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Abstract  

Necrotizing  soft  tissue  infections  (NSTIs)  represent  a  group  of  rapidly  progressing,  life  -threatening  infections  characterized

 by  widespread  tissue  necrosis,  systemic  inflammation,  and  multiorgan  failure.  Early  diagnosis  remains  a  clinical  challenge

 because  of  nonspecific  initial  manifestations  and  overlapping  symptoms  with  other  soft  tissue  infections.  Diagnostic  scoring

 systems  such  as  the  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  score  and  its  variants  have  been  widely  utilized  to

 facilitate  early  recognition  but  are  limited  by  variable  sensitivity  and  insufficient  predictive  value  across  diverse  clinical

 populations.  Recent  advances  in  multi-omics  technologies  and  machine  learning  approaches  have  enabled  the  identification

 of  molecular  biomarkers  and  predictive  patterns  associated  with  NSTI  onset  and  progression.  Integration  of  high-dimensional

 omics  data  with  clinical  and  imaging  parameters  holds  potential  for  dynamic,  real-time  diagnostic  support,  and  individualized

 risk  stratification  in  the  intensive  care  setting.  This  review  summarizes  the  evolution  of  diagnostic  strategies  for  NSTIs,  criti-

 cally  appraises  the  limitations  of  conventional  clinical  scoring  systems,  and  examines  emerging  omics  -based  and  ML-driven

 approaches.  Finally,  we  propose  an  integrated  diagnostic  roadmap  that  aligns  clinical  assessment,  imaging,  microbiologic

 evaluation,  host-response  biomarkers,  and  multi-omics  data  to  guide  future  research  and  clinical  translation.
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Highlights  

• Early  diagnosis  of  necrotizing  soft  tissue  infections  (NSTIs)  remains  challenging  because  the  initial  clinical  features  overlap

 with  those  of  cellulitis  and  other  clinical  mimics. 

• The  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  and related  laborator  y-based  scores  show  variable  sensitivities

 across  settings  and  should  not  delay  surgical  consultation  when  NSTIs  are  clinically  suspected. 

• Imaging  (computed  tomography/magnetic  resonance  imaging  /point-of-care  ultrasound)  can  support  triage,  but  no  single

 modality  is  definitive,  especially  for  hemodynamically  unstable  intensive  care  unit  (ICU)  patients. 

• Multi-omics  profiling  (transcriptomics,  proteomics,  immunomics,  and  metabolomics)  reveals  pathogen-  and  host-

 response  signatures  that  may  improve  diagnostic  and  prognostic  stratification. 

• Machine  learning  models  integrating  clinical,  imaging,  and  omics  data  provide  a  framework  for  personalized  risk  predic-

 tion  and  an  ICU-oriented  diagnostic  roadmap. 

Background  
Necrotizing  soft  tissue  infections  (NSTIs)  are  fulminant  ,  rapidly
 progressive  infections  that  often  culminate  in  septic  shock  and
 multiorgan  failure  requiring  intensive  care  management  [ 1– 3].
 They  encompass  a  spectrum  of  clinical  entities,  including  necro  -
 tizing  fasciitis  (NF),  necrotizing  cellulitis,  and  necrotizing  myositis.
 Among  these,  NF  is  the  most  aggressive  phenotype,  with  extensive
 tissue  injur  y  and  widespread  necrosis  leading  to  persistently  high
 mortality  [ 2,  4– 9].  Reported  in-hospital  mortality  rates  for  NF  var  y
 widely,  ranging  from  10%  to  75%,  and  are  influenced  by  factors
 such  as  delayed  surgical  inter  vention,  advanced  age,  hypotension,
 acidosis,  bacteremia,  renal  dysfunction,  hyponatremia,  peripheral
 vascular  disease,  and  the  presence  of  myonecrosis  or  myositis
 [ 10].
 

Clinically,  NSTIs  are  characterized  by  severe  inflammation,  pro  -
 gressive  necrosis,  and  toxin-mediated  injur  y.  Without  timely  treat-
 ment  ,  these  features  can  rapidly  progress  to  sepsis,  multiorgan
 dysfunction,  and  death  [ 11,  12].  Early  manifestations—including
 er  ythema,  swelling,  and  pain—are  frequently  nonspecific  and
 often  mimic  benign  conditions  such  as  cellulitis  or  abscesses,
 thereby  complicating  timely  recognition  [ 13].  Despite  advances
 in  clinical  and  critical  care,  a  substantial  diagnostic  gap  remains.
 Only  15%–34%  of  NF  patients  receive  an  accurate  diagnosis  at  the
 time  of  admission  [ 1,  14],  and  overall  mortality  for  NSTIs  continues
 to  range  between  20%  and  40%,  largely  because  of  delayed
 recognition  and  the  fulminant  progression  of  the  disease  [ 15– 20].
 

To  improve  early  identification,  the  Laborator  y  Risk  Indicator
 for  Necrotizing  Fasciitis  (LRINEC)  score  was  developed  as  a  diag-
 nostic  screening  tool  [ 21,  22].  However,  subsequent  validation
 studies  have  shown  that  its  accurac  y  was  initially  overestimated.
 Reported  sensitivities  for  a  threshold  of  ≥6  range  from  43.2%  to
 80.0%,  and  for  ≥8,  they  range  from  28.6%  to  68.4%  across  different
 populations  and  clinical  settings.  Several  studies  have  also  high-
 lighted  its  limited  specificity  [ 23,  24].  For  example,  Bennett  (2008)
 reported  a  positive  predictive  value  (PPV)  for  mortality  of  only  21%
 at  the  recommended  threshold  (≥6),  with  substantial  mortality
 still  obser  ved  in  patients  below  this  cut-off,  suggesting  that  the
 LRINEC  reflects  generalized  inflammation  rather  than  pathophysi-
 ological  changes  specific  to  NSTIs  [ 25].  The  score  performs  partic-
 ularly  poorly  in  high-risk  populations,  such  as  patients  with  dia-
 betes,  immunosuppression,  or  intravenous  drug  use,  and  its  utility
 in  patients  with  hematological  malignancies  is  especially  limited
 [ 6,  26– 30].  Collectively,  these  data  raise  concerns  about  the  incre  -
 mental  value  of  the  LRINEC  beyond  careful  clinical  assessment
 

in  critically  ill  populations  [ 23,  31– 33].  Imaging  modalities  [com-
 puted  tomography  (CT),  magnetic  resonance  imaging  (MRI),  and
 point-of-care  ultrasound  (POCUS)]  can  assist  in  decision-making,
 but  none  are  definitive,  and  each  may  be  constrained  by  clinical
 instability  or  resource  availability  in  the  intensive  care  unit  (ICU).
 

Because  NSTIs  may  evolve  within  hours,  immediate  surgical
 exploration  and  debridement—together  with  broad-spectrum
 antibiotics  and  aggressive  sepsis  management—remain  the
 cornerstone  of  care,  and  each  24-hour  delay  is  associated  with
 a  significant  increase  in  mortality  [ 2,  3,  9,  34,  35].  Accordingly,
 there  is  a  pressing  need  for  diagnostic  strategies  that  accelerate
 triage  and  improve  specificity  without  sacrificing  sensitivity  at  the
 bedside  [ 2,  35].
 

Recent  advances  in  molecular  diagnostics,  particularly  multi-
 omics  technologies,  have  substantially  improved  the  diag-
 nostic  and  prognostic  assessment  of  NSTIs  [ 36,  37].  Integra-
 tive  approaches  combining  transcriptomics,  immunomics,  and
 metabolomics  have  identified  pathogen-specific  and  host-
 response  biomarkers,  providing  valuable  insights  into  NSTI
 pathophysiolog  y  [ 31,  36,  38].  Moreover,  ML  techniques  are
 being  increasingly  applied  to  multi-omics  datasets  to  enhance
 early  detection,  refine  risk  prediction,  and  support  personalized
 treatment  [ 39,  40].  The  application  of  artificial  intelligence  (AI)  to
 multi-omics  data  holds  promise  for  closing  current  diagnostic
 gaps  in  NSTIs,  particularly  in  the  ICU,  where  early  recognition
 is  crucial.  This  review  outlines  the  transition  from  conventional
 scores  to  AI  and  omics  -based  tools  and  considers  their  future
 integration  into  critical  care  workflows.
 

