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Abstract
PD-L1, as assessed by immunohistochemistry, is a predictive biomarker for immuno-oncology treatment in lung cancer.
Different scoring methods have been used to assess its status, resulting in a wide range of positivity rates. We use the European
Thoracic Oncology Platform Lungscape non-small cell lung carcinoma cohort to explore this issue. PD-L1 expression was
assessed via immunohistochemistry on tissue microarrays (up to four cores per case), using the DAKO 28-8
immunohistochemistry assay, following a two-round external quality assessment procedure. All samples were analyzed under
the same protocol. Cross-validation of scoring between tissue microarray and whole sections was performed in 10% randomly
selected samples. Cutoff points considered: ≥1, 50 (primarily), and 25%. At the two external quality assessment rounds, tissue
microarray scoring agreement rates between pathologists were: 73% and 81%. There were 2008 cases with valid
immunohistochemistry tissue microarray results (50% all cores evaluable). Concordant cases at 1, 25, and 50% were: 85, 91, and
93%. Tissue microarray core results were identical for 70% of cases. Sensitivity of the tissue microarray method for 1, 25, and
50% was: 80, 78, and 79% (specificity: 90, 95, 98%). Complete agreement between tissue microarrays and whole sections was
achieved for 60% of the cases. Highest sensitivity rates for 1% and 50% cutoffs were detected for higher number of cores.
Underestimation of PD-L1 expression on small samples is more common than overestimation. We demonstrated that
classification of PD-L1 on small biopsy samples does not represent the overall expression of PD-L1 in all non-small cell cancer
carcinoma cases, although the majority of cases are ‘correctly’ classified. In future studies, sampling more and larger biopsies,
recording the biopsy size and tumor load may permit further refinement, increasing predictive accuracy.

Introduction

Immunohistochemical detection of the Programmed death-
ligand 1 (PD-L1) protein is now an established biomarker test
for the selection of patients for anti-PD1 and anti-PD-L1
immunotherapy in non-small cell lung cancer [1–4]. An
introductory training in PD-L1 immunohistochemical scoring
and an external quality assessment is common practice to
prospectively assess alignment of pathologists scoring.

PD-L1 is often heterogeneously expressed within tumors
and may differ between primary and metastatic tissues
[4, 5]. It has been hypothesized that multiple tumor biopsy
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specimens may be needed to accurately determine the PD-
L1 expression status [5]. To examine the effect of sampling
on the PD-L1 score, several samples would be required
from a large series of patients, however this scenario could
be simulated by comparing a multicore tissue microarray
with a whole tumor section.

The European Thoracic Oncology Platform established
a large cohort of surgically resected non-small cell lung
carcinoma cases from 15 academic centers (Lungscape).
This patient cohort is clinically fully annotated and
has already been extensively studied with respect to clin-
ical outcomes and molecular analysis [6–8]. For PD-L1
immunohistochemistry assessment, each European Thor-
acic Oncology Platform Lungscape pathologist was trained
in reading the assay. An external quality assessment pro-
cedure was performed by the contributing pathologists
from each center.

In this paper, we first present the effect of harmoniza-
tion of PD-L1 scoring on tissue microarrays, by an
external quality assessment program and then the cross-
validation of the tissue microarray approach vs whole
section scores in European Thoracic Oncology Platform
Lungscape. We examined the heterogeneity by comparing
the extent of staining across different tissue microarray
cores, as mimickers of individual biopsy samples, with
the whole tumor, providing an impression about the
accuracy of PD-L1 expression on biopsy sampling.
Associations of PD-L1 and clinical and molecular features
and postoperative outcomes have been presented else-
where [9].

Materials and methods

Study design

This is a retrospective study design exploring tissue micro-
array core PD-L1 immunohistochemistry score variability and
agreement of tissue microarray scores with whole section
scores in the determination of PD-L1 status following an
external quality assessment program in a cohort of surgically
resected, stage I–III, non-small cell lung carcinoma cases
included in the Lungscape project [6].

The study was conducted according to the Lungscape
master and PD-L1 sub-study protocols; with adherence to
country specific ethics, regulatory requirements, and
REMARK recommendations.

