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ABSTRACT
Objective  Current biomarkers for predicting 
immunotherapy response in non-small-cell lung cancer 
(NSCLC) are derived from invasive procedures with limited 
predictive accuracy. Thus, identifying a non-invasive 
predictive biomarker would improve patient stratification 
and precision immunotherapy.
Methods and analysis  In this retrospective multicohort 
study, the discovery cohort included 205 NSCLC patients 
screened from ORIENT-11 and an external validation (EV) 
cohort included 99 real-world NSCLC patients. The ‘onion-
mode segmentation’ method was developed to extract 
‘onion-mode perfusion’ (OMP) from contrast-enhanced 
CT images. The predictive performance of OMP or its 
combination with the PD-L1 Tumour Proportion Score (TPS) 
was evaluated by the area under the curve (AUC).
Results  High baseline OMP was associated with 
significantly longer survival and predicted patient response 
to combination anti-PD-(L)1 therapy in the discovery 
and EV cohorts. OMP complemented the PD-L1 TPS with 
superior predictive sensitivity (p=0.02). In the PD-L1 
TPS<50% subgroup, OMP achieved an AUC of 0.77 for 
the estimation of treatment response (95% CI 0.66 to 
0.86, p<0.0001). A simple bivariate model of OMP/PD-
L1 robustly predicted therapeutic response in both the 
discovery (AUC 0.82, 95% CI 0.74 to 0.88, p<0.0001) and 
EV (AUC 0.80, 95% CI 0.67 to 0.89, p<0.0001) cohorts.
Conclusion  OMP, derived from routine CT examination, 
could serve as a non-invasive and cost-effective biomarker 
to predict NSCLC patient response to immune checkpoint 
inhibitor-based therapy. OMP could be used alone or in 
combination with other biomarkers to improve precision 
immunotherapy.

BACKGROUND
Immune checkpoint inhibitor (ICI) therapy 
based on blocking antibodies, including 
anti-programmed death 1 (anti-PD1), anti-
programmed death ligand-1 (anti-PD-L1) and 
anti-cytotoxic T-lymphocyte antigen 4 (anti-
CTLA4), has revolutionised cancer treat-
ment; however, long-term survival benefits 
are achieved in less than 30% of patients with 

cancer.1 2 Biomarkers, such as PD-L1 expres-
sion determined by the Tumour Proportion 
Score (TPS) and tumour mutation burden 
(TMB), have been approved by the US Food 
and Drug Administration for ICI therapy, but 
their predictive value is limited.3–10 These 
biomarkers are derived from a biopsy or a 
portion of archived tumour tissues and thus 
may not fully reflect the spatiotemporal char-
acteristics of the entire tumour due to the 
heterogeneity in the tumour microenviron-
ment (TME). Moreover, these biomarkers 
require tumour biopsy, which may not be 
possible due to the poor performance status 
of patients or the location of tumours. There-
fore, non-invasive biomarkers are urgently 
needed to improve patient selection for 
precision ICI therapy.

To reach cancer cells in a tumour, a blood-
borne therapeutic agent must arrive in the 
tumour via its blood vessels. However, tumour 
vessels are structurally and functionally 
abnormal, which not only impairs the delivery 
of therapeutic agents, including immune 
cells but also creates an abnormal TME char-
acterised by hypoxia and low pH that causes 
immunosuppression in tumours. In 2001, 
we hypothesised that agents that induce 

WHAT IS ALREADY KNOWN ON THIS TOPIC
Current biomarkers for immune checkpoint inhibitor (ICI) 
therapy are derived from invasive procedures with limited 
predictive accuracy, which is likely due to the heteroge-
neity of the tumour microenvironment. Preclinical stud-
ies show that increased tumour vessel perfusion by ICI 
therapy positively correlated with its efficacy, therefore, 
we proposed a novel approach to non-invasively predict 
patient responses to ICI therapy by extracting the global 
characteristics of baseline tumour vessel perfusion from 
contrast-enhanced CT (CECT) images.
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normalisation of the microenvironment can improve treat-
ment outcomes.11–14 Indeed, we demonstrated that judi-
cious use of antiangiogenic agents—originally designed 
to starve tumours—could transiently normalise tumour 
vasculature, improve tumour perfusion, alleviate hypoxia, 
increase delivery of drugs and antitumour immune cells, 
and improve the outcome of various therapies, including 
immunotherapy.13 15–19 Recent studies further showed 
that ICI therapy can increase tumour vessel perfusion 
and induce tumour vascular normalisation in a T cell-
dependent manner.18 19 Moreover, patients with cancer 
whose tumour perfusion increased with antiangionenic 
therapy had a better treatment outcome.13 Similar to 
our clinical trials with antiangiogenic agents, increased 
vessel perfusion by ICI therapy strongly correlated with 
its efficacy in murine breast cancer models.19 Moreover, 
in our neoadjuvant breast cancer trial, we found that 
the pretreatment microvascular density—an indirect 
measure of perfusion—correlated with the response 
to bevacizumab.20 Based on these collective preclinical 
and clinical findings, we proposed a novel approach to 
predict individual tumour responses to ICI-based therapy 
by extracting the global characteristics of tumour vessel 
perfusion at baseline from contrast-enhanced CT (CECT) 
images.

