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Abstract: Early mortality in acute promyelocytic leukemia (APL) remains a major challenge, and the Sanz risk strati-
fication has limited predictive value. This retrospective multicenter study aimed to establish and externally validate 
a 28-day mortality risk prediction nomogram integrating an early platelet-coagulation factor (PLT-CF) combined 
transfusion strategy. A total of 631 newly diagnosed APL patients from two tertiary hospitals (2019-2024) were 
divided into a training cohort (n = 429) and an external validation cohort (n = 202). Independent predictors were 
identified by multivariate Cox regression and incorporated into a nomogram. Model performance was assessed by 
time-dependent ROC curves, calibration, decision curve analysis (DCA), and Kaplan-Meier survival analysis, with 
comparison against the Sanz system. The 28-day mortality rate was 19.02% (120/631). Six independent predictors 
were identified: decreased fibrinogen (HR = 0.254, P < 0.001), decreased hemoglobin (HR = 0.989, P = 0.034), age 
≥ 45 years (HR = 2.037, P = 0.003), Charlson Comorbidity Index score 1-3 (HR = 1.877, P = 0.005), white blood cell 
count > 10 × 109/L (HR = 3.151, P < 0.001), and absence of early PLT-CF combined transfusion within 72 hours (HR 
= 2.713, P < 0.001). The nomogram showed excellent discrimination in the training cohort (28-day AUC = 0.890, 
C-index = 0.858) and validation cohort (AUC = 0.945, C-index = 0.913), with good calibration (Hosmer-Lemeshow 
P > 0.05) and net clinical benefit (DCA). High-risk patients had significantly higher 28-day mortality than low-risk 
patients (training: 67.1% vs. 8.1%; validation: 64.4% vs. 3.8%; both P < 0.0001). The nomogram significantly out-
performed the Sanz risk stratification (AUC: 0.890 vs. 0.693 in training, 0.945 vs. 0.759 in validation; DeLong P 
< 0.001). In conclusion, this nomogram integrating early PLT-CF combined transfusion effectively predicts 28-day 
mortality in APL and is superior to the traditional Sanz system, aiding early identification of high-risk patients and 
individualized decision-making.
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Introduction

Acute promyelocytic leukemia (APL) is a special 
subtype of acute myeloid leukemia character-
ized by t(15;17)(q24;q21) chromosomal trans-
location and the resulting PML-RARα fusion 
gene [1]. All-trans retinoic acid (ATRA) and arse-
nic trioxide (ATO) has completely changed the 
treatment landscape for APL in clinics, trans-
forming it from a highly lethal disease to the 
acute leukemia subtype with the highest cure 

rate [2, 3]. According to the findings of large-
scale clinical studies, ATRA combined with ATO 
has achieved a complete remission rate exceed-
ing 95% for APL, with long-term overall survival 
rates over 90% [4-6].

However, early mortality in APL still constitu- 
tes a major challenge. Early mortality refers to 
death occurring within 28 day after diagnosis or 
during induction therapy, with incidences rang-
ing from 3% to 10% in clinical trials and reach-
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ing as high as 10% to 30% in real-world studies 
[7-9]. This discrepancy suggests that the true 
burden of early mortality in APL may be under-
estimated in clinical trials. In APL, hemorrhage 
(especially intracranial hemorrhage) is the lead-
ing cause of early mortality, which accounts for 
approximately 40%-60% of early deaths [10]. 
The procoagulant substances and plasminogen 
activators released by APL cells trigger severe 
disseminated intravascular coagulation (DIC) 
characterized by hypofibrinogenemia, as well 
as elevated D-dimer and fibrinogen degrada-
tion products (FDPs), a unique coagulopathy 
that constitutes the pathophysiological basis 
for the high bleeding risk in APL [11]. Moreover, 
differentiation syndrome and infection are also 
major causes of early mortality [12].

APL patients are classified into low-risk, inter-
mediate-risk, and high-risk groups by white 
blood cell and platelet counts at initial diagno-
sis by the Sanz risk stratification system (cur-
rently widely used in clinics). This system is pri-
marily applied to guide the intensity of induction 
chemotherapy and predict the risk of recur-
rence [13]. However, multiple studies indicate 
that the predictive value of Sanz stratifica- 
tion system for early mortality is limited, as the 
system does not include key factors that may 
influence early mortality, including coagulation 
parameters, patient baseline status, and early 
supportive therapies [14]. Previous studies 
have identified advanced age, comorbidities, 
and severe coagulation disorders as indepen-
dent risk factors for early mortality in APL [9]. 
However, most of the existing studies are sin-
gle-center, have limited sample sizes, and lack 
comprehensive prediction tools that have been 
externally verified.

Early identification of high-risk patients and  
targeted interventions are key strategies to 
reduce early mortality in APL. Aggressive sup-
portive therapy, including platelet transfusion 
and coagulation factor replacement to main-
tain platelet counts ≥ 30-50 × 109/L and fibrin-
ogen (FIB) levels ≥ 1.5 g/L, is considered impor-
tant for bleeding prevention [2]. In recent years, 
predictive models and nomograms have gained 
widespread application in oncology as clinical 
tools that integrate multiple predictive factors 
to provide individualized risk assessments [15]. 
To construct a validated risk prediction model 
for early mortality in APL is expected to provide 

evidence-based support for the early identifica-
tion of high-risk patients, resource allocation 
optimization, and individualized treatment deci-
sion-making in clinics.

Hence, the study aimed to comprehensively 
analyze risk factors influencing 28-day mor- 
tality using a large, multicenter cohort of APL 
patients. By integrating demographic charac-
teristics, laboratory parameters, coagulation 
parameters, and early treatment factors, a risk 
prediction nomogram model for 28-day mortal-
ity in APL patients was established and validat-
ed. This model was compared with the tradi-
tional Sanz risk stratification system to pro- 
vide a more precise predictive tool for clinical 
practice.

Materials and methods

Study design and sample size estimation

This is a retrospective mu lticenter cohort 
study. The Schoenfeld formula was used for 
sample size estimation for survival analysis 
[16]. The formula is as follows: E = 4 × (Zα/2 + 
Zβ)2/[ln(HR)]2. Where: E represents the number 
of events required; Zα/2 is the Z value corre-
sponding to the two-sided significance level 
(when α = 0.05, Zα/2 = 1.96); Zβ is the Z value 
corresponding to the statistical power (when β 
= 0.20, i.e., 80% power, Zβ = 0.84); and HR rep-
resents the expected hazard ratio. According to 
previous reports, the hazard ratio (HR) for major 
risk factors for early mortality in APL patients 
(e.g., high white blood cell count and low FIB 
levels) is approximately 2.0 to 3.0 [17, 18]. 
Substituting HR = 2.5 into the calculation: E = 4 
× (1.96 + 0.84)2/[ln(2.5)]2 = 4 × 7.84/0.84 ≈ 37 
cases. Given that this study involves multivari-
ate analysis, based on the rule of thumb for 
constructing predictive models, each candi-
date predictive variable requires at least 10-20 
endpoint events to ensure model stability [19]. 
This study ultimately included six predictive 
variables, and at least 60 to 120 endpoint 
events were required. According to previous 
reports, the 28-day mortality rate in APL pa- 
tients is approximately 15%-25% [17, 18]. As- 
suming an event incidence rate of P = 20%, the 
total sample size required N = E/P = 120/0.20 
= 600 cases. This study ultimately included 
631 patients, with a total of 120 deaths ob- 
served, meeting the aforementioned sample 
size requirements.
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Study participants

Consecutive patients with newly diagnosed APL 
admitted to two tertiary medical institutions 
(Henan Provincial People’s Hospital and the 
First Affiliated Hospital of Henan University of 
Science and Technology) from January 2019 
and January 2024 were enrolled. Among them, 
patients from Henan Provincial People’s Hos- 
pital were allocated for the construction of the 
predictive model (training cohort, n = 429), and 
patients from the the First Affiliated Hospital of 
Henan University of Science and Technology 
were allocated for the external validation of the 
model (validation cohort, n = 202). This retro-
spective study has obtained approval from the 
Henan Provincial People’s Hospital Medical 
Ethics Committee and been exempted from 
informed consent.

Diagnosis criteria

The diagnosis of APL is based on bone mar- 
row morphological features combined with 
molecular or cytogenetic evidence, requiring 
fulfillment of at least one of the following crite-
ria: (1) Positive for PML::RARA fusion gene by 
reverse transcription-polymerase chain reac-
tion (RT-PCR); (2) Positive for t(15;17)(q24;q21)/
PML::RARA by fluorescence in situ hybridization 
(FISH); (3) Chromosomal karyotyping analysis 
indicating t(15;17) [20].

Inclusion and exclusion criteria: (1) Newly diag-
nosed APL patients aged ≥ 18 years; (2) Meet- 
ing the aforementioned APL diagnostic criteria; 
(3) Complete baseline clinical data and data on 
key laboratory parameters (including hematol-
ogy and coagulation function) available upon 
admission or diagnosis; (4) Early transfusion 
records and 28 day survival outcome informa-
tion available.

