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Abstract: Background: Grade 4 neutropenia is a severe toxicity associated with anthracycline-based chemotherapy
in patients with breast cancer. This study aimed to develop and validate a clinical prediction model for this adverse
event during the first cycle of anthracycline-based chemotherapy. Methods: In this multicenter retrospective study,
female patients with breast cancer who received their first cycle of anthracycline-based chemotherapy between Jan-
uary 2017 and December 2023 were included. Patients were randomly assigned into training and internal valida-
tion cohorts in a 2:1 ratio. An independent external validation cohort comprised patients treated between January
2024 and December 2025. Predictors were selected using multivariable logistic regression with a backward step-
wise approach, and a nomogram was constructed. Model performance was assessed in terms of discrimination,
calibration, and clinical utility using decision curve analysis (DCA). Results: A total of 672 patients were analyzed,
with 518 in the training and internal validation cohort and 154 in the external validation cohort. Four independent
predictors of grade 4 neutropenia were identified: age, body mass index (BMI), Ki67 index, and chemotherapy regi-
men. The model achieved area under the curve (AUC) values of 0.757, 0.759, and 0.731 in the training, internal
validation, and external validation cohorts, respectively, demonstrating good discriminative ability. Calibration plots
demonstrated satisfactory agreement between predicted and observed risks across all cohorts, and DCA confirmed
the clinical utility of the model. Conclusion: We developed and externally validated a robust nomogram for predicting
grade 4 neutropenia in patients with breast cancer undergoing their first cycle of anthracycline-based chemothera-
py. This user-friendly tool may assist clinicians in identifying high-risk patients prior to treatment initiation, enabling
timely preventive intervention.
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Introduction

Breast cancer is the most commonly diagnos-
ed non-skin cancer and the leading cause of
cancer-related death among women worldwide
[1-3]. Chemotherapy remains a cornerstone for
breast cancer treatment, and anthracycline-
based regimens, including those containing
epirubicin and pirarubicin, are widely utilized
due to their efficacy in improving survival [4-6].
However, the therapeutic gains of these regi-
mens are usually limited by substantial treat-
ment-related toxicities.

Neutropenia, a common consequence of che-
motherapy-induced myelosuppression, frequ-
ently necessitates dose reductions or delays in
chemotherapy, which may compromise treat-
ment efficacy [7]. The incidence of febrile neu-
tropenia can be up to 50% in patients with
grade 4 neutropenia (absolute neutrophil co-
unt [ANC] < 0.5 x 10°%L), with an associated
mortality rate of approximately 5-10% [8]. Gra-
de 4 neutropenia is a severe side effect of che-
motherapy, that can lead to treatment interrup-
tions and even mortality [9, 10]. Previous stud-
ies have reported associations between neu-
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tropenia and several factors such as patient
age, sex, chemotherapy regimens, and comor-
bidities (e.g., diabetes and chronic renal dis-
ease) [11, 12].

Granulocyte colony-stimulating factor (G-CSF)
is commonly used for primary prophylaxis ag-
ainst chemotherapy-induced neutropenia. Two
main formulations are available: short-acting
G-CSF (e.g., filgrastim), which requires daily
injections for several days and is relatively
expensive, and long-acting pegylated G-CSF
(e.g., pegfilgrastim), which is administered as
a single injection per chemotherapy cycle,
offering greater convenience but at a signifi-
cantly higher cost [13]. This cost difference
may impose a substantial economic burden
on patients and healthcare systems, particu-
larly in resource-limited settings. In addition,
while G-CSF effectively reduces the risk of in-
fection, it is associated with adverse events
such as bone pain and fever [14, 15]. There-
fore, early detection of and risk management
are critical to optimizing therapeutic strategies
and improving outcomes for patients undergo-
ing chemotherapy.

Most existing models for predicting chemo-
therapy-induced neutropenia have been devel-
oped and validated in patients with cancers
other than breast cancer, or in patients receiv-
ing non-anthracycline-based treatment, which
may limit their applicability in breast cancer
patients initiating anthracycline-based chemo-
therapy [16-18]. As a result, there remains a
significant unmet need for a disease-specific
tool that incorporates readily available pre-
treatment factors to enable accurate, individu-
alized risk assessment prior to the first che-
motherapy cycle.

