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Additional Materials 

Network construction 

Let F = {f1, f2, …, fm} be the feature set, m be the feature number, C = {c1, c2} be 

the class label set. rij = fi / fj (1 ≤ i < j ≤ m) is defined as the feature ratio of fi and 

fj. Network-based metabolic feature selection method by using composite significance 

index (N-CSI) evaluates the difference of rij between groups c1 and c2 by a two-side 

t-test and gets the corresponding p-value. If p-value < 0.05, then N-CSI establishes an 

edge between fi and fj, and the negative logarithm of p-value is set as the edge weight.  

Definition 1. Let G = {V(G), E(G), W(G)} be a weighted undirected network on 

groups c1 and c2. Then V(G) = F, E(G) = {(fi, fj) | fi, fj ∈ F, 1 ≤ i < j ≤ m, 

p-value(rij) < 0.05} and W(G) = {w(fi, fj) = -log(p-value(rij)) | fi, fj ∈ F and (fi, fj) ∈ 

E(G)}. 

Network G reflects the differential information of pathway reactions.  

 

Subnetwork identification with crucial distinguishing information 

To define the crucial information for discriminating different sample groups, 

N-CSI searches the key informative subnetworks from G. The performance of a 

subnetwork is evaluated by the binary logistic regression on its features (nodes) and 

receiver-operating characteristics (ROC) analysis. 

First, N-CSI measures node importance and defines the seed nodes. The 

importance of a node is calculated by the node itself and its co-operation with the 

adjacent nodes in G, named as composite significance index (CSI). The CSI of fi ∈ 

F is defined as follows: 

( ) ( ) ( )i i iCSI f N score f E score f= − + −                         (1) 
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( ) ( )( )logi iN score f p value f− = − −                           (2) 
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N-score(fi) is the differential ability of fi based on the t-test between two different 

groups. E-score(fi) is defined based on the co-operation of fi with its adjacent nodes. 

CSI is always positive. The higher the CSI is, the more important the corresponding 

node is. CSI combines the distinguishing ability of a node itself and the interactions 

between the node and its adjacent nodes to evaluate the importance of the node.  

N-CSI ranks all nodes in G by descending CSI values and selects the top-ranked 

nodes as the seed nodes for the subnetwork searching. The searching procedure starts 

from each seed node. At the beginning of the searching process for a specific seed 

node fseed, the current subnetwork Sc only contains fseed, and the candidate edge set 

Scandid is initialized to contain all the adjacent edges of fseed. In each iteration, the edge 

with the maximum weight in Scandid, edgec, is evaluated and removed from Scandid. 

edgec will be added to Sc directly if adding it can induce a better discriminating 

performance. If adding edgec results in a performance reduction of Sc greater than 

threshold β, the iteration stops. Otherwise edgec will be added to Sc with a probability 

Probt, which is calculated as followings: 

Probt = 1 – exp((AUCc - 1) / |Sc ∪ {edgec}|)             (4) 

where, exp( ) is the exponential function, AUCc is the AUC value of Sc ∪ {edgec}. 

|Sc ∪ {edgec}| is the node number of Sc ∪ {edgec}. When AUCc and |Sc ∪ 

{edgec}| are small, the probability Probt is relatively large and edgec is more likely to 

be added to Sc. Probt is determined by balancing the performance and size of 
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subnetwork, and it can prevent searching process falling into the local optimum. If 

edgec is added to Sc, Scandid is updated to the set of edges connected to the nodes in Sc 

but not considered yet. The searching procedure iterates until the Scandid is empty or 

AUC of Sc is 1. 

When each seed node has been considered, the crucial information subnetwork 

identification terminates. The subnetwork which obtains the highest AUC is selected 

as the key information subnetwork CSN.  
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Supplementary Table S1. Baseline characteristics of patients in the discovery cohort. a, b, c 

Characteristics 

Event 1  Event 2 

Survivors (S) 

(n=40) 

Non-survivors (NS) 

(n=38) 

  

No recurrence or 

metastasis  (NR) 

(n=29) 

Recurrence or metastasis  

(R) 

(n=34) 

Age, years 51 (10.0) 52 (10.6)  51 (9.7) 51 (9.8) 

Gender, Male/Female 34 (85.0)/6 (15.0) 36 (94.7)/2 (5.3)  25 (86.2)/4 (13.8) 31 (91.2)/3 (8.8) 