External quality assessment procedure

Out of the 15 European Thoracic Oncology Platform
centers providing data for this project, 14 participated in

the external quality assessment program. All of the 14
European Thoracic Oncology Platform pathologists
received two-day face to face training for PD-L1
immunohistochemistry scoring after which there was
≥90% concordance between the DAKO trainer and
European Thoracic Oncology Platform pathologists.
Concordance in PD-L1 scoring between European
Thoracic Oncology Platform pathologists was examined
three months later via an external quality assessment
procedure. To this end a tissue microarray was con-
structed consisting of four cell lines and eight
resection specimens (two cores each, prepared in VUmc,
Amsterdam, NL), representing various PD-L1 expression
levels from negative to 100%. This external quality
assessment tissue microarray was centrally cut and stained
according to DAKO PD-L1 immunohistochemistry 28-8
pharmDx™ manufacturers protocol. Core size was similar
for all participants (0.6 mm), comparable with bronchial
biopsy.

Cores were photographed. Visual inspection (judged by
two pathologists: KK, ET) of the aligned images did not
reveal differences between the cores. The external quality
assessment program was extended with 65 images of PD-L1
stained non-small cell lung carcinoma, with the request to
define: the number and proportion of PD-L1 positive tumor
cells. From this image set, read by 12 out of the 14 Eur-
opean Thoracic Oncology Platform pathologists), the modal
(most frequently observed values) scores were added,
resulting in a set of reference images (S1). These reference
images were available for the second round reading of the
still blinded external quality assessment tissue microarray
slides.

PD-L1 immunohistochemical scoring in the
Lungscape cohort

PD-L1 immunohistochemistry staining of European Thor-
acic Oncology Platform tumor tissue microarray sections
was performed in three laboratories according to DAKO
PD-L1 immunohistochemistry 28-8 PharmDx™ manu-
facturer’s protocol. PD-L1 stained tissue microarray slides
were returned to the original centers for reading.

PD-L1 immunohistochemistry scores were recorded as
both, percent of tumor cell membrane staining for each
core separately, and an overall score for all cores com-
bined. Tissue microarray sections, with up to four cores
per case, were scored. A six-level categorization was
considered for PD-L1 immunohistochemical tissue
microarray results: “<1%”, “1–5%”, “5–10%”, “10–25%”,
“25–50%”, “≥50%”, while three different PD-L1 over-
expression cutoffs were used: 1, 50, and 25%, with the first
two being of primary interest.
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Cross-validation of PD-L1 analysis between tissue
microarrays and whole sections

Scoring of PD-L1 on whole sections was performed in 10%
randomly selected samples of all Lungscape cases. Samples
were derived proportionally from ten participating centers,
using a stratified sampling algorithm within each center.
Histology (adenocarcinoma, other) and tissue microarray
PD-L1 status were the stratification factors considered. The
same six-level categorization was applied for PD-L1
expression determination by whole sections, as with tissue
microarrays. Reading of each whole section and corre-
sponding tissue microarray core was performed by the same
local pathologist.

Statistical analysis

External quality assessment

Using as benchmark values the most frequent values
observed (mode values), the agreement between the PD-L1
scoring assigned by the centers’ pathologists and the scor-
ing were calculated and agreement rates for each external
quality assessment round are presented. A five-level
grouping was considered for scoring PD-L1 (<1%”, “1 -<
5%”, “5 -< 10%”, “10 -<50%”, “≥50%”, Figs. 1–2).

Tissue microarray core variability

Variability between the (≤4) tissue microarray cores of each
case, is assessed by core agreement on the clinically

relevant two-level categorization, according to the specific
cutoffs (primarily 1% and 50% and secondarily 25%).
Complete core agreement is achieved when available cores
are all either below the selected cutoff or not (not evaluable
cases excluded).

