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Abstract 

TargeƟng fundamental mechanisms of aging could delay mulƟple chronic diseases 
simultaneously, but prioriƟzing among dozens of heterogeneous candidate intervenƟons lacks a 
standardized evaluaƟve framework. This study develops a mulƟ-criteria decision analysis 
(MCDA) to quanƟtaƟvely compare 30 geroscience intervenƟons spanning repurposed drugs, 
nutraceuƟcals, regeneraƟve strategies, and fronƟer modaliƟes. Each intervenƟon was scored 
across six prespeciĮed translaƟonal domains (preclinical lifespan, healthspan, mechanisƟc 
conservaƟon, human trial evidence, safety, accessibility) using predeĮned rubrics and 
aggregated with a weighted-sum model. Robustness was validated by Monte Carlo simulaƟon 
(10,000 iteraƟons) and sensiƟvity analysis under three stakeholder weighƟng schemes. The 
baseline ranking idenƟĮed a stable top Ɵer led by spermidine (3.7, 95% CI 3.44-3.93), rapamycin 
(3.6), and SGLT2 inhibitors (3.6). SensiƟvity analysis revealed scenario-dependent leadership: 
meƞormin ranked Įrst under regulator- and paƟent-focused weights, while stem cell therapy 
rose to third under investor-focused weights. No intervenƟon occupied the high-readiness/high-
impact quadrant, quanƟfying a persistent translaƟonal gap. An open-access interacƟve web tool 
accompanies the framework to support real-Ɵme exploraƟon of ranking sensiƟvity. 

Keywords: aging; geroscience; geriatric medicine; translaƟonal prioriƟzaƟon; mulƟ-criteria 
decision analysis; healthspan; longevity intervenƟons; evidence synthesis 

 

SigniĮcance 

Dozens of intervenƟons claim to slow biological aging, yet clinicians, funders, and regulators 
lack a standardized way to compare translaƟonal readiness across heterogeneous evidence 
types. This study introduces a transparent, uncertainty-aware decision framework that shiŌs 
prioriƟzaƟon from maximal lifespan extension toward integrated human relevance. By explicitly 
quanƟfying trade-oīs between eĸcacy, safety, and accessibility, the approach enables raƟonal 
selecƟon of candidates most suitable for near-term clinical tesƟng and health-system 
deployment. 

 

IntroducƟon 



Modern medicine has historically operated under a paradigm of treaƟng individual diseases as 
they arise. CondiƟons such as heart disease, cancer, and neurodegeneraƟon are addressed with 
disƟnct therapeuƟc strategies, a model that has yielded signiĮcant successes but faces 
mounƟng pressure from the demographic reality of aging populaƟons. A transformaƟve new 
discipline, geroscience, proposes a fundamental shiŌ in this approach. It is built upon the 
hypothesis that the biological process of aging is the single greatest risk factor for the vast 
majority of chronic diseases and funcƟonal decline. Consequently, by targeƟng the fundamental 
mechanisms of aging itself, it may be possible to delay, prevent, or ameliorate mulƟple age-
related diseases simultaneously, thereby extending "healthspan"—the period of life spent in 
good health, free from chronic disease and disability. 

This hypothesis is grounded in decades of research that have idenƟĮed a set of conserved 
biological processes that drive aging across species. These "hallmarks of aging," Įrst codiĮed in 
2013 and expanded in 2023, include processes such as genomic instability, telomere aƩriƟon, 
epigeneƟc alteraƟons, mitochondrial dysfuncƟon, and cellular senescence, providing a 
mechanisƟc roadmap for therapeuƟc intervenƟon 1,2. The potenƟal impact of this paradigm 
shiŌ is profound. By intervening in the root causes of age-related decline, the goal is to 
compress morbidity into a shorter period at the end of life, allowing individuals to live not only 
longer but also healthier, more funcƟonal lives. 

While the geroscience hypothesis provides a powerful conceptual framework, its translaƟon 
into clinical reality is fraught with challenges. The Įeld is rich with promising therapeuƟc targets 
and candidate intervenƟons, from repurposed drugs to pig organ transplants, yet researchers, 
funders, and biopharmaceuƟcal companies face the criƟcal task of allocaƟng Įnite resources to 
strategies with the highest probability of success in humans. This decision-making process is 
currently hampered by systemic hurdles, including the lack of formal recogniƟon of aging as a 
treatable condiƟon by major regulatory bodies and the diĸculty of designing clinical trials with 
pracƟcal endpoints. Lifespan, while deĮniƟve in model organisms, is impracƟcal for human 
studies, necessitaƟng the development and validaƟon of surrogate biomarkers that can reliably 
reŇect biological age and predict healthspan outcomes.  

The proliferaƟon of candidate intervenƟons, from repurposed drugs to advanced gene 
therapies, has created a "Tower of Babel" scenario, where progress in one area is diĸcult to 
weigh against advances in another. The absence of a common language or standardized metric 
for evaluaƟng and comparing the translaƟonal potenƟal of these diverse intervenƟons is a 
fundamental, Įeld-wide strategic boƩleneck. This study aims to address this gap by 
implemenƟng a systemaƟc, mulƟ-domain framework for the quanƟtaƟve comparison of leading 
geroscience intervenƟons. By establishing a common set of criteria and a transparent scoring 
methodology, this framework seeks to move the evaluaƟon process from a qualitaƟve art to a 
quanƟtaƟve science, enabling a more raƟonal and data-driven approach to prioriƟzing research 
and development eīorts. This approach employs a MulƟ-Criteria Decision Analysis (MCDA), a 
methodology commonly used in health technology assessment (HTA) to structure and improve 
complex decision-making processes by explicitly evaluaƟng mulƟple, oŌen conŇicƟng, criteria 3. 

To contextualize the importance of this eīort, we Įrst benchmark the impact of biological aging 
against established risk factors. Data from meta-analyses (Fig. 1) reveal that advanced age (65+ 



versus <65) confers a 13.8-fold higher death raƟo 4—substanƟally higher than any modiĮable 
lifestyle factor. In comparison, heavy smoking increases all-cause mortality risk by 1.8-fold 5, 
obesity (BMI≥30) by 1.45-fold 6, physical inacƟvity by 1.28-fold 7, hypertension by a similar 
magnitude per 20 mmHg elevaƟon 8, and air polluƟon increases risk by 1.11-fold per 10 μg/m³ 
PM2.5 exposure 9. While these lifestyle and environmental factors remain important for public 
health, the quanƟtaƟve evidence underscores that chronological aging itself represents the 
single greatest risk factor. This epidemiological reality reinforces the geroscience hypothesis that 
targeƟng fundamental aging mechanisms oīers the most promising pathway to compress 
morbidity and extend healthspan at the populaƟon level. 

Fig. 1. ComparaƟve Mortality Risk Factors 

 

RelaƟve risk raƟos for all-cause mortality across major modiĮable and non-modiĮable risk factors. Advanced age 
(≥65 years vs. <65 years) confers a 13.8-fold increase in mortality risk (4), substanƟally exceeding all lifestyle and 
environmental factors.  

Fig. 2 illustrates the exponenƟal rise in death rates for each successive age group, parƟcularly 
aŌer age 55, with mortality reaching 3,900 per 100,000 at age 65+ versus 283 per 100,000 
under 65—a 13.8-fold diīerence 4. 

Fig. 2. US Mortality Rates by Age Group (2023, per 100,000) 



 

ExponenƟal increase in mortality rates across age groups in the United States (2023). Death rates per 100,000 
populaƟon show signiĮcant acceleraƟon aŌer age 55, rising from 15 per 100,000 in ages 5-14 to 14,286 per 
100,000 in ages 85+. The mortality rate for individuals aged 65+ (3,900 per 100,000) is 13.8 Ɵmes higher than for 
those under 65 (283 per 100,000 4. 

StraƟĮed mortality rates (Fig. 3) indicate that age is the dominant mulƟplier of mortality risk 
across disparate diseases. For every leading cause of death—heart disease, cancer, stroke, 
chronic lung disease, diabetes, kidney disease, and Alzheimer’s—the risk in individuals ≥65 
years is ampliĮed at least 12-fold. The paƩern is consistent despite diīerent eƟologies and 
organ systems, indicaƟng a common upstream driver. The consistent risk jump with advancing 
age suggests these condiƟons are, in large part, manifestaƟons of the same underlying process. 

