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ABSTRACT  28 

 The identification of the most competent embryos for transfer to the uterus 29 

constitutes the main challenge of in-vitro fertilization (IVF). We established a 30 

metabolomic-based approach applying Fourier Transform Infrared spectroscopy 31 

(FTIR) on 130 samples of 3-days embryo culture supernatants from 26 embryos that 32 

implanted and 104 that failed. Examining the internal structure of the data by 33 

unsupervised multivariate analysis, it was observed that the supernatants of 34 

nonimplanted embryos contained highly heterogeneous spectral features. These 35 

features were overlapping with metabolic-implantation fingerprints, thus 36 

demonstrating that in establishing embryo-assessment models a one-class modelling 37 

involving only the samples with positive-implantation outcomes should be applied. 38 

Analysis of variance confirmed that the women´s age (>40 years) undermined the 39 

implantation of the embryos exhibiting implantation metabolomics, and also that 40 

constituted a condition triggering embryos to express nonimplantation metabolomics. 41 

We conclude that IVF-success rates can be significantly improved if FTIR 42 

spectroscopy is used as an embryo-selection criterion. 43 

 44 

INTRODUCTION 45 

 Infertility—a multifactorial disorder that affects around 15% of the 46 

reproductive couples worldwide—is a markedly increasing health problem due to the 47 

postponement of parenthood1. Since the first successful in-vitro–fertilization (IVF) 48 

birth in 1978, more than eight million children have been born with the help of 49 

assisted-reproduction techniques2,3. Although IVF is widely used to treat infertile 50 

couples, in many instances that approach does not resolve infertility problems because 51 

of its low success rate4. Several conditions lead to implantation failure, including 52 
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reduced endometrial receptivity5,6, embryonic defects such as genetic abnormalities, 53 

the overall clinical status of the mother, faults in the embryo-transfer technique, 54 

and/or other multifactorial causes7,8. One of the most crucial steps for a successful 55 

IVF treatment is definitively the selection of a competent embryo(s) for transfer. The 56 

assessment of embryo development and morphology by light microscopy is currently 57 

the usual clinically established method for assessing embryo viability9,10. This 58 

technique constitutes a fast, easy, and affordable evaluation and has been considered 59 

as the universally accepted method of choice for embryo selection9. Nevertheless, 60 

owing to the significant interobserver variability and subjectivity reported in the 61 

literature, together with the low capability of morphologic evaluation by light 62 

microscopy in predicting the implantation rate of an embryo (i. .e., below 30%), that 63 

approach represents an inefficient methodology for embryo selection11–15. 64 

Alternatively, invasive methods such as the preimplantation genetic testing (PGT) 65 

used to determine the genetic profiling of embryos before implantation, involve 66 

certain risks, since biopsy might negatively influence further embryo development16–67 

20. A noninvasive and rapid evaluation of the embryo-implantation potential before 68 

transfer therefore constitutes one of the most crucial challenges in IVF treatments. 69 

 In the last decade, metabolomics has emerged as an alternative noninvasive 70 

technology to evaluate embryo implantation potential21. Human embryos, while 71 

developing in the culture media, consume available nutrients and release metabolites, 72 

thus modifying culture supernatants. Therefore, a detailed chemical analysis of the 73 

spent supernatant of an embryo's culture medium provides information reflecting 74 

cellular metabolic activities and the overall developmental status of the embryo. The 75 

relationship between the metabolic parameters and embryo viability was reported for 76 

the first time in 1980 by Renard and collaborators22. A number of proof-of-principle 77 
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studies related to the chemical composition of embryo's culture supernatants and the 78 

subsequent embryo-implantation outcome reported that embryos achieving 79 

implantation were different in metabolomic profile from those that failed in 80 

implantation23,24. Two different approaches were applied in the evaluation of embryo 81 

metabolomics: a targeted and a nontargeted metabolic profiling analysis. The former 82 

involves multiplexed detection or quantification of predefined metabolites and the 83 

establishment of thresholds for those detected25. The targeted analysis is based on the 84 

hypothesis that embryonic viability is mainly associated with the concentration level 85 

of certain products released into the medium, such as those related to energy 86 

metabolism (e. g., glucose, pyruvate) and/or the synthesis of extracellular products (e. 87 

g., lactate and ammonium). In contrast, the nontargeted approach produces 88 

metabolomic fingerprints of embryos containing differing multivariate traits that 89 

provide insight into the embryo's metabolic state. The extraction of information from 90 

these complex metabolic profiles requires a further advanced multivariate data 91 

analysis.  92 

 Several nontargeted technologies like vibrational spectroscopy (near infrared, 93 

NIR, and mid-infrared, MIR, plus Raman spectroscopy), nuclear-magnetic resonance 94 

(NMR), and matrix-assisted laser desorption/ionization-time-of-flight mass 95 

spectrometry (MALDI-TOF) of culture supernatants can provide a complete picture 96 

of an embryo’s metabolism and genetic-expression patterns. Therefore, these 97 

methodologies have been broadly applied for the evaluation of embryo 98 

metabolomics26. From 2007 to 2013 studies on metabolomics profiling in spent 99 

culture media and the subsequent embryo viability were carried out through the use of 100 

different spectroscopy-based technologies23,27–33. NIR technologies combined with 101 

supervised mathematical models were established to estimate the reproductive 102 
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potential of embryos23,27–33. Different fertility centers were included in those trials, 103 

with the number of recruited patients ranging from 30 to 417. Nevertheless, none of 104 

those NIR-based metabolomics models were able to improve clinical-pregnancy rates 105 

when compared to the results obtained analyzing embryonic morphology by light 106 

microscopy28,29,31. In addition, a preliminary MIR-spectroscopy assay demonstrated 107 

the great potential of Fourier-transform-–infrared (FTIR) spectroscopy in the 108 

screening of the embryonic-implantation potential. Only 7 samples of 26-hour–109 

embryo-culture supernatants from 5 patients were studied, however; and no additional 110 

publications with larger cohorts of patients have appeared so far34. Finally, Bracewell-111 

