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Abstract 

Reliable  assessment  of  embr  yo  viabilit  y  remains  a  critical  yet  challenging  component  of  assisted reproductive  technologies  (ART).  Traditional
 methods,  including  morphological  grading  and  preimplant  ation  genetic  testing  for  aneuploidy (PGT-A),  are  either  subjective,  invasive,  or  resource
 intensive.  Consequently,  non-invasive  approaches,  including  analysis  of  spent  culture  medium  (SCM)  and  digit  al  image-based  analytical  methods,
 emerged  as  promising  alternatives  to  support  clinical  decision-making  ,  though  their  reliabilit  y  varies.  SCM  analyses  can  detect  embr  yonic  DNA
 and  met  abolites,  but  their  outcomes  are  constrained  by  potential  cont  amination  with  non-embr  yonic  material  and  inconsistent amplification
 efficiency.  In  contrast,  image-based  assessment  combined  with  machine  learning  (ML)  enables  quantit  ative,  repeat  able,  and  transparent
 evaluation  of  embr  yo  architecture.  Segment  al  image  analysis  of  grayscale  bitmaps  allows  for  extraction  of  interpret  able  phototextural  metrics,
 which  have  been  correlated  with  development  al  competence  and  ploidy  st  atus  of  embr  yos.  Recent  applications of  ML-assisted  techniques
 demonstrate  comparable  or  superior  predictive  performance  relative  to  PGT-A  and  expert  embr  yologists,  highlighting  their  potential  as  cost-
 effective  and  ethically  favorable  alternatives.  Continued  refinement  of  image  acquisition minimizing  artifacts,  optimizing  qualit  y  and  resolution,
 and  focusing  on  key  regions  such  as  the  trophectoderm  and  inner  cell  mass,  may  further  enhance their  diagnostic  sensitivit  y  and  specificit  y.
 Overall,  computerized  assessment  of  embr  yo  microphotographs represents  a  scalable,  non-invasive  strategy  that  can  complement  or  even
 partially  replace  invasive  testing  .  By  leveraging  structured,  interpret  able  image  dat  a,  algorithms  such  as  r-Algo  2.0  (discriminative  image-analysis
 soft  ware)  exemplify  the  emerging  role  of  comput  ational  tools  in  advancing  diagnostic  precision  and  objectivit  y  in  ART.
 

Highlights  

• Current  methods  of  embr  yo  viabilit  y  assessment  lack  clinical  reliabilit  y 
• Non-invasive  image  analysis  supports  accurate  embr  yo  qualit  y  assessment  
• Transparent  algorithms  enhance  repeat  abilit  y  of  image-analysis  techniques  
• Image-based  embr  yo  assessments may  complement  or  reduce  the  need  for  PGT-A  
• Imaging  refinements  can  further  enhance  its  diagnostic  sensitivit  y  and  specificit  y 

Summary  Sentence  

Computerized  image  analysis  and  machine  learning  offer  a  non-invasive,  scalable,  and  reliable  alternative  to  currently  used
 embryo  assessment  methods,  with  comparable  or  improved  predictive  performance,  enhancing  objectivity  and  clinical  decision-
 making  in  ART.
 

Key  words: Assisted  reproductive technologies,  embryo  viability,  preimplantation  genetic  testing  for  aneuploidy,  algorithmic  image  analysis,  image-based
 assessment.  

Introduction 

Infertility  and  assisted  reproducti  ve  technologies  in
 the  general  population  

According  to  estimates  from  the  World  Health  Organiza-
 tion,  approximately  one  in  six  individuals  worldwide  are
 affected  by  infertility  [ 1].  Infertility  is  def  ined  as  the  inability
 to  conceive  after  12  months  of  regular,  unprotected  sexual
 

intercourses;  for  women  aged  35  years  or  older,  this  period
 is  reduced to  6  months  due  to  the  natural  decline  in  fertility
 with  age.  To  combat  infertility  and  improve  reproductive
 outcomes,  both  the  availability  and  eff  icacy  of  assisted  repro-
 ductive  technologies  (ART),  such  as  in  vitro  fertilization  (IVF)
 and  intracytoplasmic  sperm  injection  (ICSI),  must  continue
 to  advance.  However,  recent  reports  from  the  Society  for
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2 “Old  and  new”  frontier  s  in  embryo  assessment  

Assisted  Reproductive  Technology  (SART)  indicate  that  ART
 success  rates  remain  modest  and  decrease  with  age,  with  live
 birthrates,  for  new  patients  whom  started  their  ART  proce-
 dure(s)  within  the  reporting  year,  averaging  50%  for  women
 under  the  age  of  35,  ∼33%  for  women  aged  35–40,  and  14%
 for  women  aged  41-42,  and  4%  for  women  over  the  age  of
 42  [ 2].  Consequently,  infertility  and  the  pursuit  of  ART  can
 impose  substantial  f  inancial,  psychological,  and  emotional
 burdens  on  affected  individuals  and  couples  [ 3,  4].  Identifying
 and  implementing  methods  that  improve  ART  is  imperative
 not  only  for  increasing  the  success  of  childbearing  (clinical
 perspective),  but  also  for  reducing  the  hardships  associated
 with  ART  (patients’  perspective).
 

To  improve  ART  success  rates  by  increasing  the  likelihood
 of  implantation,  clinical  embryologists  may  choose  to  transfer
 more  than  one  embryo.  Although  this  can  increase  live  birth
 rates  (LBRs),  it  also  elevates  the  risk  of  impending  health
 complications.  Therefore,  it  is  generally  recommended that
 clinics  transfer  a  single  embryo  per  IVF  cycle,  depending  on
 the  patient’s  age  and  underlying  cause  of  infertility  [ 5,  6].  To
 enhance  the  success  of  IVF  with  single  embryo  transfer,  fer-
 tility  clinics  seek  to  identify  and  select  a  transferrable  embryo
 with  the  highest  developmental  potential.  The  development  of
 accurate  and  reliable  techniques  for  evaluating  embryo  viabil-
 ity  has  become  essential  for  improving  the  overall  eff  icacy  of
 contemporary  ART.
 

Current  approaches  to  determining  embryo  viability  mainly
 include  morphological  assessment  and  preimplantation
 genetic  testing  for  aneuploidy  (PGT-A;  [ 8]).  Standard  non-
 invasive  approaches,  such  as  morphological  assessment,  are
 relatively  simple  and  accessible,  but  inherently  subjective
 and  prone  to  variability  [ 8].  In  contrast,  PGT-A  provides
 an  objective  evaluation  of  an  embryo’s  chromosomal status;
 however,  it  is  costly  and  can  be  damaging  to  the  embryo
 [ 9,  10].  Paulson  [ 11]  reported  that  PGT-A  may  reduce
 pregnancy  rates  due  to  its  potential  adverse  effects.  As  a
 result,  PGT-A  is  only  recommended  for  individuals  with
 a  history  of  failed  embryo  transfers/recurrent  miscarriages
 [ 7,  11].  Evidently,  non-invasive  methods  for  assessing  embryo
 viability  eliminate  many  of  the  risks  associated  with  PGT-A.
 Consequently,  there  is  growing  interest  in  developing  more
 affordable  and  reliable  non-invasive  methods  of  evaluating
 the  developmental  potential  of  in  vitro–derived  embryos,  and
 such  strategies  are  currently  the  focus  of  increasingly  intensive
 research  ( Figure  1).  The  “omics”  techniques,  including
 transcriptomics,  proteomics,  and  metabolomics,  are  being
 extensively  studied  to  identify  measurable  biomarkers  in  the
 embryos’  spent  culture  media  (SCM)  [ 8].  Time-lapse  imaging
 (TLI)  enables  continuous  visual  assessment  of  an  embryo’s
 morphological  changes,  providing  important  insights  into
 potential  morphokinetic  differences  between  embryos  varying
 in  their  developmental  potential  [ 8].  Furthermore,  artif  icial
 intelligence  (AI),  particularly  machine  learning  (ML)  algo-
 rithms,  represents  one  of  the  most  promising  approaches
 for  improving  ART  by  predicting  embryo  viability  based  on
 multiple  quantif  iable  parameters  [ 12].  In  addition,  emerging
 non-invasive  approaches,  such  as  ultra-weak  photon emission
 (UPE),  which  measures  natural  luminosity  produced  from
 metabolic  and  physiological  processes,  and  algorithmic  pho-
 totextural  image  analysis  focusing on  previously  unexplored
 intrinsic  attributes  of  developing  embryos,  are  currently  under
 active  investigation  and  are  rapidly  progressing  from  the
 proof-of-concept  to  validation  stages.
 

This  review  summarizes  current  clinical  methods of
 embryo  viability  assessment and  introduces,  in  more  depth,
 a  novel  non-invasive  technique  utilizing  the  algorithm-based
 quantitative  image  analysis  of  embryo  microphotographs,
 which  may  offer  a  means  of  inferring  embryo  ploidy  status.
 A  comparative  evaluation  of  the  advantages  and  limitations
 of  both  the  established  techniques  and  new  methodologies  is
 also  presented. 

Current  clinical  methods 

Morphological  assessments  

The  primary  method  for  assessing  embryo  viability  involves
 removing  embryos  from  an  incubator  to  examine  their  mor-
 phological  features  under  a  microscope.  The  morphology  and
 structural  appearance  of  the  embryo  provide  important  indi-
 cators  of  its  health  status.  A  fertilized  oocyte,  or  presumptive
 zygote,  is  classif  ied  as  being  in  the  pronuclear  (PN)  stage  when
 it  remains  a  single  cell.  During  this  stage,  the  nuclei  of  the
 sperm  and  oocyte  fuse  to  form  a  single  nucleus.  The  zygote
 then  begins  to  divide,  marking  the  onset  of  the  cleavage  stage.
 By  days  5–6  post-insemination,  the  human  embryo  develops
 into  a  blastocyst  consisting  of  approximately  50–200  cells. 