Fig. 3. Age-SpeciĮc Mortality Rates by Leading Causes of Death 



 

 

Note: Death rates are expressed per 100,000 populaƟon. Age raƟo represents the fold-diīerence in mortality rates 
between adults aged 65 and older compared to those under 65. COPD = Chronic ObstrucƟve Pulmonary Disease 
(includes chronic lower respiratory diseases). Data excludes accidents and COVID-19. Source: CDC NaƟonal Vital 
StaƟsƟcs System, 2023. 

This epidemiological dominance of age-related condiƟon reveals a profound therapeuƟc 
mismatch. If one uses age-ampliĮed noncommunicable disease (NCD) mortality as a proxy for 
aging-associated deaths, roughly three-quarters of global deaths fall into this category10. Yet, on 
the therapeuƟc side, essenƟally none of the FDA’s approved indicaƟons explicitly target “aging” 
itself; instead, approved products overwhelmingly map to downstream single-disease 
endpoints—with oncology alone accumulaƟng 573 FDA indicaƟon approvals (2000-2022)11. This 
asymmetry incenƟvizes siloed trials, complicates cross-program comparison, and helps explain 
the Įeld’s reliance on composite endpoints (e.g., TAME)12. It also underscores the need for a 
common, quanƟtaƟve framework, such as the MCDA proposed here, to prioriƟze intervenƟons 
under real-world regulatory constraints. 

 

IntervenƟon SelecƟon and Evidence Synthesis 



Thirty geroscience intervenƟons were selected to represent the breadth of the current 
translaƟonal pipeline, spanning repurposed pharmacologics, nutraceuƟcal and metabolic 
intervenƟons, senolyƟcs, cellular and regeneraƟve strategies, and fronƟer modaliƟes. For each 
intervenƟon, the evidence base was assembled through a structured scoping-review approach 
designed to capture both preclinical longevity data and human translaƟonal signals, drawing on 
PubMed-indexed primary literature and reviews, clinical trial registries, regulatory summaries 
where relevant, and forward and backward citaƟon tracing. The resulƟng domain scores are 
summarized in the scoring matrix, while their underlying sources and scoring raƟonales are 
documented in the evidence map provided in Supplementary Table S1. Detailed lifespan 
extracƟon data are provided in Supplementary Table S2, together providing the audit trail for 
the comparaƟve ranking presented below. 

 

Results 

 

Lifespan Scoring Results 

The structured evidence synthesis described above was Įrst translated into preclinical lifespan 
scores, which provided the iniƟal quanƟtaƟve input to the broader mulƟ-criteria decision 
analysis framework. Table 1 presents the resulƟng net lifespan scores for the 30 geroscience 
intervenƟons based on available preclinical data, ranked in descending order. Entries marked 
with (prog) indicate progeroid models, and those marked with (trans) indicate transgenic 
models. 

Table 1. Lifespan score decomposiƟon and net lifespan scores by intervenƟon and model 
organism 

IntervenƟon 
Model 

Organism 

Average 
Lifespan 

Extension 

Change 
Score 

Organism 
Score 

Reprod. 
Score 

Net 
Lifespan 

Score 

1. Rapamycin/mTOR 
Inhibitors 

Mouse 13% 4.0 1.0 1.0 4.0 

21. Stem Cell Therapy 
(FOXO3) 

Rhesus 
macaques 

11% 4.0 2.0 0.5 4.0 

12. Autophagy Inducers 
(Spermidine) Mouse 10% 4.0 1.0 1.0 4.0 

16. Steroids (17α-estradiol) Mouse 10% 4.0 1.0 1.0 4.0 

21. Stem Cell Therapy (bone-
marrow) Mouse 28% 7.0 1.0 0.5 3.5 

21. Stem Cell Therapy 
(CASIN-treated aged HSCs) Mouse 25% 6.0 1.0 0.5 3.0 

28. AnƟ-InŇammatory 
Therapy 

Mouse 24% 6.0 1.0 0.5 3.0 

27. Gut Microbiome 
(ProbioƟcs) C. elegans 24% 6.0 0.5 1.0 3.0 



IntervenƟon 
Model 

Organism 

Average 
Lifespan 

Extension 

Change 
Score 

Organism 
Score 

Reprod. 
Score 

Net 
Lifespan 

Score 

25. Gene Therapy (Klotho) Mouse 20% 6.0 1.0 0.5 3.0 

3. Acarbose Mouse 9% 3.0 1.0 1.0 3.0 

13. Chloroquine Mouse/Rat 9% 3.0 1.0 1.0 3.0 

15. L-deprenyl Mouse/Rat 9% 3.0 1.0 1.0 3.0 

5. SGLT2 inhibitors Mouse 6% 3.0 1.0 1.0 3.0 

14. Glutathione Precursors Mouse 5% 3.0 1.0 1.0 3.0 

10. Mitochondria (Urolithin 
A) Mouse 19% 5.0 1.0 0.5 2.5 

18. EpigeneƟc 
Reprogramming (OSK/OSKM) Mouse 19% 5.0 0.5 1.0 2.5 

24. Exosome Therapy (hESCs) Mouse 19% 5.0 1.0 0.5 2.5 

26. Telomere Extension Mouse 19% 5.0 1.0 0.5 2.5 

19. Chemical Reprogramming C. elegans 42% 9.0 0.5 0.5 2.3 

25. Gene Therapy (FGF21) Mouse 36% (trans) 9.0 0.5 0.5 2.3 

21. Stem Cell (young HSCs) Mouse 12% 4.0 1.0 0.5 2.0 

24. Exosome Therapy (young 
plasma) Mouse 12% 4.0 1.0 0.5 2.0 

2. Meƞormin Mouse/Rat 4% 2.0 1.0 1.0 2.0 

6. Alpha-ketoglutarate (AKG) Mouse 2% 2.0 1.0 1.0 2.0 

8. Natural SenolyƟcs (FiseƟn) Mouse 1% 2.0 1.0 1.0 2.0 

17. Proteostasis & Nucleolar 
FuncƟon 

C. elegans 25% 7.0 0.5 0.5 1.8 

20. Immunotherapy (INK-
ATTAC) Mouse 24% (trans) 6.0 0.5 0.5 1.5 

7. SenolyƟcs (DasaƟnib + 
QuerceƟn) Mouse 6% 3.0 1.0 0.5 1.5 

4. GLP-1 Receptor Agonists C. elegans 10% 4.0 0.5 0.5 1.0 

27. Gut Microbiome (FMT) Mouse 14% (prog) 4.0 0.5 0.5 1.0 

9. NAD+ RestoraƟon (NMN) Mouse 10% (prog) 4.0 0.5 0.5 1.0 

9. NAD+ RestoraƟon (NR) Mouse -2% 1.0 1.0 1.0 1.0 

 

Table 1 presents the ranked geroscience intervenƟons based on aggregated scores across three 
preclinical domains: magnitude of lifespan extension (Change Score), cross-species/strain 
reproducibility (Reprod. Score), and robustness of the underlying model organism evidence 
(Organism Score). The resulƟng Net Lifespan Score highlights a clear divide in preclinical 
performance. Rapamycin leads with consistent, reproducible eīects in mammals, closely 
followed by advanced cellular therapies and autophagy inducers. In contrast, many 
intervenƟons with human trial momentum—such as meƞormin, NAD+ precursors, and GLP-1 
agonists—show only modest or inconsistent lifespan extension in model organisms.  

Notably, intervenƟons producing large lifespan gains in single studies or lower-order 
organisms—such as chemical reprogramming, proteostasis modulaƟon, or microbiome 
manipulaƟon in C. elegans—achieve lower net scores due to penalƟes for organismal relevance 



and limited replicaƟon. Similarly, gene therapies showing large eīects in progeroid or transgenic 
mice are down-weighted, as these models may not faithfully represent normaƟve aging. This 
scoring logic intenƟonally prioriƟzes evoluƟonary conservaƟon and wild-type mammalian 
evidence, Įltering out impressive but potenƟally less translatable Įndings. The derived net 
lifespan score serves as one criƟcal input domain in the full MulƟ-Criteria Decision Analysis, 
where human evidence, safety, and accessibility substanƟally reshape the overall prioriƟzaƟon 
landscape. 