In  this  narrative  review,  we  summarize  the  evolution  and
 performance  of  existing  diagnostic  tools,  critically  appraise  their
 applicability  to  critically  ill  patients,  and  outline  an  ICU-oriented
 framework  that  integrates  clinical  assessment  ,  imaging,  and
 multi-omics/ML  approaches  to  close  the  diagnostic  gap  in  NSTIs
 ( Figure  1).
 

Review 

Microbiological  classification  and

 pathogen-specific  epidemiolog  y  of

 necrotizing  soft  tissue  infections 

The  diverse  microbiological  spectrum  and  pathogen-specific  epi-
 demiolog  y  of  NSTIs  present  significant  challenges  for  clinical  diag-
 nosis  and  management  .  NSTIs  constitute  a  heterogeneous  group
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Figure  1  Conceptual  flowchart  of  clinical  diagnosis  and  risk  stratification  of  necrotizing  soft  tissue  infections.  The  pathway  begins  with  patient

 presentation,  clinical  evaluation,  laborator  y  testing,  and  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  scoring,  followed  by  surgical  exploration  in

 high-risk  or  strongly  suspected  cases.  Adjunctive  imaging  and  close  monitoring  assist  in  diagnosis,  whereas  multi-omics  analysis  integrated  with

 artificial  intelligence/machine  learning  models  enhances  precision  diagnosis,  risk  stratification,  and  personalized  treatment  

of  rapidly  progressive  infections  with  var  ying  microbial  etiolo  -
 gies,  degrees  of  anatomical  involvement  ,  and  clinical  severity.
 NSTIs  are  traditionally  classified  into  four  types,  polymicrobial
 (Type  I),  monomicrobial  (Type  II),  and  less  common  Types  III  and
 IV,  which  are  associated  with  marine  bacteria  and  fungi,  respec-
 tively  ( Table  1)  [ 10,  41].  Among  these,  Type  I  (polymicrobial)  and
 Type  II  (monomicrobial)  are  the  most  prevalent  .  Type  I  infections
 are  typically  caused  by  a  mix  of  aerobic  and  anaerobic  organ-
 isms,  whereas  Type  II  infections  are  most  often  due  to  a  single
 pathogen,  commonly  Streptococcus  pyogenes  [ 11,  42,  43].  Accu-
 rate  and  timely  identification  of  the  microbial  etiolog  y  is  crucial
 for  guiding  targeted  antibiotic  therapy  and  improving  patient  out-
 comes  [ 9,  26].  However,  overlapping  clinical  features  among  NSTI
 subtypes,  difficulties  in  early  pathogen  detection,  and  the  poten-
 tial  for  rapid  disease  progression  create  substantial  diagnostic
 challenges.  Thus,  prompt  recognition  of  NSTI  subtypes  remains
 essential  to  minimize  the  morbidity  and  mortality  associated  with
 diagnostic  delays.
 

Type  I  NSTIs  represent  the  predominant  subtype  and  are
 obser  ved  in  70%–80%  of  clinical  cases  [ 44– 47].  They  usually
 arise  from  polymicrobial  infections  involving  both  aerobic  and
 anaerobic  organisms  and  commonly  originate  in  the  gastrointesti-
 nal  or  genitourinar  y  tract  [ 48].  Patients  with  diabetes  mellitus,
 peripheral  vascular  disease,  or  immunosuppression—especially
 those  who  have  undergone  recent  surgical  procedures—are  at
 increased  risk  of  developing  this  form  of  NSTI  [ 48,  49].  Type  II
 NSTIs  are  characterized  by  monomicrobial  infections  and  are
 usually  caused  by  gram-positive  organisms,  most  commonly
 Group  A  Streptococcus  (GAS)  or  Staphylococcus  aureus,  in
 ∼20%–30%  of  cases  (including  methicillin-resistant  S.  aureus
 [MRSA])  [ 43– 46,  50,  51].  Given  the  prominent  role  of  GAS  in
 Type  II  NSTIs,  recent  epidemiological  sur  veillance  has  attracted
 considerable  attention.  Notably,  a  recent  analysis  revealed  that
 invasive  GAS  infections  significantly  increased  across  10  U.S.
 states  between  2013  and  2022,  with  the  incidence  increasing
 from  3.6  to  8.2  per  100  000  persons  [ 52].  This  form  can  affect
 

individuals  across  all  age  groups,  particularly  previously  healthy
 patients,  particularly  after  trauma  or  surgical  inter  ventions,  and
 may  occur  even  in  the  absence  of  immunosuppression.  Type
 III  NSTIs  are  caused  primarily  by  gram-negative  monomicrobial
 pathogens,  most  notably  marine  -related  Vibrio  species  such
 as  Vibrio  vulnificus  [ 53]  and  Vibrio  damsela  [ 15,  42,  54– 56].
 These  infections  are  predominantly  reported  in  warm  coastal
 regions  and  are  strongly  associated  with  seawater  exposure  or
 the  ingestion  of  contaminated  seafood  [ 55,  57– 60].  Although
 less  common,  Clostridium  species  have  also  been  implicated  in
 Type  III  infections  [ 61].  Despite  timely  diagnosis  and  aggressive
 treatment  ,  Type  III  NSTIs  have  a  high  mortality  rate  of  30%–40%
 [ 53,  60,  62].  Infections  caused  by  marine  Vibrio  species  are  being
 increasingly  recognized  worldwide,  with  V.  vulnificus  NSTIs—
 manifesting  as  septicemia  or  necrotizing  wound  infections—being
 especially  lethal,  with  case  fatality  rates  exceeding  50%  [ 63].
 Kuehl  et  al.  (2019)  further  proposed  classifying  all  monomicrobial
 gram-negative  NF  as  Type  III,  citing  its  higher  mortality  compared
 with  that  of  Types  I  and  II  infections,  particularly  when  due  to
 Enterobacterales  [ 42,  64].  These  infections  typically  affect  older
 patients  with  comorbidities  such  as  liver  cirrhosis  or  chronic
 kidney  disease  and  are  associated  with  poor  outcomes  [ 64,  65].
 Type  IV  NF  is  attributed  to  fungal  pathogens,  which  typically
 occur  after  traumatic  injuries  or  burns,  with  A  spergillus  and
 zygomycetes  being  the  most  frequently  isolated  organisms  [ 45,
 66,  67].  Candida-associated  NF  is  exceedingly  rare  and  is  usually
 obser  ved  in  immunocompromised  patients  [ 67].
 

Microbiological  confirmation  and

 diagnostic  limitations  of  necrotizing  soft

 tissue  infections  

Microbiological  confirmation  plays  a  central  yet  inherently  limited
 role  in  the  diagnosis  of  NSTIs  [ 68].  The  diagnosis  of  nonpuru-
 lent  cellulitis  is  inherently  difficult  because  of  nonspecific  clinical
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Table  1  Classification  and  characteristics  of  necrotizing  soft  tissue  infections  

Type Etiolog  y High-risk  populations/triggers Clinical  features 

Type  I
 (Polymicrobial  infections) 

Mixed  aerobes  and  anaerobes
 (e.g.  Escherichia  coli  ,  Bacteroides,
 Enterococcus) 

Diabetes,  peripheral  vascular
 disease,  perianal  or  GI  surger  y  

Most  common;  synergistic  bacterial
 destruction 

Type  II
 (Monomicrobial  infections) 

GAS,  Staphylococcus  aureus  (incl.
 MRSA) 

Trauma,  surgical  wounds;  may  also
 affect  healthy  individuals;  protean
 presentation  easily  missed;  may
 progress  to  myonecrosis 

Rapid  progression;  often  associated
 with  toxic  shock  

Type  III
 (Gram-negative
 monomicrobial  infections) 

Vibrio  vulnificus,  V.  damsela,
 Aeromonas  spp.;  occasionally
 Clostridium  spp. 

