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Abstract: Background: Flap necrosis is a critical complication following modified radical mastectomy (MRM) for
breast cancer (BC). It not only impairs wound healing but also delays postoperative treatment, adversely affect-
ing patient survival rate and the overall quality of life. Thus, developing an accurate prediction model is crucial for
early intervention and improving patient prognosis. Objective: To develop and validate a Nomogram model based
on Logistic regression to assess the risk of postoperative flap necrosis in BC patients undergoing MRM. Methods: A
retrospective study was conducted on 605 BC patients who underwent MRM. These patients were stratified into a
training group (n=406) and a validation group (n=199) in a 33:67 ratio. Univariate and multivariate Logistic regres-
sion analyses were performed to identify risk factors for flap necrosis, and a Nomogram prediction model was sub-
sequently constructed. The model’s discriminatory power (assessed via the receiver operating characteristic [ROC]
curve), calibration accuracy (evaluated by calibration curve), and clinical benefit (analyzed through decision curve
analysis) were comprehensively evaluated. Moreover, essential performance metrics such as sensitivity, specificity,
and accuracy were systematically recorded and analyzed. Results: Nine independent risk factors were identified,
including age, body mass index (BMI), neutrophil count, hemoglobin level, drainage volume on the third postopera-
tive day, axillary lymph node metastasis (ALNM), surgical duration, intraoperative bleeding volume, and drainage
duration. The area under the curve (AUC) of the Nomogram model was 0.898 in the training group and 0.886 in
the validation group, indicating good discriminatory capacity. Calibration curves demonstrated good agreement
between predicted values and actual values, with P-values for goodness-of-fit of 0.1761 (training) and 0.0648 (vali-
dation), respectively. Decision curve analysis revealed significant clinical benefits, with maximum benefit rates of
76.84% (training) and 80.40% (validation), respectively. Conclusion: The Nomogram model developed in this study
accurately predicts flap necrosis risk in BC patients post-MRM, offering significant clinical utility for risk manage-
ment and improved patient outcomes.
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Introduction with an incidence rate of 59.0 per 100,000 [3].

BC has now become the leading malignancy

Breast cancer (BC) ranks among the most prev-
alent malignant tumors afflicting women world-
wide. It is characterized by the aberrant pro-
liferation of breast epithelial cells, which can
manifest as either localized or invasive growth
patterns and may potentially metastasize dis-
tantly via the hematogenous or lymphatic sys-
tems [1, 2]. As per the 2020 Global Cancer
Report, BC surpassed lung cancer as the most
frequently diagnosed cancer globally, with 2.26
million new cases. In China, approximately
416,000 BC cases were reported among wo-
men, constituting 18.4% of the global total,

among Chinese women, exhibiting a progres-
sively ascending incidence rate and a trend
toward younger age at diagnosis [4].

The therapeutic regimens for BC involve a com-
prehensive array of modalities such as surgery,
chemotherapy, radiotherapy, endocrine thera-
py, and targeted therapy. Among these, surgical
treatment remains the cornerstone of disea-
se management [5]. In China, modified radi-
cal mastectomy (MRM) is the most commonly
employed surgical approach for BC [6]. While
advancements in surgical techniques and adju-
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vant therapies have considerably enhanced
patient survival rate, postoperative complica-
tions continue to adversely affect rehabilitation
quality and long-term outcomes [7]. MRM in-
volves the removal of the breast, adjacent tho-
racic wall tissues, and axillary lymph nodes
while preserving the pectoral muscles, which
covers extensive operative field and results in
substantial trauma [8]. Nevertheless, the tran-
section of numerous small blood vessels and
lymphatic ducts during MRM creates a poten-
tial space between the skin flap and the tho-
racic wall, complicating postoperative wound
healing. Common complications Common sub-
cutaneous fluid accumulation, wound infec-
tion, hematoma, adipose tissue necrosis, and
flap necrosis [9].

Flap necrosis is one of the gravest wound com-
plications following MRM for BC, with reported
incidence spanning from 10% to 61% [10, 11].
This condition arises from inadequate tissue
blood perfusion. Flap necrosis not only pro-
longs postoperative wound healing but may
also trigger infections, wound dehiscence, and
other severe complications [12]. These circum-
stances result in extended hospital stays, in-
creased medical expenses, and delays the
seamless execution of comprehensive postop-
erative therapies. Research [13] has demon-
strated that postponing adjuvant treatments
(e.g., chemotherapy, radiotherapy) for over 12
weeks due to wound complications significantly
worsens patient survival outcomes, including a
reduced disease-free survival rate and an
increased risk of recurrence. Additionally, post-
operative wound complications negatively im-
pact patient’s psychological well-being, body
image, and quality of life, exacerbating doctor-
patient conflicts and treatment-related stress
[14].

