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Background: Immune checkpoint blockade (ICB) is widely used to treat patients with non-small cell lung 
cancer (NSCLC). However, intratumor (immune) heterogeneity may significantly impact the therapeutic 
efficacy of ICBs. It remains unknown whether larger core biopsies better represent the intratumor 
heterogeneity. This study aimed to explore the intra- and interpatient heterogeneity of selected immune-
related parameters on varying simulated biopsy core sizes. 
Methods: In this exploratory prospective cohort study, patients with stage I–III NSCLC who had undergone 
curative-intent surgery, with or without neoadjuvant chemotherapy or chemoradiation, were enrolled. 
Intratumor immune heterogeneity was assessed using quadruple immunofluorescence stainings (CD31, Ki67, 
CD4, CD8, CD68, FOXP3, PD-L1, Pan-keratin, and DAPI) on resected tumor specimens. Digital images 
were used to simulate biopsy cores ranging from 1- to 4-mm in diameter. Heterogeneity was quantified using 
the quartile coefficient of dispersion (QCD) across 250 randomly selected subregions per core size. 
Results: Tumor specimens from 29 patients were analyzed, including 10 patients who had received 
neoadjuvant therapy. Intratumor QCD values decreased significantly with increasing simulated biopsy core 
diameter for all markers. Nonetheless, substantial spatial heterogeneity persisted for programmed death-
ligand 1 (PD-L1), with 58.8% of patients showing heterogeneous distribution, even in 4-mm simulated 
biopsy cores. 
Conclusions: Larger biopsy core sizes were associated with reduced intratumor heterogeneity for most 
immune markers, suggesting a better reflection of the tumor immune landscape of the whole tumor. 
However, PD-L1 expression remained spatially heterogeneous even in larger cores. Further validation in 
larger prospective cohort studies will be essential to determine the translational relevance of heterogeneity 
metrics and to better inform biopsy sampling strategies in routine clinical practice.

Keywords: Non-small cell lung cancer (NSCLC); biopsy; intratumor immune heterogeneity; programmed death-
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Introduction

Immune checkpoint blockade (ICB) has been widely 
implemented in the curative and palliative treatment setting 
for patients with non-small cell lung cancer (NSCLC) (1-8).  
Besides tumor stage and patient characteristics, the selection 
of patients to receive ICB is predominantly based on 
the expression of programmed death-ligand 1 (PD-L1)  
on tumor cells (9). Although ICB leads to long-lasting 
remissions or cure in a subset of patients, a considerable 

number of patients do not have a disease response (primary 
resistance) or develop resistance after obtaining an initial 
clinical or radiological response (acquired resistance), despite 
the presence of PD-L1 (10-14). Conversely, also a subgroup 
of patients without PD-L1 expression on the tumor have 
been shown to respond to PD-(L)1 inhibition (15). This has 
prompted clinicians to investigate the underlying causes of 
ICB resistance, with intratumor heterogeneity emerging as a 
significant contributing factor (16-18). 

Intratumor heterogeneity, which mainly denotes the 
genetic, epigenetic, and microenvironmental differences 
within different regions in a single tumor, has widely been 
shown to have vital implications in treatment outcomes 
(19-22). However, the intratumor immune heterogeneity, 
which includes the presence and distribution of immune 
cells in the tumor microenvironment (TME), is often 
overlooked despite their important functional roles. In the 
TME, immune cells can either suppress tumor formation or 
promote tumorigenesis. It has recently been shown that the 
extent of immune cell infiltration differed within and across 
lung tumors. Whereas T-helper cells and M2 macrophages 
were consistently present across all tumor regions, cytotoxic 
T-cells showed more regional variations (23). Also, it is 
suggested that the expression level of PD-L1 on tumor 
cells is heterogeneously distributed across a single tumor 
mass (24,25). As a consequence, a single tumor biopsy, by 
definition taken from one region only, may underestimate 
the immunological landscape of the whole tumor.

For patients with lung cancer, core needle biopsy or 
endobronchial ultrasound (EBUS)/endoscopic ultrasound 
(EUS)-guided transbronchial needle aspiration (EBUS/
EUS-TBNA) are the most often used biopsy procedures 
because of its minimally invasive nature and relatively high 
diagnostic yield (26). Biopsies from the primary tumor or 
lymph nodes are usually obtained with needles ranging in 
size from 19 to 25 gauge, resulting in biopsies with a core 
diameter of 1 to 4 mm (27). However, it remains unknown 
how representative these biopsies are for the whole 
tumor in terms of the intratumor immune heterogeneity. 
Obtaining more or larger biopsy specimens is generally 
conceived to be better, however, in clinical practice this is 
not always feasible as it may come with an increased risk of 
complications (28). 