Exclusion criteria: (1) Non-APL cases or ca- 
ses with insufficient diagnostic evidence; (2) 
Refractory or relapsed APL (non-initial diagno-
sis); (3) Transferred out shortly after admission, 
discharged voluntarily, or lost to follow-up, with 
28 day survival outcomes not confirmed; (4) 
Critical variables severely missing, precluding 
the evaluation of early transfusion strategy or 
primary outcomes; (5) Complicated with other 
malignant hematologic tumors or concurrent 
participation in interventional clinical trials like-
ly to significantly affect transfusion or treat-
ment strategies.

Clinical data acquisition

Through the electronic medical record system, 
baseline data were retrospectively collected, 
including demographic characteristics (age 
(categorized into < 45 years and ≥ 45 years 
groups) and gender), performance status (ass- 
essed by the Eastern Cooperative Oncology 
Group performance status (ECOG PS) score, 
categorized into 0-1 and ≥ 2 groups) [21], 
comorbidity burden (assessed via the Charlson 
Comorbidity Index (CCI), categorized into 0 po- 
ints and 1-3 points groups) [22], laboratory 
parameters (hematology and coagulation func-
tion parameters), and hematology parameters 
(white blood cell count (WBC), platelet count 
(PLT), and hemoglobin (Hb)). Based on the Sanz 
risk stratification system, participants were cat-
egorized into ≤ 10 × 109/L and > 10 × 109/L 
groups using 10 × 109/L for WBC as the cutoff, 
and into > 40 × 109/L and ≤ 40 × 109/L groups 
using 40 × 109/L for PLT as the cutoff. Coagu- 
lation function parameters were also collected, 
covering prothrombin time (PT), activated par-
tial thromboplastin time (APTT), as well as inter-
national normalized ratio (INR), FIB, D-dimer, 
and fibrinogen degradation products (FDP).

Measurement methods

Using a fully automated hematology analyzer 
(Sysmex XN-9000, Sysmex, Japan), hematology 
tests/examinations were performed, including 
WBC, PLT, and Hb. All reagents used were origi-
nal manufacturer-supplied reagents. Coagula- 
tion function testing was conducted with a fully 
automated coagulation analyzer (Sysmex CS- 
5100, Sysmex, Japan). PT, APTT, INR, and FIB 
were measured with the coagulation method 
using Dade® Behring coagulation reagents (Si- 
emens, Germany). D-dimer testing employed 
an immunoturbidimetric assay using INNO- 
VANCE® D-Dimer reagents (Siemens, Germany). 
FDP was measured with the latex agglutination 
turbidimetric assay, with supporting reagents 
(batch No.:). All tests/measurements were con-
ducted in strict accordance with standard oper-
ating procedures, with daily internal quality 
control performed.

For molecular and cytogenetic testing, PML:: 
RARA fusion gene was determined with RT-PCR 
using the leukemia fusion gene detection kit 
(Amoy Diagnostics Co., Ltd., batch No.:). FISH 
test employed PML/RARA dual color dual fu- 
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sion probes (Beijing Jinpujia Medical Technology 
Co., Ltd.). Chromosomal karyotyping was con-
ducted using the G-banding technology, with 
karyotype descriptions following the Interna- 
tional System for Human Cytogenomic No- 
menclature (ISCN 2020).

Functional scoring criteria

Patient’s performance status was assessed 
with the ECOG PS score [21]: a score of 0 indi-
cates fully active, able to carry on all pre-dis-
ease performance without restriction; a score 
of 1 point indicates restricted in physically 
strenuous activity but ambulatory and able to 
carry out work of a light or sedentary nature; a 
score of 2 indicates ambulatory and capable of 
all selfcare but unable to carry out any work 
activities, up and about more than 50% of wak-
ing hours; a score of 3 indicates capable of only 
limited selfcare, confined to bed or chair more 
than 50% of waking hours; a score of 4 indi-
cates cannot carry on any selfcare; totally con-
fined to bed or chair; a score of 5 indicates 
death. Here, scores of 0-1 was defined as good 
physical status and scores of ≥ 2 as poor physi-
cal status. CCI is a commonly used tool for 
assessing a patient’s burden of comorbidities, 
covering 19 disease states. Based on severity, 
each disease is assigned a weight of 1-6 points, 
with the total score being the sum of all weights 
[22]. Here, a CCI score of 0 was defined as the 
absence of comorbidities, and scores of 1-3 as 
the presence of comorbidities.

Outcome definition

Time zero: the date of the patient’s initial APL 
diagnosis or the start of ATRA therapy (consis-
tent across the entire cohort). Primary out-
come: death within 28 day, i.e., death from any 
cause occurring within 28 day after time zero. 
Secondary outcomes: death within 7 days, 
death within 14 days, and death within 21 
days.

Statistical analysis

The R 4.5.1 and SPSS 27.0 software was 
employed for statistical analysis. For normally 
distributed measurement data, mean ± stan-
dard deviation (x ± s) was applied for presenta-
tion, with the independent samples t-test for 
intergroup comparisons. For non-normally dis-
tributed measurement data, median (interquar-

tile range) [M (Q1, Q3)] was adopted for presen-
tation, with the Mann-Whitney U test for inter- 
group comparisons. Enumeration data were 
presented by number of cases (percentages) [n 
(%)], with the chi-square test or the Fisher’s 
exact test for intergroup comparisons. Using 
the LASSO regression, variables were selected, 
with the optimal penalty parameter λ deter-
mined via 10-fold cross-validation. Collinearity 
diagnosis was performed on the selected vari-
ables through the calculation of Pearson corre-
lation coefficients and variance inflation factors 
(VIF). Variables with an absolute correlation 
coefficient > 0.6 or VIF > 5 were considered for 
removal. These thresholds were selected based 
on established statistical guidelines, where |r| 
> 0.6 indicates a strong correlation between 
two variables [23], and a VIF > 5 suggests mod-
erate to severe multicollinearity that may aff- 
ect the stability of regression estimates [24]. To 
identify candidate predictors associated with 
28-day mortality, univariate Cox proportional 
hazards regression was adopted. For multivari-
ate Cox regression analysis, variables with P < 
0.1 were included. The Schoenfeld residuals 
was applied to test the proportional hazards 
assumption, and variables violating this ass- 
umption were excluded. A nomogram model 
predicting 28-day mortality risk in APL patients 
was constructed based on independent pre- 
dictors screened from the multivariate Cox 
regression analysis. Model validation encom-
passed discrimination, calibration, and clinical 
utility assessment: The time-dependent receiv-
er operating characteristic (ROC) curve was 
employed for model discrimination assessment 
at 7, 14, 21, and 28 days, with the area under 
the curve (AUC) and its 95% confidence interval 
(CI) calculated. The DeLong test was used to 
compare the differences in AUC between the 
predictive model and the Sanz risk stratifica-
tion. Calibration curves were plotted to assess 
the consistency between predicted and obser- 
ved probabilities, with concordance index (C- 
index), Hosmer-Lemeshow goodness-of-fit test, 
and Brier score calculated. Decision curve anal-
ysis (DCA) was applied to evaluate clinical net 
benefits of the model. The aforementioned ass- 
essments were replicated in the external vali-
dation cohort for model generalizability valida-
tion. On the basis of risk scores calculated from 
the nomogram, patients were categorized into 
high-risk and low-risk groups by optimal cutoff 
values. The optimal cutoff value was deter-
mined using the maximally selected log-rank 
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statistic implemented in the R package sur- 
vminer. This method systematically evaluates 
all possible cutoff values of the risk score and 
selects the one that yields the most significant 
difference in survival between the two groups, 
i.e., the maximum log-rank chi-square statistic. 
The chosen cutoff was further validated by 
examining the Kaplan-Meier curves and ensur-
ing a clinically meaningful sample size distribu-
tion between the risk groups. The Kaplan-Meier 
method was applied to plot survival curves, and 
log-rank tests were adopted to compare sur-
vival differences between groups. All statistical 
tests were two-sided, with P < 0.05 indicating 
statistically significant differences.

Results

Comparison of baseline characteristics be-
tween patients who died within 28 day and 
survivors in APL cohort

Here, 631 APL patients were included, and 120 
(19.02%) of them died within 28 day. According 
to the comparison of baseline characteristic, 
patients in the mortality group were older (P < 
0.001), with poorer ECOG performance status 
(P < 0.001) and higher CCI comorbidity scores 
(P < 0.001). Regarding laboratory parameters, 
patients in the mortality group exhibited higher 
WBC (P < 0.001), lower PLT (P < 0.001), and 
lower Hb (P = 0.009) at initial diagnosis, and 
more severe coagulation disorder, manifested 
by decreased FIB levels, prolonged PT and 
APTT, raised INR, and increased D-dimer and 
FDP levels (all P < 0.001). By Sanz risk strati- 
fication, the proportion of high-risk patients 
was notably higher in the mortality group (P < 
0.001). In terms of early supportive therapy, the 
proportion of patients in the mortality group 
who received early PLT-CF combined transfu-
sion (P < 0.001), PLT transfusion alone (P < 
0.001), and CF/cryoprecipitate/FIB preparation 
transfusion (P < 0.001) within 72 hours was 
significantly lower than that in the survival 
group. No remarkable differences were seen 
between groups in gender (P = 0.296), induc-
tion therapy regimen (P = 0.794), or time from 
diagnosis to first ATRA administration (P = 
0.338) (see Table S1).

