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27 ABSTRACT

28 Objectives The aim of this study was to develop a single blood test that could determine 

29 gestational age and estimate the risk of preterm birth by measuring serum metabolites. 

30 We hypothesized that serial metabolic modeling of serum analytes throughout pregnancy 

31 could be used to describe fetal gestational age and project preterm birth with a high 

32 degree of precision.

33 Study design A retrospective cohort study

34 Setting Two medical centers from US

35 Participants Thirty-six patients (20 full-term, 16 preterm) enrolled at Stanford 

36 University were used to develop gestational age and preterm birth risk algorithms, 22 

37 patients (9 full-term, 13 preterm) enrolled at the University of Alabama were used to 

38 validate the algorithms. 

39 Outcome measures Maternal blood was collected serially throughout pregnancy. 

40 Metabolic datasets were generated using mass spectrometry. 

41 Results A model to determine gestational age was developed (R2 = 0.98) and validated 

42 (R2 = 0.81). 66.7% of the estimates fell within ± 1 week of ultrasound results during 

43 model validation. Significant disruptions from full-term pregnancy metabolic patterns 

44 were observed in preterm pregnancies (R2 = -0.68). A separate algorithm to predict 

45 preterm birth was developed utilizing a set of 10 metabolic pathways that resulted in an 

46 area under the curve of 0.92 and a sensitivity of 0.86 during validation testing.

47 Conclusions In this study metabolic profiling was used to develop and test a model for 

48 determining gestational age during full-term pregnancy progression, and to determine 
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49 risk of preterm birth. With additional patient validation studies, these algorithms may be 

50 used to identify at-risk pregnancies prompting alterations in clinical care, and to gain 

51 biologic insights into the pathophysiology of preterm birth. Metabolic pathway-based 

52 pregnancy modeling is a novel modality for investigation and clinical application 

53 development.  

54 Keywords: Metabolic, gestational age, preterm birth, pathway

55
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56 Strengths and limitations of this study

57  This study demonstrates a new non-invasive methodology for monitoring pregnancy 

58 progression and identifying abnormal pregnancies at clinical settings. 

59  The insensitivity of the prediction model to gestational age (GA) window of sample 

60 collection increases its flexibility and opportunity for potential clinical use. 

61  This study is among the first to propose a pathway-based computational methodology 

62 to estimate GA and predict preterm birth.

63  The overall cohort size is modest, and the distribution of sampling time are different 

64 between patients and cohorts.

65  It is a retrospective study; a larger prospective cohort study is necessary before 

66 applying the estimates and prediction to a broader population for clinical utility. 

Page 5 of 46

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

5

67 INTRODUCTION

68 Gestational age (GA) dating is a core element of standard prenatal care 1-4. Prenatal 

69 ultrasound (US) is an established modality for estimating GA, monitoring fetal growth, 

70 and screening for fetal anomalies 5. First trimester US imaging is the gold standard for 

71 GA determination, however there can be frequent discordance between US dating and a 

72 mother’s last known menstrual period (LMP). In these cases, follow-up testing by US is 

73 utilized to more accurately estimate GA. US measurements are not currently used to 

74 determine risk of premature birth (PTB). The availability and expertise of US in 

75 disadvantaged areas is limited 6. Therefore, there is a need to develop an alternative 

76 measure of fetal progression to estimate GA and pregnancy risk in a variety of settings 

77 and especially when US and LMP dates are unavailable or unreliable.

78 Compared with imaging methodologies, blood-based molecular testing may provide a 

79 more reproducible and precise modality in clinical applications for the frequent 

80 monitoring of health status and detection of early signs of disease. Genomic, gene 

81 expression, protein, and metabolite profiles measured in human blood have been 

82 increasingly utilized for the determination of disease risk and to gain disease specific 

83 pathophysiology insight. Attempts at estimating GA using molecular adaptations have 

84 included modeling of RNA, protein, or immune cell changes in maternal blood 7-10, but 

85 not metabolites. Similarly, risk prediction of PTB in clinical settings is currently 

86 primarily based on maternal history. Biomarkers have been suggested from genetic and 

87 proteomic analyses, but less effort has been focused on understanding metabolic 

88 signatures of pregnancy 11-16.
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89 In this study, we hypothesized that longitudinal metabolic profiling of pregnancy reflects 

90 the temporal progression of fetal development with a high degree of precision. Moreover, 

91 we posited that if a normal pregnancy progression profile could be defined in metabolic 

92 terms, then aberrations from the normal profile may identify a pregnancy at risk for PTB. 

93 Herein, we have identified a panel of metabolic pathways measured in maternal serum 

94 that provides an estimation of GA over the course of a full-term pregnancy. A second and 

95 distinct set of metabolic pathways was also identified in maternal serum that could 

96 distinguish pregnancies ending with PTB (< 35 weeks) from full-term (≥ 37 weeks) with 

97 a high degree of precision. The models were developed and validated using two 

98 independent cohorts from two different institutions in order to test the robustness of the 

99 biologic features driving the classifications. Our findings suggest that composite 

100 metabolic panel modeling may serve as a reproducible and precision approach to GA 

101 dating of pregnancy and prediction of PTB.

102 MATERIALS AND METHODS

103 Definition

104 In this study, a full-term pregnancy was defined as a pregnancy ending with a delivery at 

105 ≥ 37 weeks. PTB was defined by delivery at < 35 weeks GA.

106 Study design

107 The study was conducted in two phases: (1) modeling to devise a metabolite-based 

108 estimation of GA during full-term pregnancies; and (2) modeling to devise a metabolic 

109 panel predictive of PTB (Fig. 1). In this study, the ‘gold’ standard of GA was US 

110 measurement. Serum samples were collected in the 1st, 2nd, or 3rd trimester during 
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111 pregnancy for each individual woman. Each participant had 1 to 4 time-points collected 

112 prior to delivery. Samples were provided by Stanford Hospital and Clinics (SU) and the 

113 University of Alabama (UAB). Metabolic concentrations in each sample were measured 

114 by targeted and untargeted mass spectrometry (MS) analysis. Models that estimated GA 

115 or predicted PTB were developed using the SU cohort and validated using the UAB 

116 cohort. The study was approved by the Institutional Review Board of both sites. All 

117 samples were collected after informed consent was obtained. All statistical analyses were 

118 done in R software.

119 Targeted and global MS analysis

120 Samples of full-term and preterm patients as well as quality control (QC) samples were 

121 injected into the MS. Targeted MS analysis was done through flow injection methods by 

122 using Ultimate 3000 Ultra-High-Performance Liquid Chromatography (UHPLC) system 

123 and Quantiva Triple Quadrupole Mass Spectrometer. Global (i.e. untargeted) MS analysis 

124 was done by using a Vanquish UHPLC system coupled to a Q Exactive plus mass 

125 spectrometer and Q Exactive HF hybrid quadrupole-Orbitrap mass spectrometer. 

126 Data preprocessing and metabolic identification

127 A data pre-processing procedure was conducted to convert the raw data generated by MS 

128 analysis into a matrix of relative concentrations of metabolites versus samples 17. This 

129 procedure was done by R package. Metabolic values in each sample were then 

130 normalized by the median values measured with QC samples to reduce the batch effects.

131 Compounds detected by untargeted analyses were matched to metabolites in the Human 

132 Metabolome Database by putative identification 18. Accurate mass was used for the 
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133 mapping. Metabolites were mapped to pathways using Kyoto Encyclopedia of Genes and 

134 Genomes (KEGG) and Human Metabolome Database (HMDB). Only endogenous 

135 pathways were considered. 

136 Metabolic compound selection, pathway computation, and model development 

137 Metabolites measured by targeted and untargeted MS were aggregated and filtered. The 

138 remaining metabolites were mapped to pathways. The value of each pathway was 

139 calculated as the weighted sum of the normalized concentrations of metabolites on the 

140 pathway divided by the number of metabolites. An XGBoost model was developed with 

141 the pathway values of samples from full-term patients to estimate the GA. R-squared (R2; 

142 goodness-of-fit of the model), root-mean-square error (RMSE), and error distribution 

143 were calculated to evaluate the model performance. A second XGBoost model was 

144 developed to predict PTB. To evaluate the model performance, Mann–Whitney U tests 

145 were used to compare the distribution of final predictive estimates, i.e., XGBoost model 

146 values, on full-term and PTB samples. Results were compared with the insulin-like 

147 growth factor-binding protein 4 (IBP4)/sex hormone-binding globulin (SHBG) signature 

148 that is commercially available as a metabolic test for determining risk of PTB 12. 

149 Additional details of model development were described in Text A.1.

150 Patient and Public Involvement statement

151 This retrospective research was done without patient involvement. Patients were not 

152 invited to comment on the study design and were not consulted to develop patient 

153 relevant outcomes or interpret the results. Patients were not invited to contribute to the 

154 writing or editing of this document for readability or accuracy.
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155 RESULTS

156 Samples

157 As shown in Fig. 2, the SU cohort had 20 full-term pregnancies with 57 blood samples 

158 (17, 32, and 8 collected in the 1st, 2nd, and 3rd trimesters, respectively) and 16 preterm 

159 pregnancies with 32 blood samples (9, 19, and 4 collected in the 1st, 2nd, and 3rd 

160 trimesters, respectively). The UAB cohort had 9 full-term pregnancies with 13 blood 

161 samples (8 and 5 in the 2nd, and 3rd trimesters, respectively) and 13 preterm pregnancies 

162 with 22 blood samples (4 and 18 in the 1st and 2nd trimesters, respectively). In the SU 

163 cohort, 2 (12.5%) were extremely preterm (< 28 weeks), and 5 (31.3%) were very 

164 preterm (28–31 weeks). In the UAB cohort, 6 (46.2%) were extremely preterm, and 3 

165 (23.1%) were very preterm. Demographics of the two cohorts are shown in Table 1.