Nuclear  stage  morphological  assessment 

The  most  assessed  characteristics  at  the  PN  stage  of  embryonic
 development  include  the  size  of  the  nucleoli,  distribution
 of  nucleolar  precursor  bodies  (NPBs)  within  the  pronuclei,
 and  their  overall  symmetry.  NPBs  are  distinct,  electron-dense,
 spherical  nuclear  structures  present  in  the  oocytes  and  early
 embryos  of  mammalian  species.  They  represent  immature
 forms  of  the  nucleolus  and  play  a  signif  icant  role  in  the
 re-establishment  of  functional  nucleoli  after  fertilization.
 There  are  several  methods  to  distinguish  between  normal  and
 abnormal  presumptive  zygotes.  One  widely  used  PN  grading
 scheme,  developed  by  Tesarik  and  Greco  [ 13],  evaluates  the
 number,  relative  size,  and  location  of  NPBs  within  the  male
 and  female  pronuclei.  This  scheme  comprises  six  patterns  (0–
 5)  that  represent  progressive  stages  of  PN  development  and
 symmetry  ( Supplementary  Figure  1).  In  general,  the  transition
 from  pattern  0  (early  or  unorganized  stage)  to  pattern  1
 (symmetrical  alignment)  ref  lects  normal  pronuclear  matura-
 tion,  whereas  increasing  irregularity  from  patterns  2  through
 5  (slight,  moderate,  and  marked  asymmetry,  potentially
 culminating  in  complete  disorganization)  indicates  declining
 zygote  quality.  Scott  [ 14]  proposed  a  PN  grading  system  that
 assigns  a  Z-score  to  embryos  based  on  the  halo,  alignment,
 and  number  of  pronuclei  ( Supplementary  Figure  2).  Due  to  the
 nature  of  these  scoring  methods  being  highly  thorough  and
 therefore  time-consuming,  they  are  impractical  for  routine
 use  in  a  laboratory  setting.  A  retrospective  study  of  >3000
 zygotes  by  Stigliani  et  al.  [ 15]  demonstrated  that  applying
 a  simplif  ied  PN  grading  scheme  developed  by  the  European
 Society  of  Human  Reproduction and  Embryology  (ESHRE;
 [ 16])  could  also  improve  the  accuracy  of  embryo  viability
 assessment;  the  ESHRE  system  classif  ies  NPBs  into  three
 categories  or  scores:  (1)  symmetrical,  (2)  non-symmetrical,
 and  (3)  abnormal  ( Supplementary  Figure  3).  When  scores  2
 and  3  were  combined for  analysis,  they  found  the  signif  icantly
 different  15%  implantation  rate  for  score  1  embryos  and  9%
 implantation  rate  for  PN  score  2–3  embryos.  Importantly,
 consistent  with  earlier  studies  [ 17,  18],  this  study  did  not
 conf  irm  the  predictive  value  of  optimal  PN  morphology  for
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Figure  1.  A  schematic  of  different  methods  of  embr  yo  viabilit  y  assessment.  (A)  Fertilization  is  achieved  through  assisted  reproductive  technologies
 (ART)-in  vitro  fertilization  (IVF)  or  intracytoplasmic  sperm  injection  (ICSI).  (B)  A  schematic  of  the  different  embr  yo  grading  assessment  methodologies
 including  (i)  conventional  assessment  where an  embr  yo  is  removed  from  an  incubator and  examined  under  a  microscope  at  different  st  ages  of  its
 development;  (ii)  PGT-A  with  laser  excision  of  5–10  cells  from  the  trophoblast  of  an  embr  yo  at  day  5–6  post-fertilization;  (iii)  time-lapse  imaging  (TLI)
 assessment  of  an  embr  yo  as  it  develops  in  a  closed  incubator  via  t  aking  images  ever  y  5–15  min,  to  collect  morphometric  and  development  al  dat  a;  (iv)
 spent  culture  media  (SCM)  assessment  through  using  media  collected  either  after  embr  yo  transfer  (one-step  medium)  or  at  different  development  al
 st  ages  (multi-step  media).  

post-implantation  development  or  long-term  pregnancy
 outcomes.  Lastly,  the  time  window  for  PN  assessment  is
 very  narrow  (approximately  17  ±  1  h  post-ICSI),  after  which
 the  pronuclei  are  no  longer  discernible,  further  limiting  its
 practicality  [ 16].
 

Cleavage-stage  morphological  assessment 

Human  embryos  reach  the  cleavage  stage  approximately
 2  days  after  insemination  and  are  assessed  on  days  2–
 3.  Day  3  of  development  is  singularly  important  because
 this  is  when  embryonic  genome  activation  takes  place  and
 many  embryos  arrest  at  this  stage  ( https://  obgynkey.com/
chapter-  8-  timing-  of-  embryo-  culture/  ;  last  accessed March
 2026).  The  main  cleavage-associated  morphological  features
 evaluated  include  cell  number,  symmetry,  and  the  degree  of
 fragmentation  [ 19].  There  are  different  methods  that  have
 been  developed  to  assess  cleavage-stage  embryo  morphology
 [ 19–  21].  In  practice,  however,  embryo  viability  at  the  cleavage
 stage  is  often  evaluated  using  customized  or  clinic-specif  ic
 systems.  For  instance,  one  Canadian  clinic  classif  ies  cleavage-
 stage  embryos  on  a  scale  of  A–C,  with  grade  A  embryos
 having  ≤10%  fragmentation  ( https://  www.onefertilitykitche
nerwaterloo.com/  ivf-  embryo-  grading-  guide/  ;  last  accessed:
 March  2026);  whereas  another  clinic  will  classify  cleavage-
 stage  embryos  on  a  scale  of  1–4,  based  on  cell  size  and
 fragmentation,  with  grade  1  characterized  by  evenly  sized
 cells  and  lower  fragmentation  being  of  higher  quality  ( https://
www.arcfertility.com/  understanding-  embryo-  grading/  ;  last
 

accessed:  March  2026).  Most  of  the  clinics,  however,  use  a  set
 of  criteria  similar  to  the  grading  scale  developed  by  Stensen
 et  al.  [ 21]  ( Figure  2).
 

The  morphological  grading  at  the  cleavage  stage  has  been
 shown  as  a  good  predictor  of  embryo  development  to  the
 blastocyst  stage,  but  not  of  blastocyst  transfer  outcome  or
 fate  [ 22,  23].  A  retrospective  study  by  Zilberberg  et  al.  [ 24]
 showed  that  if  when  evaluating  the  developmental  progression
 of  an  embryo  that  turned  into  an  excellent  quality  blastocyst,
 its  appearance  at  the  cleavage  stage  did  not  affect  ongo-
 ing  pregnancy  rates  (typically  def  ined  as  pregnancy  beyond
 the  f  irst  trimester).  More  precisely,  comparing  cleavage-stage
 morphology  between  good-quality  blastocysts  is  not  advanta-
 geous  for  predicting  transfer  outcome.
 

Interestingly,  there  is  evidence  that  the  morphological
 appearance  of  a  cleavage-stage  embryo  in  conjunction with
 cleavage  timing  may  be  more  accurate  in  determining  embryo
 quality  [ 25,  26].  Studies  have  shown  that  embryos  that
 cleave  early  have  a  higher  pregnancy  rate  than  late-cleavage
 embryos  [ 27–  29].  However,  this  assessment  can  only  be
 completed  with  the  use  of  TLI  systems  that  monitor  and
 determine  the  “tempo”  at  which  individual  embryos  cleave.
 Overall,  embryo  development  at  the  cleavage  stage  is  a
 marker  of  subsequent blastocyst  development and  quality
 but  remains  a  variable  predictor  of  pregnancy  following
 the  transfer  of  pre-selected  blastocysts.  Thus,  cleavage-stage
 assessment  alone  is  not  a  suff  icient  measure  of  embryo
 viability.
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Figure  2.  A  schematic  of  embr  yo  grading  at  the  cleavage  and  morula  st  age  of  embr  yonic  development.  (A)  Cleavage-st  age  embr  yo  grading  system  for
 estimating  embr  yo  viabilit  y  and  development  al  potential  developed  by  Stensen  et  al.  [  21].  (B)  Visual  principles  of  embr  yo  grading  at  the  morula  st  age
 [  16].  

Day-4  human  embryo  assessment 

After  cleavage,  day  4  of  human  embryo  culture  marks
 the  attainment  of  the  morula  stage.  Most  normally  devel-
 oping  embryos  contain  ∼12–16  cells  by  day  4  post-
 insemination/ICSI.  At  this  point,  embryos  are  assessed  visually
 to  estimate  their  developmental  progress  on  route  to  the
 blastocyst,  including  cell  number,  compaction,  overall  symme-
 try,  and  the  degree  of  fragmentation  ( Figure  2).  The  Istanbul
 Consensus  (Alpha/ESHRE;  [ 16,  30])  explicitly  describes  day-
 4  embryo  evaluation  as  descriptive,  not  numeric  ranking.  The
 relative  predictive  value  of  day-4  embryo  assessment  in  terms
 of  ensuing  implantation  and  pregnancy  rates  remains  low  to
 moderate.  Although  a  retrospective  analysis  of  graded  day-4
 embryos  found  signif  icant  correlations  with  pregnancy rates
 [ 31],  most  studies  indicate  that  grading  at  day  4  is  better as  a
 screening  tool  for  culture  continuation  rather  than  for  direct
 prediction  of  pregnancy  outcome  [ 31,  32].
 

Blastocyst-stage  morphological  assessment 

Most  clinics  transfer  embryos  between  days  5  and  6  post-
 fertilization.  The  practical  and  most  widely  used  grading  sys-
 tem  for  assessing  embryos  just  prior  to  transfer,  developed  by
 

Gardner  and  Schoolcraft  [ 33],  evaluates  three  distinctive  mor-
 phological  components  of  the  blastocyst:  the  trophectoderm
 (TE),  the  blastocoel  (f  luid-f  illed  cavity),  and  the  inner  cell  mass
 (ICM;  Supplementary  Figure  4).  Because  most  clinics  employ
 conventional  assessment  methods  (i.e.  removing  embryos
 from  incubators  for  morphological  evaluation),  the  Gardner
 and  Schoolcraft  [ 33]  system  remains  the  standard  approach
 for  blastocyst  assessment.  Using  this  grading  scheme,  Gardner
 et  al.  [ 34]  reported  that  the  implantation  rate  (def  ined  by  the
 presence  of  a  fetal  heartbeat)  of  individuals  who  underwent
 the  transfer  of  a  single  high-scoring  blastocyst  resulted  in  a
 50%  implantation  rate.  Furthermore,  Alfarawati  et  al.  [ 35]
 demonstrated  that  aneuploid  embryos  received  lower  grades
 than  euploid  embryos,  particularly  in  the  ICM  and  TE  regions.
 These  f  indings  have  contributed  to  improved  success  rates  of
 single  embryo  transfer  (SET)  procedures  [ 36–  39].
 