Prevention is the most effective approach to
reduce the incidence of postoperative flap ne-
crosis. Nevertheless, the development of flap
necrosis is influenced by multiple factors, such
as the patient’s preoperative physical state,
comorbidities, intraoperative procedures, and
postoperative management. The interplay of
these factors varies significantly among pa-
tients, making it challenging to predict the risk
of flap necrosis based solely on clinical experi-
ence. Consequently, a mathematical model in-
corporating comprehensive multi-factorial anal-
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ysis has become essential for identifying high-
risk patients. In this study, we retrospectively
analyzed wound complications occurring 90
days after MRM for BC. We systematically
screened preoperative and intraoperative risk
factors related to flap necrosis and developed a
risk prediction model based on Logistic regres-
sion. This model provides a scientific tool for
clinical risk assessment by quantifying indivi-
dual patient risk profiles. Additionally, we cre-
ated a Nomogram to visualize the model and
conducted internal validation to evaluate its
discriminatory power, calibration accuracy, and
clinical utility.

Methods and data
Sample size calculation

With reference to the study by Hannah R Ray et
al. [11], which reported a 44% incidence rate of
flap necrosis following MRM for BC, the sample
size for this study was calculated according to
the requirements of Logistic regression analy-
sis. A confidence level of 95% and an allowable
error of 5% were set. Using the formula N = Z2 x
[P x (1 - P)]/E? the minimum sample size re-
quired for this study was determined to be 380
cases. To account for potential data censoring
or missing data (approximately 10%) and to
enhance statistical power while reducing sam-
ple bias, the final plan aimed to enroll at least
420 patients.

Research design

In this retrospective single-center study, data
from patients (n=605) who underwent MRM for
BC during May 2018 and May 2024 were col-
lected from the breast surgery department of
Fujian Maternity and Child Health Hospital. The
study period was. This study was approved by
the Ethics Committee of Fujian Maternity and
Child Health Hospital.

Definition of flap necrosis

In this study, flap necrosis was diagnosed ba-
sed on the observation of the flap during dress-
ing changes within 90 days post-surgery. Epi-
dermal Necrosis: Characterized by erythema,
swelling, a glossy appearance, detachment of
the epidermal layer from the dermal layer, and
the presence of exudates or vesicle formation;
Full-Thickness Necrosis: Identified by pallor of
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the flap, diminished elasticity, darkened ne-
crotic area, and a distinct demarcation from the
surrounding normal skin.

Inclusion and exclusion criteria

Inclusion criteria: Patients definitively diagno-
sed with BC who underwent MRM; Patients
aged 18 years or older; Patients with complete
surgical and postoperative follow-up data; and
Patients meeting the diagnostic criteria for flap
necrosis.

Exclusion criteria: Male patients with BC; Pa-
tients whose surgery was halted intraoperative-
ly due to other diseases; Patients with concur-
rent other malignant tumors; Patients with a
postoperative follow-up duration of less than
90 days or with missing data exceeding 10% of
key variables; Patients who had received neo-
adjuvant treatment (e.g., chemotherapy or ra-
diotherapy) prior to surgery; Patients with coag-
ulation disorders.

Study sample size and grouping

A total of 605 patients were included in this
research. They were randomly allocated into a
validation group (n=199) and a training group
(n=406) in a 33:67 ratio. The grouping process
was conducted as follows: baseline data were
loaded, and categorical variables (e.g., meno-
pausal state, history of diabetes mellitus) were
transformed into factor variables, while contin-
uous variables were designated as numeric
variables. Subsequent to random sampling and
grouping via the sample function, statistical
tests were employed to validate the equilibrium
of the grouping. For continuous variables, a
normality test was performed, followed by ei-
ther the t-test or Wilcoxon rank-sum test based
on the results. For categorical variables, the
chi-square test was applied to assess distribu-
tional differences between groups. If any vari-
able had a P-value <0.05, the grouping was
considered unbalanced, and the random group-
ing process was repeated until no statistically
significant differences were observed for all
variables (P>0.05). The final grouping was de-
termined and saved as an Excel file, with the
training group and the validation group stored
in separate worksheets. This balanced group-
ing provided a robust foundation for subse-
quent model construction and validation. The
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detailed inclusion processes are illustrated in
Figure 1.

Clinical data collection

Patient data were retrieved from the hospital’s
electronic medical record system and postop-
erative follow-up documentation, including pre-
operative, intraoperative, and postoperative in-
formation. The collected variables were catego-
rized into clinical baseline data and laboratory
data. The clinical baseline data encompassed
age, body mass index (BMI), menopausal sta-
tus, hypertension, diabetes, surgical duration,
intraoperative bleeding volume, type of surgi-
cal incision, postoperative drainage duration,
and drainage volume on postoperative day 3.
The laboratory data included hemoglobin (Hb),
neutrophil count (NEU), white blood cell count
(WBC), platelet count (PLT), prothrombin time
(PT), and fibrinogen (FIB). The primary outcome
was the presence or absence of flap necrosis.
During the data management process, two
investigators independently verified data entry
to ensure completeness and accuracy. Missing
values were handled using multi-imputation
technique. If the proportion of missing values
exceeded 10%, the corresponding samples
were excluded. Finally, all variables were metic-
ulously screened and subsequently utilized for
model construction and analysis. Note: All labo-
ratory parameters were obtained from patients
prior to the surgical procedure.