Comparison of baseline characteristics be-
tween training and external validation cohorts

Totally 631 APL patients were enrolled and 
assigned to the training cohort (n = 429) or the 

external validation cohort (n = 202) in a ratio  
of approximately 2:1. Baseline characteristics 
comparison revealed no remarkable differenc-
es in demographic characteristics, including 
age (P = 0.254) and gender (P = 0.694). Clinical 
assessment measures, including ECOG perfor-
mance status score (P = 0.923) and CCI comor-
bidity index (P = 0.191), were evenly distributed 
across both groups. Laboratory parameters in- 
cluding WBC at initial diagnosis (P = 0.559), PLT 
at initial diagnosis (P = 0.810), Hb at initial diag-
nosis (P = 0.765), FIB (P = 0.786), PT (P = 
0.914), APTT (P = 0.317), INR (P = 0.831), D- 
dimer (P = 0.957), and FDP (P = 0.842) demon-
strated no considerable differences between 
the two groups. Sanz risk stratification (P = 
0.841) and survival status (P = 0.458) showed 
similar distributions. Regarding early support-
ive therapy, no considerable differences were 
seen between the two groups in early PLT-CF 
combined transfusion within 72 hours (P = 
0.338), PLT transfusion alone (P = 0.355), or 
CF/cryoprecipitate/FIB preparation transfusion 
(P = 0.312). The induction therapy regimen (P = 
0.193) and time from diagnosis to first ATRA 
administration (P = 0.598) were also compara-
ble. These results indicate balanced baseline 
characteristics and reasonable data stratifica-
tion between the training and external valida-
tion cohorts, making them suitable for predic-
tive model development and validation (see 
Table 1).

Comparison of baseline characteristics be-
tween APL patients who died within 28 day 
and survivors in the training cohort

Among the 429 APL patients in the training 
cohort, 85 (19.81%) died within 28 day. Thrpigh 
the comparison of baseline characteristics, pa- 
tients in the mortality group were older (P < 
0.001), with poorer ECOG performance status 
(P < 0.001) and higher CCI comorbidity scores 
(P < 0.001). Regarding laboratory parameters, 
patients in the mortality group exhibited higher 
WBC (P < 0.001), lower PLT (P < 0.001), and 
lower Hb (P = 0.021) at initial diagnosis, and 
more severe coagulation disorder, manifested 
by decreased FIB levels, prolonged PT and 
APTT, raised INR, and increased D-dimer and 
FDP levels (all P < 0.001). By Sanz risk stra- 
tification, the proportion of high-risk patients 
was notably higher in the mortality group (P < 
0.001). Regarding early supportive therapy, the 
proportion of patients in the mortality group 
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Table 1. Comparison of baseline characteristics between training and external validation cohorts in APL patients

Variable Overall (n = 631) Training cohort  
(n = 429)

External validation  
(n = 202)

Statistical  
value P-value

Age 1.299 0.254
    < 45 years 351 (55.63%) 232 (54.08%) 119 (58.91%)
    ≥ 45 years 280 (44.37%) 197 (45.92%) 83 (41.09%)
Gender 0.155 0.694
    Male 357 (56.58%) 245 (57.11%) 112 (55.45%)
    Female 274 (43.42%) 184 (42.89%) 90 (44.55%)
ECOG performance status score 0.009 0.923
    0-1 points 495 (78.45%) 337 (78.55%) 158 (78.22%)
    Points 136 (21.55%) 92 (21.45%) 44 (21.78%)
CCI Comorbidity Index 1.708 0.191
    0 points 401 (63.55%) 280 (65.27%) 121 (59.90%)
    1-3 points 230 (36.45%) 149 (34.73%) 81 (40.10%)
WBC at initial diagnosis 0.342 0.559
    ≤ 10 × 109/L 358 (56.74%) 240 (55.94%) 118 (58.42%)
    > 10 × 109/L 273 (43.26%) 189 (44.06%) 84 (41.58%)
PLT at initial diagnosis 0.058 0.810
    > 40 × 109/L 283 (44.85%) 191 (44.52%) 92 (45.54%)
    ≤ 40 × 109/L 348 (55.15%) 238 (55.48%) 110 (54.46%)
Sanz risk stratification 0.347 0.841
    Low-risk 172 (27.26%) 115 (26.81%) 57 (28.22%)
    Intermediate-risk 186 (29.48%) 125 (29.14%) 61 (30.20%)
    High-risk 273 (43.26%) 189 (44.06%) 84 (41.58%)
Early PLT-CF combined transfusion within 72 hours 0.917 0.338
    Present 333 (52.77%) 232 (54.08%) 101 (50.00%)
    Absent 298 (47.23%) 197 (45.92%) 101 (50.00%)
PLT transfusion within 72 hours 0.855 0.355
    Present 501 (79.40%) 345 (80.42%) 156 (77.23%)
    Absent 130 (20.60%) 84 (19.58%) 46 (22.77%)
CF/cryoprecipitate/FIB preparation transfusion within 72 hours 1.023 0.312
    Present 457 (72.42%) 316 (73.66%) 141 (69.80%)
    Absent 174 (27.58%) 113 (26.34%) 61 (30.20%)
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Induction therapy regimen 3.295 0.193
    ATRA + ATO 543 (86.05%) 367 (85.55%) 176 (87.13%)
    ATRA + chemotherapy 59 (9.35%) 38 (8.86%) 21 (10.40%)
    Other 29 (4.60%) 24 (5.59%) 5 (2.48%)
Survival status 0.551 0.458
    Survived 511 (80.98%) 344 (80.19%) 167 (82.67%)
    Died 120 (19.02%) 85 (19.81%) 35 (17.33%)
Hb at initial diagnosis (g/L) 84.00 [72.00, 98.00] 84.00 [71.00, 98.00] 84.00 [73.00, 98.00] 0.298 0.765
FIB (g/L) 1.27 [0.86, 1.67] 1.27 [0.85, 1.64] 1.27 [0.86, 1.72] 0.271 0.786
PT (s) 17.55 ± 4.54 17.56 ± 4.45 17.52 ± 4.73 -0.108 0.914
APTT (s) 41.32 ± 9.26 41.06 ± 9.42 41.85 ± 8.91 1.001 0.317
INR 1.38 [1.16, 1.62] 1.38 [1.16, 1.61] 1.38 [1.17, 1.64] 0.213 0.831
D-dimer (mg/L) 6.68 [4.12, 9.64] 6.64 [4.28, 9.65] 7.00 [3.93, 9.59] 0.054 0.957
FDP (mg/L) 31.83 [20.52, 45.75] 32.04 [19.90, 45.85] 31.59 [21.63, 44.77] 0.199 0.842
Time from diagnosis/ATRA initiation to first ATRA administration (h) 7.00 [4.00, 10.00] 7.00 [4.00, 10.00] 7.00 [4.00, 10.00] 0.527 0.598
Note: APL, acute promyelocytic leukemia; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; ATRA, all-trans retinoic acid; ATO, arsenic trioxide; PT, pro-
thrombin time; APTT, activated partial thromboplastin time; INR, international normalized ratio; FDP, fibrinogen degradation products.

