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Abstract

Introduction:  There  are  still  no effective  biomarkers  for  the  diagnosis  of  central  precocious

puberty (CPP),  and  single  metabolic  indicators  (such  as  vitamin  D or  insulin)  are susceptible

to interference  from  metabolic  interactions.  We  conducted  a  study  to  assess  the  correlation

between the  vitamin  D/insulin  ratio  (VDIR)  and  CPP  and  the  screening  potential  of  the  VDIR.

Methods:  Case-control  study  in a  sample  of  170  girls  aged  6---10  years,  including  85  girls  with

CPP and  85  girls  with  normal  growth  and  development.  We  collected  data  on  growth  and  devel-

opmental  indicators  and  laboratory  test  results  for  both  groups.  The  association  between  the

VDIR and CPP/gonadal  development  was  assessed  by  means  of multivariate  logistic  and  linear

regression analyses.  The  diagnostic  value  of  VDIR  was  evaluated  by means  of  receiver  operating

characteristic  (ROC)  curve  analysis.

Results:  The  VDIR  in the  CPP  group  was  lower  than  in the  control  group  (3.45  vs  6.18).  The  area

under the  ROC  curve  (AUC)  of  the  VDIR  for  diagnosis  of  CPP  was  0.731,  with  a  sensitivity  of

70.59%  and  a  specificity  of  67.06%,  higher  compared  to  vitamin  D alone  (AUC  =  0.682)  or  insulin

alone (AUC  =  0.690).  The  multivariate  logistic/linear  regression  analysis  revealed  that  for  every

1-unit increase  in  VDIR,  there  was  a  0.814-fold  decrease  in  the  risk  of  CPP  and  a  233.54  mm3

decrease  in  uterine  volume.

Conclusion:  By  integrating  the  metabolic  interactions  between  vitamin  D and  insulin,  VDIR

shows promising  value  in assessing  the  risk of  CPP.  As  a  potential  biomarker,  it  may  offer  dual

clinical value  by  enabling  early  screening  of high-risk  individuals  prior  to  the definitive  diagnosis,

as well  as  providing  guidance  for  personalized  interventions.
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2341-2879/© 2025 Asociación Española de Pediatŕıa. Published by  Elsevier España, S.L.U. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ANPEDE-504016; No. of Pages 9

https://doi.org/10.1016/j.anpede.2025.504016
http://www.analesdepediatria.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.anpedi.2025.504016
mailto:weiwang1692023@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


ARTICLE IN PRESS
+Model

J. Sun,  Y. Xiao,  S.-Q.  Jiang  et al.

PALABRAS  CLAVE

Pubertad  precoz
central;
Deficiencia  de
vitamina  D;
Resistencia  a  la
insulina;
Interacciones
metabólicas;
Desarrollo  gonadal

La correlación  entre  el  ratio  vitamina  D/insulina  y la pubertad  precoz  central  en

niñas  y  su  potencial  para  el  cribado

Resumen

Introducción:  El diagnóstico  de la  pubertad  precoz  central  (PPC)  aún carece  de  biomarcadores

efectivos,  y  los  indicadores  metabólicos  individuales  (como  la  vitamina  D o  la  insulina)  son

susceptibles a  la  interferencia  de  las  interacciones  metabólicas.  Este  estudio  investiga  la  cor-

relación  entre  el  ratio  vitamina  D/insulina  (RVDI)  y  la  PPC  y  evalúa  el  potencial  del RVDI  para

el cribado.

Métodos:  Estudio  de casos  y  controles  que  incluyó  a  170  niñas  de  6 a  10  años  de edad,  de  las

cuales 85  presentaban  PPC  y  85  tenían  un  crecimiento  y  desarrollo  normales.  Se  recogieron  datos

sobre indicadores  de  crecimiento  y  desarrollo  y  de los resultados  de  las  pruebas  de  laboratorio

en ambos  grupos.  La  relación  entre  el RVDI  y  la  PPC/desarrollo  gonadal  se  evaluó  mediante

análisis de  regresión  logística  y  lineal  multivariantes.  El  valor  diagnóstico  del RVDI  se  evaluó

mediante  el  análisis  de curvas  características  operativas  del receptor  (ROC).

Resultados:  El RVDI fue  inferior  en  el grupo  de  PPC  que  en  el grupo  control  (3,45  vs.  6,18).