Cross-validation of tissue microarray and whole section

Sensitivity and specificity of the tissue microarray method
(using the corresponding ‘whole section’ result as gold
standard) is estimated overall and separately for the two
primary histologies (adenocarcinoma/squamous cell), as well
as by the number of cores available and by the core agree-
ment status (complete/noncomplete). In addition, Cohen’s
Kappa coefficient along with 95% confidence interval (CI) is
used to measure the degree of agreement between tissue
microarray and whole section methods (not evaluable cases
treated as missing).

Results

Analysis cohorts

A total of 2402 retrospective cases from 15 centers have
been captured in the European Thoracic Oncology Plat-
form Lungscape database, of which 2182 have PD-L1
immunohistochemical information. Evaluable immuno-
histochemical tissue microarray overall result is recorded
for 2008 cases (cohort-1), while 174 samples are deemed
as “Not Evaluable” and are excluded from the analysis.

Fig. 1 Distribution of PD-L1
scores by 12 pathologists for
external quality assessment
tissue microarray of 12 cases—
first round. Note: Mode values
refer to the most frequently
observed values
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PD-L1 information on whole sections is available for 237
cases (cohort-2).

Prestudy external quality assessment tissue
microarray reading

Three months after the initial training, an independent,
blinded, tissue microarray of 12 cases (first round) revealed
an agreement rate of 73.3% between pathologists (PD-
L1 score distributed in five levels, Fig. 1). As some of the
cores were scored with more than one level, a set of
reference images was made (S1). The same external quality
assessment tissue microarray slide was read again 3 months
later (second round). Reference images were available, and
the agreement rate reached 80.8% (Fig. 2).

European Thoracic Oncology Platform study tissue
microarray core variability

In cohort-1, almost half of the cases (49.6%) had available
information on all four cores. When considering the 1%
cutoff, the concordant cases represent 83.0% of cohort-1,
respective percentage for the 25% cutoff is 89.1%. Highest
percentage of concordant cases is observed for the 50% cut-
off: 91.5% (Table 1). The highest percentage of cases in
agreement, using the 1% cutoff is observed for the subgroup
with available information on two cores (90.6%), followed by
the three (85.2%) and then four cores (79.6%). A similar
pattern but with higher agreement rates is observed for 25%
(two cores: 94.8%, three cores: 88.7%, four cores: 87.4%) and
50% cutoffs (two cores: 94.8%, three: 90.7%, four: 90.8%).

A measure of intratumoral heterogeneity is obtained by
comparing the minimum vs maximum PD-L1 immunohis-
tochemical tumor cell expression of the cores available for
each tumor case (Table 2). Highest and lowest immuno-
histochemical PD-L1 core scores perfectly match for 1198
(69.5%) of the 1724 cases. The remaining 30.5% are dis-
crepant cases, with the largest difference between the
minimum and maximum core result in PD-L1 expression
(<1% vs ≥50%) observed in 37 out of 1724 cases (2.1%). If
the core with the lowest PD-L1 expression is <1%, the
highest core has 1/4 chance of expression above the 1%
threshold (24.6%, 293/1188).

Cross-validation of PD-L1 tissue microarray and
whole sections scoring methods

Considering the whole section score result as ‘gold stan-
dard’ for defining the PD-L1 expression, the sensitivity of
the tissue microarray method for the 1, 25, and 50% cutoffs
is: 80.4% (86/107), 77.8% (42/54), and 79.1% (34/43).
Corresponding results for tissue microarray specificity (1%/
25%/50% cutoffs) are: 89.9% (89/99), 95.4% (145/152),
and 97.5% (159/163). Kappa coefficient values indicate
substantial to strong agreement between the two methods
for all three cutoffs. Corresponding values and 95% CIs
for 1%/25%/50% cutoffs are: 0.70 (0.60–0.80), 0.75
(0.65–0.86) and 0.80 (0.70–0.90) (Figs. 3–5).

Respective results by number of cores available are
presented in Table S1. For the 1% cutoff higher sensitivity
is observed when three and four cores are available: 81.3%
(13/16) and 79.2% (42/53). For 50% highest sensitivity and

Fig. 2 Distribution of PD-L1
scores by 12 pathologists for
external quality assessment
tissue microarray of 12 cases—
second round. Note: Mode
values refer to the most
frequently observed values

Programmed death-ligand 1 expression influenced by tissue sample size. Scoring based on tissue. . . 795



specificity are detected when four cores are available:
87.0% (20/23), 100.0% (85/85).