Table 2. Comparison of baseline characteristics between patients who died within 28 day and survivors in the training cohort

Variable Overall (n = 429) Died within 28 day  
(n = 85)

Survived within 28 
day (n = 344)

Statistical 
value P-value

Age 23.555 < 0.001
    < 45 years 232 (54.08%) 26 (30.59%) 206 (59.88%)
    ≥ 45 years 197 (45.92%) 59 (69.41%) 138 (40.12%)
Gender 0.362 0.548
    Male 245 (57.11%) 51 (60.00%) 194 (56.40%)
    Female 184 (42.89%) 34 (40.00%) 150 (43.60%)
ECOG performance status score 37.576 < 0.001
    0-1 points 337 (78.55%) 46 (54.12%) 291 (84.59%)
    Points 92 (21.45%) 39 (45.88%) 53 (15.41%)
CCI Comorbidity Index 19.771 < 0.001
    0 points 280 (65.27%) 38 (44.71%) 242 (70.35%)
    1-3 points 149 (34.73%) 47 (55.29%) 102 (29.65%)
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WBC at initial diagnosis 35.885 < 0.001
    ≤ 10 × 109/L 240 (55.94%) 23 (27.06%) 217 (63.08%)
    > 10 × 109/L 189 (44.06%) 62 (72.94%) 127 (36.92%)
PLT at initial diagnosis 13.088 < 0.001
    > 40 × 109/L 191 (44.52%) 23 (27.06%) 168 (48.84%)
    ≤ 40 × 109/L 238 (55.48%) 62 (72.94%) 176 (51.16%)
Sanz risk stratification 36.844 < 0.001
    Low-risk 115 (26.81%) 8 (9.41%) 107 (31.10%)
    Intermediate-risk 125 (29.14%) 15 (17.65%) 110 (31.98%)
    High-risk 189 (44.06%) 62 (72.94%) 127 (36.92%)
Early PLT-CF combined transfusion within 72 hours 11.526 < 0.001
    Present 232 (54.08%) 32 (37.65%) 200 (58.14%)
    Absent 197 (45.92%) 53 (62.35%) 144 (41.86%)
PLT transfusion within 72 hours 6.507 0.011
    Present 345 (80.42%) 60 (70.59%) 285 (82.85%)
    Absent 84 (19.58%) 25 (29.41%) 59 (17.15%)
CF/cryoprecipitate/FIB preparation transfusion within 72 hours 2.380 0.123
    Present 316 (73.66%) 57 (67.06%) 259 (75.29%)
    Absent 113 (26.34%) 28 (32.94%) 85 (24.71%)
Induction therapy regimen 0.494 0.781
    ATRA + ATO 367 (85.55%) 71 (83.53%) 296 (86.05%)
    ATRA + chemotherapy 38 (8.86%) 8 (9.41%) 30 (8.72%)
    Other 24 (5.59%) 6 (7.06%) 18 (5.23%)
Hb at initial diagnosis (g/L) 85.34 ± 19.93 80.88 ± 20.06 86.44 ± 19.77 2.313 0.021
FIB (g/L) 1.27 [0.85, 1.64] 0.82 [0.55, 1.15] 1.42 [1.00, 1.78] 8.248 < 0.001
PT (s) 17.56 ± 4.45 20.53 ± 4.74 16.83 ± 4.07 -7.266 < 0.001
APTT (s) 41.06 ± 9.42 46.40 ± 10.37 39.74 ± 8.70 -6.073 < 0.001
INR 1.40 ± 0.38 1.65 ± 0.45 1.34 ± 0.33 -7.361 < 0.001
D-dimer (mg/L) 6.64 [4.28, 9.65] 10.60 [7.13, 14.10] 6.06 [3.73, 8.58] 8.306 < 0.001
FDP (mg/L) 32.04 [19.90, 45.85] 48.64 [30.14, 58.99] 29.06 [18.71, 40.86] 6.471 < 0.001
Time from diagnosis/ATRA initiation to first ATRA administration (h) 7.00 [4.00, 10.00] 7.00 [4.00, 11.00] 7.00 [4.00, 10.00] 0.528 0.598
Note: APL, acute promyelocytic leukemia; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; ATRA, all-trans retinoic acid; ATO, arsenic trioxide; PT, pro-
thrombin time; APTT, activated partial thromboplastin time; INR, international normalized ratio; FDP, fibrinogen degradation products.
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who received early PLT-CF combined transfu-
sion (P < 0.001) and PLT transfusion alone (P = 
0.011) within 72 hours was significantly lower 
than that in the survival group. No significant 
differences were observed between groups  
in gender (P = 0.548), CF/cryoprecipitate/FIB 
preparation transfusion within 72 hours (P = 
0.123), induction therapy regimen (P = 0.781), 
or time from diagnosis to first ATRA administra-
tion (P = 0.598) (see Table 2).

Predictive variable selection using LASSO 
regression

Cox-LASSO regression was employed to screen 
predictive variables among 429 APL patients in 
the training cohort. Via 10-fold cross-validation, 
the optimal penalty parameter lambda.min (λ = 
0.0179) was determined, and 14 candidate 
predictive variables were initially screened. 
Collinearity diagnostics were then performed 
on the screened variables. Correlation analysis 
revealed that the absolute values of Pearson 
correlation coefficients between all variables 
were less than 0.6, eliminating the need for 
variable exclusion. Variance inflation factor 
(VIF) analysis showed that all variables had VIF 
values below 5 (maximum: 1.585), indicating 
no severe multicollinearity. The final 14 vari-
ables included in the predictive model were: 
Hb, FIB, PT, APTT, D-dimer, time from diagnosis 
to ATRA administration, age, gender, ECOG PS 
score, CCI, WBC at initial diagnosis, PLT at ini-
tial diagnosis, early PLT-CF combined transfu-
sion within 72 hours, and PLT transfusion with-
in 72 hours (see Figure 1).

Cox proportional hazards hypothesis testing 
and model optimization

The initial Cox regression model (Model A, com-
prising 14 variables) constructed for the train-
ing cohort underwent Schoenfeld residuals 
tests to evaluate the proportional hazards (PH) 
assumption. Results indicated that the overall 
PH assumption was not met in the initial model 
(Global Chi-sq = 38.650, P < 0.001). Specifically, 
PT (P = 0.001), APTT (P = 0.003), D-dimer (P = 
0.001), and ECOG PS score (P = 0.029) violated 
the PH assumption, indicating that their hazard 
ratios varied over time rather than remaining 
constant (see Figure 2).

To satisfy the PH assumption for Cox regres-
sion, a simplified model (Model D, comprising 
10 variables) was established after excluding 
the aforementioned 4 variables that violated 

the assumption. The overall PH test for the 
adjusted model satisfied the assumption 
(Global Chi-sq = 11.400, P = 0.327). Schoenfeld 
residuals for all included variables remained 
stable over time, indicating constant hazard 
ratios throughout the observation period (see 
Figure 3). The final model incorporated 10 pre-
dictive variables: age, gender, CCI, WBC at ini-
tial diagnosis, PLT at initial diagnosis, Hb, FIB, 
time from diagnosis to ATRA administration, 
early PLT-CF combined transfusion within 72 
hours, and CF/cryoprecipitate/FIB preparation 
transfusion within 72 hours.

Univariate and multivariate Cox regression 
analysis of risk factors for 28-day mortality in 
APL patients

In the training cohort, univariate Cox regression 
analysis was soncudcted to identify potential 
risk factors for 28-day mortality in APL pati- 
ents. Results indicated that initial Hb (P = 
0.016), FIB (P < 0.001), age (P < 0.001), CCI 
comorbidity index (P < 0.001), WBC at initial 
diagnosis (P < 0.001), PLT at initial diagnosis (P 
< 0.001), early PLT-CF combined transfusion 
within 72 hours (P < 0.001), and CF/cryopre-
cipitate/FIB preparation transfusion within 72 
hours (P = 0.017) were significantly linked to 
the risk of 28-day mortality. Time from diagno-
sis to ATRA administration (P = 0.416) and gen-
der (P = 0.527) showed no remarkable associa-
tion with the risk of 28-day mortality.

Variables with P < 0.1 in univariate analysis 
were subject to multivariate Cox regression 
analysis. Results showed that decreased FIB (P 
< 0.001), reduced Hb at initial diagnosis (P = 
0.034), age ≥ 45 years (P = 0.003), CCI comor-
bidity index of 1-3 points (P = 0.005), WBC > 10 
× 109/L at initial diagnosis (P < 0.001), and 
absence of early PLT-CF combined transfusion 
within 72 hours (P < 0.001) were independent 
risk factors for 28-day mortality in APL patients. 
PLT at initial diagnosis (P = 0.080) and CF/cryo-
precipitate/FIB preparation transfusion within 
72 hours (P = 0.287) did not demonstrate inde-
pendent predictive value in multivariate analy-
sis (see Table 3).

Construction of a nomogram for predicting 28 
day survival in APL patients

Based on 6 independent predictive factors 
selected through multivariate Cox regression 
analysis, a nomogram for predicting 28 day sur-
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vival was constructed for APL patients. The pre-
dictive variables included in this nomogram 

included Hb at initial diagnosis (Hb), FIB (FIB), 
age (Age), CCI (CCI), WBC at initial diagnosis 

Figure 1. Variable selection process using LASSO regression with collinearity diagnostics in the training cohort. 
A. Cross-validated partial likelihood deviance curve for LASSO regression with optimal lambda values indicated. 
B. LASSO coefficient paths as a function of log(λ). C. Correlation matrix of LASSO-selected variables with Pearson 
correlation coefficients and P values. D. Variance inflation factor (VIF) assessment for multicollinearity diagnosis. 
Note: LASSO, least absolute shrinkage and selection operator; VIF, variance inflation factor; Hb, hemoglobin; FIB, 
fibrinogen; PT, prothrombin time; APTT, activated partial thromboplastin time; INR, international normalized ratio; 
ATRA, all-trans retinoic acid; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; WBC, 
white blood cell; PLT, platelet; CF, coagulation factor.

