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ABSTRACT
Objectives: Clinical benefits of immune-checkpoint blockade (ICB) versus standard chemotherapy have 
been established in unselected non-small cell lung cancer (NSCLC). However, the response to ICB therapy 
among patients is heterogeneous in clinical practice.
Materials and Methods: We retrospectively assessed the predicitive effect of the primary and metastatic 
lesion spectrum (baseline sum of the longest diameters [SLD], number of metastatic sites and specific 
organ metastases) on the efficacy of atezolizumab over docetaxel in OAK and POPLAR trial cohorts. 
A decision model, termed DSO (Diameter-Site-Organ), based on the spectrum was developed and 
validated for guiding ICB.
Results: Higher SLD (>38 mm) and more metastatic sites (≥2) were characterized with pronounced overall 
survival (OS) benefits from atezolizumab versus docetaxel. Specifically, adrenal gland and brain metas-
tases were identified as favorable predictors of atezolizumab treatment. The DSO model was developed in 
the discovery cohort to integrate the directive effect of the primary and metastatic lesion spectrum. 
Remarkably, a general pattern of enhanced efficacy of atezolizumab versus docetaxel was observed along 
with the increase of the DSO score. For patients with DSO score > 0, atezolizumab yielded a significantly 
prolonged OS than docetaxel, whereas OS was generally similar between two treatments in patients with 
DSO score ≤ 0. Equivalent findings were also seen in the internal and external validation cohorts.
Conclusions: The response to anti-PD-L1 therapy among patients varied with the primary and metastatic 
lesion spectrum. The DSO-based system might provide promising medication guidance for ICB treatment 
in NSCLC patients.
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Introduction

Recent advancements in cancer immunotherapies have revo-
lutionized the treatment of non-small cell lung cancer 
(NSCLC), such as the development of anti-programmed cell 
death 1 (PD-1) and anti-programmed cell death ligand 1 (PD- 
L1) antibodies as immune-checkpoint inhibitors (ICI). While 
there is a significant increase in the likelihood of achieving 
durable clinical benefit, outcomes are still relatively poor for 
patients with previously treated, advanced, or metastatic 
NSCLC. Food and Drug Administration (FDA) licenses for 
nivolumab, pembrolizumab, and atezolizumab in the second- 
line treatment of advanced-stage NSCLC have been granted 
based on improvements in overall survival (OS) versus that 
observed with docetaxel.1 Whereas only the trial of pembroli-
zumab required a PD-L1 tumor proportional score (TPS) ≥ 
1%, with the highest proportion of responders of 20%.2 The 
trials of the other agents demonstrated superior outcomes in 
unselected patient populations, though with a dismal 

proportion of responders.3,4 Thus, numerous parameters pre-
dicting ideal candidates for second-line ICI treatment have 
been identified as potential markers,5 encompassing body 
mass index (BMI),6 neutrophil and lymphocyte count number 
(LIPI),7,8 C-reactive protein (CRP),9 patient-reported physical 
function.10 Still, efforts to establish effective markers from 
other dimensions, specially from image examinations,11 are 
warranted to complement the field and promote precision 
medicine.

Patients with advanced NSCLC represented increasing 
tumor heterogeneity and gene profile alteration, leading to 
a discrepant response to standard treatment. Docetaxel che-
motherapy was generally considered to benefit those with good 
performance status, lower tumor burden and good-tolerance to 
cytotoxic drugs,12 while immune-checkpoint blockade (ICB) 
therapy was mostly favorable to those with an activated 
immune microenvironment and continuous antigen 
exposure.13 Notably, a recent study has demonstrated tumor 
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size was positively associated with antigen burden and T-cell 
reinvigoration, which reflected the anti-tumor immunity.14 

Nevertheless, tumor size was also regarded as a negative prog-
nostic factor of survival outcomes in patients with advanced 
NSCLC.15 These findings indicated that baseline tumor size 
may serve as a compounding predictor for the prognostic 
survival and the efficacy of treatment.

