
Supplementary Table S1. Expanded Evidence Summary for Age-Specific Protein and Leucine  
Recommendations

Companion to: Anabolic Resistance, the Leucine Threshold, and Protein Requirements Across the  
Adult Lifespan — Corrected Version 2

Introductory Note

This table compiles the mechanistic and clinical evidence underpinning the quantitative 

recommendations summarized in Tables 1 and 2 of the main paper. Data were drawn from stable-

isotope tracer and dose–response studies of muscle protein synthesis (MPS), meta-analyses of 

resistance-training outcomes, and international consensus statements (ESPEN/PROT-AGE). Every age 

band, protein target, and leucine target below has been checked against Tables 1 and 2 of the corrected 

main paper and matches exactly. Every citation has been checked against either the primary source in 

the connected research library or PubMed directly; three references used in the original version of this 

table could not be verified and have been removed or replaced — see the Editorial Notes at the end of 

this document for the full account.

1. Young Adults (≤ 39 yr)

Statement Evidence / Supporting References
Daily protein 1.0–1.2 g·kg⁻¹·day⁻¹ 
for health; ≈ 1.6 g·kg⁻¹·day⁻¹ for 
hypertrophy

Meta-analysis of resistance-training trials shows fat-
free-mass gains plateau at ≈ 1.6 g·kg⁻¹·day⁻¹ for 
resistance-trained subjects (Morton et al., 2018).

20–25 g high-quality protein (≈ 
2.0 g Leu) maximizes MPS

Dose–response studies in young, resistance-trained 
men show 20 g whey (≈ 2 g Leu) elicits maximal 
post-absorptive MPS; 40 g does not further increase 
MPS but raises oxidation and urea (Moore et al., 
2009; Witard et al., 2014).

≥ 3 resistance sessions/wk, 
progressive overload

Consensus and meta-analytic guidance supports 
regular resistance sessions with progressive overload 
to maximize hypertrophy (Morton et al., 2018).

Leucine “extra” unnecessary once 
≈ 2.0 g threshold is met

The “muscle-full” effect explains why additional 
leucine above ≈ 2 g per meal does not further 
stimulate MPS in young adults (Atherton et al., 
2010).
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2. Midlife Adults (40–59 yr)

Statement Evidence / Supporting References

Daily protein 1.2–1.4 g·kg⁻¹·day⁻¹

ESPEN/PROT-AGE consensus recommendations, 
extrapolated to midlife as a pragmatic range 
reflecting early-onset anabolic resistance; this age 
band is not directly tested in dose–response studies 
(Deutz et al., 2014; Bauer et al., 2013; Zaromskyte et 
al., 2021).

25–30 g protein (≈ 2.2–2.5 g Leu) 
per meal

Interpolated between the young ≈ 20 g breakpoint 
and the older ≈ 30–40 g breakpoint (Zaromskyte et 
al., 2021).

≥ 2 resistance sessions/wk + ≥ 
7,000 steps/day

Physical-activity levels associated with reduced 
anabolic resistance are discussed in muscle-aging 
reviews (Breen & Phillips, 2011; Wall et al., 2015).

Even protein distribution (≥ 3 
meals/day)

Balanced protein distribution across the day increases 
cumulative 24-h MPS compared with skewed feeding 
patterns (Areta et al., 2013).

3a. Older Adults (≥ 60 yr, Active / Regular Resistance Training)

Statement Evidence / Supporting References

Daily protein 1.2–1.6 g·kg⁻¹·day⁻¹

Regular resistance training partially preserves 
anabolic sensitivity, allowing a lower per-meal dose 
than sedentary peers for the same daily total (Breen 
& Phillips, 2011; Aragon et al., 2023; Deutz et al., 
2014).

25–30 g protein (≈ 2.5–2.8 g Leu) 
per meal

Training-preserved anabolic sensitivity permits a per-
meal target below the sedentary-older breakpoint 
(Katsanos et al., 2006; Yang et al., 2012).

≥ 2–3 resistance sessions/wk + 
balance & mobility work

2–3 weekly sessions are associated with improved 
MPS and strength outcomes in older adults (Breen & 
Phillips, 2011; Wall et al., 2015).

Leucine-rich sources; 
carbohydrate co-ingestion

Whey, dairy, and eggs yield higher leucinemia than 
lower-leucine protein sources (Katsanos et al., 2006). 
Carbohydrate co-ingestion is discussed as a potential 
enhancer of insulin-mediated amino-acid delivery, 
one of several mechanisms proposed to contribute to 
anabolic resistance (Aragon et al., 2023).
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3b. Older Adults (≥ 60 yr, Sedentary / Minimally Active)

Statement Evidence / Supporting References

Daily protein 1.4–2.0 g·kg⁻¹·day⁻¹

PROT-AGE and ESPEN support higher intakes for 
less active or clinically at-risk older adults, with the 
upper end (≈ 2.0 g·kg⁻¹·day⁻¹) reserved for severe 
illness under medical supervision (Bauer et al., 2013; 
Deutz et al., 2014).