Seawater  exposure,  seafood
 ingestion,  chronic  ulcers;  more
 frequent  in  warm  coastal  regions 

Coastal  prevalence;  high  mortality;
 fulminant  course  

Type  IV
 (Fungal  infections) 

Opportunistic  fungi  (e.g.  Candida,
 zygomycetes) 

Immunosuppression;  postoperative
 wounds;  burns  or  trauma  

Rare  but  lethal;  diagnosis
 frequently  delayed 

Necrotizing  soft  tissue  infections  are  classified  into  four  types  on  the  basis  of  their  microbiological  etiolog  y:  Type  I,  Type  II,  Type  III,  and  Type  IV.  Each  type  differs  in
 terms  of  risk  factors,  clinical  setting,  and  disease  severity.  Data  are  summarized  from  previously  published  studies  as  cited  in  references  [ 10,  11,  41– 54] 

features  and  the  lack  of  a  validated  gold-standard  test  ,  which  in
 turn  complicates  early  differentiation  from  NSTIs  [ 69].  Confirma-
 tor  y  cultures  and  histopatholog  y  therefore  play  a  complementar  y
 role  in  excluding  sterile  necrotizing  mimickers,  despite  limitations
 related  to  delayed  availability,  low  yield,  and  skin  contamination
 [ 70– 72].  Interpretation  is  especially  challenging  when  common
 colonizers  such  as  S.  aureus  are  isolated  and  require  the  inte  -
 gration  of  sampling  depth,  histopatholog  y,  organism  burden,  and
 specimen  concordance  rather  than  a  reliance  on  culture  results
 alone,  underscoring  the  need  for  standardized  diagnostic  refer-
 ence  criteria  [ 73].
 

Beyond  microbiologic  ambiguity,  NSTI  diagnosis  is  further
 complicated  by  early  clinical  overlap  with  sterile  inflammator  y
 dermatoses  such  as  pyoderma  gangrenosum  (PG),  Sweet’s
 syndrome,  and  complex  purpuric  disorders,  all  of  which  may
 closely  mimic  necrotizing  infection  in  terms  of  both  inflammator  y
 severity  and  skin  necrosis  -like  appearance  [ 74].  PG  is  a  type  of
 neutrophilic  dermatosis  characterized  by  severe  pain  and  rapidly
 progressive  ulceration  with  undermined  borders  and  can  closely
 resemble  early  NSTIs  in  terms  of  clinical  presentation  [ 75– 77].
 Sweet’s  syndrome  may  present  with  acute  inflammator  y  skin
 lesions  and  systemic  inflammator  y  features  but  is  distinguished  by
 the  absence  of  deep  tissue  necrosis  or  invasive  infection  and  by  its
 characteristic  response  to  immunosuppressive  therapy  [ 78].  Cuta-
 neous  vasculitic  disorders  may  also  manifest  with  purpura,  bullae,
 or  ulceration  suggestive  of  NSTIs;  however,  these  findings  reflect
 primar  y  vascular  inflammation  or  occlusion,  and  skin  biopsy
 remains  critical  for  establishing  the  diagnosis  [ 79].  Importantly,
 reliance  on  microbiologic  results  or  isolated  clinical  findings  alone
 is  insufficient  and  may  lead  to  inappropriate  surgical  inter  vention
 or  delayed  immunomodulator  y  treatment  [ 69,  80,  81].
 

Limitations  of  traditional  scoring  systems 

Inherent  limitations  of  the  Laborator  y  Risk  Indicator
 for  Necrotizing  Fasciitis  score 

The  nonspecific  early  presentation  of  NSTIs,  frequently  mimicking
 cellulitis  or  abscess,  contributes  to  diagnostic  delay  and  high
 mortality,  prompting  the  development  of  scoring  systems  to  assist
 in  distinguishing  necrotizing  from  non-NSTIs  [ 42].  The  LRINEC
 

score,  proposed  by  Wong  et  al.  in  2004,  integrates  six  laborator  y
 parameters  [C-reactive  protein  (CRP),  white  blood  cell  (WBC)
 count  ,  hemoglobin  (Hb),  sodium  (Na),  creatinine,  and  glucose]
 into  a  composite  index  ,  with  a  cut-off  of  ≥6  points  ( Table  2)
 [ 21].  In  the  original  cohorts,  it  demonstrated  high  sensitivity
 (89.9%  and  92.9%)  and  high  predictive  performance  [PPV  92.0%,
 negative  predictive  value  (NPV)  96.0%].  These  findings  position
 the  LRINEC  as  a  potentially  valuable  tool  for  differentiating
 necrotizing  from  non-necrotizing  infections  in  the  emergenc  y
 setting.  However,  its  reliance  solely  on  nonspecific  laborator  y
 data—without  accounting  for  clinical  presentation  or  imaging
 findings—raised  concerns  about  its  applicability  in  diverse  patient
 populations  and  atypical  cases  [ 19].  Subsequent  studies  revealed
 substantial  variability  in  LRINEC  performance  across  popula-
 tions  and  clinical  settings  ( Table  3).  While  moderate  accurac  y
 was  reported  in  some  cohorts,  multiple  studies  from  Europe,
 Southeast  A  sia,  and  the  United  States  reported  substantially
 reduced  sensitivity  and  frequent  misclassification  of  high-risk
 NSTI  patients,  with  limited  improvement  even  at  high  cut-off
 values  [  82– 85].  These  discrepancies  suggest  that  demographic,
 geographic,  and  pathogen-related  factors  significantly  influence
 LRINEC  performance,  although  relatively  better  accurac  y  has
 been  reported  in  select  populations  [ 86].  These  inconsistencies
 highlight  a  fundamental  limitation  of  the  LRINEC  score:  it  relies
 exclusively  on  nonspecific  laborator  y  values  and  does  not  incorpo  -
 rate  clinical  presentation,  imaging  features,  or  immune  response
 dynamics.  A  s  a  result  ,  the  LRINEC  score  often  fails  to  capture
 early  pathophysiological  changes  unique  to  NSTIs,  reducing  its
 sensitivity  in  high-risk  subgroups  and  pathogen-specific  settings.
 For  example,  in  Vibrio  -associated  NF,  only  11%  of  patients
 exceeded  the  LRINEC  threshold  despite  high  mortality  [ 87].
 Similarly,  Hansen  et  al.  (2017)  reported  no  correlation  between  the
 LRINEC  score  and  key  inflammator  y  c  ytokines  [interleukin-6  (IL-6)
 and  tumor  necrosis  factor-α  (TNF-α  )],  underscoring  its  inability  to
 reflect  host  immune  activation  [ 31].  Importantly,  multiple  studies
 have  demonstrated  that  the  LRINEC  has  limited  prognostic  value
 and  was  not  designed  to  ser  ve  as  a  mortality  prediction  tool.  Large
 cohort  and  contemporar  y  studies  have  repeatedly  demonstrated
 poor  discriminator  y  ability  for  mortality,  despite  the  identification
 of  other  independent  prognostic  factors,  such  as  age,  comorbid
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Table  2  Laborator  y  risk  indicators  for  the  Laborator  y  Risk  Indicator  for

 Necrotizing  Fasciitis  scoring  system
 

Parameter Thresholds Points 

CRP <  15  mg  /dL  0  

≥  15  mg  /dL  4  

WBC  count  (/mm  3  ) <  15  0  

15–25  1  

≥  25  2  

Hemoglobin  (g  /dL) >  13.5  0  

11–13.5  1  

<  11  2  

Sodium  (mmol/L)  ≥  135  0  

<  135  2  

Creatinine  (mg  /dL) <  1.6  0  

≥  1.6  2  

Glucose  (mg  /dL) <  180  0  

≥  180  1  

Maximum  score  =  13  points;  score  <  6:  NF  cannot  be  excluded;  score  ≥  6:  sug-
 gests  high  risk  ,  NF  should  be  considered;  and  score  ≥  8:  strongly  associated
 with  necrotizing  soft  tissue  infection  and  high  risk  .  Data  are  summarized  from
 previously  published  studies,  as  cited  in  references  [ 19,  21,  42] 

cardiovascular  disease,  lactic  acidosis,  bacteremia,  radiographic
 gas,  and  multiorgan  dysfunction  [ 29,  88–  90].
 