Highlight box

Key findings 
•	 Using a computational simulation-based approach, intra- and 

interpatient heterogeneity of different immune parameters in 
tumor resection material from patients with non-small cell lung 
cancer was quantified using the quartile coefficient of dispersion. 
Increasing simulated biopsy core size was associated with reduced 
intratumor immune heterogeneity, suggesting improved sampling 
representativeness. However, programmed death-ligand 1 (PD-L1) 
expression remained spatially heterogeneous even in large biopsy 
cores. Differences in FOXP3+ cell heterogeneity were observed 
between tumor stage and treatment groups, however, no causal 
relationship could be established.   

What is known and what is new?  
•	 Intratumor heterogeneity is increasingly recognized as a key 

factor influencing biomarker assessment and response to immune 
checkpoint blockade. However, the extent to which biopsy core 
size affects the representativeness of this heterogeneity remains 
unclear.

•	 This study presents the results of a quantitative analysis of immune 
heterogeneity across simulated biopsy core sizes and demonstrates 
that the sampling size influences the heterogeneity of most 
immune markers. Importantly, this study showed persistent spatial 
variability of PD-L1, even in larger biopsy core diameters. 

What is the implication, and what should change now? 
•	 These findings highlight the challenges of assessing spatially 

heterogeneous biomarkers using limited biopsy material 
and suggest that sampling strategies may influence observed 
heterogeneity patterns. Although this study is exploratory and 
simulation-based, it provides a conceptual framework for future 
research. Validation in larger prospective cohorts will be essential 
to determine the translational relevance of heterogeneity metrics 
and to better inform biopsy sampling strategies in routine clinical 
practice.
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Yet, there is no clear consensus on the optimal biopsy 
core size or its adequacy in representing the whole tumor 
in terms of intratumor immune heterogeneity (25). In 
this exploratory cohort study, we assessed both intra- and 
interpatient heterogeneity of selected immune parameters 
using simulated biopsy cores derived from tumor 
resection specimens of patients with NSCLC. We used a 
computational approach to calculate the quartile coefficient 
of dispersion (QCD) as metric for intratumor immune 
heterogeneity and interpatient heterogeneity. These 
findings may provide valuable insights into intratumor 
immune heterogeneity and contribute to the design 
of future large prospective cohort studies. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://tlcr.amegroups.com/article/
view/10.21037/tlcr-2026-1-0017/rc). 

Methods

Study design and patients

In this exploratory prospective cohort study, patients 
diagnosed with stage I–III NSCLC who received curative 
intent (bi)lobectomy or pneumonectomy with or without 
neoadjuvant chemotherapy (CTx) or chemoradiation 
(CRT) were enrolled at the University Hospitals Leuven 
(UZ Leuven, Leuven, Belgium) between September 2014 
and December 2016. Patients were selected through the 
multidisciplinary oncology consultation for lung cancer. 
Standard-of-care treatment was not altered for study 
participation. Key exclusion criteria included the use of 
immunosuppressive medication (i.e., active long-term 
corticosteroid use, the use of NSAIDs taken until 5 days 
before surgery), active autoimmune diseases, maximum 
tumor diameter of 2 cm or less, and tumors with a cavitation 
on computed tomography (CT) scan. This study was 
conducted in accordance with the Declaration of Helsinki 
and its subsequent amendments. The study was approved by 
the Medical Ethics Committee of UZ/KU Leuven (S56031). 
All patients included in the study have provided written 
informed consent.

Clinical data collection

The following patient characteristics were collected: sex, 
age, smoking status, histology, maximum tumor diameter 
on preoperative CT scan, histology, pathological tumor 
stage (staging recoded to TNM8 for all patients), PD-L1 

tumor proportion score (TPS), type of surgery, and type of 
induction treatment if applicable. 

Tissue collection and handling

Resection specimens were immediately transferred to the 
department of Pathology (University Hospitals Leuven, 
Leuven, Belgium), where a cross-section of 5-mm thickness 
was taken with a maximum diameter of 5-cm. If the tumor 
was larger than 5-cm, a random cross-section was taken 
up to 5-cm in diameter. This cross-section was divided 
into two separate slices, one was stored as formalin-fixed 
paraffin embedded (FFPE) and the other one was fresh 
frozen stored at −80 ℃ for future analyses. From the FFPE 
block, 25 serial sections of 5-μm thickness were made for 
immunofluorescence staining.