30–40 g protein (≈ 2.8–3.0 g Leu) 
per meal

Per-meal breakpoint ≈ 0.4 g·kg⁻¹ (≈ 30–40 g protein); 
leucine enrichment to ≈ 2.8 g restores the MPS 
response toward young-adult levels (Katsanos et al., 
2006; Moore et al., 2015).

Begin resistance training as soon 
as feasible

Even light-load resistance training meaningfully 
improves the MPS response in previously sedentary 
older adults, independent of the exact protein dose 
(Katsanos et al., 2006; Layman, 2024).

4. Frail / Sarcopenic (≥ 75 yr)

Statement Evidence / Supporting References

Daily protein 1.4–1.8 g·kg⁻¹·day⁻¹
ESPEN/PROT-AGE recommendations for frail, non-
catabolic older adults (Bauer et al., 2013; Deutz et al., 
2014).

30–40 g protein (≈ 3.0 g Leu), in 
small, frequent meals if needed

Leucine-enriched meals (≈ 3 g Leu) stimulate MPS 
despite reduced anabolic sensitivity in frail older 
adults (Katsanos et al., 2006).

Light resistance training, or 
neuromuscular electrical 
stimulation (NMES) if immobile

NMES preserves anabolic signaling (mTOR 
phosphorylation) and prevents skeletal-muscle 
atrophy in immobilized and critically ill patients — 
directly demonstrated in comatose ICU patients 
(mean age 63 ± 6 yr), not specifically community-
dwelling frail elders (Dirks et al., 2015).

Leucine-enriched whey/EAA 
blends; monitor renal function

Clinical guidance recommends renal-function 
monitoring when protein intake exceeds ≈ 1.8 
g·kg⁻¹·day⁻¹ (Bauer et al., 2013).
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5. Rehabilitation / Illness (Catabolic States)

Statement Evidence / Supporting References

Daily protein 1.5–2.0 g·kg⁻¹·day⁻¹
Same upper-end guidance as severe illness, applied to 
catabolic and post-operative patients (Deutz et al., 
2014; Bauer et al., 2013).

35–45 g protein (≈ 3.0 g Leu) 
post-therapy

Higher per-meal protein doses are supported to help 
overcome the more severe anabolic resistance 
associated with catabolic stress and illness (Bauer et 
al., 2013; Deutz et al., 2014); the post-exercise dose-
ceiling data in older men support doses at or above 
40 g in the post-activity window (Yang et al., 2012).

Protein timed around 
physiotherapy sessions

Providing protein around physical therapy sessions is 
a practical way to align nutrient availability with the 
rehabilitation stimulus (Areta et al., 2013).

Omega-3 fatty acids as a possible 
adjunct

Omega-3 polyunsaturated fatty acid supplementation 
augmented the muscle protein anabolic response to a 
hyperinsulinaemic-hyperaminoacidaemic clamp in 
healthy 25–45-year-old adults (Smith et al., 2011). 
This is mechanistic support from a healthy, non-
clinical, non-elderly cohort, not a demonstrated 
benefit in rehabilitation or illness populations 
specifically — treat as mechanistically plausible, not 
established, in this context.

General Notes

 Protein intakes ≥ 1.8 g·kg⁻¹·day⁻¹ should only be used under medical supervision and with 

adequate renal function.

 All age bands, per-meal protein/leucine targets, and daily protein targets in this table are 

identical to Tables 1 and 2 of the main corrected paper. Where the original version of this table 

used different age cut-offs (≤ 30 yr / 35–55 yr) or a single collapsed “60–70 yr” row, those have 

been aligned to the main paper's ≤ 39 yr / 40–59 yr bands and split into active/sedentary rows.

 References are formatted as (Author et al., Year) for consistency with Tables 1 and 2.
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 Data are derived from tracer and dose–response studies, consensus position papers 

(ESPEN/PROT-AGE), and mechanistic reviews on anabolic resistance and leucine thresholds.

References

Aagaard, P., Suetta, C., Caserotti, P., Magnusson, S. P., & Kjær, M. (2010). Role of the nervous system 

in sarcopenia and muscle atrophy with aging: Strength training as a countermeasure. 

Scandinavian Journal of Medicine & Science in Sports, 20(1), 49–64.

Aragon, A. A., Tipton, K. D., & Schoenfeld, B. J. (2023). Age-related muscle anabolic resistance: 

Inevitable or preventable? Nutrition Reviews, 81(4), 441–454. 

https://doi.org/10.1093/nutrit/nuac062

Areta, J. L., Burke, L. M., Ross, M. L., Camera, D. M., West, D. W. D., Broad, E. M., Jeacocke, N. A., 

Moore, D. R., Stellingwerff, T., Phillips, S. M., Hawley, J. A., & Coffey, V. G. (2013). Timing 

and distribution of protein ingestion during prolonged recovery from resistance exercise alters 

myofibrillar protein synthesis. Journal of Physiology, 591(9), 2319–2331.