 

The Scoring and Ranking Matrix 

This secƟon translates the qualitaƟve evidence synthesis across thirty intervenƟons into a 
standardized quanƟtaƟve framework using the prespeciĮed 1–5 scoring rubric (Methods; Tables 
2A–2B). Table 3 summarizes side-by-side domain scores across the six translaƟonal domains 
and the resulƟng weighted composite score, from which the overall ranking is derived. A 
traceable evidence map supporƟng each domain score—including key studies and scoring 
inputs—is provided in Supplementary Table S1. Because minor decimal-level diīerences in 
composite scores can reshuŋe within-Ɵer ordering, rankings should be interpreted 
probabilisƟcally, with inference focused on Ɵer membership rather than small within-Ɵer 
diīerences. 

Table 3. Scoring and Ranking Matrix for Top 10 Geroscience IntervenƟons (1-5 Scale) 

Ra
nk 

IntervenƟon 

Lifespan 
(30%) 

Healthsp
an (10%) 

Conserv
aƟon 
(10%) 

Human 
Trials 
(20%) 

Safety 
(20%) 

Access 
(10%) 

Weight
ed 

score 

1 
12. Autophagy Inducers 
(Spermidine) 4 4 5 2 4 4 3.7 

2 
1. Rapamycin/mTOR 
Inhibitors 

4 4 5 3 3 3 3.6 

2 
5. SGLT2 inhibitors 
(CanagliŇozin) 3 4 4 4 4 3 3.6 

4 2. Meƞormin 2 4 4 3 5 5 3.5 

5 3. Acarbose 3 4 4 3 3 5 3.4 

5 
14. Glutathione 
Precursors 

3 3 4 3 4 4 3.4 

5 
27. Gut Microbiome 
ModulaƟon 

3 3 4 3 4 4 3.4 

8 21. Stem Cell Therapy 4 4 4 3 3 1 3.3 

8 15. L-deprenyl 3 3 4 3 4 3 3.3 

8 
10. Mitochondria 
(Urolithin A) 3 4 4 3 4 3 3.3 

11 
28. AnƟ-InŇammatory 
Therapy 

3 3 4 3 3 4 3.2 

12 
30. Plasma 
diluƟon/apheresis 

3 3 4 3 3 2 3.0 



Ra
nk 

IntervenƟon 

Lifespan 
(30%) 

Healthsp
an (10%) 

Conserv
aƟon 
(10%) 

Human 
Trials 
(20%) 

Safety 
(20%) 

Access 
(10%) 

Weight
ed 

score 

12 
16. Steroids (17α-
estradiol) 4 3 4 1 3 3 3.0 

14 
6. Alpha-ketoglutarate 
(AKG) 2 3 4 2 4 4 2.9 

14 
8. Natural SenolyƟcs 
(FiseƟn) 2 3 4 2 4 4 2.9 

16 
9. NAD+ RestoraƟon 
(NMN/NR) 1 3 5 3 4 3 2.8 

17 
4. GLP-1 Receptor 
Agonists 

1 4 4 4 3 2 2.7 

17 13. Chloroquine 3 2 4 2 2 4 2.7 

17 7. SenolyƟcs (D+Q) 2 4 4 3 3 2 2.7 

20 24. Exosome Therapy 3 2 3 2 3 2 2.5 

21 
11. Mitochondria 
(ElamipreƟde/SS-31) 2 3 4 2 3 1 2.4 

21 
29. Young Blood Plasma 
and Parabiosis 

3 3 3 2 2 1 2.4 

21 
26. Telomere Extension 
Therapy 

3 3 4 2 2 1 2.4 

24 25. Gene Therapy 3 3 4 1 2 1 2.3 

25 
18. EpigeneƟc 
Reprogramming 

3 3 4 1 2 1 2.2 

26 
17. Proteostasis & 
Nucleolar FuncƟon 

2 3 5 1 2 2 2.1 

26 
19. Chemical 
Reprogramming 

2 2 4 1 2 2 2.1 

28 
22. SyntheƟc 
Tissues/Organs 

2 2 3 2 2 1 2.0 

29 
20. Immunotherapy for 
Senescent Cells 

2 2 3 2 1 1 1.8 

29 23. XenotransplantaƟon 2 2 4 1 2 1 1.8 

 

Table 4 summarizes the Įnal rankings from the MulƟ-Criteria Decision Analysis (MCDA). For 
each intervenƟon, it presents the rank, weighted score, and a concise overview of primary 
strengths and key limitaƟons, providing qualitaƟve context for the quanƟtaƟve results. 

Table 4. MCDA Ranking Results 

Rank IntervenƟon Score Key Strengths Key LimitaƟons 

1 
12. Autophagy Inducers 
(Spermidine) 3.7 

Natural, epidemiological 
support, lifespan impact 

No ITP study 

2 1. Rapamycin/mTOR Inhibitors 3.6 Lifespan impact Dosing uncertainty, side eīects 



Rank IntervenƟon Score Key Strengths Key LimitaƟons 

2 5. SGLT2 inhibitors 3.6 MulƟple approved indicaƟons Sex-speciĮc eīects 

4 2. Meƞormin 3.5 TAME trial, decades of safety Minimal preclinical eĸcacy 

5 3. Acarbose 3.4 FDA approved, safety data Sex-speciĮc, GI eīects 

5 14. Glutathione Precursors 3.4 
PosiƟve human data, favorable 
safety 

Limited evidence, ITP found 
minimal eīects 

5 
27. Gut Microbiome 
ModulaƟon 

3.4 
Personalized potenƟal StandardizaƟon challenges 

8 21. Stem Cell Therapy 3.3 
Proven regeneraƟve capacity Cost, temporary eīects, 

delivery challenges 

8 17. L-deprenyl 3.3 
Some preclinical success No human longevity data, 

mixed results 

8 10. Mitochondria (Urolithin A) 3.3 
Commercial availability, muscle 
beneĮts 

Modest eīects, mixed trial 
endpoints 

11 
28. AnƟ-InŇammatory 
Therapy 

3.2 
MulƟple approaches available, 
targets inŇammaging 

Immunosuppression risk, lack 
of speciĮc agent 

12 30. Plasma diluƟon/apheresis 3.0 
Novel mechanism, human 
proof-of-concept 

Infrastructure requirements 

12 16. Steroids (17α-estradiol) 3.0 
Male-speciĮc beneĮts Safety concerns in primates, 

sex-speciĮc eīects 

14 6. Alpha-ketoglutarate (AKG) 2.9 GRAS status, mulƟ-pathway Limited human data 

14 8. Natural SenolyƟcs (FiseƟn) 2.9 
Natural senolyƟc Bioavailability issues, poor ITP 

results 

16 
9. NAD+ RestoraƟon 
(NMN/NR) 2.8 

Good safety, biomarker 
improvements 

FDA regulatory issues, 
unproven long-term eīects 

17 4. GLP-1 Receptor Agonists 2.7 
FDA approved, mortality 
beneĮts 

Limited aging studies, 
gastrointesƟnal side eīects  

17 13. Chloroquine 2.7 
Established safety Paradoxical mechanism 

(Inhibits autophagy) 

17 7. SenolyƟcs (D+Q) 2.7 
Addresses fundamental 
mechanism 

PaƟent straƟĮcaƟon needed 

20 24. Exosome Therapy 2.5 
Good safety proĮle, cell-free 
approach 

Regulatory uncertainty, 
unproven systemic eīects 

21 
11. Mitochondria 
(ElamipreƟde/SS-31) 2.4 

Mitochondrial targeƟng InjecƟon required, mixed Phase 
3 results 

21 
29. Young Blood Plasma and 
Parabiosis 

2.4 
IniƟal promise Failed trials, FDA warnings, 

ethics 

21 
26. Telomere Extension 
Therapy 

2.4 
Strong mechanisƟc raƟonale Cancer risk, lack of lifespan 

data 

24 25. Gene Therapy 2.3 
Targets fundamental 
mechanisms 

Safety concerns, cost, delivery 
challenges 

25 
18. EpigeneƟc 
Reprogramming 

2.2 
TransformaƟve preclinical 
potenƟal 

Early stage, safety risks (e.g., 
cancer) 



