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Abstract: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide. Trans-
catheter arterial chemoembolization (TACE) represents an important treatment modality for unresectable HCC; how-
ever, marked heterogeneity exists in long-term survival and progression-free survival among patients, underscoring
the need for effective predictive tools. This study aimed to evaluate the value of a combined index incorporating the
5-factor modified Frailty Index (mFI-5) and the novel platelet index score (PIS) in predicting overall survival (OS) and
progression-free survival (PFS) in HCC patients undergoing TACE. A total of 237 HCC patients who received TACE
between March 2018 and March 2023 were enrolled and randomly divided into a training cohort (n = 168) and
an internal validation cohort (n = 69) in a 7:3 ratio. An additional 105 HCC patients treated with TACE at the First
People’s Hospital of Changde between January 2019 and December 2022 were included as an external validation
cohort. A combined mFI-5+PIS score was constructed, and its predictive performance was assessed using Cox
proportional hazards regression, Kaplan-Meier survival analysis, time-dependent receiver operating characteristic
(ROC) curves, and nomogram models. Higher mFI-5+PIS scores were significantly associated with shorter OS and
PFS (Log-rank P < 0.001). Multivariable analysis confirmed that mFI-5+PIS was an independent predictor of both
0S (HR = 1.8, 95% ClI: 1.4-2.4, P < 0.001) and PFS (HR = 2.2, 95% CI: 1.6-3.1, P < 0.001). Subgroup analyses
demonstrated that the mFI-5+PIS score consistently stratified patients into high- and low-risk groups across diverse
etiologies (HBV, HCV, and others), treatment regimens (TACE alone versus TACE combined with targeted therapy
and immunotherapy), portal vein tumor thrombus (PVTT) status, and tumor size categories (all subgroup Log-rank
P < 0.05). Interaction tests further revealed that PVTT (P_interaction = 0.061 for OS; 0.143 for PFS) and tumor
size (P_interaction = 0.166 for OS; 0.305 for PFS) did not significantly modify the prognostic effect of the score,
suggesting that the score’s risk stratification is independent of these key clinical factors. The nomogram based on
the combined score exhibited excellent predictive performance, with concordance indices (C-index) of 0.795 for
0OS and 0.821 for PFS. The independent prognostic value of the combined score was consistently validated in both
internal and external cohorts, and the corresponding nomogram demonstrated good discrimination and calibration,
confirming the model’s generalizability. In conclusion, the mFI-5+PIS score is an independent predictor of OS and
PFS in HCC patients receiving TACE, and the nomogram derived from this score demonstrates robust predictive per-
formance, effectively identifying high-risk patients and facilitating individualized treatment decisions and prognostic
management in clinical practice.
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mFI-5+PIS predicts HCC prognosis after TACE

Introduction

Hepatocellular carcinoma (HCC) is one of the
most common malignant tumors in the world,
with high incidence and mortality [1]. So far, the
global incidence and mortality rates of HCC
have continued to rise [2]. Surgical resection is
still the preferred radical treatment plan for
HCC; however, due to factors such as tumor
size, location, stage, liver function, and vascu-
lar invasion, many patients do not have the indi-
cation for surgical resection; therefore, local
treatment methods such as transarterial che-
moembolization (TACE) have been introduced
into clinical practice [3, 4]. TACE can not only
effectively control the progression of tumors,
but also be used as a translational treatment
plan to downstage initially unresectable tu-
mors, thus creating opportunities for surgical
resection and significantly improving the long-
term survival prognosis of patients [5]. The
prognosis of patients with HCC is affected by
many factors, such as demographic character-
istics, tumor heterogeneity and clinical charac-
teristics, which means that even if they receive
TACE treatment, there are significant differenc-
es in the prognosis of patients [6, 7]. Therefore,
identifying reliable biomarkers or evaluation
tools that can accurately predict the efficacy
and long-term prognosis of TACE is of great sig-
nificance to guide individualized treatment and
optimize clinical decision-making.

Frailty is a clinical syndrome reflecting an age-
related decline in physiological reserve and
increased susceptibility to stressors. It has
been shown to effectively predict the risk of
complications, death and long-term prognosis
of elderly patients after surgery and interven-
tional treatment [8]. Among various evaluation
tools, the mFI-5, derived from the American
College of Surgeons National Surgical Quality
Improvement Program (ACS NSQIP) database,
has been widely used to evaluate the progno-
sis of patients with various cancers, including
liver, gastric, and brain tumors, demonstrating
good performance [9-12]. The index contains
5 comorbidity dimensions, specifically function-
al status, diabetes, chronic obstructive pulmo-
nary disease (COPD) or recent history of pneu-
monia, congestive heart failure, and hyperten-
sion requiring drug treatment, which can effec-
tively evaluate the overall physiological vulner-
ability of patients [9].
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Changes in platelet-related parameters are
associated with the prognosis of various malig-
nancies [13]. The novel platelet index score
(PIS) is a comprehensive evaluation index that
integrates the changes in platelet count (PLT),
mean platelet volume (MPV) and platelet dis-
tribution width (PDW). A study on endometrial
cancer confirmed that PIS has independent
prognostic predictive value, and individualiz-
ed risk stratification can be achieved through
the nomogram [14]. This indicates that PIS
derived from routine blood tests may be used
as an economical, effective and widely appli-
cable tumor prognostic biomarker. However,
the application value of this score in the popu-
lation of patients with HCC treated with TACE
has not been fully explored.

The improved 5-item frailty index (mFI-5) and
PIS have been proven to have prognostic evalu-
ation value for different groups of malignant
tumor patients. However, there is no specific
study to apply these two indicators together to
predict the long-term prognosis of patients with
HCC treated with TACE. This study aims to
explore the combined application of the above
two indicators to predict OS and risk of disease
progression after patients receive TACE treat-
ment, and then assist clinicians in formulating
more accurate treatment strategies.

Materials and methods
Study design and patient population

This retrospective study enrolled HCC patients
who received their first TACE treatment at the
Yongzhou Central Hospital between March
2018 and March 2023, and at the First Peo-
ple’s Hospital of Changde City between January
2019 and December 2022. The inclusion crite-
ria were as follows: (1) clinically confirmed diag-
nosis of HCC; (2) age > 18 years; (3) receipt of
TACE; and (4) complete clinical and follow-up
data. The exclusion criteria included: (1) pres-
ence of other malignancies or non-primary liver
cancer; (2) first follow-up time of less than 3
months (unless an event occurred within 3
months); (3) Child-Pugh class C; and (4) East-
ern Cooperative Oncology Group performance
status (ECOG PS) > 2. The study protocol
was approved by the ethics committees of
Yongzhou Central Hospital and the First
People’s Hospital of Changde City.
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Data collection and endpoint definitions

We collected baseline data for all patients,
including sex, age, BMI, ECOG PS score, portal
vein tumor thrombus (PVTT), Barcelona Clinic
Liver Cancer (BCLC) stage, tumor size, tumor
number, etiology (hepatitis B virus, hepatitis C
virus, etc.), Child-Pugh class, liver cirrhosis, as-
cites, laboratory parameters (alpha-fetoprotein
[AFP], platelet parameters, total bilirubin [TB],
albumin, etc.), mFl-5-related comorbidities
(hypertension, diabetes mellitus, COPD/recent
pneumonia, dependent functional status, and
congestive heart failure), and treatment regi-
mens (TACE alone or TACE combined with tar-
geted therapy and immunotherapy).

OS is defined as the interval from the first TACE
treatment to death for any cause or the last
follow-up date. Progression-free survival (PFS)
is defined by reference to the revised stand-
ard for the efficacy evaluation of solid tumors
(mRECIST), that is, the time interval from the
first TACE treatment to the first observation of
imaging progression, death for any reason or
the last follow-up date, subject to the first of
the three events [15]. The last follow-up date of
this study was June 2025.