Generally, a primary and metastatic lesion spectrum can be 
characterized by the tumor size of the primary and metastatic 
lesions (sum of the longest diameters, SLD), the number of 
lesions, and the specific metastatic status of each organ. 
Differences in anatomical location of metastases have been 
reported to affect immunotherapeutic efficacy.16,17 Just as can-
cers arise from different organs with different genetic features, 
each organ has its own immune system with different immu-
nologic features; how cancers interact within their respective 
immune contextures could ultimately help to personalize ICB 
for patients. Previous studies suggested that patients with poor 
prognostic factors, including bone and liver metastases, 
appeared to have poor outcomes in ICB monotherapy.18,19 

Nonetheless, these reports generally focused on a particular 
metastatic organ and thus presented limited information on 
clinical practice.

In the present study, we investigated the predictive effect of 
the primary and metastatic lesion spectrum on the efficacy of 
atezolizumab over docetaxel therapy, and furtherly developed 
a decision model based on the spectrum to screen the best 
beneficiaries in advanced NSCLC patients across randomized 
OAK and POPLAR trials, with the aim of identifying and 
validating a signature that could predict long-term survival 
benefits of immunotherapy over standard-of-care 
chemotherapy.

Materials and methods

Patient population

Patients with a diagnosis of advanced NSCLC enrolled in the 
phase III OAK (NCT02008227)4 and phase II POPLAR 
(NCT01903993)3 trials were included in the present study for 
secondary analysis. These two studies were 
randomized second-line clinical trials of atezolizumab, 
1200 mg, vs docetaxel, 75 mg/m2, with both administered 
intravenously every 3 weeks for patients with advanced 
NSCLC in whom platinum-containing therapy had failed.3,4 

Both the OAK and the POPLAR trials were done in full 
accordance with the guidelines for Good Clinical Practice in 
a manner aligned with the Declaration of Helsinki.3,4,20 The 
study was approved by the Institutional Ethical Review Boards 
of Nanfang Hospital (NFEC-2021-003). Informed consent was 
not required for our present study because of the retrospective 
character.

Deidentified patient-level clinical data, as well as variant 
calls for blood-based tumor mutation burden (bTMB), of the 
OAK and POPLAR trials were obtained from a previously 
published study and from the F. Hoff mann-La Roche Ltd, 
Genentech, Inc. according to Roche’s policy and process for 
clinical study data sharing.21,22 The sum of the longest dia-
meters (SLD) in baseline was measured based on Response 

Evaluation Criteria in Solid Tumors (RECIST, version 1.1) 
guidelines.3,4,23 The number of metastases and the specific 
metastatic sites (including liver, brain, adrenal gland, medias-
tinum, pleura, and pleural effusion) per patient was recorded in 
baseline. PD-L1 expression was prospectively measured using 
the SP142 immunohistochemistry assay, and PD-L1 strong 
expression was defined as the percentage of PD-L1 expression 
of ≥50% on tumor cells (TC3) or ≥10% on immune cells 
(IC3).3,4 bTMB was evaluated using the FoundationOne 
assay, with a panel comprising 1.1 Mb of coding region in the 
genome, as is described in the previous study.21

Study design

The primary and metastatic lesion spectrum of a patient 
encompasses SLD, number of metastases, and organ-specific 
metastatic status in baseline. We first evaluated the predictive 
effect of the primary and metastatic lesion spectrum on the 
efficacy of atezolizumab versus docetaxel, from the perspectives 
of its three components. Next, we proposed a machine- 
learning based decision system, termed DSO (Diameter-Site- 
Organ), integrating the instructive value of the primary and 
metastatic lesion spectrum to guide treatment strategy of 
NSCLC patients, i.e. atezolizuamb or docetaxel (Figure 1). 
The DSO model was initially developed in the OAK discovery 
cohort, and its generalization capacity was then evaluated in 
the OAK internal validation cohort and the POPLAR external 
validation cohort (Figure 1). The overall survival (OS) was 
defined as the primary outcome of the study.

Integrative modeling with machine learning

The baseline spectrum of primary and metastatic lesions was 
used as the input indicator for the machine learning-based 
model. Before the development of the model, the OAK trial 
data were randomly partitioned into discovery and internal 
validation cohorts at a 7:3 ratio using stratified sampling; the 
POPLAR trial data were assigned as the external validation 
cohort. Demographic and clinicopathologic characteristics of 
the three cohorts were provided (Table S1).