Rank IntervenƟon Score Key Strengths Key LimitaƟons 

26 
17. Proteostasis & Nucleolar 
FuncƟon 

2.1 
Fundamental aging mechanism TranslaƟon challenges, safety 

unproven 

26 19. Chemical Reprogramming 2.1 Safer than viral delivery Early stage 

28 22. SyntheƟc Tissues/Organs 2.0 
Transforming potenƟal Farther Ɵmeline, major 

technical hurdles 

29 
20. Immunotherapy for 
Senescent Cells 

1.8 
Powerful targeƟng High cost, risk of side eīects 

29 23. XenotransplantaƟon 1.8 Addresses organ shortage CompaƟbility issue 

 

 

Strategic ProĮles and the TranslaƟonal Landscape 

The quanƟtaƟve MCDA results reveal a straƟĮed translaƟonal landscape with three disƟnct 
strategic proĮles. TranslaƟon-Ready intervenƟons (weighted score >3.4), led by Spermidine 
(3.7), Rapamycin (3.6), and SGLT2 inhibitors (3.6), are characterized by strong preclinical data, 
favorable safety, and, crucially, exisƟng human use or advanced trials. This group, which 
includes Meƞormin (3.5) and Acarbose (3.4), oīers a balanced proĮle of proven mechanisms 
and lower regulatory risk, suitable for near-term clinical prioriƟzaƟon despite typically modest 
to moderate preclinical eīect sizes. 

A second Ɵer of High-Promise/High-Risk candidates (score 2.5-3.4), such as Stem Cell Therapy 
(3.3) and SenolyƟcs (2.7), shows compelling preclinical eĸcacy but is constrained by gaps in 
human evidence, safety quesƟons, or delivery challenges. Their potenƟal is signiĮcant but 
requires targeted research to de-risk translaƟon. A 2025 study using FOXO3-enhanced stem cells 
demonstrates parƟcular promise with 3.4 years biological age reducƟon in rhesus macaques13, 
uniquely bridging the rodent-primate gap.  

Finally, certain fronƟer modaliƟes (score <2.5), including EpigeneƟc Reprogramming (2.2) and 
Gene Therapy (2.3), may possess transformaƟve mechanisƟc potenƟal. However, their low 
rankings directly reŇect profound gaps in human safety data, delivery, and cost. Their posiƟon 
highlights the Įeld's core translaƟonal challenge: the potenƟally most powerful intervenƟons 
remain the farthest from clinical applicaƟon, underscoring the criƟcal need for conƟnued 
fundamental research alongside the development of the leading pragmaƟc candidates. 

Mapping PotenƟal Impact vs. TranslaƟonal Readiness 

A central Įnding of this study is the disƟnct inverse relaƟonship between "PotenƟal Impact" and 
"TranslaƟonal Readiness" for top ranked intervenƟons as illustrated in Fig. 4. The analysis 
reveals that intervenƟons with the highest preclinical impact—led by Spermidine, Rapamycin, 
and Stem Cell Therapy—cluster in the moderate-readiness quadrant (Impact ≥4.0, Readiness 
3.0), constrained by safety risks or lack of large-scale human aging trials. Conversely, the most 
translaƟonally mature intervenƟons, such as SGLT2 inhibitors and Meƞormin, occupy the high-
readiness but moderate-impact sector (Readiness ≥4.0, Impact 3.0–3.5). 



Crucially, the "ideal" quadrant (High Impact/High Readiness) remains vacant, visually 
quanƟfying the Įeld’s translaƟonal gap. For instance, Meƞormin achieves a high readiness score 
(4.0) due to decades of clinical use, yet its impact potenƟal is capped at 3.0, reŇecƟng modest 
lifespan extension in preclinical studies14. In contrast, 17α-estradiol demonstrates higher impact 
potenƟal (3.8) but lags signiĮcantly in readiness (2.0) due to safety concerns15. This distribuƟon 
underscores a strategic trade-oī: immediate clinical opportuniƟes currently oīer incremental 
gains, while the most revoluƟonary intervenƟons remain farther from implementaƟon. 

 

Fig. 4: TranslaƟonal Readiness vs PotenƟal Impact 

 

Plot mapping translational readiness against potential longevity impact across intervention categories. Each 

point represents one of 30 geroscience interventions, positioned according to current translational readiness 

(composite of human evidence and safety) and potential aging impact (weighted composite of preclinical lifespan, 

healthspan and mechanism efficacy). Interventions with highest preclinical impact (show lower translational 

readiness due to safety concerns and lack of human data, while most translationally ready interventions (e.g., 

Metformin) demonstrate modest preclinical efficacy. No intervention currently occupies the high-readiness/high-

impact quadrant, highlighting the translational challenge. 

 

QuanƟfying Uncertainty and Enhancing QuanƟtaƟve ValidaƟon 



The Monte-Carlo uncertainty analysis revealed that the top Ɵer remained Ɵghtly clustered and 
clearly separated from lower-ranked candidates, with substanƟal overlap in credible intervals 
reŇecƟng similar composite evidence proĮles. In the baseline MCDA, Spermidine ranked Įrst 
(weighted score 3.7) and led the simulaƟon with a narrow 95% credible interval of 3.44–3.93, 
followed by SGLT2 inhibitors (3.6) and Rapamycin (3.6) as the next most compeƟƟve 
intervenƟons. Consistent with these results, weight-perturbaƟon tesƟng (±5% per domain) 
preserved the overall structure of the ranking with only minor posiƟonal changes among the 
leading candidates, indicaƟng that the top Ɵer is robust to shiŌs in stakeholder prioriƟes. Fig. 5 
summarizes rank stability under Monte-Carlo sampling, and Fig. 6 decomposes the weighted 
score into domain-wise contribuƟon proĮles to show which evidence pillars drive each 
intervenƟon’s composite performance. 

Fig. 5. Rank Stability Analysis: Monte Carlo SimulaƟon of Weighted Scores with 95% Credible 
Intervals 

 

 

 

Monte Carlo analysis showing rank stability for top-Ɵer geroscience intervenƟons. Error bars represent 95% 
credible intervals from 10,000 simulaƟons where domain scores were sampled from uniform distribuƟons (±0.5 
around assigned values). Spermidine leads with narrow conĮdence intervals (3.4-3.9), followed by SGLT2 inhibitors 
and Rapamycin. Top-Ɵer intervenƟons show Ɵght clustering (weighted scores 3.4-3.7) with overlapping conĮdence 
intervals, indicaƟng robust evidence proĮles. Novel modaliƟes in lower Ɵers show wider intervals reŇecƟng greater 
uncertainty. Weight perturbaƟon analysis (±5%) preserved overall ranking structure with minimal posiƟon changes 
among top performers. 



 

Fig. 6. Domain-wise ContribuƟon ProĮles: Weighted Score DecomposiƟon 

 

Domain-wise contribuƟons to Įnal weighted scores for top 15 intervenƟons. Each segment represents weighted 
contribuƟon from six evaluaƟon domains: Preclinical Eĸcacy - Lifespan (30%), Preclinical Eĸcacy - Healthspan 
(10%), Mechanism ConservaƟon (10%), Human Trial Evidence (20%), Safety & Tolerability (20%), and Cost & 
Accessibility (10%). Top performers (Spermidine, SGLT2 inhibitors, Rapamycin) derive balanced strength from 
mulƟple domains, with parƟcularly strong lifespan component. Meƞormin achieves high ranking primarily through 
excepƟonal safety despite modest lifespan evidence. Stem cell therapy shows strong preclinical promise but faces 
cost/accessibility challenges. 