Outcome measures

Primary outcome measures: Independent risk
factors were identified via multivariate Logistic
regression analysis, and a Nomogram model
for predicting the risk of flap necrosis following
MRM was developed. The model’s performance
was assessed using receiver operating charac-
teristic (ROC) curves and calibration curves in
both the training and validation cohorts.

Secondary outcome measures: The baseline
characteristics, including clinical baseline and
laboratory data, were compared between the
training and validation groups, as well as the
patients with and without flap necrosis in the
training set.

Statistical analyses

This research utilized SPSS 26.0 and R 4.3.3
software for data analysis and graph plotting.
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Sample size calculation:

N=22 x [P x (1-P)] / E2. The minimum required sample size was
380. Considering a 10% data loss and to enhance statistical
power, at least 420 patients were planned for enroliment.

This retrospective single-center study collected clinical data
from 605 BC MRM patients at Fujian Maternity and Child
Health Hospital from May 2018 to May 2024.

Inclusion criteria

@ Definitive BC diagnosis and MRM performed; (n=894)
@ Age 2 18 years; (n=864)

® Complete surgical and follow-up data; (n=768)

@ Meeting diagnostic criteria for flap necrosis; (n=755)

Exclusion criteria

@ Male patients with BC; (n=735)

@ Surgery halted due to other diseases intraoperatively; (n=710)
(® Concomitant other malignant tumors; (n=678)

@ Postoperative follow-up < 90 days or > 10% missing crucial
data; (n=648)

® Received neoadjuvant treatment (e.g., chemotherapy,
radiotherapy); (n=618)

® Patients with coagulation disorders. (n=605)

training and validation cohorts.

Primary outcome measures: Independent risk factors for flap
necrosis were identified using multivariate Logistic regression,
and a Nomogram prediction model was developed. Model
performance was evaluated with ROC and calibration curves in

Figure 1. Study flow chart.

Categorical data were presented as frequen-
cies and were compared between groups using
the chi-square test. Continuous data were pre-
sented and compared differently depending on
the distribution characteristics. Those with a
normal distribution were expressed as mean +
standard deviation and analyzed using the
t-test. Conversely, non-normally distributed
continuous data were described as the inter-
quartile range and analyzed using the Mann-
Whitney U test. In the correlation analysis, con-
tinuous variables were transformed into binary
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variables based on their cut-off values, and
the Spearman rank correlation test was then
employed to evaluate correlations among vari-
ables. Following screening independent risk
factors based on Logistic regression, a Nomo-
gram model was established. The model’s
discriminatory capacity was evaluated through
the ROC curve and precision-recall (PR) curve,
the goodness-of-fit between the predicted and
actual values was verified by the calibration
curve, and the clinical utility of the model was
assessed by the decision curve analysis (DCA).
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All graphs were plotted using R software, with
the main packages employed being pROC (for
ROC curve) [15], rms (for Nomogram and cali-
bration curve) [16], ggplot2 [17] (for data visu-
alization), and rmda (for DCA analysis) [18].

Results

Comparison of baseline data between training
and validation groups

The baseline data of patients in the training
group (n=406) and the validation group (n=199)
were compared, including both categorical and
continuous data. Results showed that there
were no statistical differences between the two
groups in terms of categorical variables (e.g.,
the occurrence of flap necrosis, menopausal
status, hypertension, diabetes, ALNM, molecu-
lar subtyping) or the continuous variables (e.g.,
age, BMI, WBC, Hb, PT, drainage volume on
postoperative day 3) (all P>0.05, Table 1). The
baseline characteristics of the training group
and the validation group were well-balanced
and comparable, ensuring the reliability of sub-
sequent model development and validation.

Comparison of baseline data between necrosis
group and non-necrosis group in the training
cohort

In the training cohort, a comparative analysis
was conducted on the baseline data between
the necrosis group (n=94) and the non-necro-
sis group (n=312). In terms of categorical data,
notable discrepancies were identified between
groups in menopausal status (P=0.027), hyper-
tension (P=0.044), diabetes (P=0.012), ALNM
(P=0.001), transverse incision (P=0.046), sur-
gical duration >2 hours (P<0.001), intraopera-
tive bleeding volume >200 (P=0.012), and
drainage duration >7 days (P=0.001). For con-
tinuous data, significant differences between
the two groups were observed in age (P<0.001),
BMI (P<0.001), NEU (P=0.048), Hb (P=0.049),
PT (P=0.002), and drainage volume on postop-
erative day 3 (P=0.003). Other variables such
as vascular invasion, molecular subtyping, ma-
ximum tumor diameter, and incision length did
not exhibit statistically significant differences
(P>0.05, Table 2).

Correlation analysis of differential variables

Ensure the suitability of the data for Logistic
regression analysis, which is appropriate for
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binary outcomes, categorical variables showing
significant differences were transformed into
binary variables based on their cut-off values
(Table 3). A correlation analysis was then con-
ducted to confirm the absence of significant
multicollinearity among the independent vari-
ables. The results revealed no significant lin-
ear correlation among the variables (P>0.05).
The strongest negative correlation was betwe-
en ALNM and surgical duration <2 hours (r=-
0.126), and the strongest positive correlation
was between age and BMI (r=0.138) (Figure 2).
These results imply that the variables can be
utilized as independent factors in the subse-
quent Logistic regression analysis.