Extreme Gradient Boosting (XGBoost)24 was implemented 
to set up regressors in predicting OS of atezolizumab (termed 
atezolizumab regressor) and docetaxel (termed docetaxel 
regressor). The atezolizumab regressor and the docetaxel 
regressor were trained in the atezolizumab-treated subgroup 
and the docetaxel-treated subgroup of the discovery cohort 
respectively; the predictive value of the two regressors was 
confirmed in the atezolizumab-treated subgroup and doce-
taxel-treated subgroup of the three cohorts successively 
(Supplementary Methods, Figure S1-3, and Table S2). The 
final model, termed DSO (sum of the longest Diameter- 
number of metastatic Sites-metastatic Organs), integrated the 
results from the two regressors (denoted as Atezo score and 
Doce score respectively) by subtraction operation, and thus 
outputted the DSO score. The directive capacity of the DSO 
model for medication guidance was first evaluated in the dis-
corvery cohort and then validated in the internal and external 
validation cohorts, during which the association between DSO 
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score and the efficacy of atezolizumab versus docetaxel was 
explored.

Statistical analysis

The Kaplan-Meier method with the log-rank test were conducted 
to compare survival probabilities between subgroups. Hazard 
ratios (HR) with 95% confidence intervals (CI) were reported. 
GraphPad Prism (version 8.0.1) was utilized to draw survival 
curves, and Review Manager version 5.3 (RevMan, Cochrane 
Collaboration, Oxford, England) for forest plots. Stratified sam-
pling, data preprocessing, and the development of the DSO model 
were performed in R (version 3.6.1) unless otherwise specified; 
XGBoost regressors were developed with R package xgboost. The 
Fisher’s exact test and the Wilcoxon rank-sum test were used to 
examine the between-group differences per organ-specific meta-
static status for the percentage of PD-L1 strong expression and the 
distribution of bTMB, respectively. A comparison of DSO score 
between subgroups was performed using the unpaired t test and 
visualized by GraphPad Prism. Cox proportional regression was 
performed to calculate the P value of the treatment-by-biomarker 
interaction term in the intention-to-treat (ITT) population using 
R package survival. The relationship between clinical character-
istics and DSO score was assessed using the t-test or the Fisher’s 
exact test. All P values were based on a two-tailed test and P ≤ 0.05 
was considered statistically significant.

Results

Baseline tumor burden for the evaluation of atezolizumab 
treatment

A total of 1136 individuals were pooled across OAK and 
POPLAR trials to explore the impact of baseline tumor burden 

of primary and metastatic lesions on the efficacy of atezolizu-
mab versus docetaxel in the second-line setting of NSCLC.

Although higher SLD was identified as an unfavorable pre-
dictive factor for both atezolizumab (P < .001; Figure 2a) and 
docetaxel (P < .001; Figure 2b), the OS in atezolizumab-treated 
patients was generally similar compared to those receiving 
docetaxel regimen, among patients with SLD in the lowest 
quartile (1st quartile: HR 0.88, 95% CI 0.63–1.23; Figure 2c). 
As a contrast, atezolizumab consistently demonstrated an OS 
benefit versus docetaxel in individuals with higher SLD (2nd 

quartile: HR 0.65, 95% CI 0.49–0.86; 3rd quartile: HR 0.65, 95% 
CI 0.49–0.86; 4th quartile: HR 0.71, 95% CI 0.54–0.93; 
Figure 2c).

Likewise, for the number of metastatic sites, more meta-
static sites were inversely correlated with clinical outcomes for 
both atezolizumab (P < .001; Figure 2d) and docetaxel 
(P < .001; Figure 2e). However, no significant difference in 
OS was observed between treatments in patients with one 
metastatic site (1 site: HR 0.88, 95% CI 0.56–1.38; figure 2f), 
whereas an OS benefit derived from atezolizumab versus doc-
etaxel was seen in patients with at least two metastatic sites (2 
sites: HR 0.69, 95% CI 0.52–0.92; 3 sites: HR 0.69, 95% CI 
0.53–0.90; ≥4 sites: HR 0.73, 95% CI 0.57–0.93; Figure 2f).