Definitions of PIS and mFI-5

PIS was calculated based on the results of the
routine blood test completed by venous blood
collected within 1 week before the treatment of
TACE. The detection of PLT, MPV and PDW was
performed using the Meirui BC-6800 fully auto-
matic blood cell analyzer. In the training center,
the optimal cut-off values for PLT, MPV and
PDW were determined using ROC curve analy-
sis and the Youden index method, and then PIS
was constructed based on the above cut-off
values. The scoring criteria were as follows: O
points for no abnormal indicators; 1 point for
one abnormal indicator; 2 points for two abnor-
mal indicators; and 3 points for three abnormal
indicators.

The improved version of mFI-5 contains 5 eval-
uation items (1 point per item), specifically:
COPD/recent pneumonia, diabetes, congestive
heart failure, hypertension requiring drug treat-
ment and dependent functional status. The
total score of the index ranges from O to 5
points. Patients with an mFI-5 score of > 2
were defined as ‘frail’, and those with a score of
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< 2 as ‘non-frail’. The above scoring results are
independently reviewed and confirmed by two
doctors.

Statistical analysis

This study uses SPSS 26.0 statistical software
(IBM, Armonk, New York, USA) and R software
(version 4.5.1) to complete statistical analysis.
Continuous variables conforming to the normal
distribution are expressed as mean +* standard
deviation (X *s), and independent sample t test
is used for intergroup comparison; continuous
variables that do not conform to normal distri-
bution are expressed as median (interquartile
range) [M (IQR)], and Mann-Whitney U test is
used for inter-group comparison. Categorical
variables are expressed as numbers (percent-
ages) [n (%)], and intergroup comparisons were
performed using the chi-square test, Kruskal-
Wallis H test, or Fisher’s exact test, as appro-
priate. ROC curve analysis was used to deter-
mine the optimal cut-off values of PLT, MPV
and PDW, and the area under the curve (AUC)
and the Youden index (sensitivity + specificity -
1) were calculated. The survival curve is drawn
by the Kaplan-Meier method for survival analy-
sis, and Log-rank test is used for the compari-
son of survival differences between groups.
Univariate and multivariate Cox proportional
hazards regression models are used to screen
independent risk factors affecting OS and PFS.
The predictive efficiency of the nomogram is
verified by the concordance index (C-index),
calibration curve and time-dependent ROC
curve: the closer C-index is to 1, the better the
discrimination efficiency of the model; the clos-
er the calibration curve is to the diagonal, the
higher the calibration of the model. In this
study, a two-sided P value < 0.05 was consid-
ered statistically significant. We used Cox pro-
portional hazards models with product interac-
tion terms to examine the interaction between
the mFI-5+PIS score and key clinical stratifica-
tion factors to determine whether the prognos-
tic effect of the score was consistent across
subgroups. An interaction P value < 0.05 was
considered to indicate effect modification.

Results
Baseline patient characteristics

Following application of the inclusion and exclu-
sion criteria, a total of 342 patients were ulti-
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413 HCC patients from
Yongzhou Central Hospital —#|Changde City
(Mar2018-Mar 2023)

282 HCC patients from The
First People’s Hospital of

(January 2019 and December
2022)

Excluded 140 patients |¢——«———

a sensitivity of 0.758, a speci-
ficity of 0.889, and a Youden
index of 0.647. For PDW, the
cut off was 12.35 fL, result-

ing in a sensitivity of 0.742, a

Excluded 177 patients

273 eligible adult HCC patients

105 eligible adult HCC patients

Randomly splitata 7:3
ratio

Training cohort:n=168
Internal validation cohort:
n=69

Independent external

validation cohort:n=105

Total patientsof the whole study:n=
42

Training cohort:n=168
Internal validation cohort:n=69
External validation cohort:n=105

Figure 1. Flow chart of sample selection. HCC, Hepatocellular carcinoma;
TACE, Transarterial chemoembolization; ECOG PS, Eastern Cooperative On-
cology Group Performance Status; Child-Pugh, Child-Pugh classification for

liver function.

mately enrolled. Among them, 237 patients
from Yongzhou Central Hospital were random-
ly assigned to a training cohort (n = 168) and
an internal validation cohort (n = 69) in a 7:3
ratio. The remaining 105 patients from the
First People’s Hospital of Changde City were
all assigned to the external validation cohort
(Figure 1). The overall cohort was predo-
minantly male (270 patients, 78.9%) and had
hepatitis B virus (HBV) infection (241 patients,
70.5%). Cirrhosis was present in 262 patients
(76.6%), and 141 patients (41.2%) had portal
vein tumor thrombus. The tumor burden was
relatively high. Notably, 83.9% of patients were
Child-Pugh class A, and 92.7% had an Eastern
Cooperative Oncology Group performance sta-
tus of O to 1 (Table 1).

mFI-5+PIS and prognostic stratification

Based on the area under the ROC curve (AUC)
and the Youden index in the training set, the
optimal cut off values for platelet parameters
were determined. The diagnostic performance
for each indicator at the corresponding cut off
was as follows: for PLT, the cut off value was
108.55%x10°%/L, yielding a sensitivity of 0.782, a
specificity of 0.867, and a Youden index of
0.649. For MPV, the cut off was 10.65 fL, with
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specificity of 0.800, and a
Youden index of 0.542. Con-
sequently, PLT < 108.55x%
10%/L, MPV > 10.65 fL, and
PDW > 12.35 fL were selected
as the cut offs for dichotomi-
zation. Internal validation was
performed using 1000 boot-
strap resampling. The median
bootstrap cut offs for the th-
ree indicators were identical
to the original cut offs. The
median bootstrap sensitivity
values for PLT, MPV, and PDW
were 0.782, 0.774, and 0.758,
respectively; the median boot-
strap specificity values we-
re 0.867, 0.889, and 0.800,
respectively; the median boot-
strap Youden indices were
0.656, 0.658, and 0.555; and the median
bootstrap AUC values were 0.797, 0.852, and
0.785, respectively. These findings confirmed
the stability and reliability of the cut offs and
their diagnostic performance. ROC curve analy-
sis demonstrated that all three platelet in-
dicators had good predictive performance for
0S, with MPV showing the best discriminative
ability (AUC = 0.851; PLT AUC = 0.794; PDW
AUC = 0.782) (Figure 2). Analysis of the associ-
ations between these three platelet indicators
and clinical characteristics revealed that low
PLT, high MPV, and high PDW were each signifi-
cantly associated with poorer liver function
(Child-Pugh class B), higher tumor burden (pres-
ence of portal vein tumor thrombus, maximum
tumor diameter = 5 cm, and multiple tumor
nodules), and higher AFP level (= 200 pg/L)
(all P < 0.05) (Table 2). Kaplan-Meier curves
showed that low PLT, high MPV, and high PDW
were associated with shorter OS and PFS (Log-
rank P < 0.001) (Figures 3A-C, 4A-C).