 

SensiƟvity Analysis 

To test robustness, intervenƟons were re-scored under three alternaƟve stakeholder weighƟng 
schemes (Table 5). The results show that the idenƟty of the leaders is scenario-dependent, but 
the upper Ɵer as a group is fairly stable: most baseline top performers remain within roughly 
the top 10–15 across schemes. Under regulator-focused weights (Safety 40%, Human Evidence 
30%), rankings shiŌ toward the most clinically de-risked programs, with Meƞormin rising to rank 
1 and SGLT2 inhibitors to rank 2, while more eĸcacy-driven candidates (e.g., Rapamycin, 
Spermidine) fall into mid–upper posiƟons (ranks 9 and 7, respecƟvely). Under paƟent-focused 
weights, the same paƩern holds, with Meƞormin (rank 1) and SGLT2 inhibitors (rank 2) leading 
due to combined tolerability, real-world familiarity, and accessibility.  

In contrast, the investor-focused model (Preclinical Lifespan 40%, Healthspan 20%) 
systemaƟcally elevates preclinical-heavy candidates. Here, Stem Cell Therapy surges from rank 8 



to rank 3 and 17α-estradiol jumps from rank 13 to rank 6, while Rapamycin maintains its strong 
posiƟon (rank 2), quanƟtaƟvely illustraƟng the trade-oī between preclinical upside that aƩracts 
capital and clinical readiness that determines near-term deployability. 

Table 5. SensiƟvity Analysis of IntervenƟon Rankings with AlternaƟve WeighƟng Schemes 

IntervenƟon 

Baseline 
Weighted 

(Score, Rank) 

Regulator-
Focused 

Weights* (Score, 
Rank) 

Investor-Focused 
Weights** 

(Score, Rank) 

PaƟent-Focused 
Weights*** 

(Score, Rank) 

Spermidine 3.7 (1) 3.4 (7) 3.9 (1) 3.5 (3) 
Rapamycin 3.6 (2) 3.2 (9) 3.8 (2) 3.3 (8) 
SGLT2 inhibitors 3.6 (3) 3.8 (2) 3.5 (4) 3.7 (2) 
Meƞormin 3.5 (4) 4 (1) 3.3 (6) 3.9 (1) 
Acarbose 3.4 (5) 3.3 (8) 3.5 (4) 3.5 (4) 
Glutathione Precursors 3.4 (5) 3.5 (3) 3.3 (6) 3.5 (4) 
Gut Microbiome 
ModulaƟon 

3.4 (5) 3.5 (3) 3.3 (6) 3.5 (4) 

Stem cell therapy 3.3 (8) 3 (15) 3.5 (3) 3 (14) 

L-deprenyl 3.3 (9) 3.4 (6) 3.2 (10) 3.3 (8) 
Mitochondria (Urolithin 
A) 3.3 (10) 3.5 (5) 3.2 (10) 3.4 (7) 

AnƟ-inŇammatory 3.2 (11) 3.1 (12) 3.2 (12) 3.2 (10) 
Plasma 
diluƟon/apheresis 

3 (12) 2.9 (16) 3 (13) 2.9 (16) 

17α-estradiol 3 (13) 2.5 (18) 3.3 (6) 2.7 (18) 
Alpha-ketoglutarate 2.9 (14) 3.1 (12) 2.8 (14) 3.1 (11) 
FiseƟn 2.9 (14) 3.1 (12) 2.8 (14) 3.1 (11) 
NAD+ RestoraƟon 
(NMN/NR) 2.8 (16) 3.2 (9) 2.5 (21) 3 (13) 

GLP-1 agonists 2.7 (17) 3.1 (11) 2.5 (21) 3 (15) 
Chloroquine 2.7 (18) 2.3 (21) 2.8 (14) 2.5 (19) 
SenolyƟcs (D+Q) 2.7 (19) 2.9 (17) 2.6 (18) 2.8 (17) 
Exosome therapy 2.5 (20) 2.5 (19) 2.4 (24) 2.4 (20) 
ElamipreƟde 2.4 (21) 2.4 (20) 2.4 (23) 2.3 (21) 
Young blood plasma 2.4 (22) 2.1 (22) 2.6 (17) 2.2 (22) 
Telomere extension 2.4 (23) 2.1 (23) 2.5 (20) 2.1 (23) 
Gene therapy 2.3 (24) 1.8 (25) 2.6 (18) 1.9 (24) 
EpigeneƟc 
reprogramming 

2.2 (25) 1.8 (27) 2.4 (24) 1.8 (27) 

Proteostasis & 
Nucleolus 

2.1 (26) 1.8 (26) 2.3 (26) 1.9 (25) 

Chemical 
reprogramming 

2.1 (27) 1.7 (28) 2.2 (27) 1.8 (28) 

SyntheƟc organs 2 (28) 1.9 (24) 2 (28) 1.9 (26) 
XenotransplantaƟon 1.8 (29) 1.5 (30) 1.9 (29) 1.6 (29) 



IntervenƟon 

Baseline 
Weighted 

(Score, Rank) 

Regulator-
Focused 

Weights* (Score, 
Rank) 

Investor-Focused 
Weights** 

(Score, Rank) 

PaƟent-Focused 
Weights*** 

(Score, Rank) 

Immunotherapy 
senolyƟcs 

1.8 (30) 1.6 (29) 1.8 (30) 1.5 (30) 

*Regulator-focused (Safety 40%, Human Evidence 30%, Preclinical Lifespan 10%, Preclinical Healthspan 10%, 
Accessibility 10%, Mechanism 0%) 

**Investor-focused (Preclinical Lifespan 40%, Preclinical Healthspan 20%, Mechanism 10%, Human Evidence 10%, 
Safety 10%, Accessibility 10%) 

***PaƟent-focused (Safety 30%, Human Evidence 25%, Preclinical Lifespan 15%, Preclinical Healthspan 15%, 
Accessibility 15%, Mechanism 0%) 

 

PaƟent-Ɵlted weights increase the relaƟve standing of low-cost generics; investor-Ɵlted weights 
elevate mechanisƟcally novel candidates; regulator-Ɵlted weights favor programs with clear IND 
alignment and safety record. Fig. 7 presents tornado plots by stakeholder scenario. 

Fig. 7. Impact of Stakeholder WeighƟng Schemes on IntervenƟon Rankings 

 

 

 

 

 

Tornado plot showing weighted scores for 12 key geroscience intervenƟons under four diīerent stakeholder 
weighƟng schemes. IntervenƟons are ordered by sensiƟvity to weighƟng changes (largest range Įrst). Baseline 



weighƟng balances preclinical lifespan (30%) and healthspan (10%) with safety (20%) and human evidence (20%); 
Regulator-focused emphasizes safety (40%) and human evidence (30%); Investor-focused prioriƟzes preclinical 
lifespan (40%) and healthspan (20%); PaƟent-focused balances safety (30%), human evidence (25%), and 
accessibility (15%). Horizontal bars show score ranges, with markers indicaƟng speciĮc stakeholder scores. Notable 
Įndings: (1) Spermidine and rapamycin remain consistently high across scenarios. (2) Meƞormin is most favored by 
regulator- and paƟent-weighƟngs, consistent with extensive human safety data. (3) Stem cell therapy and NAD⁺ 
restoraƟon (NMN/NR) show the largest investor-driven upliŌ, (4) whereas gene therapy and young blood plasma 
are most penalized under regulator/paƟent models, reŇecƟng safety, cost, and limited human evidence. Error bars 
represent 95% credible intervals from Monte Carlo analysis (n=10,000). 

 

The InteracƟve Web-Based Framework 

To maximize the framework's uƟlity and accessibility, a public, interacƟve web-based tool has 
been developed. This tool is designed to be a dynamic decision-support system and serves as a 
plaƞorm for disseminaƟng the framework's Įndings. Its core funcƟon is to allow stakeholders—
researchers, investors, clinicians, and policymakers—to explore how diīerent strategic prioriƟes 
alter the ranking landscape. The key feature is adjustable weighƟng: users can modify the 
importance of each of the six domains (e.g., an investor might increase the weight of 
"Preclinical Lifespan," while a regulator might maximize "Safety & Tolerability"). The rankings 
recalculate in real-Ɵme, visually demonstraƟng the inherent trade-oīs in the Įeld. For 
transparency, each score in the ranking table is hyperlinked to its underlying evidence and 
raƟonale. While the tool is interacƟve, the core analysis presented in this report represents a 
current snapshot based on the baseline weighƟng. The web plaƞorm will serve as a living tool, 
incorporaƟng new evidence through regular updates and a curated community submission 
portal, ensuring the framework evolves with the science. 