Milnes and collaborators (2017), reviewing the potential of the metabolomic 112 

technologies as applied to IVF, concluded that the metabolomic profiling of embryo 113 

supernatants, as studied up to date, has not evidenced any improvement in the 114 

prediction of embryonic viability in clinical practice26. 115 

 FTIR spectroscopy is a nonnvasive analytical physicochemical technique 116 

providing information about the total biochemical composition of the analyzed 117 

material and has the remarkable advantage of involving a straightforward form of 118 

sample preparation and a short spectral-data–acquisition time. FTIR spectroscopy has 119 

been successfully used as an analytical tool in a wide range of fields including food, 120 

biotechnology, and microbiological and medical diagnostics35,36,45,37–44. The potential 121 

of FTIR-analysis of blood components (e. g., serum, plasma) and other biofluids (e. 122 

g., bile, urine, sputum) for diagnostic purposes has been widely investigated and 123 

recognized46–54. The great ability of this spectroscopy technology to detect small 124 

changes in different types of samples has led to its application in other fields such as 125 

the study of extracellular and intracellular metabolites in bacterial40, fungal55, and 126 

mammalian-cell cultures38,39. In particular, glucose, glycerol, and acetic acid were 127 
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measured in Escherichia coli cultures40, while glucose and lactate concentrations were 128 

evaluated in mammalian-cell lines38. 129 

 From the aforementioned results, we can conclude that the application of 130 

vibrational spectroscopy as a diagnostic and prognostic tool has the potential to 131 

thoroughly change the assessment of the traditional clinical systems that improve 132 

patients healthcare and in so doing enhance the efficiency of the health services56. The 133 

development of novel technologies for spectral measurement and data analysis 134 

increases the possibilities of applying these sophisticated spectroscopic methodologies 135 

to routine clinical diagnoses57. 136 

 In view of this strong background, the aim of the present study was to test 137 

FTIR spectroscopy combined with multivariate data analysis as a means for a 138 

noninvasive assessment of human-embryo metabolomics. For this purpose we 139 

characterized 3-day-embryo–culture supernatants by FTIR spectroscopy and 140 

evaluated whether changes in the infrared patterns could be associated with the 141 

outcome of IVF. Since implantation is a highly complex multifactorial process, we 142 

also considered different clinical features with potential impact on implantation rates. 143 

 144 

RESULTS 145 

A robust FTIR experimental approach for metabolomic analysis of 3-day-146 

embryo–culture supernatants. In the development of a novel method for the 147 

evaluation and selection of embryo-implantation potential based on FTIR vibrational 148 

spectroscopy, we established a 3-h protocol for sample preparation and spectral 149 

acquisition (Fig. 1). The protocol stated in brief: Supernatants are recovered from 150 

individual embryo cultures and centrifuged to remove the culture oil. Then 30 µL are 151 

transferred to a 96-multiwell ZnSe optical plate. Next, the samples are dried under 152 
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moderate vacuum (0.1 bar) for 45 min until transparent films are obtained52,58. 153 

Finally, FTIR transmission-type measurements are carried out in the spectral range 154 

650–4000 cm–1 at a 6-cm–1 spectral resolution. 155 

 Because FTIR is an extremely sensitive analytical technique, a strict 156 

reproducibility analysis was performed to assure the construction of a robust infrared 157 

spectral database for further data analysis (Methods). We studied the reproducibility 158 

among the measurements obtained for the 96 positions of the ZnSe optical plate using 159 

the same batch of fresh culture medium. This analysis demonstrated that the spectral 160 

quality was not affected by the desiccation of the samples observed during the lengthy 161 

time required for the measurement of 96 samples (Supplementary Fig. 1). A high 162 

level of reproducibility was also observed among the samples from each batch and 163 

among different batches of G1 Plus culture medium (Supplementary Figs. 2 and 3). 164 

 165 

FTIR spectral characterization of spent embryo-culture medium. Fig. 2, Panel a, 166 

depicts a representative and exemplary FTIR absorption spectrum of a 3-day-embryo–167 

culture supernatant recovered from a successfully implanted embryo (class IMP in 168 

this study), while Fig. 2, Panel b lists the assigned spectral bands and their respective 169 

functional groups. The main spectral windows (W1–W5) associated with the 170 

molecular building blocks of complex biologic samples58 could be identified: The 171 

spectral region associated preferentially with lipids (W1) between 2800 and 3000 cm–172 

1 exhibits bands assigned to the symmetric and antisymmetric C–H stretching modes 173 

of methyl groups (–CH3) detected at 2874 and 2969 cm–1, respectively; and the 174 

antisymmetric C–H stretching mode for methylene residues (>CH2) at 2933 cm–1. The 175 

infrared spectral region associated with protein absorptions (W2) evidenced the 176 

typical amide-I and amide-II bands at 1655 and 1545 cm–1, respectively. The mixed 177 
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region (W3) between 1200 and 1500 cm–1 represents absorptions of stretching and 178 

bending vibrations from fatty acids, polysaccharides, nucleic acids, and proteins. A 179 

characteristic band is observed around 1400 cm–1, which absorbance may be 180 

attributed to the symmetric stretching vibrations of the –COO– functional groups of 181 

amino-acid side chains or free fatty acids. In this region, a typical amide-III band at 182 

1315 cm–1 was also observed along with bands of different >P=O asymmetric 183 

stretching at around 1230 cm–1. The vibrational modes of the carbohydrate region 184 

(W4) between 900 and 1200 cm–1 is generally dominated by the symmetric stretching 185 

vibration of PO2
– groups (1090 cm–1) in nucleic acids and a complex sequence of 186 

peaks mainly due to the C–O–C and C–O–P stretching vibrations of various oligo- 187 

and polysaccharides58. That region also contains bands assigned to the C–O stretching 188 

vibrations in carboxylic groups—e. g., in lactate at 1041 cm–1 and 1120 cm–159,60. 189 

Finally, the region between 650 and 900 cm–1 (W5) contains weakly expressed bands 190 

arising from the aromatic-ring vibrations of phenylalanine, tyrosine, tryptophan, and 191 

the various nucleotides. With the exception of only a few peaks (e. g., a band near 720 192 

cm–1, resulting from the >CH2-rocking modes of the fatty-acid chains), valid 193 

assignments can hardly be achieved. W5 exhibits a variety of extremely characteristic, 194 

features superimposed on an underlying broad spectral contour. Therefore, we refer to 195 

this spectral domain as the true fingerprint region58. 196 

 197 

Development of a predictive embryo-implantation model based on the FTIR 198 

metabolomic profile of embryo supernatants. The internal structure of the spectral 199 

data was studied by the unsupervised multivariate method of principal component 200 

analysis (PCA). This analysis aims at transforming the original variables, which here 201 

referred to wavenumbers in infrared spectroscopy, into smaller numbers of new 202 
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variables or principal components that describe the main variation patterns61. The 203 