To determine an exact cut-point of SLD for the comparison 
of atezolizumab and docetaxel, we calculated the hazard ratios 
of atezolizumab versus docetaxel with a series of optional cutoff 
values; the best clinical benefit of atezolizumab over docetaxel 
was achieved when the cutoff value was equal to 38 mm (Figure 
2g). Accordingly, exploratory analysis was performed based on 
the combination of the number of metastatic sites (1 site or ≥2 
sites) and SLD (≤38 or >38) (Figure S4); there was no signifi-
cant difference of OS between atezolizumab and docetaxel in 
the group with relatively lower tumor burden (SLD ≤ 38 or 1 
site: HR 1.00, 95% CI 0.74–1.36, P = .9978; Figure 2h), but 

Figure 1. Flow Chart of the study design. The primary and metastatic lesion spectrum was collected from the phase III OAK study and the phase II POPLAR study for their 
association with efficacy of atezolizumab versus docetaxel. A DSO (Diameter-Site-Organ) model for guiding treatment strategy (i.e. atezolizumab or docetaxel) was 
developed in the OAK discovery cohort and subsequently validated in the OAK internal validation cohort and the POPLAR external validation cohort.
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a predominant OS advantage of atezolizumab over docetaxel 
was found in the group with higher tumor burden (SLD > 38 
and ≥2 sites: HR 0.64, 95% CI 0.54–0.75, P < .0001; Figure 2i).

Metastatic organs for the outcome of atezolizumab 
treatment

Given the critical roles of metastatic sites in advanced NSCLC, 
we further explored the predictive value of the metastatic 
spectrum on long-term survival benefits of atezolizumab over 
docetaxel. It is noteworthy that patients harboring different 
organ metastases showed different efficacy tendencies between 
the two treatments.

Specifically, adrenal gland metastasis exerted no obvious 
influence on the survival benefits of patients treated with ate-
zolizumab (HR 0.92, 95% CI 0.67–1.26, P = .5995; Figure 3a). 
In parallel, OS was shorter among docetaxel-treated patients 
with adrenal gland metastasis relative to those without adrenal 
gland metastasis (HR 1.46, 95% CI 1.06–2.00, P = .0082; Figure 
3b). Intriguingly, a direct comparison of the efficacy of the two 
treatments showed that atezolizumab resulted in a significantly 
greater OS benefit relative to docetaxel (HR 0.53, 95% CI 
0.36–0.79, P = .0012; Figure 3c). Additonally, OS benefit was 
similar based on the presence or absence of brain metastasis 
regardless of atezolizumab (HR 0.87, 95% CI 0.61–1.25, 
P = .4816; Figure 3d) or docetaxel (HR 1.16, 95% CI 0.83–1.61, 

P = .3574; Figure 3e). Yet it’s worth noting that favorable long- 
term survival prospects of atezolizumab over docetaxel were 
demonstrated in the overall population with brain metastasis 
(HR 0.55, 95% CI 0.35–0.88, P = .0115; figure 3f).

As a contrast, the presence of malignant pleural effusion 
(Figure 3g-h), bone metastasis (Figure 3j-k), and liver metas-
tasis (Figure S5a-b) yielded unfavorable survival prospects 
irrespective of receiving atezolizumab or docetaxel treatment. 
But OS only trended longer in the atezolizumab arm compared 
with the docetaxel arm, without reaching a conventional level 
of statistical significance (figure 3f, figure 3i and Figure S5c). 
With respect to pleural metastasis and mediastinum metastasis, 
OS trended shorter in patients with either the two metastases 
(Figure S5d-e and S5g-h), and both displayed a nonsignificant 
trend favoring atezolizumab relative to docetaxel (Figure S5f 
and S5i).