The present study seeks to identify indepen-
dent predictors for grade 4 neutropenia follow-
ing the first cycle of anthracycline-based che-
motherapy in patients with breast cancer using
retrospective methods. Based on these predic-
tors, we sought to establish a nomogram us-
ing routinely collected clinical and pathologic
data to estimate individualized risk, enabling
clinicians to implement optimized prophylactic
strategies. Accurate predictive models are es-
sential for personalizing therapy, reducing side
effects, and improving treatment outcomes.
Ultimately, this study may enhance clinical de-
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cision-making and patient management for
breast cancer treatment.

Patients and methods
Study population and data collection

This multicenter retrospective study included
female patients with pathologically confirmed
primary breast cancer who underwent curative
surgery followed by their first cycle of anthra-
cycline-based chemotherapy between January
2017 and December 2023. Chemotherapy regi-
mens consisted of either epirubicin-based (EC:
epirubicin 90-100 mg/m?, cyclophosphamide
600 mg/m?) or pirarubicin-based (AC: piraru-
bicin 50 mg/m?2, cyclophosphamide 600 mg/
m?) protocols.

The inclusion criteria were as follows: (1) Com-
plete clinical data; (2) Female patients with an
age of > 18 years; (3) Completion of the first
cycle of the target chemotherapy regimen; (4)
No prior history of chemotherapy or radiothera-
py; and (5) Status post curative-intent ope-
ration for breast cancer. Pre-chemotherapy
hematologic requirements were: hemoglobin >
95 g/L, ANC > 1.8 x 10°%/L, and platelet count >
80 x 10°/L. Patient with incomplete medical
records or those receiving long-acting G-CSF
were excluded.

In this study, short-acting prophylactic G-CSF
was defined as the recombinant human G-CSF
(rhG-CSF) administered at a dose of 5 pg/kg/
day for 2-3 consecutive days, initiated 24 hours
after completion of chemotherapy, as primary
prophylaxis based on physician’s discretion.
rhG-CSF has a relatively short duration of ac-
tion, requiring daily injections, but is substan-
tially less expensive and widely accessible in
clinical practice. Long-acting prophylactic G-
CSF was defined as pegylated G-CSF (6 mg)
administered once 24 hours after completion
of chemotherapy, providing sustained hemato-
poietic support throughout the chemotherapy
cycle with greater convenience, albeit at higher
cost. Data on G-CSF administration, including
drug name, dosage, start date, and duration,
were extracted from the electronic medical
records.

Clinicopathologic, demographic, and treatment
information was retrieved from the electronic
medical records of Qinghai University Affiliated
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Hospital and Jining Medical University Affiliat-
ed Hospital. Variables analyzed included pa-
tient age, body mass index (BMI), hormone
receptor (HR) status, Ki67 index, human epi-
dermal growth factor receptor 2 (HER2) status,
histologic type, T stage, N stage and patholo-
gic stage, chemotherapy regimen, and use of
short-acting G-CSF as prophylaxis. Complete
blood counts were collected between the end
of the first chemotherapy cycle and the start
of the second cycle.

Patients recruited between 2017 and 2023
were randomly divided at a 2:1 ratio into a train-
ing cohort and an internal validation cohort. An
independent external validation cohort consist-
ed of patients meeting the same criteria treat-
ed at the same hospitals between January
2024 and December 2025. This retrospective
study was approved by the Ethics Committee
of Qinghai University Affiliated Hospital. The
protocol was conducted in accordance with the
ethical standards of the Declaration of Helsinki,
and written informed consent was waived by
the Ethics Committee due to the retrospective
nature of the study.