We developed our approach using CECT images from 
a published randomised, double-blind, phase III study 
of non-squamous non-small-cell lung cancer (NSCLC) 
(ORIENT-11; ​ClinicalTrials.​gov: NCT03607539). In this 
trial, all of the enrolled patients were histologically or cyto-
logically confirmed to have stages IIIB–IV non-squamous 
NSCLC. Sintilimab (an anti-PD1 antibody from Innovent 

Biologics) combined with chemotherapy (pemetrexed 
and platinum) prolonged progression-free survival (PFS) 
and overall survival (OS) compared with chemotherapy 
alone.21 By developing an ‘onion-mode segmentation’ 
method to extract the global features of tumour vessel 
perfusion from CECT images in a layer-by-layer manner, 
we first identified and then validated ‘onion-mode perfu-
sion’ (OMP) in an independent cohort of patients as a 
potential non-invasive and cost-effective biomarker of an 
in situ tumour to predict patient response to ICI-based 
therapy in NSCLC.

MATERIALS AND METHODS
Study design and data sources
In this retrospective study, ‘onion-mode segmentation’ 
was conducted to extract OMP from CECT images in two 
independent cohorts of NSCLC patients who received 
anti-PD-(L)1 combination therapy.

The discovery cohort was derived from the ORIENT-11 
study (​ClinicalTrials.​gov: NCT03607539), which included 
397 patients with NSCLC from China who were treated 
between 23 August 2018 and 30 July 2019, and whose 
CECT images, treatment response and PD-L1 TPS data 
were available to us for analysis. We screened and obtained 
205 patients with eligible CECT images for vessel perfu-
sion analysis (129 patients received combination anti-PD1 
therapy and 76 patients received chemotherapy alone) 
(online supplemental figure 1, methods and tables 1 and 
2).

An independent external validation (EV) cohort was 
obtained from real-world patients with NSCLC (n=212) 
treated at Xinqiao Hospital (Chongqing, China) from 
1 January 2018 to 31 December 2021. 99 patients with 
eligible CECT images were included in the analysis. 
Among them, 60 patients had PD-L1 TPS data (online 
supplemental figure 1, table 3 and methods). Patients’ 
responses to therapy were assessed by Response Evalua-
tion Criteria in Solid Tumour version 1.1 (RECIST V.1.1) 
(online supplemental methods).

Written informed consent was waived because all data 
were deidentified.

OMP discovery in the discovery cohort
OMP data were extracted from the arterial phase of 
CECT images of patients with therapy. (a) Resampling the 
CECT images: Since the CECT images of the 205 patients 
came from 39 hospitals, all CECT images were resam-
pled to 1×1×1 mm3 using linear interpolation to reduce 
the difference in image quality due to different hospitals. 
(b) Outlining the volume of interest (VOI): 3D Slicer 
(V.4.11.0) software was used by a physician specialising 
in medical imaging and radiation therapy with 10 years 
of experience in delineating the tumour area to outline 
the area of the lung tumour. The threshold of tumour 
outlines was set from −50 to 200 Hounsfield units to 
semiautomatically sketch tumour areas. (c) Onion-mode 
segmentation: The 3D Slicer software was set to simulate 