Figure 2. Schoenfeld residual plots for proportional hazards assumption testing of the initial Cox regression model 
(Model A) in the training cohort. A-N. Scaled Schoenfeld residuals plotted against time for each of the 14 variables in 
Model A. The solid line represents a smoothing spline fit, and the dashed lines indicate the 95% confidence interval. 
Variables with P < 0.05 indicate violation of the proportional hazards assumption. Global Schoenfeld test: Chi-sq 
= 38.650, P < 0.001. Note: PH, proportional hazards; PT, prothrombin time; APTT, activated partial thromboplastin 
time; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; ATRA, all-trans retinoic acid; 
FIB, fibrinogen; Hb, hemoglobin; WBC, white blood cell; PLT, platelet; CF, coagulation factor; CRYO, cryoprecipitate.
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(WBC), and early PLT-CF combined transfusion 
within 72 hours (EarlyTransfusion). When using 
the tool, the specific values of each predictive 
variable for the patient were first determined. 
Then, the corresponding scores were obtained 
by aligning these values with the top scale. The 
scores of all variables were summed up to cal-
culate the Total Points. Subsequently, the pre-
dicted 28 day survival probability for the patient 
was acquired by aligning the Total Points with 
the bottom scale. The nomogram indicates that 
FIB levels contributed most significantly to the 
predictive score, followed by WBC at initial diag-
nosis and the status of early PLT-CF combined 
transfusion within 72 hours (see Figure 4).

Time-dependent ROC curve analysis of the 
predictive model

The predictive models’ discriminatory capabili-
ties at different time points were assessed with 

time-dependent ROC curves. In the training 
cohort, the AUC values for predicting 7-day, 
14-day, 21-day, and 28-day mortality risks were 
0.896 (95% CI: 0.859-0.933), 0.906 (95% CI: 
0.872-0.939), 0.902 (95% CI: 0.869-0.935), 
and 0.890 (95% CI: 0.853-0.926), respectively. 
In the external validation cohort, the model de- 
monstrated superior discriminatory capability, 
with for predicting 7-day, 14-day, 21-day, and 
28-day mortality risks of 0.934 (95% CI: 0.884-
0.984), 0.946 (95% CI: 0.910-0.983), 0.946 
(95% CI: 0.912-0.981), and 0.945 (95% CI: 
0.911-0.979), respectively. With 28-day mortal-
ity as endpoint, at the optimal cutoff value, the 
training cohort showed a sensitivity of 84.71%, 
specificity of 80.23%, and accuracy of 81.12%; 
the validation cohort showed a sensitivity of 
94.29%, specificity of 83.23%, and accuracy of 
85.15%. The results above indicate that the 
predictive model demonstrates strong discrimi-
nation capabilities in both the training cohort 

Figure 3. Schoenfeld residual plots for proportional hazards assumption testing of the reduced Cox regression mod-
el (Model D) in the training cohort. A-J. Scaled Schoenfeld residuals plotted against time for each of the 10 variables 
in Model D after excluding variables violating the proportional hazards assumption. Global Schoenfeld test: Chi-sq 
= 11.400, P = 0.327. Note: PH, proportional hazards; PT, prothrombin time; APTT, activated partial thromboplastin 
time; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; ATRA, all-trans retinoic acid; 
FIB, fibrinogen; Hb, hemoglobin; WBC, white blood cell; PLT, platelet; CF, coagulation factor; CRYO, cryoprecipitate.
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Figure 4. Nomogram for predicting 28 day survival probability in APL patients. Note: APL, acute promyelocytic leu-
kemia; Hb, hemoglobin; FIB, fibrinogen; CCI, Charlson Comorbidity Index; WBC, white blood cell count; EarlyTransfu-
sion, early platelet-coagulation factor combined transfusion within 72 hours.

Table 3. Univariate and multivariate Cox regression analysis of risk factors for 28-day mortality in APL 
patients (training cohort)

Variable
Univariate Multivariate

β P-value HR (95% CI) β P-value HR (95% CI)
Hb at initial diagnosis (g/L) -0.014 0.016 0.987 (0.976-0.997) -0.012 0.034 0.989 (0.978-0.999)

FIB (g/L) -1.649 < 0.001 0.192 (0.126-0.293) -1.372 < 0.001 0.254 (0.166-0.388)

Time from diagnosis/ATRA initiation to first ATRA administration (h) 0.02 0.416 1.02 (0.972-1.071)

Age

    < 45 years Ref Ref

    ≥ 45 years 1.087 < 0.001 2.965 (1.869-4.705) 0.711 0.003 2.037 (1.267-3.274)

Gender

    Male Ref

    Female -0.14 0.527 0.869 (0.563-1.342)

CCI comorbidity index

    0 points Ref Ref

    1-3 points 0.96 < 0.001 2.611 (1.702-4.005) 0.63 0.005 1.877 (1.208-2.918)

WBC at initial diagnosis

    ≤ 10 × 109/L Ref Ref

    > 10 × 109/L 1.388 < 0.001 4.007 (2.482-6.469) 1.148 < 0.001 3.151 (1.939-5.122)

PLT at initial diagnosis

    > 40 × 109/L Ref Ref

    ≤ 40 × 109/L 0.876 < 0.001 2.401 (1.488-3.875) 0.442 0.080 1.556 (0.949-2.551)

Early PLT-CF combined transfusion within 72 hours

    Present Ref Ref

    Absent 1.109 < 0.001 3.03 (1.91-4.808) 0.998 < 0.001 2.713 (1.575-4.676)

CF/cryoprecipitate/FIB preparation transfusion within 72 hours

    Present Ref Ref

    Absent 0.537 0.017 1.711 (1.1-2.662) -0.282 0.287 0.754 (0.449-1.268)
Note: HR, hazard ratio; CI, confidence interval; ATRA, all-trans retinoic acid; CCI, Charlson Comorbidity Index; Ref, reference.
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and the external validation cohort (see Figure 
5).

Calibration curve analysis of the predictive 
model

The calibration performance of the predictive 
model was assessed with calibration curves.  
In the training cohort, the model achieved a 
C-index of 0.858 (95% CI: 0.827-0.890), with a 
P-value of 0.125 by Hosmer-Lemeshow test 
and a Brier score of 0.1024. The Brier score 
measures the mean squared difference be- 
tween predicted probabilities and actual out-
comes; it ranges from 0 to 1, with lower values 
indicating better calibration. A Brier score < 
0.25 is generally considered informative for 
clinical prediction models, and values < 0.1 
indicate excellent calibration. In the external 
validation cohort, the model achieved a C-index 
of 0.913 (95% CI: 0.880-0.946), with a P-value 
of 0.317 by Hosmer-Lemeshow test and a Brier 
score of 0.0732, further confirming the model’s 
outstanding calibration performance. The P- 
values by Hosmer-Lemeshow test were > 0.05 
for both groups, indicating no significant differ-
ence between predicted probabilities and ob- 
served probabilities. The calibration curve dem-
onstrates favorable consistency between pre-
dicted probabilities and observed probabilities, 
with predicted points distributed near the diag-

onal line. This indicates good calibration perfor-
mance of the model in both the training and 
external validation cohorts (see Figure 6).

Decision curve analysis of the predictive model

Decision curve analysis (DCA) was employed to 
evaluate the clinical utility of the predictive 
model. In the training cohort, when the thresh-
old probability ranged from 0-60%, the net ben-
efit curve of the predictive model remained 
above the “treat all” and “treat none” strate-
gies. The maximum net benefit reached 0.1270, 
corresponding to an optimal threshold probabil-
ity of 20.0%. In the external validation cohort, 
the predictive model also demonstrated a  
net benefit superior to the extreme strategy, 
with a maximum net benefit of 0.1303 and a 
corresponding optimal threshold probability of 
18.0%. These results indicate that across a 
broad range of threshold probabilities, using 
this predictive model to guide clinical decision-
making yields a net benefit for patients, sug-
gesting its strong clinical utility (see Figure 7).

Kaplan-Meier survival analysis stratified by 
predictive model-based risks

On the basis of risk scores calculated via the 
predictive model, patients were categorized 
into high-risk and low-risk groups by the opti-

Figure 5. Time-dependent ROC curves for the prediction model in training and validation cohorts. A. Time-depen-
dent ROC curves at 7, 14, 21, and 28 days in the training cohort. B. Time-dependent ROC curves at 7, 14, 21, and 
28 days in the validation cohort. Shaded areas represent the AUC for each time point. Note: ROC, receiver operating 
characteristic; AUC, area under the curve; CI, confidence interval.
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mal cutoff value (1.2389). In the training cohort, 
there were 344 cases in the low-risk group and 
85 cases in the high-risk group; in the external 
validation cohort, there were 157 cases in the 
low-risk group and 45 cases in the high-risk 
group. According to the Kaplan-Meier survival 
analysis, the 28 day survival rates of patients in 
the high-risk group in both the training cohort 

and external validation cohort were remarkably 
lower than those in the low-risk group (both P < 
0.0001 by log-rank test). For the training cohort, 
28 cases (8.1%) in the low-risk group and 57 
cases (67.1%) in the high-risk group died within 
28 day; for the external validation cohort, 6 
cases (3.8%) in the low-risk group and 29 cases 
(64.4%) in the high-risk group died within 28 

Figure 6. Calibration curves for the prediction model in training and validation cohorts. A. Calibration curve for 28-
day mortality prediction in the training cohort. B. Calibration curve for 28-day mortality prediction in the validation 
cohort. The dashed diagonal line represents perfect calibration. Error bars indicate 95% confidence intervals. Note: 
C-index, concordance index; HL, Hosmer-Lemeshow.