Outcome definition

The primary outcome of this study was grade
4 neutropenia (ANC < 0.5 x 10%/L) according
to the National Cancer Institute Common Ter-
minology Criteria for Adverse Events (NCI
CTCAE) version 5.0 [19]. Blood counts were
assessed using conventional laboratory test-
ing within 21 days after completion of the first
chemotherapy cycle. The lowest ANC value
observed within this 21-day window was used
for analysis.

Statistical analysis

Sample size estimation: Based on the events
per variable (EPV) rule of thumb, which recom-
mends at least 10 events per candidate pre-
dictor to ensure reliable logistic regression es-
timates, we anticipated including up to 5 candi-
date variables in the final multivariable model.
Thus, a minimum of 50 events (grade 4 neu-
tropenia cases) was required. Considering an
estimated incidence of grade 4 neutropenia
of approximately 30-35% in our population, we
planned to enroll at least 150-170 patients in
the training cohort. The final training cohort (n =
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346 with 115 events) exceeded this minimum
requirement.

Sample size adequacy: A post-hoc sample size
adequacy analysis was conducted using the
EPV criterion to confirm model robustness [20,
21]. In our training cohort (n = 346), there were
115 events, yielding an EPV of approximately
23, which exceeds the commonly recommen-
ded minimum of 10, confirming adequacy for
stable logistic regression estimates.

Cohort assignment: Patients treated between
2017 and 2023 were randomly assigned at a
2:1 ratio to the training and internal validation
cohort using computer-generated random num-
ber. An independent external validation cohort
included patients meeting the same inclusion
criteria at the same institutions between Ja-
nuary 2024 and December 2025.

Predictor selection and model development:
Candidate variables were identified using uni-
variate logistic regression analysis (P < 0.1).
Clinically relevant variables (e.g., preventive
therapy) were pre-specified. A multivariable
logistic regression model was developed us-
ing backward stepwise selection. The findings
are expressed as odds ratios (ORs) with 95%
confidence intervals (Cls).

Nomogram construction: A nomogram was
constructed according to the final multivariable
model to estimate individualized risk of grade
4 neutropenia.

Model validation: Model performance was
assessed in all three cohorts. Discrimination
was measured using the area under the re-
ceiver operating characteristic curve (AUC). Ca-
libration was assessed visually using calibra-
tion plots and statistically using the Hosmer-
Lemeshow goodness-of-fit test. All cohorts
were bootstrapped (n = 200 replicates) to gen-
erate bias-corrected calibration curves. Clini-
cal applicability was assessed using decision
curve analysis (DCA) to calculate the net clini-
cal benefit at various threshold probabilities.

Statistical software: All statistical analyses
were performed using R software (version
4.3.3; R Foundation for Statistical Computing;
Vienna, Austria).
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Screening period: Jan 2017 — Dec 2023
Patients with breast cancer (post-surgery) receiving
anthracycline-based chemotherapy (n=2501)

Screening period: Jan 2024 — Dec 2025
Patients with breast cancer (post-surgery) receiving
anthracycline-based chemotherapy (n=843)

Excluded (n = 1922)

*No blood count results (n = 1902)
*Prior chemotherapy or radiotherapy
(n=3)

*Failed hematologic criteria (n = 15)

Eligible patients
(n=579)

Excluded: long-acting G-CSF
use (n =61)

Final Study Cohort (n=518)

Randomized 2:1

] 1
Training Cohort Internal Validation
(n=346) Cohort (n=172)

Excluded (n = 657)

*No blood count results (n = 649)
*Prior chemotherapy or radiotherapy
(n=2)

*Failed hematologic criteria (n = 6)

Eligible patients
(n=186)

Excluded: long-acting G-CSF use
(n=32)

Extenal Validation Cohort
(n=154)

Figure 1. Flow diagram of patient selection and cohort allocation. G-CSF, granulocyte colony-stimulating factor.

For comparisons among the three cohorts,
categorical variables were analyzed using the
chi-square test or Fisher’s exact test, as appro-
priate. A two-sided P < 0.05 was considered
significant.