Based on the cut off values of the above plate-
let indicators, the PIS score was constructed.
In the training set, the distribution of the PIS
score was as follows: 53 patients (31.5%)
scored 0, 17 (10.1%) scored 1, 11 (6.5%) scor-
ed 2, and 87 (51.8%) scored 3. Analysis of the
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Table 1. Baseline characteristics of patients

Total Training Internal External Statistic p
Characteristic (n = 342) Cohort Validation Validation (x%/t/ Value
(n=168) cohort(n=69) cohort(n=105) U/H)

Sex 0.426 0.808
Female 72 (21.1) 33(19.6) 15 (21.7) 24 (22.9)
Male 270(78.9) 135(80.4) 54 (78.3) 81(77.1)

Age (years) 0.747 0.688
=260 158 (46.2) 81(48.2) 32 (46.4) 45 (42.9)
<60 184 (53.8) 87 (51.8) 37 (53.6) 60 (57.1)

BMI (kg/m?) 1.908 0.385
<25 275(80.4) 137 (81.5) 58 (84.1) 80 (76.2)
>25 67 (19.6) 31(18.5) 11 (15.9) 25 (23.8)

ECOG PS Score 0.354 0.838
0 110(32.2) 51(30.4) 23(33.3) 36 (34.3)
1 207 (60.5) 106 (63.1) 39 (56.5) 62 (59.0)
2 25(7.3) 11 (6.5) 7(10.1) 7(6.7)

Child-Pugh 1.412 0.494
A 287 (83.9) 145(86.3) 56 (81.2) 86 (81.9)
B 55 (16.1) 23(13.7) 13 (18.8) 19 (18.1)

Hypertension 0.182 0.913
No 259 (75.7) 128 (76.2) 53 (76.8) 78(74.3)
Yes 83 (24.3) 40 (23.8) 16 (23.2) 27 (25.7)

Diabetes Mellitus 5.833 0.054
No 251(73.4) 129 (76.8) 54 (78.3) 68 (64.8)
Yes 91 (26.6) 39(23.2) 15 (21.7) 37 (35.2)

COPD/Recent Pneumonia 8.043 0.018
No 269 (78.7) 141(83.9) 55 (79.7) 73 (69.5)
Yes 73(21.3) 27 (16.1) 14 (20.3) 32(30.5)

Non-independent Functional Status 1.512 0.47
No 295 (86.3) 147 (87.5) 61 (88.4) 87 (82.9)
Yes 47 (13.7) 21 (12.5) 8(11.6) 18 (17.1)

Congestive Heart Failure 1.433 0.489
No 319 (93.3) 154 (91.7) 65 (94.2) 100 (95.2)
Yes 23 (6.7) 14 (8.3) 4 (5.8) 5(4.8)

PVTT 0.546 0.761
No 201 (58.8) 96 (57.1) 43 (62.3) 62 (59.0)
Yes 141 (41.2) 72 (42.9) 26 (37.7) 43 (41.0)

BCLC 0.005 0.997
A 38(11.1) 16 (9.5) 7(10.1) 15 (14.3)
B 184 (53.8) 95(56.5) 38(55.1) 51 (48.6)
C 120 (35.1) 57 (33.9) 24 (34.8) 39(37.1)

Maximum Tumor Diameter 1.012 0.603
<5cm 247 (72.2) 125 (74.4) 47 (68.1) 75 (71.4)
>5cm 95 (27.8) 43 (25.6) 22(31.9) 30 (28.6)

Number of Tumors 2912 0.233
Single 118 (34.5) 52(31.0) 23(33.3) 43 (41.0)
Multiple 224 (65.5) 116 (69.0) 46 (66.7) 62 (59.0)

Cause of disease 1.7 0.791
Hepatitis B Virus 241 (70.5) 122(72.6) 46 (66.7) 73 (69.5)
Hepatitis C Virus 35 (10.2) 15 (8.9) 7(10.1) 13 (12.4)
Others 66 (19.3) 31(18.5) 16 (23.2) 19 (18.1)
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Cirrhosis
No
Yes
Ascites
No
Yes
AFP (ug/L)
<200
>200
TB (umol/L)
<17
> 17
Albumin (g/L)
<35
> 35
PLT (x10°/L)
MPV (fL)
PDW (fL)
mFI-5
<2
>2
Treatment
TACE

mFI-5+PIS predicts HCC prognosis after TACE

80 (23.4)
262 (76.6)

256 (74.9)
86 (25.1)

119 (34.8)
223 (65.2)

89 (26.0)
253 (74.0)

248 (72.5)
94 (27.5)

209 (61.1)
133 (38.9)

TACE + targeted therapy and immunotherapy

1.429 0.489

39(23.2) 13 (18.8) 28 (26.7)

129 (76.8) 56 (81.2) 77 (73.3)
0.246 0.884

124 (73.8) 53 (76.8) 79 (75.2)

44 (26.2) 16 (23.2) 26 (24.8)
1344 0511

60 (35.7) 20 (29.0) 39 (37.1)

108 (64.3) 49 (71.0) 66 (62.9)
4129 0.127

36 (21.4) 19 (27.5) 34 (32.4)

132 (78.6) 50 (72.5) 71 (87.6)
1.697 0.428

127 (75.6) 49 (71.0) 72 (68.6)

41 (24.4) 20 (29.0) 33 (31.4)
96.81+36.10 97.12+36.49 0.06 0.952
11.0421.54  11.00+1.62 0173 0.863
12.74+1.45  12.62+1.46 0.582 0.561
0114 0.945

103 (61.3) 41 (59.4) 65 (61.9)

65 (38.7) 28 (40.6) 40 (38.1)
0.965 0.617

121 (72.0) 47 (68.1) 70 (66.7)

47 (28.0) 22 (31.9) 35 (33.3)

Note: BMI, Body Mass Index; ECOG PS, Eastern Cooperative Oncology Group Performance Status; COPD, Chronic Obstructive Pulmonary Disease;
PVTT, Portal Vein Tumor Thrombus; BCLC, Barcelona Clinic Liver Cancer staging; AFP, Alpha-fetoprotein; TB, Total Bilirubin; PLT, Platelet count; MPV,

Mean Platelet Volume; PDW, Platelet Distribution Width; mFI-5, modified 5-item frailty index.

ROC Curves
< |
«©
g
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g
N
S
— PLT (AUC = 0.794)
° — MPV (AUC = 0.851)
S —— PDW (AUC = 0.782)
T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0
1 - Specificity

Figure 2. ROC curve for platelet parameters. ROC,
Receiver Operating Characteristic; AUC, Area Under
Curve; PLT, Platelet count; MPV, Mean Platelet Vol-
ume; PDW, Platelet Distribution Width.

associations between the PIS score and clinical
characteristics revealed that patients who were
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aged > 60 years, had Child-Pugh class B, pre-
sented with portal vein tumor thrombus, had a
maximum tumor diameter > 5 cm, had multiple
tumor nodules, or had AFP > 200 ug/L had sig-
nificantly higher PIS scores (P < 0.05) (Table 3).
Kaplan-Meier curves showed that a higher PIS
score was associated with shorter OS and PFS
(Figures 3D, 4D). Similarly, a higher mFI-5 score
was also associated with shorter OS and PFS
(Figures 3E, 4E).

To overcome the subjectivity associated with
simple equally weighted summation, we first
examined the interaction between mFI-5 and
PIS. The results showed no significant interac-
tion between mFI-5 and PIS (Tables 4, 5).
Accordingly, we constructed a weighted com-
bined score, designated mFI-5+PIS, by weight-
ing the two indices based on their regression
coefficients as follows: mFI-5+PIS: mFI-5+PIS =
B, ;XMFI-5+B, xPIS.

PIS

Analysis of factors influencing OS and PFS

0S: In the training set, the median OS was 10.8
months, with 1 year and 3 year OS rates of

Am J Cancer Res 2026;16(10):4254-4277
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Table 2. Association between platelet parameters and clinical characteristics

Clinical Characteristic Lozvnpjzg;(;“p GroI-LzlngPI;T(S(S) P Value GrOLJ’FV)V(nMEVm) Gr:ﬁh(r':ﬂf\g& P Value GrOL:’;V (EZVZSS) Gm:f'(‘npf‘foo) P Value

Sex 0.418 0.200 0.516
Female 84 (82.4) 51 (77.3) 53 (75.7) 82 (83.7) 53 (77.9) 82 (82.0)
Male 18 (17.6) 15 (22.7) 17 (24.3) 16 (16.3) 15 (22.1) 18 (18.0)

Age (years) 0.066 0.035 0.033
<60 47 (46.1) 40 (60.6) 43 (61.4) 44 (44.9) 42 (61.8) 26 (38.2)
>60 55 (53.9) 26 (39.4) 27 (38.6) 54 (55.1) 45 (45.0) 55 (55.0)