Immunofluorescence staining

For each patient, 9 different parameters of interest were 
stained in 6 (quadruple) immunofluorescence staining 
combinations. These markers included CD31, Ki67, 
CD4, CD8, CD68, FOXP3, PD-L1, Pan-keratin, and 
4',6'-diamidino-2-phenylindole (DAPI). CD31+ cells 
represent vascular endothelial cells, Ki67 is a well-known 
indicator of proliferation, and CD4+ and CD8+ cells 
represent T-helper and cytotoxic T-cells, respectively. 
CD68+ cells represent macrophages, and FOXP3+ represent 
Treg-cells. PD-L1 was stained because anti-PD-L1 blockade 
therapy is the primary ICB. However, PD-L1 expression 
was assessed using a research-grade antibody as part of the 
multiplex immunofluorescence panel. Accordingly, PD-
L1 analyses focused on spatial heterogeneity rather than 
absolute clinical scoring (i.e., PD-L1 TPS categories). Pan-
keratin was included to assess the localization of tumor 
cells. Finally, nuclei were counterstained with DAPI. A 
detailed description of the immunofluorescence staining 
procedures is included in Appendix 1. Technical details of 
the antibodies used and the immunofluorescence staining 
combinations are represented in Tables S1,S2. 

Immunofluorescence imaging and data extraction

Stained slides were mounted on a Zeiss Axioscanner 7. 
Using the Zen Lite Imaging Software, a region of interest 
(ROI) was manually defined for each sample. This ROI 
consisted of the whole tumoral tissue, while excluding 
empty regions, adjacent normal lung tissue, and regions 

https://tlcr.amegroups.com/article/view/10.21037/tlcr-2026-1-0017/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-2026-1-0017/rc
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with ‘abnormal’ tissues (Figure S1). Next, each sample was 
scanned for immunofluorescent signal using 4 wavelengths 
(Table S2), covering every mentioned parameter of interest 
including DAPI (Figure 1). Digital images were uploaded 
into QuPath imaging software (v.0.1.2) (29). For each 
staining parameter, manual cell detection was done by 
defining settings for minimal detection threshold, minimum 
and maximum possible cell area, background staining 
threshold to reduce background noise and sigma value 
to stop nuclei fragmentation. Using the automatic cell 
detection function, centroid coordinates (X,Y) for every 
individual cell in a representative ROI were determined. 
This process is represented in Figure S2. The threshold-
based cell detection parameters were defined per tumor 

sample and then applied uniformly to the entire tumor 
region, such that no variability in detection settings 
occurred across ROIs within a given tumor. Consensus on 
thresholds was reached when there was >95% concordance 
between the manual scoring and the automated output. 
Selection of these thresholds was done in close collaboration 
with an experienced thoracic pathologist. 

Intratumor and interpatient immune heterogeneity metric

Tumor heterogeneity was quantified using the QCD (30), 
a measure of spread with 0% showing no variation and 
100% large amount of variation, for both density (QCDD) 
and incidence (QCDI) of different cell types. Cell density 

A

B

Figure 1 Quadruple immunofluorescent staining. (A) Representative images of each individual staining, including DAPI, Pan-keratin, CD8, 
and FOXP3. (B) The merged image of these individual immunofluorescent stainings. 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0017-Supplementary.pdf
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was defined as the number of cells per area size, whereas 
the incidence was defined as the number of cells of a certain 
type divided by all DAPI cells. The QCD was measured 
within a patient (intratumor QCD) and between patients 
(interpatient QCD). To calculate the QCD, subregions 
were randomly selected digital discs from the patient’s 
tumor sample with varying simulated biopsy core diameters 
(1-, 2-, 3-, and 4-mm). For each patient, 250 randomly 
selected digital discs were selected for each simulated core 
biopsy diameter size. Details regarding calculation of the 
QCD are described in Appendix 1. The overall density 
(QCDD) or incidence (QCDI) was obtained from the 
median value of the taken samples for each patient. In the 
absence of validated biological or clinical QCD thresholds, 
heterogeneity was analyzed on a continuous scale. For 
exploratory descriptive purposes, an arbitrary QCD cut-
off of ≤0.25 (first quartile), was initially explored, and 
robustness was assessed using sensitivity analysis with two 
alternative arbitrary thresholds (QCD ≤0.20 and ≤0.30) 
(Tables S3,S4). All simulations of randomly selection 
digital discs and calculations of density and incidence were 
conducted in R software (Version 3.4.0; R Foundation for 
Statistical Computing, Vienna, Austria). 

Statistical analyses

Patient data and outcome parameters were analyzed and 
visualized using both IBM SPSS Statistics for Microsoft 
Windows (Version 29.0.2.0, IBM Corp.) and GraphPad 
Prism (Version 11.0.0; GraphPad Software, LLC). QCD 
values are reported as median and interquartile range (IQR). 
Differences in intratumor QCD across simulated biopsy 
diameter groups were assessed using the non-parametric 
Friedman test, followed by post-hoc pairwise comparison 
using Dunns’ multiple comparison test with correction 
for multiple testing. Only patients with QCD values 
available for all four diameter groups were included as this 
statistical test requires complete repeated-measures data. No 
imputation of missing values was performed. Comparisons 
between two independent groups were performed using 
the Mann-Whitney U test. In case of more than two 
groups, the Kruskal-Wallis test with Bonferroni correction 
for multiple testing was used. Statistical significance was 
defined as a P value of less than 0.05. Interpatient QCD 
values are presented descriptively to illustrate cohort‑level 
patterns of between‑patient heterogeneity. Formal statistical 
comparisons were not performed because interpatient 
QCD represents a single aggregate measure per marker and 

diameter. 