Multivariate Logistic regression for screening
independent risk factors associated with flap
necrosis

Logistic regression analysis demonstrated that
age (P<0.001, odds ratio [OR] =15.606, 95%
confidence interval [Cl]: 7.561-32.211), BMI
(P=0.002, OR=2.815, 95% ClI: 1.475-5.372),
NEU (P=0.017, OR=0.389, 95% Cl: 0.179-
0.846), Hb (P<0.001, OR=0.162, 95% ClI:
0.066-0.397), drainage volume on postopera-
tive day 3 (P=0.014, OR=2.378, 95% CI: 1.190-
4.754), ALNM (P=0.001, OR=0.322, 95% CI:
0.164-0.634), surgical duration >2 hours
(P<0.001, OR=0.249, 95% CI: 0.123-0.504),
intraoperative bleeding volume >200 ml (P=
0.028, OR=0.457, 95% Cl: 0.228-0.918), and
drainage duration >7 days (P=0.010, OR=
0.413, 95% Cl: 0.210-0.812) were indepen-
dent risk factors for flap necrosis (Figure 3).

Construction of the Nomogram prediction
model

Based on the results of the multivariate Logistic
regression analysis, nine significant factors in-
cluding age, BMI, NEUT, Hb, drainage volume
on postoperative day 3, ALNM, surgical dura-
tion, intraoperative bleeding volume, and drain-
age duration were identified. A Nomogram pre-
diction model was constructed to visually re-
present the contribution of each variable to the
risk of flap necrosis (Figure 4). The model as-
signs scaled line segments to each variable,
allowing for an intuitive calculation of the total
risk score. In addition, a model formula was
derived based on the regression coefficients
of the aforementioned variables: Logit(p) =
-1.245 + 2.708 x (Age >55.5) + 1.200 x (BMI
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Table 1. Comparison of baseline data between training group and validation group

Counting data Total Validation Training group Statistic P
group (n=199) (n=406)
Flap necrosis
With 133 39 94 0.984 0.321
Without 472 160 312
Pausimenia
Yes 342 116 226 0.375 0.540
No 263 83 180
Hypertension
With 87 26 61 0.416 0.519
Without 518 173 345
Diabetes
With 69 21 48 0.213 0.644
Without 536 178 358
Axillary lymph node metastasis
With 270 92 178 0.308 0.579
Without 335 107 228
Vascular invasion
With 33 8 25 1.183 0.277
Without 572 191 381
Clinical staging
| 116 43 73 1.714 0.424
1] 319 98 221
1] 170 58 112
Molecular subtyping
Luminal A 87 27 60 1.061 0.900
Luminal B (HER-2 negative) 216 69 147
Luminal B (HER-2 positive) 99 33 66
HER-2 overexpression 62 19 43
Triple-negative 141 51 90
Transverse incision
Yes 363 124 239 0.660 0.416
No 242 75 167
Surgical duration >2 hours
Yes 342 117 225 0.619 0.431
No 263 82 181
Intraoperative bleeding volume =200 ml
Yes 170 52 118 0.569 0.451
No 435 147 288
Drainage duration >7 days
Yes 337 107 230 0.449 0.503
No 268 92 176
Age (years) 53.036+7.252 52.698+7.418 53.202+7.174 0.802 0.423
BMI (kg/m?) 24.263+3.442 24.137+3.299 24.325+3.512 0.633 0.527
WBC (x10°/L) 5.96 [3.92, 7.77] 5.52 [4.06, 7.60] 6.05 [3.86, 7.90] 0.523 0.601
NEU (x10%/L) 61.402+14.807 61.462+14.132 61.372+15.143 -0.070 0.944
Hb (g/L) 126.972+25.725 126.548+25.369 127.180+25.927 0.284 0.777
PLT (x10°/L) 232.263+48.827 230.231+50.641 233.259+47.945 0.716 0.474
PT (seconds) 12.00 [10.00, 14.00]  12.00[10.00, 14.00]  12.00 [10.00, 13.00] 0.650 0.516
APTT (seconds) 28.547+8.790 28.447+8.469 28.596+8.953 0.195 0.845
FIB (g/L) 292.412+41.348 292.523+43.006 292.357+40.565 -0.046 0.963
Maximum tumor diameter (cm) 4.75 [3.14, 6.33] 4.47 [2.79, 6.38] 4.81[3.21, 6.28] 0.609 0.542
Incision length (cm) 16.256+5.121 16.293+4.998 16.238+5.187 -0.125 0.901
Drainage volume on postoperative day 3 (mL) 227.190+45.251 228.155+44.813 226.718+45.511 -0.367 0.714

Note: HER-2, human epidermal growth factor receptor 2; BMI, body mass index; WBC, white blood cell count; NEU, neutrophil count; Hb, hemoglobin; PLT, platelet count;
PT, prothrombin time; APTT, activated partial thromboplastin time; FIB, fibrinogen.
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Table 2. Comparison of baseline data between patients with and without flap necrosis in the training
cohort