BMI (kg/m?) 0.942 0.973 0.556
<25 83 (81.4) 54 (81.8) 57 (81.4) 80 (81.6) 54 (79.4) 83 (83.0)
>25 19 (18.6) 12 (18.2) 13 (18.6) 18 (18.4) 14 (20.6) 17 (17.0)

ECOG PS 0.555 0.270 0.202
0 32 (31.4) 19 (28.8) 22 (31.4) 29 (29.6) 22 (32.4) 29 (29.0)
1 65 (63.7) 41 (62.1) 41 (58.6) 65 (66.3) 39 (57.4) 67 (67.0)
2 5 (4.9) 6(9.1) 7 (10.0) 4(4.1) 7 (10.3) 4 (4.0)

Child-Pugh 0.001 0.003 0.015
A 81(79.4) 64 (97.0) 67 (95.7) 78 (79.6) 64 (94.1) 81 (81.0)
B 21 (20.6) 2(3.0) 3(4.3) 20 (20.4) 4(5.9) 19 (19.0)

Portal vein tumor thrombus < 0.001 <0.001 <0.001
No 45 (44.1) 51 (77.3) 55 (78.6) 41 (41.8) 52 (76.5) 44 (44.0)
Yes 57 (55.9) 15 (22.7) 15 (21.4) 57 (58.2) 16 (23.5) 56 (56.0)

BCLC 0.107 0.373 0.427
A 13 (12.7) 3(4.5) 6 (8.6) 10 (10.2) 6(8.8) 10 (10.0)
B 59 (57.8) 36 (54.5) 36 (51.4) 59 (60.2) 35 (51.5) 60 (60.0)
C 30 (29.4) 27 (40.9) 28 (40.0) 29 (29.6) 27 (39.7) 30 (30.0)

Max tumor diameter <0.001 0.001 0.008
<5cm 65 (63.7) 60 (90.9) 61 (87.1) 64 (65.3) 58 (85.3) 67 (67.0)
>5cm 37 (36.3) 6(9.1) 9 (12.9) 34 (34.7) 10 (14.7) 33 (33.0)

Number of tumors 0.118 0.013 0.018
Single 27 (26.5) 25 (37.9) 29 (41.4) 23 (23.5) 28 (41.2) 24 (24.0)
Multiple 75 (73.5) 41 (62.1) 41 (58.6) 75 (76.5) 40 (58.8) 76 (76.0)

Cirrhosis 0.316 0.781 0.936
No 21 (20.6) 18 (27.3) 17 (24.3) 22 (22.4) 16 (23.5) 23 (23.0)
Yes 81(79.4) 48 (72.7) 53 (75.7) 76 (77.6) 52 (76.5) 77 (77.0)
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Ascites 0.538 0.343 0.254
No 77 (75.5) 47 (71.2) 49 (70.0) 75 (76.5) 47 (69.1) 77 (77.0)
Yes 25 (24.5) 19 (28.8) 21 (30.0) 23 (23.5) 21 (30.9) 23 (23.0)

Cause of disease 0.207 0.606 0.122
Hepatitis B virus 79 (77.5) 43 (65.2) 48 (68.6) 74 (75.5) 49 (72.1) 73 (73.0)
Hepatitis C virus 7 (6.9) 8(12.1) 7 (10.0) 8(8.2) 3(4.4) 12 (12.0)
Others 16 (15.7) 15 (22.7) 15 (21.4) 16 (16.4) 16 (23.5) 15 (15.0)

AFP (ug/L) <0.001 <0.001 <0.001
<200 24 (23.5) 36 (54.5) 39 (55.7) 21 (21.4) 35 (51.5) 25 (25.0)
>200 78 (76.5) 30 (45.5) 31 (44.3) 77 (78.6) 33 (48.5) 75 (75.0)

TB (umol/L) 0.226 1.000 0.870
<17 25 (24.5) 11 (16.7) 15 (21.4) 21 (21.4) 15 (22.1) 21 (21.0)
> 17 77 (75.5) 55 (83.3) 55 (78.6) 77 (78.6) 53 (77.9) 79 (79.0)

Albumin (g/L) 0.287 0.976 0.828
> 35 80 (78.4) 47 (71.2) 53 (75.7) 74 (75.5) 52 (76.5) 75 (75.0)
<35 22 (21.6) 19 (28.8) 17 (24.3) 24 (24.5) 16 (23.5) 25 (25.0)

Note: PLT, Platelet count; MPV, Mean Platelet Volume; PDW, Platelet Distribution Width; BMI, Body Mass Index; ECOG PS, Eastern Cooperative Oncology Group Performance Status;
BCLC, Barcelona Clinic Liver Cancer staging; AFP, Alpha-fetoprotein; TB, Total Bilirubin.
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Kaplan-Meier Curves for Overall Survival (6 variables)
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Figure 3. Kaplan-Meier curve of OS. OS, Overall Survival; PLT, Platelet count; MPV, Mean Platelet Volume; PDW,
Platelet Distribution Width; PIS, Platelet index score; mFI-5, modified 5-item frailty index.

Kaplan-Meier Curves for Overall Survival (6 variables)

A PLT B MPV C PDW
£ 1.00 2 1.00 £ 1.00
¥l -} -
s ] s
8 8 8
T 075 T 075 T 075
$ s K
< 5 s
@ 0.50 @ 0.50 @ 0.50
g g g
s 3 s
2 Log-rank 2 Log-rank 2 Log-rank
0025 p<oo + O 0.25 p<0.0001 © 025 p<0.0001
o oy e s e
0.00 | I i i 0.00 | T T 0.00 | T T
0 10 20 30 0 0 20 30 0 10 20 30
Time (months) Time (months) Time (months)
PLT & Low (<=92.4) - High (>92.4) MPV & Low (<=11) - High (>11) PDW & Low (<=12.7) - High (>12.7)
PIS mFI5 mFISPIS

£ 1.00 2 1.00 21.00
¥ ¥} ¥}
3 ] ]
3 3 3
e 2 2
T 075 € 075 2075
2 E K
< < <
@ 0.50 @ 0.50 ®0.50
K g g
g Log-rank g g

025 5 <0.0001 025 5 <0.0001 025 5 <0.0001

000 1 = T 0.00 | I ' ' 000 f ' '

0 10 20 30 0 10 20 30 0 10 20 30
Time (months) Time (months) Time (months)
PIS “ Low (<=0)[Q1] -+ High (>0) mFI5 % Low (<=0) High (>0) MFISPIS “+Low (<=0.76) ~ High (>0.76)

Figure 4. Kaplan-Meier curve of PFS. PFS, Progression-Free Survival; PLT, Platelet count; MPV, Mean Platelet Vol-
ume; PDW, Platelet Distribution Width; PIS, Platelet index score; mFI-5, modified 5-item frailty index.