Smoking, Yes/No 18 (45.0)/22 (55.0) 16 (42.1)/22 (57.9)  14 (48.3)/15 (51.7) 14 (41.2)/20 (58.8) 

Preoperative HBV-DNA level, 

copies/mL, >103/<103 

20 (50.0)/20 (50.0) 15 (39.5)/21 (55.3), n=36  12 (41.4)/17 (58.6) 13 (38.2)/19 (55.9), n=32 

Hepatitis B, Positive/Negative 37 (92.5)/3 (7.5) 33 (86.8)/5 (13.2)  27 (93.1)/2 (6.9) 30 (88.2)/4 (11.8) 

Cirrhosis, Presence/Absence 19 (47.5)/21 (52.5) 25 (65.8)/13 (34.2)  10 (34.5)/19 (65.5) 26 (76.5)/8 (23.5)### 

Preoperative AFP level, 

μg/L, >400/<400 

10 (25)/30 (75) 20 (52.6)/18 (47.4)*  6 (20.7)/23 (79.3) 17 (50)/17 (50)# 

Preoperative ALP level, U/L 74.5 (37-137) 95 (47-335), n=37**  73 (37-137) 88 (49-335)# 

Preoperative GGT level, U/L 44.5 (17-402) 96 (16-457), n=37  42 (17-402) 82.5 (16-349) 

Preoperative Bilirubin, μmol/L 13.5 (5.8-19.6) 12.5 (6.2-49.1)  14.3 (7.3-19.6) 10.6 (5.8-26.7)# 
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Preoperative Albumin, g/L 43.4 (4.1) 40.0 (5.9)**  44.5 (3.2) 41.1 (4.2)### 

TNM Stage, Stage I/Stage II/Stage 

IIIa/Stage IIIb 

22 (56.4)/14 (35.9)/1 

(2.6)/2 (5.1), n=39 

6 (15.8)/9 (23.7)/8 

(21.1)/15 (39.5)*** 
 

18 (64.3)/9 (32.1)/1 (3.6)/0 

(0.0), n=28 

7 (20.6)/8 (23.5)/6 (17.6)/13 

(38.2)### 

BCLC Stage, Stage 0/Stage A/Stage 

B/Stage C 

1 (2.6)/31 (81.6)/4 

(10.5)/2 (5.3), n=38 

1 (2.7)/11 (29.7)/10 

(27.0)/15 (40.5)***, n=37 
 

1 (3.6)/24 (85.7)/3 (10.7)/0 

(0.0), n=28 

1 (3.0)/11 (33.3)/8 (24.2)/13 

(39.4)###, n=33 

Maximum tumor diameter, cm 4.2 (1.2-13.0), n=39 6.6 (1.9-17.6)**  4.4 (1.2-10.6), n=28 5.2 (1.9-13.2)# 

Tumor number, ≥2/1 32 (82.1)/7 (17.9) 24 (63.2)/14 (36.8)*  24 (85.7)/4 (14.3) 21 (61.8)/13 (38.2)# 

Microvascular invasion, 

Presence/Absence 

13 (32.5)/27 (67.5) 23 (60.5)/15 (39.5)*   7 (24.1)/22 (75.9) 20 (58.8)/14 (41.2)## 

a Age and preoperative albumin are expressed as average (SD). Preoperative GGT level, preoperative ALP level, preoperative bilirubin and largest tumor diameter 

are expressed as median (range). Other characteristics are expressed as number (proportion%). b *, **, *** represent p value of less than 0.05, 0.01 and 0.001, 

respectively (S vs NS group). #, ##, ### represent p value of less than 0.05, 0.01 and 0.001, respectively (NR vs R group). c n is as indicated in the column headings 

unless otherwise state. AFP, alpha-fetoprotein; GGT, gamma-glutamyltransferase; ALP, alkaline phosphatase; SD, standard deviation.  
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Supplementary Table S2. Baseline characteristics of patients in the validation cohort. a, b, c 

Characteristics 

Event 1  Event 2 

Survivors (S) 

(n=54) 

Non-survivors (NS) 

(n=37) 

  

No recurrence or metastasis  

(NR) 

(n=78) 

Recurrence or metastasis  

(R) 

(n=13) 

Age, years 49 (11.0) 49 (11.0)  50 (10.9) 44 (9.8) 

Gender, Male/Female 47 (87.0)/7 (13.0) 30 (81.1)/7 (18.9)  66 (84.6)/12 (15.4) 11 (84.6)/2 (15.4) 