 

Discussion 

This mulƟ-criteria decision analysis (MCDA) provides a standardized, uncertainty-aware 
framework for comparing heterogeneous geroscience intervenƟons on translaƟonally relevant 
criteria3. The framework is intended to support real-world prioriƟzaƟon by making assumpƟons 
explicit and updateable. It does not replace randomized evidence; rather, it structures 
heterogeneous signals to idenƟfy candidates most jusƟĮed for near-term clinical tesƟng under 
stated values and constraints.  

Across weighƟng scenarios, a consistent paƩern emerges. Clinically familiar, relaƟvely low-cost 
repurposed agents (for example, meƞormin, SGLT2 inhibitors and spermidine) tend to perform 
well because they combine established human safety with substanƟal human evidence16–18. In 
contrast, mechanisƟcally transformaƟve modaliƟes (including stem cell-based approaches and 
gene or epigeneƟc intervenƟons) are typically penalized primarily by translaƟonal readiness 
rather than biological plausibility: delivery feasibility, safety uncertainty and accessibility remain 
the dominant constraints13,19,20. This framing helps disƟnguish near-term clinical viability from 
scienƟĮc promise, recognizing that some intervenƟons may be compelling mechanisƟcally but 
sƟll poorly posiƟoned for immediate deployment.  



Beyond producing a ranking, the domain-level proĮles highlight intervenƟon-speciĮc knowledge 
gaps that deĮne pracƟcal next steps. For leading repurposed agents, prospecƟve trials with 
aging-relevant primary endpoints remain essenƟal for establishing clinical uƟlity and for 
informing plausible regulatory strategies, parƟcularly where the aim is to address 
mulƟmorbidity or funcƟonal decline rather than a single downstream disease. The TAME trial is 
frequently cited as a paradigmaƟc example of a geroscience-oriented clinical strategy for 
repurposed agents, although broader endpoint harmonizaƟon and replicaƟon will be required16. 
For programs that rank more favorably under investor-oriented weighƟng despite limited 
human evidence, prioriƟes include biomarker qualiĮcaƟon and validaƟon, dose/exposure 
opƟmizaƟon, and longer-term safety characterizaƟon in higher-order models—steps that de-risk 
translaƟon and enable interpretable early-phase studies12.  

The analysis yields acƟonable implicaƟons for stakeholders. For funders, results highlight the 
value of studies that directly address translaƟonal boƩlenecks—parƟcularly aging-endpoint 
trials for repurposed agents and rigorous safety, delivery and biomarker programs for advanced 
modaliƟes. More broadly for regulators, a persistent system-level barrier is that aging is not 
widely treated as a formal therapeuƟc indicaƟon, which can incenƟvize disease-speciĮc 
development strategies rather than intervenƟons targeƟng shared upstream biology21. A 
potenƟal path forward is the development of regulatory guidance for geroscience-oriented 
indicaƟons, including standards for the qualiĮcaƟon and acceptance of validated surrogate 
biomarkers like epigeneƟc clocks, that could enable feasible trial duraƟons while maintaining 
clinical relevance22.  

Several limitaƟons warrant consideraƟon. First, ordinal scoring compresses complex biological 
and clinical evidence into discrete categories; accordingly, uncertainty and robustness analyses 
are emphasized to reduce overinterpretaƟon of point ranks and small within-Ɵer diīerences. 
Second, evidence availability remains uneven across intervenƟons, parƟcularly for emerging 
modaliƟes where limited human data may reŇect developmental stage rather than 
ineīecƟveness; this framework therefore prioriƟzes veriĮable evidence while avoiding the 
inference that absence of evidence consƟtutes evidence of absence. Third, although scoring 
follows prespeciĮed rubrics, some domains necessarily involve judgment in mapping 
heterogeneous studies to ordinal levels. The lifespan domain is largely rule-based, relying on 
quanƟtaƟve criteria (magnitude of extension, organismal model and replicaƟon), which reduces 
discreƟonary interpretaƟon for this component. Finally, the framework represents a snapshot of 
the current evidence landscape and rankings may change as new trials and mechanisƟc studies 
emerge. The accompanying web tool supports iteraƟve updaƟng, but outputs should be 
interpreted as Ɵme-indexed rather than deĮniƟve. 

Despite these limitaƟons, this work provides a systemaƟc and reproducible approach for 
comparing geroscience intervenƟons on translaƟonal criteria, oīering a structured starƟng 
point for evidence-based prioriƟzaƟon while acknowledging the irreducible uncertainty 
inherent in translaƟng aging biology into human therapeuƟcs. 

Conclusion 



The Įeld of geroscience stands at a pivotal moment, possessing a wealth of promising 
intervenƟons but lacking a uniĮed method to strategically navigate their development. The path 
forward is unlikely to be a one-size-Įts-all soluƟon but rather a sophisƟcated, mulƟ-pronged 
approach. The Įndings suggest a fundamental limitaƟon in current pharmacological 
approaches. Even the leading compounds fall short of the longevity increases that capture 
public imaginaƟon, suggesƟng that breakthrough advances may require combinaƟon therapies 
or enƟrely novel approaches beyond tradiƟonal drug development. 

This framework is not a staƟc Įnal judgment but a dynamic tool. As new data emerge, the 
scores and rankings within this matrix will undoubtedly change. By transparently and 
systemaƟcally integraƟng new evidence, this framework can serve as a living document, 
conƟnuously guiding the geroscience community toward the intervenƟons with the highest 
probability of success. By moving from qualitaƟve debate to quanƟtaƟve comparison, we can 
accelerate the translaƟon of geroscience from a promising hypothesis into a clinical reality. 

 

Methods 

Study design and scope 

A structured scoping review was conducted followed by a mulƟ-criteria decision analysis 
(MCDA) to evaluate 30 geroscience intervenƟons selected a priori to represent the breadth of 
the current pipeline, including repurposed pharmacologics, nutraceuƟcals, biologics, and 
fronƟer modaliƟes. The objecƟve was comparaƟve prioriƟzaƟon for human translaƟon. 

Overview of the MulƟ-Criteria Decision Analysis (MCDA) Framework 

The candidate intervenƟons were evaluated across six domains: preclinical lifespan eĸcacy, 
preclinical healthspan, mechanisƟc conservaƟon, human trial evidence, safety, and accessibility. 
Domain scores (1–5) were aggregated using a weighted-sum model, followed by robustness 
validaƟon via Monte Carlo simulaƟon and sensiƟvity analysis under alternaƟve stakeholder 
weighƟng schemes. 

Fig.8 MulƟ-criteria decision analysis (MCDA) framework for ranking geroscience intervenƟons. 



 

 

 

Evidence idenƟĮcaƟon and study selecƟon 

The evidence base was assembled using a structured scoping-review approach designed to 
capture both preclinical longevity studies and human translaƟonal signals. Sources included 
PubMed-indexed primary literature and reviews, registered/posted clinical studies (e.g., 
ClinicalTrials.gov and equivalent registries), regulatory summaries (FDA/EMA where relevant), 
and landmark consorƟum resources in aging biology. Searches combined intervenƟon names 
with aging and healthspan terms (e.g., lifespan, frailty, epigeneƟc age, senescence, mTOR, NAD, 



mitochondrial funcƟon) and were complemented by forward/backward citaƟon chasing. 
IntervenƟons were eligible if they had at least one peer-reviewed study providing (i) lifespan 
and/or mulƟ-domain healthspan outcomes in an established model organism, or (ii) human 
trial/real-world evidence relevant to aging-related funcƟonal or cardiometabolic endpoints. For 
each intervenƟon, priority was given to the most direct evidence for the domain in quesƟon 
(e.g., randomized trials for Human Trial Evidence; replicated lifespan studies for Lifespan). 