40.9% and 14.5%, respectively. Univariate Cox
regression analysis (Table 6) showed that age >
60 years, Child-Pugh class B, presence of por-
tal vein tumor thrombus, maximum tumor diam-
eter > 5 cm, multiple tumors, AFP > 200 ug/L,
and an increased mFI-5+PIS score were signifi-
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cantly associated with shorter OS (all P < 0.1).
These variables were then entered into a multi-
variate Cox proportional hazards model. The
results (Figure 5A) confirmed that age > 60
years (HR = 1.6, 95% Cl 1.1-2.3, P = 0.022),
presence of portal vein tumor thrombus (HR =
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Table 3. Association between PIS and clinical characteristics

Clinical Characteristic PISO(n=52) PIS1(n=18) PIS2(n=11) PIS3(n=87) P Value

Sex 0.850
Female 40 (76.9) 14 (77.8) 9 (81.8) 72 (82.8)
Male 12 (23.1) 4(22.2) 2(18.2) 15 (17.2)

Age (years) 0.035
<60 31 (59.6) 12 (66.7) 8(72.7) 36 (41.4)
>60 21 (40.4) 6 (3.3) 3(27.3) 51 (58.6)

BMI (kg/m?) 0.884
<25 42 (80.8) 14 (77.8) 10 (90.9) 71 (81.6)
>25 10 (19.2) 4(22.2) 1(9.2) 16 (18.4)

ECOG PS 0.390
0 14 (26.9) 8 (44.4) 5 (45.5) 24 (27.6)
1 32 (61.5) 9 (50.0) 6 (54.5) 59 (67.8)
2 6 (11.5) 1(5.6) 0 (0.0) 4 (4.6)

Child-Pugh 0.010
A 51 (98.1) 16 (88.9) 10 (90.9) 68 (78.2)
B 1(1.9) 2(11.1) 1(9.1) 19 (21.8)

Portal vein tumor thrombus <0.001
No 41 (78.8) 14 (77.8) 7 (63.6) 34 (39.1)
Yes 11 (21.2) 4(22.2) 4 (36.4) 53 (60.9)

BCLC 0.279
A 2(3.8) 4(22.2) 1(9.2) 9 (10.3)
B 28 (53.8) 8 (44.4) 7 (63.6) 52 (59.8)
C 22 (42.3) 6 (33.3) 3(27.3) 26 (29.9)

Max tumor diameter 0.003
<5cm 47 (90.4) 14 (77.8) 9 (81.8) 55 (63.2)
>5cm 5 (9.6) 4(22.2) 2(18.2) 32(36.8)

Number of tumors 0.008
Single 19 (36.5) 11 (61.1) 3(27.3) 19 (21.8)
Multiple 33 (63.5) 7 (38.9) 8(72.7) 68 (78.2)

Cirrhosis 0.654
No 12 (23.1) 6 (33.3) 3(27.3) 18 (20.7)
Yes 40 (76.9) 12 (66.7) 8(72.7) 69 (79.3)

Ascites 0.285
No 38(73.1) 10 (55.6) 9 (81.8) 67 (77.0)
Yes 14 (26.9) 8 (44.4) 2(18.2) 20 (23.0)

Cause of disease 0.165
Hepatitis B virus 37 (71.2) 11 (61.1) 6 (54.5) 68 (78.2)
Hepatitis C virus 3(5.8) 3(16.7) 3(27.3) 6 (6.9)
Others 12 (23.1) 4(22.2) 2(18.2) 13 (14.9)

AFP (ug/L) <0.001
<200 29 (55.8) 9 (50.0) 5 (45.5) 17 (19.5)
>200 23 (44.2) 9 (50.0) 6 (54.5) 70 (80.5)

TB (umol/L) 0.927
<17 10 (19.2) 4(22.2) 3(27.3) 19 (21.8)
> 17 42 (80.8) 14 (77.8) 8(72.7) 68 (78.2)

Albumin (g/L) 0.533
> 35 37 (71.2) 15 (83.3) 10 (90.9) 65 (74.7)
<35 15 (28.8) 3(16.7) 1(9.1) 22 (25.3)

Note: PIS, Platelet index score; BMI, Body Mass Index; ECOG PS, Eastern Cooperative Oncology Group Performance Status; BCLC,
Barcelona Clinic Liver Cancer staging; AFP, Alpha-fetoprotein; TB, Total Bilirubin.
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Table 4. Interaction analysis between the
mFI-5 and PIS for the OS endpoint

PIS mFI-5 HR 95% ClI
Normal Non-frail 1.00 1.00
Abnormal Non-frail 3.15 1.74-5.72
Normal Frail 2.85 0.82-9.94
Abnormal Frail 5.43 0.23-129.47
RERI - 0.43 -3.21-4.00
AP - 0.08 -0.65-0.60
S - 1.11 0.53-3.26

Note: OS, Overall Survival; mFI-5, modified 5-item frailty
index; PIS, Platelet index score; HR, Hazard Ratio; Cl, Con-
fidence Interval; RERI, Relative Excess Risk due to Inter-
action; AP, Attributable Proportion due to interaction; S,
Synergy Index.

2.0, 95% Cl 1.3-3.2, P = 0.001), AFP > 200
ug/L(HR=2.2,95% Cl 1.4-3.6, P <0.001), and
an increased mFI-5+PIS score (HR = 1.8, 95%
Cl 1.4-2.4, P < 0.001) were independent ad-
verse predictors of OS. Kaplan-Meier survival
curve analysis demonstrated that a higher mFI-
5+PIS score (cut off < 1.67) was associated
with shorter OS. The survival curve of the high
score group was consistently below that of the
low score group, and the survival gap between
the two groups widened over time. Patients in
the high score group showed a rapid decline in
survival rate and significantly worse long term
survival benefits (Log-rank P < 0.001) (Figure
3F).

PFS: In the training set, the median PFS was
4.7 months, and the 1 year PFS rate was
22.0%. Univariate Cox regression analysis
(Table 6) revealed that age > 60 years, Child-
Pugh class B, presence of portal vein tumor
thrombus, maximum tumor diameter > 5 cm,
multiple tumors, AFP > 200 pg/L, and an
increased mFI-5+PIS score were significantly
associated with shorter PFS (all P < 0.1).
Multivariate Cox regression analysis (Figure
5B) showed that presence of portal vein tu-
mor thrombus (HR = 2.8, 95% CI 1.9-4.2, P <
0.001), AFP =200 pg/L (HR = 2.1, 95% CI 1.4-
3.3, P < 0.001), maximum tumor diameter
>5cm (HR = 1.6, 95% Cl 1.0-2.4, P = 0.031),
Child-Pugh class B (HR = 2.4, 95% CI 1.4-4.0,
P < 0.001), multiple tumors (HR = 1.6, 95% CI
1.1-2.5, P = 0.025), and an increased mFl-
5+PIS score (HR = 2.2, 95% Cl 1.6-3.1, P <
0.001) were independent predictors of PFS.
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Table 5. Interaction analysis between the
mFI-5 and PIS for PFS endpoint

PIS mFI-5 HR 95% ClI
Normal Non-frail 1.00 1.00
Abnormal Non-frail 1.16 0.73-1.86
Normal Frail 1.88 0.56-6.30
Abnormal Frail 3.26 2.04-5.20
RERI - 1.21 -0.52-5.37
AP - 0.37 -0.15-0.93
S - 2.16 -5.06-16.42

Note: PFS, Progression-Free Survival; mFI-5, modified
5-item frailty index; PIS, Platelet index score; HR, Hazard
Ratio; Cl, Confidence Interval; RERI, Relative Excess Risk
due to Interaction; AP, Attributable Proportion due to inter-
action; S, Synergy Index.

Kaplan-Meier survival curve analysis indicated
that a higher mFI-5+PIS score was associated
with shorter PFS (Log-rank P < 0.001), with
good curve separation (Figure 4F).

Nomogram construction and validation

Based on the multivariate analysis results for
0OS and PFS, nomograms were constructed
(Figure 6A, 6B). In the training cohort, the C
index for OS of the multivariate prognostic
model based only on portal vein tumor throm-
bus, AFP, and age was 0.771, which increased
to 0.795 after incorporating mFI-5+PIS. For
PFS, the C index of the multivariate prognostic
model based only on portal vein tumor throm-
bus, AFP, maximum tumor diameter, Child-
Pugh class, and number of tumors was 0.794,
which increased to 0.821 after including
mFI-5+PIS. Calibration curves (Figure 7A, 7B)
showed that the 1 year and 3 year OS rates
and the 1 year PFS rate predicted by the nomo-
grams were in good agreement with the actual
observed values, without significant deviation,
indicating excellent model calibration. Time-
dependent ROC curves (Figure 7C, 7D) demon-
strated that the combined model incorporating
the mFI-5+PIS score had a significantly higher
AUC for predicting OS than the model without
the combined score. Similarly, the AUC for pre-
dicting 1 year PFS was also higher than that of
the model without the combined score.