Results

Patient characteristics

A total of 50 patients were enrolled in this exploratory 
cohort study. From these patients, 21 patients were 
excluded because no tumor tissue was present (n=3), no 
sample could be collected because of potential interference 
with routine diagnostic evaluation (n=3), no tumor could be 
collected due to invasion in the chest wall (n=1), poor tissue 
quality or non-NSCLC histology (n=5), or due to practical 
limitations related to tissue handling, including receiving 
tumor resection material outside working hours (n=7), and 
cases where resection material had already been formalin-
fixed before tissue processing could be initiated (n=2). As 
such, tumor tissue material was analyzed from a total of  
29 patients. Patient characteristics are presented in Table 1. 
Mean age at the time of surgery was 66.5±10.0 years and 
68.9% were male. Mean tumor size (largest diameter on the 
macroscopic pathology report) was 43.8±18.1 mm. Nineteen 
patients received surgery alone, whereas 10 patients  
received neoadjuvant therapy prior to surgery. Of these 
patients, 6 patients (20.7%) received neoadjuvant CTx 
and 4 patients (13.8%) neoadjuvant CRT (Table S5). 
Neoadjuvant CTx consisted of a cisplatin-based regimen 
in combination with either pemetrexed or gemcitabine. 
Preoperative concurrent CRT consisted of radiotherapy 
(46 Gy/23 fractions) combined with 2 cycles of cisplatin-
etoposide. Furthermore, 10 patients (34.5%) of the 29 
included patients were diagnosed with stage I disease,  
9 patients (31.0%) with stage II, and 10 patients with stage 
III (34.5%). 

Intratumor immune heterogeneity of all patients

The intratumor immune heterogeneity of all patients were 
visualized using violin plots of both QCDD and QCDI for 
CD31+, Ki67+, CD4+, CD8+, CD68+, FOXP3+, and PD-
L1+ in Figure 2A and Figure 2B, respectively. Overall, the 
median QCDI of all markers are lower compared to the 
median QCDD, except for FOXP3+ (Figure 2A,2B). These 
results indicate that the number of positive cells for a 
specific marker, divided by the total number of all DAPI-
positively stained cells in that area, were less affected by 
variations in different tissue composition in the sub-regions. 
Each marker showed significant differences in heterogeneity 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0017-Supplementary.pdf
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Table 1 Baseline characteristics

Variable Overall (N=29) Upfront surgery cohort (N=19) Neoadjuvant therapy cohort (N=10)

Sex (male) 20 (69.0) 12 (69.2) 8 (50.0)

Age (years) 66.5±10.0 68.6±8.7 62.4±10.5

Active smoker 14 (48.2) 12 (63.2) 2 (20.0)

Pack years (years) 35.7±14.9 33.7±15.5 41±9.9

Tumor diameter (mm) 43.8±18.1 42.2±18.1 47.0±17.7

Induction therapy

No induction therapy 19 (65.5) 19 (100.0) 0 (0.0)

Chemotherapy 6 (20.7) 0 6 (60.0)

Chemoradiation 4 (13.8) 0 4 (40.0)

Type of surgery

Lobectomy 19 (65.5) 12 (63.1) 7 (70.0)

Pneumonectomy 6 (20.7) 4 (21.1) 2 (20.0)

Sleeve lobectomy 4 (13.8) 3 (15.8) 1 (10.0)

Histology

Adenocarcinoma 12 (41.4) 7 (36.8) 5 (50.0)

Squamous carcinoma 14 (48.3) 11 (57.9) 3 (30.0)

Large cell carcinoma 2 (6.9) 1 (5.3) 1 (10.0)

Pathological tumor stage

Stage I 10 (34.5) 9 (47.4) 1 (10.0)

Stage II 9 (31.0) 4 (21.1) 5 (50.0)

Stage III 10 (34.5) 6 (31.6) 4 (40.0)

PD-L1 TPS

<5% 13 (44.8) 8 (42.1) 5 (50.0)

≥5% and <50% 14 (48.3) 9 (47.7) 5 (50.0)

≥50% 2 (6.9) 2 (10.5) 0

Data are presented as mean ± standard deviation or n (%). PD-L1, programmed death-ligand 1; TPS, tumor proportion score.