Necrosis Non-necrosis

Categorical data Total group (n=94) group (n=312) Statistic P
Pausimenia
Yes 226 43 183 4.878 0.027
No 180 51 129
Hypertension
With 61 8 53 4.065 0.044
Without 345 86 259
Diabetes
With 48 18 30 6.298 0.012
Without 358 76 282
Axillary lymph node metastasis
With 178 55 123 10.689  0.001
Without 228 39 189
Vascular invasion
With 25 7 18 0.352 0.553
Without 381 87 294
Clinical staging
| 73 15 58 2.686 0.261
Il 221 58 163
1] 112 21 91
Molecular subtyping
Luminal A 60 11 49 2.840 0.585
Luminal B (HER-2 negative) 147 37 110
Luminal B (HER-2 positive) 66 15 51
HER-2 overexpression 43 13 30
Triple-negative 90 18 72
Transverse incision
Yes 239 47 192 3.972 0.046
No 167 47 120
Surgical duration >2 hours
Yes 225 68 157 14.177  <0.001
No 181 26 155
Intraoperative bleeding volume =200 ml
Yes 118 37 81 6.291 0.012
No 288 57 231
Drainage duration >7 days
Yes 230 67 163 10.656  0.001
No 176 27 149
Age (years) 53.202+7.174 59.426+6.272 51.327+6.326 -10.902 <0.001
BMI (kg/m?) 24.325+3.512 26.046+3.718 23.807+3.281 -5.618  <0.001
WBC (x10°/L) 6.05 [3.86, 7.90] 5.85 [3.66, 7.95] 6.08 [3.89, 7.77] 0.305 0.760
NEU (x10%/L) 61.372+15.143 58.664+13.079 62.188+15.639 1.985 0.048
Hb (g/L) 127.180+25.927 122.564+30.771 128.571+24.163 1.976 0.049
PLT (x10°9/L) 233.00[201.25, 261.50] 223.50[201.00, 251.25] 234.50[202.00, 265.00]  1.927 0.054
PT (seconds) 12.00 [10.00, 13.00] 12.50 [10.00, 14.75] 11.00 [10.00, 13.00] 3.087 0.002
APTT (seconds) 28.596+8.953 29.957+8.633 28.186+9.020 -1.686 0.093
FIB (g/L) 292.357+40.565 289.540+38.292 293.206+41.247 0.768 0.443
Maximum tumor diameter (cm) 4.81[3.21, 6.28] 4.62 [3.63, 5.55] 4.88[3.14, 6.50] 1.029 0.304
Incision length (cm) 16.238+5.187 16.737+5.162 16.087+5.193 -1.065 0.288
Drainage volume on postoperative day 3 226.718+45.511 239.036+47.200 223.006+44.400 -3.024 0.003

Note: HER-2, human epidermal growth factor receptor 2; BMI, body mass index; WBC, white blood cell count; NEU, neutrophil count; Hb, hemoglobin; PLT, platelet count;
PT, prothrombin time; APTT, activated partial thromboplastin time; FIB, fibrinogen.
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Table 3. Assignments of differential variables

Variable name Z?tl:iizl’ce(}a Assignment content

Flap necrosis (Y) Yes=1,n0=2

Age (X) It belongs to a continuous variable and is classified using
the cut-off value (<55.5 = 2, >565.5 = 1)

BMI (X) It belongs to a continuous variable and is classified using
the cut-off value (<25.53 = 2, 225,53 = 1)

NEU (X) It belongs to a continuous variable and is classified using
the cut-off value (<70.8 =2, >270.8 = 1)

Hb (X) It belongs to a continuous variable and is classified using
the cut-off value (<96.5 = 2,>96.5=1)

PT (X) It belongs to a continuous variable and is classified using
the cut-off value (<11.5=2,>211.5=1)

Drainage volume on postoperative day 3 (X) It belongs to a continuous variable and is classified using
the cut-off value (<254.225 = 2, >254.225 = 1)

Pausimenia (X) Yes=1,n0=2

Hypertension (X) With = 1, without = 2

Diabetes (X) With = 1, without = 2

Axillary lymph node metastasis (X) With = 1, without = 2

Transverse incision (X) Yes=1,n0=2

Surgical duration <2 h (X) Yes=1,n0=2

Intraoperative bleeding volume <200 ml (X) Yes=1,n0=2

Drainage duration <7 days (X) Yes=1,n0=2

Note: Y: dependent variable, X: independent variable. BMI, body mass index; WBC, white blood cell count; NEU, neutrophil
count; Hb, hemoglobin; PLT, platelet count; PT, prothrombin time; APTT, activated partial thromboplastin time; FIB, fibrinogen.

>25.53) - 0.974 x (NEU>70.8) - 1.883 x
(Hb=96.5) + 0.983 x (Drainage Volume on
Postoperative Day 3 >254.225) - 1.093 x
(Axillary Lymph Node Metastasis Yes) + 1.441
x (Surgery Duration No) + 0.740 x (Intraopera-
tive Bleeding Volume No) + 0.914 x (Drainage
Duration No). The total score calculated from
the Nomogram is mapped to the predicted risk
axis, providing a quantitative assessment of
the risk of postoperative flap necrosis.