El área  bajo  la  curva  ROC  (AUC)  del  RVDI  para  el  diagnóstico  de la  PPC  fue  de 0,731,  con

una sensibilidad  del  70,59%  y  una  especificidad  del  67,06%,  superior  a  la  de  la  vitamina  D

(AUC = 0.682)  o  la  insulina  (AUC  =  0.690)  por  separado.  El  análisis  de  regresión  logística/lineal

multivariante  reveló  que  por  cada  aumento  de  1  unidad  en  el  RVDI,  el riesgo  de PPC  disminuía

0,814 veces  y  el  volumen  uterino  disminuía  233,54  mm3.

Conclusión:  Al integrar  las interacciones  metabólicas  entre  la  vitamina  D y  la  insulina,  el  RVDI

muestra  una  utilidad  prometedora  para  la  evaluación  del  riesgo  de  PPC.  Como  biomarcador

potencial, puede  ofrecer  una  utilidad  clínica  dual:  por  un  lado,  la  detección  temprana  de  indi-

viduos de  alto  riesgo  antes  del  diagnóstico  definitivo,  y  por otro,  la  orientación  del  manejo

personalizado.

© 2025  Asociación Española de  Pediatŕıa.  Publicado  por  Elsevier  España,  S.L.U.  Este  es  un

art́ıculo Open  Access  bajo  la  CC  BY-NC-ND  licencia  (http://creativecommons.org/licencias/by-

nc-nd/4.0/).

Introduction

The  pathogenesis  of  central  precocious  puberty  (CPP)
involves  the  combined  effects  of genetic  susceptibility,
exposure  to  environmental  endocrine  disruptors  and  nutri-
tional/metabolic  imbalances.1 Recent  studies  have found
that  vitamin  D deficiency  (VDD)  and  insulin  resistance  (IR)
play  significant  roles  in the  onset  of CPP.2,3 However,  exist-
ing  studies  predominantly  analyze  the effects  of  vitamin
D  or  insulin  on  CPP  in  isolation,  overlooking  the potential
interactions  and  synergistic  effects  between  the two.  Pre-
vious  studies  have  found  that  vitamin  D  can  enhance  insulin
sensitivity  by  upregulating  insulin  receptor  expression.4,5

Inhibited  vitamin  D-binding  protein  (VDBP)  may  also  increase
vitamin  D  bioavailability  under  IR conditions.6 This  bidirec-
tional  regulation  may  be  a  source  of  bias  when  assessments
are  made  using  a  single  indicator.

Based  on  this,  we  conducted  a study  proposing  the  novel
use  of  the  VDIR  as an  integrated  biomarker  with  the  aim
of  overcoming  the  limitations  of  using  a single  indicator.
The choice  of  the vitamin  D/insulin  ratio  (VDIR) is  based
on  the  following  theoretical  foundations:  First,  the syner-
gistic  effects  of  vitamin  D  and  insulin  on  glucose  and lipid
metabolism  may  impact  the pace  of gonadal  development
together.7 Second,  the use  of  a  ratio  can  minimize  the  effect
of  metabolic  differences  between  individuals.  This  is  par-
ticularly  important  in  cases  such  as  obese  children,  in whom

VDD  and  compensatory  hyperinsulinemia  can  distort  results,
leading  to  a  risk  of ‘‘false  negatives’’.8 Our  hope  was  that
establishing  a  dose-response  relationship  between  the  VDIR
and  the risk  of CPP  would allow  for  more  accurate  identifi-
cation  of  high-risk  groups.

Material  and methods

Study  sample  and  groups

The study included  170 girls  who  visited  the  hospital’s
Growth  and  Development  Clinic  for  evaluation  between
June 2023  and December  2024.  Among  them,  85  girls  diag-
nosed  with  CPP  were  selected  as  the  case  group,  and  85
girls  with  normal  growth  and  development  were  included
as  the  control  group.  The  diagnosis  for  the case  group
was  based on  the ‘‘Expert  consensus  on the diagnosis  and
treatment  of central  precocious  puberty  (2022)’’,9 which
included:  (1)  breast  development  (Tanner  stage  B2  or  higher)
before  7.5  years  or  menarche  before  10.0  years;  (2)  bone
age  (BA) advanced  by  at least 1  year  relative  to  chrono-
logical  age  (CA); (3)  a  peak  level  of luteinizing  hormone
(LH)  of  5  IU/L  or  greater  and  a  peak  LH /peak  follicle-
stimulating  hormone  (FSH)  ratio  greater  than  0.6  in the
gonadotropin-releasing  hormone  (GnRH)  agonist  stimula-
tion  test; (4)  pelvic  ultrasound  showing  enlarged  uterine
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and  ovarian  volumes,  with  visualization  of multiple  follicles
measuring  4 or more  mm in diameter  in the  ovaries;  (5)
accelerated  linear  growth.  The  control  group  consisted  of
girls  who,  after  a comprehensive  evaluation,  were  deemed
to  be  in the  normal  stage  of  growth  and  development.  All
children  were  brought  for  examination  at the  request  of
their  parents,  who  wanted  to understand  their  growth  and
developmental  status.  To  control  for  potential  confounding
factors,  especially  the  impact  of  age  on  sex hormone  lev-
els  and  physical  development,  we  used a  1:1  age-matching
approach.