166 Table 1. Maternal characteristics in SU and UAB cohorts
167  

SU UAB

Characteristic
Full-term 

(n = 20)

Preterm 

(n = 16)
P

Full-term 

(n = 9)

Preterm 

(n = 13)
P

Race, n (%)  <0.001 0.5

Asian 0 2 (12.5) 0 0

White 20 (100) 5 (31.3) 0 2 (15.4)

Black 0 1 (6.3) 9 (100) 10 (6.9)

American Indian 0 1 (6.3) 0 0

Pacific Islander 0 1 (6.3) 0 0

Other/unknown 0 6 (37.5) 0 1 (7.7)

Hispanic, n (%) 0 8 (50) <0.001 0 1 (7.7) 0.9

Maternal Age, year, mean 31.9 (4.8) 29.8 (7.5) 0.3 25.6 (5.0) 27.5 (4.5) 0.4
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(SD)

Gestational age at delivery, 

weeks, median (IQR)

39.5 

(39,41)
32 (30,33) <0.001 38 (37,39) 28 (26,32) <0.001

Having previous pregnancy, 

n (%)
9 (45) 6 (37.5) 0.7 9 (100) 13 (100) 0.4

BMI, kg/m2, median (IQR)
22.3 

(20.2,24.7)

27.6 

(23.4,33.9)
0.003

30.4 

(22.3,33.1)

26.5 

(22.6,36.5)
0.8

History of PTB, n (%) 3 (15) 8 (50) 0.03 7 (77.8) 13 (100) 0.2

168

169
170 LC-MS/MS metabolomics

171 The study targeted 315 metabolites by LC-MS/MS, including 13 categories: acyl-

172 carnitine (11, 3.5%), amino acid (9, 2.9%), fatty acid (6, 1.9%), ceramide (12, 3.8%), 

173 ceramide 1-phosphate (8, 2.5%), galactosylceramide (5, 1.6%), phosphatidyl acid (15, 

174 4.8%), phosphatidylethanolamine (52, 16.5%), phosphatidylglycerol (5, 1.6%),  

175 phosphatidylinositol (11, 3.5%), phophatidylcholine (130, 41.3%), cholesteryl ester (16, 

176 5.1%), and sphingomyelin (35, 11.1%). The study also identified 1627 positively-and 295 

177 negatively-charged compounds through untargeted analyses. Together these formed the 

178 initial set of 2237 compounds.

179 Feature selection of GA estimation modeling

180 Of the 2237 compounds, 115 had an absolute Pearson correlation coefficient of > 0.35 

181 with GA. The cutoff of ± 0.35 was selected based on the false discovery rate (FDR) 

182 values of the mapped pathways < 1% (Fig. A.1). The 115 compounds were mapped to 89 

183 pathways, 33 of which were selected by the XGBoost model. The normalized value of 
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184 each pathway varied over the course of gestation (Fig. A.2). Univariate analysis of the 33 

185 pathways is shown in Fig. A.3, and the top 10 pathways in the model is depicted in Fig. 3. 

186 The top 10 pathways included those associated in the metabolisms of: 

187 glycerophospholipid, arginine and proline, thiamine, purine, butanoate, galactose, sulfur, 

188 phenylalanine, and C5-branched dibasic acid. 

189 Performance of GA estimation

190 The performance of GA estimates on full-term samples was similar in the development 

191 phase (SU cohort, R2 = 0.98, RMSE = 1.09) and the validation phase (UAB cohort, R2 = 

192 0.81, RMSE = 2.36) (Fig. 4). In our validation testing, 66.7% of the estimates were 

193 within ± 1 week of the US results (Fig. A.4).

194 Intriguingly, model performance significantly deteriorated when applied to samples from 

195 PTB pregnancies (R2 = -0.68 and RMSE = 6.6 in validation; see Fig. 4). It suggested that 

196 the relationships between metabolic parameters and full-term pregnancies were not 

197 maintained in PTB pregnancies. Furthermore, such disruptions were notable as early as 

198 10 weeks’ GA (Fig. 4) or early to mid-gestation. These findings prompted the 

199 development of a metabolic-based model of PTB estimation.

200 Performance of PTB prediction

201 Samples collected before 35 weeks’ GA were used to develop a model that differentiated 

202 PTB pregnancies from those full-term. As before, the model was developed with the SU 

203 cohort that had 20 full-term (54 samples) and 16 preterm (32 samples) pregnancies, and 

204 was validated with the UAB cohort that had 9 full-term (13 samples) and 13 preterm (22 

205 samples) pregnancies. In total, 148 metabolic compounds (with Mann-Whitney U test P < 
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206 0.05) were mapped to 66 pathways (FDR < 1.5%; see Fig. A.5). Further model 

207 development selected 10 pathways as strong predictors covering the metabolisms of 

208 glycerophospholipid, sphingolipid, taurine and hypotaurine, arachidonic acid, secondary 

209 bile acid biosynthesis, glycerolipid, cysteine and methionine, tryptophan, and arginine 

210 and proline (Fig. 5). 

211 The level of prediction accuracy was maintained in the validation cohort (P = 5x10-5, area 

212 under the curve [AUC] = 0.92; see Fig. 6). The prevalence-corrected positive predictive 

213 values (PPVs) across model values (i.e. scores) were plotted based on the national PTB 

214 prevalence in the United States (9.71% 12 19; see Fig. A.6). A threshold value of 0.52 was 

215 selected as a high-risk threshold for PTB, which was associated with a PPV of 0.61, a 

216 relative risk (RR) of 6.3 compared to the United States population baseline (= 

217 0.61/9.71%), a sensitivity of 0.86 (19 of 22), and a specificity of 0.92 (12 of 13; Fig. 7). 

218 The sensitivities and specificities with cutoff values are shown in Table A.1.

219 In the validation cohort, 12 of 13 full-term samples and 19 of 22 preterm samples were 

220 classified correctly. The misclassified full-term sample was from a mother that delivered 

221 at 37 weeks’ GA. The 19 correctly classified PTB samples were from 13 PTB 

222 pregnancies. Of the 13 pregnancies, 9 were identified as high risk at or earlier than 16 

223 weeks’ GA. The median gap between the time of identification and the delivery was 11 

224 weeks’ GA (IQR: 8, 15.5). 

225 To determine the performance of our metabolic model against existing models, a 

226 comparison between the metabolic PTB risk model and the commercially available 

227 IBP4/SHBG PTB test was performed and summarized in Text A.2.

228 Metabolite-based model and pathway-based model: a comparison
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229 To determine the effectiveness of model performance based upon robustness of biologic 

230 features, we compared model performance using pathway or individual metabolite as 

231 selected features in estimating GA and predicting PTB. The performance of the pathway-

232 based models were significantly better than the metabolite-based models, with a lower 

233 RMSE (Student’s t-test P = 4x10-3; Fig. A.7) and a larger AUC (DeLong test P = 0.03; 

234 Fig. A.8). 

235 DISCUSSION

236 Principal Findings 

237 In this study, metabolic modeling of maternal sera collected across gestation proved to be 

238 a robust method of determining GA during pregnancy progression of term deliveries (>37 

239 weeks’ GA), in that it was validated in a population of women from a different center. 

240 Intriguingly, PTB pregnancies do not demonstrate the same temporal relationship as term 

241 pregnancies upon metabolic modeling across gestation (Fig. 4). Indeed, PTB pregnancies 

242 (<35 weeks’ GA) demonstrate a marked departure from the term metabolic profile (Fig. 4) 

243 that is not only dramatic (R2= 0.98 train and 0.81 test for term model; compared to R2= 

244 0.50 train and -0.68 test for PTB pregnancy in term model), but is also recognizable as 

245 early as 10 weeks’ GA as determined by the current standard of US dating. Recognizing 

246 the metabolic pathway aberration of PTB pregnancies, a second model was developed 

247 using metabolic pathway analyses to quantify the risk of PTB prior to 35 weeks’ GA. 

248 Once again, metabolic profiling proved to be robust in identifying PTB pregnancies with 

249 a high degree of sensitivity (AUC 0.96 training; AUC 0.92 testing) and precision 

250 (training PPV 0.93 (0.78-0.99); testing PPV 0.95 (0.75-1). Taken together, this study 
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251 demonstrated a powerful new methodology for monitoring pregnancy progression and 

252 identifying abnormal pregnancies. 

253 Clinical and Research Implications

254 The potential clinical utility of developing a test for pregnancy monitoring is appealing. 

255 There is a need to develop a more robust method than LMP and US that captures 

256 pregnancy progression, a complex relationship of fetal and placental growth, 

257 development, and function. To support these processes, there is a need for energy transfer 

258 between mother and fetus throughout gestation. We therefore reasoned that metabolic 

259 phenotyping would be ideally suited to capture this relationship. Despite a modest cohort 

260 size, the results of metabolic modeling demonstrate a high degree of concordance with 

261 clinical standard US dating performed by experts as reflected by 66.7% of model 

262 estimates falling within ± 1 week of US results (Fig. A.4). Moreover, unlike the 

263 deterioration experienced with US dating of pregnancy, metabolic modeling was shown 

264 to achieve near equivalent performance in the 1st, 2nd, and 3rd trimesters, indicating the 

265 potential for broad clinical applicability that might achieve independence of reliance on 

266 accuracy of LMP or concordance among modality testing. The result of PTB prediction is 

267 equally robust demonstrating a high degree of precision. Beyond relying on clinical 

268 histories or self-reported symptoms, the model proposed here provides a molecular 

269 classification that may be more accurate than current methods and further reflect a 

270 comprehensive measure of aberrant pregnancy based on metabolic changes. In practice, 

271 clinicians could use the PTB prediction model to differentiate high- from low-risk 

272 patients. Low risk patients would then be subject to GA estimation panel testing, all from 

273 the same blood draw. 

Page 15 of 46

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

15

274 A distinct advantage of the PTB risk prediction developed in this study is that it has a 

275 wide window of sampling. Samples were collected broadly before 35 weeks’ GA, which 

276 is wider than the window of other well-established biomarkers such as fetal fibronectin 

277 (between 24 and 34 weeks’ GA) 13, IBP4/SHBG (19 to 21 weeks) 12, and inter-alpha-

278 trypsin inhibitor heavy chain 4 protein (24 and 28 weeks) 11. Relatively stable AUC 

279 levels were maintained throughout the diagnostic window (Text A.2). The insensitivity of 

280 the prediction model to GA at testing increases its flexibility and opportunity for potential 

281 clinical use. An additional advantage of the model herein is the ability for early 

282 identification of high-risk women. Although there is no standardized guideline for early-

283 gestation management of patients at risk of PTB delivery, metabolic modeling for PTB 

284 risk may provide a not previously possible opportunity for early gestation risk mitigation. 