Figure 7. Decision curve analysis for the prediction model in training and validation cohorts. A. Decision curve analy-
sis for 28-day mortality prediction in the training cohort. B. Decision curve analysis for 28-day mortality prediction in 
the validation cohort. The red line represents the prediction model, the blue line represents the “Treat All” strategy, 
and the gray line represents the “Treat None” strategy. Note: DCA, decision curve analysis; NB, net benefit.
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day. The results above indicate that the predic-
tive model effectively identified high-risk indi-
viduals among APL patients (see Figure 8).

Comparison of discrimination capability 
between the predictive model and Sanz risk 
stratification

The discriminatory ability of the predictive mo- 
del versus the traditional Sanz risk stratifica-
tion in assessing the 28-day mortality risk 
among patients with acute pancreatitis was 
compared using the ROC curves. In the training 
cohort, the AUC of the predictive model was 
0.890 (95% CI: 0.853-0.926), significantly hig- 
her than the AUC (0.693, 95% CI: 0.639-0.746) 
of the Sanz risk stratification, with P < 0.001  
by the DeLong test. In the external validation 
cohort, the AUC of the predictive model was 
0.945 (95% CI: 0.910-0.979), also significantly 
superior to the AUC (0.759, 95% CI: 0.687-
0.830) of the Sanz risk stratification, with P < 
0.001 by the DeLong test. The results above 
prove that the predictive model established in 
this study significantly outperforms the tradi-
tional Sanz risk stratification system in distin-
guishing the 28-day mortality risk among APL 
patients, demonstrating superior predictive 
efficacy (see Figure 9).

Discussion

APL is a kind of acute myeloid leukemia with 
the optimal prognosis; its long-term survival 
rate exceeds 90% with the combination of ATRA 
and ATO [2]. However, early mortality is still a 
major obstacle affecting the overall prognosis 
of APL, with real-world studies reporting a 28- 
day mortality rate as high as 10%-30%, far 
exceeding the 3%-10% documented in clinical 
trials [25, 26]. Based on a cohort of 631 APL 
patients from two tertiary hospitals, a 28-day 
mortality rate of 19.02% was reported in this 
study, consistent with findings from previous 
real-world studies. The 28-day mortality risk 
prediction nomogram model integrating an 
early PLT-CF combined transfusion strategy 
was successfully constructed and validated. As 
a model, incorporating six independent predic-
tive factors, it demonstrated excellent discrimi-
nation capability and good calibration in both 
the training and external validation cohorts. 
Moreover, it demonstrates significantly superi-
or predictive performance relative to the tradi-
tional Sanz risk stratification system, providing 
a more precise tool for early identification of 
high-risk patients.

As for early mortality rates in APL, there is a 
significant disparity between clinical trials and 

Figure 8. Kaplan-Meier survival curves stratified by risk groups in training and validation cohorts. A. Kaplan-Meier 
survival curves for low-risk and high-risk groups in the training cohort with risk table. B. Kaplan-Meier survival 
curves for low-risk and high-risk groups in the validation cohort with risk table. Patients were stratified based on the 
optimal risk score cutoff of 1.2389. Note: K-M, Kaplan-Meier.
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real-world studies, primarily attributable to the 
following factors. First, patients who are elder-
ly, have poor performance status, or present 
with multiple comorbidities are generally ex- 
cluded from clinical trials, yet they are precisely 
at higher risk for early mortality [27]. Second, 
diagnosis confirmation and treatment initiation 
are faster in clinical trials, as well as more stan-
dardized supportive care; additionally, medical 
centers involved in clinical trials usually have 
more extensive experience in APL diagnosis 
and treatment [28]. Hemorrhage is the leading 
cause of early mortality in APL, accounting for 
approximately 40%-65% of early deaths, with 
intracranial hemorrhage being the most fatal 
[29]. APL cells express tissue factor and proco-
agulant substances and release plasminogen 
activator, resulting in a unique coagulopathy 
characterized by disseminated intravascular 
coagulation (DIC) and primary hyperfibrinolysis 
[30]. This complex coagulation disorder is the 
pathophysiological basis for the high bleeding 
risk in APL. The Sanz risk stratification system, 
which is currently widely used in clinical prac-
tice, categorizes patients into low-risk, interme-
diate-risk, and high-risk groups by WBC and PLT 
at initial diagnosis. However, this system has 
limited predictive ability for early mortality, as it 
was primarily designed to predict recurrence 
risk and guide chemotherapy intensity [31]. 

Hence, specialized predictive tools for early 
mortality are urgently needed in clinics.

Through multivariate Cox proportional hazards 
regression analysis, six independent predictors 
of 28-day mortality were identified: hypofibrino-
genemia (FIB, reflecting DIC consumption and 
hyperfibrinolysis), elevated initial WBC (> 10 × 
109/L, indicating high tumor burden and proco-
agulant release), age ≥ 45 years (associated 
with reduced organ reserve), a CCI score of 1-3 
(capturing baseline comorbidity burden), low 
hemoglobin (indicating bone marrow suppres-
sion or bleeding), and absence of early platelet-
coagulation factor (PLT-CF) combined transfu-
sion within 72 hours (depriving timely correction 
of the dual hemostatic defect). The strongest 
predictor was FIB levels (HR = 0.254), whose 
reduction notably increased the risk of early 
mortality. Hypofibrinogenemia is a core feature 
of APL-related coagulopathy, primarily caused 
by both DIC consumption and hyperfibrinolysis 
degradation [32]. FIB levels at diagnosis are an 
independent predictor of fatal bleeding during 
the induction phase of APL, with hypofibrino-
genemia significantly linked to increased risk  
of early mortality [33]. According to internation-
al guidelines, active supplementation with FIB 
preparations is recommended in APL patients 
to maintain levels ≥ 1.5 g/L [2]. The results 

Figure 9. Comparison of ROC curves between the prediction model and Sanz risk stratification for 28-day mortality 
prediction. A. ROC curves comparing the prediction model (red) and Sanz risk stratification (blue) in the training co-
hort. B. ROC curves comparing the prediction model (red) and Sanz risk stratification (blue) in the validation cohort. 
DeLong test was used to compare the AUCs between the two methods. Note: ROC, receiver operating characteristic; 
AUC, area under the curve; CI, confidence interval.
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obtained herein further confirm the pivotal role 
of FIB in the prediction of early mortality in APL.

A WBC > 10 × 109/L at initial diagnosis not- 
ably increases the risk of early mortality (HR = 
3.151), consistent with findings from a recent 
real-world study [34]. Elevated WBC reflects 
high tumor burden, and APL cells release in- 
creased procoagulant substances that exacer-
bate DIC; additionally, patients with elevated 
WBC also face a notably heightened risk of  
APL differentiation syndrome [35]. Age ≥ 45 
years is identified as an independent risk factor 
(HR = 2.037). Reduced organ function reserve, 
increased comorbidities, and poor tolerance to 
chemotherapy and supportive care are obser- 
ved in elderly patients, and they are more prone 
to severe bleeding and infections [10]. The CCI 
reflects patients’ health status at baseline: a 
CCI score of 1-3 denotes increased risk of mor-
tality (HR = 1.877), indicating that comorbidity 
burden notably affects early prognosis in APL 
patients. The U.S. SEER database and the Eur- 
opean HARMONY platform have also revealed 
that APL patients with underlying conditions 
(e.g., cardiovascular disease, diabetes, or renal 
insufficiency) experience a substantially increa- 
sed risk of early mortality [17, 36]. Reduced 
hemoglobin levels are also an independent risk 
factor (HR = 0.989). Although the HR value was 
close to 1, the statistical significance was clear 
(P = 0.034). Low Hb levels may be associated 
with the degree of bone marrow suppression, 
blood loss, or poor nutritional status. Tissue 
hypoxia caused by anemia may further impair 
organ function, resulting in reduced tolerance 
to complications in patients [37].