The  inclusion  criteria  were:  (1)  girl  aged  6---10 years;  (2)
consent  to  the necessary  serological,  imaging,  and  ultra-
sound  tests.  The  exclusion  criteria  included:  (1)  age  less  than
6  years  or  greater  than  10  years  (to  avoid  the effects  of  mini-
puberty  and  normal  pubertal  development);  (2)  incomplete
precocious  puberty,  rapidly  progressing  puberty,  periph-
eral  precocious  puberty,  and precocious  puberty  caused
by  organic  central  lesions  (such  as  isolated  premature
thelarche,  hypothalamic-pituitary  lesions,  adrenal  tumors,
ovarian  tumors,  or  exogenous  estrogen  intake);  (3)  chronic
disease  affecting  vitamin  D  or  insulin  metabolism  (such  as
hypothyroidism,  diabetes,  adrenal  diseases,  liver  or  kid-
ney  diseases);  (4)  genetic  disease  affecting  vitamin  D or
insulin  metabolism  (such  as  Williams  syndrome,  mitochon-
drial  diseases);  (5)  treatment  in the past  3 months  with
hormones  or  drugs  that  interfere  with  vitamin  D/insulin
metabolism  (such  as  growth  hormone,  metformin,  vita-
min  D);  (6)  failure  to  undergo  relevant  tests  or  missing
data.

The  study  was  approved  by the ethics  committee  of  the
hospital  (ethics  approval  no.  2024-119-01;  April  15,  2024).
Since  the  study  was  a  retrospective  analysis  based  on  the
review  of  electronic  health  records,  involved  only previ-
ously  collected  clinical  data  and laboratory  test  results
and  no  prospective  interventions,  personal  identifiable  data
or  commercial  interests,  the  ethics  committee  granted  a
waiver  of  informed  consent.

Sample  size  calculation

The sample  size  was  determined  based on  pilot study data
(VDIR  AUC  = 0.70), calculated  using  the PASS  software  ver-
sion  15.0  (�  =  0.05;  power  =  0.80).  The  minimum  required
sample  size  was  76  per  group.

Data  collection

Researchers  extracted  all  the study  data  retrospectively
from  the  electronic  medical  record system  of the  hospi-
tal  with  the  approval  of the  ethics  committee.  Physical
development  was  assessed  by  two  pediatric  endocrinolo-
gists,  who  measured  height  (cm)  and  weight  (kg)  using
standardized  instruments  and  calculated  the  body mass
index  (BMI)  and  BMI  z scores.  BA was  assessed  with  the
Greulich  and  Pyle  method  and  interpreted  independently  by
two  radiologists.10 Two  pediatric  endocrinologists  performed
independent  sexual  development  assessments  using  a stan-
dardized  Tanner  staging  chart.  Disagreements  were  resolved
by  a  third  physician,  blinded  to the previous  assessments.
Pelvic  ultrasounds  were  performed  with  the  GE Voluson  730

ultrasound  machine  (probe  frequency,  7.5  MHz),  measuring
uterine  volume  (length  ×  width  ×  anteroposterior  diameter
× 0.523),  bilateral  ovarian  volume (using  the  ellipsoid  for-
mula),  and the  number  of  follicles  with  a diameter  greater
than  4  mm.