Results
Patient characteristics

A total of 2,501 patients with breast cancer
were screened between January 2017 and
December 2023. After applying the pre-speci-
fied inclusion and exclusion criteria, the final
analytical population consisted of 518 patients.
These patients were randomly allocated into
two cohorts for model development and inter-
nal validation: 346 patients in the training
cohort and 172 patients in the internal valida-
tion cohort. The participant selection process
is presented in Figure 1. Grade 4 neutropenia
occurred in 173 patients (33.4%), with similar
incidence in the training (n = 115, 33.2%) and
internal validation (n = 58, 33.7%) cohorts (P >
0.05).

An independent external validation cohort was
formed by enrolling patients meeting the sa-
me inclusion criteria at the same institutions
between January 2024 and December 2025,
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comprising 154 eligible patients. The incidence
of grade 4 neutropenia in the external cohort
was 32.5% (50/154).

As shown in Table 1, baseline characteristics
were well balanced across the three cohorts
(all P > 0.05), confirming the comparability of
the datasets.

Predictor selection

Univariate logistic regression analysis identi-
fied four variables significantly associated with
grade 4 neutropenia (P < 0.05), including age,
BMI, Ki67 index, and chemotherapy regimen.
Preventive treatment, which was not statisti-
cally significant in univariable analyses (P =
0.19), was pre-specified for inclusion in the
multivariable model due to its clinical relevance
in decision-making.

The final multivariable model retained four
strong independent predictors and included
all five candidate variables (Table 2). Age > 50
years was associated with an increased risk of
grade 4 neutropenia (OR = 1.94; 95% CI: 1.18-
3.19, P = 0.01). Conversely, BMI > 25 kg/m?
(OR = 0.48; 95% CI: 0.29-0.79, P = 0.004),
Ki67 index > 20% (OR = 0.49; 95% ClI: 0.30-
0.81, P = 0.005), and AC regimen of chemo-
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Table 1. Comparison of baseline characteristics among cohorts

Training Internal Validation  External Validation

Variable (n = 346) (n =172) (n = 154) X P

Age 4.56 0.10
<50 168 (48.55%) 95 (55.23%) 67 (43.51%)
>50 178 (51.45%) 77 (44.77%) 87 (56.49%)

BMI 0.59 0.74
<25 189 (54.62%) 100 (58.14%) 85 (55.19%)
>25 157 (45.38%) 72 (41.86%) 69 (44.81%)

HR status 1.40 0.50
Negative 103 (29.79%) 60 (34.88%) 48 (31.17%)
Positive 243 (70.23%) 112 (65.12%) 106 (68.83%)

Ki67 index 0.32 0.85
<20 141 (40.75%) 67 (38.95%) 59 (38.31%)
>20 205 (59.25%) 105 (61.05%) 95 (61.69%)

HER2 status 2.54 0.28
Negative 249 (71.97%) 123 (71.51%) 102 (66.23%)
Positive 84 (24.38%) 40 (23.26%) 47 (30.52%)

Histologic type 4.79 0.09
IDC 307 (88.73%) 148 (86.05%) 144 (93.51%)
Other 39 (11.27%) 24 (13.95%) 10 (6.49%)

T stage 1.48 0.48
T0-1 123 (35.55%) 52 (30.23%) 51 (33.12%)
T2-4 223 (64.45%) 120 (69.77%) 103 (66.88%)

N stage 1.50 0.83
NO 128 (36.99%) 61 (35.47%) 53 (34.42%)
N1 135 (39.02%) 63 (36.63%) 64 (41.56%)
N2-3 83 (23.99%) 48 (27.91%) 37 (24.03%)

Pathologic stage 1.15 0.89
Stage | 52 (15.03%) 27 (15.70%) 21 (13.64%)
Stage Il 208 (60.12%) 97 (56.40%) 95 (61.69%)
Stage llI 86 (24.86%) 48 (27.91%) 38 (24.68%)

Chemotherapy regimen 1.09 0.58
EC 142 (41.04%) 73 (42.44%) 57 (37.01%)
AC 204 (58.86%) 99 (57.56%) 97 (62.99%)