Although  higher  blastocyst  scores  are  associated  with
 improved  implantation  and  pregnancy  outcomes,  this  assess-
 ment  has  notable  limitations.  Most  importantly,  it  is  based
 on  subjective  visual  evaluations  by  embryologists,  which  can
 vary  depending  on  individual  experience.  Storr  et  al.  [ 40]
 compared  the  grading  and  selection  of  day-5  blastocysts
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among  10  embryologists  performing  SET  and  found  that,
 among  100  cases,  the  10  embryologists  agreed  on  the  same
 (top)  embryo  for  transfer  in  only  50%  of  cases.  Inter-observer
 variability  increases  even  further  when  embryos  are  evaluated
 at  multiple  discrete  time  points  rather  than  just  one  [ 40,  41].  In
 addition,  the  association  between  good-quality  morphology
 and  euploidy  declines  with  advancing  maternal  age,  which
 could  increase  inter-observer  agreement  [ 42,  43].
 

Collectively,  despite  extensive  research  showing  how  mor-
 phological  grading  of  blastocysts  has  signif  icantly  improved
 clinical  pregnancy  rate  (CPR)  and  live  birth  rates  (LBRs),  com-
 pared  to  that  of  PN  and  cleavage-stage  assessment,  blastocyst
 grading  is  a  subjective  and  inconsistent  method  for  assess-
 ing  embryo  viability.  However,  blastocyst  scoring  currently
 remains  the  single  most  practical  and  successful  method  at
 selecting  the  best  embryo  for  transfer.
 

Preimplantation  genetic  testing  

Since  morphological  grading  criteria  do  not  fully  account  for
 the  genetic  composition  of  an  embryo,  frequently  resulting  in
 implantation  failure,  miscarriage,  or  genetic  abnormalities  in
 offspring  [ 44,  45],  Handyside  et  al.  [ 46]  introduced  preim-
 plantation  genetic  testing  (PGT).  Initial  applications  of  PGT
 were  geared  toward  preventing  X-linked  diseases  in  affected
 families  [ 44,  45].  This  was  followed  by  work  at  the  Jones
 Institute  in  the  United  States,  which  in  1995  performed  PGT
 to  detect  Tay–Sachs  disease,  a  fatal  genetic  neurodegenerative
 disease,  leading  to  the  birth  of  the  f  irst  healthy  baby  following
 PGT  [ 47].  Currently  available  PGT  diagnostics  include  testing
 for  structural  rearrangements  (PGT-SR),  monogenic  diseases
 (PGT-M),  and  aneuploidy  (PGT-A)  [ 44].  For  the  purposes  of
 this  review,  only  PGT-A  is  discussed.
 

Aneuploidy  typically  originates  from  errors  during  mei-
 otic  division  such  as  non-disjunction (chromosomal  mis-
 segregation;  [ 48,  49]).  Meiotic  errors  largely  produce whole-
 embryo  aneuploidy,  in  which  every  cell  is  chromosomally
 abnormal.  However,  aneuploidy  can  also  arise  from  mitotic
 errors,  which  occur  after  fertilization  and  produce  pre-
 dominantly  mosaic  embryos,  in  which  the  cumulative  cell
 population  has  differing  cell  lines,  including  both  aneuploid
 and  euploid  cells  that  may  be  clustered  or  dispersed  [ 50–  52].
 A  typical  TE  biopsy  sample  collects  only  5–10  cells  from  the
 blastocyst  which  is  analyzed  using  next-generation  sequencing
 (NGS)  [ 53].  However,  the  probability  those  cells  failing  to
 represent  the  chromosomal  status  of  the  entire  embryo  can
 be  substantial.  This  can  be  mathematically  visualized  with
 the  binomial  sampling  equation:  

(
 1  −  p )  n  where  p  is  the

 percentage  of  cells  that  are  aneuploid  and  n  is  the  number
 of  cells  collected through  biopsy.  For  example,  if  aneuploid
 cells  constitute 20%  of  the  embryo,  the  probability  that  PGT-
 A  sampling  detects  none  is  approximately 33%.  When  the
 aneuploid  proportion  is  10%,  the  probability  of  missing
 aneuploid  cells  increases  to  about  60%.  If  the  aneuploid  cell
 content  is  very  low  (<5%),  the  probability  of  non-detection
 can  reach  80–90%.
 

The  main  challenge  with  embryonic  mosaicism  lies  in  its
 unspecif  ied  biological  and  clinical  interpretation.  Mosaicism
 detected  by  PGT-A  may  not  accurately  represent  the  chromo-
 somal  status  of  the  entire  embryo  [ 53,  54].  As  a  result,  the  true
 level  of  mosaicism  is  often unknown,  leading  many  clinics  to
 adopt  a  simplif  ied  binary  classif  ication  (euploid  vs.  aneuploid)
 system  despite  its  limitations  [ 54].  Clinically,  there  is  ongoing
 debate  about  whether  mosaic  embryos,  particularly  those  with
 

low-level  mosaicism,  should  be  reported  or  transferred.  While
 professional  guidelines  (e.g.  ESHRE)  and  previous  studies
 indicate  that  the  transfer  of  low-  to  medium-level  mosaic
 embryos  is  associated  with  implantation  rates  and  neonatal
 outcomes  comparable  to  those  for  euploid  embryos  [ 52,  55,
 56],  other  recent  evidence  suggests  a  modest  but  signif  icant
 reduction  in  implantation  rates  [ 57,  58].  These  conf  licting
 f  indings  highlight  the  need  for  standardized  reporting  criteria
 and  transfer  guidelines  of  mosaic  embryos,  as  well  as  cautious
 clinical  decision-making.
 

PGT-A  is  an  invasive  procedure  that  requires  substantial
 technical  skill,  dexterity,  and  experience.  The  current  method-
 ology  involves  an  embryologist  performing  a  TE  biopsy  on
 day-5–6  blastocysts  using  a  laser  to  excise  TE  cells.  The
 isolated  cells  undergo  whole-genome  amplif  ication  (WGA)
 followed  by  NGS  to  determine  the  embryo’s  ploidy  status.  The
 entire  workf  low,  from  TE  biopsy  to  ploidy  reporting,  typically
 spans  12–48 h,  depending  on  the  WGA  and  NGS  platforms
 used.  Therefore,  this  process  necessitates  vitrif  ication,  warm-
 ing,  and  subsequent transfer  of  assessed  blastocysts.  Bhatt
 et  al.  [ 59]  looked  at  the  effect  of  PGT-A  on  pregnancy  out-
 comes  in  patients  with  recurrent  pregnancy  loss  (RPL),  which
 they  def  ined  as  three  or  more  pregnancy  losses  in  autologous
 frozen  embryo  transfer  cycles.  Among  embryos  subjected  to
 PGT-A,  there  was  a  signif  icant  improvement  in  LBR  (47.7%)
 and  a  reduction  in  adverse  outcomes,  including  ectopic  preg-
 nancy  (19.0%)  and  spontaneous  abortion  (10.8%).  The  most
 pronounced  benef  it  was  observed  in  patients  aged  >40  years,
 a  group  with  a  higher  incidence  of  aneuploidy  and  RPL.  These
 f  indings  align  with  more  recent  data  from  Harris  et  al.  [ 60]
 who  reported  that  individuals  aged  ≥35  years  who  underwent
 PGT-A  had  a  higher  CPR  (54.3–64.8%),  def  ined  by  the  pres-
 ence  of  a  positive  pregnancy  past  the  f  irst  trimester,  compared
 with  those  who  did  not  (33.7–54.5%).  Overall,  across  all  age
 groups,  patients  who  utilized  PGT-A  were  approximately  3%
 more  likely  to  achieve  a  live  birth  [ 60].
 

Despite  its  benef  its,  PGT-A  remains  an  invasive  procedure,
 as  it  involves  removing  TE  cells  during  ongoing  embryonic
 development,  which  can  signif  icantly  alter  the  embryo’s  archi-
 tecture.  The  removal  of  TE  cells  during  PGT-A  may  be  asso-
 ciated  with  adverse  outcomes,  including  implantation  failure
 [ 7].  A  recent  retrospective  study  found  that  technical  biopsy
 errors,  amplif  ication  failures,  and  diagnostic  inaccuracies  may
 result  in  only  24.4%  of  biopsied  embryos  being  eligible  for
 transfer  [ 61].  In  addition  to  its  biological  risks,  PGT-A  is  costly
 and  hence,  often  inaccessible  to  many  patients.  Davis  et al.  [ 7]
 conducted  a  cost–benef  it  analysis  in  a  Canadian  fertility  clinic
 across  different maternal  age  groups.  With  the  procedural
 costs  approximating  CAD  $ 2500  per  embryo,  their  f  indings
 indicated  that  PGT-A  provided  a  clear  benef  it  only  for  patients
 over  the  age  of  38,  due  to  a  higher  prevalence  of  meiotic
 errors  and  a  lower  number  of  fertilized  oocytes  in  this  age
 group  [ 7].  While  PGT-A  is  imperative  for  patients  of  advanced
 maternal  age,  it  is  still  recommended  more  broadly  to  increase
 pregnancy  success  rates  [ 7].  However,  although  PGT-A  may
 improve  the  likelihood  of  transferring  a  viable  embryo,  it  does
 not  guarantee  a  positive  outcome,  which  can  sometimes  be
 misconstrued  in  patient  counseling.
 

Another  limitation  of  PGT-A  is  that  it  is  typically  not
 performed  on  poor-quality  blastocysts.  Good  morphological
 quality  does  not  guarantee  chromosomal  normality,  meaning
 that  morphologically  high-quality  embryos  may  still  be  aneu-
 ploid  and  vice  versa,  while  some  lower-quality  embryos  may
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be  euploid  and  capable  of  resulting  in  healthy  pregnancies.
 Therefore,  excluding  embryos  from  PGT-A  testing  or  transfer
 based  solely  on  morphology  may  lead  to  the  discarding  of
 potentially  viable  embryos.
 

PGT-A  is  not  authorized  or  uniformly  regulated  in  all
 countries,  largely  due  to  ethical,  legal,  and  societal  concerns,
 particularly  around  embryo  selection  and  concerns  about
 eugenics  [ 62].  As  a  result,  access  to  PGT-A  varies  considerably
 across  jurisdictions  [ 54].  For  example,  in  Germany  PGT-A
 is  highly  restricted  under  the  Embryo  Protection  Act  and  is
 generally  permitted  only  in  exceptional  cases  (e.g.  high  risk  of
 severe  genetic  disease)  [ 62].  In  several  European  states,  PGT-
 A  is  allowed  but  strictly  regulated  (e.g.  in  Austria,  Switzer-
 land,  Italy,  and  France)  [ 62].  Accordingly,  scientists  provide
 guidance  to  embryologists  on  selecting  non-PGT-A  embryos
 for  transfer  to  improve  the  procedure’s  success  rates  (e.g.
 prioritizing  a  small  hatching blastocyst  over  a  larger,  non-
 hatching  one)  [ 63].  In  addition,  these  regulatory  disparities
 have  contributed signif  icantly  to  fertility  tourism  [ 62,  64].
 While  this  expands  patient  choice,  it  also  raises  concerns
 about  inequitable  access,  uniformity  of  clinical  standards,
 legal  uncertainty  regarding  embryo  ownership,  and  continuity
 of  medical  care  and  overall  cost  [ 62,  64].
 

