






Fig.5. Association study in the whole cohort   993 
(a) Schematic diagram showing the dependent and independent variables in the linear mixed 994 
models for the association study. Dependent variables include Frailty Index (FIc) and devFI 995 
(devFIc, deviation from median FI of the age- and sex- specific group) at the current age (agec), 996 
FI and devFI (FIf/devFIf) at a future age (agef), and FI/devFI change from agec to agef 997 
(! FI/! devFI). Independent variables include current abundance of metabolites (MAc), 998 
abundance change from a previous age (agep) to agec, ! age1 and ! age2. For each frailty 999 
outcome, FI-union features identified were individually subjected to linear mixed models. (b) 1000 
Coefficients of eight metabolites of which MAc presents significance in the association with both 1001 
FIc and devFIc. Metabolites are arranged by coefficients (represented by dots) for FIc in 1002 
descending order. The line represents the 95% confidence interval of each coefficient. (c) 27 1003 
metabolites of which the current metabolite abundance presents significance in the association 1004 
with ! FI. Metabolites are arranged by coefficients (represented by dots) in descending order. 1005 
Significance was determined by adjusted p-values via Benjamini-Hochberg false discovery rate 1006 
procedure at a cutoff of 0.05, with * for p < 0.05, ** for p < 0.01, and, *** for p < 0.001. (d) List of 1007 
23 metabolites that show occurrences greater than or equal to 2. That is, MA/! MA of metabolite 1008 
presents significance in the association with frailty outcomes of the column.  1009 
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Fig.6. Sex independent metabolite features and association 1033 
(a) UpSet plot showing the overlapping metabolites of frailty index union features of the whole 1034 
cohort, females and males. (b) Coefficients of six metabolites of which metabolite change 1035 
presents significance in the association with both FIc and devFIc in females. Metabolites are 1036 
arranged by coefficients (represented by dots) for FIc in descending order. (c) Coefficients of 26 1037 
metabolites of which metabolite change presents significance in the association with devFI 1038 
change in females. The significance was determined by adjusted p-values via Benjamini-1039 
Hochberg false discovery rate procedure at a cutoff of 0.05, with * for p < 0.05, ** for p < 0.01, 1040 
and, *** for p < 0.001. Metabolites are arranged by coefficients (dots) in descending order. The 1041 
line represents the 95% confidence interval of each coefficient.  1042 
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Fig.7. Performance of metabolite frailty clock in the discovery and validation 1074 
cohorts.  1075 
Frailty models were built via machine learning approaches, with frailty index scores as the 1076 
dependent variable and three sets of variables as the independent variables: 1) The age+sex 1077 
model, linear regression models using age and sex, trained in the discovery and validation 1078 
cohorts respectively; 2) The RF (781 metabolites) model, a random forest model using all 781 1079 
metabolites detected in this study, age and sex; and 3) metabolite frailty clock model, a random 1080 
forest model using 63 informativity-based metabolites, age and sex. The performance of models 1081 
in the corresponding cohort/subcohort (Female, F and male, M) are presented using R2 and 1082 
Root-mean-square deviation (RMSE).  1083 
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