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Supplementary Tables 43 

 44 
 45 
Supplementary Table 1: List of the 60 blood biomarkers available in the UK Biobank, split according 46 
to the UK Biobank definitions of Biochemistry and Haematology. Measurement units are displayed in 47 
adjacent columns. Highlighted in red are variables which exceeded the missingness threshold of 20% 48 
and were subsequently removed. 49 
 50 
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Supplementary Table 2: Descriptive statistics of non-blood variables, stratified by sex, and overall 52 
 53 
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Supplementary Table 3: Table showing the 10 representative blood panels, and which of the UK 66 
Biobank biomarkers are included in each. Some panels are comprised of markers included in other 67 
panels; these are indicated by the number in brackets. 68 

 69 
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Supplementary Table 4:  Comparison of coefficient values between Levine et al.’s PhenoAge 71 
model and the Full ENC model. Levine et al.’s PhenoAge model (column A) included 10 variables, 72 
compared to 27 in our model (column B). Colours indicate the magnitude and direction of coefficients, 73 
with red indicating that higher levels increase mortality risk, whilst blue indicates a protective effect. 74 
For the variables selected by both models, coefficients are largely comparable, with the exception of 75 
creatinine. Measurement units of variables in both models are the same and can be found in 76 
Supplementary Table 1. The table also displays the standardised hazard ratios and 95% CIs of stably 77 
selected variables as per the Full ENC model, in columns C and D. 78 

 79 

The age coefficient in the null model is 0.100. BAA is therefore defined, as per Methods, by the effect 80 
sizes in the above table from albumin to urea (excluding Sex) and a reduction 0f 0.025 per year of Age, 81 
i.e., the overall effect size of 0.075 per year of age is decomposed into:  82 

0.100 x Age + XBβB - 0.025 x Age 83 

where the latter two terms, multiplied by 10, equate to BAA and therefore  84 
 85 

Biological Age = 1 x Age + BAA  86 
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Supplementary Table 5: Life table based on Kaplan-Meier curve for entire UKBB dataset, with an 87 
illustration of the relationship between log hazard ratio and age as suggested by Joshi et al., where a log 88 
hazard ratio of Y indicates an additive change in age of approximately 10Y, for intervals of 2, 5 and 7 89 
years. Ages 50 – 75 shown. The row above age 50 illustrates the calculation dynamics for Age 50 (first 90 
row of main table). Bottom right shows the average of the log hazard ratio columns, and should equate 91 
to 0.2, 0.5 and 0.7 respectively. 92 
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Supplementary Table 6: As above, for ELT-17 life table; males only. Ages 50 – 75 shown. The row 94 
above age 50 illustrates the calculation dynamics for Age 50 (first row of main table). Bottom right 95 
shows the average of the log hazard ratio columns, and should equate to 0.2, 0.5 and 0.7 respectively. 96 
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Supplementary Table 7: ELT-17 life table as above; females only 98 

 99 
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Supplementary Figures 101 

 102 

 103 

 104 

Supplementary Figure 1: Correlation heatmap of all blood biomarkers. Red indicates a strong positive 105 
correlation; blue indicates a strong negative correlation; white indicates no correlation. We note the 106 
positive correlation between creatinine and cystatin C (green square).   107 
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 111 

 112 

Supplementary Figure 2: Variable Importance (VIMP) values from the RSF, for the top 20 variables, 113 
in ascending order. As seen in the Full ENC model, cystatin C appears to be the biomarker of primary 114 
importance. The VIMP scores suggest that cystatin C provides a notable 0.09 [0.08 - 0.1] uplift to the 115 
RSF C-Index.  116 

 117 
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Supplementary Note 119 

 120 
Results of sex-stratified sensitivity analysis  121 

Fewer biomarkers were stably selected in each of the sex-stratified 100-iteration Elastic-Net 122 
Cox models, compared to the Full ENC model. Selection proportion plots can be seen in Supplementary 123 
Figures 3 and 4. Whilst 27 variables were stably selected in the full model, 24 variables were stably 124 
selected in the male-only model and 15 were stably selected in the female-only model. The standardised 125 
coefficients and confidence intervals for each of the sex-stratified models are illustrated in 126 
Supplementary Figure 5, and Supplementary Table 8 displays a side-by-side comparison of selected 127 
variables in each model and their corresponding effect sizes on the log hazard scale. The variables with 128 
the largest standardised effect sizes generally appear in both the male- and female-only models. Cystatin 129 
C once again displays the largest standardised coefficient in both models. However, it is interesting to 130 
note that platelet crit and (the log of) alanine aminotransferase – variables with large protective effects 131 
in the full model - were selected in fewer than 20 out of the 100 iterations in the female-only model 132 
(Supplementary Figure 4), suggesting that these variables are only associated with male specific 133 
mortality. Other variables, such as red blood cell count, alkaline phosphate, and urea, also showed a 134 
strong sex-specific association with mortality. For variables which were selected by either (or both) of 135 
the stratified models, most coefficient values reflected the coefficients generated by the Full ENC 136 
model, and no major movements are identified. 137 