Although  PGT-A  provides  an  objective  estimate  of  embryo
 viability,  it  is  not  the  most  optimal  method  for  clinical  assess-
 ment.  Due  to  the  methodological,  ethical,  and  f  inancial  chal-
 lenges  associated  with  PGT-A,  considerable  attention  has
 shifted  toward  the  development of  non-invasive  assessment
 approaches  that  are  more  secure,  cost-effective,  and  suff  i-
 ciently  accurate  for  evaluating  embryo  viability.
 

Non-invasive  methods 

The  advent  of  TLI  technology  has  enabled  continuous,
 minimally  disruptive  monitoring  of  embryos  across  multiple
 developmental  stages  [ 41,  65,  66].  Application  of  TLI  has
 revealed  the  temporal  differences  that  may  help  identify
 embryos  with  greater  developmental potential  in  vitro  [ 66].
 Another  non-invasive  approach  involves  analyzing  the  SCM
 to  identify  measurable  biomarkers  of  embryo  viability.  Secre-
 tome  prof  iling,  the  assessment  of  molecules  released  by  the
 embryo  into  the  culture  medium,  integrates  several  “omics”
 methodologies,  including  genomic  (nuclear  and  mitochondrial
 DNA),  metabolomic  (small  molecules  such  as  sugars  and
 amino  acids),  and  transcriptomic  (microRNA)  analyses.
 More  recently,  AI  has  emerged  as  a  complementary tool  that
 integrates  visual,  morphokinetic, and  clinical  data  to  predict
 the  most  viable  embryo  for  SET.  Together,  these  strategies
 represent  the  current  landscape  of  non-invasive  assessments,
 with  the  potential  to  improve  accuracy  while  reducing
 procedural  risks  of  presumptive  zygote  and  embryo  grading.
 

Spent  culture  media  analysis  

Spent  medium  contains  various  products  secreted  by  the
 embryo,  including  proteins,  energy  metabolites,  and  cell-free
 DNA  (cfDNA;  [ 67,  68]).  These  molecules  are  aspirated  from
 the  culture  medium  and  analyzed  using  a  range  of  biochem-
 ical  amplif  ication  techniques  to  characterize  the  embryo’s
 secretome  prof  ile  [ 69,  70].  The  medium  can  be  aspirated
 at  different  time  points  from  either  single-step  (continuous)
 embryo  culture  systems,  in  which  the  medium  is  not  changed
 during  the  entire  in  vitro  embryo  culture  (IVC)  period,  or
 

sequential  multi-step  culture  systems,  where  the  medium  is
 changed  at  different  stages  of  development.  Several  analytical
 approaches  have  been  developed  to  study  the  secretome,
 including  metabolomics,  genomics,  and  transcriptomics.
 

Metabolomics 

Vital  developmental  events  during  embryogenesis  lead  to
 changes  in  both  the  utilization  of  metabolic  products  and
 their  release  into  the  culture  medium  [ 68].  For  instance,  as
 the  embryo  progresses  to  the  cleavage  stage,  pyruvate  and
 glutamine  serve  as  the  primary  energy  substrates;  however,  at
 the  blastocyst  stage,  glucose  becomes  the  predominant  energy
 source  [ 71–  73].  Metabolomics  is  an  “omics”  approach  that
 measures  metabolites,  def  ined  as  small  molecules  (typically
 <1500  Da  and  often  <1000  Da;  [ 74]).  These  include  various
 amino  acids  (e.g.  glycine,  alanine),  organic  acids  (e.g.  lactate,
 citrate),  sugars  and  sugar  alcohols  (e.g.  glucose,  sorbitol),
 lipids  and  fatty  acids  (e.g.  phospholipids,  triglycerides),
 nucleotides  and  nucleosides  (e.g.  ATP,  adenosine),  and
 vitamins  or  cofactors  (e.g.  NADH,  coenzyme  A).  Renard
 et  al.  [ 75]  were  the  f  irst  to  study  the  association  between
 embryo  viability  and  metabolite  prof  iles  in  bovine  in  vitro
 produced  systems,  demonstrating  that  blastocysts  with  higher
 glucose  uptake  exhibited  improved  developmental  and  greater
 implantation  success.  Similar  trends  have  been  observed  in
 human  studies,  where  increased  glucose  uptake  correlated
 with  improved  embryo  transfer  outcomes  [ 76,  77].
 

Differences  in  protein  turnover  between  embryos  of  differ-
 ing  ploidy  status  have  been  reported,  likely  due  to  the  effects  of
 ploidy  on  mitochondrial  activity  [ 78].  A  study  by  Miao  et  al.
 [ 79]  found  that  aneuploid  embryos,  including  those  of  poor
 morphological  quality,  had  higher  glutamine  consumption
 rates  than  euploid  embryos.  Similarly,  a  study  by  Sánchez-
 Ribas  et  al.  [ 80]  used  nuclear  magnetic  resonance  (NMR)
 spectroscopy  to  compare  the  metabolic  signature  between
 aneuploid  and  euploid  embryos.  Their  analysis  showed a
 decrease  in  the  level  of  isoleucine  in  trisomy  21  embryos
 (pure  and  partial  trisomy  21)  compared  to  monosomy  21  and
 normal  embryos,  suggesting  that  differences  in  the  metabolic
 prof  iles  of  embryos  can  distinguish  chromosomal  abnormali-
 ties.  Metabolic  prof  iles  can  also  be  inf  luenced  by  embryo  sex,
 as  research  has  shown  female  embryos  to  exhibit  higher  rates
 of  glucose  consumption  than  male  embryos  [ 76].
 

However,  conf  licting  f  indings  in  the  analysis  of  embry-
 onic  metabolic  prof  iles  limit  the clinical  applicability  and
 widespread  use  of  SCM  analysis  in  ART.  For  instance,  some
 studies  have  shown  that  the  SCM  prof  ile  of  good-quality
 day-3  embryos  showed  decreased  glutamine  consumption
 compared  with  that  of  poor-quality  embryos  [ 79,  81].  Con-
 versely,  another  study  has  reported that  glutamine  depletion
 in  the  SCM  of  day-3  embryos  is  associated  with  successful
 implantation  [ 82].  These  discrepancies  may  be  attributed  to
 differences  in  the  analytical  techniques  used  to  assess  metabo-
 lites,  such  as  liquid  chromatography  and  NMR  spectroscopy.
 Nevertheless,  methods  such  as  mass  spectrometry  is  costly
 and  remains  diff  icult  to  implement  in  routine  clinical  prac-
 tice  [ 83].  Therefore,  the  identif  ication  of  reliable  metabolic
 markers  of  embryo  viability  requires  further  investigation
 before  becoming  a  reliable  biomarker  of  embryo  viability.
 Future  research  should  aim  to  standardize  measurement  meth-
 ods  to  achieve  consistent  associations  between  the  embry-
 onic  secretome  and  implantation  outcomes  and  to  decrease
 their  cost.
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Genomics 

Measuring  embryonic  cfDNA  accumulating in  SCM  offers
 another  non-invasive  method  of  embryo  assessment  [ 84].
 The  mechanisms  by  which  embryonic  DNA  is  released  into
 the  culture  medium  remain  unclear.  Earlier  studies  have
 demonstrated  the  presence  of  cfDNA  in  human  blastocoel
 f  luid  (BF;  [ 85,  86]),  suggesting  that  BF  could  serve  as  a
 less  invasive  source  for  PGT-A  than  trophoblastic  cells  [ 85–
 87].  These  f  indings  have  also  led  researchers  to  propose
 that  BF-derived  cfDNA  may  enter  the  culture  medium  via
 extracellular  vesicles  [ 67,  88,  89].  Alternatively,  as  the  embryo
 develops,  apoptosis  of  cells  within  the  ICM  and  TE  may
 contribute  to  cfDNA  accumulation  in  the  medium  [ 67,  90,
 91].  Stigliani  et  al.  [ 84]  were  the  f  irst  to  detect  embryonic
 cfDNA  of  both  nuclear  and  mitochondrial  origin  in  SCM.
 While  the  importance  of  proper  nuclear  genome  organization
 and  expression  in  embryonic  development  is  well  established,
 the  role  of  the  mitochondrial  genome  has  recently  gained
 increasing  attention  [ 92].  This  is  largely  due  to  studies
 showing  that  embryos  of  poor  morphological  quality  contain
 higher  amounts  of  cfDNA,  both  mitochondrial  and  nuclear,
 than  embryos  with  superior  morphology  [ 93]. 

Nuclear  genome 
Assessment  of  the  nuclear  genome  in  SCM  represents  a  critical
 non-invasive  method  for  determining  embryo  ploidy  status,
 sex,  and  the  presence  of  X-linked  aberrations  [ 94].  Early
 investigations  conf  irmed  the  presence  of  nuclear  DNA  in
 embryo-derived  SCM;  however,  they  did  not  account  for  DNA
 present  in  the  SCM  of  non-embryonic  origin  [ 84,  93].  Ham-
 mond  et  al.  [ 95]  demonstrated  that  both  SCM  and  non-spent
 (fresh)  media  contained  measurable  levels  of  mitochondrial
 (mtDNA)  and  nuclear  DNA,  conf  irming  the  presence  of  non-
 embryonic  DNA  in  culture  systems.
 

Contamination  in  the  SCM  can  arise  maternally  from  resid-
 ual  cumulus  or  granulosa  cells,  paternally  from  residual  sperm
 cells  from  traditional  in  vitro  fertilization  (IVF)  in  the  medium,
 externally  from  additives  such  as  human  serum  albumin,  and
 a  non-sterile  laboratory  environment  [ 85,  96].  This  is  prob-
 lematic  for  researchers  to  evaluate  the  relationship  between
 cfDNA  and  clinical  outcomes.  Another  critical  limitation  of
 genomic  SCM  analysis  is  DNA  amplif  ication  failure.  A  study
 by  Hammond  et  al.  [ 95]  measuring  the  concentration of  DNA
 in  SCM  reported  that  SCM  from  blastocyst-stage  embryos
 contained  approximately  4  copies  of  genomic  DNA  and  600
 copies  of  mtDNA,  with  the  low  nuclear  DNA  copy  number
 frequently  leading  to  amplif  ication  failure.
 