PCA-score plot obtained (Fig. 3, Panel a) revealed that the spectral fingerprints of 204 

the supernatants from the implanted embryos (IMP, black squares) were quite 205 

similar among themselves and formed a relatively homogeneous cluster in the 206 

principal-component space (Supplementary Note 1 and Supplementary Fig. 4). In 207 

contrast, the spectra recorded from the supernatants of nonimplanted embryos (class 208 

NIMP, green squares) were distributed over a much wider range, thus exhibiting a 209 

larger spectral heterogeneity (see Supplementary Note 1 and Supplementary Fig. 4). 210 

Of interest to us was that the coordinates of the IMP and NIMP patterns completely 211 

overlapped. This observation and the higher heterogeneity level of NIMP 212 

fingerprints, suggested the presence of altered metabolic states in the embryos that 213 

did not implant. We were tempted to speculate that some of those altered states may 214 

be responsible for the nonimplantation. Within this context, we also need to mention, 215 

however, that a significant fraction of spectral fingerprints from the nonimplanted 216 

embryos (NIMP) proved indistinguishable from the supernatants of the implanted 217 

embryos (IMP, cf. the overlap in Fig. 3, Panel a). This finding would be in accord 218 

with our working hypothesis that certain embryos, though expressing the 219 

metabolomic biomarkers for embryo implantation, failed to implant for other 220 

reasons. Some of those conditions influencing implantation outcome that are not 221 

associated with metabolomics could be e. g., maternal features like overweight, age, 222 

and smoking habits, among others. 223 

 To test our hypothesis, we employed the method of soft independent 224 

modelling of class analogies (SIMCA)62, a one-class modelling technique that 225 

involves only a single class of objects to establish a discrimination model. The model 226 

can then be used to classify any new subject as to either belonging to the class or 227 
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being outside of the class. This approach is particularly well suited in the example of 228 

embryo-supernatant data since embryos with implantation results (IMP) are quite 229 

similar among themselves and can be used to establish such a model, whereas the 230 

embryos with nonimplantation results (NIMP) are more disparate. Thus, a SIMCA 231 

model was established with the spectra of IMP group. The SIMCA model is 232 

represented by a class border (see Fig. 3, Panel b, curved line) that separates samples 233 

that belong to the class) from those falling outside the class. The model then, upon 234 

challenge by the NIMP samples, separated that class into two groups. The first 235 

contained the so-called "implantation fingerprints" (IF)—i. e., comprising spectra 236 

from samples with a metabolic fingerprint similar to IMP (Fig 3, Panel b, orange 237 

dots). The second class, formed by putative "nonimplantation fingerprints" (NIF), 238 

contained spectra from supernatants with altered metabolic states (Fig 3, Panel b, blue 239 

dots). We need to note here that the NIMP spectra exclusively—but no IMP 240 

samples—are plotted in Fig. 3, Panel b. Therefore, from this plot we can clearly 241 

recognize that some NIMP fingerprints belong to the model space characterized by 242 

implanted-embryo fingerprints (IF, orange dots) while others fall outside that model 243 

space (NIF, blue dots). This situation is also reflected in the logic diagram in Fig. 3, 244 

Panel c; which representation illustrates that the class IF was composed of all 26 of 245 

the IMP spectra along with 40 of the NIMP spectra having features of the metabolic-246 

implantation fingerprint (the 40 orange dots in Fig. 3, Panel b), all together totalling 247 

66 samples. The NIF class contained the remaining 64 fingerprints from NIMP 248 

spectra (blue dots in Fig. 3, Panel b). What was also of interest was that the 249 

classification by the SIMCA model provided an almost perfect balance between the IF 250 

and NIF classes (i. e., 66 versus 64). This observation suggested that, according to our 251 

hypothesis, roughly half of the embryos had implantation potential. 252 
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 An in-depth analysis of the second derivatives of spectra belonging to NIF and 253 

IF groups revealed certain spectral differences mainly in the spectral bands associated 254 

with amino acids and carbohydrates located within W2 and W4, respectively (Fig. 2). 255 

Indeed, a decrease in the intensities of the 1590 and 1530 cm–1 peaks were observed 256 

in IF in comparison with those of the NIF spectra (Supplementary Fig. 5). This result 257 

could be indicative of a difference in the amino-acid turnover between the two groups 258 

of embryos. Furthermore, in the spectral regions associated with the lactate-group 259 

absorption bands (at 1120 and 1041 cm–1), the IF spectra exhibited more intensive 260 

peaks than did the NIF, which difference might represent a higher lactate production 261 

due to an increase in glucose uptake in the embryos of the IF group59,63. These results 262 

also revealed that SIMCA analysis could in fact discriminate between embryos 263 

presenting different metabolomic profiles. 264 

 To support this hypothesis—and with an aim at identifying potential causes 265 

for the embryos with implanting metabolomic fingerprints (IF class) to have failed to 266 

implant—different statistical analyses were performed. For this purpose we used the 267 

patients´ clinical data registered in the OpenClinica database (cf. the methods section). 268 

This database contained certain patient parameters that are known to be associated 269 

with implantation outcomes such as women’s age (between 27 to 42 years classified 270 

in three categories, <35, from 35 to 40, and >40), women´s body-mass index ([BMI], 271 

divided into 4 classes from normal weight to obesity), and smoking habits 272 

(categorized in 5 groups, from nonsmoker to smoker at more than 20 cigarettes per 273 

day). Each of these parameters was analyzed independently (one-way analysis of 274 

variance [ANOVA]) and in combination (multivariate analysis of variance 275 

[MANOVA]). Through this approach, we could confirm that the woman's age was the 276 

main factor significantly associated (p <0.05) with the nonimplantation of embryos 277 
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within the class NIMP classified by SIMCA as the IF class (comprising those having 278 

implantation potential; Supplementary Fig. 6, Panel a). Accordingly, upon analyzing 279 

the distribution of the mothers' ages, we found that within the IF class the IMP group 280 

