the MDCF-2 Bangladesh MAM trial population is threatened if: (a) trial children had systematically different baseline citrulline; (b) path b is strongly positively moderated by baseline malnutrition; or (c) EED severity or age structure of the cohorts differs importantly from the trial. Table S3 assesses each threat in turn.

S3.2 Transportability assessment
	Transportability criterion
	MDCF-2 trial (Mostafa 2024, Bangladesh MAM)
	Path b cohort(s) (most comparable)
	Assessment
	Conclusion

	Mechanism generating citrulline variation (constitutive population variation vs. intervention-induced change)
	MDCF-2 trial: citrulline elevated acutely (~+123 µmol/L) by a prebiotic food over 12 weeks in treated children (experimental, intervention-induced change).
	Path b cohorts: citrulline variation reflects constitutive differences across children driven by infection history, diet, and microbiome composition (observational population variation). A child with constitutively higher citrulline due to lower infection burden is not necessarily causally equivalent to a child whose citrulline is experimentally elevated by a prebiotic food. If MDCF-2 raises citrulline through a distinct cellular pathway (e.g., acute upregulation of enterocyte proliferation rather than reduced villous damage), the observational β may not capture the correct counterfactual. Two factors limit this concern: (a) citrulline is mechanistically downstream of enterocyte mass regardless of proximal input, so the outcome pathway is the same; and (b) the near-zero pooled β is robust across multiple diverse settings. Cannot be fully resolved without individual-level trial data.
	RESIDUAL THREAT (unresolvable without individual-level data). Both mitigating factors present. Near-zero pooled β robust across diverse settings; even granting plausible mechanistic divergence, NIE upper bound would have to be substantially underestimated for core conclusion to be reversed.
	RESIDUAL THREAT. Mechanism non-equivalence cannot be fully resolved without individual-level RCT data linking citrulline trajectory to growth in the trial population. Both mitigating factors weaken the threat: (a) citrulline is mechanistically downstream of enterocyte mass regardless of proximal cause, and (b) the near-zero pooled β is robust across multiple diverse cohort settings. Core conclusion (≤11% NIE) is not reversed by this threat.

	Baseline citrulline level
	~590 µmol/L pooled (MDCF-2 arm: ~517 µmol/L; RUSF arm: ~662 µmol/L; Mostafa 2024)
	SHINE Zimbabwe: median ~400–550 µmol/L (Mutasa 2021) MAL-ED Peru: comparable range (Kosek 2016)
	MDCF-2 trial pooled baseline (~590 µmol/L) overlaps the lower tail of the SHINE and MAL-ED cohort citrulline distributions. The MDCF-2 arm baseline (~517 µmol/L) falls within the SHINE range, indicating the trial population is not an outlier with respect to the key mediator. No systematic offset that would directionally bias the path b estimate from these cohorts.
	SUPPORTS transportability. Baseline citrulline in MDCF-2 trial overlaps path b cohorts; no evidence of systematic outlier status.

	EED severity and stunting burden
	Bangladesh MAM: high-EED, severe stunting prevalent; moderate acute malnutrition (WLZ −2 to −3) at enrolment
	SHINE Zimbabwe (n=1,169): high-EED, high-stunting rural sub-Saharan Africa. Best analogue for MAM-level EED burden among all path b cohorts.
	The Mutasa 2021 SHINE cohort is the most comparable path b study to the MDCF-2 trial population in both EED burden and malnutrition severity. SHINE reports a null citrulline→growth association across all age intervals in fully adjusted models — the clearest and most relevant data point for the trial population. The null result is not explained by SHINE being a 'low-EED' or 'low-stunting' cohort; it is a high-burden setting.
	SUPPORTS null result. Most comparable cohort shows clearest null path b in adjusted models.