Several  studies  have  evaluated  the  concordance  between
 cfDNA  in  SCM  and  traditional  TE  biopsy  [ 88,  91,  97,  98].
 Reported  concordance  rates  were  moderate  and  variable,
 ref  lecting  both  biological  and  technical  challenges  of  both
 diagnostic  methods.  While  some  studies  demonstrated  rea-
 sonable  agreement  [ 91,  98],  especially  for  detecting  whole-
 chromosome  aneuploidies  [ 97],  others  reported  lower  con-
 cordance  [ 88,  90].  Differences  likely  arise  from  DNA  origin
 heterogeneity  (embryonic  vs.  apoptotic  cells),  DNA  degrada-
 tion  level,  and  contamination,  indicating  that  SCM  results
 should  currently  be  interpreted  with  caution  and  are  not  yet
 considered  equivalent  to  TE  biopsy  [ 96]. 

Mitochondrial  DNA 
Mitochondria  play  a  crucial  role  in  embryonic  development
 by  producing  ATP,  regulating  calcium  signaling,  and  gen-
 

erating  reactive  oxygen  species,  which  mediate  key  cellular
 processes  such  as  proliferation,  differentiation,  and  apoptosis
 [ 99,  100].  Mitochondrial  DNA  (mtDNA),  approximately
 16.6  kbp  in  length,  encodes  13  peptides  essential  for  oxidative
 phosphorylation  [ 99,  100].
 

During  oogenesis,  mtDNA  replicates  extensively,  and  by
 metaphase  II,  oocytes  typically  contain  at  least  10 5  copies
 of  mtDNA  [ 101,  102].  However,  mtDNA  replication  ceases
 following  fertilization  and  remains  halted  throughout early
 preimplantation  development.  Consequently,  f  ixed  mtDNA
 copy  numbers  are  distributed  among  dividing  blastomeres,
 and  the  zygote  depends  on  the  maternal  mitochondrial
 genome  for  energy  production  until  the  attainment  of  the
 blastocyst  stage  [ 100].  Since  mtDNA  is  maternally  inherited,
 its  copy  number,  which  is  the  sum  of  mitochondrial  genomes
 per  cell,  can  be  associated  with  the  reproductive  age  of  the
 patient  and  embryo  viability  [ 101].  Several  studies  have
 reported  associations  between  mtDNA  copy  number  with
 fertilization  potential  and  embryo  viability  [ 102].  Diez-Juan
 et  al.  [ 103]  analyzed  mtDNA  in  blastomeres  from  day  3
 embryos  and  found  that  euploid  embryos  of  lower  quality
 and  lower  implantation potential  had  higher  mtDNA  content.
 These  f  indings  support  the  “quiet  embryo”  hypothesis,  which
 posits  that  mitochondrial  activation  and  replication  increase
 in  response  to  metabolic  stress,  ref  lecting  the  higher  energy
 demands  of  less  viable  embryos  [ 103].
 

With  advancements  in  sensitive  and  precise  amplif  ication
 techniques,  it  has  become  possible  to  reliably  detect  mtDNA
 in  SCM  [ 92,  93,  104,  105].  A  study  by  Stigliani  et  al.  [ 93]
 observed  that  high  mtDNA  content  in  the  SCM  of  day-3
 embryos  was  correlated  with  improved  blastocyst  quality  and
 increased  implantation  potential.  In  contrast,  Abdellatif  et  al.
 [ 92]  reported  that  mtDNA  content  in  day-3  SCM  was  not  sta-
 tistically  different between  embryos  that  failed  and  achieved
 implantation,  highlighting  that  mtDNA  content alone  is  not  a
 reliable  predictor  of  implantation  potential.  In  addition,  sev-
 eral  studies  have  shown  that  there  is  no  statistically  signif  icant
 relationship  between  mtDNA  content  in  SCM  and  blasto-
 cyst  morphological  grading  [ 68,  92,  104].  These  conf  licting
 results  may  be  attributed  to  several  factors.  For  example,
 Zhang  et  al.  [ 105]  highlighted  how  previous  research  using
 the  D-loop  region  of  mtDNA  to  quantify  its  copy  number
 is  not  reproducible  as  the  D-loop  region  is  more  susceptible
 to  variation  from  environmental  stressors  than  other  target
 regions,  therefore  increasing  the  potential  for  differing  results.
 In  addition,  Abdellatif  et  al.  [ 92]  and  Kobayashi  et  al.  [ 68]
 indicated  that  limited  sample  sizes  may  reduce  the  statistical
 signif  icance  of  observed  trends  between  SCM  mtDNA  levels
 and  clinical  outcomes.  Furthermore,  the  mechanism  of  how
 cell-free  mtDNA  is  secreted  into  the  SCM  limits  the  ability
 of  researchers  to  associate  cfDNA  with  clinical  outcomes.
 Evidence  of  embryos  having  the  ability  to  self-correct  and
 expel  abnormal  cellular  debris  weakens  the  argument  that
 mtDNA  content is  associated  with  negative  clinical  outcomes
 [ 106].  There  undoubtedly  needs  to  be  further  investigation
 into  whether  mtDNA  levels  in  SCM  can  serve  as  a  reliable
 biomarker  of  embryo  viability.
 

MicroRNAs 

MicroRNAs  (miRNAs)  are  evolutionarily  conserved,  small
 non-coding  RNA  molecules,  approximately  22  nucleotides  in
 length,  localized  within  the  cytoplasm  [ 107].  They  play  crucial
 roles  in  regulating  gene  expression  through  the  repression  or
 degradation  of  target  mRNA  sequences.  miRNAs  released
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by  embryos  into  SCM  have  been  proposed  as  non-invasive
 biomarkers  of  embryonic  gene  expression  and  viability  [ 108].
 Abu-Halima  et  al.  [ 109]  reported  that  elevated  levels  of
 miRNA-19b-3p  were  associated  with  enhanced early  cell
 proliferation,  correlating  positively  with  higher  pregnancy
 rates.  Similarly,  Wang  et  al.  [ 110]  identif  ied  six  miRNAs
 (miR-199a-3p,  miR-199b-3p,  miR-379-5p,  miR-199a-5p,
 miR-432-5p,  and  hsa-miR-483-5p)  within  SCM  of  day-4–
 5  blastocysts  that  were  indicative  of  positive  pregnancy
 outcomes.  Additionally,  Capalbo  et  al.  [ 111]  demonstrated
 that  increased  concentrations  of  miRNA-20a  and  miRNA-30c
 were  present  in  the  SCM  of  euploid  embryos.  Recent  studies
 analyzing  miRNA  expression  in  TE  biopsy  samples  conf  irmed
 that  SCM  from  aneuploid  embryos  contained  signif  icantly
 lower  levels  of  miRNA-30c  compared  with  euploid  embryos
 [ 112,  113].
 

Among  the  currently  identif  ied  miRNA  biomarkers,
 miRNA-191,  part  of  the  191/425  miRNA  cluster  located
 on  human  chromosome  3,  appears  to  be  one  of  the  most
 promising  indicators  of  embryo  viability.  Functionally,
 miRNA-191  is  involved  in  regulating  cell  differentiation
 and  fate  during  early  embryogenesis  [ 114].  Several  studies
 have  reported  signif  icant  correlations  between  SCM  miRNA-
 191  levels,  embryo  ploidy  status,  and  implantation  potential
 [ 109,  113–  116].  However,  Rosenbluth  et  al.  [ 114]  observed
 that  miRNA-191  was  expressed at  higher  levels  in  SCM
 of  aneuploid  embryos  and  those  that  failed  to  implant,
 whereas  Sánchez-Ribas  et  al.  [ 117]  found  that  miRNA-191-
 5p  was  more abundant  in  the  SCM  of  euploid  embryos;  this
 transcript  has  also  been  detected  at  higher  levels  in  embryos
 that  successfully  implanted.  The  inconsistencies  among
 these  studies  may  be  attributed  to  certain  methodological
 differences  or  the  source  of  culture  media.  Sánchez-Ribas
 et  al.  [ 117]  showcased  the  presence  of  non-embryonic  miRNA
 transcripts  in  fresh  culture  media,  highlighting  the  potential
 inf  luence  of  extraneous  contaminants  on  SCM-based  miRNA
 prof  iling  [ 115,  118].
 

The  “omics”  approaches  in  review  

To  reiterate,  the  apparent  advantages  of  SCM-based  testing
 include  its  lower  cost  relative  to  traditional  biopsy,  technical
 simplicity,  non-invasiveness,  and  applicability  to  embryos  of
 lower  morphological  quality,  which  are  typically  excluded
 from  TE  biopsy.  However,  there  are  numerous  methodological
 challenges  that  limit  the  clinical  applicability  of  “omics”-
 based  approaches  in  ART.  The  limitations  of  SCM-based
 testing  include  the  strict  requirement  for  individual  embryo
 culture,  its  applicability  only  following  ICSI  (as  SCM  obtained
 after  conventional  IVF  is  susceptible  to  sperm  DNA  con-
 tamination),  and  the  need  for  extremely  thorough  oocyte
 denudation,  since  even  a  single  residual  cumulus  (granulosa)
 cell  may  result  in  maternal  DNA  contamination [ 96,  97].
 In  addition,  SCM-based  testing  is  associated  with  higher
 rates  of  amplif  ication  failure,  leading  to  an  increased  risk
 of  false-positive  and  false-negative  results  compared  with  TE
 biopsy  [ 97].
 

Furthermore,  the  lack  of  methodological  standardization
 across  studies  compromises  the  reproducibility  and  validity
 of  SCM-based  f  indings.  For  instance,  the  volume  of  SCM
 aspirated  for  miRNA  analysis  varies  substantially  between
 studies.  Hammond  et  al.  [ 95]  collected  20  μ L,  Rosenbluth
 et  al.  [ 114]  used  6  μ L,  and  Sánchez-Ribas  et  al.  [ 117]  ana-
 lyzed  50  μ L  of  sample.  Such  discrepancies  can  signif  icantly
 

affect  analytical  sensitivity  by  differentially  diluting  measured
 metabolites,  cfDNA,  and  miRNAs,  leading  to  misinterpreta-
 tion  or  conf  licting  results.  Additionally,  sampling  at  different
 time  points  can  also  alter  cfDNA,  miRNA,  and  metabolite
 concentrations.  Galluzzi  et  al.  [ 119]  reported  signif  icant  dif-
 ferences  in  nuclear  DNA  content from  SCM  between day-3
 and  day-5–6  embryos.  Other  confounding factors  including
 media  replacement  protocols,  such  as  sequential  or  contin-
 uous  media,  inf  luence  the  quantity  and  composition  of  the
 embryo  secretome,  further  increasing  variability  among  stud-
 ies  [ 120].
 