(those same 26 samples) did not contain women older than 40 years, while the NIMP 281 

group (40 samples) included women of all three age-categories (age groups 1, 2 and 282 

3; Supplementary Fig. 7, Panel a). Furthermore, we searched if any of the external 283 

parameters analyzed here could have triggered the embryos to express either IF or 284 

NIF metabolomics. In an ANOVA comparison between the classes IF (26 + 40 285 

samples) and NIF (64 samples), we found that the samples predicted as NIF were 286 

typical of women of a statistically relevant higher age (Supplementary Fig 6, Panel b). 287 

In fact, a comparison of the distribution of the mothers´ ages within IF and NIF 288 

revealed that the NIF class contained a higher number of women older than 40 years 289 

(Supplementary Fig. 7, Panel b). 290 

 In view of the morphology grade of the embryos as assessed by the Istanbul-291 

consensus criteria9, a statistical analysis (chi2) demonstrated that the morphologic 292 

distribution of the embryos (grades 1, 2, and 3) observed within the IF and the NIF 293 

classes was also not significantly different (Fig. 3, Panel d, p = 0.125). Therefore, a 294 

grading system based on the embryo-cleavage rate and morphologic features were 295 

found not to be correlated with the different metabolomic patterns obtained by FTIR 296 

spectroscopy. 297 

 At this juncture, we would like to point out some fundamental pragmatic 298 

considerations. If FTIR spectroscopy is to be used in a practical arrangement as a 299 

method for identifying embryo candidates suitable for implantation, only embryos 300 

with the metabolic implantation-fingerprint class IF would be considered, while 301 

embryos of class NIF would be disregarded. Under these conditions, the success rate 302 
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of implantation in the present study would have equaled ~40%. This value can be 303 

obtained by the formula IMP/IF = 26/(26 + 40) = 39.4%. In contrast to such an 304 

application, however, the present study employed FTIR spectroscopy only 305 

retrospectively after the implantations had been performed. As a consequence, all 64 306 

embryos of the NIF class were transferred because those embryos had met all the 307 

morphologic criteria for successful implantation. The success rate in this instance—i. 308 

e., without application of the FTIR criteria—was only 20% [IMP/(IMP + NIMP) = 309 

26/(26 + 40 + 64)]. Thus, the success rate achievable with FTIR spectroscopy would 310 

have been almost twice as high as the rate of embryo assessment without considering 311 

the FTIR criteria. Of course, this retrospective data would need to be carefully 312 

reviewed and validated in a larger study. Nevertheless, this example clearly argues 313 

that the metabolomic criteria developed in our study have the potential to significantly 314 

improve the success rate of embryo implantation. 315 

 316 

DISCUSSION 317 

 Assisted-reproduction techniques (ART) are globally adopted methods that 318 

occupy a central place in reproductive medicine. IVF in particular, enhances the 319 

possibility of pregnancy and also enables women to conceive in situations which 320 

would not have been possible decades ago64. Nevertheless, the success rate of that 321 

reproductive treatment is still low (only 30%). Although depending on many different 322 

parameters54, the crucial step of the process is clearly the selection of a fully 323 

competent embryo for transfer. Accordingly, obtaining and selecting an embryo with 324 

the highest implantation potential is still the key objective within the state of the art in 325 

IVF laboratories. Different techniques based on diverse approaches for embryo 326 

assessment—e. g., morphokinetics, genetics, proteomics, metabolomics—are 327 
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constantly being proposed. Among noninvasive metabolomic-based techniques, NIR 328 

spectroscopy has represented a widespread analytical technique for carrying out a 329 

direct study of embryo supernatants. That approach offers a wide diversity of 330 

instrumentation available today, provides the possibility of using portable on-field 331 

spectrometers, and further supernatant spectra can be directly measured owing to the 332 

limited water interference65–67. NIR technology produces very wide bands due to the 333 

absorption of few signals from the molecular overtones along with a combination of 334 

stretching-bending vibrations of atomic groups such as O–H, C–H, and N–H67. The 335 

group of Dr. Denny Sakkas at the University of Massachusetts, Boston developed an 336 

NIR-based technique combined with supervised mathematical models for embryo 337 

selection and applied that procedure to different cohorts of patients. That strategy, 338 

however, was unable to further improve pregnancy rates, even when combined with 339 

an evaluation of embryo morphology23,28,29,31–33,68. In contrast, MIR spectroscopy 340 

provides much more information about the biochemical composition of the biologic 341 

materials58. MIR spectra arise from the stretching and bending vibrations resulting 342 

from all bonds that exhibit a transition dipole moment, such as C–H, C=O, C–O, O–343 

H, N–H, C–N, among others. FTIR spectroscopy is hence more sensitive than NIR to 344 

the full range of biomolecules present in biologic samples, and even more so when the 345 

dried-film technology is applied to guarantee that the strong features of water-346 

absorption bands, which interfere in the spectrum, are avoided54,56,58,69. 347 

 In its current state, the NIR technique provides no clinical benefit. 348 

Nevertheless we are convinced that the main reason for its low success is not only due 349 

to limitations in the spectroscopy technology itself, but also to the data structuring 350 

(data classification), and the analytical approaches used for the data analysis. In most 351 

of those investigations the available data were first organized in two classes: i) 352 
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samples belonging to embryos that implanted or resulted in a live birth and ii) samples 353 

belonging to embryos that failed to do either. Then, these two classes served as 354 

reference data for training different supervised learning algorithms54,58. Supervised 355 

data-processing methods such as genetic algorithms, or least-squares regressions use 356 

the spectra a priori assigned to classes, as teaching information to build models that 357 

are later used to predict the outcome of unknown samples. Our great concern at this 358 

point is that we demonstrated here that nonimplanted-embryo supernatants (the 359 

NIMPs) do not follow any specific pattern. Quite the contrary, these embryos 360 

represent a highly heterogeneous group of spectra (Fig. 3, Panel a, Supplementary 361 

Note 1, and Supplementary Fig. 4). Moreover, among the NIMP group of samples, a 362 

significant number might belong to embryos that could be good candidates on the 363 

basis of their metabolomic patterns having biochemical-implantation fingerprints 364 

similar to those of the implanted embryos, but failing to implant owing to the other 365 

parameters not associated with metabolomics and thus not reflected in spectroscopic 366 

methods (e. g., the maternal age for example; Supplementary Figs. 6, Panel a and 7, 367 