between the simulated biopsy core diameter groups. The 
QCDI of all markers in the 1- and 2-mm diameter groups 
were significantly higher than in the 4 mm diameter group 
[1- vs. 4-mm: CD31+: median 0.352 (IQR, 0.217–0.587) vs. 
0.224 (0.087–0.389), P<0.001; Ki67+: median 0.274 (IQR, 
0.163–0.514) vs. 0.166 (0.093–0.350), P<0.001; CD4+: 
median 0.371 (IQR, 0.257–0.667) vs. 0.197 (0.136–0.465), 
P<0.001; CD8+: median 0.369 (IQR, 0.263–0.763) vs. 
0.137 (0.073–0.366), P<0.001; CD68+: median 0.243 (IQR, 
0.168–0.335) vs. 0.128 (0.098–0.192), P<0.001; FOXP3+: 
median 0.448 (IQR, 0.354–0.645) vs. 0.249 (0.179–0.360), 

P<0.001; PD-L1+: median 0.429 (IQR, 0.310–0.587) vs. 
0.287 (0.171–0.366), P<0.001] (Figure 2A,2B). In the 3-mm 
diameter group, only the QCDI of CD31+ [median 0.240 
(0.101–0.449) vs. 0.224 (0.087–0.389), P=0.02] and PD-L1+ 
[0.321 (0.188–0.390) vs. 0.287 (0.171–0.366), P=0.01] were 
significantly higher compared to the 4-mm group. Notably, 
CD68+ showed the lowest intratumor QCDI across all 
diameters. 

Table 2 report the percentage of patients below the 
threshold of the arbitrary cut-off of ≤0.25. Overall, an 
increased diameter of the analyzed sub-region resulted in an 
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Table 2 Percentage of patients with a QCD below the arbitrary threshold of ≤0.25

Marker
QCDI ≤0.25 (%) QCDD ≤0.25 (%)

1 mm 2 mm 3 mm 4 mm 1 mm 2 mm 3 mm 4 mm

CD31+ 39.3 46.4 51.9 57.7 35.7 42.9 44.4 50.0

Ki67+ 48.3 55.2 60.7 63.0 37.9 55.2 50.0 59.3

CD4+ 24.1 34.5 50.0 51.9 13.8 34.5 42.9 55.6

CD8+ 31.0 60.7 66.7 73.9 13.8 35.7 45.8 65.2

CD68+ 51.7 72.4 78.6 82.1 51.7 72.4 75.0 78.6

FOXP3+ 6.9 20.7 35.7 50.0 3.4 31.0 42.9 57.1

PD-L1+ 17.2 31.0 39.3 40.7 13.8 27.6 35.7 37.0

PD-L1, programmed death-ligand 1; QCD, quartile coefficient of dispersion; QCDD, QCD density; QCDI, QCD incidence.

Figure 2 The intratumor immune heterogeneity in all patients. (A) Violin plots of the QCDD, representing the number of positively stained 
cells of each marker per area size. (B) Violin plots of the QCDI, representing the number of positively stained cells of each marker divided 
by the total number of cells (DAPI+) per area. Violin plots show the distribution of QCD values, horizontal lines indicate the median and 
interquartile range. Only patients with QCD values available for all four diameters were included (complete repeated-measures data); CD31+ 
(n=26), Ki67+ (n=27), CD4+ (n=27), CD8+ (n=23), CD68+ (n=28), FOXP3+ (n=28), PD-L1+ (n=27). Differences in intratumor heterogeneity 
across simulated biopsy diameters have been assessed using the Friedman test, followed by post-hoc Dunn’s multiple comparisons test. *, 
P<0.05. PD-L1, programmed death-ligand 1; QCD, quartile coefficient of dispersion; QCDD, QCD density; QCDI, QCD incidence.

increased percentage of patients that meet this criterion. For 
CD8+, CD68+, and Ki67+, more than 60% of the patients 
have a QCDI ≤0.25 in the 3- and 4-mm diameter group. For 
FOXP3+ and PD-L1+, 50.0% or less of the patients have a 
QCDI ≤0.25 in the 3- and 4-mm diameter group. Strikingly, 
for PD-L1+, only 40.7% of patients have a QCDI ≤0.25 in 

the 4-mm group, which is the lowest percentage among all 
other markers. Sensitivity analyses using alternative QCDI 
thresholds (≤0.20 and ≤0.30) showed consistent patterns 
across biopsy diameters compared to QCDI ≤0.25, with 
increasing core size associated with a higher proportion of 
patients below all thresholds, while PD-L1 heterogeneity 
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remained comparatively high, even in larger cores  
(Tables S3,S4). For QCDD, the percentages of patients 
below the arbitrary cut-off of ≤0.25 were lower compared 
to the QCDI numbers, except for FOXP3+ showing higher 
percentages for the 2, 3 and 4 mm group. 