Results for sensitivity, specificity of the tissue microarray
method and Kappa coefficient by histology are presented in
Figs. S1–6.

Agreement of PD-L1 score result based upon tissue
microarrays and whole sections is illustrated in Table 3.
Complete agreement between the two methods is achieved
for 60.0% (142/237) of the cases, while 17.7% of the cases
(42/237) are underestimated, 9.3% (22/237) overestimated,
and 12.2% (29/237) were not evaluable by tissue micro-
arrays, but evaluable by whole sections (six level PD-L1
categorization).

Sensitivity of the tissue microarray method is lower
when complete core agreement is achieved for the 1%
cutoff compared to noncomplete (Table S2). The opposite
holds for 25 and 50%.

Discussion

This study represents the largest PD-L1 stained cohort,
confirming PD-L1 heterogeneity in non-small cell lung
carcinoma. The effect of sampling, as measured by the
sensitivity of tissue microarray cores compared with whole
sections, is, for the relevant thresholds, in the 80% range. In

Table 1 Core agreement status by level of core variability and PD-L1 status for 1, 25, and 50% cutoffs

Overall TMA
PD-L1 score

One core onlya

(n= 284)
Concordant cases Discordant

cases
All cases with available
TMA PD-L1 result

Number of available cores Totalb

Twoa (n= 330) Threea (n= 398) Foura (n= 996)

Cutoff 1%

<1% 169 (59.5) 169 (51.2) 222 (55.8) 504 (50.6) 895 (92.8%) 69 1133

≥1% 115 (40.5) 130 (39.4) 117 (29.4) 289 (29.0) 536 (70.5%) 224 875

Total 284 (100.0) 299 (90.6) 339 (85.2) 793 (79.6) 1431 (83.0%) 293 2008

Cutoff 25%

<25% 208 (73.2) 240 (72.7) 295 (74.1) 715 (71.8) 1250 (93.3%) 86 1547

≥25% 76 (26.8) 73 (21.1) 58 (14.6) 156 (15.7) 287 (74.5%) 101 461

Total 284 (100.0) 313 (94.8) 353 (88.7) 871 (87.4) 1537 (89.1%) 187 2008

Cutoff 50%

<50% 230 (81.0) 259 (78.5) 315 (79.1) 784 (78.7) 1358 (94.4%) 80 1668

≥50% 54 (19.0) 54 (16.4) 46 (11.6) 120 (12.1) 220 (76.9%) 66 340

Total 284 (100.0) 313 (94.8) 361 (90.7) 904 (90.8) 1578 (91.5%) 146 2008

Single-core cases are not included in the estimation of concordance
aPercentages (%) are calculated over the total number of cases per column
bPercentages (%) are calculated over the total number of cases per row, excluding single-core cases

Bold numbers represent the % of concordant cases in each one of the three thresholds considered for analysis

Table 2 Intratumoral
heterogeneity

Minimum PD-L1 IHC
score among cores

Maximum PD-L1 IHC score among cores

Negative 1–5% 5–10% 10–25% 25–50% >50% Total

Negative 895 142 45 46 23 37a 1188

1–5% − 31 28 12 15 14 100

5–10% − − 13 19 21 13 66

10–25% − − − 22 29 35 86

25–50% − − − – 17 47 64

>50% − – − − − 220 220

Total 895 173 86 99 105 366 1724

Comparison of the minimum vs. maximum PD-L1 IHC score results for each tumor. (Cohort-1, n= 1724,
cases with only one core available are excluded). Note that at case level the scores are a reflection of
intraoberver reading
aLargest difference between the minimum and maximum core result
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addition, the results support the need for training and
external quality assessment in predictive testing as well as
demonstrating the value of reference images to guide
threshold settings during training and alignment.