Clinical  consequences  of  diagnostic  delays 

Delayed  diagnosis  and  surgical  inter  vention  are  the  principal
 determinants  of  mortality  in  NSTIs  [ 91,  92],  with  reported  ampu-
 tation  rates  ranging  from  21%  to  60%  [ 16,  93,  94].  Surgical  delay
 beyond  12  hours  is  consistently  associated  with  increased  mortal-
 ity,  underscoring  the  critical  importance  of  early  and  aggressive
 surgical  management  [ 42,  95,  96].  Cohort  data  demonstrate  that
 initial  nonsurgical  management  or  interhospital  transfer  usually
 prolongs  the  time  to  surgical  inter  vention,  while  case  -based
 evidence  shows  that  low  or  falsely  reassuring  LRINEC  scores
 may  delay  exploration  despite  the  development  of  necrotizing
 infection  [ 97– 99].  Collectively,  these  findings  reinforce  that  clinical
 judgement  and  early  surgical  consultation  must  take  precedence
 over  scoring  systems  when  NSTI  is  suspected  [ 97– 99].
 

Taken  together,  these  findings  underscore  that  the  LRINEC
 should  remain  an  adjunctive  screening  tool  and  must  not  delay
 surgical  consultation  or  exploration  when  NSTI  is  clinically
 suspected.
 

Modified  scoring  systems  and  imaging  for

 diagnosis 

Borschitz  et  al.  (2015)  refined  the  LRINEC  by  adding  clinical
 features,  particularly  ‘pain  out  of  proportion’,  and  incorporating
 discriminative  markers  such  as  elevated  CRP  levels,  thereby
 improving  its  PPV  without  compromising  specificity  [ 13].  Wu
 et  al.  (2021)  further  refined  the  LRINEC  by  adding  diabetes,
 kidney  disease,  and  high-sensitivity  CRP,  resulting  in  a  modi-
 fied  version,  the  modified  LRINEC  (m-LRINEC),  demonstrating
 improved  discrimination  compared  with  the  original  LRINEC
 

score  [ 94].  A  similar  modification,  the  MLRINEC,  developed  by
 Wu  P.  H.  et  al.  (2021),  incorporated  serum  lactate  levels  and  liver
 disease,  improving  sensitivity  (91.8%)  and  specificity  (88.4%)  by
 accounting  for  comorbidities  and  dynamic  clinical  parameters
 [ 100].  An  over  view  of  the  modified  LRINEC  and  alternative  scoring
 systems  is  presented  in  Table  4.
 

Several  alternative  scoring  systems  have  been  developed  to
 overcome  the  limitations  of  the  LRINEC,  including  the  Site  of
 Infection,  Immunosuppression,  Age,  Renal  function,  and  Inflam-
 mator  y  markers  score  (SIARI)  and  the  Laborator  y  Risk  Indicator
 for  Necrotizing  Fasciitis  score  (LARINF),  which  integrate  clinical
 context  and  inflammator  y  markers  and  demonstrate  improved
 diagnostic  or  prognostic  performance  in  selected  populations
 [ 102, 104].  For  Fournier’s  gangrene  (FG),  Fournier’s  Gangrene
 Mortality  Index  (FGMI)  includes  age,  creatinine  level,  albumin
 level,  lymphoc  yte  percentage,  and  the  neutrophil-to  -lymphoc  yte
 ratio  (NLR),  achieving  an  area  under  the  cur  ve  (AUC)  of  0.88  and
 outperforming  the  LRINEC  in  predicting  mortality  risk  [ 105].  In
 addition  to  modified  LRINEC-based  models,  mortality-focused
 tools  such  as  the  Necrotizing  Soft  Tissue  Infection  Mortality
 Score  (NECROSIS)  incorporate  early  clinical  signs  and  laborator  y
 abnormalities  to  support  risk  stratification,  although  further
 validation  is  needed  [ 106].  Consistent  findings  from  subsequent
 studies  indicate  that  hyponatremia,  elevated  WBC  count  ,  low
 hematocrit  ,  advanced  age,  anemia,  and  multiple  wound  sites
 are  stronger  predictors  of  mortality  and  amputation  risk  in  NSTIs
 than  the  LRINEC  score  is  [ 109, 110].  Although  advanced  tools
 such  as  the  Japanese  Laborator  y  Risk  Indicator  for  Necrotizing
 Fasciitis  (J-LRINEC)  have  demonstrated  improved  diagnostic
 performance,  their  clinical  adoption  remains  limited  because
 of  complexity,  while  additional  indices,  including  the  Systemic
 Immune–Inflammation  Index  (SII),  Charlson  Comorbidity  Index
 (CCI),  and  elevated  international  normalized  ratio  (INR  >1.5),  have
 been  identified  as  independent  predictors  of  mortality  in  patients
 with  NF  and  sepsis  [ 107, 111, 112].  Importantly,  pathogen-specific
 studies  further  highlight  the  prognostic  heterogeneity  of  NSTIs,
 which  cannot  be  adequately  captured  by  laborator  y-only  scoring
 systems.  In  patients  with  Aeromonas  -  and  Vibrio  -associated  NF,
 mortality  has  been  linked  to  bloodstream  infection,  shock  ,  skin
 necrosis,  ineffective  antimicrobial  therapy,  seawater  exposure,
 hyperlactatemia,  and  low  fibrinogen  levels,  underscoring  the
 influence  of  microbial  etiolog  y  and  the  host  response  on  disease
 severity  and  outcome  [ 113, 114].  Imaging  plays  a  crucial  role
 in  diagnosing  NSTIs,  especially  when  laborator  y  scores  fail  to
 provide  definitive  differentiation.  Studies  have  demonstrated
 that  fascial  involvement  ,  a  lack  of  fascial  enhancement  ,  and  fluid
 along  the  deep  fascia  on  CT  are  strongly  associated  with  NF,
 outperforming  the  LRINEC  score  in  early  diagnosis  [  115– 117].  The
 MRINEC  algorithm,  which  incorporates  MRI  findings  such  as  T2
 hyperintensity  of  the  deep  fascia,  has  achieved  94%  sensitivity  in
 distinguishing  NF  from  cellulitis,  even  among  patients  with  low
 LRINEC  scores  [ 103].  POCUS  enables  rapid  bedside  assessment
 of  fascial  thickening  and  fluid  collection  with  high  sensitivity
 [ 118],  whereas  near-infrared  spectroscopy  (NIRS)  can  be  used  to
 differentiate  cellulitis  from  NF  on  the  basis  of  significantly  lower
 oxygen  saturation  in  NF  patients  [ 119].  Collectively,  these  findings
 suggest  that  while  modified  scoring  systems  and  imaging  can
 support  clinical  assessment  ,  timely  surgical  evaluation  cannot
 be  replaced  when  NSTI  is  suspected.
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Table  3  Validation  of  the  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  score  in  different  populations  and  clinical  settings  

Population Cut-off  Sensitivity  Specificity  Key  findings/notes Study/year 

Singapore,  2  hospitals  (89
 NF/225  controls;  validation
 n  =  140) 

≥6  Dev:  89.9%
 Val:  92.9% 

Dev:  96.9%
 Val:  91.6% 

Original  derivation/validation;
 excellent  accuracy  in  initial  cohorts 

Wong  et  al.,  2004  [ 21] 

Australia,  tertiar  y  center  (28
 suspected  NF,  10  proven) 

≥6  80.0% 67.0% Moderate  accuracy;  highlighted
 limitations  in  general  use  

Holland  et  al.,  2009
 [ 82] 

Taiwan,  Vibrio  NF — 11%  met  cut-off  — Poor  capture  of  pathogen-specific
 features;  high  mortality  

Tsai  et  al.,  2010  [ 87] 

Northern  Europe  (74  NF) ≥6  43.2% — Markedly  low  sensitivity;  limited
 applicability 

Al-Hindawi  et  al.,
 2017  [ 83] 

NF  patients,  immunological
 assessment 

— — — No  correlation  with  cytokines  (IL-6,
 TNF-α  );  lacks  immune  profiling  

Hansen  et  al.,  2017
 [ 31] 

Malaysia  (44
 suspected/confirmed  NF) 

≥6  59.3% 47.1% Low  sensitivity  and  specificity Syed  et  al.,  2017  [ 84] 

≥8  48.1% 58.8% 

Australia,  Northern  Territor  y
 (98  NF/205  controls) 