285 Clinical trials have suggested that hormone treatment and maternal physical activity 

286 modifications applied between 16 to 37 weeks’ GA reduced the PTB rate of women who 

287 were deemed at high risk due to a history of prior PTB delivery 20 21. In many cases PTB 

288 can not be prevented, however any opportunity is deemed highly desirable for even a 

289 modest delay (1–2 weeks) in PTB or an enhanced ability to more accurately triage for 

290 delivery to centers with the capability to manage profoundly premature neonates 22-24.

291 This study is among the first to propose a pathway-based computational methodology to 

292 estimate GA and predict PTB. Metabolic pathways are linked to chemical functions, and 

293 the alteration or disruption of specific functions participate in disease phenotypes, 

294 facilitating the use of pathways to function as higher-level biomarkers of diseases 25. The 

295 role of metabolic pathways in disease diagnosis has been explored in several preliminary 

296 clinical studies 26 27. Pathway performance in differentiating patients with disease from 
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297 healthy controls has been found to be effective compared to using individual metabolites 

298 27. Similarly, we found the pathway-based models had less variability and higher 

299 sensitivity than metabolite-based models that were developed using the same population. 

300 One plausible explanation for this observation may be attributed to the calculation of 

301 pathway values, which represents the sum of individual metabolites and thus may 

302 amplify association to outcome relationships. This hypothesis is supported by the FDR 

303 comparison (Fig. A.7 and A.8): pathway-based analysis had lower FDR values than 

304 metabolite models. This study adds to the exploration of the feasibility of using pathways 

305 for health monitoring and prediction.

306 Limitations

307 This study has several limitations. First, the overall cohort size was modest. Second, 

308 blood samples were collected in a non-uniform manner with respect to GA timing and 

309 time of day. The time between two adjacent samples corresponding to the same patient 

310 varied. Third, the distribution of samples throughout pregnancy were different between 

311 patients and cohorts. In the SU cohort, none of the full-term patients had samples 

312 collected between 30 and 37 weeks. In the UAB cohort, none of the full-term patients had 

313 sampling in the 1st trimester, and none of the PTB patients had sampling in the 3rd 

314 trimester. Fourth, for methodologic reasons, not all serum analytes could be identified 

315 and mapped to known metabolites. Fifth, the study was retrospective, and the participants 

316 were solely from California and Alabama. A larger prospective cohort study is necessary 

317 before applying the estimates and prediction to a broader population for clinical utility.

318 CONCLUSION
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319 The present study demonstrates that maternal serum based metabolic profiling is a highly 

320 sensitive and accurate method for determining GA and prediction of PTB. The pathway-

321 based analysis supports the hypothesis of the orderly metabolic progression of pregnancy 

322 that can be reproducibly captured using metabolic profiling. The robustness of the 

323 modeling reinforces the potential appeal for further clinical development and as a 

324 platform to investigate the pathophysiology associated with aberrant fetal development 

325 and pregnancy progression. This study is the first to report a single blood test for 

326 metabolic pathway-based determination of GA dating, and early detection of PTB risk.

327
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441 Figure Legends

442 Fig. 1. Study design. Models were developed separately to estimate gestational age 

443 during full-term pregnancy, and to predict the risk of preterm birth. Both models were 

444 developed with the SU cohort and validated with the UAB cohort.

445 Fig. 2. Cohort construction. Each line represents an individual patient. Diamond and 

446 triangle markers indicate sample collection dates and delivery dates, respectively. The red 

447 dashed line represents 37 weeks’ gestational age.

448 Fig. 3. The importance of the top 10 metabolic pathways in the gestational age estimation 

449 model. Pathways either positively or negatively correlated gestational age.

450 Fig. 4. Gestational age estimates of the gestational age model with the SU (R2=0.98, 

451 RMSE=1.09 weeks) and UAB cohorts (R2 = 0.81, RMSE = 2.36 weeks).

452 Fig. 5. (A) Univariate analysis of the 10 metabolic pathways in the preterm birth 

453 prediction model. Odds ratio of each pathway was calculated. *P<0.05, **P<0.01, 

454 ***P<0.005.  (B) The importance of the metabolic pathways in the preterm birth 

455 prediction model. Pathways were either up- or down-regulated in relation to preterm birth.

456 Fig. 6. (A) Prediction of preterm birth risk grouped by full-term and preterm birth 

457 patients (top) and over the course of gestation (bottom). (B) AUC performance of the 

458 prediction in SU and UAB cohorts. P was calculated using Mann–Whitney U test. wks: 

459 weeks’ gestational age.  

460 Fig. 7. Performance of the preterm birth prediction model. (A) A contingency table 

461 showing the number of samples in each category. (B) Sensitivity, specificity, PPV, and 

462 NPV together with the 95% confidence intervals.
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463 Appendix Captions

464 Fig. A.1 False discovery rate (FDR) analysis of the metabolic pathways significantly 

465 associated with the GA in full-term pregnancies. Pearson |r| was calculated as the 

466 correlation between metabolite serological abundance and GA. Only the metabolites with 

467 a Pearson |r| higher than the threshold would be selected as part of the significant 

468 pathways. FDR was estimated by a permutation-based method (permutation N=1000).

469 Fig. A.2 Profile of the metabolic pathways in the GA estimation model over the course of 

470 gestation on SU cohort. All pathways are (A) positively or (B) negatively correlated to 

471 the GA (FDR<1%). Profile of each pathway was calculated as the weighted sum of the z-

472 score normalized metabolite serological abundances divided by the number of 

473 metabolites. Means ± standard errors at each time point were plotted. 

474 Fig. A.3 Univariate analysis of the 33 metabolic pathways in the GA estimation model. 

475 Pearson correlation coefficient of each pathway to GA was calculated. *P<0.05, 

476 **P<0.01, ***P<0.005. 

477 Fig. A.4 Comparison of GA estimates using the model and US measurements. (A) 

478 Distributions of differences between GA measured by US and GA estimated by the 

479 model, in T2 (weeks 14–27), T3 (weeks 28–40), and T2+T3. n represents the number of 

480 full-term patients included. (B) Error distribution of GA estimation on a combination of 

481 SU and UAB cohorts in T2, T3, and T2+T3.

482 Fig. A.5 False discovery rate (FDR) analysis of the metabolic pathways significantly 

483 associated with PTB. Mann-Whitney U test P measured the difference in metabolite 

484 serological abundances between full-term pregnancies and pregnancies ending in PTB. 
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485 Only metabolites with a Mann-Whitney U test P lower than the threshold were selected 

486 as part of the significant pathways. FDR was estimated by a permutation-based method 

487 (permutation N=1000).

488 Fig. A.6 Stratification of patients by the classification model prediction on the UAB 

489 cohort. PPV was corrected by bootstrapping the full-term patients to reach the population 

490 PTB prevalence of 9.71% on singleton births. Two horizontal dashed lines represent the 

491 population mean of PTB risk that is 9.71% (black) and the PPV (= 0.61; red) at the high-

492 risk cutoff. The grey dashed line indicates the high-risk cutoff value (= 0.52). The grey 

493 area represents the 95% confidence interval of the PPV. The box plot at the bottom shows 

494 the classification model value distribution stratified by the samples. GAB: GA at birth. 

495 wks: weeks of gestation.

496 Fig. A.7 (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

497 pathways significantly associated with GA in full-term pregnancies. Pearson |r| was 

498 calculated as the correlation between metabolite serological abundance and GA. Only the 

499 metabolites with a Pearson |r| higher than the threshold (=0.35) would be selected as part 

500 of the significant pathways. FDR was estimated by a permutation-based method 

501 (permutation N=1000). (B) A comparison of RMSE of the GA estimation model trained 

502 by pathways and the model trained by metabolites. All metabolites had a Pearson |r|>0.35. 

503 RMSE was measured with the full-term samples of the validation (UAB) cohort. 

504 Fig. A.8 (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

505 pathways significantly associated with the PTB. Mann-Whitney U test P measured the 

506 difference in metabolite serological abundances between full-term pregnancies and 

507 pregnancies ending in PTB. Only the metabolites with a Mann-Whitney U test P lower 
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508 than the threshold (=0.05) would be selected as part of the significant pathways. FDR was 

509 estimated by a permutation-based method (permutation N=1000). (B) A comparison of 

510 the AUC of the PTB classification model utilizing pathways and the model utilizing 

511 metabolites. All the metabolites had a Mann-Whitney U test P < 0.05. AUC was 

512 measured with the samples of the validation (UAB) cohort. 

513 Table A.1 Sensitivity and specificity of the XGBoost model with respect to the cutoff 

514 point. 

515 Text A.1 Metabolic compound selection, pathway computation, and model development

516 Text A.2 Metabolite model vs. IBP4/SHBG in predicting PTB
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Study design. Models were developed separately to estimate gestational age during full-term pregnancy, 
and to predict the risk of preterm birth. Both models were developed with the SU cohort and validated with 

the UAB cohort. 
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Cohort construction. Each line represents an individual patient. Diamond and triangle markers indicate 
sample collection dates and delivery dates, respectively. The red dashed line represents 37 weeks’ 

gestational age. 
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The importance of the top 10 metabolic pathways in the gestational age estimation model. Pathways either 
positively or negatively correlated gestational age. 

254x190mm (300 x 300 DPI) 
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Gestational age estimates of the gestational age model with the SU (R2=0.98, RMSE=1.09 weeks) and UAB 
cohorts (R2 = 0.81, RMSE = 2.36 weeks). 
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(A) Univariate analysis of the 10 metabolic pathways in the preterm birth prediction model. Odds ratio of 
each pathway was calculated. *P<0.05, **P<0.01, ***P<0.005.  (B) The importance of the metabolic 

pathways in the preterm birth prediction model. Pathways were either up- or down-regulated in relation to 
preterm birth. 
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(A) Prediction of preterm birth risk grouped by full-term and preterm birth patients (top) and over the 
course of gestation (bottom). (B) AUC performance of the prediction in SU and UAB cohorts. P was 

calculated using Mann–Whitney U test. wks: weeks’ gestational age.   
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Performance of the preterm birth prediction model. (A) A contingency table showing the number of samples 
in each category. (B) Sensitivity, specificity, PPV, and NPV together with the 95% confidence intervals. 
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Fig. A.1. False discovery rate (FDR) analysis of the metabolic pathways significantly 

associated with the GA in full-term pregnancies. Pearson |r| was calculated as the 

correlation between metabolite serological abundance and GA. Only the metabolites with 

a Pearson |r| higher than the threshold would be selected as part of the significant 

pathways. FDR was estimated by a permutation-based method (permutation N=1000). 
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Fig. A.2. Profile of the metabolic pathways in the GA estimation model over the course 

of gestation on SU cohort. All pathways are (A) positively or (B) negatively correlated to 

the GA (FDR<1%). Profile of each pathway was calculated as the weighted sum of the z-

score normalized metabolite serological abundances divided by the number of 

metabolites. Mean ± standard error of the mean at each time point was plotted.  
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Fig. A.3. Univariate analysis of the 33 metabolic pathways in the GA estimation model. 