Commercial  manufacturers  often  withhold  full  disclosure
 of  media-specif  ic  ingredients  including  protein  supplements
 [ 120].  In  a  comprehensive  analysis  of  more  than  80  commer-
 cial  media,  Zagers  et  al.  [ 120]  found  that  no  two  medium  for-
 mulations  were  identical  in  either  composition  or  ingredient
 concentrations,  including  key  nutrients  such  as  glucose,  pro-
 teins,  and  inorganic  ions.  Mantikou  et  al.  [ 121]  demonstrated
 that  variations  in  the  source  and  composition  of  commercial
 culture  media  can  directly  inf  luence  embryo  viability.  They
 reported  that  embryos  cultured  in  Cook  Medical  “Sydney
 IVF”  medium  exhibited  lower  viability  than  those  cultured  in
 Irvine  Scientif  ic  “P1”  or  Vitrolife  “G3”  media.  The  industry-
 wide  variability  in  embryo  culture  media,  coupled  with  the
 lack  of  methodological  uniformity  and  potential  for  con-
 tamination,  signif  icantly  compromises  the  reliability  of  SCM-
 based  “omics”  approaches.  At  present,  SCM  analysis  cannot
 be  regarded  as  a  reliable  non-invasive  method  for  assessing
 embryo  viability.
 

The  advancements  of  assessing  embryo
 morphology  at  multiple  time  points  via  TLI  

Single  time-point  assessments  are  inadequate for  evaluat-
 ing  embryonic  development  because  embryonic  structure  and
 health  status  can  change  substantially  over  short  time  intervals
 [ 41,  65].  The  use  of  TLI  technology helps  mitigate  this  limi-
 tation  by  capturing  successive  images  that  allow  continuous
 evaluation  of  embryonic  development  [ 122].  A  TLI  system
 integrates  an  incubator  with  a  microscope connected  to  an
 external  computer,  capturing  images  every  5–15  min  to  pro-
 duce  a  time-lapse  sequence  of  in  vitro  development [ 123].
 Compared  to  traditional  incubators,  TLI  incubators  minimize
 the  time  embryos  spend  outside  controlled  culture  conditions,
 thereby  reducing  exposure  to  f  luctuations  in  pH,  temperature,
 and  gas  composition  that  could  negatively  affect  development
 [ 123–  125].
 

The  recent  introduction  of  TLI  incubators  into  fertility
 clinics  has  enabled  embryologists  to  gather  extensive  mor-
 phokinetic  and  developmental  data,  signif  icantly  improving
 the  ability  to  assess  embryo  viability  [ 26,  124,  126–  128].  With
 the  advancement  of  TLI  technology,  Dal  Canto  et  al.  [ 129]
 showed  that  cleavage-stage  embryos  that  divided  more  rapidly
 from  the  2–8-cell  stage  metamorphosed  into  high-quality
 blastocysts  with  improved  implantation  rates.  Previous  studies
 looking  at  using  TLI  to  predict  CPR,  which  is  typically  def  ined
 by  the  presence  of  a  positive  pregnancy  beyond  f  irst  trimester,
 in  comparison  to  conventional  grading  reported  that  TLI
 produced  a  higher  CPR  [ 128,  130].
 

However,  evidence  showcasing  the  clinical  benef  its  of  TLI
 compared  with  conventional morphological  assessment  is
 conf  licting.  For  example,  Armstrong  et  al.  [ 125]  reported  that
 although  TLI  reduces  the  time  embryos  spend  outside  the
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incubator,  there  is  no  compelling  evidence  that  it  improves
 embryo  viability  or  clinical  outcomes.  Similarly,  a  randomized
 controlled  study  by  Meng  et  al.  [ 131]  compared  embryos
 cultured  from  day  2  to  day  5  in  TLI  and  conventional
 incubators,  and  found  no  statistically  signif  icant  differences  in
 embryonic  development,  implantation  rate,  or  CPR.  Another
 prospective,  randomized  control  trial  conducted by  Kieslinger
 et  al.  [ 132]  compared  pregnancy  rates  of  embryos  cultured
 and  morphologically  assessed  in  conventional  interrupted
 (control)  and  uninterrupted TLI  incubators.  Embryos  in
 the  TLI  incubator  were  assessed  using  two  approaches:
 (1)  early  embryo  viability  assessment  (TLE)  or  (2)  time-
 lapse  routine  morphological  grading  (TLR).  The  embryos
 in  the  TLE  group  were  assessed  using  an  early  embryo
 viability  assessment  algorithm  in  combination with  routine
 uninterrupted  morphological  grading;  the  TLR  embryos  were
 assessed  using  only  routine  uninterrupted  morphological
 grading  and  the  control  group  was  assessed  using  routine
 interrupted  morphological  grading.  In  all  groups,  embryos
 were  evaluated  using  the  same  criteria  (i.e.  blastomere  number,
 symmetry,  and  degree  of  fragmentation)  between  days  1  and  3
 post-fertilization.  The  study  found  no  signif  icant  differences  in
 CPR  or  LBR  among  the  TLE,  TLR,  and  control  groups  [ 132].
 These  f  indings  are  consistent  with  other  studies  that  showed
 no  signif  icant  advantage  in  using  TLI  over  conventional
 methods  of  embryo  culture  and  grading  [ 133–  135].  Moreover,
 the  high  cost  of  TLI  systems,  particularly  when  combined
 with advanced  technologies  such  as  automated  assessment
 algorithms  aimed  to  improve  embryo  viability  assessment,
 represents  an  additional  constraint.  Given  the  limited  cost–
 benef  it  ratio  and  lack  of  consistent  evidence  supporting
 improved  outcomes  with  TLI,  there  is  a  continued  need  for
 more  accurate,  cost-effective,  and  non-invasive  alternatives  to
 assess  embryo  viability. 

Artificial  intelligence  

Artif  icial  intelligence  (AI)  has  become  an  important  focus  in
 reproductive  biology,  driven  by  the  growing  availability  of
 clinical  data,  including  genomic,  proteomic,  metabolic,  and
 TLI  datasets  suitable  for  meta-analyses  and  retrospective  stud-
 ies  [ 136].  In  general,  AI  refers  to  algorithms  that  use  external
 data  to  generate  analytical  and/or  predictive  functions.  While
 AI  encompasses  a  broad  range  of  computational  approaches,
 the  focus  of  this  review  will  specif  ically  encompass  ML  as  its
 primary  application  [ 136].
 

To  effectively  operate  an  ML  algorithm,  input  data  such
 as  patient  demographics,  medical  history,  or  static  embryo
 images  are  typically  divided  into  two  groups,  with  approxi-
 mately  80%  of  the  data  used  as  the  “training  set”  [ 136–  138].
 This  portion  is  used  to  “train”  the  algorithm  to  perform  calcu-
 lations,  identify  correlations,  and  detect  patterns  to  generate
 predictions  or  outputs  [ 138].  The  remaining  20%  of  the  data
 is  used  as  the  “test”  or  “validation  set,”  allowing  researchers
 to  evaluate  the  algorithm’s  predictive  accuracy  ( Figure  3;
 [ 136–  138]).  There  are  several  subsets  of  ML  designed  for
 different  types  of  problems  [ 139].  Supervised  learning  involves
 training  models  on  labeled  datasets,  where  the  correct  outputs
 are  provided,  enabling  the  algorithm  to  learn  mappings  from
 inputs  to  outputs.  In  contrast,  unsupervised  learning  works
 with  unlabeled  data  and  focuses  on  discovering  underlying
 patterns,  structures,  or  groupings  within  the  data.  Another
 major  subset  is  deep  learning  (DL),  which  leverages  multi-
 layered  neural  networks  to  automatically  learn  complex  rep-
 

Figure  3.  General  machine  learning  methodology  for  embr  yo  qualit  y
 evaluation.  (A)  Patient  dat  a  collected  from  individuals  who  under  went
 assisted  reproductive  technologies  (ART)  procedure;  (B)  input  dat  a,
 including  patient  dat  a  and  corresponding  embr  yo  images,  are  split  into
 t  wo  groups:  80%  in  the  training  and  20%  in  the  validation  group;  (C)  the
 algorithm  learns  to  recognize  patterns  from  the  input  training  dat  a;
 (D)  results from  the  training  group  is  then  evaluated  by  the  validation
 group.  Subsequently,  output  accuracy  and  precision  are  determined
 based  on  AUC  and/or  compared  to  existing  methodologies  and  their
 golden  st  andards  (e.g  .  embr  yologist  evaluation).  

resentations  from  large  amounts  of  data,  often  surpassing
 traditional  ML  approaches.  In  ART,  however,  DL  is  most
 applied  to  contextualize,  analyze,  and  extract  key  features
 from  individual  or  sequential  images  [ 138].  Over  the  past
 5  years,  there  have  been  signif  icant  advances  in  the  use  and
 accuracy  of  ML  models  for  assessing  embryo  viability.
 

Current  AI  approaches  and  their  limitations 

Currently,  AI-driven  decision  support  systems  (DSSs)  are
 implemented  in  a  limited  number  of  clinics  across  North
 America  to  predict  embryo  viability  through  automated
 morphological  grading  [ 140–  143].  Morphological  grading
 remains  highly  subjective  and  variable,  even  among  expe-
 rienced  embryologists  [ 40,  143].  A  review  by  Salih  et  al.
 [ 143]  reported  that  embryologists  are  only  51%  accurate
 when  estimating  pregnancy  rates  following  embryo  transfer.
 By  contrast,  AI-driven  DSSs  can  consolidate  large  datasets
 and  identify  subtle  patterns,  thereby  enhancing  diagnostic
 eff  iciency  [ 144].  Subsequently,  AI-based  systems  have  the
 potential  to  standardize,  streamline,  and  optimize  embryo
 grading,  thereby  improving  both  intra-  and  inter-observer
 accuracy.
 

A  study  by  Chavez-Badiola  [ 145]  employed  the  ML
 algorithm  ERICA,  using  blastocyst  images  and  PGT-A  data
 to  predict  ploidy  status  and  compared  the  results  with  those
 obtained  by  experienced  embryologists.  The  algorithm  was
 signif  icantly  more  accurate  than  embryologists  at  ranking
 euploid  embryos,  achieving  70%  accuracy.  As  a  result,  several
 research  teams  have  been  working  to  develop  ML  algorithms
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that  integrate  TLI  data  to  holistically  assess  morphological
 changes  during  in  vitro  development [ 41,  140,  146].  Meseguer
 et  al.  [ 147]  used  the  EmbryoViewer  TLI  software  to  establish
 an  optimal  timing  of  cell  divisions  (cleavage  timeframe),
 identifying  these  morphokinetic  patterns  as  indicators  of
 embryo  developmental  potential.  Similarly,  Kragh  et  al.
 [ 148]  demonstrated  that  combining  TLI  with  an  algorithm
 improved  embryo  grading  and  quality  assessment  compared
 to  those  achieved  by  embryologists.
 