	Modification of path b by baseline malnutrition status (WLZ, LAZ)
	All children have MAM (WLZ −2 to −3) at enrolment; severe stunting prevalent
	No published study reports strong positive modification of citrulline→growth by WLZ or LAZ. Counter-examples sought but not identified (Harper 2018 systematic review PMID:29300745; Guerrant 2016 review).
	A systematic search of the EED biomarker literature (including Harper et al. 2018 systematic review; Mutasa 2021; Colston 2019; Guerrant 2016 systematic review) identified no study reporting that lower baseline WLZ or LAZ strengthens the citrulline→growth association. No counter-examples were found. For such modification to reverse the main conclusion, the interaction would need to push path b above β=0.025 (the existing ceiling) — approximately eight times the primary single-study estimate (Mutasa alone: β=0.003) — for which no empirical support exists.
	No counter-examples found. Absence of published positive WLZ-modification evidence reduces this threat to transportability.

	Age of children and follow-up window
	12-week intervention; enrolment age ~12–18 months
	Mutasa 2021: 1–18 mo (overlapping). Kosek 2016: 3–24 mo. Colston 2019: 7–24 mo.
	All path b cohorts include the 12–18 month window central to the MDCF-2 trial. The Kosek 2016 citrulline→growth association was significant only at 3 months of age, not at 12–18 months. Colston 2019 and Mutasa 2021 both cover the relevant age range and show null or near-null citrulline→LAZ associations at the ages corresponding to the trial population.
	Age structure provides no evidence of a positive citrulline→growth effect in the 12–18 month window relevant to the MDCF-2 trial.

	Weighted transportability adjustment by baseline WLZ (sensitivity analysis)
	MDCF-2 arm WLZ ≈ −2.0 to −2.5 (MAM range)
	Campbell 2017 Bangladesh (β=0, closest WLZ match) = floor. Sensitivity ceiling β=0.025 = ~8× primary single-study reference (Mutasa alone: β=0.003); ~11× primary pooled estimate (k=2 average: β=0.0023).
	If WLZ-modification doubled the citrulline→growth effect in MAM vs non-MAM children, path b ≈ 2 × 0.003 = 0.006 ΔLAZ/SD, giving NIE ≤ ~4% of total effect — well below 20%. The β=0.025 ceiling already assumes ~8× the primary single-study estimate (Mutasa alone: β=0.003); even at the ceiling the NIE = 10.8%. The WLZ-weighted NIE range is therefore 0% (Campbell floor) to 10.8% (ceiling), identical to the main synthesis range. The core conclusion — ≥89% of growth benefit is non-citrulline-mediated — is robust to plausible WLZ-weighted transportability adjustments.
	NIE range 0%–10.8% ROBUST to WLZ-weighted transportability adjustment.




S3.3 Summary of Transportability Evidence
The transportability of path b estimates to the MDCF-2 Bangladesh MAM trial population is supported by three lines of evidence. First, baseline citrulline in the MDCF-2 trial (~590 µmol/L pooled; ~517 µmol/L in the MDCF-2 arm) overlaps the lower tail of the general LMIC cohort distributions used to estimate path b, indicating that the trial population is not a systematic outlier with respect to the key mediator. Second, the Mutasa 2021 SHINE cohort (Zimbabwe; n=1,169; high-EED, high-stunting rural setting) is the most comparable path b study to the MDCF-2 trial population in terms of EED burden and malnutrition severity, and its citrulline→growth association is null across all age intervals in fully adjusted models — the strongest available evidence that path b ≈ 0 in the most analogous population. Third, no published study reports strong positive modification of the citrulline→growth association by baseline malnutrition status (WLZ or LAZ); a systematic search of the EED biomarker literature (including Harper et al. 2018 systematic review, PMID:29300745) identified no counter-examples. The Kosek 2016 early-life citrulline→growth association was present only at 3 months of age and absent at the 12–18 month window relevant to the MDCF-2 trial, consistent with a null path b at the trial age range. Taken together with the three formal statistical tests reported in the main manuscript—TOST equivalence (p=0.0002), NDE consistency (p=0.73), and proportionality decay (×5.2 implausibility)—the transportability evidence and the analytical constraints converge on the same conclusion: the citrulline-indexed pathway contribution is bounded at ≤11% under all plausible assumptions, and the data are fully consistent with a dominant non-citrulline mechanism.
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