Pearson correlation coefficient r of each pathway to GA was calculated. *P<0.05, 

**P<0.01, ***P<0.005.  
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Fig. A.4. Comparison of GA estimates using the model and US measurements. (A) 

Distributions of differences between GA measured by US and GA estimated by the 

model, in T2 (weeks 14–27), T3 (weeks 28–40), and T2+T3. n represents the number of 

full-term patients included. (B) Error distribution of GA estimation on a combination of 

SU and UAB cohorts in T2, T3, and T2+T3. 
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Fig. A.5. False discovery rate (FDR) analysis of the metabolic pathways significantly 

associated with PTB. Mann-Whitney U test P measured the difference in metabolite 

serological abundances between full-term pregnancies and pregnancies ending in PTB. 

Only metabolites with a Mann-Whitney U test P lower than the threshold were selected 

as part of the significant pathways. FDR was estimated by a permutation-based method 

(permutation N=1000). 
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Fig. A.6. Stratification of patients by the classification model prediction on the UAB 

cohort. PPV was corrected by bootstrapping the full-term patients to reach the population 

PTB prevalence of 9.71% on singleton births. Two horizontal dashed lines represent the 

population mean of PTB risk that is 9.71% (black) and the PPV (= 0.61; red) at the high-

risk cutoff. The grey dashed line indicates the high-risk cutoff value (= 0.52). The grey 

area represents the 95% confidence interval of the PPV. The box plot at the bottom shows 

the classification model value distribution stratified by the samples. GAB: gestational age 

at birth. wks: weeks’ GA. 
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Fig. A.7. (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

pathways significantly associated with the GA in full-term pregnancies. Pearson |r| was 

calculated as the correlation between metabolite serological abundance and GA. Only the 

metabolites with a Pearson |r| higher than the threshold (=0.35) would be selected as part 

of the significant pathways. FDR was estimated by a permutation-based method 

(permutation N=1000). (B) A comparison of RMSE of the GA estimation model trained 

by pathways and the model trained by metabolites. All metabolites had a Pearson 

|r|>0.35. RMSE was measured with the full-term samples of the validation (UAB) cohort.  
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Fig. A.8. (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

pathways significantly associated with the PTB. Mann-Whitney U test P measured the 

difference in metabolite serological abundances between full-term pregnancies and 

pregnancies ending in PTB. Only the metabolites with a Mann-Whitney U test P lower 

than the threshold (=0.05) would be selected as part of the significant pathways. FDR was 

estimated by a permutation-based method (permutation N=1000). (B) A comparison of 

the AUC of the preterm birth classification model utilizing pathways and the model 

utilizing metabolites. All the metabolites had a Mann-Whitney U test P < 0.05. AUC was 

measured with the samples of the validation (UAB) cohort.  
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Table A.1. Sensitivity and specificity of the XGBoost model with respect to the cutoff 

point.  

Cutoff Cohort Sensitivity Specificity 

Number of preterm 

samples identified 

by the model 

0.4 

SU 0.94 0.78 30 

UAB 0.95 0.31 21 

0.5 

SU 0.88 0.94 28 

UAB 0.86 0.85 19 

0.6 

SU 0.81 0.98 26 

UAB 0.59 1 13 

0.7 

SU 0.53 0.98 17 

UAB 0.32 1 7 
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Text A.1 Metabolic compound selection, pathway computation, and model 

development  

GA estimation 

Metabolites measured by targeted and untargeted MS were aggregated and filtered using 

Pearson correlation coefficient analyses in relation to GA. The remaining metabolites 

were mapped to pathways. The value of each pathway was calculated as the weighted 

sum of the normalized concentrations of metabolites on the pathway divided by the 

number of metabolites. The weight of each metabolite was the absolute value of the 

Pearson correlation coefficient in relation to GA. Metabolites having positive or negative 

coefficients were aggregated separately. That is, a pathway could have two values, one 

for metabolites positively correlated to GA, and the other for those negatively correlated 

to GA.  

A supervised, cross-validated machine-learning technique XGBoost was developed with 

the pathway values of samples from full-term patients in the SU cohort. An ensemble of 

regression trees was generated to give a score estimating the GA. The model was 

validated on the UAB cohort. For a patient that had multiple samples, an ‘integrated’ GA 

estimate was calculated by shifting the GA estimates of every sample to a reference point 

for obtaining the median. Error distribution of GA estimation based on patients was 

calculated as the distribution of the differences between the ‘integrated’ GA estimates 

and the US measurement.  

PTB prediction 
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Samples collected before 35 weeks’ GA were selected to build the model to predict PTB. 

Mann–Whitney U test was used to select the initial candidate metabolites that were then 

mapped to pathways. The value of each pathway was calculated as the weighted sum of 

the normalized concentrations of metabolites on the pathway divided by the number of 

metabolites. The weight of each metabolite was the absolute value of the ratio of median 

of full-term samples to PTB samples. Like the GA estimation, pathways could have two 

values that depended on the ratio of median greater or less than 1. An XGBoost model 

was developed utilizing samples from the SU cohort and validated with the UAB cohort. 
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Text A.2 Metabolite model vs. IBP4/SHBG in predicting PTB 

We conducted ELISA tests to evaluate the IBP4/SHBG signature, a predictor that was 

validated in a prospective study as a predictor of spontaneous PTB. Commercial kits 

Human IGFBP4 ELISA Kit (Abcam, Burlingame, CA, USA) and Human SHBG 

Quantikine ELISA Kit (R&D System Inc.) were used. AUC of the predictor was 

calculated in different GA intervals and with different maternal BMI values, and was 

compared to the performance of the metabolic model.  

With a BMI of >22 and ≤37 kg/m2, the AUC values of the IBP4/SHBG predictor peaked 

at 15–20 weeks’ GA (SU: 0.833; UAB: 1), and dropped rapidly after 20 weeks (Figure A 

below). The AUC values were lower with extreme BMI (0.7 at BMI ≤20 kg/m2 and 0.63 

at BMI >27 kg/m2; see Figure B below). These findings are consistent with the previous 

validation study. Compared with the IBP4/SHBG predictor, the metabolic model has a 

more stable AUC performance over the gestation and different BMI values in SU (P = 

0.03). In UAB at >18 weeks’ GA, the AUC of IBP4/SHBG dropped from 0.6 to 0.3, 

while the AUC of the metabolic model was above 0.8. 
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Figure. The performance of the IBP4/SHBG predictor and the metabolic model. The 

results are stratified by the GA intervals with a BMI at 22–37 kg/m2 (A), and by BMI 

values with a GA interval of 5–20 weeks (B). 
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26 ABSTRACT

27 Objectives The aim of this study was to develop a single blood test that could determine 

28 gestational age and estimate the risk of preterm birth by measuring serum metabolites. 

29 We hypothesized that serial metabolic modeling of serum analytes throughout pregnancy 

30 could be used to describe fetal gestational age and project preterm birth with a high 

31 degree of precision.

32 Study design A retrospective cohort study

33 Setting Two medical centers from US

34 Participants Thirty-six patients (20 full-term, 16 preterm) enrolled at Stanford 

35 University were used to develop gestational age and preterm birth risk algorithms, 22 

36 patients (9 full-term, 13 preterm) enrolled at the University of Alabama were used to 

37 validate the algorithms. 

38 Outcome measures Maternal blood was collected serially throughout pregnancy. 

39 Metabolic datasets were generated using mass spectrometry. 

40 Results A model to determine gestational age was developed (R2 = 0.98) and validated 

41 (R2 = 0.81). 66.7% of the estimates fell within ± 1 week of ultrasound results during 

42 model validation. Significant disruptions from full-term pregnancy metabolic patterns 

43 were observed in preterm pregnancies (R2 = -0.68). A separate algorithm to predict 

44 preterm birth was developed utilizing a set of 10 metabolic pathways that resulted in an 

45 area under the curve of 0.96 and 0.92, a sensitivity of 0.88 and 0.86, and a specificity of 

46 0.96 and 0.92 during development and validation testing, respectively.
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47 Conclusions In this study metabolic profiling was used to develop and test a model for 

48 determining gestational age during full-term pregnancy progression, and to determine 

49 risk of preterm birth. With additional patient validation studies, these algorithms may be 

50 used to identify at-risk pregnancies prompting alterations in clinical care, and to gain 

51 biologic insights into the pathophysiology of preterm birth. Metabolic pathway-based 

52 pregnancy modeling is a novel modality for investigation and clinical application 

53 development.  

54 Keywords: Metabolic, gestational age, preterm birth, pathway

55
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56 Strengths and limitations of this study

57  The insensitivity of the prediction model to gestational age (GA) window of sample 

58 collection increases its flexibility and opportunity for potential clinical use. 

59  This study is among the first to propose a pathway-based computational methodology 

60 to estimate GA and predict preterm birth.

61  The overall cohort size is modest, and the distribution of sampling time are different 

62 between patients and cohorts.

63  It is a retrospective study; a larger prospective cohort study is necessary before 

64 applying the estimates and prediction to a broader population for clinical utility. 
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65 INTRODUCTION

66 Gestational age (GA) dating is a core element of standard prenatal care 1-4. Prenatal 

67 ultrasound (US) is an established modality for estimating GA, monitoring fetal growth, 

68 and screening for fetal anomalies 5. According to the policy statement of the Committee 

69 on Obstetric Practice, the American Institute of Ultrasound in Medicine, and the Society 

70 for Maternal-Fetal Medicine, a pregnancy is considered optimally dated through a 

71 combination of last menstrual period (LMP) and an accurate US obtained prior to 22 0/7 

72 weeks 6. Accordingly, LMP is dependent on maternal recall and many pregnancies do not 

73 present for a first prenatal US evaluation until the second or third trimester. Thus, there is 

74 a need for a molecular method that would complement the potential shortcomings of 

75 LMP recall and US dating outside the first trimester. Moreover, it is possible that 

76 molecular pregnancy dating will provide greater resolution to pregnancy risk then current 

77 information based on calendar dating (LMP) and anthropometrics (US). Although 

78 experience is accumulating with the use of second and third trimester US for an 

79 estimation of risk of preterm birth (PTB) 7-9, to date these measures have not been widely 

80 adopted, are subject to user experience and have reported variable performance 

81 characteristics. The availability and expertise of US in disadvantaged areas is limited 10. 