In the internal validation cohort, the C indices
for PFS were 0.770 and 0.801 without and with
mFI-5+PIS, respectively. The C indices for 0OS
were 0.754 and 0.822 without and with mFI-
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Table 6. Univariate Cox regression analysis

Variable S PFS
HR (95% Cl) P value HR (95% Cl) P value

Sex

Female 1 (Reference) 1 (Reference)

Male 0.78 (0.49-1.25) 0.304 0.82(0.53-1.28) 0.387
Age (years)

<60 1 (Reference) 1 (Reference)

>60 2.18 (1.50-3.16) <0.001 2.01(1.41-2.84) <0.001
BMI (kg/m?)

<25 1 (Reference) 1 (Reference)

>25 1.11 (0.69-1.78) 0.678 1.06(0.7-1.62) 0.775
ECOG PS

0 1 (Reference) 1 (Reference)

1 1.08 (0.72-1.61) 0.704 1.04(0.72-1.51) 0.843

2 0.98 (0.47-2.05) 0.966 0.72(0.34-1.53) 0.394
Child-Pugh

A 1 (Reference) 1 (Reference)

B 2.83 (1.75-4.57) <0.001 4.06 (2.47-6.68) 0
Portal vein tumor thrombus

No 1 (Reference) 1 (Reference)

Yes 4.74 (3.22-6.98) <0.001 5.15 (3.54-7.49) <0.001
BCLC

A 1 (Reference) 1 (Reference)

B 1.04 (0.54-2.03) 0.899 0.79 (0.43-1.47) 0.463

C 1.02 (0.51-2.05) 0.961 0.76 (0.4-1.44) 0.398
Max tumor diameter

<5cm 1 (Reference) 1 (Reference)

>5cm 1.94 (1.31-2.87) 0.001 2.52(1.7-3.73) <0.001
Number of tumors

Single 1 (Reference)

Multiple 1.41 (0.95-2.09) 0.089 1.99 (1.34-2.94) 0.001
Cirrhosis

No 1 (Reference) 1 (Reference)

Yes 0.95 (0.62-1.46) 0.829 1.11 (0.74-1.66) 0.618
Ascites

No 1 (Reference)

Yes 0.78 (0.51-1.18) 0.233 0.89 (0.6-1.3) 0.544
Cause of disease

Hepatitis B virus 1 (Reference) 1 (Reference)

Hepatitis C virus 0.67 (0.35-1.28) 0.225 0.77 (0.42-1.41) 0.403

Others 0.97 (0.59-1.60) 0.918 0.89 (0.56-1.4) 0.617
AFP (ug/L)

<200 1 (Reference) 1 (Reference)

>200 3.99 (2.60-6.13) <0.001 2.52(1.7-3.73) <0.001
TB (umol/L)

<17 1 (Reference) 1 (Reference)

> 17 0.86 (0.57-1.31) 0.492 1.18 (0.76-1.84) 0.457
Albumin (g/L)

> 35 1 (Reference) 1 (Reference)

<35 1.24 (0.82-1.86) 0.303 1.28 (0.85-1.91) 0.237
mFI-5+PIS 2.68 (2.05-3.50) < 0.001 3.01 (2.21-4.09) <0.001

Note: OS, Overall Survival; PFS, Progression-Free Survival; HR, Hazard Ratio; Cl, Confidence Interval; BMI, Body Mass Index;
ECOG PS, Eastern Cooperative Oncology Group Performance Status; BCLC, Barcelona Clinic Liver Cancer staging; AFP, Alpha-
fetoprotein; TB, Total Bilirubin; mFI-5+PIS, combined modified 5-item frailty index and platelet index score.
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Figure 6. Nomogram. A. OS. B. PFS. OS, Overall Survival; PFS, Progression-Free Survival; AFP, Alpha-fetoprotein; mFI-
5+PIS, combined modified 5-item frailty index and platelet index score.

5+PIS, respectively. Calibration curves (Figure
8A, 8B) showed that the 1 year and 3 year OS
rates and the 1 year PFS rate predicted by the
nomograms in the validation cohort fitted well
with the actual observed values, with no obvi-
ous deviation from the ideal diagonal. Time-
dependent ROC curve analysis (Figure 8C, 8D)
revealed that in the validation cohort, the com-
bined model incorporating the mFI-5+PIS score
had significantly higher AUC values for predict-
ing 1 year and 3 year OS and 1 year PFS than
the base model without the combined score.

In the external validation cohort, the C-index
for PFS without and with the mFI-5+PIS score
was 0.731 and 0.771, respectively; for OS, the
corresponding values were 0.620 and 0.748.
Calibration curves of the nomogram (Figure
9A and 9B) demonstrated good agreement
between the predicted 1-year and 3-year OS
rates and 1-year PFS rates and the actual
observed values, indicating satisfactory cali-
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bration. Time-dependent ROC curve analysis
(Figure 9C and 9D) showed that the combined
model incorporating the mFI-5+PIS score
achieved higher AUC values for predicting
1-year and 3-year OS and 1-year PFS compared
with the baseline model without the combined
score.

Subgroup analysis

To comprehensively evaluate the predictive
robustness of the mFI-5+PIS score across dif-
ferent clinical settings, we performed subgroup
analyses stratified by etiology, treatment regi-
men, portal vein tumor thrombus (PVTT) status,
and maximum tumor diameter, and further con-
ducted interaction tests. The results demon-
strated that the mFI-5+PIS score effectively
stratified patients into high- and low-risk groups
for both overall survival (OS) and progression-
free survival (PFS) among patients with HBYV,
HCV, and other etiologies, among those receiv-
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Overall Survival; PFS, Progression-Free Survival.

ing TACE alone or TACE combined with targeted
therapy and immunotherapy, and among those
with or without PVTT, as well as those with
maximum tumor diameter 25 cm or < 5 cm (all
subgroup Log-rank P < 0.05) (Figures 10
and 11). We further examined the interaction
between the mFI-5+PIS score (as a continuous
variable) and key clinical factors using Cox pro-
portional hazards models with product interac-
tion terms in the overall cohort. The results
showed that for the OS endpoint, neither PVTT
status (P_interaction = 0.061) nor tumor size
(P_interaction = 0.166) significantly modified
the prognostic effect of the mFI-5+PIS score;
for the PFS endpoint, the interaction P values
for PVTT (P_interaction = 0.143) and tumor
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size (P_interaction = 0.305) were also > 0.05.
Within each subgroup, the hazard ratios (HRs)
of the mFI-5+PIS score for both OS and PFS
were consistently > 1 with P < 0.01, further
confirming the significant prognostic value of
the score across all subgroups.