Using the sex-stratified models, we produced predicted values and C-index values for each, on 138 
the test set. The results can be seen in the bottom row of Supplementary Table 8. Whilst we may expect 139 
C-index values in single-sex populations to be lower than in a mixed population, the male-only model 140 
produced a C-index comparable to the Full ENC model, of 0.772 [0.759 - 0.785], whilst the female-141 
only model produced a C-index of 0.758 [0.740-0.776]. Given that these predictions are made within 142 
single-sex groups, with sex – a major differentiator of mortality – no longer present, these results are 143 
both comparably high. Interestingly, when using the Full ENC model to make predictions for males 144 
only, and separately for females only, the respective C-indices were almost identical to each of those 145 
produced by the sex-stratified models, suggesting that sex-stratified models do not necessarily produce 146 
more accurate predictions than does the Full ENC model, even within same-sex group. 147 

We compared the BAA estimates from the Full ENC model to estimates generated from the 148 
sex-stratified models. A comparison of the density plots can be seen in Supplementary Figure 6, and a 149 
scatterplot examining the correlation between the two estimates is shown in Supplementary Figure 7. 150 
The range and shape of the distributions are largely identical between the two approaches. Males appear 151 
to have a wider range of BAA values. The correlation between the BAA estimates under the two 152 
approaches is approximately 1 for males (p < 0.0001). However, for females, the Full ENC model 153 
produces slightly higher BAA values, on average, than the female-specific model. A possible reason 154 
for this overestimation may be the inclusion of variables which do not appear to be associated with 155 
female mortality - as indicated in Supplementary Table 8 - such as platelet crit, alanine 156 
aminotransferase, and red blood cell count. However, the correlation between the two estimates for 157 
females is still high, at 0.91 (p < 0.0001). 158 

Based on the observations made during the sensitivity analysis, we produced one final Cox 159 
model on the full training set, using the previously derived Full ENC model as the base. For this model, 160 
we removed variables which were selected by neither the male- nor female-only models. Also, for 161 
variables which showed a strong sex-specific association with mortality, we included an interaction 162 
term with sex. These variable-specific treatments are indicated in the last column of Supplementary 163 
Table 8. The C-index of this model based on predictions on the test was 0.778 [0.768-0.788] – exactly 164 
identical to the C-index achieved by the Full ENC model, suggesting that these modifications do not 165 



Supplementary Information - Biological Age Estimation Using Circulating Blood Biomarkers 
 

 

improve predictive performance. Similarly to the above, we also produced BAA estimates using this 166 
model, and compared them to the estimates produced by the sex-stratified models. The results were 167 
again very similar to Full ENC model: neither the male nor female correlation values improved, and 168 
BAA estimates for females were still slightly overestimated compared to the female-specific model. 169 

 170 

 171 

 172 

Supplementary Figure 3: Selection proportions of each feature as a percentage of the 100 Elastic Net 173 
iterations performed, ranked from highest to lowest, for the male-only model. The selection threshold 174 
of 80% is indicated in red. 24 variables were stably selected. 175 

 176 
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Supplementary Figure 4: Selection proportions of each feature as a percentage of the 100 Elastic-Net 178 
iterations performed, ranked from highest to lowest, for the female-only model. The selection 179 
threshold of 80% is indicated in red. 15 variables were stably selected. 180 
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Supplementary Figure 5: The standardised coefficients of the Cox models developed using stably 184 
selected variables for (a) males and (b) females separately, ranked in descending order. Coefficients 185 
are standardised (i.e. re-scaled) by multiplying by the standard deviation of the variable concerned. 186 
95% confidence intervals are indicated by the overlaid bars. Variables with the strongest effect sizes 187 
are reasonably consistent across both sexes. Cystatin C appears to have the strongest effect sizes for 188 
both males and females, as was the case in the Full ENC model. 189 

 190 

 191 
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Supplementary Table 8: Comparison of coefficient values between the Full ENC model trained on both 192 
sexes and the sex-specific Cox models. Colours indicate the magnitude and direction of coefficients, 193 
with red indicating that higher levels increase mortality risk, whilst blue indicates a protective effect. 194 
Grey blocks indicate the selection proportion for variables which did not breach the 80% selection 195 
threshold. A comparison of concordance values is displayed in the last row. The last column indicates 196 
the course of action taken based on this comparison, to develop a model with sex interactions and 197 
explore the impact on C-index of predictions. Measurement units per variable are displayed in 198 
Supplementary Table 1. No additional variables were selected in the stratified models which were not 199 
selected in the full model. Some variables which were stably selected in the full model, were not selected 200 
by either of the stratified models (apolipoprotein-A and platelet distribution width). Red blood cell 201 
count, alkaline phosphatase and alanine aminotransferase were each selected by 100% of iterations of 202 
the male model, whilst being selected in fewer than 30% of female model iterations.  203 

 204 
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Supplementary Figure 6: Distributions of BAA by sex based on the single, Full ENC model (a) 208 
compared to BAA estimates generated by sex-specific models (b). The range and shape of the 209 
distributions are largely identical between the two approaches. Males appear to have a wider range of 210 
BAA values than females. 211 

 212 
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Supplementary Figure 7: Scatterplot indicating the correlation between BAA estimated using the single 214 
Full ENC model vs sex-specific models. BAA for males was almost identical across approaches, whilst 215 
the single model may overstate BAA estimates for females. 216 