82 Therefore, there is a need to develop an alternative measure of fetal progression to 

83 estimate GA and pregnancy risk in a variety of settings and especially when US and LMP 

84 dates are unavailable or unreliable.

85 Compared with imaging methodologies, blood-based molecular testing may provide a 

86 more reproducible and precise modality in clinical applications for the frequent 

87 monitoring of health status and detection of early signs of disease. Genomic, gene 
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88 expression, protein, and metabolite profiles measured in human blood have been 

89 increasingly utilized for the determination of disease risk and to gain disease specific 

90 pathophysiology insight. Attempts at estimating GA using molecular adaptations have 

91 included modeling of RNA, protein, or immune cell changes, and most recently 

92 metabolites in maternal or newborn blood 11-17. Similarly, risk prediction of PTB in 

93 clinical settings is currently primarily based on maternal history. Biomarkers have been 

94 suggested from genetic and proteomic analyses, but less effort has been focused on 

95 understanding maternal metabolic signatures of pregnancy 18-24.

96 In this study, we hypothesized that longitudinal metabolic profiling of pregnancy reflects 

97 the temporal progression of fetal development with a high degree of precision. Moreover, 

98 we posited that if a normal pregnancy progression profile could be defined in metabolic 

99 terms, then aberrations from the normal profile may identify a pregnancy at risk for PTB. 

100 Our findings suggest that composite metabolic panel modeling may serve as a 

101 reproducible and precision approach to GA dating of pregnancy and prediction of PTB.

102 MATERIALS AND METHODS

103 Definition

104 In this study, a full-term pregnancy was defined as a pregnancy ending with a delivery at 

105 ≥ 37 weeks. PTB was defined by delivery at < 35 weeks GA in order to make a complete 

106 separation from the full-term subjects.

107 Study design

108 The study was conducted in two phases: (1) modeling to devise a metabolite-based 

109 estimation of GA during full-term pregnancies; and (2) modeling to devise a metabolic 
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110 panel predictive of PTB (Fig. 1). In this study, the ‘gold’ standard of GA was US 

111 measurement based on the crown-rump length at the first trimester 25. Serum samples 

112 were collected in the 1st, 2nd, or 3rd trimester during pregnancy for each individual 

113 woman. Each participant had 1 to 4 time-points collected prior to delivery. Samples were 

114 provided by Stanford Hospital and Clinics (SU) and the University of Alabama (UAB). 

115 Metabolic concentrations in each sample were measured by targeted and untargeted mass 

116 spectrometry (MS) analysis. Models that estimated GA or predicted PTB were developed 

117 using the SU cohort and validated using the UAB cohort. The study was approved by the 

118 Institutional Review Board of both sites (Protocol #21956). All samples were collected 

119 after informed consent was obtained. All statistical analyses were done in R software.

120 Targeted and global MS analysis

121 Samples of full-term and preterm patients as well as quality control (QC) samples were 

122 injected into the MS. Targeted MS analysis was done through flow injection methods by 

123 using Ultimate 3000 Ultra-High-Performance Liquid Chromatography (UHPLC) system 

124 and Quantiva Triple Quadrupole Mass Spectrometer. Global (i.e. untargeted) MS analysis 

125 was done by using a Vanquish UHPLC system coupled to a Q Exactive plus mass 

126 spectrometer and Q Exactive HF hybrid quadrupole-Orbitrap mass spectrometer. 

127 Data preprocessing and metabolic identification

128 A data pre-processing procedure was conducted to convert the raw data generated by MS 

129 analysis into a matrix of relative concentrations of metabolites versus samples 26. This 

130 procedure was done by R package. Metabolic values in each sample were then 

131 normalized by the median values measured with QC samples to reduce the batch effects.
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132 Compounds detected by untargeted analyses were matched to metabolites in the Human 

133 Metabolome Database by putative identification 27. Accurate mass was used for the 

134 mapping. Metabolites were mapped to pathways using Kyoto Encyclopedia of Genes and 

135 Genomes (KEGG) and Human Metabolome Database (HMDB). Only endogenous 

136 pathways were considered. 

137 Metabolic compound selection, pathway computation, and model development 

138 Metabolites measured by targeted and untargeted MS were aggregated and filtered. The 

139 remaining metabolites were mapped to pathways. The value of each pathway was 

140 calculated as the weighted sum of the normalized concentrations of metabolites on the 

141 pathway divided by the number of metabolites. An XGBoost model was developed with 

142 the pathway values of samples from full-term patients to estimate the GA. R-squared (R2; 

143 goodness-of-fit of the model), root-mean-square error (RMSE), and error distribution 

144 were calculated to evaluate the model performance. A second XGBoost model was 

145 developed to predict PTB. To evaluate the model performance, Mann–Whitney U tests 

146 were used to compare the distribution of final predictive estimates, i.e., XGBoost model 

147 values, on full-term and PTB samples. Additional details of model development were 

148 described in Text A.1. ELISA tests were conducted on the SU and UAB cohorts to 

149 evaluate the insulin-like growth factor-binding protein 4 (IBP4)/sex hormone-binding 

150 globulin (SHBG) signature, a predictor that was validated in a prospective study as a 

151 predictor of spontaneous PTB 19. Serum concentrations were measured using commercial 

152 kits Human IGFBP4 ELISA Kit (Abcam, Burlingame, CA, USA) and Human SHBG 

153 Quantikine ELISA Kit (R&D System Inc.). Results were compared with our metabolic 

154 model.
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155 Patient and Public Involvement statement

156 This retrospective research was done without patient involvement. Patients were not 

157 invited to comment on the study design and were not consulted to develop patient 

158 relevant outcomes or interpret the results. Patients were not invited to contribute to the 

159 writing or editing of this document for readability or accuracy.

160 RESULTS

161 Samples

162 As shown in Fig. 2, the SU cohort had 20 full-term pregnancies with 57 blood samples 

163 (17, 32, and 8 collected in the 1st, 2nd, and 3rd trimesters, respectively) and 16 preterm 

164 pregnancies with 32 blood samples (9, 19, and 4 collected in the 1st, 2nd, and 3rd 

165 trimesters, respectively). The UAB cohort had 9 full-term pregnancies with 13 blood 

166 samples (8 and 5 in the 2nd, and 3rd trimesters, respectively) and 13 preterm pregnancies 

167 with 22 blood samples (4 and 18 in the 1st and 2nd trimesters, respectively). In the SU 

168 cohort, 2 (12.5%) were extremely preterm (< 28 weeks), and 5 (31.3%) were very 

169 preterm (28–31 weeks). In the UAB cohort, 6 (46.2%) were extremely preterm, and 3 

170 (23.1%) were very preterm. Our SU and UAB cohorts were assembled: no complications 

171 of pregnancy were included;all deliveries were singleton; and all PTB were spontaneous. 

172 Demographics of the two cohorts are shown in Table 1.

173 Table 1. Maternal characteristics in SU and UAB cohorts
174  

SU UAB
SU vs. 

UAB

Characteristic Full-term Preterm P Full-term (n = Preterm P P
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(n = 20) (n = 16) 9) (n = 13)

Race, n (%)  <0.001 0.5 <0.001

Asian 0 1 (6.3) 0 0

White 20 (100) 5 (31.3) 0 2 (15.4)

Black 0 1 (6.3) 9 (100) 10 (76.9)

American Indian 0 2 (12.5) 0 0

Pacific Islander 0 1 (6.3) 0 0

Other/unknown 0 6 (37.5) 0 1 (7.7)

Hispanic, n (%) 0 8 (50) <0.001 0 1 (7.7) 0.9 0.1

Maternal Age, year, 

mean (SD)
31.9 (4.8) 29.8 (7.5) 0.3 25.6 (5.0) 27.5 (4.5) 0.4 0.008

Gestational age at 

delivery, weeks, 

median (IQR)

39.5 

(39,41)
32 (30,33) <0.001 38 (37,39) 28 (26,32) <0.001 0.01

Having previous 

pregnancy, n (%)
9 (45) 6 (37.5) 0.7 9 (100) 13 (100) 0.4 <0.001

BMI, kg/m2, median 

(IQR)

22.3 

(20.2,24.7)

27.6 

(23.4,33.9)
0.003

30.4 

(22.3,33.1)

26.5 

(22.6,36.5)
0.8 0.06

History of PTB, n 

(%)
3 (15) 8 (50) 0.03 7 (77.8) 13 (100) 0.2 <0.001

175

176
177 LC-MS/MS metabolomics

178 The study targeted 315 metabolites by LC-MS/MS, including 13 categories: acyl-

179 carnitine (11, 3.5%), amino acid (9, 2.9%), fatty acid (6, 1.9%), ceramide (12, 3.8%), 

180 ceramide 1-phosphate (8, 2.5%), galactosylceramide (5, 1.6%), phosphatidyl acid (15, 
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181 4.8%), phosphatidylethanolamine (52, 16.5%), phosphatidylglycerol (5, 1.6%),  

182 phosphatidylinositol (11, 3.5%), phophatidylcholine (130, 41.3%), cholesteryl ester (16, 

183 5.1%), and sphingomyelin (35, 11.1%). The study also identified 1627 positively-and 295 

184 negatively-charged compounds through untargeted analyses. Together these formed the 

185 initial set of 2237 compounds.

186 Feature selection of GA estimation modeling

187 Of the 2237 compounds, 118 had an absolute Pearson correlation coefficient of > 0.35 

188 with GA. The cutoff of ± 0.35 was selected based on the false discovery rate (FDR) 

189 values of the mapped pathways < 1% (Fig. A.1). The 118 compounds were mapped to 89 

190 pathways, 33 of which were selected by the XGBoost model. The normalized value of 

191 each pathway varied over the course of gestation (Fig. A.2). Univariate analysis of the 33 

192 pathways is shown in Fig. A.3, and the top 10 pathways in the model is depicted in Fig. 3. 

193 The top 10 pathways included those associated in the metabolisms of: 

194 glycerophospholipid, arginine and proline, thiamine, purine, butanoate, galactose, sulfur, 

195 phenylalanine, and C5-branched dibasic acid. 

