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Figure S1. Multivariate analysis of between-group differences in the urinary metabolome at baseline (all 
available samples). Number of samples inputted to the MUVR PLS model: CSM0, n=26; MTA0, n=28. (a) Receiver 
operating characteristic curve for the MUVR PLS classification model fit to urinary 1H-NMR peaks for these two 
groups of samples. Inset are the AUC and associated 95% CI for the curve. (b) Confusion matrix outlining sample 
classification by the PLS model. The x-axis presents the actual class of the inputted samples. The y-axis presents 
the sample class predicted by the models. Correctly and incorrectly classified samples are outlined on opposing 
diagonals of the confusion matrix. Additional performance metrics relating to sample classification at the 50% 
probability threshold are presented in the table adjacent to the confusion matrix. (c) Recursive ranking and 
backward elimination of variables (right-to-left on the x-axis) in the inner segments of the MUVR PLS model to 
achieve optimal validation performance, quantified by the number of misclassifications (y-axis). Green lines 
represent validation curves per inner segment and may fluctuate. Orange and black lines represent inner 
segment curves averaged per model repetition and overall (100 model repetitions), respectively, and describe the 
actual validation performance at higher resolution. Vertical lines outline the number of variables selected in 
MUVR ‘min’, ‘mid’, and ‘max’ models on the x-axis. (d) Histogram and density curve outlining the distribution 
of misclassifications by 500 permuted PLS models in which the Y response vector indicating sample class was 
randomly sampled. The number of misclassifications by the actual PLS model with the correct Y response vector 
is outlined on the x-axis by the blue dashed line. A p-value derived from a student’s t-test comparing the number 
of misclassifications between actual and permuted models is presented adjacent to the histogram and density 
curve. (e) Dotplot of the top 20 most important annotated peaks to performance of the PLS model ranked by VIP 
values. Multiple peaks were identified for certain metabolites. When multiple metabolites are present in a given 
peak, metabolites are listed in order of relative abundance in the peak, with the most abundant metabolite listed 
first. The adjacent heatmap illustrates relative abundance of metabolites based on mean peak intensity across all 
samples in the two groups evaluated by the PLS model. 95% CI, 95% confidence interval; AUC, area under the 
receiver operating characteristic curve; CSM0, baseline samples from CSM group; MTA0, baseline samples from 
MTA group; MUVR, multivariate methods with unbiased variable selection in R; NMR, nuclear magnetic 
resonance spectroscopy; NPV, negative predictive value; PLS, partial least squares; PPM, parts per million 
chemical shift relative to TSP-d4; PPV, positive predictive value; VIP, variable importance in projection. 
  



 

Figure S2. Multivariate analysis of ethnicity-related differences in the urinary metabolome at baseline in the 
MTA arm (all available samples). Number of samples inputted to the MUVR PLS model: Caucasian, n=18; other 
ethnicities, n=10. (a) Confusion matrix outlining sample classification by the PLS model. The x-axis presents the 
actual class of the inputted samples. The y-axis presents the sample class predicted by the models. Correctly and 
incorrectly classified samples are outlined on opposing diagonals of the confusion matrix. Additional 
performance metrics relating to sample classification at the 50% probability threshold are presented in the table 
adjacent to the confusion matrix. (b) Recursive ranking and backward elimination of variables (right-to-left on 
the x-axis) in the inner segments of the MUVR PLS model to achieve optimal validation performance, quantified 
by the number of misclassifications (y-axis). The absolute number of misclassifications during model training 
and tuning in the inner segments differs from the final number of model misclassifications outlined in the 
confusion matrix as there are multiple outer and inner segments per MUVR model as part of the repeated double 
cross-validation procedure. Additionally, data is reused in the inner segments, which may result in an 
overestimation of model performance at this stage of the MUVR algorithm. Green lines represent validation 
curves per inner segment and may fluctuate. Orange and black lines represent inner segment curves averaged 
per model repetition and overall (100 model repetitions), respectively, and describe the actual validation 
performance at higher resolution. Vertical lines outline the number of variables selected in MUVR ‘min’, ‘mid’, 
and ‘max’ models on the x-axis. (c) Histogram and density curve outlining the distribution of misclassifications 
by 500 permuted PLS models in which the Y response vector indicating sample class was randomly sampled. 
The number of misclassifications by the actual PLS model with the correct Y response vector is outlined on the x-
axis by the blue dashed line. A p-value derived from a student’s t-test comparing the number of 
misclassifications between actual and permuted models is presented adjacent to the histogram and density 
curve. MUVR, multivariate methods with unbiased variable selection in R; NPV, negative predictive value; PLS, 
partial least squares; PPV, positive predictive value. 
  