Conceptually the issue of PD-L1 intratumor
heterogeneity may be approached in two ways. Firstly, by
analysis of the resection specimen and samples thereof
(either tissue microarray or fields of view), which are
assumed to be representative for biopsies: tissue micro-
array cores are similar in size to transbronchial biopsy
samples. The second option for examining the hetero-
geneity of PD-L1 expression is by comparing different
samples obtained in vivo of the same tumor. Both
approaches are summarized in Table S3. Other studies
compared <30 patients [10, 11] or had insufficient detailed
data [12, 13]. The range of reported concordance rates, for
the 1 and 50% thresholds, is more or less similar
(79–97%). Our data fit in the lower range, but derived
from considerably more cases. The reported methods of

investigation for the tissue microarray approach varied
greatly, and most studies did not report over- or under-
estimation. In our study there is 17.7% underestimation
and 9.3% overestimation of the PD-L1 expression by tis-
sue microarray scores. This is in line with another study
[14] and a recent model study, where a fraction of 10%
underscoring at the 1% threshold was calculated for
samples of small biopsy size [15].

Two other studies reported (Table S3) PD-L1 tumor
positivity scores for two sampling approaches [16, 17].
Interestingly, in these smaller studies (<100 cases) cases
with samples with a PD-L1 score >50% could also have a
sample where a lower (<50%) PD-L1 score was possible.
Notable, however, was the fact that where there was a
sample score of <1%, another sample score for the same
tumor never exceeded 50%. However, in our study, with a
>20 times larger sample size, the variance in PD-L1
expression including <1% and >50% samples within a
case was present in 2.1% of all cases. This wide and
clinically significant variation in PD-L1 scoring cores
from the same tumor is therefore likely to be uncommon in
clinical practice, but the small risk should be acknowl-
edged. Three different studies report on underestimation
of PD-L1 status in small samples, perhaps therefore
explaining the finding in previous clinical phase-III stu-
dies for the 9–10% responders in PD-L1 (possibly false)
negative non-small cell lung carcinoma patients [18–20].
In our study, we also note that of all the cases scored ≥50%
by whole section, 18% were underscored on the tissue
microarray, although 44% of these underscored cases were
in the adjacent (≥25–49%) category. Similarly, of the
cases scored <1% by whole section, 9% were ‘over-
scored’ but half of these were in the adjacent 1–5% group.
This may have implications for how pathologists approach
cases where the score is just above or below a clinically
significant category.

Fig. 3 Sensitivity and specificity of tissue microarray method, for
1% cutoff

Fig. 4 Sensitivity and specificity of tissue microarray method, for
25% cutoff

Fig. 5 Sensitivity and specificity of tissue microarray method, for
50% cutoff
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Issue number of biopsies

As heterogeneity of PD-L1 expression is present in non-
small cell lung carcinoma, the question arises as to what the
optimal samples size (number) is [5]. Few studies addressed
this issue. One sample is not enough: 1 negative core (PD-
L1 < 1%) still had a 26% chance on a positive score, if up to
four cores were taken [21]. All the immunohistochemistry
protocols require a minimum of 100 viable tumor cells for
PD-L1 [17]. In this context, Sakakibara et al. demonstrated,
for comparison that in cytology samples 100–1000 vs
>2000 tumor cells showed an increase in correlation coef-
ficient from 0.19 (p= 0.49; n= 15) to 0.68 (p= 0.0019;
n= 18) when more than 2000 tumor cells were examined
[12]. In a retrospective study by Ilie et al., where the number
of biopsy cores varied between 1 and 12 (mean 4), a trend
toward a significant difference was present between the
average number of biopsy fragments in discordant vs con-
cordant cases (3.4 vs 6.8; p= 0.07) [14]. Munari et al.
found for the 50% PD-L1 threshold an optimum at three
cores (out of a maximum of 5) [22]. For the 1% threshold
the optimum was less clear with the optimum at five out of
five cores. In our study for the 1% cutoff the highest sen-
sitivity is observed when either three or four cores are
available. For the 50% cutoff highest sensitivity is observed
when four (out of four) cores are available, suggesting that
at least four biopsies need to be taken. These studies use, for
the comparison of small samples, a single tissue block of a
resection specimen. This is probably reasonable for a ‘gold
standard’ as the spatial distribution of heterogeneity of PD-
L1 expression, examined by comparing multiple blocks,
seems to be represented by a single block in most cases