196 Performance of GA estimation

197 The performance of GA estimates on full-term samples was similar in the development 

198 phase (SU cohort, R2 = 0.98, RMSE = 1.09) and the validation phase (UAB cohort, R2 = 

199 0.81, RMSE = 2.36) (Fig. 4). In our validation testing, 66.7% of the estimates were 

200 within ± 1 week of the US results (Fig. A.4).

201 Intriguingly, model performance significantly deteriorated when applied to samples from 

202 PTB pregnancies (R2 = -0.68 and RMSE = 6.6 in validation; see Fig. 4). It suggested that 
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203 the relationships between metabolic parameters and full-term pregnancies were not 

204 maintained in PTB pregnancies. Furthermore, such disruptions were notable as early as 

205 10 weeks’ GA (Fig. 4) or early to mid-gestation. These findings prompted the 

206 development of a metabolic-based model of PTB estimation.

207 Performance of PTB prediction

208 Samples collected before 35 weeks’ GA were used to develop a model that differentiated 

209 PTB pregnancies from those full-term. As before, the model was developed with the SU 

210 cohort that had 20 full-term (54 samples) and 16 preterm (32 samples) pregnancies, and 

211 was validated with the UAB cohort that had 9 full-term (13 samples) and 13 preterm (22 

212 samples) pregnancies. In total, 148 metabolic compounds (with Mann-Whitney U test P < 

213 0.05) were mapped to 66 pathways (FDR < 1.5%; see Fig. A.5). Further model 

214 development selected 10 pathways as strong predictors covering the metabolisms of 

215 glycerophospholipid, sphingolipid, taurine and hypotaurine, arachidonic acid, secondary 

216 bile acid biosynthesis, glycerolipid, cysteine and methionine, tryptophan, and arginine 

217 and proline (Fig. 5). 

218 The level of prediction accuracy was maintained in the validation cohort (P = 5x10-5, area 

219 under the curve [AUC] = 0.92; see Fig. 6). The prevalence-corrected positive predictive 

220 values (PPVs) across model values (i.e. scores) were plotted based on the PTB 

221 prevalence in Alabama in 2018 (12.5%; see Fig. A.6). A threshold value of 0.52 was 

222 selected as a high-risk threshold for PTB, which was associated with a PPV of 0.70, a 

223 relative risk (RR) of 5.6 compared to the United States population baseline (= 

224 0.70/12.5%), a sensitivity of 0.86 (19 of 22), and a specificity of 0.92 (12 of 13; Fig. 7). 

225 The sensitivities and specificities with cutoff values are shown in Table A.1.
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226 In the validation cohort, 12 of 13 full-term samples and 19 of 22 preterm samples were 

227 classified correctly. The misclassified full-term sample was from a mother that delivered 

228 at 37 weeks’ GA. The 19 correctly classified PTB samples were from 13 PTB 

229 pregnancies. Of the 13 pregnancies, 9 were identified as high risk at or earlier than 16 

230 weeks’ GA. The median gap between the time of identification and the delivery was 11 

231 weeks’ GA (IQR: 8, 15.5). 

232 To determine the performance of our metabolic model against existing models, a 

233 comparison between the metabolic PTB risk model and the commercially available 

234 IBP4/SHBG PTB test was performed and summarized in Text A.2 and Fig. A.7.

235 Metabolite-based model and pathway-based model: a comparison

236 To determine the effectiveness of model performance based upon robustness of biologic 

237 features, we compared model performance using pathway or individual metabolite as 

238 selected features in estimating GA and predicting PTB. The performance of the pathway-

239 based models were significantly better than the metabolite-based models, with a lower 

240 RMSE (Student’s t-test P = 4x10-3; Fig. A.8) and a larger AUC (DeLong test P = 0.03; 

241 Fig. A.9). 

242 DISCUSSION

243 Principal Findings 

244 In this study, we report a panel of metabolic pathways measured in maternal serum that 

245 provides an estimation of GA over the course of a full-term pregnancy. A second and 

246 distinct set of metabolic pathways was also identified in maternal serum that could 

247 distinguish pregnancies ending with PTB (< 35 weeks) from full-term (≥ 37 weeks) with 
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248 a high degree of precision. The models were developed and validated using two 

249 independent cohorts from two different institutions in order to test the robustness of the 

250 biologic features driving the classifications. Intriguingly, PTB pregnancies do not 

251 demonstrate the same temporal relationship as term pregnancies upon metabolic 

252 modeling across gestation (Fig. 4). Indeed, PTB pregnancies  demonstrate a marked 

253 departure from the term metabolic profile (Fig. 4) that is not only dramatic (R2= 0.98 

254 train and 0.81 test for term model; compared to R2= 0.50 train and -0.68 test for PTB 

255 pregnancy in term model), but is also recognizable as early as 10 weeks’ GA as 

256 determined by the current standard of US dating. Recognizing the metabolic pathway 

257 aberration of PTB pregnancies, a second model was developed using metabolic pathway 

258 analyses to quantify the risk of PTB prior to 35 weeks’ GA. Once again, metabolic 

259 profiling proved to be robust in identifying PTB pregnancies with a high degree of 

260 sensitivity (AUC 0.96 training; AUC 0.92 testing) and precision (training PPV 0.93 

261 (0.78-0.99); testing PPV 0.95 (0.75-1). Taken together, this study demonstrated a 

262 powerful new, reproducible methodology for monitoring pregnancy progression and 

263 identifying abnormal pregnancies. 

264 Clinical and Research Implications

265 The potential clinical utility of developing a test for pregnancy monitoring is appealing. 

266 There is a need to develop a more robust method than LMP and an alternative to first 

267 trimester US that captures pregnancy progression, a complex relationship of fetal and 

268 placental growth, development, and function. To support these processes, there is a need 

269 for energy transfer between mother and fetus throughout gestation. We therefore 

270 reasoned that metabolic phenotyping would be ideally suited to capture this relationship. 
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271 Despite a modest cohort size, the results of metabolic modeling demonstrate a high 

272 degree of concordance with clinical standard US dating performed by experts as reflected 

273 by 66.7% of model estimates falling within ± 1 week of US results (Fig. A.4). Moreover, 

274 unlike the deterioration experienced with US dating of pregnancy, metabolic modeling 

275 was shown to achieve near equivalent performance in the 1st, 2nd, and 3rd trimesters, 

276 indicating the potential for broad clinical applicability that might achieve independence 

277 of reliance on accuracy of LMP or concordance among modality testing. The result of 

278 PTB prediction is equally robust demonstrating a high degree of precision. Beyond 

279 relying on clinical histories or self-reported symptoms, the model proposed here provides 

280 a molecular classification that may be more accurate than current methods and further 

281 reflect a comprehensive measure of aberrant pregnancy based on metabolic changes. In 

282 practice, clinicians could use the PTB prediction model to differentiate high- from low-

283 risk patients. Low risk patients would then be subject to GA estimation panel testing, all 

284 from the same blood draw. 

285 A distinct advantage of the PTB risk prediction developed in this study is that it has a 

286 wide window of sampling. Samples were collected broadly before 35 weeks’ GA, which 

287 is wider than the window of other well-established biomarkers such as fetal fibronectin 

288 (between 24 and 34 weeks’ GA) 20, IBP4/SHBG (19 to 21 weeks) 19, and inter-alpha-

289 trypsin inhibitor heavy chain 4 protein (24 and 28 weeks) 18. Relatively stable AUC 

290 levels were maintained throughout the diagnostic window (Text A.2). The insensitivity of 

291 the prediction model to GA at testing increases its flexibility and opportunity for potential 

292 clinical use. An additional advantage of the model herein is the ability for early 

293 identification of high-risk women. Although there is no standardized guideline for early-
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294 gestation management of patients at risk of PTB delivery, metabolic modeling for PTB 

295 risk may provide a not previously possible opportunity for early gestation risk mitigation. 

296 Clinical trials have suggested that hormone treatment and maternal physical activity 

297 modifications applied between 16 to 37 weeks’ GA reduced the PTB rate of women who 

298 were deemed at high risk due to a history of prior PTB delivery 28 29. In many cases PTB 

299 can not be prevented, however any opportunity is deemed highly desirable for even a 

300 modest delay (1–2 weeks) in PTB or an enhanced ability to more accurately triage for 

301 delivery to centers with the capability to manage profoundly premature neonates 30-32.

302 This study is among the first to propose a pathway-based computational methodology to 

303 estimate GA and predict PTB. Metabolic pathways are linked to chemical functions, and 

304 the alteration or disruption of specific functions participate in disease phenotypes, 

305 facilitating the use of pathways to function as higher-level biomarkers of diseases 33. The 

306 role of metabolic pathways in disease diagnosis has been explored in several preliminary 

307 clinical studies 34 35. Pathway performance in differentiating patients with disease from 

308 healthy controls has been found to be effective compared to using individual metabolites 

309 35. Similarly, we found the pathway-based models had less variability and higher 

310 sensitivity than metabolite-based models that were developed using the same population. 

311 One plausible explanation for this observation may be attributed to the calculation of 

312 pathway values, which represents the sum of individual metabolites and thus may 

313 amplify association to outcome relationships. This hypothesis is supported by the FDR 

314 comparison (Fig. A.8 and A.9): pathway-based analysis had lower FDR values than 

315 metabolite models. This study adds to the exploration of the feasibility of using pathways 

316 for health monitoring and prediction.
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317 In this study glycerophospholipid metabolism was identified as the most significant 

318 contributing pathway for both gestational age estimation and preterm birth prediction. 

319 Glycerophospholipids consist of fatty acid chains and have been previously cited as 

320 strong correlates to birth weight, pregnancy duration, and risk of preterm birth 36. These 

321 same authors also found different polyunsaturated fatty acid components of 

322 glycerophospholipid had differential effects on fetal growth. Gao et al has reported a 

323 potential association between glycerophospholipid and labor timing in rodent models 37 

324 38. The current study extends those prior observations through a quantitative assessment 

325 of the relationship between glycerophospholipid metabolism, gestational age and the risk 

326 of preterm birth. The leading effect of glycerophospholipid pathway metabolism in the 

327 current study was positive in both the assessment of gestational age and risk of preterm 

328 birth. These findings add further insight into the role of glycerophospholipid metabolism 

329 in human pregnancy. Other contributing pathways for preterm birth prediction such as 

330 sphingolipid metabolism, arachidonic acid metabolism, and arginine and proline 

331 metabolism were also found associated to preterm. Alterations in plasma sphingolipids 

332 were found in women who had spontaneous PTB 39. Increase of arachidonic acid 

333 metabolism might correlate to bacteria activities that led to preterm labor 40. Plasma level 

334 of arginine and citrulline was significantly lowered in preterm babies 41.