 

Figure S3. Multivariate analysis of changes in urinary metabolome from baseline to month 6 in the MTA arm (all 
available samples). Number of samples inputted to the MUVR PLS model: MTA0, n=28; MTA6, n=24. (a) 
Receiver operating characteristic curve for the MUVR PLS classification model fit to urinary 1H-NMR peaks for 
these two groups of samples. Inset are the AUC and associated 95% CI for the curve. (b) Confusion matrix 
outlining sample classification by the PLS model. The x-axis presents the actual class of the inputted samples. 
The y-axis presents the sample class predicted by the models. Correctly and incorrectly classified samples are 
outlined on opposing diagonals of the confusion matrix. Additional performance metrics relating to sample 
classification at the 50% probability threshold are presented in the table adjacent to the confusion matrix. (c) 
Recursive ranking and backward elimination of variables (right-to-left on the x-axis) in the inner segments of the 
MUVR PLS model to achieve optimal validation performance, quantified by the number of misclassifications (y-
axis). Green lines represent validation curves per inner segment and may fluctuate. Orange and black lines 
represent inner segment curves averaged per model repetition and overall (100 model repetitions), respectively, 
and describe the actual validation performance at higher resolution. Vertical lines outline the number of 
variables selected in MUVR ‘min’, ‘mid’, and ‘max’ models on the x-axis. (d) Histogram and density curve 
outlining the distribution of misclassifications by 500 permuted PLS models in which the Y response vector 
indicating sample class was randomly sampled. The number of misclassifications by the actual PLS model with 
the correct Y response vector is outlined on the x-axis by the blue dashed line. A p-value derived from a 
student’s t-test comparing the number of misclassifications between actual and permuted models is presented 
adjacent to the histogram and density curve. (e) Dotplot of the top 20 most important annotated peaks to 
performance of the PLS model ranked by VIP values. Multiple peaks were identified for certain metabolites. 
When multiple metabolites are present in a given peak, metabolites are listed in order of relative abundance in 
the peak, with the most abundant metabolite listed first. The adjacent heatmap illustrates relative abundance of 
metabolites based on mean peak intensity across all samples in the two groups evaluated by the PLS model. 95% 
CI, 95% confidence interval; AUC, area under the receiver operating characteristic curve; MTA0, baseline 
samples from MTA group; MTA6, month 6 samples from MTA group; MUVR, multivariate methods with 
unbiased variable selection in R; NMR, nuclear magnetic resonance spectroscopy; NPV, negative predictive 
value; PLS, partial least squares; PPM, parts per million chemical shift relative to TSP-d4; PPV, positive 
predictive value; VIP, variable importance in projection. 
  



 