Development of the Diameter-Site-Organ (DSO) model

In virtue of the instructional significance of the primary 
and metastatic lesion spectrum to therapeutic decision- 
making of advanced NSCLC in the second-line setting, 
we thus set out to propose a machine learning-based 
model incorporating baseline SLD, the number of meta-
static sites, and metastatic organs (DSO model) for assist-
ing medication guidance. To begin with, the OAK trial 

Figure 2. Efficacy of atezolizumab versus docetaxel according to baseline tumor size and number of metastases. Kaplan-Meier curves of overall survival (OS) categorized 
by the sum of the longest diameters (SLD) in (a) the atezolizumab-treated and (b) the docetaxel-treated patients. (c) Forest plots illustrating the OS benefits of 
atezolizumab versus docetaxel categorized by SLD. Kaplan-Meier curves of OS categorized by the number of metastatic sites in (d) the atezolizumab-treated and (e) the 
docetaxel-treated patients. (f) Forest plots illustrating the OS benefits of atezolizumab versus docetaxel categorized by the number of metastatic sites. (g) Determination 
of the optimal cut-point of SLD in terms of hazard ratios of atezolizumab versus docetaxel. Overall survival comparing atezolizumab and docetaxel in subgroup with (h) 
low tumor burden (SLD ≤ 38 or 1 site) and in the subgroup with (i) high tumor burden (SLD > 38 and ≥ 2 sites). HR: hazard ratio; CI: confidence interval; Atezo: 
atezolizumab; Doce: docetaxel; SLD: sum of the longest diameters.
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data were divided into a discovery cohort (N = 595) and 
an internal validation cohort (N = 254) with stratified 
sampling, while the POPLAR trial data were reserved as 
an external validation cohort (N = 287) (Table S1). The 
DSO model was developed in the discovery cohort 
(Supplementary Methods).

In the DSO-based system, patients initially received 
imaging evaluation to acquire the primary and metastatic 
lesion spectrum of tumors, including the information of 
SLD, metastatic sites and metastatic organs, which was 
used as input for two independent OS regressors to predict 
an Atezo score and a Doce score for each patient. By 

Figure 3. Efficacy of atezolizumab versus docetaxel according to specific metastatic organs. Overall survival in atezolizumab-treated patients with and without (a) 
adrenal gland metastasis, (d) brain metastasis, (g) pleural effusion metastasis, and (j) bone metastasis. Overall survival in docetaxel-treated patients with and without (b) 
adrenal gland metastasis, (e) brain metastasis, (h) pleural effusion metastasis, and (k) bone metastasis. Overall survival of atezolizumab versus docetaxel in population 
with (c) adrenal gland metastasis, (f) brain metastasis, (i) pleural effusion metastasis, and (l) bone metastasis. HR: hazard ratio; CI: confidence interval; Met: metastasis.
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subtracting the Atezo score and the Doce score, a final 
DSO score was generated as the expected clinical benefit of 
atezolizumab versus docetaxel for the patient; therefore, 
patients with DSO score ≤0 (Atezo score ≤ Doce score) 
would prefer docetaxel, while those with DSO score > 0 
(Atezo score > Doce score) would prefer atezolizumab 
(Figure 4a).

The instructional significance of the DSO model was 
first evaluated in the discovery cohort (N = 595). 
Critically, as the DSO score increased, the HR value of 
atezolizumab versus docetaxel decreased gradually (Figure 
4b), suggesting that the DSO score, to a certain extent, 
could reflect the degree to which atezolizumab was super-
ior to docetaxel for the patient. Subgroup analyses were 
performed with Kaplan-Meier estimates of OS categorized 
by the DSO score; long-term clinical benefit with atezoli-
zumab compared to docetaxel was demonstrated in 
patients with DSO score > 0 (HR 0.67, 95% CI 0.54–0.84, 
P = .0003; Figure 4c). Meanwhile, although no significant 
difference was observed between treatments in patients 

with DSO score ≤ 0, there even appeared a trend that 
docetaxel yielded better survival than atezolizumab in 
these patients according to the hazard ratios (HR 1.46, 
95% CI 0.89–2.39, P = .1346; Figure 4d).

Generalization performance of the DSO model in the 
validation cohorts

To verify the generalization of the model, we further evaluated 
the predictive effect of the DSO model on the efficacy of atezo-
lizumab versus docetaxel, successively in the internal validation 
cohort (N = 254) and the external validation cohort (N = 287).