 

Data extracƟon, evidence mapping, and audit trail 

From each eligible study, data were extracted covering study design, model organism/strain, 
primary endpoints, eīect sizes (or best-available summary staƟsƟcs), and key limitaƟons 
(Supplementary Table S2). Each domain score is accompanied by a wriƩen raƟonale and linked 
to one or more primary sources in an evidence map maintained alongside the scoring matrix 
(Supplementary Table S1). This audit trail enables readers to trace each score back to the 
speciĮc evidence used and to update scores as new studies emerge. 

Pre-speciĮed exclusion criteria were applied to minimize bias and ensure comparability of data. 
Studies were excluded if (i) published prior to 1980, (ii) the primary evidence originated from a 
single research group with a direct commercial conŇict (e.g., patent ownership or licensing 
arrangements) and lacked independent replicaƟon, or (iii) the intervenƟon evidence relied on a 
single animal cohort. Excluded studies and their raƟonales are reported in Supplementary Table 
S2. 

 

DeĮning the Six CriƟcal Scoring Domains 

IntervenƟons were scored across six prespeciĮed domains, each represenƟng a key pillar of 
translaƟonal potenƟal. 

• Preclinical Eĸcacy (Lifespan): Assesses the foundaƟonal proof-of-concept for an 
intervenƟon's eīect on the most deĮniƟve aging outcome in model organisms: lifespan. 
A robust ability to extend lifespan in mulƟple species provides fundamental evidence 
that the targeted pathway is involved in the biology of aging. 

• Preclinical Eĸcacy (Healthspan): Evaluates the breadth and consistency of an 
intervenƟon's ability to improve health-related metrics in preclinical models, such as 
mobility, metabolic health, and cogniƟve funcƟon. 

• Mechanism ConservaƟon: Assesses the degree to which the intervenƟon's molecular 
target and mechanism of acƟon are conserved across evoluƟon. A highly conserved 
pathway suggests that Įndings in mice are more likely to be translatable to human 
physiology. 

• Human Trial Evidence: Evaluates the quanƟty, quality, and outcomes of exisƟng human 
clinical trial data. It represents the direct evidence for an intervenƟon's eīects in the 
target species. 



• Safety & Tolerability: ScruƟnizes the known safety proĮle of the intervenƟon in humans. 
An intervenƟon with profound eĸcacy but an unacceptable safety proĮle has zero 
translaƟonal potenƟal as a broad geroprotector. 

• Accessibility: Evaluates the aīordability and accessibility of the intervenƟon relaƟve to 
its expected beneĮt. This domain incorporates consideraƟons such as mode of delivery 
(oral vs. injecƟon), drug pricing and whether lower-cost generic or compounded 
formulaƟons exist. 

 

The Scoring Rubric and WeighƟng Methodology 

Each of the six domains were scored on a 1-5 scale according to a detailed, predeĮned rubric 
(Tables 2A and 2B). To calculate a Įnal translaƟonal potenƟal score, the scores from each 
domain were weighted to reŇect their relaƟve importance in the drug development process.  

The weighƟng scheme used is a formal addiƟve weighted-sum MulƟ-Criteria Decision Analysis 
(MCDA), consistent with the good-pracƟce recommendaƟons of organizaƟons like the 
InternaƟonal Society for Pharmacoeconomics and Outcomes Research (ISPOR) (4). The standard 
weight for most domains is 10%, but three criteria receive a higher weight: 

• Preclinical Eĸcacy (Lifespan) (30%): Lifespan extension in a mammal remains the 
foundaƟonal proof-of-concept for a geroprotecƟve agent. This criterion's highest weight 
acknowledges that a compound must Įrst demonstrate that it targets a fundamental 
aging pathway before it can be considered for human translaƟon. The elevated 
weighƟng also acknowledges the Įeld's nascent state and the paucity of clinical data in 
geroscience. 

• Human Trial Evidence (20%): A posiƟve human trial outcome is the single strongest 
predictor of clinical success, with less than 12% of intervenƟons showing preclinical 
eĸcacy successfully translaƟng to humans 23. Therefore, this criterion is given a double 
weight to reŇect its importance as the ulƟmate validaƟon of an intervenƟon's potenƟal. 

• Safety & Tolerability (20%): Safety failures account for a substanƟal percentage of late-
stage drug development terminaƟons, and this risk is parƟcularly high for a prevenƟve 
therapy intended for a broad, healthy populaƟon 24. A spectacular eīect on lifespan or 
healthspan is rendered irrelevant if the intervenƟon has an unacceptable side eīect 
proĮle. 

The disproporƟonate weighƟng of lifespan over healthspan reŇects both a pragmaƟc and a 
biological raƟonale. First, lifespan serves as a standardized, quanƟtaƟve metric that enables 
direct comparison across mechanisƟcally diverse intervenƟons and is less sensiƟve to cross-
study heterogeneity than mulƟ-domain healthspan baƩeries with variable protocols. 
Biologically, signiĮcant lifespan extension in model organisms is intrinsically linked to improved 
healthspan; intervenƟons that slow core aging biology oŌen shiŌ mulƟple funcƟonal domains in 
parallel. Thus, lifespan operates as an integraƟve readout that inherently captures sustained 



funcƟonal beneĮt, while its quanƟtaƟve and comparaƟve nature provides a necessary anchor 
for cross-intervenƟon evaluaƟon. 

This weighƟng reŇects a pragmaƟc, development-focused perspecƟve: an intervenƟon with a 
perfect safety record and promising human data may have higher immediate translaƟonal 
potenƟal than an intervenƟon with spectacular preclinical results but signiĮcant safety concerns 
(e.g., EpigeneƟc Reprogramming), even if the laƩer holds greater long-term promise. This 
balanced approach prevents overreliance on either preclinical promise or limited human 
evidence alone. 

Tables 2A and 2B present the detailed scoring rubric that operaƟonalizes these six evaluaƟon 
domains. To keep the rubric readable, domains are split into (A) evidence and biological 
plausibility (preclinical eĸcacy, healthspan, human trial evidence) and (B) feasibility and 
implementaƟon (mechanism conservaƟon, safety, and accessibility). Each domain is scored on a 
standardized 1-5 scale, with speciĮc, predeĮned criteria that ensure consistency and 
reproducibility in the evaluaƟon process. A score of 5 represents the highest level of evidence or 
most favorable proĮle within that domain (e.g., FDA-approved drugs with extensive safety data, 
or robust lifespan extension across mulƟple mammalian species), while a score of 1 indicates 
minimal evidence, unfavorable characterisƟcs, or substanƟal concerns. This granular rubric 
allows for nuanced assessment of each intervenƟon's strengths and limitaƟons across the 
translaƟonal pipeline, from preclinical proof-of-concept through human safety and accessibility 
consideraƟons. 

 

Table 2A. TranslaƟonal potenƟal scoring rubric (Domains 1-3; 1-5 scale) 

Sco
re 

Preclinical Eĸcacy 
(Lifespan) 

Preclinical Eĸcacy 
(Healthspan) 

Human Trial Evidence  

5 Large lifespan extension 
(≥15%) in mammalian 
models with reproducible 
Įndings across mulƟple 
studies, OR excepƟonal 
extension (≥30%) in 
invertebrate models with 
reproducible Įndings. 

Broad, robust 
improvements across 
mulƟple (≥3) healthspan 
domains demonstrated in 
mulƟple mammalian 
species. 

High-certainty evidence 
from mulƟple, large, low-
risk-of-bias RCTs showing a 
clinically meaningful beneĮt 
on an age-related 
indicaƟon; FDA-approved 
for a relevant chronic 
condiƟon. 

4 SigniĮcant (≥10%) median 
lifespan extension in 
mulƟple independent 
studies in mammalian 
species, OR IntervenƟons 
showing high magnitude 
(≥20%) in single mammalian 
studies. 

Broad, robust 
improvements across two 
healthspan domains 
demonstrated in at least 
one mammalian species. 