Panel a). Those samples were therefore falsely grouped in the wrong class from the 368 

metabolomics point of view. Consequently, the use of the fingerprints of 369 

nonimplanted embryos as one of the references on which to establish an implantation 370 

model disregards the reality that implantation is multifactorial. 371 

We need to underscore that in most of the investigations based on molecular 372 

methods such as genomics, transcriptomics, or proteomics for embryo-viability–373 

assessment, the data were first preclassified according to implantation outcomes, and 374 

supervised models were subsequently formulated with the information contained in 375 

both implantation and nonimplantation classes as reference data23,27–32,34. Our study 376 

presents a completely novel approach for classifying the samples according to their 377 
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implantation potential and reveals the underlying reasons for the differences between 378 

the implantation and nonimplantation of samples. In the results reported here, we 379 

demonstrated that classification models should be established differently from the 380 

existing models within the field. We established our classification model using the 381 

data of implanted embryos (IMP) in a one-class modelling technique called SIMCA. 382 

Utilizing the information of the class with known and homogenous properties (IMP in 383 

this study), we were able to predict whether a new sample belonged to the defined 384 

class or not. The other class might have a much larger variation that is partially 385 

unknown. This approach is highly relevant to the present study since we might 386 

encounter an embryo with a different metabolic fingerprint that was not accounted for 387 

in the existing sample set. Upon applying SIMCA modeling, the IMP and NIMP 388 

groups become redefined into two new classes according to the implantation 389 

fingerprint (IF and NIF; Fig. 3, panels b and c). 390 

 With respect to our SIMCA model, many embryos presenting metabolomic 391 

implantation-fingerprints did not implant (40 NIMP embryos included in the IF group, 392 

Fig. 3, Panel c). Thus, those embryos did not implant even though they had an 393 

implantation potential according to our model. The successful implantation of an 394 

embryo relies on intricate and multiple contributions—not only from eggs and sperm, 395 

which determine the quality of resulting embryos—but also from the endometrium, 396 

ovarian-stimulation regimes, laboratory conditions, and many external parameters70. 397 

We indeed were able to demonstrate that those NIMP embryos with metabolomic 398 

implantation fingerprinting IF (40 samples in Fig. 3, Panel c) did not implant because 399 

of the multifactorial nature of the outcome in pregnancy. An ANOVA analysis of the 400 

patients’ data recovered in this study (maternal age, BMI, smoking habits), revealed 401 
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that maternal age represented at least one of those causes for nonimplantation of these 402 

NIMP-IF embryos. 403 

 Another question that we could address was if external parameters could 404 

negatively influence embryos to express either an implantation metabolomics or a 405 

nonimplantation metabolomics. Again, we found that the maternal-age distribution 406 

was at least one of the features that differentiated embryos IF from NIF 407 

(Supplementary Fig. 6, Panel b and Fig. 7, Panel b). That the strongest influence 408 

related to a woman’s chance to become pregnant is her age is well known71–77; with 409 

advanced age causing a reduction in the ovarian follicular pool, perturbations in 410 

ovulation, and an increase in meiotic errors within the oocyte64,78. This is one among 411 

several different clinical predispositions that could induce an embryo to express an 412 

implantation or nonimplantion metabolomic fingerprint. To the best of our 413 

knowledge, the present study is the first to combine embryo-metabolomic data with 414 

patient clinical features. 415 

 Different strategies can be described for the process of selecting the embryo 416 

with the highest probability of implantation within an embryo cohort. The first 417 

represents the development of models that identify embryo biomarkers associated 418 

with embryo "quality". In this regard, we can apply different approaches—namely, 419 

those based on embryonic morphology (microscopic morphologic analysis, time-lapse 420 

imaging techniques), on the quality of the embryo's genetic material (noninvasive 421 

PGT), or on embryo metabolomics (NIR, FTIR, Raman, proteomics methods). Then, 422 

if a large cohort of patients were available, by combining more than one of these 423 

different approaches to assess embryonic viability, a further improvement in 424 

developing robust multifactorial implantation models for selecting of the best embryo 425 

for transfer would also be possible. Nevertheless, even then, we still could not ensure 426 
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that such embryos with the best “score” would implant. We have demonstrated here 427 

that suitable candidates from the metabolomic point of view, may fail in their 428 

implantation owing to other parameters, of equal consequence, associated with 429 

patients´ life-style, habits, and/or external characteristics such as smoking habits, 430 

BMI, age, stress—in addition to the embryo-transfer quality—just to mention a few. 431 

Consequently, a margin of uncertainty involving the patients´ profile and external 432 

conditions will always exists, which elements are often difficult to include in a model. 433 

Therefore, our present experience would dictate that, to enhance the efficiency of IVF 434 

procedures, efforts should focus particularly on two aspects i) combining different 435 

approaches for embryo assessment (morphokinetics, genetics, proteomics, 436 

metabolomics), and ii) improving data treatment. The combination of different 437 

embryo-assessment methods could enable the evaluation of an embryo's complete 438 

status with respect to implantation outcome. This multimodal approach could then 439 

improve the possibilities for embryologists to select embryos with the highest 440 

implantation potential. 441 

 In this work, we have demonstrated for the first time the potential of FTIR 442 

spectroscopy combined with multivariate analysis for gaining insights into 443 

fundamental aspects associated with embryo metabolomics and for improving 444 

implantation outcomes. In a retrospective analysis examining the combined results of 445 

FTIR and SIMCA, we observed that within the NIMP group more than 50% (64 out 446 

of 104 embryos) presented an NIF pattern (Fig. 3, Panel c). Thus, these NIMP-NIF 447 

embryos would not have been transferred to mothers if they had first been analyzed 448 

by the approach employing both FTIR and SIMCA. We need, however, to remark that 449 

the criterion for selecting the embryos for transfer was based largely on their 450 

morphologic appearance (86% of these embryos presented the highest morphology 451 
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grade according to the Istanbul consensus). Therefore, our results indicate that a 452 

reconstruction of the data including SIMCA in the IF and NIF will certainly be 453 

helpful as a practical adjunct since this additional information would decrease the 454 

failure rates and significantly improve the overall IVF outcome. Nonetheless, these 455 

results definitely have to be verified experimentally in a follow-up study. 456 

 In conclusion, this work has established the basis for how embryo data should 457 

be analyzed in order to develop new models for embryo selection in IVF treatments. 458 