Discussion

In recent years, the epidemiological burden
of HCC has continued to increase [2]. TACE
remains a key locoregional therapy for patients
who are not candidates for resection or abla-
tion; however, even with the same treatment,
patient outcomes vary widely [16, 17]. In clini-
cal practice, more accurate risk stratification
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tools are urgently needed to guide the formula-
tion of treatment plans and the implementation
of follow-up strategies. Previous studies have
shown that the state of frailty can independent-
ly predict the overall survival of elderly tumor
patients [18]. At the same time, platelet-related
indicators such as PLT are closely related to
tumor invasion and prognosis. An increase in
platelet levels often suggests that the survival
outcome of patients is worse [19, 20]. However,
there is no study to combine the state of frailty
with platelet indicators to predict the long-term
prognosis of patients with HCC treated with
TACE. This study constructs a new composite
scoring model, combining the mFI-5 with the
PIS integrating PLT, MPV and PDW. The resear-
ch results confirm that the mFI-5+PIS compos-
ite score can independently predict OS and
PFS of patients. In addition, the composite
score significantly improves the discriminative
efficiency of the nomogram model, helping to
more accurately identify high-risk patients -
such patients have a higher risk of death or
disease progression after receiving TACE
treatment.
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The mFI-5 can reflect the patient’s overall phys-
iological reserve level and multisystemic com-
orbidity burden, and the comorbidity status
itself has been proven to increase the risk of
perioperative complications and long-term
death [21-23]. A study on patients with HCC
found that frail patients treated with TACE (mFI-
5 score > 2) had a significantly shorter OS and
PFS than those of non-frail patients, suggest-
ing that frailty and poor recovery of liver func-
tion are closely related to a poor prognosis [10].
For patients with HCC, repeated TACE treat-
ment may reduce the treatment effect and
induce liver function damage, and the deterio-
ration of liver function is a key factor limiting
the continuity of treatment [24]. The state of
frailty may reduce the liver’s tolerance to TACE-
related ischemia-reperfusion injury, resulting in
a slow recovery of liver function after each
treatment, thus limiting the cumulative number
of treatments, and ultimately affecting the
long-term control effect of the tumor. In addi-
tion, the state of frailty also weakens the
patient’s tolerance to adverse reactions to sub-
sequent systemic treatment (such as targeted
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therapy or immunotherapy), making it difficult
to fully implement combined treatment or
sequential treatment strategies [25]. There-
fore, frail patients are more prone to liver
decompensation, infection or cardiopulmonary
complications when receiving invasive treat-
ments such as TACE - such treatments are
often accompanied by systemic stress res-
ponses, such as post-embolization syndrome
[10, 26]. Even if the tumor control effect is
similar, OS of such patients may still be short-
ened by aggravation of underlying diseases or
non-tumor-related deaths. The conclusion of
this study is consistent with this trend, further
confirming that the frailty index can be used to
predict the survival outcome of patients with
HCC after treatment.
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PIS is composed of three indicators: PLT, MPV
and PDW, which can reflect the quantitative
characteristics and activation status of plate-
lets at the same time. The prognostic value
of this score mainly comes from the complex
role played by platelets in the development of
tumors. Activated platelets will release trans-
forming growth factor-B (TGF-B), which can in-
duce epithelial-mesenchymal transition (EMT)
of tumor cells, promoting tumor cell infiltration
and distant metastasis; at the same time,
platelet-derived growth factor can support
the formation of tumor microenvironment and
the proliferation of tumor cells [27, 28]. The
increase in MPV and PDW is a manifestation of
enhanced platelet activation, suggesting that
the body is in a state of systemic high inflam-
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Figure 10. Subgroup analyses of the OS and PFS models in the overall cohort. A-C. Kaplan-Meier survival curves
for the OS model stratified by etiology. D-F. Kaplan-Meier survival curves for the PFS model stratified by etiology. G,
H. Kaplan-Meier survival curves for the OS model stratified by treatment regimen. |, J. Kaplan-Meier survival curves
for the PFS model stratified by treatment regimen. K, L. Kaplan-Meier survival curves for the OS model stratified by
portal vein tumor thrombus status. M, N. Kaplan-Meier survival curves for the PFS model stratified by portal vein
tumor thrombus status. O, P. Kaplan-Meier survival curves for the OS model stratified by maximum tumor diameter.
Q, R. Kaplan-Meier survival curves for the PFS model stratified by maximum tumor diameter.

mation and hypercoagulation [29, 30]. After
treatment with TACE, residual tumor cells will
release angiogenesis signals; if the patient
himself already has a state of platelet hyperac-
tivation (manifested by MPV and PDW), it may
further accelerate the process of tumor vascu-
lar reconstruction and recurrence [31-33]. In
addition, platelets can also encircle circulating
tumor cells, helping them escape the attack of
the immune system, thereby promoting metas-
tasis. Not only that, platelets can inhibit the
activity of natural killer cells (NK cells) and T
cells by releasing immunosuppressive factors,
thereby interacting with the immune system
to form an immunosuppressive microenviron-
ment. This microenvironment may weaken the
anti-tumor immune response after TACE treat-
ment and affect the efficacy of subsequent
immunotherapy [34, 35]. As a comprehensive
scoring system, PIS can simultaneously reflect
the interaction between tumor load, liver func-
tion and systemic inflammation-coagulation
state, providing a new risk stratification method
based on routine blood testing for patients with
HCC treated with TACE.

Building on this, we weighted mFI-5 and PIS
using multivariate Cox regression coefficients
to establish a novel combined score, designat-
ed mFI-5+PIS, which simultaneously reflects
the patient’s overall physiological reserve,
comorbidity burden, and systemic inflammato-
ry and coagulation activation status. The re-
sults showed that mFI-5+PIS had strong in-
dependent predictive ability for both OS and
PFS, with hazard ratios increasing significantly
as the score increased. The predictive value of
mFI-5+PIS likely stems from the potential syn-
ergistic mechanisms between frailty and plate-
let activation in the progression of hepatocel-
lular carcinoma and treatment response.
Frailty, as assessed by mFI-5, is essentially a
comprehensive manifestation of multisystem
physiological decline and increased vulnerabil-
ity, reflecting a reduced physiological reserve
and heightened susceptibility to stressors. Frail
patients often present with low-grade chronic
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systemic inflammation, characterized by elevat-
ed levels of inflammatory factors such as in-
terleukin-6 (IL-6), tumor necrosis factor-a (TNF-
«), and C-reactive protein (CRP) [36, 37]. These
inflammatory cytokines can stimulate the liver
to produce thrombopoietin (TPO), promoting
megakaryocyte proliferation and platelet pro-
duction, while also activating platelets, leading
to increased MPV and PDW [38]. Activated
platelets, in turn, release inflammatory media-
tors that amplify the inflammatory response
[39, 40]. Consequently, frail patients are more
sensitive to the poor prognosis reflected by the
PIS. However, previous studies have mostly
evaluated frailty or platelet indicators separate-
ly, and even when frailty was combined with
other indicators, it was often through simple
summation [41]. In contrast, our study integrat-
ed frailty status with platelet activation status
through a weighted combined score, achieving
more refined risk stratification for patients
with HCC undergoing TACE. Zhu et al. [42] con-
structed a nomogram model based on the PIS
and found that low PLT, high MPV, and high
PDW were significantly associated with postop-
erative recurrence of HCC; however, that study
only included platelet indicators without con-
sidering the patient’s overall physiological
reserve. Chronic low grade inflammation is not
only a driver of tumor progression but is also
closely associated with frailty. Cibeira et al.
[43] demonstrated through a cross sectional
study in a Spanish elderly population that
inflammatory biomarkers such as CRP, TNF-c,
sTNF-RIl, and GDF15 were significantly posi-
tively correlated with physical frailty, with sSTNF-
RII showing particularly outstanding predictive
ability, while CRP and TNF-a could effectively
distinguish prefrail individuals. A large scale
prospective cohort study by Zhang et al. [18]
confirmed that elevated systemic inflammation
levels were significantly positively associated
with frailty (OR = 1.23, 95% Cl 1.08-1.41), and
patients with both frailty and elevated inflam-
mation had the highest overall mortality risk
(HR = 1.83, 95% Cl 1.59-2.04), significantly
higher than those with only a single risk factor.
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Figure 11. Subgroup analyses of the OS and PFS models in the external validation cohort. A-C. Kaplan-Meier surviv-
al curves for the OS model stratified by etiology in the external validation cohort. D-F. Kaplan-Meier survival curves
for the PFS model stratified by etiology in the external validation cohort. G, H. Kaplan-Meier survival curves for the
OS model stratified by treatment regimen in the external validation cohort. |, J. Kaplan-Meier survival curves for the
PFS model stratified by treatment regimen in the external validation cohort. K, L. Kaplan-Meier survival curves for
the OS model stratified by portal vein tumor thrombus status in the external validation cohort. M, N. Kaplan-Meier
survival curves for the PFS model stratified by portal vein tumor thrombus status in the external validation cohort.
0, P. Kaplan-Meier survival curves for the OS model stratified by maximum tumor diameter in the external validation
cohort. Q, R. Kaplan-Meier survival curves for the PFS model stratified by maximum tumor diameter in the external

validation cohort.