All  participants  fasted  for  8 h  before  venous  blood
collection  in  the  morning.  In conformity  with  clinical  guide-
lines  and  the indications  in  the technical  datasheet  of
the  drug,  the GnRH agonist  stimulation  test  was  per-
formed  using  gonadorelin  (dose  of  2.5  �g/kg up  to  a
maximum  dose  of  100 �g; Maanshan  Fengyuan  Pharma-
ceutical  Co., National  Drug  Approval  No. H10960063).
Venous  blood  samples  were  collected  at 0  (baseline),  30,
60,  and  90  min after  injection,  and  serum  levels  of LH
and  FSH (both  baseline  and  post-stimulation)  were  mea-
sured  by  chemiluminescence  immunoassay  (Roche  Cobas
e801  analyzer).  Levels  of  25(OH)  D, fasting  insulin  (FIns),
fasting  blood  glucose  (FBG),  estradiol  (E2),  and  testos-
terone  (T)  were  determined  by  electrochemiluminescence
immunoassay  (Cobas  8000,  Roche).  We calculated  derived
indices:  The  Homeostatic  Model  Assessment  of  Insulin
Resistance11 (HOMA-IR  =  [FBG  ×  FIns]/22.5)  and  the Home-
ostatic  Model  Assessment  of  Insulin  Sensitivity12 (HOMA-
IS  = 20  ×  FIns/[FBG  −  3.5]).  We classified  vitamin  D  status
according  to  international  consensus  recommendations:
25(OH)D  levels  of  less  than  30  nmol/L  were  interpreted  as
VDD,  of  30---50  nmol/L  as  vitamin  D insufficiency,  and greater
than  50  nmol/L  as  vitamin  D sufficiency.13 The  diagnostic
criteria  for  IR were  defined  based  on  breast  development
stages  in girls:  HOMA-IR  of  2.1  or  greater  for  Tanner  stages
I  and  II, of 3.3  or  greater  for  Tanner  stages  III  and IV  and of
2.6  or  greater  for  Tanner  stage V.14

Statistical analysis

The  statistical  analysis  was  performed  with  the software
SPSS  26.0  and  MedCalc  20.0.  For  non-normally  distributed
continuous  variables,  we  used  the  median  and  interquar-
tile  range  (IQR)  to  describe  the data  and the  Mann-Whitney
U  test  to  compare  groups. For categorical  variables,  we
used  proportions  (percentages)  and  analyzed  them  with  the
�2 test  or  the Fisher  exact  test. The  association  between
the  VDIR  and  CPP/gonadal  development  indicators  was
assessed  using multivariate  logistic/linear  regression  anal-
ysis  (adjusting  for  CA,  BA,  height,  weight  and  BMI).  We
assessed  diagnostic  performance  using  receiver  operating
characteristic  (ROC)  curve  analysis,  calculating  the  area
under  the  ROC  curve (AUC),  optimal  cut-off  values  (using
the  maximum  Youden  index  method) and  predictive  val-
ues.  We  used  the DeLong  test  to  compare  differences  in
AUCs.

Results

After  obtaining  approval  from  the institutional  ethics  com-
mittee,  we  selected  a  total  of  568 girls  who  underwent
growth  and  development  evaluations  from  the hospital’s
electronic  health  record  system.  Based  on  the predefined
inclusion  and  exclusion  criteria,  232  participants  were  ulti-
mately  included,  of  which  139 had a diagnosis  of CPP  and  93
had  normal  growth  and development.  After  matching  con-
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Figure  1  Flowchart  of  sample  selection.

trols  for  age,  the  final  sample  included  85  girls  with  CPP  and
85  controls  (Fig.  1).

Table  1  presents  the physical  development  and  metabolic
indicators  for  both  groups.  The  physical  development  indi-
cators  (height,  weight,  BMI,  BA,  etc.)  were  higher  in the CPP
group  compared  to  the  control  group.  In  the CPP  group,  the
25(OH)D  level  was  lower  (40.96  vs  51.41  nmol/L  in the  con-
trol  group),  and  the proportion  of  VDD increased  to  22.4%
(compared  to  8.2%  in the  control  group).  In  addition,  FIns
levels  (10.90  vs  8.72  nmol/L)  and  the HOMA-IR  (2.61  vs  2.11)
were  significantly  higher  in the CPP  group.  However,  there
was  not  a  statistically  significant  difference  in the  propor-
tion  of  IR  between  groups  (54.1%  vs  41.2%;  P  = .091).  Notably,
the  VDIR  was  significantly  lower  in  the CPP  group  (3.45
vs  6.18).