≥5  76.3% 93.1% Relatively  high  accuracy;  authors
 emphasized  role  of  clinical  suspicion 

Narasimhan  et  al.,
 2018  [ 86] 

Spain,  Hematolog  y  patients
 (29  NF;  gram-negative
 predominant)  

≥6  — — Early  mortality  higher  in
 gram-negative  NF;  LRINEC  failed  to
 predict  outcomes 

Albasanz-Puig  et  al.,
 2020  [ 29] 

U.S.  cohort  (115  NF) — — — Mortality  linked  to  age,  CAD,  CKD,
 lactic  acidosis,  MODS;  LRINEC
 AUC  =  0.56  (poor  prediction)  

Karnuta  et  al.,  2020
 [ 88] 

Germany,  Nuremberg  (125
 NF/319  STI) 

≥6  59.0% 82.0% Limited  sensitivity;  unsuitable  for
 reliable  diagnosis/prognosis 

Breidung  et  al.,  2023
 [ 89] 

Multiple  validation  studies  have  demonstrated  wide  variability  in  the  sensitivity  and  specificity  of  the  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  score.
 While  the  initial  cohorts  reported  good  performance,  subsequent  studies  showed  reduced  accuracy  across  geographic  regions  and  patient  subgroups,  highlighting
 its  limited  generalizability.  STI  surgically  treated  soft  tissue  infection,  CAD  coronar  y  arter  y  disease,  CKD  chronic  kidney disease  MODS multiple  organ  dysfunction
 syndrome,  AUC  area  under  the  receiver  operating  characteristic  cur  ve,  Dev  derivation,  Val  validation  

Multi-omics  biomarkers  and  molecular

 signatures  in  necrotizing  soft  tissue

 infections 

Transcriptomics  in  necrotizing  soft  tissue  infections
 diagnosis  and  prognosis 

Recent  transcriptomic  studies  have  highlighted  both  pathogen-
 and  host-specific  signatures  that  hold  diagnostic  value  in  NSTIs.
 Imöhl  et  al.  (2017)  analysed  S.  pyogenes  isolates  in  Germany
 and  reported  associations  of  specific  emm  types  (e.g.  emm1
 and  emm28)  and  superantigen  genes  (speA,  speG,  and  speJ)
 with  severe  clinical  phenotypes  such  as  NF  and  sepsis  [ 38].  In
 a  murine  NF  model,  Hirose  et  al.  (2019)  reported  significant
 transcriptional  reprogramming  involving  483  genes,  including
 virulence  determinants  such  as  sagA  (streptolysin  S  precursor),
 speB  (c  ysteine  protease),  and  spd  (secreted  DNase),  reflecting
 pathogen  adaptation  to  the  inflammator  y  microenvironment
 [ 120].  Similarly,  Jahagirdar  et  al.  (2022)  demonstrated  that
 monomicrobial  GAS  infections  were  enriched  in  host  c  ytokine  -
 related  genes  (e.g.  IL1R2  and  IL18R1),  whereas  polymicrobial
 infections  upregulated  the  expression  of  chemokine  -associated
 genes  (e.g.  STAT1  and  CXCL9).  These  findings  indicate  that
 transcriptomic  profiling  can  distinguish  etiological  subtypes  of
 NSTIs  and  provide  early  stratification  in  clinical  practice  [ 40].
 

Further  mechanistic  insights  underscore  the  role  of  transcrip  -
 tomics  in  revealing  host–pathogen  interactions.  The  soluble  M1
 protein  of  S.  pyogenes,  particularly  its  B-repeat  domain,  was
 

shown  to  activate  the  NOD-like  receptor  family  pyrin  domain–
 containing  3  (NLRP3)  inflammasome  through  potassium  efflux
 and  clathrin-mediated  uptake,  driving  caspase  -1-dependent  IL-
 1β  release  and  pyroptotic  cell  death  [ 121].  In  murine  models,
 extracellular  M1  protein  alone  was  sufficient  to  trigger  IL-1β  secre  -
 tion,  underscoring  its  dual  function  as  an  early  immune  signal  and
 mediator  of  hyperinflammation  in  invasive  infections  such  as  NF
 and  streptococcal  toxic  shock  syndrome  [ 121].  Complementar  y
 genomic  and  transcriptomic  studies  have  further  revealed
 mechanisms  of  persistence  and  virulence  regulation,  including
 fibrinolysis  -driven  immune  evasion  [ 122],  fabT  mutations,  and
 rocA  variable  -number  tandem  repeat  (VNTR)  deletions  [ 123, 124],
 as  well  as  unique  genomic  islands  and  phage  elements  in  virulent
 S.  aureus  strains  [ 125].  Beyond  prognostication,  transcriptomic
 and  immunologic  profiling  may  also  aid  early  differentiation  of
 true  bacterial  SSTIs  from  inflammator  y  mimics  (pseudocellulitis),
 a  clinically  common  source  of  misdiagnosis;  however,  evidence
 remains  preliminar  y  and  is  limited  by  the  lack  of  a  gold  standard
 reference  [ 71].  Collectively,  these  data  highlight  the  diagnostic
 utility  of  transcriptomic  profiling  for  identifying  high-risk  strains,
 stratifying  infection  subtypes,  and  guiding  early  therapeutic
 inter  vention. 

Metabolomics  in  necrotizing  soft  tissue  infection
 diagnosis  and  prognosis 

Metabolomic  profiling  is  a  powerful  tool  for  identifying  biomarkers
 that  capture  both  physiological  and  pathogenic  processes  in
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Table  4  Modified  LRINEC  models  and  alternative  scoring  systems  for  diagnosing  necrotizing  soft  tissue  infections  

Study  (year) Population  Model Cut-off  value Sensitivity
 (%)  

Specificity
 (%)  

Key  notes 

Borschitz  et  al.,
 2015  [ 13] 

29  NF  and  59
 cellulitis 

LRINEC  mod  and
 clinical  symp 

≥6  93  80  Added  ‘pain  out  of
 proportion’  +  high  CRP;
 improved  prediction  without
 loss  of  specificity 

≥8  83  90  

LRINEC  ≥6  83  89  

≥8  48  93  

Huang  et  al.,  2015
 [ 101] 

39  Vibrio  vulnificus
 NSTI  patients 

MELD  ≥20  80  97  MELD  AUC  =  0.929,  useful  for
 mortality  monitoring  

�  MELD  ≥2  80  88  �  MELD  AUC  =  0.897  

Cribb  et  al.,  2019
 [ 102] 

138  NF  and  142
 severe  cellulitis 

SIARI  ≥3  (dev)  81  73  Outperformed  LRINEC  in  both
 cohorts ≥3  (val) 84  70  

LRINEC  ≥6  (dev)  59  63  Poorer  discrimination  than
 SIARI  ≥6  (val) 61  65  

Kim  et  al.,  2020
 [ 103] 

61  NF  and  28
 severe  cellulitis
 (49  MRI) 

MRINEC  two-step
 decision  tree  

94  60  MRI  findings:  T2  hyperintensity
 of  deep  fascia;  high  sensitivity
 for  NF  detection  ≤5  88  69  

6–7  0  

97  - 

Wu  et  al.,  2021  [ 94] 59  NF  and  118
 Non-NF  

m-LRINEC  17  93.2  86.9  Added  diabetes,  kidney  disease,
 hs  -CRP  (high-sensitivity  CRP)  

Wu  et  al.,  2021
 [ 100] 

303  patients  (101
 NF  vs  202  non-NF) 

MLRINEC  ≥12  91.8  88.4  Added  serum  lactate,  liver
 disease;  redefined  cut-offs 

Breidung  et  al.,
 2022  [ 104] 

86  NF  and  64
 severe  cellulitis 

LARINF  ≥5  84  75  Combines  Hb,  CRP,
 procalcitonin,  comorbidities;
 superior  to  LRINEC  and  SIARI  

Yönder  et  al.,  2024
 [ 105] 

169  FG  patients
 (20  deaths,  11.8%)  

FGMI  ≥5  (high  risk) 90  70  Five  parameters:  age,  Cr,  Alb,
 lymphocyte  %,  NLR;
 outperformed  LRINEC  