This research therefore constitutes a significant contribution in the area of assisted 459 

fertilization, by offering a novel approach for embryo assessment in IVF treatments 460 

and revealing the cause of the failure to establish a reliable metabolomics-based 461 

model to predict embryo-implantation outcome. 462 

 463 

MATERIALS AND METHODS 464 

Ethical approval. Participants were recruited and provided written consent according 465 

to Section IRB00001745-IORG 0001315 of the protocols approved by a national 466 

ethics committee for medical education and clinical research [Centro de Educación 467 

Médica e Investigaciones Clínicas Norberto Quirno (CEMIC), Argentina]. 468 

 469 

Patients. The patients participating in the study were recruited from the fertility 470 

center “PREGNA-Medicina Reproductiva”, Buenos Aires, Argentina, during the 471 

period from October 2012 through December 2015. 472 

 All women below 42 years old treated at PREGNA and undergoing IVF 473 

treatments were considered for participation in the study, but patients with more than 474 

two previous IVF attempts were excluded. The diagnosis of the cause of female or 475 

male infertility, the protocol applied for ovarian-stimulation, and whether the 476 
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conventional IVF or an intracytoplasmic sperm injection was employed were not 477 

considered as exclusion criteria. The stimulation protocols consisted of the application 478 

of gonadotropins and the gonadotrophin-releasing–hormone antagonist in 479 

combination with recombinant and/or highly purified urinary gonadotropins. 480 

 481 

Embryo culture. Upon oocyte retrieval, cumulus-oocyte complexes were placed in 482 

four-well plates containing 500 µL of G-IVF Plus medium covered with mineral oil 483 

(OVOIL-Culture Oil) to avoid evaporation (all the culture media used in this study 484 

were from Vitrolife, Göteborg, Sweden). In parallel, semen samples were processed 485 

through discontinuous 90–50% density gradients (Spermgrad) and double washed in 486 

sperm preparation medium. The sperm suspension was adjusted to 200.000 motile 487 

sperm/mL in that medium and kept at room temperature (20–23 oC) until 488 

insemination. For conventional IVF, insemination was carried out 4 h after oocyte 489 

retrieval in the G-IVF Plus culture medium. For intracytoplasmic sperm injection, 490 

cumulus cells and the corona radiata of oocytes were removed by a brief exposure to 491 

80 IU/mL of hyaluronidase (Hyase-10X) 3–4 h after collection. This fertilization 492 

procedure was performed according to the standard protocol79,80. 493 

 After 18–20 h postinsemination, the fertilization was checked and two 494 

pronuclei-stage embryos were cultured individually in 40-µL droplets of overnight-495 

equilibrated G-1 Plus medium covered with culture oil in an IVF Tri-gas Incubator 496 

Model G185 (K-Systems, Birkerød, Denmark). For each cohort of embryos a drop of 497 

G1 Plus medium was incubated under the same conditions as a control. 498 

 Embryos incubated for 3 days were individually observed by optical 499 

microscopy for morphological grading according to the Istanbul-consensus criteria 500 

(European Society of Human Reproduction and Embryology and the Alpha Scientists' 501 
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Special-Interest Group)9. The embryos were classified as grade 1 (good quality), 502 

grade 2 (fair quality), grade 3 (poor quality) and grade 4 (arrested or undeveloped). 503 

 The highest-quality embryos from each cohort (one or two) were selected to 504 

be transferred. All the single embryos were retrieved from their supernatants. In all 505 

instances, only fresh embryos were transferred as described elsewhere after placing 506 

them in G-2 Plus culture medium81. Spent supernatants, drops of control culture 507 

media, samples of different batches of the G-1 Plus culture medium, and samples of 508 

the culture oil used were registered and stored under liquid nitrogen for further FTIR 509 

spectral analysis. 510 

 511 

FTIR spectroscopic analysis. The dried-film FTIR technology54,56,58,69 was applied 512 

to analyze the 3-day-embryo–culture supernatants. For this purpose, a protocol for 513 

sample preparation was optimized. Cryopreserved supernatants were thawed at room 514 

temperature (25 °C) and centrifuged for 5 min at 1690 x g to separate possible 515 

remnants of the culture oil in the samples. Different volumes of supernatants (15, 20, 516 

and 30 µL) were then pipetted onto each well of a ZnSe 96-well microtiter plate. The 517 

samples were dried under moderate vacuum (0.1 bar) or until transparent films were 518 

formed52,58. FTIR absorption spectra were measured in a Vertex 70 FTIR 519 

spectrometer coupled to the high-throughput HTS-XT automatic module under dried-520 

air circulation (Bruker Optics GmbH, Ettlingen, Germany). The spectra were recorded 521 

in the transmission mode within the spectral range between 650 and 4000 cm–1 with a 522 

6 cm–1 spectral resolution by taking 64 scans that were subsequently averaged. Before 523 

each sample measurement, background spectra of the ZnSe substrate were collected in 524 

order to account for variation in water vapor and CO2, with OPUS spectroscopy 525 

software (version 7.0; Bruker Optics GmbH, Ettlingen, Germany) being used for 526 
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automatic spectral acquisition. The FTIR spectra of both, the different batches of the 527 

culture medium and of the culture oil, used for the different reproducibility studies 528 

here performed, were likewise measured according to the procedure described above. 529 

 530 

Data analysis. The data-analysis flow sheet applied in this study was specifically 531 

developed for the optimized processing of embryo-supernatant FTIR spectra and 532 

comprised the following routines: 1) data preprocessing, 2) construction of the FTIR 533 

database, 3) hierarchical-cluster analysis (HCA), 4) principal-component analysis 534 