The  sex  hormone  levels  and gonadal  development  indi-
cators  were  significantly  higher  in the CPP  group  compared
to  the  control  group  (Table  2). The  CPP  group  had  higher
levels  of  E2, T,  baseline  LH,  baseline  FSH  and  peak  LH and  a
higher  peak  LH/peak  FSH  ratio, while  the difference  in peak
FSH  values  was  not  statistically  significant.  It  is  worth  noting
that the  group  of girls  with  CPP  in our  study  included  two
subtypes:  those  who  developed  breast  tissue  before  age 7.5
years  and  those  who  experienced  menarche  before  age 10
years.  In  some  cases,  baseline  LH levels  had already  reached
pubertal  levels,  allowing  for a  clinical  diagnosis  of  CPP  with-
out  the  need  for  a  GnRH  agonist  stimulation  test. Regarding
gonadal  development,  uterine  volume  and  bilateral  ovarian
volume  were  significantly  greater  in the CPP  group  compared

to  the control  group  (uterine  volume,  4125.18  vs  1281.41;
ovarian  volume:  left,  2.80  vs  2.00  and right,  3.11  vs 2.00).
The  proportion  of girls  with  a non-linear  endometrial  mid-
line  pattern  was  higher  in the CPP  group  (55.3%  vs  24.7%),
but  there  was  no significant  difference  in  endometrial  thick-
ness  or  the number  of  large  follicles  (>4  mm).  Regarding
secondary  sexual  characteristics,  we  found  a  significantly
higher  proportion  in  the CPP group  of  girls  with  breast  devel-
opment  at  Tanner  stage  B4 (43.5%  vs  12.9%)  and of  menarche
(44.7%  vs  0%).

After  adjusting  for  CA,  BA, height,  weight  and  BMI,  we
found  that  the  VDIR  was  independently  and  inversely  associ-
ated with  the  risk  of CPP (OR = 0.814;  95%  CI,  0.715−0.926)
(Table  3). When  we  analyzed  the association  with  gonadal
development  indicators,  we  found  that  each  unit  increment
in VDIR  was  associated  with  a reduction  in uterine  volume
of  233.54  mm3 (95%  CI, −445.79  to  −21.29).  However,  we
did  not find  significant  associations  with  the  proportion  of
non-linear  endometrial  midline  patterns,  endometrial  thick-
ness,  mean  ovarian  volume  or  the number  of follicles  with  a
diameter  greater  than 4  mm.

The  ROC  curve  analysis  (Table  4,  Fig.  2)  demonstrated
that  the VDIR  offered  the  best diagnostic  performance
for  the prediction  of CPP,  with  an AUC  of 0.731  (95%  CI,
0.657−0.806),  a  sensitivity  of  70.59%  and  a  specificity  of
67.06%  (Youden  index,  0.38).  Although  the  combined  indica-
tor  (Vitamin  D  combined  with  FIns)  improved  specificity  to
78.82%  and achieved  a positive  predictive  value  of  73.53%,
its  sensitivity  was  significantly  reduced  (58.82%).  In contrast,
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Table  1  Physical  development  and metabolic  indicators  in cases  and  controls.

Control  group  (n  = 85)  CPP  group  (n  =  85)  P

CA  (years) 8.00  (7.00−9.00) 8.00  (7.25−9.00)  .171

Height  (cm)  133.40  (126.50−140.80)  140.00  (131.20−146.80)  .002

Height  z  0.95  (0.46−1.70)  1.76  (1.01−2.21)  <.001

Weight  (kg)  29.00  (25.00−37.50)  35.00  (29.01−41.90)  <.001

BMI (kg/m2)  16.72  (15.00−19.51)  18.73  (16.42−20.35)  .002

BMI z  0.81  (−0.16  to  1.71)  1.61  (0.71−2.28)  .001

BA (years)  9.00  (8.70−11.00)  11.00  (9.50−12.50)  <.001

BA −  CA  (years)  1.54  (0.81−2.34)  2.50  (2.00−3.00)  <.001

25 (OH)D  (nmol/L) 51.41  (40.53−64.70) 40.96  (31.60−48.22) <.001

Vitamin  D  status <.001

Sufficiency  51.8  (44/85) 22.4  (19/85)

Insufficiency  40.0  (34/85)  55.2  (47/85)

Deficiency 8.2  (7/85)  22.4  (19/85)

FBG (mmol/L)  5.36  (5.00−5.50)  5.36  (5.11−5.60)  .315

FIns (mIU/L)  8.72  (5.34−10.25)  10.90  (8.72−18.20)  <.001

HOMA-IR  2.11  (1.23−2.49)  2.61  (2.00−4.22)  <.001

HOMA-IS  94.98  (57.73−131.84)  115.96  (80.82−207.14)  <.001

Proportion  of  IR 41.2  (35/85)  54.1  (46/85)  .091

VDIR 6.18  (4.15−10.99)  3.45  (1.97−6.01)  <.001

Abbreviations:  BA, bone age; BMI, body mass index; CA, chronological age; CPP, central precocious puberty; FBG, fasting blood glucose;
FIns, fasting insulin; HOMA, Homeostatic Model Assessment (IR, insulin resistance; IS, insulin sensitivity); VDIR, vitamin D to insulin
resistance ratio.