Internal validation results of model perfor-
mance and predictive capability assessment

In the training group, the risk score of each
patient was computed and a grouped compari-
son was carried out based on the flap necrosis
status. A significant difference in risk scores
was observed between the two groups (P<
0.001, Figure 5A). The ROC curve of the model
manifested its outstanding discriminatory po-
wer, with an AUC value of 0.898 (95% CI:
0.861-0.934). The PR curve further confirmed
the model’s accuracy and sensitivity in classifi-
cation tasks (Figure 5B, 5C). The calibration
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curve indicated good agreement between pre-
dicted probabilities and the actual outcomes.
The chi-square value of the goodness-of-fit test
was 11.478 (P=0.1761), suggesting that the
model possessed a sound calibration ability
(Figure 5D). The DCA demonstrated that the
model yielded clinical benefits within a risk
threshold range of 0-98%, with a maximum
benefit rate of 76.84% (Figure 5E). The likeli-
hood ratio test yielded a chi-square value of
178.68 (P<0.001), confirming the statistical
significance of the model. Collectively, the
model demonstrated excellent performance in
terms of discrimination, calibration, and clinical
applicability in the training group, indicating
its high predictive value for postoperative flap
necrosis risk.

Performance evaluation of the Nomogram
prediction model in the validation group

In the validation cohort, significant differences
in risk scores were observed between patients
with and without flap necrosis (P<0.001, Figure
6A). The model demonstrated strong discrimi-
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Correlation Matrix Heatmap (Upper: R values, Lower: P values)
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Figure 2. Correlation analysis matrix of differential variables.

nation, with an AUC of 0.886 (95% Cl: 0.825-
0.948), highlighting its robust predictive capac-
ity (Figure 6B). The PR curve further validated
the model’s accuracy and sensitivity in classifi-
cation tasks (Figure 6C). The calibration curve
indicated excellent agreement between pre-
dicted probabilities and actual outcomes, sup-
ported by the goodness-of-fit test (x?=4.3268,
P=0.8265, Figure 6D). The DCA demonstrat-
ed clinical utility across a threshold probability
range of 0-97%, with a maximum net benefit
rate of 80.40% (Figure 6E). Additionally, the
likelihood ratio test confirmed the statistical
significance of the model, with a chi-square
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value of 78.723 (P<0.001). Overall, the model
exhibited excellent performance in terms of
discrimination, calibration, and clinical applica-
bility, providing reliable predictions for the vali-
dation group. DelLong’s test for two ROC cur-
ves showed no significant difference in AUCs
between the training and validation groups
(0.898 vs. 0.886; D=0.309, df=341.430,
P=0.756), indicating comparable performance
in the two sets. Overall, the model exhibited
excellent performance in terms of discrimina-
tion, calibration, and clinical applicability, pro-
viding reliable predictions for the validation
group.
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Characteristics B OR value HR (95% Cl) P value
Age 2748 15.606 15.606(7.561-32.211) : —— <0.001
BMI 1.035 2.815 2.815(1.475-5.372) I\O—! 0.002
NEU -0.945 0.389 0.389(0.179-0.846) ‘I 0.017
Hb -1.821 0.162 0.162(0.066-0.397) JI <0.001
PT 0.413 1.512 1.512(0.793-2.882) b 0.210
Drainage Volume on Postoperative Day 3 0.866 2378 2.378(1.190-4.754) I,o-| 0.014
Menopause 0.502 1.651 1.651(0.869-3.140) IP! 0.126
Hypertension 0.600 1.82 1.822(0.616-5.389) lp—l 0.278
Diabetes mellitus -0.335 0.715 0.715(0.275-1.862) QII 0.492
Axillary lymph node metastasis 1.132 0.32 0.322(0.164-0.634) .l 0.001
Transverse incision 0.323 1.381 1.381(0.720-2.650) Il! 0.331
Surgical time < 2h -1.391 0.249 0.249(0.123-0.504) ll <0.001
I ntraoperative bleeding <200ml -0.782 0.457 0.457(0.228-0.918) d: 0.028
Drainage time <7d -0.885 0.413 0.413(0.210-0.812) ‘l 0.010
T T T T
0 10 20 30

Figure 3. Logistic regression for screening independent risk factors associated with flap necrosis. Note: BMI, body
mass index; WBC, white blood cell count; NEU, neutrophil count; Hb, hemoglobin; PLT, platelet count; PT, prothrom-
bin time; APTT, activated partial thromboplastin time; FIB, fibrinogen.
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Figure 4. Construction of the Nomogram model.

Display of model performance indicators

The Risk 1 (training group) model performed
well in the training group, with a specificity of
87.50%, a sensitivity of 77.66%, a Youden in-
dex of 65.16%, a cut-off value of 0.777, an
accuracy of 85.22%, a precision of 77.66%,
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and an F1 value of 89.18%. The Risk 2 (valida-
tion group) model also had relatively good per-
formance in the validation group, with a speci-
ficity of 81.88%, a sensitivity of 82.05%, a
Youden index of 63.93%, a cut-off value of
1.174, an accuracy of 81.91%, a precision of
82.05%, and an F1 value of 92.09%. These
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Figure 5. Model prediction in the training group. A: Comparison of risk score between patients with and without
flap necrosis in the training group. B: Receiver operating characteristic (ROC) curve of the prediction model in the
training group. C: Precision-recall (PR) curve of the prediction model in the training group. D: Calibration curve of the
prediction model in the training group. E: Decision curve of the prediction model in the training group.

results indicate that the model has certain pre-
dictive value in both the training group and the
validation group. See Table 4.