The core finding of this study is the association 
between early PLT-CF combined transfusion 
within 72 hours and the risk of 28-day mortali-
ty. Patients who did not receive the combined 
transfusion had a 2.713-fold higher risk of 
death than those who received the combined 
transfusion (P < 0.001), which holds significant 
clinical implications and biological plausibility. 
APL-associated coagulopathy is considered dis-
tinctive due to the concurrent presence of PLT 
decreased (bone marrow infiltration and DIC 
consumption) and CF deficiency (DIC consump-
tion and fibrinolytic degradation); besides, sin-
gle-component transfusion may be insufficient 
to correct this complex coagulation disorder 
[38]. PLTs are central to primary hemostasis, 
while CFs are key to secondary hemostasis. 

Hemostatic function can be effectively resto- 
red only through their coordinated action. APL 
patients should maintain PLT ≥ 30-50 × 109/L 
and prothrombin levels ≥ 1.5 g/L [39] accord-
ing to a recent review by Sanz and Montesinos 
in 2023, which reflects the principle of concur-
rent correction of PLT and CF deficiencies. The 
clinical data obtained herein proved the impor-
tance of this strategy.

From a biological standpoint, it is plausible that 
the protective effect of early PLT-CF combined 
transfusion may differ according to the severity 
of coagulopathy and tumor burden. Patients 
with severe hypofibrinogenemia and hyperleu-
kocytosis represent a particularly high-risk sub-
group in whom both platelet and coagulation 
factor consumption are pronounced, and com-
bined dual-component transfusion may theo-
retically confer greater hemostatic benefit than 
single-component transfusion [38, 39]. How- 
ever, formal interaction or stratified subgroup 
analyses were not performed in the present 
study. The identification of FIB and WBC as 
independent predictors alongside early com-
bined transfusion in the multivariate model 
suggests that these factors contribute additive-
ly to mortality risk rather than through a dem-
onstrated statistical interaction. Whether the 
benefit of early combined transfusion is modi-
fied by baseline FIB levels or WBC count re 
mains a hypothesis that requires dedicated 
investigation in future studies with larger sam-
ple sizes and pre-specified subgroup analyses.

Of note, the time window for early transfusion 
was defined as within 72 hours, as multiple 
recent registry studies and systematic reviews 
indicate that early mortality in APL predomi-
nantly occurs within the first few days to 1-2 
weeks after diagnosis, with the first week being 
a particularly high-risk window [9]. To correct 
coagulation disorders actively within this criti-
cal time window may represent an effective 
strategy to reduce the risk of bleeding and early 
mortality. Here, the proportion of patients in 
the mortality group who received PLT-CF com-
bined transfusion within 72 hours (26.67%) 
was substantially lower relative to the survival 
group (58.90%), exhibiting the protective effect 
of early combined transfusion. However, the 
association between combined transfusion 
and mortality may be influenced by confound-
ing factors because of the retrospective nature 
of this study. For example, critically ill patients 
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may fail to receive scheduled transfusion thera-
py because of rapid deterioration (reverse cau-
sality), or inherently conservative transfusion 
strategies may be employed in some hospitals. 
To control for confounding factors, baseline 
coagulation parameters (FIB), PLT, and WBC 
that indicate disease severity were incorporat-
ed into the multivariate Cox regression model. 
Additionally, we conducted a sensitivity analy-
sis by repeating the analysis after excluding 
cases of death that occurred within 72 hours 
and found that combined transfusion remain- 
ed an independent protective factor (data not 
shown). Nevertheless, further prospective stud-
ies are required to validate its causal relation- 
ship.

In terms of model performance, 28-day mortal-
ity was utilized as the time-to-event outcome, 
Cox proportional hazards regression was em- 
ployed for predictive model construction, and a 
comprehensive evaluation was initiated based 
on the 28 day cumulative risk probability pre-
dicted by the model. As indicated by the re- 
sults, this model showed excellent discrimina-
tion capability in both cohorts: the 28 day time-
dependent AUC was 0.890 (95% CI: 0.853-
0.926) in the training cohort and 0.945 (95% 
CI: 0.911-0.979) in the external validation co- 
hort, both meeting the evaluation criteria for  
an excellent predictive model (AUC > 0.85). 
Furthermore, the AUC values remained stable 
overall when conducting time-dependent analy-
ses at different time points (7 days, 14 days, 
21 days, and 28 day), indicating consistent  
and reliable predictive capability of the model 
throughout the entire early observation period. 
Of note, the AUC in the external validation co- 
hort exceeded that in the training cohort. This 
phenomenon has also been reported in studies 
on clinical prediction model and may be attrib-
uted to the following: First, the small sample 
size and limited number of events in the exter-
nal validation cohort may lead to increased 
variability of the AUC estimate; Second, the  
APL diagnosis and treatment processes at the 
external validation center may be more stan-
dardized, so that the patient case mix is more 
homogeneous; Third, patient sources, referral 
patterns, and supportive treatment strategies 
may vary between the two centers. Neverthe- 
less, the 95% confidence interval for the AUC of 
the external validation cohort still indicated a 

degree of uncertainty. According to the latest 
recommendations from the TRIPOD + AI Sta- 
tement, any predictive model must undergo 
external validation on additional independent 
populations before being deployed in practice 
to further confirm its robustness and general-
ization ability [40]. Regarding calibration, favor-
able agreement was seen between the model-
predicted probabilities and the actual observed 
outcomes. Prediction errors was evaluated with 
the time-dependent Brier score via inverse 
probability of censoring weighting (IPCW). At 
the 28 day time point, the Brier scores for the 
training and validation cohorts were 0.1024 
and 0.0732, respectively, both at low levels, 
suggesting high predictive accuracy of the 
model. DCA revealed that this model yielded 
positive net benefit within the 0-60% threshold 
probability range when it was applied to gui- 
de clinical decision-making, with an optimal 
threshold probability of approximately 18%-
20%, indicating strong practical applicability in 
clinics [41].

The model demonstrates significant advantag-
es in predicting early mortality among APL 
patients compared with the traditional Sanz 
risk stratification system. In the training cohort, 
the 28 day AUC was 0.890 for the model and 
0.693 only for the Sanz stratification; in the 
external validation cohort, the AUC was 0.945 
for the model and 0.759 for the Sanz stratifica-
tion. The Bootstrap resampling method exhibit-
ed statistically significant differences in AUC 
between the two models. Multiple real-world 
studies have also indicated that the Sanz strati-
fication system (primarily based on WBC and 
PLT at initial diagnosis) has limited predictive 
capability for early mortality, as it was designed 
to guide the intensity of induction therapy and 
predict recurrence risk [34, 42, 43]. In recent 
years, there have been attempts to establish 
predictive models or risk scoring systems for 
early mortality in APL. For example, Österroos 
et al. constructed a risk scoring model to pre-
dict early mortality in APL based on real-world 
cohorts, which is superior to traditional Sanz 
stratification in distinguishing early mortality 
risk [42]. A 28 day early mortality risk stratifica-
tion model was developed and validated in a 
multicenter cohort by Kim et al., emphasizing 
the importance of incorporating patient base-
line status and disease severity into compre-
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hensive assessment [34]. The nomogram mo- 
del established by Hao et al. demonstrated that 
coagulation parameters and supportive thera-
py-related variables can provide significant in- 
cremental value in early mortality prediction 
[43]. Compared with the aforementioned mod-
els, a higher and more stable time-dependent 
AUCs was obtained in this study by integrating 
coagulation function, physiological reserve sta-
tus, and early supportive treatment strategies, 
which further highlights the potential advan-
tages of multidimensional risk assessment in 
early mortality prediction in APL. Neverthless, 
this model is not intended to replace the Sanz 
stratification system but rather to complement 
it: the Sanz stratification system is mainly 
applied to guide induction therapy regimens 
and assess recurrence risk, while this model 
focuses specifically on risk assessment of early 
mortality. It is recommended to use these two 
tools in combination in clinics to achieve more 
comprehensive and precise risk stratification 
for APL patients.

Patients were categorized into high-risk and 
low-risk groups by optimal cutoff values ba- 
sed on risk scores calculated from the nomo-
gram. Kaplan-Meier survival analysis showed 
remarkable differences in 28 day survival rates 
between the two groups: in the training cohort, 
the 28-day mortality rate was 67.1% in the 
high-risk group and only 8.1% in the low-risk 
group; in the validation cohort, the 28-day mor-
tality rate was 64.4% in the high-risk group and 
3.8% in the low-risk group (both P < 0.0001 by 
log-rank test). With the remarkable risk stratifi-
cation capability, the nomogram is highly valu-
able in clinical applications. The following clini-
cal interventions may be adopted for patients 
identified as high-risk: more aggressive blood 
product support (to raise the thresholds for  
PLT and FIB transfusions), closer monitoring of 
coagulation parameters (tests/examinations 
repeated every 6-12 hours), admission to an 
ICU or hematology laminar-flow ward, early 
identification and management of bleeding 
signs, and referral to centers with extensive 
experience in APL diagnosis and treatment 
when necessary [44]. The visual characteris-
tics of nomogram allows for rapid clinical ass- 
essment of individual risk, which may serve as 
an auxiliary tool in doctor-patient communica-
tion and informed consent.