Moreover,  TLI  data  in  ML  has  been  increasingly  applied
 to  improve  embryo  quality  assessment  by  analyzing  the
 algorithm’s  ability  to  extract  complex  visual  data  to  correctly
 segregate  and  classify  embryos  via  their  transfer  outcome.
 Bernsten  et  al.  [ 141]  created  a  DL  algorithm,  iDAScore  v1.0,
 which  analyzed  TLI  sequences  of  115  832  embryos,  the  largest
 dataset  of  its  kind  to  date.  Among  these,  14  644  embryos
 had  known  implantation  data  (KID),  conf  irmed  by  the
 detection  of  a  fetal  heartbeat  (FH).  The  researchers  evaluated
 algorithmic  performance  at  segregating  embryos  (positive
 or  negative  FH)  using  the  receiver  operating  characteristic
 (ROC),  measured  by  the  area  under  the  curve  (AUC).  The
 AUC–ROC  provides  a  cumulative  score  between  0  and  1,
 which  represent  how  effective  an  algorithm  is  at  distinguishing
 true  positives  from  false  positives;  a  higher  value  denotes
 greater  accuracy  at  classifying  embryos based  on  image
 features.  When  applied  to  multiple  KID  embryos  (n  =  1094),
 iDAScore  v1.0  achieved  an  AUC–ROC  of  0.67.  Furthermore,
 another  study  by  Barnes  et  al.  [ 144]  evaluated  the  ML
 algorithm  STORK-A  at  distinguishing  embryos  based  on
 chromosomal  status;  complex  aneuploidy  (more  than  one
 abnormality),  single  aneuploidy,  and  euploidy.  A  total  of
 10  378  embryos  were  biopsied  on  day  5  and  graded  on
 days  5  and  6,  with  static  images  captured 110  h  post-
 ICSI.  The  algorithm  incorporated  image  data,  patient  age,
 morphokinetic  parameters,  and  blastocyst  grades.  STORK-
 A  detected aneuploidy  and  euploidy  with  69.3%  accuracy
 (AUC–ROC:  0.761),  and  distinguished  complex  aneuploidy
 from  single  aneuploidy/euploidy  with  74.0%  accuracy  (AUC–
 ROC:  0.760).  Comparable  outcomes  were  reported  by  Ortiz
 et  al.  [ 149]  (AUC–ROC:  0.78  for  detecting  aneuploidy  and
 mosaicism)  and  Diakiw  et al.  [ 150]  (AUC–ROC:  0.68  for
 detecting  euploidy).
 

Deep  learning  has  also  been  instrumental  in  enabling  auto-
 mated  segmental  image  analysis  (SIA)  to  evaluate  embryo
 viability  [ 141].  SIA  divides  an  image  into  multiple  regions
 based  on  pixel  distribution,  allowing  algorithms  to  associate
 quantitative  values  with  specif  ic  visual  image  features  [ 151,
 152].  While  computational image  analysis  is  well  established
 in  f  ields  such  as  oncology  and  neuroscience,  its  application
 in  embryology  is  still  limited.  Filho  et  al.  [ 152]  developed  an
 algorithm  that  used  SIA  to  analyze  specif  ic  embryo  regions,
 including  the  TE,  ICM,  and  zona  pellucida.  Phototextural
 characteristics  such  as  tone,  texture,  and  complexity  were  pro-
 cessed  through  a  support  vector  machine.  However,  accuracy
 was  low  for  embryos  of  poor  morphology  (<53%  for  grade
 B),  likely  due  to  the  similarity  in pixel  intensity  and  texture
 between  the  TE  and  ICM.  VerMilyea  et  al.  [ 140]  applied  a  sim-
 ilar  approach  with  the  Life  Whisperer  AI  system,  which  used
 8887  static  two-dimensional  images  of  day  5  embryos  from
 11  IVF  clinics  to  predict  viability  based  on  the  presence  of  an
 FH.  The  algorithm  achieved  64.3%  accuracy,  and  in  a  blinded
 test  of  801  embryo  images,  it  outperformed embryologists
 (59.2%  vs.  47.4%  accuracy).  Chen  et  al.  [ 151]  formulated
 

the  algorithm  Embryo-Net,  which  employs  spatial  modeling
 to  more  accurately  distinguish  pixel  differences  between  the
 ICM  and  TE,  outperforming  earlier  algorithms.  However,  all
 SIA  models  inherently  assume  that  the  ICM  is  “morpho-
 logically  regular”  and  located  centrally,  an  assumption  not
 applicable  to  embryos  of  with  irregular  shapes  or  at  different
 developmental  stages  [ 151].  For  instance,  ovoid  embryos  have
 been  shown  to  exhibit  implantation  rates  comparable  to  nor-
 mal  embryos  when  assisted  hatching  is  applied  [ 153].  There-
 fore,  segmentation  of  embryo  structures  in  embryos  of  diverse
 dimensions  remains  a  signif  icant  limitation  to  the  clinical
 integration  of  SIA-based  AI  systems,  as  embryo  morphology
 is  often highly  variable.
 

Although  studies  demonstrate  the  potential  of  AI  to  reduce
 subjectivity  and  increase  accuracy  in  embryo  viability  assess-
 ment  [ 140],  several  additional  limitations  restrict  its  clinical
 reliability.  Chief  among  these  include  ethical,  legal,  and  data
 privacy  concerns.  The  accuracy  of  ML  algorithms  is  highly
 dependent  on  the  quantity  and  quality  of  input  data,  which
 often  include  sensitive  patient  information  such  as  ethnicity,
 family  history,  medical  conditions,  and  body  mass  index  [ 144,
 145].  Studies  show  that  integrating  clinical  data  alongside
 morphokinetic  and  imaging  features  improves  model  accuracy
 [ 144,  145].  De  Gheselle  et  al.  [ 154]  found  that  algorithms
 based  solely  on  morphokinetic  features  achieved  56%  accu-
 racy,  while  combining  morphokinetic  and  embryonic  devel-
 opmental  features  increased  accuracy  to  67%.  When  patient
 demographic  and  clinical  data  were  included,  accuracy  fur-
 ther  improved  to  72%.  Despite  these  advantages,  privacy
 and  data  security  remain  signif  icant  barriers.  A  survey  by
 Yang  et  al.  [ 155]  revealed  that  many  healthcare  professionals
 express  concerns  about  AI  and  patient  data  protection,  while
 Shoham  et  al.  [ 156]  reported  that  11.1%  of  embryologists  and
 physicians  cited  fear  of  privacy  violations.  These  concerns  are
 exacerbated  by  the  “black  box”  nature  of  many  AI  models,
 including  those  developed  by  Bernsten  et  al.  [ 141],  which
 cannot  be  independently  verif  ied  or  audited.  Additionally,
 while  AI  tools  are  designed  to  assist  clinical  staff,  their  increas-
 ing  presence  has  shifted  training  dynamics.  Kim  et  al.  [ 157]
 reported  that  junior  embryologists  rely  more  heavily  on  AI  for
 morphological  assessment  than  senior  embryologists,  raising
 concerns  about  the  erosion  of  technical  and  observational
 skills.  Although  ML  improves  accuracy  for  both  groups  of
 embryologists,  this  dependence may  hinder  skill  development
 among  trainees.  Another  critical  issue  is  overf  itting,  which
 occurs  when  an  algorithm  memorizes  training  data  rather
 than  learning  generalizable  patterns,  limiting  its  applicability
 to  new  datasets  [ 158].  This  issue  is  especially  common  in  stud-
 ies  with  small  sample  sizes,  leading  to  an  inf  lated  perception
 of  algorithmic  accuracy.
 

Given  these  limitations,  AI  cannot  yet  be  considered a
 fully  reliable,  non-invasive  tool  for  assessing  embryo  viabil-
 ity  in  clinical  settings.  AI  is  the  most  promising  develop-
 ment  in  improving  the  eff  icacy  of  ART  via  embryo  viability
 assessment.  Future  development  should  focus  on  quantita-
 tive,  data-independent  algorithms  that  minimize  reliance  on
 sensitive  patient  information  while  maintaining  predictive
 accuracy. 

Ultra-weak  photon  emission  or  “biophotons” 

Mammalian  oocytes and  early  preimplantation embryos  emit
 extremely  weak  spontaneous  light  (<100  photons  cm − 2  s  − 1  ),
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Figure  4.  A  flow  chart  demonstrating  the  analytical  steps  of  the  r-Algo  2.0  soft  ware,  a  quantit  ative  Python  algorithm  that  performs  segment  al  analysis  of
 bitmapped  images,  for  the  detection  of  quantit  ative  differences  bet  ween  t  wo  dat  asets  or  input  sources.  S  =  sum  of  the  series  or  the  number  of  all
 continuous  pixel-intensit  y  ranges  in  the  bitmap;  n  =  256  (0–255).  

known  as  ultra-weak  photon  emission  (UPE).  This  emis-
 sion  ref  lects  underlying  metabolic  and  oxidative  processes
 and,  in  principle,  may  serve  as  a  non-invasive  indicator  of
 embryo  viability.  Recent  reviews  (e.g.  Mould  et  al.  [ 159])
 have  outlined  UPE  detection  methods,  proposed  biochemical
 sources,  including  oxidative  and  other  metabolic  reactions,
 and  discussed  potential  biomedical  applications.  That  publi-
 cation  also  highlights  major  technical  advances  (e.g.  low-noise
 imaging  sensors  and  photomultiplier  tubes)  that  now  make
 UPE  measurements  in  embryos  increasingly  feasible.  Studies
 by  Bodis  et  al.  [ 160]  and  Berke  et  al.  [ 161]  demonstrated
 detectable  UPE  signals  from  mouse  embryos.  Using  specialized
 imaging  pipelines  and  advanced  signal-processing  algorithms,
 these  studies  reported  differences  in  photon  emission  intensity
 between  viable  and  degenerated  embryos,  suggesting  that
 UPE  may  provide  a  functional  biomarker  of  embryo  devel-
 opmental  competence.  While  UPE  has  been  investigated  in
 various  human  tissues  including  whole-body  measurements
 [ 162],  there  are  currently  no  published  studies  measuring  UPE
 directly  from  human  preimplantation  embryos.
 

r-Algo  

r-Algo  2.0  is  a  proprietary  image-analysis  software  developed
 at  the  University  of  Guelph  to  improve  the  repeatability,
 accuracy,  and  precision  of  image  analysis  through  discrimina-
 tive  segmentation  analyses  of  digital  grayscale  image  texture
 [ 163–  165].  Image  texture  refers  to  how  the  intensity  or  bright-
 ness  of  an  image  represents  the  structural  composition  of
 an  object  [ 163,  165].  r-Algo  2.0  quantif  ies  image  features
 using  bitmap  analysis,  which  is  the  transformation  of  a  digital,
 grayscale  image  into  a  numerical  grid  for  quantitative  analysis.
 A  bitmap  “translates”  an  image  into  a  numerical  format  by
 assigning  each  individual  pixel  a  specif  ic  grayscale  intensity
 value  on  the  8-bit  scale  from  0  (absolute  black)  to  255  (abso-
 lute  white;  Figure  4)  [ 165].  This  pixel-based  structure  enables
 r-Algo  2.0  to  perform  highly  granular  analyses  of  image
 phototextural  attributes  by  assessing  the  spatial  distribution
 and  frequency  of  pixel  intensities  within  user-def  ined  regions
 of  interest  (ROIs)  [ 165].
 