Kim  et  al.,  2024
 [ 106] 

362  suspected
 NSTIs,  297
 confirmed  NSTIs 

NECROSIS  - - - c-statistic  0.75;  simple  clinical
 index  ,  validated  across  cohorts 

Norimatsu  et  al.,
 2025  [ 107] 

265  patients  (56
 NF,  209  cellulitis) 

J-LRINEC  - 91.4  84.8  Regional  variables,  superior  to
 LRINEC,  complex  to  calculate 

Bolat  et  al.,  2025
 [ 108] 

Fournier’s
 gangrene  patients 

glucose ≥186.5  mg  /dL  83.8  83.3  Glucose  >186.5  mg  /dL
 associated  with  higher
 mortality,  outperforming
 LRINEC  

NLR  ≥14.04  83.3  76.7  

LRINEC  Laborator  y  Risk  Indicator  for  Necrotizing  Fasciitis  score,  m-LRINEC  modified  LRINEC,  MLRINEC  modified  LRINEC  incorporating  lactate  and  liver  disease,  J-
 LRINEC  Japan-modified  LRINEC,  MRINEC  magnetic  resonance  imaging-based  LRINEC  algorithm,  MELD/AMELD  Model  for  End-Stage  Liver  Disease/adjusted  MELD,
 SIARI  site,  immunosuppression,  age,  renal  function,  inflammator  y  markers,  LARINF  lactate,  albumin,  renal  function,  inflammator  y  markers  

NSTIs  ( Figure  2).  Afzal  et  al.  (2020)  applied  untargeted  gas
 chromatography–mass  spectrometr  y  (GC–MS)  profiling  and
 network  analysis  to  identify  metabolites  associated  with  NSTIs,
 including  ornithine,  ribose,  urea,  and  glucuronic  acid.  These
 metabolites  not  only  showed  differential  abundance  but  also
 modulated  GAS  growth  and  biofilm  formation,  highlighting
 their  potential  as  both  diagnostic  biomarkers  and  mechanistic
 mediators  of  NSTI  pathogenesis  [ 36].  Additionally,  metabolic
 biomarkers  have  been  linked  to  disease  severity  in  NSTI  patients.
 Hansen  et  al.  (2018)  reported  a  reduced  L-arginine/asymmetric
 dimethylarginine  (ADMA)  ratio  as  an  independent  predictor  of
 mortality,  demonstrating  the  prognostic  significance  of  nitric
 oxide  pathway  dysregulation  in  NSTIs  [ 37].
 

Subsequent  studies  have  consistently  reinforced  the  prognostic
 importance  of  renal  and  metabolic  dysfunction  in  NSTIs.  Elevated
 creatinine  levels  and  a  reduced  estimated  glomerular  filtration
 

rate  (eGFR)  have  been  identified  as  independent  predictors  of
 in-hospital  mortality  [ 126].  Building  on  this,  Liu  et  al.  (2022)
 developed  a  multivariable  mortality  risk  model  that  incorporates
 renal  function  (creatinine),  muscle  injur  y  (CK),  coagulation
 parameters  (PT),  and  invasive  ventilation  and  achieved  excellent
 discrimination  (AUC  0.94)  [ 127].
 

Immunomics  and  proteomics  in  necrotizing  soft  tissue
 infection  prognosis 

Immunomic  profiling,  particularly  the  measurement  of  acute  -
 phase  reactants,  has  gained  attention  as  a  powerful  tool  for
 diagnosing  and  prognosticating  NSTIs.  Procalcitonin  (PCT)  is
 a  biomarker  that  has  shown  superior  diagnostic  performance
 compared  with  the  LRINEC  score.  A  study  by  Kishino  et  al.
 (2021)  demonstrated  that  serum  PCT,  with  a  cut-off  of  1.0  ng  /ml,
 achieved  88%  sensitivity,  89%  specificity,  and  an  NPV  of  93%,
 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag028/8653883 by guest on 12 O
ctober 2026



8 Burns  &  Trauma,  2026,  Vol.  14,  tkag028  

Figure  2  Genomic  and  transcriptomic  biomarkers  of  NSTIs  may  support  early  diagnosis  and  risk  stratification.  Pathogenic  microorganisms  contribute  to

 NSTIs  via  distinct  genomic  features.  Bacterial  components  trigger  host  inflammasome  activation,  pyroptosis,  and  a  transcriptional  response  involving

 IL1R2,  IL18R1,  CXCL9,  and  STAT1.  Host  transcriptomic  profiling  enables  early  immune  classification  and  supports  diagnostic  triage  in  NSTI  patients.  NSTIs
 necrotizing  soft  tissue  infections,  IL1R2  interleukin-1  receptor  type  2,  IL18R1  interleukin-18  receptor  type  1,  STAT1  signal  transducer  and  activator  of

 transcription  1,  CXCL9  C-X-C  motif  chemokine  ligand  9,  NLRP3  NOD-like  receptor  family  pyrin  domain  containing  3,  IL-1β  interleukin-1  beta  

establishing  PCT  as  a  valuable  rule  -out  biomarker  for  low-risk
 NF  in  the  emergenc  y  setting  [ 128].  In  odontogenic  NSTIs  and  FG,
 simple  hematologic  and  inflammator  y  indices  such  as  the  SII,
 CRP  +  NLR,  NLR,  and  CRP/prealbumin  (PAB)  ratio  have  shown
 strong  diagnostic  and  prognostic  accurac  y  and  often  outperform
 the  LRINEC  in  early  risk  stratification  [ 129,  130].  These  findings
 underscore  the  role  of  biomarker  profiling  in  early  diagnosis
 and  highlight  the  importance  of  host  immune  responses  in  NSTI
 progression.  In  a  large  -scale  prospective  study,  Hansen  et  al.
 (2017)  reported  that  patients  with  streptococcal  NSTI  exhibited
 significantly  elevated  levels  of  proinflammator  y  c  ytokines  such
 as  IL-6,  IL-10,  and  TNF-α  ,  with  IL-6  being  the  most  strongly
 correlated  with  disease  severity  [ 31].  This  study  demonstrated  the
 utility  of  c  ytokine  profiling  for  identifying  systemic  inflammation
 and  assessing  the  severity  of  NSTIs,  identifying  IL-6  and  TNF-
 α  as  key  diagnostic  and  prognostic  biomarkers  [ 31].  Notably,
 high  baseline  pentraxin  3  (PTX3)  levels  are  associated  with
 increased  mortality  risk  ,  further  emphasizing  the  importance
 of  immune  and  inflammator  y  biomarkers  [ 131].  In  addition  to
 these  immune  markers,  Chella  Krishnan  et  al.  (2016)  reported
 that  host  genetic  variations,  including  multiple  quantitative  trait
 loci,  influence  the  outcomes  of  NSTIs,  with  IL-1β  acting  as  a
 critical  mediator  [ 132].  Building  on  this,  LaRock  et  al.  (2020)
 demonstrated  that  GAS  exploits  SpeB-mediated  IL-1β  activation
 to  facilitate  neutrophil-driven  bacterial  colonization  and  infection,
 

demonstrating  pathogen-mediated  manipulation  of  host  inflam-
 mator  y  pathways  [ 133].  These  findings  are  consistent  with  those  of
 Saijo  et  al.  (2024),  who  reported  that  early  GAS  -NSTI  patients  often
 exhibited  disproportionately  elevated  CRP  levels  despite  normal
 WBC  counts,  suggesting  that  discordant  biomarker  patterns  may
 represent  early  diagnostic  indicators  [ 134].  Understanding  these
 genetic  and  immune  mechanisms  not  only  provides  insight
 into  the  pathophysiolog  y  of  NSTIs  but  also  offers  a  promising
 avenue  for  developing  more  precise  diagnostic  tools  and  targeted
 therapies.  In  a  large  prospective  multicenter  cohort  ,  Palma  Medina
 et  al.  profiled  36  circulating  immune  and  endothelial  proteins  and
 identified  thrombomodulin  as  a  highly  accurate  biomarker  for
 NSTI  detection  (AUC  =  0.95)  [ 135].  Distinct  c  ytokine  and  tissue  -
 remodeling  signatures  (IL-2,  IL-10,  IL-22,  CXCL10,  Fas  ligand,
 and  MMP-9),  together  with  shared  shock-associated  markers
 (G-CSF,  S100A8,  and  IL-6),  differentiated  monomicrobial  from
 polymicrobial  NSTIs  and  were  associated  with  septic  shock
 risk  ,  supporting  proteomics  -based  phenotypic  and  prognostic
 stratification  [ 135].  In  patients  with  Group  A  streptococcal  NSTIs,
 Bergsten  et  al.  demonstrated  a  dose–response  relationship
 between  IVIG  administration  and  plasma  neutralization  of  strepto  -
 coccal  superantigens,  indicating  measurable  functional  immune
 modulation  [ 136].  Such  immune  readouts  are  unlikely  to  support
 rapid  bedside  diagnosis  but  may  enable  diagnostic  refinement
 through  biological  phenotyping,  helping  identify  subgroups  with
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distinct  host–pathogen  interactions  and  differential  therapeutic
 responsiveness.
 