Preventive therapy 0.58 0.75
No 121 (34.97%) 55 (31.98%) 50 (32.47%)
Yes 225 (65.04%) 117 (68.02%) 104 (67.53%)

Notes: IDC: invasive ductal carcinoma; BMI: body mass index; HR: hormone receptor; HER2: human epidermal growth factor

receptor 2; EC: epirubicin plus cyclophosphamide; AC: pirarubicin plus cyclophosphamide. p-values were calculated using chi-
square test for comparisons among the three cohorts. HER2 status was unavailable for 27 patients and is reported as missing.
These cases were excluded from the denominator for HER2-related analyses.

therapy (OR = 0.23; 95% CI: 0.14-0.38, P <
0.001) were identified as independent protec-
tive factors. Preventive therapy showed a trend
toward increased risk (OR = 1.56, 95% CI:
0.92-2.64), although this association was not
significant in the final multivariable model (P =
0.10).
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Nomogram development and clinical applica-
tion

To optimize clinical application, a visual pre-
dictive tool (homogram) was constructed ba-
sed on the four significant predictors identified
in the final multivariable regression analysis,
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Table 2. Univariable and multivariable logistic regression analyses of factors associated with grade 4
neutropenia in the training cohort

Univariate analysis

Multivariate analysis

Variable Total (n)
OR (95% Cl) p value OR (95% Cl) p value

Age

<50 168 Reference Reference

>50 178 1.72 (1.09-2.71) 0.02 1.94 (1.18-3.19) 0.01
BMI

<25 189 Reference Reference

>25 157 0.54 (0.34-0.85) 0.01 0.48 (0.29-0.79) 0.004
HR status

Negative 103 Reference

Positive 243 0.86 (0.53-1.39) 0.54
Ki67 index

<20 141 Reference Reference

>20 205 0.48 (0.31-0.76) 0.002 0.49 (0.30-0.81) 0.005
HER2 status

Negative 249 Reference

Positive 84 1.00 (0.59-1.69) 1.00
Histological type

IDC 307 Reference

Other 39 1.13 (0.56-2.26) 0.74
T stage

TO-1 123 Reference

T2-4 223 1.28 (0.80-2.05) 0.31
N stage

NO 128 Reference

N1 135 1.18 (0.70-1.98) 0.53

N2-3 83 1.36 (0.76-2.44) 0.30
Pathologic stage

Stage | 52 Reference

Stage Il 208 1.52 (0.76-3.04) 0.23

Stage lll 86 1.87 (0.87-4.01) 0.11
Chemotherapy regimen

EC 142 Reference Reference

AC 204 0.23 (0.14-0.36) <0.001 0.23 (0.14-0.38) <0.001
Preventive therapy

No 121 Reference Reference

Yes 225 1.38 (0.86-2.23) 0.19 1.56 (0.92-2.64) 0.10

Notes: IDC: invasive ductal carcinoma; BMI: body mass index; HR: hormone receptor; HER2: human epidermal growth factor
receptor 2; EC: epirubicin plus cyclophosphamide; AC: pirarubicin plus cyclophosphamide. Variables with P < 0.1 in univariable
analysis (age, BMI, Ki67 index, chemotherapy regimen) and preventive therapy (pre-specified based on clinical relevance) were
included in multivariable logistic regression with backward stepwise selection.

including age, BMI, Ki67 index, and chemother-
apy regimen (Figure 2). In addition, preventive
therapy was also incorporated into the nomo-
gram despite not being an independent signifi-
cant predictor. By incorporating this variable
in the model accordingly, clinicians can time-
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dependently estimate an individual patient’s
risk of grade 4 neutropenia under two condi-
tions: (1) The natural course without interven-
tion, and (2) Accounting for the effect of pre-
ventive therapy. This nomogram enables clini-
cians to directly calculate an individualized risk
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Figure 2. Nomogram for predicting the risk of grade 4 neutropenia. Notes: EC, epirubicin plus cyclophosphamide;

AC, pirarubicin plus cyclophosphamide.
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Figure 3. Receiver operating characteristic (ROC) curves of the nomogram in the training and internal validation
cohorts. A. Training cohort, area under the curve (AUC) = 0.757; B. Internal validation cohort, AUC = 0.759.

score, facilitating bedside risk stratification
and personalized management.