WHAT THIS STUDY ADDS
	⇒ To our knowledge, this is the first study to use baseline tumour 
vessel perfusion as a predictive biomarker for patients with non-
small-cell lung cancer (NSCLC). We extracted the global features of 
baseline tumour vessel perfusion from the patient’s CECT images 
and named it ‘onion-mode perfusion’ (OMP). Higher values of OMP 
were associated with longer survival and predicted the response to 
ICI-based therapy in two independent patient cohorts with NSCLC. 
Conversely, baseline tumour size, also derived from CECT images, 
could only be served as a prognostic biomarker. In patients with pro-
grammed death ligand-1 (PD-L1)-low cancers, OMP was superior to 
PD-L1 in predicting therapeutic response. Moreover, a simple bivar-
iate model of OMP and PD-L1 predicted the therapeutic response in 
the discovery and validation cohorts with the values of area under 
the curves above 0.80.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ CT is a non-invasive radiology scanning that is routinely used to 
measure tumour size in the clinic worldwide. Thus, OMP, a baseline 
global vessel perfusion feature extracted from CT images, could 
serve as a non-invasive and cost-effective predictive biomarker 
for ICI-based therapy. It can be easily integrated into current clin-
ical practice procedures to substantially improve clinical decision-
making of ICI-based therapy in NSCLC.

https://dx.doi.org/10.1136/bmjonc-2024-000473
https://dx.doi.org/10.1136/bmjonc-2024-000473
https://dx.doi.org/10.1136/bmjonc-2024-000473
https://dx.doi.org/10.1136/bmjonc-2024-000473
https://dx.doi.org/10.1136/bmjonc-2024-000473


3Liu Z, et al. BMJ Oncology 2024;3:e000473. doi:10.1136/bmjonc-2024-000473

Original researchOpen access

the ‘onion-peeling’ method to segment the VOI. The 
VOI was globally divided layer by layer from the outer-
most to the innermost with a thickness of 1 mm per layer 
(ie, one-pixel thickness). (d) OMP calculation: Based on 
Python (V.3.7.4), the Simple ITK package (V.1.2.4) was 
used to extract the data of VOI layers. The original value 
of each layer was subjected to max-min normalisation by 
Value_normalised=(value_origin−value_min)/(Value_
max−value_min). The value of layers 2, 3, …, n based 
on the respective layer 1 as the baseline of each VOI was 
taken as the OMP. (e) Replicate analysis: 30 CECT images 
were randomly selected from the 205 images. Another 
physician with 10 years of experience in medical imaging 
and radiation therapy conducted procedures b, c and 
d to calculate the OMP independently. Intergroup and 
intragroup correlation analyses were used to evaluate the 
repeatability of the VOI. Original values were provided in 
online supplemental file 2.

Model building
In the discovery cohort, the cases from the first six hospi-
tals were served as the validation set, and the remaining 
cases from the other 33 hospitals were served as the 
training set (online supplemental table 4). The cutoff 
value of OMP was determined by the receiver operator 
characteristic (ROC) curve. The effectiveness of the 
model diagnosis with OMP, TPS or their combination 
was assessed by area under the curves (AUCs) using the 
DeLong test.22 For detailed information, please refer 
to online supplemental methods. Original values were 
provided in online supplemental file 2.

OMP validation
99 eligible real-world patients with NSCLC screened from 
212 patients treated at Xinqiao Hospital (Chongqing, 
China) with combination anti-PD-(L)1 therapy formed 
an independent EV cohort (online supplemental figure 1 
and table 3). The procedures of CECT image resampling, 
VOI outlining, onion-mode segmentation and OMP 
analysis were conducted in the EV cohort as described 
above in the discovery cohort. The association of OMP 
with PFS and the predictive performance of OMP alone 
or in combination with PD-L1 TPS were analysed by the 
Kaplan-Meier method and AUCs, respectively. Original 
values were provided in online supplemental file 2.

Statistical analysis
Statistical analyses were conducted with Prism software 
(V.8, GraphPad) and MedCalc (V.20.019). Data are 
presented as the mean±SEM. Data were first confirmed for 
their normal distribution using the Kolmogorov-Smirnov 
test. The balance of baseline clinical characteristics in 
different patient cohorts was evaluated by Fisher’s exact 
test or χ2 test. Unpaired two-tailed Student’s t-tests were 
used to compare the differences between the two groups. 
PFS or OS was estimated by the Kaplan-Meier method. 
Hazard Ratios (HRs) and the 95% confidence intervals 
(CIs) were computed using the Cox proportional hazard 

model, and the survival differences between groups 
were determined by the log-rank test. The difference in 
predictive sensitivity between OMP and PD-L1 TPS ≥50% 
was analysed by McNemar’s test. ROC curves and AUCs 
were used to evaluate the prediction models. The associ-
ation between variables and the integration of multiple 
biomarkers to predict responders was developed by multi-
variable logistic regression analysis. DeLong’s test was 
used to calculate the 95% CI and the p value of the AUCs. 
All statistical tests were two sided, and the results were 
considered statistically significant at p<0.05.