In a similar vein, the HR of atezolizumab versus docetaxel 
decreased in magnitude as the DSO socre increased, indicative 
of a positive association of the DSO score with the long-term 
survival benefits of atezolizumab over docetaxel in the internal 
validation cohort (Figure 5a). Significantly, among patients 
with DSO score > 0, atezolizumab resulted in a greater OS 
benefit as compared to docetaxel (HR 0.58, 95% CI 0.42–0.81, 
P = .0015; Figure 5b). Concurrently, survival prospects in 

Figure 4. Development of the DSO model for medication guidance for patients with NSCLC in the discovery cohort. (a) Overview of the DSO-based system for NSCLC 
patients, which incorporates the baseline information (sum of the longest diameters, number of metastatic sites, metastatic organs) from imaging evaluation and 
outputs DSO scores through machine learning for clinical decision. (b) Relationship between the hazard ratios of atezolizumab versus docetaxel (dots) and DSO scores, 
with adaptive regression spline fitting (line) in the discovery cohort. Overall survival comparing atezolizumab and docetaxel in subgroups with (c) DSO score > 0 and (d) 
DSO score ≤ 0 in the discovery cohort. NSCLC: non-small cell lung cancer; DSO: Diameter-Site-Organ; HR: hazard ratio; CI: confidence interval; Atezo: atezolizumab; Doce: 
docetaxel.
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atezolizumab-treated patients with DSO score ≤ 0 were similar 
to those in the docetaxel-treated patients (HR 1.08, 95% CI 
0.52–2.24, P = .8402; Figure 5c).

In analogy, the findings were replicated in the external 
validation cohort. It is notable that the DSO score was aslo 
positively associated with the efficacy of atezolizumab versus 
docetaxel (Figure 5d). Within the exteranl cohort, OS consis-
tently favored atezolizumab over docetaxel in patients with 
DSO score > 0 (HR 0.63, 95% CI 0.47–0.84, P = .0018; Figure 
5e), whereas patients with DSO score ≤ 0 presented 
a nonsignificant trend favoring docetaxel (HR 1.63, 95% CI 
0.54–4.90, P = .4083; Figure 5f).

Moreover, we also investigated the efficacy of atezolizumab 
versus docetaxel in subgroups defined by different DSO score, 
with a continuous cut-points of DSO score from 1 to 5. Results 
showed that the DSO-high group demonstrated more super-
iority of atezolizumab over docetaxel along with the increase of 
cut-point (Figure S6).

Reverse engineering and interpretation of the DSO model

The association analysis was conducted to explore the inter-
pretability of the DSO model from the perspective of the 
primary and metastatic lesion spectrum. Within the subgroup 
with SLD ≤ 38 and 1 metastatic site, almost all of the patients 
obtained a DSO score < 0; by comparison, a majority of 
patients with SLD > 38 or ≥ 2 sites obtained a DSO score > 0 
(Figure 6a). In addition, the dual positive subgroup (SLD > 38 

and ≥2 sites) obtained a significantly higher DSO score in 
average than either the single positive (SLD ≤ 38 or 1 site) 
(P < .0001) or the dual negative subgroup (SLD ≤ 38 and 1 site) 
(P < .0001) (Figure 6b). Simultaneously, DSO scores were 
compared among subgroups categorized by specific organ 
metastases. Overall, a general pattern of a higher DSO score 
in average was observed in patients harboring adrenal gland 
metastasis or brain metastasis, compared to those with other 
organ metastases (Figure 6c).

Furthermore, the interation analysis revealed that the OS 
benefit of atezolizumab versus docetaxel was significantly influ-
enced by tumor burden (P [interaction] = 0.0123; Table S3); 
the interaction between treatment and metastatic organs was 
also significant (P [interaction] = 0.0292; Table S4). Similar 
analysis was performed between treatment and the output of 
the DSO model, where a significant heterogeneity of treatment 
effect was observed as expected (DSO score: P [interaction] < 
0.0001, Table S5; DSO group: P [interaction] = 0.0005, 
Table S6).

Discussion

Recently, considerable successes have been witnessed in 
advanced nonselective NSCLC patients receiving ICB therapy, 
but still, a large proportion of patients cannot derive durable 
benefits from it; effective and easily accessible biomarkers that 
can offer clinical guidance are thus highly needed.