Discussion

By utilizing large-sample clinical data from pa-
tients who underwent modified radical mastec-
tomy (MRM) for BC, this study developed a risk
prediction model for flap necrosis using Logistic
regression analysis. The model was visualized
through a Nomogram, demonstrating potential
applicability in risk evaluation. The investiga-
tion identified age, BMI, NEU, Hb, drainage vol-
ume on postoperative day 3, ALNM, surgical
duration, intraoperative bleeding volume, and
drainage duration as independent risk factors
for flap necrosis. The model exhibited high dis-
criminatory power and calibration accuracy in
both the training and validation cohorts, under-
scoring its practical value in predicting postop-
erative flap necrosis risk. These findings not
only provide clinicians with distinct high-risk
factors but also present a scientific foundation
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for individualized risk assessment and precise
intervention, ultimately enhancing patient pro-
gnosis and reducing the incidence of flap
necrosis.

Elderly patients often experience a declined tis-
sue repair capacity and diminished vascular
elasticity, resulting in insufficient blood supply
following surgery and restricted flap healing
[19]. Higher BMI is associated with a thicker
subcutaneous fat layer, which increases the
risk of local ischemic injury, incision tension,
and infection [20]. Evidence suggests that BMI
is a significant independent risk factor for vari-
ous surgical complications, particularly flap
necrosis after BC surgery [21]. Additionally,
Hassan et al. [22] employed machine learning
analysis and indicated that BMI and age are
crucial predictors of flap necrosis, which aligns
with the results of this present study. These
findings collectively substantiate the necessity
of preoperative intervention for elderly or obese
patients, including optimizing nutrition and
postoperative care strategies.
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Figure 6. Model prediction in the validation group. A: Comparison of risk score between patients with and without
flap necrosis in the validation group. B: Receiver operating characteristic (ROC) curve of the prediction model in the
validation group. C: Precision-recall (PR) curve of the prediction model in the validation group. D: Calibration curve
of the prediction model in the validation group. E: Decision curve of the prediction model in the validation group.

Table 4. Predictive performance of the model for flap necrosis in patients of two sets

Specificity Sensitivity Youden index Cut off Accuracy  Precision F1 Score
Risk 1 87.50% 77.66% 65.16% 0.777 85.22% 77.66% 89.18%
Risk 2 81.88% 82.05% 63.93% 1.174 81.91% 82.05% 92.09%

Note: Risk 1: training set; Risk 2: validation set.

Elevated neutrophil counts and lower hemoglo-
bin levels are tightly linked to flap necrosis.
In this study, a diminished proportion of NEU
(<70.8%) may indicate a compromised postop-
erative immune response, which impedes wo-
und healing. Besides, an Hb level beneath 96.5
g/L suggests insufficient systemic oxygen sup-
ply, which aggravates local ischemia and hypox-
ia. Rahimi et al. [23] demonstrated that preop-
erative optimization of Hb levels improves flap
survival rates and reduces postoperative com-
plications. Moreover, Shi et al. [24] further cor-
roborated the reliability of Hb as a risk indicator
for postoperative complications, particularly in
microvascular free flap transplantation.

A drainage volume >254.225 mL on the third
postoperative day and a drainage duration ex-
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ceeding 7 days were markedly correlated with
a heightened risk of flap necrosis. Excessive
drainage may indicate a heightened local exu-
dative response, potentially signaling infection
or poor wound healing. Ouyang et al. [25] noted
that the increase in postoperative exudation is
intimately linked to wound infection and dis-
rupted blood supply, which aligns with our ob-
servations. Additionally, Lu et al. [26] illustrated
that excessive exudate not only delays healing
but also increases the risk of flap necrosis.

ALNM, surgical duration exceeding 2 hours,
and intraoperative bleeding volume >200 mL
were also identified as crucial risk factors for
flap necrosis. Moo et al. [27] found that pro-
longed surgical duration and substantial intra-
operative blood loss remarkably elevated the
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risk of flap necrosis. Additionally, Liu et al. [24]
emphasized the importance of intraoperative
vascular protection and fluid management in
reducing flap necrosis risk. The results of this
study are highly consistent with these findings,
suggesting that optimizing intraoperative pro-
cedures and shortening surgical duration may
effectively enhance postoperative prognosis.

In this study, diabetes was found to be associ-
ated with flap necrosis but was not recognized
as an independent prognostic factor in the mul-
tivariate analysis. This suggests that diabetes
may indirectly hinder wound healing by impair-
ing patient’s local blood circulation and immune
function, rather than acting as a direct caus-
ative factor. Nevertheless, the potential role of
diabetes in flap healing cannot be overlooked.
Lu et al. [26] discovered that preoperative in-
fection is a significant contributor to postopera-
tive necrosis in soft tissue defect repair. This
highlights the potential synergistic effect of dia-
betes and infection in increasing the risk of flap
necrosis. Therefore, preoperative optimization
glycemic control and infection prevention are
critical strategies for reducing the risk of flap
necrosis.