RESULTS
OMP development
The distribution and intensity of tumour vessel perfu-
sion within the TME are spatially heterogeneous,12 23 24 
thus simply assessing overall tumour vessel perfusion may 
not accurately reflect the critical characteristics of vessel 
perfusion of a given tumour. Given that tumour vessel 
perfusion is relatively high in the tumour periphery but 
relatively low toward the tumour centre and that contrast 
agent enters the tumour parenchyma via perfused blood 
vessels and predominantly distributes around the area 
with function vessels (figure  1A),19 23 25–27 we explored 
what we termed OMP to characterise the characteristics 
of baseline tumour vessel perfusion (figure 1B). Briefly, 
we designed an ‘onion-mode segmentation’ approach 
to extract the value of baseline tumour vessel perfusion 
globally in a layer-by-layer manner from the CECT images 
of the 205 patients with NSCLC (figure 1B). The thick-
ness of each layer was 1 mm from the outermost (the base-
line layer) to the innermost (the last layer). To exclude 
the potential influences of different CT scans and the 
different basic characteristics of tumours on the values 
representing tumour vessel perfusion, we normalised the 
value of each layer to the baseline layer in a given tumour 
to obtain their relative OMP values.

OMP and clinical parameters
The discovery cohort included 129 patients with anti-
PD1 combination therapy and 76 patients with chemo-
therapy alone, who were screened from the ORIENT-11 
study composed of 397 patients with NSCLC.21 The base-
line clinical characteristics between the included patient 
cohorts and the original patient cohorts were compa-
rable, suggesting that the screening did not cause bias 
(online supplemental table 1).

The two independent cohorts included 304 patients 
with non-squamous or squamous NSCLC and had overall 
balanced clinical characteristics (online supplemental 
tables 2 and 3). The discovery and EV cohorts had overall 
comparable proportions of patients with PD-L1 TPS≥50% 
(50 of 129 (39%) vs 18 of 60 (30%)), male sex (98 of 129 
(76%) vs 89 of 99 (90%)), age older than 60 (66 of 129 
(51%) vs 54 of 99 (55%)), responders (77 of 129 (60%) 
vs 54 of 99 (55%)) and OMP≥0.32 (71 of 129 (55%) vs 40 
of 99 (40%)).
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Figure 1  OMP development and the predictive performance of OMP in patients with non-small cell lung cancer (NSCLC). The 
contrast-enhanced CT (CECT) images of NSCLC patients prior to the combination of sintilimab (anti-PD1) and chemotherapy 
(pemetrexed and platinum) (n=129) were analysed by using ‘onion-mode segmentation’ to obtain ‘onion-mode perfusion’ (OMP) 
of tumour tissues. (A) Schematic diagram shows the relationship between vessel perfusion and the distribution of contrast 
agent in CECT images. After intravenous injection, contrast agent enters the tumour parenchyma via perfused tumour blood 
vessels and predominantly distributes around the area with functional vessels. (B) Representative CECT images with ‘onion-
mode segmentation’. (C) The values of OMP in responsive versus non-responsive NSCLC patients. Data are presented as the 
mean±SEM. *p<0.05, **p<0.01, ***p<0.001 (two-tailed Student’s t-tests). (D) The ROC curve of OMP to predict the response 
to anti-PD1 combination therapy in NSCLC patients. The cut-off value of baseline OMP was 0.32. The AUC was analysed by 
DeLong’s test. AUC, area under the curve; ROC, receiver operator characteristic.
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In addition, the results from the Cox proportional 
hazards regression model showed that OMP, PD-L1 TPS 
and the value of ECOG (Eastern Cooperative Oncology 
Group) were effective factors influencing patient prog-
nosis while the other clinical characteristics, such as 
histology, smoking history, baseline TMB, brain metas-
tases, liver metastasis, stage, sex and age, did not influence 
patient prognosis (online supplemental table 5). Thus, 
OMP is a prognostic factor for patients with NSCLC.