335 Taken together, the analysis of the leading pathways found to significantly contribute to 

336 the metabolic pregnancy modeling herein provide ample insights to deepen our 

337 understanding of pregnancy progression and may facilitate the identification and 

338 interpretation of potential therapeutic targets. Further, we speculate that the platform and 

339 approaches outlined herein may be extended to the interrogation of additional conditions 
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340 of pregnancy including abnormalities of placentation, gestational diabetes and fetal 

341 growth disturbances among others.

342 Limitations

343 This study has several limitations. First, the overall cohort size was modest, and 

344 pregnancies with delivery at 35 or 36 weeks were not included in the study. Second, 

345 blood samples were collected in a non-uniform manner with respect to GA timing and 

346 time of day. The time between two adjacent samples corresponding to the same patient 

347 varied. Third, the distribution of samples throughout pregnancy were different between 

348 patients and cohorts. In the SU cohort, none of the full-term patients had samples 

349 collected between 30 and 37 weeks. In the UAB cohort, none of the full-term patients had 

350 sampling in the 1st trimester, and none of the PTB patients had sampling in the 3rd 

351 trimester. Fourth, for methodologic reasons, not all serum analytes could be identified 

352 and mapped to known metabolites. Fifth, baseline characteristics of patients were not 

353 included in the analysis. Sixth, the study was retrospective, and the participants were 

354 solely from California and Alabama. A larger prospective cohort study with a reasonable 

355 ratio of full-term to preterm is necessary before applying the estimates and prediction to a 

356 broader population for clinical utility.

357 CONCLUSION

358 The present study demonstrates that maternal serum based metabolic profiling is a highly 

359 sensitive and accurate method for determining GA and prediction of PTB. The pathway-

360 based analysis supports the hypothesis of the orderly metabolic progression of pregnancy 

361 that can be reproducibly captured using metabolic profiling. The robustness of the 

362 modeling reinforces the potential appeal for further clinical development and as a 
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363 platform to investigate the pathophysiology associated with aberrant fetal development 

364 and pregnancy progression. This study is the first to report a single blood test for 

365 metabolic pathway-based determination of GA dating, and early detection of PTB risk.

366
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531 Figure Legends

532 Fig. 1. Study design. Models were developed separately to estimate gestational age 

533 during full-term pregnancy, and to predict the risk of preterm birth. Both models were 

534 developed with the SU cohort and validated with the UAB cohort.

535 Fig. 2. Cohort construction. Each line represents an individual patient. Diamond and 

536 triangle markers indicate sample collection dates and delivery dates, respectively. The red 

537 dashed line represents 37 weeks’ gestational age.

538 Fig. 3. The importance of the top 10 metabolic pathways in the gestational age estimation 

539 model. Pathways either positively or negatively correlated gestational age.

540 Fig. 4. Gestational age estimates of the gestational age model with the SU (R2=0.98, 

541 RMSE=1.09 weeks) and UAB cohorts (R2 = 0.81, RMSE = 2.36 weeks).

542 Fig. 5. (A) Univariate analysis of the 10 metabolic pathways in the preterm birth 

543 prediction model. Odds ratio of each pathway was calculated. *P<0.05, **P<0.01, 

544 ***P<0.005.  (B) The importance of the metabolic pathways in the preterm birth 

545 prediction model. Pathways were either up- or down-regulated in relation to preterm birth.

546 Fig. 6. (A) Prediction of preterm birth risk grouped by full-term and preterm birth 

547 patients (top) and over the course of gestation (bottom). (B) AUC performance of the 
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548 prediction in SU and UAB cohorts. P was calculated using Mann–Whitney U test. wks: 

549 weeks’ gestational age.  

550 Fig. 7. Performance of the preterm birth prediction model. (A) A contingency table 

551 showing the number of samples in each category. (B) Sensitivity, specificity, PPV, and 

552 NPV together with the 95% confidence intervals.
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553 Appendix Captions

554 Fig. A.1 False discovery rate (FDR) analysis of the metabolic pathways significantly 

555 associated with the GA in full-term pregnancies. Pearson |r| was calculated as the 

556 correlation between metabolite serological abundance and GA. Only the metabolites with 

557 a Pearson |r| higher than the threshold would be selected as part of the significant 

558 pathways. FDR was estimated by a permutation-based method (permutation N=1000).

559 Fig. A.2 Profile of the metabolic pathways in the GA estimation model over the course of 

560 gestation on SU cohort. All pathways are (A) positively or (B) negatively correlated to 

561 the GA (FDR<1%). Profile of each pathway was calculated as the weighted sum of the z-

562 score normalized metabolite serological abundances divided by the number of 

563 metabolites. Means ± standard errors at each time point were plotted. 

564 Fig. A.3 Univariate analysis of the 33 metabolic pathways in the GA estimation model. 

565 Pearson correlation coefficient of each pathway to GA was calculated. *P<0.05, 

566 **P<0.01, ***P<0.005. 

567 Fig. A.4 Comparison of GA estimates using the model and US measurements. (A) 

568 Distributions of differences between GA measured by US and GA estimated by the 

569 model, in T2 (weeks 14–27), T3 (weeks 28–40), and T2+T3. n represents the number of 

570 full-term patients included. (B) Error distribution of GA estimation on a combination of 

571 SU and UAB cohorts in T2, T3, and T2+T3.

572 Fig. A.5 False discovery rate (FDR) analysis of the metabolic pathways significantly 

573 associated with PTB. Mann-Whitney U test P measured the difference in metabolite 

574 serological abundances between full-term pregnancies and pregnancies ending in PTB. 
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575 Only metabolites with a Mann-Whitney U test P lower than the threshold were selected 

576 as part of the significant pathways. FDR was estimated by a permutation-based method 

577 (permutation N=1000).

578 Fig. A.6 Stratification of patients by the classification model prediction on the UAB 

579 cohort. PPV was corrected by bootstrapping the full-term patients to reach the population 

580 PTB prevalence of 12.5% on singleton births. Two horizontal dashed lines represent the 

581 population mean of PTB risk that is 12.5% (black) and the PPV (= 0.70; red) at the high-

582 risk cutoff. The grey dashed line indicates the high-risk cutoff value (= 0.52). The grey 

583 area represents the 95% confidence interval of the PPV. The box plot at the bottom shows 

584 the classification model value distribution stratified by the samples. GAB: GA at birth. 

585 wks: weeks of gestation.

586 Fig. A.7 The performance of the IBP4/SHBG predictor and the metabolic model. The 

587 results are stratified by the GA intervals with a BMI at 22–37 kg/m2 (A), and by BMI 

588 values with a GA interval of 5–20 weeks (B).

589 Fig. A.8 (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

590 pathways significantly associated with GA in full-term pregnancies. Pearson |r| was 

591 calculated as the correlation between metabolite serological abundance and GA. Only the 

592 metabolites with a Pearson |r| higher than the threshold (=0.35) would be selected as part 

593 of the significant pathways. FDR was estimated by a permutation-based method 

594 (permutation N=1000). (B) A comparison of RMSE of the GA estimation model trained 

595 by pathways and the model trained by metabolites. All metabolites had a Pearson |r|>0.35. 

596 RMSE was measured with the full-term samples of the validation (UAB) cohort. 
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597 Fig. A.9 (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

598 pathways significantly associated with the PTB. Mann-Whitney U test P measured the 

599 difference in metabolite serological abundances between full-term pregnancies and 

600 pregnancies ending in PTB. Only the metabolites with a Mann-Whitney U test P lower 

601 than the threshold (=0.05) would be selected as part of the significant pathways. FDR was 

602 estimated by a permutation-based method (permutation N=1000). (B) A comparison of 

603 the AUC of the PTB classification model utilizing pathways and the model utilizing 

604 metabolites. All the metabolites had a Mann-Whitney U test P < 0.05. AUC was 

605 measured with the samples of the validation (UAB) cohort. 

606 Table A.1 Sensitivity and specificity of the XGBoost model with respect to the cutoff 

607 point. 

608 Text A.1 Metabolic compound selection, pathway computation, and model development

609 Text A.2 Metabolite model vs. IBP4/SHBG in predicting PTB
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Study design. Models were developed separately to estimate gestational age during full-term pregnancy, 
and to predict the risk of preterm birth. Both models were developed with the SU cohort and validated with 

the UAB cohort. 
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Cohort construction. Each line represents an individual patient. Diamond and triangle markers indicate 
sample collection dates and delivery dates, respectively. The red dashed line represents 37 weeks’ 

gestational age. 
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The importance of the top 10 metabolic pathways in the gestational age estimation model. Pathways either 
positively or negatively correlated gestational age. 

254x190mm (600 x 600 DPI) 
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Gestational age estimates of the gestational age model with the SU (R2=0.98, RMSE=1.09 weeks) and UAB 
cohorts (R2 = 0.81, RMSE = 2.36 weeks). 
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(A) Univariate analysis of the 10 metabolic pathways in the preterm birth prediction model. Odds ratio of 
each pathway was calculated. *P<0.05, **P<0.01, ***P<0.005.  (B) The importance of the metabolic 

pathways in the preterm birth prediction model. Pathways were either up- or down-regulated in relation to 
preterm birth. 
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(A) Prediction of preterm birth risk grouped by full-term and preterm birth patients (top) and over the 
course of gestation (bottom). (B) AUC performance of the prediction in SU and UAB cohorts. P was 

calculated using Mann–Whitney U test. wks: weeks’ gestational age.   
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Performance of the preterm birth prediction model. (A) A contingency table showing the number of samples 
in each category. (B) Sensitivity, specificity, PPV, and NPV together with the 95% confidence intervals. 

254x190mm (600 x 600 DPI) 
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Fig. A.1. False discovery rate (FDR) analysis of the metabolic pathways significantly 

associated with the GA in full-term pregnancies. Pearson |r| was calculated as the 

correlation between metabolite serological abundance and GA. Only the metabolites with 

a Pearson |r| higher than the threshold would be selected as part of the significant 

pathways. FDR was estimated by a permutation-based method (permutation N=1000). 
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Fig. A.2. Profile of the metabolic pathways in the GA estimation model over the course 

of gestation on SU cohort. All pathways are (A) positively or (B) negatively correlated to 

the GA (FDR<1%). Profile of each pathway was calculated as the weighted sum of the z-

score normalized metabolite serological abundances divided by the number of 

metabolites. Mean ± standard error of the mean at each time point was plotted.  
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Fig. A.3. Univariate analysis of the 33 metabolic pathways in the GA estimation model. 