Table  2  Sex  hormone  levels  and  gonadal  development  in  cases  and  controls.

Control  group  (n  = 85)  CPP  group  (n = 85)  P

E2 (pmol/L)  29.90  (18.40−70.90)  131.00  (34.50−201.00)  <.001

T (nmol/L)  0.09  (0.09−0.10)  0.15  (0.09−0.42)  <.001

Baseline LH  (IU/L)  0.21  (0.20−0.42)  1.76  (0.75−7.04)  <.001

Baseline FSH  (IU/L)  2.30  (1.64−3.35)  4.69  (2.87−6.31)  <.001

Peak LH  (IU/L)  3.92  (2.86−4.76)  9.77  (6.09−23.98)  <.001

Peak FSH  (IU/L)  11.65  (9.04−16.75)  12.25  (9.59−16.59)  .582

Peak LH  /peak  FSH  0.32  (0.24−0.48)  0.93  (0.61−2.13)  <.001

Breast Tanner  staging  <.001

B1 9.4  (8/85)  1.2  (1/85)  <.001

B2 57.6  (49/85)  38.8  (33/85)  <.001

B3 20.0  (17/85)  16.5  (14/85)  <.001

B4 12.9  (11/85)  43.5  (37/85)  <.001

Proportion of  menarche  --- 44.7  (38/85)  <.001

Age of  menarche  (years)  --- 9.00  (8.94−9.12)  <.001

Proportion of  non-linear  endometrial  midline  24.7  (21/85)  55.3  (47/85)  <.001

Endometrial  thickness  (mm)  3.00  (2.60−4.70)  4.49  (2.40−6.00)  .240

Uterine volume  (mm3)  1281.41  (768.00−2269.41)  4125.18  (2027.90−15 050.44)  <.001

Ovarian volume  (mm3)

Left  2.00  (1.39−3.12)  2.80  (2.00−3.70)  .013

Right 2.00  (1.30−3.36)  3.11  (1.85−3.95)  .015

No. large  follicles  8.00  (5.00−11.00)  9.00  (8.00−12.00)  .090

Abbreviations:  CPP, central precocious puberty; E2, estradiol; LH, luteinizing hormone; FSH, follicle-stimulating hormone; T, testos-
terone.

vitamin  D  alone  exhibited  a higher  sensitivity  (76.47%),
while  the  insulin  level  exhibited  a  higher  specificity
(78.82%),  showing  an  imbalance  between  sensitivity  and
specificity.

Discussion

This  case-control  study  systematically  explored  the corre-
lation  between  the  VDIR  and CPP  and  the  diagnostic  value
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Table  3  Association  of  VDIR  with  CPP  and  gonadal  development.

B/�  OR/Nonstandardized

regression

coefficient  B

95%  CI  P

CPP  −0.206  0.814  0.715−0.926  .002

Proportion of  non-linear  endometrial  midline  −0.099  0.905  0.792−1.036  .147

Uterine volume  −0.185  −233.54  −445.79  to  −21.29  .031

Mean ovarian  volume  −0.073  −0.022  −0.078  to  0.035  .443

Endometrial thickness  −0.089  −0.064  −0.238  to  0.110  .463

No. large  follicles  −0.130  −0.120  −0.326  to  0.086  .252

Abbreviations: CPP, central precocious puberty; VDIR, vitamin D to insulin ratio.

Table  4  Diagnostic  performance  of  vitamin  D,  FIns  and  related  derived  indicators  for  CPP.

AUC  95%CI  Cut-off  Sensitivity  Specificity  Youden  index  Positive  predictive  value

VDIR  0.731  0.657−0.806  5.06  70.59%  67.06%  0.38  68.18%

Combined indicator  0.719  0.643−0.796  0.53  58.82%  78.82%  0.38  73.53%

Vitamin D  0.682  0.602−0.762  48.65  76.47%  55.29%  0.32  63.11%

FIns 0.690  0.612−0.768  10.85  50.59%  78.82%  0.29  70.49%

Abbreviations: AUC, area under the curve; CPP, central precocious puberty; FIns, fasting insulin; VDIR, vitamin D to insulin ratio.