High baseline OMP predicts response to anti-PD1 combination 
therapy
In the anti-PD1 combination treatment arm in the 
discovery cohort, the OMP values of each of the layers 
1–5 in the responders were significantly higher than 
those in the corresponding layers in the non-responders 
(figure  1C). To determine the relationship between 
baseline OMP and the efficacy of anti-PD1 combina-
tion therapy, we quantified OMP1–2, OMP1–3, or OMP1–4 
of each tumour tissue by adding the sum of the relative 
values of the first 2, 3 or four layers, respectively. The 
cut-off values of OMP1–2, OMP1–3 or OMP1–4 were calcu-
lated based on the ROC curves as described previously.22 
Significantly longer OS was associated with higher base-
line levels of OMP (online supplemental figure 2), where 
OMP1–2 showed the best association with longer OS. 
Thus, we used OMP1–2 and its cut-off value of 0.32 for the 
remainder of our OMP-based assessments. For the predic-
tive performance of OMP, the AUC for the prediction of 
the patient’s response to anti-PD1 combination therapy 
by baseline OMP was 0.70 (p<0.001) (figure 1D), whereas 
the AUC of OMP in patients with NSCLC with chemo-
therapy alone was 0.54 (p=0.49) (online supplemental 
figure 3).

Baseline tumour size is a prognosis factor but fails to predict 
patient response to ICI-based therapy
Since small tumours generally have higher vessel perfusion 
than large tumours, this raised the question of whether 
the predictive value of OMP is simply due to tumour size. 
Previous reports also suggest that baseline tumour size 
(BTS) is a prognostic factor for patients receiving ICI 
therapy.28 29 Thus, we quantified BTS following a previ-
ously described protocol28 and quantified BTS by adding 
the sum of the longest dimensions of all detected lesions 
in NSCLC patients derived from a Phase III study (​Clin-
icalTrials.​gov: NCT03607539). Patients were assigned as 
small or large BTS subgroups based on the median of 
the BTS value. In the discovery cohort (n=205), OMP 
was inversely correlated with BTS, and BTS in OMP-low 
subgroup was significantly larger than that of OMP-high 
subgroup (online supplemental figure 4). In the whole 
cohort (n=397), the small BTS subgroup had signifi-
cantly longer PFS and OS compared with the large BTS 
subgroup in the anti-PD1 combination treatment arm 
(n=266), whereas no such distinction in survival benefits 
was detected for the chemotherapy alone arm (n=131) 
(figure 2). We then evaluated the predictive performance 

of BTS by calculating the area under the ROC curves as 
described previously22; unfortunately, the AUC of BTS was 
0.52 (p=0.68) (online supplemental figure 5), suggesting 
that BTS per se cannot predict patient response to anti-
PD1 combination therapy in NSCLC.

OMP complements PD-L1 TPS with superior predictive 
sensitivity
Because baseline PD-L1 TPS is an approved predictive 
biomarker,3 9 we then compared the performance of OMP 
and PD-L1 TPS in predicting the response of patients with 
NSCLC to anti-PD1 combination treatment. The AUC of 
PD-L1 TPS ≥50% was 0.71 (p<0.0001), whereas the AUC 
of PD-L1 TPS in patients with NSCLC with chemotherapy 
alone was 0.57 (p=0.25) (online supplemental figure 6). 
Although the AUC values of PD-L1 TPS and OMP were 
comparable, the predictive sensitivity of OMP tended 
to be higher than that of PD-L1 TPS ≥50% (71.43% vs 
55.84%, McNemar’s test p=0.09, n=129) (online supple-
mental figure 7). In addition, multivariate logistic 
regression analysis showed that OMP and PD-L1 TPS 
can independently predict patient response to anti-PD1 
combination therapy in NSCLC (p<0.001). By contrast, 
brain metastasis, liver metastasis, ECOG, smoking, stage, 
baseline tumour burden, pathology, sex and age could 
not be independently predicted (online supplemental 
table 6). Taken together, the data show that baseline OMP 
is superior to PD-L1 TPS in predicting patient response to 
anti-PD1 combination therapy in NSCLC.