Unlike  traditional  image-analysis  approaches,  which
 rely  heavily  on  operator  interpretation,  r-Algo  2.0  applies
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automated  pattern-recognition  algorithms  to  extract  quanti-
 tative  metrics  that  ref  lect  underlying  image  microarchitecture
 [ 165].  r-Algo  2.0  calculates  the  mean  values  of  f  irst-order
 textural  variables  for  all  continuous ranges  of  numerical
 pixel  values  in  the  bitmap,  allowing  for  a  total  of  32  896
 combinations  of  pixel-intensity  ranges  being  analyzed  [ 164,
 165].  First-order  textural  characteristics  are  basic  statistical
 measures  derived  directly  from  the  intensity  histogram  of
 the  ROI  including  mean  pixel  intensity  (MPI),  heterogeneity
 (MPH),  and  pixel  distribution  concentration  (MPC)  [ 164,
 165].  MPI  is  the  average  brightness  of  all  pixels  within  the
 ROI,  MPH  is  the  standard  deviation  of  MPI  and  represents
 variability  in  pixel  brightness,  and  MPC  is  the  proportion  of
 pixels  falling  within  a  specif  ic  echointensity  region  relative  to
 the  total  number  of  pixels  in  the  ROI,  providing  insight  into
 the  prevalence  of  specif  ic  grayscale  zones  [ 165].  Previous  liter-
 ature  indicates  that  r-Algo  2.0  is  adaptable across  a  wide  range
 of  biological  ultrasound,  histological,  and  radiological  images,
 making  it  a  versatile  tool  for  cell  and  tissue  characterization,
 including  applications  in  reproductive  biology  [ 163,  165].
 

Most  recently,  r-Algo  2.0  was  applied to  investigate  whether
 grayscale  phototexture  of  the  cytoplasm  of  ovine  presumptive
 zygotes  could  predict  their  developmental  potential  during
 IVC  [ 164].  Using  high-resolution images  obtained  from
 TLI  incubators,  researchers  analyzed  microphotographs  of
 presumptive  zygotes  shortly  after  fertilization  and  extracted
 their  phototextural  features.  Findings  revealed  that  within
 r-Algo  identif  ied  pixel-intensity  ranges,  ovine  embryos  that
 successfully  developed  into  blastocysts  exhibited signif  icantly
 higher  MPI  and  MPC  values  but  had  lower  MPH  compared  to
 those  that  arrested  prior  to  blastulation  [ 164].  The  accuracy
 of  identifying  future  arresting  embryos  from  phototextural
 attributes  of  zygotic  cytoplasm  was  86%  for  MPI,  83%  for
 MPH,  and  85%  for  MPC  [ 164].  These  results  suggest  that  spe-
 cif  ic  phototextural  signatures  revealed  by  algorithmic  image
 analysis,  likely  ref  lecting  cytoplasmic  uniformity  or  subcel-
 lular  organization,  are  indicative  of  zygotic  developmental
 competence.
 

r-Algo  2.0  as  a  promising  non-invasi  ve  approach  to
 PGT-A 

Based  largely  on  the  work  described  by  Bartlewski  et  al.  [ 164],
 it  was  proposed  that  the  r-Algo  2.0  system  could  enable
 detection  of  embryo  ploidy  status  based  on  phototextural
 differences  between  aneuploid  and  euploid  day-5  human
 blastocysts.  A  preliminary  study  was  conducted at  the  Univer-
 sity  of  Guelph  [ 166]  in  partnership  with  the  Institute  for  the
 Diagnosis  and  Treatment  of  Infertility—KrakOvi  (Cracow,
 Poland),  following  informed  consent  from  50  female  patients
 undergoing  infertility  treatment  for  both  maternal  (age:  29–
 42)  and  paternal  factors.  After  ICSI,  digital  microphotographs
 of  day-5  blastocysts  (78  euploid,  51  aneuploid)  were  obtained
 immediately  prior  to  PGT-A.  Microphotographs  were
 cropped,  converted  to  8-bit  grayscale  using  ImagePro  Plus
 7.0  analytical  software  (Media  Cybernetics  Inc.,  Rockville,
 MD,  USA),  and  normalized  using  r-Algo  2.0.  Bitmaps  of
 normalized  microphotographs  were  generated  by  r-Algo
 2.0  to  identify  pixel-intensity  ranges  (PIRs)  with  f  irst-order
 phototextural  characteristics  that  differed  between  aneuploid
 and  euploid  blastocysts.  Signif  icant  differences  were  detected
 across  the  following  short  PIRs:  MPI  (32–42),  MPH  (196–
 198),  and  MPC  (164–165).  All  f  irst-order  phototextural
 

Figure  5.  Bar  graphs  (means  ±  SEMs)  indicating  st  atistically  significant
 differences  in  first-order phototextural  characteristics  bet  ween  aneuploid
 and  euploid  ICSI-derived  blastocysts  within  algorithmically  identified
 specific  pixel-intensit  y  ranges  [  166].  

characteristics  were  higher  in  euploid  than  aneuploid  embryos
 ( Figure  5).
 

Phototextural  differences  between  aneuploid  and  euploid
 embryos  could  be  attributed  to  morphological  differences,
 such  as  fewer  or  more  loosely  packed  cells  within  the  ICM
 and  TE,  which  are  features  commonly  associated  with  ane-
 uploidy  [ 167].  As  established  by  Khajehoseini  et  al.  [ 168],
 aneuploid  embryos  exhibit  increased  concentrations  of  BF-
 cfDNA,  which  may  impact  the  f  luidity  of  the  blastocoel  cavity.
 Additionally,  aneuploid  blastocysts  may  experience  cytoplas-
 mic  dysmorphism,  similar  to that  observed  in  oocytes  and
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zygotes,  including  smooth  endoplasmic  reticulum  aggregation
 or  abnormal  distribution  of  mitochondria  [ 169,  170].  The
 narrow  ranges  of  pixel-intensity  values  for  the  three  pho-
 totextural  parameters  (MPI-8,  MPH-3,  and  MPC-3)  suggest
 that  microscopically  detectable  differences  in  cytomorphol-
 ogy  between  euploid  and  aneuploid  embryos  are  very  subtle
 or  may  be  conf  ined  to  relatively  small  regions  or  compart-
 ments  within  the  blastocyst.  Overall,  statistically  signif  icant
 results  support  the  use  of  quantitative,  algorithmic  phototex-
 tural  analysis  as  a  promising  non-invasive  method  for  ploidy
 detection.
 

Concluding  remarks 

Current  methods  of  embryo  assessment  are  invasive,  time-
 consuming,  and/or  costly  (e.g.  PGT-A,  blastocoel  f  luid
 assessment)  and  remain  subjective  (e.g.  microscopic  grading).
 Based  on  the  available  literature,  machine  learning  (ML)
 represents  a  more  promising  option  for  the  non-invasive
 assessment  of  embryo  viability  compared  to  spent  culture
 media  (SCM)  and  blastocoel  f  luid  (BF)  analysis.  Both  SCM
 and  BF  approaches  fail  to  predict  ploidy  status  with  the
 same  eff  iciency  as  traditional  PGT-A  [ 171,  172].  Although
 SCM  generally  demonstrates  a  higher  amplif  ication  rate
 than  BF,  contamination  from  non-embryonic  sources  remains
 a  major  limitation  [ 97,  172].  Evidence  indicates  that  ML
 algorithms  are  steadily  improving  in  accuracy  and  can  predict
 ploidy  status  more  effectively  than  experienced  embryologists
 [ 172].  While  it  is  unlikely  that  ML  algorithms  can  fully
 replace  methods  such  as  PGT-A,  continued  optimization  of
 algorithmic  application,  such  as  addressing  issues  such  as
 overf  itting,  could  potentially  allow  ML  algorithms  to  serve
 as  a  complementary  and  cost-effective method  for  measuring
 embryo  viability.  To  promote  effective  clinical  integration,
 embryologists  should  contribute  to  the  development  of
 comprehensive,  standardized  databases  incorporating  embryo
 images,  metabolomic  prof  iles,  and  other  relevant  parameters,
 thereby  minimizing  sample-size  bias  and  improving  algorithm
 performance.
 

We  demonstrated  that  r-Algo  2.0  is  a  promising,  non-
 invasive  tool  for  assessing  embryo  ploidy  status.  Because  r-
 Algo  2.0  performs  quantitative  segmental  analysis  on image
 bitmaps,  it  f  ills  a  major  gap  identif  ied  in  the  current  liter-
 ature.  The  r-Algo  software  can  be  considered  a  “glass-box”
 algorithm,  as  both  its  data  interpretation process  and  output
 generation  are  clearly  def  ined  for  the  user.  The  selection
 of  f  irst-order  phototextural  features  and  the  calculation  of
 indicative  pixel-intensity  ranges  are  transparent  and  easily
 interpretable.  Despite  its  simplicity  and  the  advantages  out-
 lined  above,  further  validation  is  required  to  conf  irm  its
 eff  icacy.  Future  development  of  r-Algo  2.0  will  focus on
 improving  image  acquisition  to  minimize  background  arti-
 facts,  optimizing  image  conditions (e.g.  brightness  and  camera
 quality),  and  ref  ining  analysis  of  specif  ic  regions  of  interest
 (ROI;  e.g.  the  trophectoderm (TE)  and  inner  cell  mass  (ICM)
 compartments)  to  enhance  the  algorithm’s  predictive  accuracy
 and  diagnostic  sensitivity  as  an  independent diagnostic  tool  or
 in  comprehensive  embryo  scoring  schemes. 
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