Additional exploratory analyses were performed to assess 
differences in intratumor heterogeneity across clinical 
and pathological variables (Tables S6-S12). Significant 
differences were observed only for FOXP3+ cells in relation 
to tumor stage and induction therapy. Specifically, QCDI 
values were significantly higher in patients with stage II 
disease compared to stage I across all biopsy core diameters 
[1-mm: 0.358 (0.267–0.969) vs. 0.542 (0.463–0.780), adj. 
P=0.02; 2-mm: 0.249 (0.196–0.350) vs. 0.449 (0.380–
0.656), adj. P=0.02; 3-mm: 0.187 (0.128–0.286) vs. 0.405 
(0.290–0.492), adj. P=0.02; 4-mm: 0.170 (0.089–0.245) vs. 
0.291 (0.235–0.395), adj P=0.03]. Similarly, QCDI values 
for FOXP3+ cells were higher in patients who received 
induction therapy compared to patients who received 
upfront surgery [1-mm: 0.566 (0.423–0.819) vs. 0.387 
(0.315–0.539), P=0.04; 2-mm: 0.465 (0.367–0.737) vs. 0.317 
(0.234–0.401), P=0.009; 3-mm: 0.426 (0.302–0.644) vs. 
0.256 (0.177–0.315), P=0.005; 4-mm: 0.311 (0.247–0.579) 
vs. 0.204 (0.155–0.275), P=0.01]. 

Intratumor heterogeneity stratified by treatment

Following stratif ication by treatment, intratumor 
heterogeneity quantified by QCDI and QCDD was evaluated 
and compared between the ‘upfront surgery’ cohort and 
‘neoadjuvant therapy (CTx and CRT only)’ cohort, as 
shown in Figure 3 and Figure S3, respectively. Overall, no 
differences were observed between both groups, except for 
the QCDI of FOXP3+. The QCDI remained overall higher 
in the tumor specimens of the neoadjuvant therapy cohort 
[1-mm: median 0.387 (IQR, 0.315–0.539) vs. 0.566 (0.423–
0.819), P=0.04; 2-mm: median 0.317 (IQR, 0.234–0.401) vs. 
0.465 (0.367–0.737), P=0.009; 3-mm: median 0.256 (IQR, 
0.177–0.315) vs. 0.426 (0.302–0.644), P=0.005; and 4-mm: 
median 0.204 (IQR, 0.155–0.275) vs. 0.311 (0.248–0.579), 
P=0.01]. No significant differences between both cohorts 
were found in the QCDD for FOXP3+ (Figure S3). Because 
the neoadjuvant group comprised 6 patients treated with 
CTx and 4 patients with CRT, an exploratory statistical 
comparison between these two subgroups was performed 
(Figure S4). Overall, no significant differences in intratumor 
heterogeneity was observed, except for CD68+, for which 
the QCDI was significantly higher in patients treated with 

CRT compared to those treated with CTx. 

Interpatient tumor immune heterogeneity

To assess variability in immune marker distribution across 
patients, interpatient heterogeneity was assessed using 
QCDI values across the different simulated biopsy core 
diameters. The interpatient QCDI values remain similar 
for all markers across the different diameter groups for 
all patients, but shows notable differences between the 
upfront surgery cohort and the neoadjuvant therapy cohort  
(Figure 4A,4B). Patients in the neoadjuvant therapy cohort 
show higher QCDI values compared to the upfront surgery 
cohort for CD4+ (4-mm diameter: 0.54 vs. 0.17), CD8+  
(4-mm diameter: 0.58 vs. 0.34), and Ki67+ (4-mm diameter: 
0.40 vs. 0.23). In contrast, the QCDI values of CD68+ (4-mm 
diameter: 0.09 vs. 0.24), FOXP3+ (4-mm diameter: 0.18 vs. 
0.53), and PD-L1+ (4-mm diameter: 0.50 vs. 0.62) are lower 
in the neoadjuvant therapy cohort.