(PCA), 5) soft independent modelling of class analogy (SIMCA), and 6) statistical 535 

analysis (Fig. 4). 536 

Data pretreatment. In order to increase the quality of the FTIR spectral features, to 537 

reduce interference from noise, and to avoid interfering signals from water vapor and 538 

culture oil that could mask the spectral biomarkers specifically associated with 539 

implantation; a spectral preprocessing was applied82. As a first step, all raw spectra 540 

were subjected to a quality test of our own design through the use of OPUS-541 

spectroscopy software 7.0 (Bruker Optics, Ettlingen, Germany). This test involved 542 

checking the following parameters: (i) absorbance in the amide I region (1600–1700 543 

cm–1) with acceptable values being between 0.125 and 1.20 absorbance units, (ii) the 544 

signal-to-noise ratio (calculated from the first derivatives of the spectra between 2000 545 

and 2100 cm–1) with admissible values being lower than 1.5 x 10–4 and, (iii) water-546 

vapor content (determined from the first derivatives of the absorbance values between 547 

1837 and 1847 cm–1) with acceptable values being lower than 3 x 10–4 52,58. Because 548 

of small quantities of culture oil that were always left in the supernatants after the 549 

centrifugation, which could further interfere with FTIR spectral signals; an additional 550 

parameter in the quality test, the so-called “”, was defined. Parameter  indicates the 551 
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level of contamination of the supernatant with the culture oil in the infrared-552 

absorbance spectra as follows: the rate of the intensity of the peak at 2933 cm–1 553 

assigned as C–H stretching of >CH2 groups (lipids)—used as a marker band of oil 554 

content (I2933)—and the intensity of the peak at 1655 cm–1 assigned to amide I—used 555 

as an internal standard of the total biomass (I1655, where  = I2933/I1655; Supplementary 556 

Fig. 8). Only spectra with  ≤0.33 were included in the FTIR database. 557 

 For spectra that passed the quality test two different types of spectral 558 

preprocessing were developed: one for technical-reproducibility analysis which was 559 

applied among i) the different wells of the ZnSe optical plate, ii) the samples of the 560 

different culture medium batches, and iii) the samples recovered within each culture 561 

medium batch. Another preprocessing was applied to the spectra of supernatant 562 

samples before the PCA and SIMCA analyses. In the first, the so-called preprocessing 563 

A, spectra were preprocessed by calculating the second derivative (Savitzky-Golay, 17 564 

windows size) in the regions 2800–3000, 1500–1800, 1250–1500, and 900–1200 cm–565 

1; in the second, the so-called preprocessing B, data were preprocessed by taking the 566 

second derivatives (Savitzky-Golay, 3rd-degree polynomial, 17 windows size) in the 567 

regions 1500–1800, and 730–1280 cm–1, with extended multiplicative signal 568 

correction (EMSC) applying linear term61. 569 

 These spectral-preprocessing approaches enabled an increase in the resolution 570 

and a more facile interpretation of the spectra along with the detection and removal of 571 

outliers. Higher robustness and improved accuracy in subsequent classifications and 572 

quantitative analyses are therefore achieved52,58,82,83. 573 

Construction of the FTIR database. To facilitate the subsequent data analysis, an FTIR 574 

spectral library was developed containing normalized derivative spectra of 1) spent 575 

supernatants, 2) samples from different batches of the culture medium G-1 Plus, and 576 
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3) samples from the culture oil used during the study. All the spectra and the 577 

corresponding normalized derivatives were classified in two groups (Fig. 5). Group A 578 

comprised spectra of control samples: culture media, different batches of the culture 579 

medium G-1 Plus, and the culture oil. Group B consisted of spectra of the 580 

supernatants of the embryos that were transferred to the patients, with the IMP group 581 

constituting the spectra of supernatants from embryos that implanted (100% 582 

implantation), and the NIMP group the spectra of supernatants from nonimplanting 583 

embryo (0% implantation).  584 

 The supernatant spectra of the group IMP pertained to embryos whose 585 

morphologies were 30.8% grade 1 and 69.2% grade 2, where embryos of grade 3 586 

were not found, whereas the supernatants of the NIMP group contained 33.7%, 587 

50.0%, and 16.4% of embryos with morphologies of grades 1, 2, and 3, respectively. 588 

Hierarchical cluster analysis (HCA). This unsupervised-analysis technique was used 589 

for checking the reproducibility of the measurements and to detect outliers in the data 590 

sets46. As previously reported52,84,85, the spectral variances in the data were 591 

determined as the average ± 2 standard deviations of the so-called spectral distance 592 

(D). This parameter corresponds to a dissimilarity measurement equal to (1 – r) x 593 

1000, with r being Pearson's product-moment–correlation coefficient. For estimating 594 

the reproducibility of measurements among samples within the same batch and among 595 

different batches of G1 Plus culture medium, the spectral distances were calculated by 596 

using the prepossessing procedure A (cf. Section Data pretreatment; Supplementary 597 

Figs. 1–3). The fusion values in dendrograms were obtained by using the average 598 

linkage (OPUS versions 7.0 Bruker Optics GmbH, Ettlingen, Germany). 599 

Principal Component Analyis (PCA). To study the underlying pattern in the data, a 600 

PCA analysis of the FTIR metabolomic fingerprints of the 3-day-embryo supernatants 601 
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was performed. For this purpose the data were analyzed by applying the 602 

prepossessing procedure B (cf. Section Data pretreatment). This analysis was carried 603 

out by using Matlab-based in-house algorithms (Matlab R2019a, The MathWorks 604 

Inc., Natick, MA). 605 

Soft independent modelling of class analogy (SIMCA). For separating the embryo 606 

supernatant with implantation-fingerprint spectra from those with nonimplantation 607 

spectral fingerprints, the SIMCA62 pattern-recognition method was employed. The 608 

model was established by using class-IMP data only. The spectra were preprocessed 609 

by the procedure B (cf. Section Data pretreatment). To perform SIMCA analysis the 610 

Matlab GUI tool DD-SIMCA was used86. SIMCA relies on PCA and enables the 611 

creation of a border—a hyperplane—around a class of objects (class IMP in this 612 

instance) with the type of confidence interval that can be constructed by using 613 

different significance levels. The number of components for the PCA model was fixed 614 

to 3 and corresponds to a ~90% explained variance. The significance level was set at 615 

0.01. After the model was established, preprocessed spectra from the class NIMP 616 

(nonimplanted embryo spectra) were used to discriminate embryos that fell within the 617 

model's borders (i. e., with an IF-class implantation fingerprint in this instance) from 618 

those outside that model exhibiting no implantation fingerprints (the NIF class). 619 