There are certain limitations in the study. First, 
the retrospective nature may introduce selec-
tion bias and information bias, as some data 
depended on the accuracy and completeness 
of medical records. Second, although the mo- 
del demonstrated excellent discrimination in 
both cohorts, the AUC and C-index in the exter-
nal validation cohort (0.945 and 0.913) were 
numerically higher than those in the training 
cohort (0.890 and 0.858), which deviates from 
the typical pattern where model performance is 
expected to be lower in an independent valida-
tion sample. Several factors may account for 
this observation. The 95% CIs of the AUCs over-
lapped substantially (training: 0.853-0.926; 
validation: 0.911-0.979), indicating that the dif-
ference may not be statistically significant. The 
relatively small validation sample (n = 202) with 
a limited number of events (n = 35) increases 
estimate variability, and an upward fluctuation 
of the point estimate cannot be excluded. Such 
a phenomenon has been documented in clini-
cal prediction model research, where models 
may show numerically higher discrimination in 
external samples with more homogeneous 
case-mix or less variability in unmeasured con-
founders. Furthermore, high discrimination 
does not equate to perfect calibration; the 
model’s calibration was independently con-
firmed in the validation cohort (Brier score 
0.0732, Hosmer-Lemeshow P = 0.317). Never- 
theless, these results must be interpreted with 
caution, and further external validation in larg-
er, geographically diverse cohorts is warranted 
to confirm the model’s generalizability. Third, 
the early combined transfusion strategy was 
not randomly assigned. Although we adjusted 
for baseline coagulation parameters and dis-
ease severity in the multivariate analysis and 
performed sensitivity analyses (excluding cas- 
es of death within 72 hours), prospective stud-
ies or randomized controlled trials are required 
to confirm the causal relationship between 
combined transfusion and mortality. In the 
future, propensity score matching or weighting 
methods may be considered to control for con-
founding factors, or center effects may be in- 
corporated into the model as random effects. 
Fourth, several potential confounders closely 
related to transfusion decision-making - includ-
ing baseline bleeding severity (e.g., WHO bleed-
ing grade), the presence and site of active hem-
orrhage at presentation, and the urgency of 
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clinical intervention - were not systematically 
recorded in the electronic medical records  
and could not be adjusted for. These unmea-
sured factors may have influenced both the 
decision to administer early combined transfu-
sion and the risk of early mortality, thereby fur-
ther limiting the causal inference regarding the 
observed protective association of early PLT-CF 
combined transfusion. This association should 
therefore be interpreted with caution, and con-
firmation through prospective studies or ran-
domized controlled trials with standardized 
bleeding assessment is warranted. Fifth, this 
study did not include all potential predictors 
(e.g., lactate dehydrogenase, creatinine, spe-
cific bleeding sites, the occurrence of differen-
tiation syndrome; these factors may provide 
incremental predictive value to the model). 
Sixth, we defined all-cause mortality within 28 
days as the endpoint without distinguishing 
between causes (e.g., hemorrhagic mortality, 
differentiation syndrome-related mortality, or 
infectious mortality). Specialized predictive 
models targeting specific causes of death 
should be developed in future studies. Seventh, 
potential effect modification between early 
combined transfusion and coagulation param-
eters (particularly FIB) or tumor burden (WBC) 
was not formally assessed through interaction 
terms or stratified subgroup analyses. The 
mechanistic discussion regarding differential 
transfusion benefit across risk strata should 
therefore be considered hypothesis-generating 
and requires verification in future studies. Last, 
the data for this study spans from 2019 to 
2024. Current treatment concepts and sup-
portive care strategies may differ from those in 
earlier periods, and the applicability of the 
model in other timeframes requires validation.

Conclusion

This study successfully established and vali-
dated a risk prediction nomogram model inte-
grating an early PLT-CF combined transfusion 
strategy for predicting 28-day mortality in ALP 
patients. The model incorporates six readily 
accessible clinical predictors (FIB, WBC, age, 
CCI, Hb level, and the status of early PLT-CF 
combined transfusion within 72 hours), show-
ing favorable discrimination, calibration, and 
clinical utility, which is superior to the tradition-
al Sanz risk stratification system in predictive 
performance. The findings highlight the critical 

role of FIB levels and early combined transfu-
sion strategies in risk assessment of early mor-
tality in APL, providing evidence-based support 
for identifying high-risk patients and optimizing 
individualized supportive care strategies in 
clinics.
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Table S1. Comparison of baseline characteristics between patients who died within 28 day and survivors in APL cohort
Variable Overall (n = 631) Died within 28 day (n = 120) Survived within 28 day (n = 511) Statistical value P-value
Age 32.106 < 0.001
    < 45 years 351 (55.63%) 39 (32.50%) 312 (61.06%)
    ≥ 45 years 280 (44.37%) 81 (67.50%) 199 (38.94%)
Gender 1.093 0.296
    Male 357 (56.58%) 73 (60.83%) 284 (55.58%)
    Female 274 (43.42%) 47 (39.17%) 227 (44.42%)
ECOG performance status score 62.854 < 0.001
    0-1 points 495 (78.45%) 62 (51.67%) 433 (84.74%)
    Points 136 (21.55%) 58 (48.33%) 78 (15.26%)
CCI Comorbidity Index 35.478 < 0.001
    0 points 401 (63.55%) 48 (40.00%) 353 (69.08%)
    1-3 points 230 (36.45%) 72 (60.00%) 158 (30.92%)
WBC at initial diagnosis 64.033 < 0.001
    ≤ 10 × 109/L 358 (56.74%) 29 (24.17%) 329 (64.38%)
    > 10 × 109/L 273 (43.26%) 91 (75.83%) 182 (35.62%)
PLT at initial diagnosis 23.604 < 0.001
    > 40 × 109/L 283 (44.85%) 30 (25.00%) 253 (49.51%)
    ≤ 40 × 109/L 348 (55.15%) 90 (75.00%) 258 (50.49%)
Sanz risk stratification 65.157 < 0.001
    Low-risk 172 (27.26%) 10 (8.33%) 162 (31.70%)
    Intermediate-risk 186 (29.48%) 19 (15.83%) 167 (32.68%)
    High-risk 273 (43.26%) 91 (75.83%) 182 (35.62%)
Early PLT-CF combined transfusion within 72 hours 40.522 < 0.001
    Present 333 (52.77%) 32 (26.67%) 301 (58.90%)
    Absent 298 (47.23%) 88 (73.33%) 210 (41.10%)
PLT transfusion within 72 hours 14.683 < 0.001
    Present 501 (79.40%) 80 (66.67%) 421 (82.39%)
    Absent 130 (20.60%) 40 (33.33%) 90 (17.61%)
CF/cryoprecipitate/FIB preparation transfusion within 72 hours 11.454 < 0.001
    Present 457 (72.42%) 72 (60.00%) 385 (75.34%)
    Absent 174 (27.58%) 48 (40.00%) 126 (24.66%)
Induction therapy regimen 0.463 0.794
    ATRA + ATO 543 (86.05%) 101 (84.17%) 442 (86.50%)
    ATRA + chemotherapy 59 (9.35%) 13 (10.83%) 46 (9.00%)
    Other 29 (4.60%) 6 (5.00%) 23 (4.50%)
Hb at initial diagnosis (g/L) 84.00 [72.00, 98.00] 80.00 [67.75, 95.25] 85.00 [73.00, 100.00] 2.626 0.009
FIB (g/L) 1.27 [0.86, 1.67] 0.82 [0.55, 1.14] 1.42 [1.00, 1.81] 10.180 < 0.001
PT (s) 17.55 ± 4.54 20.72 ± 4.79 16.80 ± 4.15 -9.033 < 0.001
APTT (s) 41.32 ± 9.26 46.65 ± 10.12 40.06 ± 8.59 -7.297 < 0.001
INR 1.40 ± 0.38 1.68 ± 0.45 1.33 ± 0.33 -9.543 < 0.001
D-dimer (mg/L) 6.68 [4.12, 9.64] 10.49 [7.14, 14.18] 6.05 [3.71, 8.78] 9.534 < 0.001
FDP (mg/L) 31.83 [20.52, 45.75] 48.62 [31.14, 60.40] 28.88 [19.24, 41.52] 7.675 < 0.001
Time from diagnosis/ATRA initiation to first ATRA administration (h) 7.00 [4.00, 10.00] 7.00 [4.00, 11.00] 7.00 [4.00, 10.00] 0.958 0.338
Note: APL, acute promyelocytic leukemia; ECOG, Eastern Cooperative Oncology Group; CCI, Charlson Comorbidity Index; ATRA, all-trans retinoic acid; ATO, arsenic trioxide; PT, prothrombin time; APTT, activated partial thromboplastin time; INR, 
international normalized ratio; FDP, fibrinogen degradation products.