Discussion

A pract ica l  ques t ion  in  c l in ica l  prac t ice  i s  how 
representative a single biopsy of a particular diameter is 
for the intratumor immune heterogeneity of the whole 
tumor. By using a computational approach, the level 
of intratumor heterogeneity was assessed within an 
individual tumor and between patients for simulated core 
biopsy sizes varying between 1 and 4 mm. Our results 
demonstrated that increasing the diameter of each sub-
region to 3- to 4-mm significantly reduced the QCD for 
all markers, suggesting less intratumor heterogeneity and 
a better representation of the immunological landscape 
within different sub-regions. Although median intratumor 
heterogeneity levels for most immune markers decreased 
with increasing biopsy core diameter and were overall low 
in the 4-mm simulated cores, PD-L1 expression remained 
spatially heterogeneous, even in larger biopsy cores. These 
data suggest that a single biopsy core of 4-mm may still 
provide incomplete representation of PD-L1 distribution 
within the tumor. Furthermore, intratumor heterogeneity 
of FOXP3+ cells differed between treatment-naïve and 
post-neoadjuvant specimens, however, in the absence of 
matched pre-treatment samples, it remain speculative what 
causes these differences (i.e., baseline biological variability 
or therapy-related tissue remodeling). Finally, interpatient 
heterogeneity appeared largely independent of biopsy core 
size, indicating that variability between patients is driven 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0017-Supplementary.pdf
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Figure 3 Intratumor immune heterogeneity (QCDI) in the upfront surgery and neoadjuvant therapy cohort. Violin plots of the QCDI, 
representing the number of positively stained cells of each marker divided by the total number of cells (DAPI+) per area, for CD31+, Ki67+, 
CD4+, CD8+, CD68+, FOXP3+, and PD-L1+ in each diameter group. Violin plots show the distribution of QCDI values, horizontal lines 
indicate the median and interquartile range. Differences in QCDI between the ‘upfront surgery’ cohort (n=19) and the ‘neoadjuvant therapy’ 
cohort (n=10) have been assessed using the Mann-Whitney U test. *, P<0.05. PD-L1, programmed death-ligand 1; QCD, quartile coefficient 
of dispersion; QCDI, QCD incidence.
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who received neoadjuvant therapy (B), followed by surgical removal of the specimen. PD-L1, programmed death-ligand 1; QCD, quartile 
coefficient of dispersion; QCDI, QCD incidence.

primarily by underlying biological differences rather than 
sampling procedures. 

Our exploratory study assessed the intratumor 
heterogeneity of several immune parameters which could 
play a pivotal role in the prediction of immunotherapy 
response. We showed that the QCDI of CD4+, CD8+, 
CD68+, and FOXP3+ cells gradually decreased when 
increasing the diameter of the subregions from 1- to 4-mm. 
Amongst all immune markers, CD68+ showed the lowest 
heterogeneity, though, the clinical significance thereof 
remains questionable. A recent meta-analysis from Mei et al.  
showed that although the density of total CD68+ tumor 
associated macrophages (TAMs) is not associated with 
overall survival, the localization and functional phenotype 
of these TAMs are potential prognostic predictors (31). 
Interestingly, we observed that the QCDI of CD68+ was 
significantly higher in patients treated with neoadjuvant 
CRT compared to those treated with neoadjuvant CTx 
only. Although radiation therapy can result in the influx of 
TAMs into the TME (32,33), in the absence of matched 
pre-treatment biopsy material, no causal relationship can be 
established, and the observed differences may only reflect 
baseline biological variation.

Here ,  we showed that  PD-L1 + ce l l s  remained 
heterogeneously distributed across simulated biopsy 
regions, even when larger biopsy core sizes were evaluated. 
These findings suggest that a single biopsy may capture 
only a localized representation of PD-L1 expression, 
potentially misrepresenting the overall tumor landscape. 
Also, this may be one of the underlying causes why a 
subset of patients with a high PD-L1+ TPS fail to benefit 
from immunotherapy, while others with low or negative  
PD-L1 expression still derive clinical benefit (15). 
Importantly, the distribution of PD-L1+ cells in this study 
was assessed using a research-grade antibody as part of the 

multiplex immunofluorescence panel, and therefore cannot 
be directly compared with clinically validated PD-L1 TPS 
assays. As such, the results should not be interpreted in 
terms of clinical decisions thresholds, but rather provide a 
conceptual understanding of spatial variability in PD-L1 
distribution. Nevertheless, to date, only a limited number 
of studies have evaluated the reliability of core biopsy 
specimens for PD-L1 assessment. Most of these studies have 
primarily focused on tissue adequacy for PD-L1 testing, 
rather than on quantifying intratumor heterogeneity itself, 
and rarely consider the impact of biopsy core size (34,35). 
For example, Gompelmann et al. studied the correlation 
of PD-L1+ tumor cells between EBUS-TBNA biopsies 
and surgical specimens and showed a high concordance 
rate with low specificity (36). Nevertheless, no significant 
correlation of the PD-L1 status between surgically resected 
specimens and cytology specimens was reported. Sun et al.  
showed heterogeneity between different needle core 
biopsies (diameter around 10 mm) within one tumor in 56% 
of the PD-L1 positive patients (37). This is comparable to 
the lower end of the PD-L1 heterogeneity range observed 
in our study, ranging from 90% for 1-mm to 59% for 4-mm 
cores. These findings suggest that larger biopsy cores, 
or alternatively, multiple smaller cores, may improve the 
representativeness of PD-L1 expression.