Given our results indicating that both the OMP and 
PD-L1 TPS can predict the response to anti-PD1 combi-
nation therapy and considering that patients exhibit 
wide variation in baseline values of the OMP and PD-L1 
TPS, we next explored which biomarker performs better 
for specific patient subgroups. In the PD-L1 TPS<50% 
subgroup, high baseline OMP was associated with signifi-
cantly longer OS (19.6 vs 9.6 months, HR 0.39, 95% CI 
0.22 to 0.68, p=0.0009), and the AUC by OMP for 
predicting therapeutic response was 0.77 (p<0.0001) 
(figure  3A). In the OMP low (<0.32) subgroup, PD-L1 
TPS≥50% was predictive of longer OS in patients with 
NSCLC who received anti-PD1 combination therapy (NR 
vs 9.6 months, HR 0.29, 95% CI 0.13 to 0.65, p=0.0023), 
with an AUC of 0.81 (p<0.0001) (figure  3B). Together, 
these results suggest that the predictive performance of 
OMP and PD-L1 TPS is complementary. OMP outper-
forms PD-L1 TPS for predicting the response to anti-
PD1 combination therapy in NSCLC patients with PD-L1 
TPS<50%.

A bivariate model of OMP and PD-L1 TPS robustly predicts 
response to anti-PD1 combination therapy
Seeking to extend the utility of these biomarkers to the 
whole cohort, ideally combining the relative merits of 
OMP and PD-L1 TPS, we analysed the predictive perfor-
mance of OMP plus PD-L1 TPS and the AUC reached 
0.82 (p<0.0001) (figure 4A). We further performed five-
fold cross-validation on this model. The AUCs by OMP 
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Figure 2  Small BTS correlated with longer survival in NSCLC patients after anti-PD1 combination therapy, but not 
chemotherapy. Kaplan-Meier estimate of PFS (A) and OS (B) in patients with NSCLC. P values were determined by log-rank 
tests. Combo-large and combo-small: the combination of sintilimab (anti-PD1) and chemotherapy (pemetrexed and platinum) 
with large or small BTS. BTS, baseline tumour size; NSCLC, non-small-cell lung cancer; OS, overall survival; PFS, progression-
free survival.
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and PD-L1 TPS were 0.92, 0.86, 0.85, 0.73 and 0.79, and 
their average was 0.83 (figure 4B). The results show that 
the bivariate model is robust and stable. To evaluate 
the potential of OMP and PD-L1 TPS to select sensitive 
patients for ICI-based therapy, we also divided the 129 

patients with NSCLC into a validation set (40 patients 
from the first 6 hospitals) and a training set (89 patients 
from all the other hospitals) (online supplemental figure 
1 and table 4). The AUC for the prediction of tumour 
response to anti-PD1 combination therapy by OMP and 

Figure 3  The complementary predictive performance of OMP and PD-L1 TPS in the subgroup of patients with NSCLC. (A) In 
the PD-L1 TPS<50% subgroup of patients with NSCLC, Kaplan-Meier analysis of OS after anti-PD1 combination therapy 
stratified by baseline OMP-high or OMP-low (left), and the ROC curve of OMP to predict therapeutic response (right). (B) In 
the OMP-low subgroup of patients with NSCLC, Kaplan-Meier analysis of OS after anti-PD1 combination therapy stratified by 
baseline PD-L1 TPS≥50% or <50% (left) and the ROC curve of PD-L1 TPS to predict therapeutic response (right). The cut-off 
value of baseline OMP was 0.32. The difference between survival curves was determined by log-rank tests, and the AUCs 
were analysed by DeLong’s tests. AUC, area under the curve; OMP, onion-mode perfusion; OS, overall survival; ROC, receiver 
operator characteristic; TPS, Tumour Proportion Score.
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PD-L1 TPS in the training set was 0.80 and that in the 
validation set was 0.88 (figure 4C). Together, these results 
show robust predictive performance of the bivariate 
model of baseline OMP and PD-L1 TPS.