[23, 24]. In the discussion, core size and biopsy size need to
be taken into account, something which has not been
addressed so far. A 19 gauge (inner diameter 0.69 mm)
transthoracic needle biopsy of 1 cm is ~6–8 times larger
than a bronchial biopsy. Overall, the optimum number of
biopsy type of samples is not determined, but four seems to
be the minimum. Besides sample size, the number of tumor
cells per sample plays a role. In bronchial biopsies the range
of tumor cells varies from 94%, down to as little as to 0.1%
in some cases [25, 26]. In this respect, the minimum number
of 100 tumor cells, that needs to be present for a valid PD-
L1 score, is probably valid in homogenous samples, but
heterogeneity is likely to be better covered with more tumor
cells (>2000) [12]. In search for a balance between practical
tissue sampling and an optimal PD-L1 scoring approach the
minimum number of 100 tumor cells is a compromise, that
will not be adequate in all cases with heterogeneity for PD-
L1 expression: an issue that cannot be known based of
small biopsy samples alone.

In future clinical trials, recording of biopsy size and
tumor load may permit further refinement with increase of
predictive accuracy. In practical terms, however, it is often
difficult to control or determine the amount of tumor in
clinical samples. It is clear that a larger tumor sample is
more likely to give a more accurate score for the patient’s
disease burden. In practice, these data emphasize the
importance of obtaining as much tumour as possible, within
the constraints of patient safety, and the possibility of
inaccurate PD-L1 scoring when small amounts of tumour
are scored. The 100 cell minimum is likely to be below the
optimum for accurate scoring. Heterogeneity is likely to be
a significant contributor to inaccurate PD-L1 scoring and a

Table 3 Comparison of tumor cell PD-L1 expression for TMA with ‘whole section’ (cohort-2, n= 237)

PD-L1 in 
TMA 

PD-L1 in ‘Whole Section’

<1% 1-<5% 5-<10% 10-<25% 25-<50% ≥50% Not 
Evaluable Total 

<1% 89 16 2 1 0 2 1 111

1-<5% 5 13 2 1 1 1 0 23

5-<10% 3 2 2 4 0 1 0 12

10-<25% 1 1 2 1 6 1 0 12

25-<50% 0 1 0 3 3 4 0 11

≥50% 1 2 0 0 1 34 0 38

Not 
Evaluable 16 4 3 0 0 6 1 30 

Total  115 39 11 10 11 49 2 237

In green (upper right of diagonal): underestimated cases, in red (lower left of diagonal): overestimated, in blue (last line of the table): cases not
evaluable by TMAs but evaluable by Whole Sections method, or vice versa

Bold numbers represent the cases were complete agreement is achieved in the PD-L1 score between whole section and tumor microarray methods
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plausible explanation for ‘unexpected’ clinical responses in
PD-L1 negative cases. Moreover, sampling more and larger
biopsies is likely to avoid to a large extend the false
negative rate of PD-L1 testing.

Limitations of the study

As the study is performed on resection specimen the PD-L1
positivity rate is a reflection of early stage disease, rather
than extended disease. Due to the limited sample size in
cases with one core and three cores available, inference
should be treated with caution. A possible effect of pre-
analytical variables is not excluded [27]. Moreover, the use
of cores instead of biopsy samples is an approximation of
clinical practice. However, tissue microarray cores permit
the examination of more non-small cell lung carcinoma
cases in a less invasive manner.

Conclusion

In conclusion, we demonstrate that classification of PD-L1
on small biopsy samples does not represent the overall
expression of PD-L1 in all non-small cell lung carcinoma
cases, although the majority of cases are ‘correctly’ classi-
fied. Underestimation of PD-L1 expression on small sam-
ples is more common than overestimation and the former
may be the explanation for clinical responses observed in
clinical trials based on apparently PD-L1 negative biopsies.
In future clinical trials, sampling more and larger biopsies,
recording of biopsy size and tumor load may permit further
refinement with increase of predictive accuracy.
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