Figure  2  ROC  curves  of  different  indicators  for  diagnosis  of

CPP.

of  the  former.  We  found that  VDIR  levels  were significantly
lower  in  the CPP  group  compared  to  healthy  controls,  with
a  diagnostic  AUC  of  0.731  (sensitivity,  70.59%;  specificity,
67.06%),  outperforming  vitamin  D  or  FIns  alone.  Multivariate
logistic  regression  further  confirmed  that  VDIR  was  indepen-
dently  and  inversely  associated  with  the  risk  of  CPP.  These
findings  suggest  that,  by  integrating  the metabolic  interac-
tions  between  vitamin  D  and insulin,  the VDIR  may  serve  as
a  potential  biomarker  for CPP.

In  recent  years,  multiple  studies  have  indicated  a  close
association  between  VDD,  IR  and  the onset  of CPP.15,16

Reduced  vitamin  D  levels  may  upregulate  leptin  expres-
sion,  activating  the  hypothalamic-pituitary  gonadal  (HPG)
axis  and  accelerating  pubertal  onset.17,18 At  the  same  time,
insulin  can  stimulate  the  synthesis  and  release  of GnRH  in

hypothalamic  neurons  and  enhance  the sensitivity  of  ovarian
granulosa  cells  to  gonadotropins,  further  promoting  gonadal
development.19,20 Our  study  found  that  the proportion  of
VDD  was  significantly  higher  in  the CPP  group compared  to
the  control  group,  with  concurrently  elevated  FIns levels
and  IR.  This  suggests  that  the  imbalance  between  vita-
min  D and  insulin  may  be a key  mechanism  driving  CPP.
Specifically,  VDD  exacerbates  IR  by  downregulating  insulin
receptor  expression,  while  IR  inhibits  VDBP,  leading  to  a
transient  increase  in free  active  vitamin  D but  also  accel-
erating  renal  excretion.5,6,21 Ultimately,  this  forms  a  vicious
cycle  of  VDD and  IR.  VDD  and IR  synergistically  activate
the  HPG  axis  and ovarian  function,  jointly  contributing  to
the  abnormal  advancement  of puberty.  Therefore,  based
on  the bidirectional  regulatory  mechanism  of  vitamin  D
and  insulin,  and  considering  that  metabolic  interactions
can  easily  influence  a single  indicator,  we  propose  the
VDIR  as  an integrated  marker  reflecting  their  synergistic
imbalance.

Although  there  is  a  correlation  between  the  VDIR  and
precocious  puberty,  it is  important  to  note  that  children
in the  CPP  group  generally  had  higher  body weights  and
BMIs.  Obesity  has  been  widely  recognized  as  an  indepen-
dent  risk  factor  for  early  pubertal  onset.22 Obese  children
frequently  also  have  metabolic  alterations  such  as  IR and
VDD,  which may  serve  as  confounding  factors  underlying
the  association  between  VDIR  and  precocious  puberty.23,24 In
our  study,  we  adjusted  the  regression  analysis  for  potential
confounders,  including  the  BMI,  and  the  VDIR  still  emerged
as  an independent  factor  associated  with  CPP.  This  sug-
gests  that  the association  may  not be entirely  driven  by
obesity,  and  the ratio-based  nature of  the  VDIR  may  help
offset  individual  differences  in baseline  metabolism  (e.g.,
BMI  and prepubertal  hormonal  fluctuations).  However,  the
BMI  may  still  influence  the VDIR  indirectly  by  altering  levels
of  insulin  and  vitamin  D substrates,  which  warrants  fur-
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ther  investigation  into  the  underlying  mechanisms  in  this
association.