To evaluate the potential of the bivariate model of 
baseline OMP and PD-L1 TPS to predict response to ICI-
based therapy in real-world patients, we screened an inde-
pendent EV cohort including 212 patients with NSCLC 

Figure 4  The predictive performance of OMP, PD-L1 TPS or both in patients with NSCLC. (A) ROC curve to predict the 
response to anti-PD1 combination therapy. (B) Fivefold cross-validation of the bivariate model. (C) The 129 patients with NSCLC 
were divided into training and validation sets with balanced clinical characteristics. ROC curves to predict the response to anti-
PD1 combination therapy in the training set (left) and validation set (right) of patients with NSCLC. The cut-off values of baseline 
OMP and PD-L1 TPS were 0.32 and 50%, respectively. *p<0.05, **p<0.01, ***p<0.001. The AUCs were analysed by DeLong’s 
tests. AUC, area under the curve; NSCLC, non-small-cell lung cancer; OMP, onion-mode perfusion; ROC, receiver operator 
characteristic; TPS, Tumour Proportion Score.
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treated with anti-PD-(L)1 combination therapy in Xinqiao 
Hospital (Chongqing, China) and obtained 99 patients 
with eligible CECT images (online supplemental figure 
1 and table 3). Remarkably, high baseline OMP was asso-
ciated with significantly longer PFS (23.4 vs 9.9 months, 

HR 0.43, 95% CI 0.21 to 0.88, p=0.017) than low OMP 
in the 99 real-world patients with NSCLC (figure  5A). 
The AUC for the prediction of tumour response to the 
combination therapy by OMP was 0.73 (p<0.0001, n=99) 
(figure  5B). In the 60 real-world patients with NSCLC 

Figure 5  The predictive performance of the OMP/PD-L1 TPS pair in real-world patients with NSCLC. (A) Kaplan-Meier analysis 
of PFS after anti-PD-(L)1 combination therapy stratified by baseline OMP-high or OMP-low. (B) The ROC curve of OMP to 
predict therapeutic response. (C) ROC curves to predict therapeutic response. The cut-off values of baseline OMP and PD-L1 
TPS were 0.32 and 50%, respectively. *p<0.05, **p<0.01. The difference between survival curves was determined by log-rank 
tests, and the AUCs were analysed by DeLong’s tests. AUC, area under the curve; NSCLC, non-small-cell lung cancer; OMP, 
onion-mode perfusion; PFS, progression-free survival; ROC, receiver operator characteristic; TPS, Tumour Proportion Score.
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with both CECT images and PD-L1 TPS data, high base-
line OMP was still associated with significantly longer 
PFS (23.4 vs 9.7 months, HR 0.30, 95% CI 0.12 to 0.76, 
p=0.012) than low OMP, while PD-L1 TPS≥50% was not 
associated with longer PFS (23.4 vs 10.1 months, HR 
0.56, 95% CI 0.23 to 1.34, p=0.19) than PD-L1 TPS<50% 
(online supplemental figure 8). The AUC of the OMP 
plus PD-L1 TPS for predicting the therapeutic response 
was 0.80 (p<0.0001), the AUC of the OMP was 0.72, and 
the AUC of the PD-L1 TPS was 0.67 (figure 5C). More-
over, the predictive sensitivity of OMP was significantly 
higher than that of PD-L1 TPS≥50% when combining the 
60 patients with 129 patients from the discovery cohort 
(McNemar’s test p=0.02, n=189). Collectively, the data 
show that a bivariate model of baseline OMP and PD-L1 
TPS exhibits robust predictive performance in patients 
with NSCLC.

DISCUSSION
Low response rates to ICI-based therapy have moti-
vated enormous efforts to identify and employ reliable 
biomarkers to stratify sensitive patients.5 9 30 Currently, 
available biomarkers are generally derived from invasive 
procedures and the analysis of a small region of tumour 
tissue. Here, we developed ‘onion-mode segmentation’ 
to analyse CECT images of entire tumours and discov-
ered OMP as a novel tumour vessel perfusion-based 
predictive biomarker for ICI-based therapy. OMP can 
predict the response to anti-PD1 combination therapy in 
patients with NSCLC. Moreover, OMP complemented the 
PD-L1 TPS with superior predictive sensitivity. Notably, a 
simple bivariate model of OMP and PD-L1 TPS robustly 
predicted the response of patients with NSCLC to anti-
PD1 combination therapy with AUCs higher than 0.80. As 
CECT is a non-invasive form of radiology scanning that 
is routinely used to measure tumour sizes in the clinic 
worldwide, OMP appears to be a cost-effective and reli-
able predictive biomarker that can be used on its own or 
easily integrated with other biomarkers to improve clin-
ical decision-making for ICI-based therapy.