Model performance and internal validation

In the training cohort, the prediction model
demonstrated good discriminative power with
an AUC of 0.757 (95% CI: 0.703-0.811; Figure
3A). This performance was reproducible in the
internal validation cohort, with a model AUC of
0.759 (95% CI: 0.684-0.834; Figure 3B).

4599

Moreover, calibration was excellent in both
cohorts, as supported by Hosmer-Lemeshow
goodness-of-fit tests, which showed no signifi-
cant deviation between predicted and obser-
ved events rates in either the training cohort
(P = 0.700) or internal validation cohort (P =
0.191). Consistent calibration across these
datasets, visually confirmed by calibration cur-
ves (Figure 4A, 4B), suggested that the model
provides accurate risk prediction without evi-
dence of overfitting. This high degree of repro-
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Figure 4. Calibration curves of the nomogram in the training and internal validation cohorts. A. Training cohort,
Hosmer-Lemeshow test P = 0.700; B. Internal validation cohort, Hosmer-Lemeshow test P = 0.191.
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Figure 5. Decision curve analysis (DCA) of the nomogram in the training and internal validation cohorts. A. Training
cohort; B. Internal validation cohort.

ducibility indicates the model is stable and reli- phylactic intervention against grade 4 neutro-
able for clinical application. penia.

Clinical use External validation

DCA was performed to estimate the clinical util- The generalizability of the model was evaluat-
ity of the nomogram in the training and internal ed in an independent external cohort com-
validation cohorts. As shown in Figure 5, the prising 154 patients treated between January
nomogram produced greater net benefit com- 2024 and December 2025. Baseline data of
pared with the “treat-all” or “treat-none” strate- the external validation cohort are presented in
gies over most of clinically relevant threshold Table 1. When applied to this validation cohort,
probabilities. Within the 20%-60% threshold the model demonstrated good discriminatory
probability range, the model consistently dem- performance with an AUC of 0.731 (95% CI:
onstrated positive net benefit, confirming its 0.648-0.815; Figure 6A). Calibration was also
utility in identifying suitable candidates for pro- satisfactory, as visually confirmed by calibra-
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Figure 6. Performance of the nomogram in the external validation cohort. A. Receiver operating characteristic (ROC)
curve in the external validation cohort, AUC = 0.731; B. Calibration curve in the external validation cohort (Hosmer-
Lemeshow test P = 0.625); C. Decision curve analysis (DCA) in the external validation cohort.

tion plot (Figure 6B) and statistically verified by
a non-significant Hosmer-Lemeshow goodness
of fit test value (P = 0.625). DCA also suggest-
ed that the nomogram provided a positive net
benefit across a wide range of threshold prob-
abilities (Figure 6C), supporting its potential
applicability in clinical practice.

Discussion

In this multicenter study, we developed and
validated a clinical model to predict the occur-
rence of grade 4 neutropenia after the first
cycle of anthracycline-based chemotherapy in
patients with breast cancer. Four independent
predictors were identified: age, BMI, Ki67 in-
dex, and chemotherapy regimen. The model
incorporating these predictors along with the
clinically relevant variable of preventive therapy
demonstrated good and stable discriminative
performance, with AUCs of 0.757 in the train-
ing cohort, 0.759 in the internal validation
cohort, and 0.731 in the temporal external vali-
dation cohort. Calibration was excellent across
all cohorts and DCA confirmed a net clinical
benefit over a broad range of probability thre-
sholds. The final model was transformed into a
clinically useful nomogram, providing a practi-
cal tool for individualized risk estimation.