Smoking, Yes/No 28 (51.9)/26 (48.1) 17 (45.9)/20 (54.1)  40 (51.3)/38 (48.7) 5 (38.5)/8 (61.5) 

Preoperative HBV-DNA level, 

copies/mL, >103/<103 

19 (35.8)/34 (64.2), n=53 18 (50)/18 (50), n=36  31 (40.3)/46 (59.7), n=77 6 (50)/6 (50), n=12 

Hepatitis B, Positive/Negative 41 (75.9)/13 (24.1) 33 (89.2)/4 (10.8)  63 (80.8)/15 (19.2) 11 (84.6)/2 (15.4) 

Cirrhosis, Presence/Absence 10 (18.5)/44 (81.5) 11 (29.7)/26 (70.3)  19 (24.4)/59 (75.6) 2 (15.4)/11 (84.6) 

Preoperative AFP level, 

μg/L, >400/<400 

18 (33.3)/36 (66.7) 19 (51.4)/18 (48.6)  29 (37.2)/49 (62.8) 8 (61.5)/5 (38.5) 

Preoperative ALP level, U/L 72 (26-735), n=52 95 (50-911), n=36  77 (43-735), n=75 103 (26-911) 

Preoperative GGT level, U/L 39 (14-438), n=52 83.5 (14-297), n=36*  47 (14-318), n=75 88 (14-438) 

Preoperative Bilirubin, μmol/L 13.3 (6.7-37.5) 13.0 (6.1-32.7)  13.4 (6.1-37.5) 10.3 (6.7-32.7) 
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Preoperative Albumin, g/L 42.1 (3.6) 41.4 (4.1)  42.2 (3.6) 39.6 (4.2) 

TNM Stage, Stage I/Stage II/Stage 

IIIa/Stage IIIb 

37 (68.5)/10 (18.5)/0 (0)/7 

(13) 

11 (29.7)/6 (16.2)/6 (11.1)/14 

(25.9)*** 
 

43 (55.1)/14 (17.9)/6 (7.7)/15 

(19.2) 

5 (38.5)/2 (15.4)/0 (0)/6 

(46.2) 

BCLC Stage, Stage 0/Stage A/Stage 

B/Stage C 

9 (16.7)/38 (70.4)/0 (0)/7 (13) 

0 (0)/16 (43.2)/7 (18.9)/14 

(37.8)*** 
 

9 (11.5)/47 (60.3)/7 (9)/15 

(19.2) 

0 (0)/7 (53.8)/0 (0)/6 

(46.2) 

Maximum tumor diameter, cm 4.3 (1.1-17.8) 8.0 (3.2-17.2)**  4.6 (1.1-17.8) 10.6 (2.7-16.0)# 

Tumor number, ≥2/1 1 (1.9)/53 (98.1) 10 (27)/27 (73)**  9 (11.5)/69 (88.5) 2 (15.4)/11 (84.6) 

Microvascular invasion, 

Presence/Absence 

15 (27.8)/39 (72.2) 19 (51.4)/18 (48.6)*   28 (35.9)/50 (64.1) 6 (46.2)/7 (53.8) 

a Age and preoperative albumin are expressed as average (SD). Preoperative GGT level, preoperative ALP level, preoperative bilirubin and largest tumor diameter 

are expressed as median (range). Other characteristics are expressed as number (proportion%). b *, **, *** represent p value of less than 0.05, 0.01 and 0.001, 

respectively (S vs NS group). # represents p value of less than 0.05 (NR vs R group). c n is as indicated in the column headings unless otherwise state. AFP, 

alpha-fetoprotein; GGT, gamma-glutamyltransferase; ALP, alkaline phosphatase; SD, standard deviation.  
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Supplementary Figure S1. The overall and disease-free survival curves of 

patients with HCC. (A) Discovery cohort. (B) Validation cohort. 

 

  



 

s11 
 

 

 

Supplementary Figure S2. Process of screening metabolic features based on 

networks.  
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Supplementary Figure S3. Evaluation of the data quality. (A) PCA score scatter 

plots of samples and QCs. (B) RSD distribution of peaks in QC samples. 
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Supplementary Figure S4. Calibration curves for the two metabolic prognostic 

models in the discovery cohort. (A) 1-Year overall survival; (B) 2-Year overall 

survival; (C) 5-Year overall survival; (D) 1-Year disease-free survival; (E) 2-Year 

disease-free survival; and (F) 5-Year disease-free survival. 

 