Statistical analysis. An ANOVA was performed on the maternal metadata, with the IF 620 

class being considered separately, and on the IF versus the NIF class obtained by 621 

SIMCA modelling. Different parameters such as the maternal age, body-mass index 622 

(BMI), and smoking habits were analyzed as a single parameter both separately by 623 

ANOVA and all together by the MANOVA. 624 

 Chi2 analysis was performed to evaluate the embryo distribution within the IF 625 

and NIF classes. 626 
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 627 

Construction of a database platform for research-data management—628 

“OpenClinica”. This research was performed under strict international biosafety 629 

regulations, applying the "Best Practices for Research Data Management". For this 630 

purpose, we used an open-source software OpenClinica, based on electronic forms 631 

and protocols for storage, classification, analysis, and data visualization87. For the 632 

construction of this database, information was registered such as the patients’ personal 633 

details, hormonal treatments, embryo morphology, pregnancy outcome, and results 634 

from the quality tests of the acquired spectra. This platform is currently operating 635 

effectively on the web site https://www.openclinica.com/. The data registered at the 636 

OpenClinica database like the mother's age, BMI, and smoking habits were converted 637 

from numerical variables into qualitative ones. 638 

 The mother's age was categorized in 3 groups: Group 1, women older than 27 639 

and younger than 35 years; Group 2, women between 35 and 40 years; and Group 3, 640 

women older than 40 years. 641 

 The BMI was calculated in each individual by using the patient’s height and 642 

weight information in the formula (weight in kg)/(height in m)2 and then classified 643 

into 4 groups. Those patients with BMI values between 18.5 to 25.0 (normal weight), 644 

were included in Group 1, BMI values below 18.5 (underweight) were placed in 645 

Group 2, BMI values between 25.0 to 30.0 (overweight) corresponded to Group 3, 646 

and those with BMI values over 30.0 (obesity) were categorized in Group 4. 647 

 The information related to smoking habit provided by the mothers was divided 648 

into 5 categories: Group zero (0), women that never smoked; Group 1, ex-smokers 649 

that used to consume fewer than 10 cigarettes per day; Group 2, ex-smokers that used 650 

to smoke more than 10 cigarettes per day; Group 3, woman smoking at the time of the 651 

https://www.openclinica.com/
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IVF treatment at least 9 cigarettes per day; Group 4, active smokers of 10 to 19 652 

cigarettes per day; and Group 5, smokers of 20 or more cigarettes per day. 653 

 654 
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FIGURES AND FIGURES LEGENDS  921 

 922 

Fig. 1. Flow sheet of the standardized approach for FTIR spectral measurements 923 

of embryo supernatant 924 
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 925 

Fig. 2. Spectral description of embryo-culture supernatants. Panel a: FTIR 926 

spectrum of a 3-day-embryo supernatant recovered from the culture of an embryo of 927 

class IMP. The main spectral windows (W1 to W5) indicated above the figure 928 

correspond to: W1 aliphatic chains, (2800–3000 cm–1), W2 the region assigned to 929 

protein absorptions (1500–1800 cm–1), W3 the mixed region (1200–1500 cm–1), W4 930 
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the region assigned to carbohydrate-absorption bands (900–1200 cm–1), and W5 the 931 

fingerprint region (650–900 cm–1). = stretching vibrations, s = symmetric 932 

vibrations, and as = antisymmetric vibrations, =bending. Panel b: Spectral 933 

windows associated with functional groups in biomolecules and the band assignments 934 

for the 3-day-embryo supernatants. 935 

 936 

 937 
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Fig. 3. Metabolomics study of embryos based on FTIR spectroscopy in 938 

combination with multivariate analyses. Panel a: PCA-score plot based on FTIR 939 

metabolic fingerprinting of embryo-culture supernatants. Black squares, class IMP, 940 

(spectra of supernatants from embryos that implanted at 100%); green squares, class 941 

NIMP (spectra of supernatants for embryos that did not implant at 0% implantation). 942 

Panel b: Classification of the results for class-NIMP data by SIMCA modelling. 943 

Orange dots, class IF (implantation fingerprinting); blue dots, class NIF 944 

(nonimplantation fingerprinting). Panel c: Logic diagram indicating the distribution of 945 

samples according to the implantation outcomes (IMP versus NIMP) and their 946 

assignment to the IF or NIF groups according to the results obtained by the PCA and 947 

SIMCA analyses. The IF group comprises all the IMP spectra (26 samples) and a 948 

fraction of the NIMP spectra with features of the metabolic implantation fingerprint 949 

(40 samples), while the NIF group contains nonimplantation fingerprints from the 950 

NIMP spectra (64 samples). Panel d: Distribution of embryo-morphology qualities as 951 

determined by the Istanbul consensus within the IF and NIF groups (morphology 952 

grade 1, morphology grade 2, morphology grade 3). The percent distribution of the 953 

different morphological grades is plotted on the ordinate for the two metabolomic 954 

classes indicated on the abscissa. The statistical analysis revealed no significant 955 

differences between the embryo-morphology grades observed with the IF and the NIF 956 

patterns (p = 0.125). 957 

 958 



 
 

38 
 

 959 

Fig. 4. FTIR-spectral–data-analysis flow chart for embryo supernatants. 960 

 961 
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 962 

Fig. 5. FTIR spectral database construction. Panel a: Scheme illustrating the details 963 

of the control samples (Group A) analyzed by FTIR spectroscopy from the embryo-964 

culture media along with the results from quality-testing (QT) criteria, and from the 965 

culture oil used. Panel b: Scheme depicting the details of the samples analyzed for 966 

FTIR spectroscopy from the spent supernatant media from cultures of embryos that 967 
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were transferred to patients, indicating the embryos that implanted and those that 968 

failed to do so along with the quality-testing results of the corresponding sample 969 

groups (Group B). The bottom window of Panel b summarizes the spectra of the 970 

supernatants associated with the different outcomes of the embryo transfers for 971 

implantation, indicated by implantation (IMP) and nonimplantation (NIMP) QT = 1, 972 

fulfilled the spectral-quality requirements, QT = 0 did not meet the spectral-quality 973 

requirements. 974 

 *Only one sample from each batch was measured. 975 
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