Pearson correlation coefficient r of each pathway to GA was calculated. *P<0.05, 

**P<0.01, ***P<0.005.  
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Fig. A.4. Comparison of GA estimates using the model and US measurements. (A) 

Distributions of differences between GA measured by US and GA estimated by the 

model, in T2 (weeks 14–27), T3 (weeks 28–40), and T2+T3. n represents the number of 

full-term patients included. (B) Error distribution of GA estimation on a combination of 

SU and UAB cohorts in T2, T3, and T2+T3. 
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Fig. A.5. False discovery rate (FDR) analysis of the metabolic pathways significantly 

associated with PTB. Mann-Whitney U test P measured the difference in metabolite 

serological abundances between full-term pregnancies and pregnancies ending in PTB. 

Only metabolites with a Mann-Whitney U test P lower than the threshold were selected 

as part of the significant pathways. FDR was estimated by a permutation-based method 

(permutation N=1000). 
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Fig. A.6. Stratification of patients by the classification model prediction on the UAB 

cohort. PPV was corrected by bootstrapping the full-term patients to reach the population 

PTB prevalence of 12.5% on singleton births in Alabama. Two horizontal dashed lines 

represent the population mean of PTB risk that is 12.5% (black) and the PPV (= 0.70; red) 

at the high-risk cutoff. The grey dashed line indicates the high-risk cutoff value (= 0.52). 

The grey area represents the 95% confidence interval of the PPV. The box plot at the 

bottom shows the classification model value distribution stratified by the samples. GAB: 

gestational age at birth. wks: weeks’ GA. 

  

Population-corrected	PPV:	0.70.	which	is	5.6	times	higher	
than	the	general	population	risk	in	Alabama	(12.5%)		

Full-term	(GAB	≥37	wks)	

Preterm	(GAB	<35	wks)	

Classification	Model	Value	

PP
V	
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Fig. A.7. The performance of the IBP4/SHBG predictor and the metabolic model. The 

results are stratified by the GA intervals with a BMI at 22–37 kg/m2 (A), and by BMI 

values with a GA interval of 5–20 weeks (B). 
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Fig. A.8. (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

pathways significantly associated with the GA in full-term pregnancies. Pearson |r| was 

calculated as the correlation between metabolite serological abundance and GA. Only the 

metabolites with a Pearson |r| higher than the threshold (=0.35) would be selected as part 

of the significant pathways. FDR was estimated by a permutation-based method 

(permutation N=1000). (B) A comparison of RMSE of the GA estimation model trained 

by pathways and the model trained by metabolites. All metabolites had a Pearson |r|>0.35. 

RMSE was measured with the full-term samples of the validation (UAB) cohort.  
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Fig. A.9. (A) False discovery rate (FDR) analysis of the metabolites and metabolic 

pathways significantly associated with the PTB. Mann-Whitney U test P measured the 

difference in metabolite serological abundances between full-term pregnancies and 

pregnancies ending in PTB. Only the metabolites with a Mann-Whitney U test P lower 

than the threshold (=0.05) would be selected as part of the significant pathways. FDR 

was estimated by a permutation-based method (permutation N=1000). (B) A comparison 

of the AUC of the preterm birth classification model utilizing pathways and the model 

utilizing metabolites. All the metabolites had a Mann-Whitney U test P < 0.05. AUC was 

measured with the samples of the validation (UAB) cohort.  
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Table A.1. Sensitivity and specificity of the XGBoost model with respect to the cutoff 

point.  

Cutoff Cohort Sensitivity Specificity 
Number of preterm 
samples identified 
by the model 

0.4 
SU 0.94 0.78 30 

UAB 0.95 0.31 21 

0.5 
SU 0.88 0.94 28 

UAB 0.86 0.85 19 

0.6 
SU 0.81 0.98 26 

UAB 0.59 1 13 

0.7 
SU 0.53 0.98 17 

UAB 0.32 1 7 
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Text A.1 Metabolic compound selection, pathway computation, and model 

development  

GA estimation 

Metabolites measured by targeted and untargeted MS were aggregated and filtered using 

Pearson correlation coefficient analyses in relation to GA. The remaining metabolites 

were mapped to pathways. The value of each pathway was calculated as the weighted 

sum of the normalized concentrations of metabolites on the pathway divided by the 

number of metabolites. The weight of each metabolite was the absolute value of the 

Pearson correlation coefficient in relation to GA. Metabolites having positive or negative 

coefficients were aggregated separately. That is, a pathway could have two values, one 

for metabolites positively correlated to GA, and the other for those negatively correlated 

to GA.  

A supervised, cross-validated machine-learning technique XGBoost was developed with 

the pathway values of samples from full-term patients in the SU cohort. An ensemble of 

regression trees was generated to give a score estimating the GA. The model was 

validated on the UAB cohort. For a patient that had multiple samples, an ‘integrated’ GA 

estimate was calculated by shifting the GA estimates of every sample to a reference point 

for obtaining the median. Error distribution of GA estimation based on patients was 

calculated as the distribution of the differences between the ‘integrated’ GA estimates 

and the US measurement.  

PTB prediction 
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Samples collected before 35 weeks’ GA were selected to build the model to predict PTB. 

Mann–Whitney U test was used to select the initial candidate metabolites that were then 

mapped to pathways. The value of each pathway was calculated as the weighted sum of 

the normalized concentrations of metabolites on the pathway divided by the number of 

metabolites. The weight of each metabolite was the absolute value of the ratio of median 

of full-term samples to PTB samples. Like the GA estimation, pathways could have two 

values that depended on the ratio of median greater or less than 1. An XGBoost model 

was developed utilizing samples from the SU cohort and validated with the UAB cohort. 
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Text A.2 Metabolite model vs. IBP4/SHBG in predicting PTB 

We conducted ELISA tests on the SU and UAB cohorts to evaluate the IBP4/SHBG 

signature, a predictor that was validated in a prospective study as a predictor of 

spontaneous PTB. Commercial kits Human IGFBP4 ELISA Kit (Abcam, Burlingame, 

CA, USA) and Human SHBG Quantikine ELISA Kit (R&D System Inc.) were used. 

AUC of the predictor was calculated in different GA intervals and with different maternal 

BMI values, and was compared to the performance of the metabolic model.  

With a BMI of >22 and ≤37 kg/m2, the AUC values of the IBP4/SHBG predictor peaked 

at 15–20 weeks’ GA (SU: 0.833; UAB: 1), and dropped rapidly after 20 weeks (Figure A 

below). The AUC values were lower with extreme BMI (0.7 at BMI ≤20 kg/m2 and 0.63 

at BMI >27 kg/m2; see Figure B below). These findings are consistent with the previous 

validation study. Compared with the IBP4/SHBG predictor, the metabolic model has a 

more stable AUC performance over the gestation and different BMI values in SU (P = 

0.03). In UAB at >18 weeks’ GA, the AUC of IBP4/SHBG dropped from 0.6 to 0.3, 

while the AUC of the metabolic model was above 0.8. 
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STROBE Statement—checklist of items that should be included in reports of observational studies

Item 
No Recommendation

Page 
No

(a) Indicate the study’s design with a commonly used term in the title or the 
abstract

1Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of what 
was done and what was found

2-3

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported
5

Objectives 3 State specific objectives, including any prespecified hypotheses 6

Methods
Study design 4 Present key elements of study design early in the paper 6
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection
6,7

(a) Cohort study—Give the eligibility criteria, and the sources and methods 
of selection of participants. Describe methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and 
methods of case ascertainment and control selection. Give the rationale for 
the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and 
methods of selection of participants

6,7Participants 6

(b) Cohort study—For matched studies, give matching criteria and number 
of exposed and unexposed
Case-control study—For matched studies, give matching criteria and the 
number of controls per case

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 
and effect modifiers. Give diagnostic criteria, if applicable

6,7,8

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of methods of 
assessment (measurement). Describe comparability of assessment methods if 
there is more than one group

7

Bias 9 Describe any efforts to address potential sources of bias 8
Study size 10 Explain how the study size was arrived at
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If 

applicable, describe which groupings were chosen and why
7,8

(a) Describe all statistical methods, including those used to control for 
confounding

8

(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) Cohort study—If applicable, explain how loss to follow-up was 
addressed
Case-control study—If applicable, explain how matching of cases and 
controls was addressed
Cross-sectional study—If applicable, describe analytical methods taking 
account of sampling strategy

Statistical methods 12

(e) Describe any sensitivity analyses 8
Continued on next page
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2

Results
(a) Report numbers of individuals at each stage of study—eg numbers potentially 
eligible, examined for eligibility, confirmed eligible, included in the study, completing 
follow-up, and analysed

9

(b) Give reasons for non-participation at each stage

Participants 13*

(c) Consider use of a flow diagram
(a) Give characteristics of study participants (eg demographic, clinical, social) and 
information on exposures and potential confounders

9

(b) Indicate number of participants with missing data for each variable of interest

Descriptive 
data

14*

(c) Cohort study—Summarise follow-up time (eg, average and total amount) 9
Cohort study—Report numbers of outcome events or summary measures over time 10
Case-control study—Report numbers in each exposure category, or summary 
measures of exposure

Outcome data 15*

Cross-sectional study—Report numbers of outcome events or summary measures
(a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and 
their precision (eg, 95% confidence interval). Make clear which confounders were 
adjusted for and why they were included

11-
12

(b) Report category boundaries when continuous variables were categorized 11-
12

Main results 16

(c) If relevant, consider translating estimates of relative risk into absolute risk for a 
meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and 
sensitivity analyses

12

Discussion
Key results 18 Summarise key results with reference to study objectives 13
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or 

imprecision. Discuss both direction and magnitude of any potential bias
16

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, 
multiplicity of analyses, results from similar studies, and other relevant evidence

14-
15

Generalisability 21 Discuss the generalisability (external validity) of the study results 16

Other information
Funding 22 Give the source of funding and the role of the funders for the present study and, if 

applicable, for the original study on which the present article is based
18

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 
unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at www.strobe-statement.org.
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