Although intratumor QCD values decreased with 
increasing core diameter, no comparable effect was 
observed for interpatient QCD values. This finding reflects 
the fact that interpatient variability is driven by biological 
differences between patients rather than sampling effects 
within a single tumor. In addition, differences in interpatient 
QCD values between both cohorts suggest that neoadjuvant 
therapy may differentially modulate heterogeneity across 
markers. It suggests that a more generalized patient 
response is shown following neoadjuvant therapy in 
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immunoregulatory markers such as CD68+, FOXP3+, and 
PD-L1+, while immune activation and proliferation (CD4+, 
CD8+, Ki67+) is more variable between patients. Together, 
these findings suggest that neoadjuvant therapy may 
reduce interpatient variability in certain immunoregulatory 
markers while enhancing heterogeneity in markers of 
immune activation and tumor cell proliferation.

Tumor heterogeneity can be quantified using various 
metrics, including the coefficient of variation, which has been 
applied to assess spatial immune heterogeneity in previous 
studies (30,38). We used QCD because of its robustness, 
as it captures the relative dispersion based on interquartile 
ranges. This makes the metric less sensitive to outliers and 
independent of the mean value, unlike the coefficient of 
variation, which can be skewed by extreme values and low 
mean counts. Our study results support the utility of QCD 
in this context, since we observed the gradual decrease of 
the QCDI with increasing subregion size independent of 
the relative abundance of these markers. Notably, patients 
with widely varying number of positively stained cells still 
exhibit similar QCDI values (Figure S5). This suggests that 
QCDI effectively captures the spatial distribution patterns of 
immune cells rather than their absolute counts, highlighting 
its value as a heterogeneity metric that is not confounded 
by cell density alone. However, it should be noted that the 
metric does not provide information on the number of 
immune cells within the tumor. 

This study has several limitations. First, the relatively 
small and heterogeneous cohort limits statistical power 
and precludes robust subgroup analyses. Also, our dataset 
suffered from missing data (Table S13). In particular for 
repeated-measure analyses, only complete cases could be 
included, resulting in further reduction the effective sample 
size and limiting statistical power. Accordingly, this study 
should be interpreted as exploratory, with the primary aim 
to assess which biopsy core diameter is theoretically required 
to adequately capture intratumor immune heterogeneity 
within an individual tumor and providing a conceptual 
framework for future studies. Second, the study is based on 
a simulation approach using 2D biopsy regions extracted 
from resection specimens, which do not fully recapitulate 
real-world biopsy procedures such as EBUS/EUS-
TBNA or CT-guided biopsies or the inherent 3D tissue 
architecture. Nevertheless, the 2D simulation approach 
aligns with the current clinical pathology workflow; clinical 
decisions are currently made based on routine pathological 
assessment, including PD-L1 TPS, on 2D histological 
sections. Future validation studies using matched diagnostic 

biopsy specimens and corresponding resection material will 
be essential to assess real-world applicability. Third, no pre-
treatment biopsy material was available. Consequently, the 
direct effect of neoadjuvant therapy on the tumor immune 
heterogeneity cannot be interpreted as causal effects and 
may reflect baseline biological variability or therapy-related 
tissue remodeling. Fourth, the absence of clinical outcome 
data limited the ability to relate heterogeneity measures to 
treatment response or survival. In addition, limited tissue 
availability and missing data reduced the number of cases, 
which is an inherent challenge in spatial tissue-based studies. 
Finally, since the concept design of this study, several new 
multiplex tissue imaging, spatial transcriptomics and single 
cell sequencing technologies have become available that 
allow large-scale analysis of the intratumor immunological 
landscape (39). However, these technologies are still quite 
expensive and time and resource consuming which does not 
allow them to be implemented for wider use in the clinical 
setting. Future studies incorporating these technologies in 
larger prospective cohort studies, along with more extensive 
immunological and molecular characterization, may further 
strengthen the biological and clinical interpretation of 
spatial tumor immune heterogeneity. 

Conclusions

In conclusion, this exploratory, simulation-based study 
demonstrated that increasing biopsy core size is associated 
with a reduction of intratumor heterogeneity across 
most immune markers, suggesting improved sampling 
representativeness with larger biopsy core sizes. However, 
PD-L1+ cells remained spatially heterogeneously distributed 
even in large biopsies, indicating that single biopsy samples 
may not reflect its spatial distribution within the tumor. 

Overall, these findings highlight the complexity of 
capturing spatial immune heterogeneity using limited tissue 
samples. Further validation in larger prospective cohort 
studies will be essential to determine the translational 
relevance of heterogeneity metrics and to better inform 
biopsy sampling strategies in routine clinical practice. 
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