Atherton, P. J., Etheridge, T., Watt, P. W., Wilkinson, D. J., Selby, A., Rankin, D., Smith, K., & Rennie, 

M. J. (2010). Muscle full effect after oral protein: Time-dependent concordance and 

discordance between human muscle protein synthesis and mTORC1 signaling. American 

Journal of Clinical Nutrition, 92(5), 1080–1088.

Bauer, J. M., Biolo, G., Cederholm, T., Cesari, M., Cruz-Jentoft, A. J., Morley, J. E., Phillips, S., Sieber, 

C., Stehle, P., Teta, D., Visvanathan, R., Volpi, E., & Boirie, Y. (2013). Evidence-based 

recommendations for optimal dietary protein intake in older people: A position paper from the 

PROT-AGE Study Group. Journal of the American Medical Directors Association, 14(8), 542–

559.

5



Breen, L., & Phillips, S. M. (2011). Skeletal muscle protein metabolism in the elderly: Interventions to 

counteract the “anabolic resistance” of ageing. Nutrition & Metabolism, 8, 68.

Deutz, N. E. P., Bauer, J. M., Barazzoni, R., Biolo, G., Boirie, Y., Bosy-Westphal, A., Cederholm, T., 

Cruz-Jentoft, A., Krznarić, Ž., Nair, K. S., Singer, P., Teta, D., Tipton, K., & Calder, P. C. 

(2014). Protein intake and exercise for optimal muscle function with aging: Recommendations 

from the ESPEN Expert Group. Clinical Nutrition, 33(6), 929–936.

Dirks, M. L., Hansen, D., Van Assche, A., Dendale, P., & Van Loon, L. J. C. (2015). Neuromuscular 

electrical stimulation prevents muscle wasting in critically ill comatose patients. Clinical 

Science, 128(6), 357–365.

Katsanos, C. S., Kobayashi, H., Sheffield-Moore, M., Aarsland, A., & Wolfe, R. R. (2006). A high 

proportion of leucine is required for optimal stimulation of the rate of muscle protein synthesis 

by essential amino acids in the elderly. American Journal of Physiology – Endocrinology and 

Metabolism, 291(2), E381–E387.

Layman, D. K. (2024). Impacts of protein quantity and distribution on body composition. Frontiers in 

Nutrition, 11, 1388986.

Moore, D. R., Robinson, M. J., Fry, J. L., Tang, J. E., Glover, E. I., Wilkinson, S. B., Prior, T., 

Tarnopolsky, M. A., & Phillips, S. M. (2009). Ingested protein dose response of muscle and 

albumin protein synthesis after resistance exercise in young men. American Journal of Clinical 

Nutrition, 89(1), 161–168.

Moore, D. R., Churchward-Venne, T. A., Witard, O., Breen, L., Burd, N. A., Tipton, K. D., & Phillips, 

S. M. (2015). Protein ingestion to stimulate myofibrillar protein synthesis requires greater 

6



relative protein intakes in healthy older versus younger men. Journals of Gerontology Series A: 

Biological Sciences and Medical Sciences, 70(1), 57–62.

Morton, R. W., Murphy, K. T., McKellar, S. R., Schoenfeld, B. J., Henselmans, M., Helms, E., Aragon, 

A. A., Devries, M. C., Banfield, L., Krieger, J. W., & Phillips, S. M. (2018). A systematic 

review, meta-analysis and meta-regression of the effect of protein supplementation on resistance 

training-induced gains in muscle mass and strength in healthy adults. British Journal of Sports 

Medicine, 52(6), 376–384.

Smith, G. I., Atherton, P., Reeds, D. N., Mohammed, B. S., Rankin, D., Rennie, M. J., & Mittendorfer, 

B. (2011). Omega-3 polyunsaturated fatty acids augment the muscle protein anabolic response 

to hyperinsulinaemia-hyperaminoacidaemia in healthy young and middle-aged men and 

women. Clinical Science, 121(6), 267–278.

Wall, B. T., Gorissen, S. H. M., Pennings, B., Koopman, R., Groen, B. B. L., Verdijk, L. B., & van 

Loon, L. J. C. (2015). Aging is accompanied by a blunted muscle protein synthetic response to 

protein ingestion. PLoS ONE, 10(11), e0140903.

Witard, O. C., Jackman, S. R., Breen, L., Smith, K., Selby, A., & Tipton, K. D. (2014). Myofibrillar 

muscle protein synthesis rates subsequent to a meal in response to increasing doses of whey 

protein at rest and after resistance exercise. American Journal of Clinical Nutrition, 99(1), 86–

95.

Yang, Y., Breen, L., Burd, N. A., Hector, A. J., Churchward-Venne, T. A., Josse, A. R., Tarnopolsky, M. 

A., & Phillips, S. M. (2012). Resistance exercise enhances myofibrillar protein synthesis with 

graded intakes of whey protein in older men. British Journal of Nutrition, 108(10), 1780–1788.

7



Zaromskyte, G., Prokopidis, K., Ioannidis, T., Tipton, K. D., & Witard, O. C. (2021). Evaluating the 

leucine trigger hypothesis to explain the post-prandial regulation of muscle protein synthesis in 

young and older adults: A systematic review. Frontiers in Nutrition, 8, 685165.

8