However,  coagulation  abnormalities  constitute  a  pivotal
 determinant  of  disease  progression.  Coagulopathy,  in  particular,
 has  emerged  as  a  significant  marker  of  systemic  organ  failure  and
 worsened  prognosis.  For  instance,  Ling  et  al.  (2021)  demonstrated
 that  an  elevated  international  normalized  ratio  (INR  >1.5)  was
 a  strong  independent  predictor  of  mortality  in  patients  with
 NSTIs,  highlighting  its  role  as  a  prognostic  marker  for  severe
 disease  [ 112].  Furthermore,  Johnson  et  al.  (2023)  proposed  an
 immunocoagulopathy-based  model  that  incorporated  platelet
 count  ,  neutrophil  count  ,  and  age  and  achieved  an  impressive  AUC
 of  0.829  for  in-hospital  mortality  prediction  [ 137].  This  model
 outperformed  the  LRINEC  score  and  emphasized  the  value  of
 the  routine  complete  blood  count  as  an  accessible  tool  for  risk
 stratification.  Moreover,  thromboc  ytopenia,  another  hallmark
 of  coagulation  dysfunction,  has  been  identified  as  a  power-
 ful  independent  predictor  of  mortality  [ 137].  Together,  these
 findings  highlight  that  both  immune  markers  and  coagulation
 abnormalities  ser  ve  as  critical  components  for  understanding  the
 pathophysiolog  y  of  NSTIs  and  improving  risk  prediction,  paving
 the  way  for  more  refined,  multidimensional  diagnostic  models.
 

Translational  applications  and  machine  learning
 integration 

The  integration  of  multi-omics  data,  including  transcriptomic,  pro  -
 teomic,  and  metabolomic  profiles,  into  machine  learning  (ML)-
 based  diagnostic  platforms  is  a  promising  avenue  for  enhancing
 early  diagnosis  and  risk  prediction  in  NSTIs.  The  functional  anno  -
 tation  of  the  core  genes  of  S.  pyogenes,  such  as  scfA  and  scfB,
 has  provided  key  molecular  signatures  that  can  be  incorporated
 into  multi-omics  and  AI  diagnostic  strategies  targeting  severe  soft
 tissue  infections  [ 138].  Integrating  multi-omics  data  with  AI-driven
 analytics  offers  the  potential  to  generate  personalized  diagnos  -
 tic  and  prognostic  models,  thereby  enhancing  early  detection,
 patient  stratification,  and  treatment  optimization  in  NSTIs.
 

Machine  learning  in  necrotizing  soft  tissue  infection
 diagnosis  

ML  is  being  increasingly  applied  to  optimize  the  diagnosis  and
 risk  stratification  of  NSTIs.  Jahagirdar  et  al.  (2022)  applied
 unsuper  vised  clustering  and  random  forest  models  to  host–
 pathogen  transcriptomic  data  to  differentiate  monomicrobial
 from  polymicrobial  NSTIs,  thereby  capturing  etiologically  and
 biologically  distinct  disease  phenotypes  rather  than  performing
 NSTI  versus  non-NSTI  classification  [ 40].  In  the  large  INFECT  cohort
 (n  =  409),  Katz  et  al.  (2022)  developed  a  random  forest-based
 decision  support  system  that  identified  16  early  sepsis  -related
 variables  (e.g.  lactate,  urine  output  ,  and  blood  pressure)  to  predict
 in-hospital  mortality  in  NSTI  patients,  achieving  an  AUC  of  0.91  and
 outperforming  the  Sequential  Organ  Failure  A  ssessment  (SOFA)
 score,  even  when  limited  to  variables  available  within  the  first
 hour  of  admission,  highlighting  the  potential  of  ML  for  accurate
 early  mortality  risk  prediction  in  NSTIs  [ 39].  An  over  view  of  ML
 applications  in  NSTI  diagnosis  and  prognosis  is  summarized  in
 Table  5.  In  addition  to  clinical  prediction,  ML  has  been  integrated
 with  omics  data.  HBOmic  studies  have  used  transcriptomic  profil-
 ing  and  ML  to  evaluate  responses  to  hyperbaric  oxygen  therapy,
 identifying  molecular  endotypes  and  biomarkers  (e.g. NAT10,
 

DNAJA3,  and  MTCO2P12)  associated  with  immune  restoration  and
 therapeutic  responsiveness  [ 139,  140].  Importantly,  this  approach
 provides  a  framework  for  individualized  adjunctive  therapy  in
 NSTI-associated  sepsis.  Similarly,  Chang  and  Wu  (2024)  applied  an
 interpretable  Light  Gradient  Boosting  Machine  (LightGBM)  model
 to  distinguish  NF  from  cellulitis  and  to  further  classify  NF  into
 V.  vulnificus  and  non-Vibrio  subtypes,  achieving  an  AUC  of  0.86,
 with  SHapley  Additive  exPlanations  (SHAP)  analysis  identifying
 key  clinical  and  exposure  -related  predictors  [ 141].  Collectively,
 these  studies  demonstrate  that  ML,  particularly  when  integrated
 with  clinical  and  multi-omics  datasets,  enhances  diagnostic
 precision,  facilitates  early  mortality  risk  prediction,  and  enables
 individualized  risk  stratification  for  patient  management  .
 

Challenges  and  limitations  of  multi-omics  and
 machine  learning  in  necrotizing  soft  tissue  infection
 diagnosis  

Despite  the  promising  insights  provided  by  multi-omics  and
 ML  studies  in  NSTIs,  several  methodological  limitations  must
 be  acknowledged.  Most  available  omics  datasets  are  derived
 from  small,  single  -center  cohorts  with  substantial  heterogeneity
 in  patient  characteristics,  sampling  time  points,  and  analytical
 platforms,  which  limits  their  reproducibility  and  generalizability.
 In  addition,  many  studies  remain  explorator  y  in  nature  and  lack
 independent  validation  cohorts  or  prospective  clinical  integration,
 thereby  constraining  their  immediate  translational  impact  .
 

Importantly,  the  current  generation  of  multi-omics  platforms
 is  constrained  by  turnaround  time,  technical  complexity,  and
 cost  ,  which  precludes  their  routine  use  in  real-time  bedside
 diagnosis  or  determination  of  surgical  timing  in  acute  NSTIs.
 While  these  approaches  may  improve  biological  understanding
 and  retrospective  diagnostic  accurac  y,  it  remains  unrealistic  to
 expect  most  omics  -based  assays  to  meaningfully  accelerate  first
 debridement  decisions  within  current  clinical  workflows.  This  lim-
 itation  represents  a  critical  barrier  that  must  be  clearly  recognized
 when  interpreting  their  clinical  potential.  Rather  than  ser  ving  as
 immediate  diagnostic  tools,  emerging  evidence  suggests  that
 multi-omics  approaches  may  be  better  positioned  to  support
 post-diagnostic  risk  stratification  and  treatment  individualization
 after  NSTI  has  been  confirmed.  Biomarker-guided  immune  and
 molecular  profiling  may  help  identify  biologically  distinct  patient
 subgroups  with  differential  responses  to  adjunctive  therapies.
 For  example,  in  Group  A  streptococcal  NSTIs,  Bergsten  et  al.
 demonstrated  a  dose–response  relationship  between  intravenous
 immunoglobulin  administration  and  plasma  neutralization
 of  streptococcal  superantigens,  supporting  the  concept  that
 functional  immune  readouts  could  be  leveraged  to  identify
 patients  most  likely  to  benefit  from  IVIG  and  to  inform  dosing
 strategies  [ 136].
 