Moderate-certainty 
evidence from at least one 
large, low-risk-of-bias RCT 
or mulƟple smaller RCTs 
showing a clinically 
meaningful beneĮt. 



3 Moderate to robust lifespan 
extension (5-10%) in 
mammalian models with 
strong reproducibility, OR 
substanƟal extension (10-
20%) in mammalian models 
from single landmark 
studies. 

Consistent improvements 
demonstrated in one major 
healthspan domain in 
mammalian models. 

Low-certainty evidence 
from small or moderate-
risk-of-bias RCTs suggesƟng 
a beneĮt on a primary 
aging/healthspan endpoint. 

2 Modest lifespan extension 
(0-5%) in mammalian 
models with reproducibility, 
OR moderate eīects (5-
10%) in single mammalian 
studies, OR substanƟal 
eīects in invertebrate 
models (5-10%), OR eīects 
observed only in 
transgenic/progeroid 
models. 

PosiƟve eīects on mulƟple 
healthspan metrics 
reported, but results are 
not yet replicated, or broad 
improvements only in 
invertebrate models. 

Very low-certainty evidence 
from high-risk-of-bias RCTs 
or observaƟonal studies for 
surrogate endpoints. 

1 Inconsistent, or evidence 
suggests negaƟve/null 
eīect.  

Inconsistent or modest 
healthspan improvements 
in mammals, or evidence 
suggests negaƟve/null 
eīect. No direct evidence. 

No human trials completed 
or planned. Only preclinical 
or observaƟonal data exists. 

 

Table 2B. TranslaƟonal potenƟal scoring rubric (Domains 4-6; 1-5 scale) 

Sco
re 

Mechanism ConservaƟon Safety & Tolerability  Accessibility 

5 Core pathway components 
and funcƟon are 
ubiquitously conserved 
across all eukaryotes, with 
clear orthologs and 
funcƟonal equivalence. 

FDA-approved for a chronic 
condiƟon with decades of 
widespread use (>10M 
paƟents). Side eīect proĮle 
is well-characterized, 
predominantly mild, and 
non-life-threatening. No 
black box warnings. 

Very low cost (<$1/day). 
Widely available over-the-
counter or as a generic 
drug. Simple oral 
administraƟon. 

4 Pathway is highly conserved 
across all vertebrates with 
clear funcƟonal equivalence 
in key regulatory nodes. 

Long-term use for a chronic 
condiƟon in large 
populaƟons (>1M paƟents). 
Side eīects are well-known, 

Low cost (<$5/day). 
Available as a generic 
prescripƟon drug. Simple 
oral administraƟon. 



mostly mild-to-moderate, 
and reversible. 

3 Pathway is conserved 
across metazoans, though 
some components may 
have diverged. 

Approved for a chronic 
condiƟon with a well-
understood safety proĮle. 
Common side eīects are 
moderate but manageable. 
Low incidence of serious 
adverse events (SAEs). 

Moderate cost (<$20/day). 
Available as a branded 
prescripƟon drug with good 
insurance coverage. 

2 Pathway is conserved in 
mammals, but its role in 
invertebrates is unclear or 
diīerent. 

Used clinically for an acute 
or intermiƩent indicaƟon. 
Side eīects can be 
signiĮcant but are 
predictable and 
manageable in a clinical 
seƫng. 

High cost (<$100,000/year). 
Requires specialist 
prescripƟon and 
monitoring. May require 
injecƟon or infusion. 

1 Pathway is speciĮc to a 
parƟcular lineage or its role 
in aging is highly 
speculaƟve. 

SigniĮcant safety concerns 
based on mechanism of 
acƟon. High potenƟal for 
severe, irreversible side 
eīects. Known toxicity in 
humans. 

ProhibiƟvely high cost 
(>$100,000/year). Complex 
administraƟon (e.g., gene 
therapy). Highly restricted 
access. 

 

 

Lifespan Scoring Methodology 

To standardize preclinical lifespan evidence, a composite scoring system was developed to 
account for three criƟcal dimensions: the magnitude of lifespan extension, the translaƟonal 
relevance of the model organism, and the reproducibility of Įndings. A hierarchical approach 
prioriƟzes higher-quality evidence: when an IntervenƟons TesƟng Program (ITP) study is 
available, the Lifespan Change Score is derived exclusively from the ITP study; when both rodent 
and invertebrate studies are available, the score is derived exclusively from rodent studies. For 
each intervenƟon-model pair, the proporƟonal change in average lifespan relaƟve to matched 
controls was extracted across eligible studies, and an average eīect size was computed when 
mulƟple studies were available. 

When several disƟnct intervenƟons fell under the same broader category, (e.g., Stem Cell 
Therapy with Įve diīerent approaches: bone-marrow transplant, FOXO3, CASIN-treated aged 
HSCs, young-donor HSCs, and Hypothalamic NSC), the highest Net Lifespan Score among these 
intervenƟons was selected for the category's ranking. This approach ensured that each category 
is represented by its strongest preclinical evidence. 



The Net Lifespan Score was calculated as: 

Net Lifespan Score = Lifespan Change Score × Model Organism Score × Reproduced Study Score 

• Lifespan Change Score: 

This component evaluates the magnitude of lifespan extension observed in preclinical 
studies. For studies in wild-type healthy organisms, scores are assigned based on the 
percentage increase in median or mean lifespan: 9 points (≥35%), 8 points (≥30%), 7 points 
(≥25%), 6 points (≥20%), 5 points (≥15%), 4 points (≥10%), 3 points (≥5%), 2 points (>0%), 
and 1 point (nil or <0%). 

• Model Organism Score: 

This component adjusts for the translaƟonal relevance of the model organism: 2.0 points for 
primates (e.g., Rhesus macaques), 1.0 point for mammalian wild-type models (e.g., Mus 
musculus, RaƩus norvegicus), 0.5 points for transgenic, progeroid or diseased mammalian 
models, and 0.5 points for other animal model organisms (e.g., C. elegans, Drosophila, Įsh). 

• Reproduced Study Score: 

This component accounts for the reproducibility and robustness of Įndings: 1.0 point for 
mulƟple independent studies (≥2 studies) demonstraƟng lifespan extension, and 0.5 points 
for a single published study. Studies from the NIA IntervenƟons TesƟng Program (ITP) also 
receive a score of 1.0, as the ITP design inherently incorporates reproducibility by tesƟng 
intervenƟons simultaneously across three independent sites25.  

The resulƟng Net Lifespan Score provided a normalized metric that allowed direct comparison 
across intervenƟons with diīerent model systems and study designs. Higher scores indicated 
intervenƟons with robust preclinical evidence from translaƟonally relevant models. 

 

Scoring procedure and internal consistency checks 

Domain scores were assigned using the predeĮned 1–5 rubric (Tables 2A-2B), with Ɵes resolved 
by applying the rubric’s explicit hierarchy. To reduce arbitrariness, a second-pass consistency 
audit was performed across the full matrix: (i) each score was required to have at least one 
mapped primary source; (ii) adjacent scores (e.g., 3 vs 4) were cross-checked against the rubric 
language; and (iii) outliers were stress-tested via uncertainty and sensiƟvity analyses (Monte-
Carlo sampling and weight perturbaƟon). When an intervenƟon had data across mulƟple 
phylogeneƟc levels, only the highest-order model organism available was considered in the 
lifespan score to maximize translaƟonal relevance.  

 

Uncertainty & sensiƟvity analyses 

To quanƟfy the uncertainty in the Įnal scores, a Monte-Carlo simulaƟon was conducted where 
each domain score was sampled 10,000 Ɵmes from a uniform distribuƟon of ±0.5 around its 



assigned value (bounded by 1 and 5) to generate 95% credible intervals. Robustness to 
stakeholder preference shiŌs was evaluated through weight-perturbaƟon analyses (±5% per 
domain), examining changes in rank ordering under alternaƟve but reasonable weighƟng 
schemes. 

 

Transparency and reproducibility.  

All domain deĮniƟons, scoring rubrics, weights, and analyƟcal code were predeĮned and are 
intended for open disseminaƟon to allow independent replicaƟon, reweighƟng, and updaƟng as 
new evidence emerges. 
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