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Supplementary Figure 1 – Life program evolutionary theory
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Supplementary Figure 2 – Dysregulated maintenance program hypothesis in vulnerable sepsis
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Supplementary Figure 3 – Carbohydrate metabolism illustration PedSep A, B, C and D (See Figure 2).  PM – Plasma membrane; OMM - Outside mitochondrial membrane; Inside mitochondrial membrane  
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Supplementary Figure 4 – Dicarboxylic acids fold differences in PedSep B vs A, C vs A, and D vs A groups.  Red is increase and blue is decrease (Welch’s t-test p < 0.05). 
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Supplementary Figure 5 - Fat metabolism illustration of PedSep A and B
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Supplementary Figure 6 – Fat metabolism illustration of PedSep A and C 









  [image: ]
Supplementary Figure 7 – Fat metabolism illustration of PedSep A and D
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Supplementary Figure 8 – Failed starvation response illustration in PedSep C and D 
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Supplementary Figure 9 – Branch chain amino acid metabolites fold differences in PedSep B vs A, C vs A, and D vs A groups.  Red is increased (Welch’s t-test p < 0.05).  Blue is decreased (Welch’s t-tests p < 0.05)
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Supplementary Figure 10 – Alanine, glutamate and urea cycle metabolites fold differences in PedSep B vs A, C vs A, and D vs A.  Red is increased (Welch’s t-test p < 0.05).  Blue is decreased (Welch’s t-tests p < 0.05).
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Supplementary Figure 11 – Branch chain amino acid, glutamate, and urea cycle metabolism illustration in PedSep B vs A.  Red is increased.  Blue is decreased.
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Supplementary Figure 12 – Branch chain amino acid, glutamate, and urea cycle metabolism illustration in PedSep C vs A . Red is increased.  Blue is decreased. 
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Supplementary Figure 13 – Branch chain amino acid, glutamate, and urea cycle metabolism illustration in PedSep D vs A. Red is increased.  Blue is decreased.
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Supplementary Figure 14 - Full Causal Inference Analysis.  Red arrows increase.  Blue arrows decrease.







Expanded Causal Inference Analysis Methods 
Identifying Potential Causal Associations Using CausalMGM and DAG
We identified potential causal associations between the metabolites and death  using a mixed graphical model (MGM) algorithm called causalMGM to initiate the inference of causal associations (1). CausalMGM is an extension of Lee and Hastie’s MGM that estimates a Markov random field over a set of random variables. The Markov random field for the graphical node representing a random variable is a set of all the other random variables the random variable is conditionally dependent on. Due to the conditional dependence, the Markov random field of variable T contains the minimal set of variables that are necessary to estimate T, including only the direct causes (parents), direct effects (children), and direct causes of the direct effects (spouses) of T. With the Markov random field as a focused set of variables to examine for causal associations, a graphical model of the Markov random field enables users to examine their data to identify the direct effects on a chosen variable of interest or to discover new associations between variable pairs. 
Loop-Erased Random Walks as a Pathway Analysis Framework
To determine the causal directions in the graphical model (undirected graph) from a potential metabolite to death, we used random walks. Broadly, within the context of network biology, a random walk is a process where a sequence of steps is taken randomly from one node to another, going through the network to explore its structure and any potential association between features in the network (2). Recently, random walks have been used to determine causal directions in biological networks (3,4). For example, Tu et al (5) used a heuristic random walk in an integrated network to find regulatory modules in gene expression data, identifying the most likely paths from quantitative trait loci to a candidate gene. Often in network graphs, random walks inherently have self-looping, which refers to walks that begin and end at the same node. Additionally, to explore as much of the network space as possible without informational redundancies due to self-looping, we implemented loop erasure.
To identify potentially causal pathways from metabolites to death, we implemented a loop-erased random walk (LERW) algorithm on our set of vertices and edges identified by causalMGM. In a LERW construct, any time a loop is formed the loop is immediately erased (6). To initialize paths for our random walks, we start the random walk at vertex s, setting the initial path P = [s] and label our sink node specifying where walks should end. In our setup, s = metabolite and our sink node is death. We use 500 random walks for all analyses. The network graph is weighted according to causal association effect sizes identified by the causalMGM algorithm. Larger effect size values indicate stronger causal associations.
Subnetwork Identification and Network Graph Drawings
The LERW analysis generated a list of all paths from metabolites to death. To highlight the most prominent nodes, we normalized all nodes in each pathway by the total length and aggregated them. Then, we used the mean distance to death across all the random walks as a metric to highlight which nodes were causally the closest to death. Nodes that did not get visited at least 25 times (<5%) were not included as part of the resulting subnetworks. We used Cytoscape, version 3.9.1 (Cytoscape Consortium) for the visualization of our feature phenotype causal association results (7). Arrow widths in the network graphs are proportional to the derived effect sizes from the causalMGM algorithm.
1) Sedgewick  AJ﻿, Buschur  K﻿, Shi  I﻿,  et al.  Mixed graphical models for integrative causal analysis with application to chronic lung disease diagnosis and prognosis. ﻿  Bioinformatics. 2019; 35: 1204-12.
2) Valdeolivas  A﻿, Tichit  L﻿, Navarro  C﻿,  et al.  Random walk with restart on multiplex and heterogeneous biological networks. ﻿  Bioinformatics. 2019; 35: 497-505. 
3) Gentili  M﻿, Martini  L﻿, Sponziello, et al.  Biological Random Walks: multi-omics integration for disease gene prioritization. ﻿  Bioinformatics. 2022; 38: 4145-52. 
4) Komurov  K﻿, White  MA﻿, Ram  PT﻿.  Use of data-biased random walks on graphs for the retrieval of context-specific networks from genomic data. ﻿  PLoS Comput Biol. 2010; 6: e1000889.
5) Tu  Z﻿, Wang  L﻿, Arbeitman  MN﻿, et al..  An integrative approach for causal gene identification and gene regulatory pathway inference. ﻿  Bioinformatics. 2006; 22: e489-e96.
6) Wiese  KJ﻿, Fedorenko  AA﻿.  Field theories for loop-erased random walks. Nucl Phys B. 2019; 946: 114696. 
7) Shannon  P﻿, Markiel  A﻿, Ozier  O﻿,  et al.  Cytoscape: a software environment for integrated models of biomolecular interaction networks. ﻿ Genome Res. 2003; 13: 2498-2504. 
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