In our study, patients in the high risk group of
the combined score often presented with both
underlying frailty and abnormal platelet activa-
tion indicators, which is consistent with the
findings of Zhang et al. [18]. In the present
cohort, a higher PIS score was significantly
associated with adverse features including age
> 60 years, Child-Pugh class B, presence of
portal vein tumor thrombus, maximum tumor
diameter = 5 cm, multiple tumors, and AFP >
200 ug/L (P < 0.05); these features are either
components of, or important contributors to,
frailty. Therefore, mFI-5+PIS can assess pa-
tient risk from the dimensions of physical vul-
nerability and systemic inflammation, hyperco-
agulability, and tumor burden.

In this study, subgroup analyses and interac-
tion tests were performed to further validate
the clinical robustness of the score. The re-
sults demonstrated that the mFI-5+PIS score
consistently identified high-risk patients ac-
ross subgroups stratified by etiology, treatment
regimen, portal vein tumor thrombus (PVTT)
status, and tumor size, and its prognostic eff-
ect was not modified by PVTT or tumor size (all
P_interaction > 0.05). This finding carries
important clinical implications. In clinical deci-
sion-making for HCC, PVTT and tumor size are
recognized as key prognostic factors [44-46];
however, the mFI-5+PIS score provides addi-
tional and independent risk information beyond
these factors, suggesting that it may serve as
an effective complementary tool to existing
staging systems. This is particularly valuable
for patient populations with substantial hetero-
geneity within the same clinical subgroup, facil-
itating more refined individualized prognostic
assessment. Moreover, the consistency of the
prognostic effect across subgroups rules out
potential confounding effects on model accu-
racy, further reinforcing the reliability of our
findings.

In recent years, research on the association
between frailty and tumor prognosis has in-
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creasingly delved into molecular mechanisms.
Frailty itself is a multifactorial syndrome, with
underlying molecular mechanisms including
chronic low-grade inflammation, dysregulation
of muscle protein metabolism, mitochondrial
dysfunction, and hormonal and metabolic
disturbances. These mechanisms remarkably
overlap with the pathogenic pathways of hepa-
tocellular carcinoma (HCC), particularly in the
context of cirrhosis or metabolic dysfunction-
associated steatohepatitis (MASH) [47]. In this
context, cellular senescence serves as both a
core molecular basis of frailty and a critical
driver of HCC development and progression.
On the one hand, senescent cells release ab-
undant inflammatory cytokines through the
senescence-associated secretory phenotype
(SASP), reshaping the hepatic microenviron-
ment, promoting fibrosis, and suppressing im-
mune responses, thereby creating a permissive
condition for HCC initiation [48]. On the other
hand, under oncogenic stress, some senescent
hepatocytes can “escape” the senescent state
through metabolic reprogramming (e.g., down-
regulation of FBP1, activation of the NRF2/AKT
pathway, and accelerated p53 degradation)
and acquire progenitor-like characteristics, dir-
ectly participating in tumor initiation [48].
Frailty-related systemic and persistent low-
grade inflammation is not only a core driver of
physical functional decline but also a major
contributor to malignancy progression, and
HCC is a prototypical inflammation-associated
cancer [37, 49, 50]. Primary HCC typically aris-
es in fibrotic livers, where persistent inflamma-
tion and extracellular matrix remodeling create
a favorable environment for the malignant
transformation of normal cells [51]. Platelets
also play an important role in this chronic
inflammation-driven process of hepatocarcino-
genesis. Activated platelets can promote tumor
cell proliferation and facilitate tumor-stromal
interactions that drive tumor progression [52].
Platelets can also directly interact with HCC
cells by activating the TLR4/NF-kB signaling
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pathway on tumor cells, which upregulates
ADAM10 expression. ADAM10 in turn mediates
the cleavage of CX3CL1 and activates the
CX3CR1 receptor, inducing epithelial-mesen-
chymal transition (EMT) and RhoA signaling
activation, thereby promoting tumor cell migra-
tion, invasion, and lung metastasis [53]. Re-
cent studies have further shown that elevated
platelet counts may predict worse prognosis in
patients with advanced HCC [54]. In addition,
PDW and MPV have also been demonstrated to
be associated with HCC development, progres-
sion, and prognosis [55, 56]. Taken together,
the mFI-5+PIS combined index is not a simple
additive combination of several indicators. Ra-
ther, it concurrently encompasses systemic
frailty, inflammation, cellular senescence, and
the roles of platelets in tumor progression,
metastasis, and treatment resistance. Such a
combined index enables a more comprehen-
sive assessment of prognostic risk after TACE
in HCC patients from multiple perspectives.

The mFI-5 and PIS are based on routine medi-
cal history collection and routine blood testing.
Both are easy to operate and can be easily inte-
grated into the routine clinical workflow. For
patients with high mFI-5 combined with PIS
scores, more caution should be exercised when
making initial treatment decisions for TACE.
The clinical recommendation is to comprehen-
sively evaluate the feasible systemic treatment
plan or local-systemic combined treatment
strategy, and avoid over-reliance on repeated
TACE treatment to prevent liver failure. During
the follow-up phase, monitoring and suppor-
tive treatment should be strengthened in order
to detect early signs of disease progression
or functional deterioration. In addition, mFI-5
combined with PIS scoring is expected to serve
as a supplementary tool for existing staging
systems such as BCLC and Albumin-Bilirubin
Grading (ALBI), further refining the stratification
of highly heterogeneous patients in the same
stage. For example, for BCLC stage B patients
with multiple tumors but no portal vein tumor
thrombus (PVTT), those with low combined
scores can still benefit from standardized TACE
treatment, while high-risk patients with com-
bined scores should consider combined treat-
ment or converting to systemic treatment as
soon as possible. This method can provide a
more refined basis for optimizing the treatment
strategy. In addition, the nomogram model con-
structed in this study demonstrated stable per-
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formance in external validation, further streng-
thening the credibility of this scoring tool for
clinical promotion and application.

This study has a multicenter design, and the
sample size is relatively large compared to
other TACE-related studies; however, issues of
selection bias and information bias may still
exist. The majority of patients in our cohort had
hepatitis B virus-associated HCC, and whether
these findings are applicable to Western popu-
lations predominantly affected by alcoholic
or metabolic dysfunction-associated steatotic
liver disease warrants further validation th-
rough multicenter prospective studies. More-
over, this study did not incorporate molecular
biomarkers or radiomic features. In the future,
integrating mFI-5+PIS with imaging heteroge-
neity, genetic mutation profiles, and immune
microenvironment characteristics may enable
the construction of a more comprehensive
multi-omics risk model, thereby better serving
clinical prognostic assessment and treatment
decision-making.

The present study found that an increased mFI-
5+PIS score was significantly associated with a
higher risk of overall mortality (HR = 1.8) and
disease progression (HR = 2.2). Based on this
continuous risk gradient, when formulating
treatment strategies, clinicians should avoid
repeated TACE in patients with an mFI-5+PIS
score above the median of the cohort to pre-
vent cumulative liver function impairment. For
these patients, it is recommended to initiate
combined targeted therapy or immunotherapy
(systemic therapy) after the first TACE session,
or to directly switch to systemic therapy. Fur-
thermore, the follow-up interval should be dy-
namically adjusted according to the score; the
higher the score, the shorter the interval be-
tween imaging examinations and AFP monitor-
ing should be. In addition, for patients with a
single mFI-5 component score of > 2 (i.e., frail-
ty), rehabilitation intervention and nutritional
support should be implemented proactively,
regardless of the PIS score. These suggestions
fall within a risk-stratified management model,
and future decision curve analysis may help
determine specific intervention thresholds.

Conclusion
The mFI-5+PIS combined score constructed in

this study is an independent and significant
predictor of OS and PFS in HCC patients treated
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with TACE. This tool can effectively predict the
long-term survival outcome of patients.
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