Our findings are consistent with, and expand
upon current evidence on risk factors for che-
motherapy-induced toxicity. Older age (= 50
years) was associated with a higher risk of
grade 4 neutropenia, reflecting age-related
declines in organ function and hematopoietic
reserve, which may impair drug clearance and
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bone marrow recovery [22, 23]. In contrast,
higher BMI (= 25 kg/m?) emerged as a protec-
tive factor. This observation may be attributed
to the fact that chemotherapy dosing is often
based on body surface area, and pharmacoki-
netics may not be independent of body fat per-
centage. Altered drug distribution and metabo-
lism in individuals with higher adiposity could
lead to relative under-treatment and conse-
quently lower hematologic toxicity [24]. Similar
findings have been reported in colon cancer
patients, where low BMI was identified as an
independent risk factor for neutropenia [25].

Ki67 index is closely associated with the tumor
cell proliferation and is frequently used to eval-
uate chemotherapy response and predict prog-
nosis [26, 27]. Patients with Ki67 = 20% had a
significantly lower incidence of grade 4 neutro-
penia, a counterintuitive finding that has rarely
been reported. One possible explanation is that
tumors with high proliferative activity may be
more sensitive to anthracycline-based chemo-
therapy, leading to rapid tumor cell kill and
potentially a lower sustained burden on the
bone marrow microenvironment. Alternatively,
this observation may reflect an epiphenome-
non associated with other biological features
of aggressive tumor subtypes. Further pros-
pective studies are warranted to elucidate the
underlying mechanisms.

The chemotherapy regimen was also a strong
predictor, with the AC regimen associated with
a substantially lower risk of grade 4 neutro-
penia compared with the EC regimen. This dif-
ference may be attributable to variations in
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drug potency, pharmacokinetics, or myelosup-
pressive profiles between the two anthracy-
clines, although direct comparative studies
are limited.

Although HR status is a fundamental biomar-
ker in breast cancer for guiding prognosis and
treatment strategies [28], it did not correlate
with neutropenia risk in our analysis. This find-
ing is notable, as experimental data suggest
that estrogen signaling can influence both tu-
mor growth and hematopoietic stem cell differ-
entiation [29, 30]. The absence of a protective
effect in HR-positive patients may indicate that
the potent cytotoxic effects of anthracycline-
based chemotherapy override any protective
signals from endogenous estrogen in the bone
marrow microenvironment. Alternatively, tumor
HR status may not accurately reflect systemic
hormone levels or estrogen signaling capacity
within the bone marrow.

The greatest novelty of the present study lies in
the construction and detailed, multi-step vali-
dation of the first dedicated nomogram to pre-
dict grade 4 neutropenia after first-cycle of an-
thracycline-based chemotherapy in breast can-
cer. Successful external validation (AUC 0.731)
supports its generalizability to real-world set-
tings. Notably, the model achieved robust per-
formance using only routinely available pre-
treatment variables, enhancing its practicality
and feasibility for clinical implementation. From
a clinical perspective, the nomogram enables
clinicians to stratify patients into high- and low-
risk categories prior to chemotherapy initiation,
allowing for more informed decisions regarding
prophylactic G-CSF use.

This study has several limitations. First, its ret-
rospective design may have introduced bias
from unmeasured confounders. Second, even
though the inclusion of an independent exter-
nal validation cohort provided evidence of gen-
eralizability, further validation in more diverse
and geographically diverse populations is war-
ranted. Third, the biological significance of
Ki-67 index in predicting neutropenia requires
further experimental confirmation. Future stu-
dies should focus on larger, multi-institutional,
prospective trials to further validate these find-
ings while minimizing the biases inherent in ret-
rospective analyses.
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Conclusion

We developed and internally validated a clini-
cally relevant prediction model for grade 4 neu-
tropenia based on routinely available pre-treat-
ment variables. The model demonstrated ex-
cellent reproducibility and predictive perfor-
mance. The nomogram provides an efficient
and straightforward way to shift from a “one-
size-fits-all” approach toward individualized
risk-adapted management of neutropenia, whi-
ch is essential for optimizing the safety and
efficacy of chemotherapy in patients with bre-
ast cancer. Moreover, successful external vali-
dation supports its generalizability and readi-
ness for clinical implementation.
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