Tumours are heterogeneous and change dynamically 
during their progression and in response to various treat-
ments. Therefore, an ideal biomarker should be able to 
reflect the spatiotemporal properties of an in situ TME. 
Baseline OMP can be extracted from CECT images to 
evaluate the extent of tumour vessel perfusion globally 
and in real time. OMP can reflect tumour tissue oxygen-
ation. Good perfusion (ie, high OMP) leads to reduced 
tumour tissue hypoxia, which in turn contributes to the 
formation of an immunosupportive TME to facilitate 
antitumour immunity.14 31 Elevated tumour vessel perfu-
sion on immunological interventions has been shown to 
be associated with higher intratumoural CD8+ T cells,19 23 
suggesting that OMP might be able to reflect the quan-
tity and status of intratumoural CD8+ T cells. Collectively, 
the levels of OMP could mirror the characteristics of the 
entire tumour immune microenvironment. This could 

be a reason that OMP can predict a patient’s response to 
ICI-based therapy. In addition, hypoxia-induced factor 1α 
can bind to the PD-L1 promotor and induce its expres-
sion,32 though PD-L1 can be upregulated by IFNγ and 
some oncogenic signalling.33 In OMP-low tumours with 
high PD-L1 expression, PD1/PD-L1 blockade therapy 
may activate intratumoural T cells, which in turn may 
improve tumour vessel perfusion.18 19 The initiation of 
immune-vascular crosstalk may lead to the suppression of 
tumour growth.19 34 This is one possible reason that PD-L1 
TPS≥50% can predict the immunotherapy response in 
OMP-low tumours.

Although smaller sizes of tumours usually have higher 
OMP and respond better to immunotherapy, baseline 
tumour volume cannot predict patient response to 
chemotherapy or anti-PD1 combination therapy. The key 
question is how small of a tumour should be considered 
as a small tumour. There are no reliable criteria for deter-
mining the threshold of tumour size. Moreover, the rela-
tionship between tumour size and tumour perfusion is 
not linear. In some preclinical studies, tumour perfusion 
has been shown to decrease exponentially with tumour 
size.27 Hence, baseline tumour size alone may not be a 
robust predictive biomarker.

Several previous reports have used CT images to extract 
radiomic features to manifest the properties of tumours 
or the TME.35 36 For example, the linkage between the 
radiomic signature and CD8 gene transcription helped 
to predict the immune phenotype of a tumour.35 RNA 
sequencing generally uses biopsy or a portion of archived 
samples, which may still confront tumour heterogeneity 
and the disconnection between gene transcription and 
immune cell function. CT-derived quantitative vessel 
tortuosity is a feature of tumour vessel morphology, 
which could reflect some immunological properties 
of the TME.36 However, tumour vessel perfusion is the 
most critical parameter of the tumour vasculature and 
can reflect the global status of tumour-infiltrating T 
cells.12 18 19 23 24 34 Thus, OMP was developed according 
to the pathophysiological nature of tumour blood vessels 
and the tumour immune microenvironment and could 
be a more reliable and practical imaging biomarker for 
ICI-based therapy.

The current study also had limitations. This is a 
retrospective analysis, although some data were from 
a prospective clinical study. Therefore, the number of 
patients eligible for OMP analysis was relatively small, 
and we could not analyse the relationship between OMP 
and intratumoural T-cell function. Thus, these findings 
may need to be validated by prospective studies. More-
over, different types of solid tumours are often exam-
ined by different radiology approaches, for example, 
CT for lung cancer, MRI for brain cancer and ultra-
sound for liver cancer. The translation of OMP from 
CECT to other radiological images may need further 
investigation.

https://dx.doi.org/10.1136/bmjonc-2024-000473


11Liu Z, et al. BMJ Oncology 2024;3:e000473. doi:10.1136/bmjonc-2024-000473

Original researchOpen access

CONCLUSIONS
These findings in the two cohorts suggest that higher 
baseline levels of OMP, a global feature of tumour vessel 
perfusion, are associated with a longer survival benefit 
and can predict the response of patients with NSCLC 
to ICI-based therapy. Moreover, OMP complements the 
PD-L1 TPS with superior predictive sensitivity. A simple 
bivariate model of baseline OMP and PD-L1 TPS exhibits 
robust predictive performance in patients with NSCLC. 
Thus, OMP could serve as a non-invasive, cost-effective 
and TME-based biomarker to improve precision immu-
notherapy. Large-scale prospective studies are warranted 
to validate these results.
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