Figure S4. Multivariate analysis of changes in the urinary metabolome from baseline to month 6 in the MTA arm 
(paired samples only). Number of samples inputted to the MUVR PLS model: MTA0, n=12; MTA6, n=12. (a) 
Receiver operating characteristic curve for the MUVR PLS classification model fit to urinary 1H-NMR peaks for 
these two groups of samples. Inset are the AUC and associated 95% CI for the curve. (b) Confusion matrix 
outlining sample classification by the PLS model. The x-axis presents the actual class of the inputted samples. 
The y-axis presents the sample class predicted by the models. Correctly and incorrectly classified samples are 
outlined on opposing diagonals of the confusion matrix. Additional performance metrics relating to sample 
classification at the 50% probability threshold are presented in the table adjacent to the confusion matrix. (c) 
Recursive ranking and backward elimination of variables (right-to-left on the x-axis) in the inner segments of the 
MUVR PLS model to achieve optimal validation performance, quantified by the number of misclassifications (y-
axis). Green lines represent validation curves per inner segment and may fluctuate. Orange and black lines 
represent inner segment curves averaged per model repetition and overall (100 model repetitions), respectively, 
and describe the actual validation performance at higher resolution. Vertical lines outline the number of 
variables selected in MUVR ‘min’, ‘mid’, and ‘max’ models on the x-axis. (d) Histogram and density curve 
outlining the distribution of misclassifications by 500 permuted PLS models in which the Y response vector 
indicating sample class was randomly sampled. The number of misclassifications by the actual PLS model with 
the correct Y response vector is outlined on the x-axis by the blue dashed line. A p-value derived from a 
student’s t-test comparing the number of misclassifications between actual and permuted models is presented 
adjacent to the histogram and density curve. (e) Dotplot of the top 20 most important annotated peaks to 
performance of the PLS model ranked by VIP values. Multiple peaks were identified for certain metabolites. 
When multiple metabolites are present in a given peak, metabolites are listed in order of relative abundance in 
the peak, with the most abundant metabolite listed first. The adjacent heatmap illustrates relative abundance of 
metabolites based on mean peak intensity across all samples in the two groups evaluated by the PLS model. 95% 
CI, 95% confidence interval; AUC, area under the receiver operating characteristic curve; MTA0, baseline 
samples from MTA group; MTA6, month 6 samples from MTA group; MUVR, multivariate methods with 
unbiased variable selection in R; NMR, nuclear magnetic resonance spectroscopy; NPV, negative predictive 
value; PLS, partial least squares; PPM, parts per million chemical shift relative to TSP-d4; PPV, positive 
predictive value; VIP, variable importance in projection. 
  



 

Figure S5. Multivariate analysis of changes in the urinary metabolome from baseline to month 6 in the CSM arm 
(paired samples only). Number of samples inputted to the MUVR PLS model: CSM0, n=11; CSM6, n=11. (a) 
Receiver operating characteristic curve for the MUVR PLS classification model fit to urinary 1H-NMR peaks for 
these two groups of samples. Inset are the AUC and associated 95% CI for the curve. (b) Confusion matrix 
outlining sample classification by the PLS model. The x-axis presents the actual class of the inputted samples. 
The y-axis presents the sample class predicted by the models. Correctly and incorrectly classified samples are 
outlined on opposing diagonals of the confusion matrix. Additional performance metrics relating to sample 
classification at the 50% probability threshold are presented in the table adjacent to the confusion matrix. (c) 
Recursive ranking and backward elimination of variables (right-to-left on the x-axis) in the inner segments of the 
MUVR PLS model to achieve optimal validation performance, quantified by the number of misclassifications (y-
axis). Green lines represent validation curves per inner segment and may fluctuate. Orange and black lines 
represent inner segment curves averaged per model repetition and overall (100 model repetitions), respectively, 
and describe the actual validation performance at higher resolution. Vertical lines outline the number of 
variables selected in MUVR ‘min’, ‘mid’, and ‘max’ models on the x-axis. (d) Histogram and density curve 
outlining the distribution of misclassifications by 500 permuted PLS models in which the Y response vector 
indicating sample class was randomly sampled. The number of misclassifications by the actual PLS model with 
the correct Y response vector is outlined on the x-axis by the blue dashed line. A p-value derived from a 
student’s t-test comparing the number of misclassifications between actual and permuted models is presented 
adjacent to the histogram and density curve. (e) Dotplot of the top 20 most important annotated peaks to 
performance of the PLS model ranked by VIP values. Multiple peaks were identified for certain metabolites. 
When multiple metabolites are present in a given peak, metabolites are listed in order of relative abundance in 
the peak, with the most abundant metabolite listed first. The adjacent heatmap illustrates relative abundance of 
metabolites based on mean peak intensity across all samples in the two groups evaluated by the PLS model. 95% 
CI, 95% confidence interval; AUC, area under the receiver operating characteristic curve; CSM0, baseline samples 
from CSM group; CSM6, month 6 samples from CSM group; MUVR, multivariate methods with unbiased 
variable selection in R; NMR, nuclear magnetic resonance spectroscopy; NPV, negative predictive value; PLS, 
partial least squares; PPM, parts per million chemical shift relative to TSP-d4; PPV, positive predictive value; 
VIP, variable importance in projection. 
  