At the  level  of gonadal  development,  the  negative  cor-
relation  between  the  VDIR  and  uterine  volume suggests  that
metabolic  imbalance  may  directly  impact  gonadal  matura-
tion.  In  the  CPP group,  the peak  LH/peak  FSH ratio  was
elevated,  and  levels  of  sex  hormones  such  as  E2 and  T were
significantly  increased,  indicating  excessive  activation  of
the  HPG  axis. Although  the VDIR  was  not  significantly  asso-
ciated  with  ovarian  volume  or  endometrial  thickness,  its
relationship  with  uterine  volume  may  reflect  the interaction
between  metabolic  signals  (e.g.,  insulin-mediated  ovarian
IGF-1R  pathways)  and  local  sex  hormone  synthesis.25---28 Pre-
vious  studies  have  found  that  decreased  vitamin  D levels  may
further  increase  uterine  volume  in girls  with  CPP  by  affecting
circulating  E2 levels.29 Similarly,  animal  model  studies  have
shown  that  insulin  signaling  is  crucial  for  the development
of  preovulatory  follicles  and  endometrial  proliferation.30

The  synergistic  effect  of  the  imbalance  between  vitamin  D
and  insulin  may  accelerate  gonadal  development,  but  the
specific  mechanisms  underlying  this need  to  be  further  elu-
cidated.

The  findings  of  our  study  suggest  that  the VDIR  may  have
significant  translational  value  in  screening  for  CPP  in clini-
cal  practice.  Its  high  AUC  and better  balance  of  sensitivity
and  specificity  make  it significantly  superior  to  single  indica-
tors,  so  it  could  serve  as  an  ancillary  screening  tool  for  CPP.
Based  on  the  cut-off  value,  we  would  recommend  integrat-
ing  the  VDIR  into  routine  pediatric  health  checkups  for  early
screening  of  children  with  suspected  CPP  (e.g.,  those  with
early  breast  development  or  advanced  BA).  In those  with
positive  results,  the  evaluation  can  continue  with  a  pelvic
ultrasound.  The  VDIR  holds  promise  as  a  clinical  screening
tool  to  help  identify  individuals  that  may  be  at high  risk,
offering  a  more  comprehensive  metabolic  marker  for deter-
mining  the  need  of  the GnRH  agonist  stimulation  test.  This
may  help  optimize  resource  allocation  and  reduce  unneces-
sary  examinations.  Since  some  CPP  patients  already  meet
the  diagnostic  threshold  based  on  baseline  LH levels,  this
study  does  not  recommend  using  the VDIR  as a  substitute
for  the  stimulation  test, but  rather  as  a  preliminary  risk
assessment  or  stratification  tool.  In the case  of  high-risk
groups  (e.g.,  positive  family  history  or  rapidly  progressing
precocious  puberty),  the combined  testing  of vitamin  D and
FIns  can  increase  the  specificity  to  78.82%,  guiding  clinical
decision-making  to  reduce  false  positives.

However,  there  are  certain limitations  to  this  study.  First,
the  sample  was  limited  to a  single-center  cohort  of  girls,  and
further  studies  are  required  before  generalizing  its  findings
to  the  male  population  and other  ethnic  groups.  Second,  the
cross-sectional  design  makes  it difficult  to  establish  causal-
ity  or  the  temporal  sequence  in the relationship  between
the  VDIR  and  CPP.  Additionally,  the sensitivity  and  speci-
ficity  of  the VDIR  are still  below the ideal  threshold  (>80%  for
both).  Prospective  multicenter  studies  are needed  to  refine
the  clinical  translation  pathway,  establish  a dynamic  mon-
itoring  model  based  on  the VDIR  and  explore  the specific
mechanisms  by  which  the VDIR  modulates  the HPG  axis  using
various  techniques.

Conclusion

This  study,  which  combines  the dual  pathological  mech-
anisms  of VDD  and IR,  reveals  the  potential  impact  of
vitamin  D-insulin  interaction  on  CPP.  It  provides  a  more
comprehensive  risk  assessment  and  screening  tool  for
clinical  practice  while  offering  a theoretical  basis  for
developing  personalized  intervention  plans  (such  as  vita-
min  D  supplementation  combined  with  insulin  sensitivity
regulation).

Highlights

1  The  vicious  cycle  of  ‘‘vitamin  D  deficiency  and
worsening  insulin  resistance’’  may  be  a  key  mech-
anism  driving  central  precocious  puberty

2  The  vitamin  D/insulin  ratio,  as  an integrated  indi-
cator  reflecting  the synergistic  effect  of  their
imbalance,  can effectively  overcome  the  limita-
tions  of using  a single  indicator.

3  The  vitamin  D/insulin  ratio  is  an independent  risk
factor  for  the development  of  central  precocious
puberty  and  is  strongly  associated  with  uterine
volume  growth.

4  The  diagnostic  performance  of  vitamin  D/insulin
ratio  for  central  precocious  puberty is  superior
compared  to  the performance  of  either  as  a  single
indicator  or  their  mere  combination.
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