From  an  ML  perspective,  progress  in  NSTI  research  will  likely
 require  moving  beyond  isolated  single  -center  models  toward
 larger,  multi-institutional  efforts.  Promising  directions  include
 multimodal  models  that  combine  clinical  variables  with  microbi-
 olog  y  and  omics  signals,  as  well  as  collaborative  training  strategies
 (e.g.  federated  learning  )  that  allow  models  to  be  developed  across
 sites  while  keeping  patient-level  data  within  local  governance
 frameworks.  Such  approaches  could  help  address  data  scarcity,
 improve  robustness  across  settings,  and  support  the  development
 of  clinically  generalizable  tools.
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Table  5  ML  applications  for  necrotizing  soft  tissue  infections  diagnosis  and  prognosis  

Study  (year) Method Key  features/data Performance Clinical  utility 

Jahagirdar  et  al.,  2022  [ 40] Unsuper  vised  clustering
 random  forest 

16S  rRNA  sequencing,
 host–pathogen  gene  expression 

Reliable  classification  of
 monomicrobial  versus
 polymicrobial  infections  

Molecular  stratification  of
 infection  types 

Katz  et  al.,  2022  [ 39] Random  forest  (Boruta
 selection)  

16  sepsis  -related  clinical
 variables  (e.g.  lactate,  urine
 output  ,  SBP) 

AUC  0.91  vs  SOFA  0.77  Early  mortality  prediction;
 robust  DSS  

Vinkel  et  al.,  2022  [ 139] Unsuper  vised  clustering
 ML  integration 

Whole  -blood  and  tissue
 transcriptomics  pre/post  HBO 2  

Identified
 treatment-responsive
 signatures 

First  omics–ML  integration
 to  assess  HBO 2  therapy 

Vinkel  et  al.,  2025  [ 140] ML  transcriptomic
 profiling  

Gene  markers  (NAT10,  DNAJA3,
 MTCO2P12)  

Stratification  of  HBO 2  
responders 

Biomarkers  for  precision
 therapy 

Chang  &  Wu,  2024  [ 141] LightGBM
 SHAP 

Clinical  + exposure  predictors
 (lactate,  CRP,  hypotension,
 seafood  exposure) 

AUC  0.86,  Sens  87.2%,  Spec
 74.5% 

Differentiation  of  Vibrio  NF
 using  interpretable  ML
 model  

AUC  area  under  the  cur  ve,  Sens  sensitivity,  Spec  specificity,  HBO
 2  hyperbaric  oxygen  therapy 

Figure  3  Multifactorial  barriers  to  timely  necrotizing  soft  tissue  infections  diagnosis  in  ICU  settings.  Diagnostic  delays  in  NSTIs  arise  from  overlapping

 clinical  features,  limited  scoring  tools,  imaging  constraints,  microbial  heterogeneity,  and  resource  disparities,  culminating  in  increased  mortality  

Challenges  and  future  directions  of  necrotizing  soft
 tissue  infection  diagnosis  in  critical  care  settings 

NSTIs  remain  diagnostically  challenging,  especially  in  the  ICU
 setting,  as  their  early  clinical  manifestations  are  often  nonspecific
 and  overlap  with  those  of  benign  soft  tissue  infections,  leading  to
 frequent  misdiagnosis,  delayed  surgical  inter  vention,  and  worse
 clinical  outcomes  [ 142,  143].  In  parallel,  recent  multidisciplinar  y
 guideline  efforts,  such  as  the  2025  Consensus  on  the  Diagnosis
 and  Treatment  of  Adult  Necrotizing  Fasciitis,  emphasize  the
 lack  of  standardized  diagnostic  and  treatment  protocols  and
 provide  evidence  -informed  recommendations  to  support  clinical
 standardization  [ 144].  Traditional  laborator  y-based  risk  stratifica-
 tion  tools,  particularly  the  LRINEC  score  and  its  derivatives  (e.g.
 m-LRINEC,  MLRINEC,  SIARI,  and  LARINF),  demonstrate  limited
 sensitivity,  specificity,  and  external  validation  in  heterogeneous
 ICU  populations,  with  their  performance  further  compromised
 by  the  confounding  effects  of  critical  illness  and  concurrent
 therapies.  Advanced  imaging  modalities  such  as  CT  and  MRI
 may  aid  in  diagnosis  but  often  incur  delays  because  of  logistical
 constraints,  patient  instability,  and  interobser  ver  variability.
 

Together  with  the  marked  etiological  heterogeneity  of  NSTIs  and
 diverse  host  factors,  including  diabetes,  immunosuppression,  and
 hematologic  malignanc  y,  these  limitations  substantially  hinder
 timely  diagnosis  and  accurate  risk  stratification  in  real-world
 clinical  settings.
 

A  visual  summar  y  of  these  interconnected  challenges  is
 presented  in  Figure  3,  which  outlines  the  multifactorial  nature  of
 diagnostic  barriers  in  ICU-based  NSTI  management  .  These  include
 clinical  ambiguity,  biomarker  limitations,  imaging  constraints,
 microbial  diversity,  and  global  disparities  in  diagnostic  capacity,
 especially  in  low-resource  settings.
 

However,  translation  into  routine  ICU  practice  remains  hindered
 by  several  barriers.  These  include  the  need  for  large  -scale,  multi-
 center  prospective  validation  across  diverse  populations;  integra-
 tion  with  electronic  medical  records  (EMRs)  and  decision-support
 systems  (DSS);  and  ensuring  affordability,  usability,  and  sustain-
 ability  in  both  high-  and  low-income  health  systems.
 

A  structured  roadmap  to  address  these  needs  is  proposed  in
 Figure  4,  outlining  five  progressive  phases—from  foundational
 registr  y  building  and  biomarker  discover  y  to  model  development  ,
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Figure  4  Translational  roadmap  toward  precision  NSTI  diagnosis.  A  five  -phase  framework  advancing  NSTI  diagnostics  from  ICU  data  foundations  to

 global-scale,  AI-enabled  solutions  aimed  at  improving  early  detection  and  reducing  mortality.  NSTI  necrotizing  soft  tissue  infection  

clinical  integration,  and  global  equity-focused  scaling.  This
 translational  pathway  emphasizes  both  scientific  rigor  and  clinical
 relevance,  aiming  to  create  adaptive  systems  that  reflect  ICU-
 specific  diagnostic  realities.
 

Conclusions 
Despite  ongoing  advances  in  diagnostic  methodologies,  NSTIs
 continue  to  pose  significant  challenges  in  critical  care  settings.
 Traditional  scoring  systems  such  as  the  LRINEC  score  demonstrate
 considerable  variability  in  sensitivity  and  specificity  across
 diverse  populations,  limiting  their  utility,  particularly  among
 immunocompromised  or  comorbid  patients.  While  imaging
 modalities  and  laborator  y  indices  provide  some  diagnostic
 support  ,  their  practical  application  in  the  ICU  is  frequently  limited
 by  clinical  instability  and  resource  limitations.  The  emergence
 of  multi-omics  technologies—encompassing  transcriptomics,
 proteomics,  metabolomics,  and  immunomics—combined  with  ML
 algorithms  offers  a  promising  avenue  for  more  accurate,  timely,
 and  individualized  diagnosis.  These  integrative  approaches
 enable  the  identification  of  pathogen-specific  and  host–response
 biomarkers  that  may  facilitate  early  recognition  and  risk  stratifi-
 cation.  Moving  for  wards,  large  -scale  prospective  validation  and
 seamless  integration  into  clinical  workflows—particularly  DSS
 within  electronic  health  records—will  be  essential  to  translate
 these  innovations  into  improved  outcomes.  A  paradigm  shift
 toward  data-driven,  precision  diagnostics  represents  a  critical
 step  in  narrowing  the  current  diagnostic  gap  and  reducing  the
 high  morbidity  and  mortality  associated  with  NSTIs.
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