 

Figure S6. Matrix of p-values for Pearson correlations between changes in clinical parameters at months 6 and 24 
with changes in urinary metabolites reflective of host-microbial co-metabolism and BCAA catabolism at month 6. 
The p-values displayed correspond to Pearson correlation r values outlined in Figure 7. Matrix cells are coloured 
by p-value categories as follows: significant (p <0.05), orange; not significant (p ≥0.05), grey. Absolute differences 
in clinical parameters at both timepoints (months 6 and 24) were correlated with absolute differences in PQN-
normalised metabolite abundance at month 6. Correlation p-values were computed using the function 
‘cor_pmat’ from the R package ggcorrplot. Correlations were performed for the subset of study participants in 
the CSM arm with paired urinary 1H-NMR data available at baseline and month 6 (n=11). BCAA, branched-chain 
amino acid; BMI, body-mass index; CSM, combined metabolic surgery plus medical therapy; HbA1c, glycated 
haemoglobin; MAP, mean arterial pressure; PQN, probabilistic quotient normalization; uACR, urinary albumin-
to-creatinine ratio. 
   



 

Figure S7. Scatterplots of month 6 changes in BMI and in urinary host-microbial co-metabolites with changes in 
blood pressure, glycaemia, lipids, and uACR in the CSM arm during follow-up. Absolute differences in blood 
pressure, glycaemia, lipids, and uACR from baseline to follow-up (month 6 and month 24) are presented on the x-
axis. Absolute differences in BMI and in urinary metabolites from baseline to month 6 are presented on the y-axis. 
Plots are facetted by clinical parameters (MAP, HbA1c, triglycerides, and log uACR) as well as follow-up time 
(month 6 and month 24). Correlations were performed for the subset of study participants in the CSM arm with 
paired urinary 1H-NMR data available at baseline and month 6 (n=11). Linear model regression lines of best fit for 
the data points are presented. Pearson r correlation values between changes in BMI/metabolites and changes in 
clinical parameters as well as associated p-values are displayed on the plots. BMI, body-mass index; CSM, 
combined metabolic surgery plus medical therapy; HbA1c, glycated haemoglobin; MAP, mean arterial pressure; 
uACR, urinary albumin-to-creatinine ratio. 
  



 

Figure S8. Scatterplots of month 6 changes in BMI and in urinary metabolites reflective of BCAA catabolism with 
changes in blood pressure, glycaemia, lipids, and uACR in the CSM arm during follow-up. Absolute differences 
in blood pressure, glycaemia, lipids, and uACR from baseline to follow-up (month 6 and month 24) are presented 
on the x-axis. Absolute differences in BMI and in urinary metabolites from baseline to month 6 are presented on 
the y-axis. Plots are facetted by clinical parameters (MAP, HbA1c, triglycerides, and log uACR) as well as follow-
up time (month 6 and month 24). Correlations were performed for the subset of study participants in the CSM arm 
with paired urinary 1H-NMR data available at baseline and month 6 (n=11). Linear model regression lines of best 
fit for the data points are presented. Pearson r correlation values between changes in BMI/metabolites and changes 
in clinical parameters as well as associated p-values are displayed on the plots. BMI, body-mass index; CSM, 
combined metabolic surgery plus medical therapy; HbA1c, glycated haemoglobin; MAP, mean arterial pressure; 
uACR, urinary albumin-to-creatinine ratio. 
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