The developed prediction model in this study
showed high performance in both the training
group and the validation group. In the training
cohort, the model demonstrated an AUC value
of 0.898 (95% Cl: 0.861-0.934), a specificity of
87.50%, and a sensitivity of 77.66%, exemp-
lifying its remarkable discriminatory capacity.
In the validation cohort, the model had an
AUC value of 0.886 (95% Cl: 0.825-0.948),
with specificity and sensitivity of 81.88% and
82.05%, respectively, maintaining its stability
and generalizability during external validation.
In addition, the DCA revealed that the model
conferred a relatively high clinical benefit with-
in the risk threshold range spanning from O to
97%, with a maximum benefit rate reaching
76.84% and 80.40% in the training and valida-
tion groups, further corroborating the model’s
applicability in clinical practice. In the study by
Yang et al. [28], the machine learning model
achieved an AUC of 0.828 in predicting vascu-
lar complications after free flap reconstruction,
which emphasized the potential of integrating
multi-dimensional factors to enhance predic-
tion performance in complex models. This
echoes the comprehensive inclusion of periop-
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erative factors in our model, further substanti-
ating the superiority of multi-dimensional anal-
ysis. Similarly, in the study by Wang et al. [29],
the XGBoost model was employed to prognosti-
cate the reoperation rate and readmission rate
30 days after head and neck free flap surgery,
obtaining AUC values of 0.78 and 0.58, respec-
tively, demonstrating the application potential
of machine learning in predicting postoperative
complications. The random forest model has
also been applied in predicting breast flap
necrosis. As shown in the study by Hassan et al.
[22], it had an AUC value of 0.70, with a signifi-
cant net benefit within a specific probability
threshold range as indicated by DCA. These
results are consistent with the findings of DCA
in the present study, further accentuating the
clinical utility of the prediction model. Further-
more, in the study by Tarle et al. [30], the HALP
score was employed to assess the risk of com-
plications following head and neck free flap
reconstruction, attaining an AUC value as high
as 0.85. Their study underscored the signifi-
cance of multi-dimensional indices from the
perspective of immunity and nutrition, which
aligns with the concept of integrated analysis of
perioperative indicators in our study. Moreover,
the study by Hansen et al. [31] revealed that
the Extended Breast Reconstruction Risk As-
sessment Score could predict the incidence of
breast flap necrosis and was notably correlated
with relevant risk factors such as advanced
age, smoking, and postoperative infection. This
is highly congruent with the risk factors like
high BMI and age identified in our study, further
supporting the scientific validity of our model.

Although this study offers a valuable instru-
ment for the risk evaluation of flap necrosis, it
is not without limitations. First, this is a single-
center retrospective study where all the data
were sourced from a single medical institution.
This may introduce sample selection bias and
constrain the generalizability of the model. Al-
though the model demonstrated satisfactory
performance in internal validation, its stability
and external applicability require further ass-
essment through multi-center, large-sample ex-
ternal validation. Second, the retrospective col-
lection of data might have overlooked some
crucial variables, such as intraoperative hemo-
dynamic alterations, the circumstances of po-
stoperative antibiotic administration, and other
dynamic factors that could potentially have an
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interfering effect on the prediction results. Thi-
rd, this study did not comprehensively account
for the potential influence of postoperative
adjuvant therapies, like radiotherapy and che-
motherapy, on flap healing. This limitation may
restrict the model's capacity to reflect long-
term postoperative recovery.

To further enhance the prediction model of this
study, future research endeavors could be initi-
ated from the following perspectives. First, it is
essential to expand the sample size and inte-
grate data from a greater number of medical
institutions. By means of multi-center collabo-
ration, the applicability of the model can be
meticulously verified, thereby mitigating the in-
fluence of single-center data bias on the res-
earch findings. Second, postoperative treat-
ment and follow-up data could be incorporated
to formulate a dynamic prediction model. This
would enable a more comprehensive and in-
depth assessment of patients’ postoperative
recovery. Third, the exploration of other ma-
chine learning algorithms, such as random for-
est and XGBoost, should be actively pursued.
This would serve to optimize the modeling strat-
egy and elevate the prediction precision of
the model. Fourth, in conjunction with molecu-
lar biological markers, including genomics and
metabolomics data, an in-depth exploration
into the underlying molecular mechanisms of
flap necrosis could be carried out. These efforts
will ultimately contribute to improved risk man-
agement and patient outcomes in breast can-
cer surgery.

Conclusion

The risk prediction model developed in this
study, based on perioperative indicators, dem-
onstrated excellent discrimination, calibration,
and clinical applicability in both the training
group and the validation group. By quantifying
key risk factors, such as age, BMI, neutrop-
hil count, hemoglobin levels, drainage volume,
and surgical duration, the model provides a reli-
able tool for assessing the risk of flap necrosis
following MRM for breast cancer.
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