Figure 5. Internal and external validation of the DSO model for guiding immune checkpoint therapy. (a) Relationship between the hazard ratios of atezolizumab versus 
docetaxel (dots) and DSO scores, with adaptive regression spline fitting (line) in the internal validation cohort. Overall survival comparing atezolizumab and docetaxel in 
subgroups with (b) DSO score > 0 and (c) DSO score ≤ 0 in the internal validation cohort. (d) Relationship between HR of atezolizumab versus docetaxel and DSO scores, 
with adaptive regression spline fitting in the external validation cohort. Overall survival comparing atezolizumab and docetaxel in subgroups with (e) DSO score > 0 and 
(f) DSO score ≤ 0 in the external validation cohort. DSO: Diameter-Site-Organ; HR: hazard ratio; CI: confidence interval; Atezo: atezolizumab; Doce: docetaxel.
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Baseline tumor burden has been demonstrated as 
a predictor of poor survival for immunotherapy in the previous 
studies.15,25 However, this conclusion was not derived from the 
direct comparison between immunotherapy and chemother-
apy, and therefore overlooked its prognostic effect.15 Herein, 
we for the first time proposed that patients with higher tumor 
burden tend to derive more benefits from immunotherapy 
compared with chemotherapy. The somewhat surprising find-
ing may be justified by multiple reasons. First, patients harbor-
ing higher tumor burden are often accompanied with 
compromised performance status12 and cancer-associated 
cachexia,26,27 both of which markedly increased toxic adverse 
events and decreased tolerance when undergoing 
chemotherapy.12,28,29 As a contrast, immunotherapy provides 
a more favorable safety and tolerability profile even in patients 
with poor performance status.30,31 Besides, instead of a direct 
cytotoxicity on tumor tissue, immune checkpoint inhibitors 
exert an indirect effect in immune regulation and pertinently 
provide durable benefits for patients harboring high tumor 
burden, who are characterized with an immunosuppressive 
microenvironment induced by the upregulation of PD-1/PD- 
L1.32 Moreover, previous research has put forward a positive 
correlation between baseline tumor burden and CD8+ T-cell 
reinvigoration after ICB therapy, suggesting that the anti- 

tumor effect induced by immunotherapy could be augmented 
along with the increase of tumor burden.14

Researches probing into the seed (cancer cell) versus the soil 
(invaded organ) have illustrated that the immune landscape 
differs greatly in different organs,33,34 which will no doubt 
influence anti-tumor immunity.35 Unraveling organ-specific 
immunity holds great promise in promoting the development 
of precise immunotherapeutic strategy. Specifically for brain 
metastasis, the limited access for cytotoxic agents to penetrate 
the blood brain barrier substantially restrict the effect of 
chemotherapy;36 apart from that, the microenvironment land-
scape of brain metastasis characterized with an accumulation 
of tumor-infiltrating lymphocytes37 determines a pronounced 
response to immunotherapy, while at the same time inducing 
an astrocyte-mediated resistance to chemotherapy through the 
upregulation of GSTA5, BCL2L1, and TWIST1;36,38 therefore, 
the presence of brain metastasis predicts a significant benefit 
from immunotherapy versus chemotherapy. As regards adre-
nal gland metastasis, patients harboring this kind of organ 
metastasis yields prolonged survival with immunotherapy 
compared to chemotherapy, which might be attributed to the 
higher proportion of PD-L1 strong expression (metastasis vs. 
non-metastasis: 23.33% vs. 14.74%, P = .0142; Figure S7b) and 
the upregulated bTMB (metastasis vs. non-metastasis: 11 vs. 7 

Figure 6. Correlational analyses of DSO score with tumor size, metastatic lesion number and metastatic organs. (a) Scatter plot showing the association of DSO score and 
the baseline sum of the longest diameters (SLD) and the number of metastatic sites. (b) Comparison of DSO scores among subgroups categorized by SLD and metastatic 
lesion number. Significance level: **** P < .0001. (c) Comparison of DSO scores among subgroup categorized by specific organ metastases. SLD: sum of the longest 
diameters; DSO: Diameter-Site-Organ; Met: metastasis.
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mutations/Mb in median, P = .0001; Figure S7b). On the 
contrary, for those whose tumors metastasized to bone, pleura, 
or pleural effusion, the relatively low levels of bTMB and PD- 
L1 (Figure S7a-b), which are responsible for the innate 
immune suppression, lend a potential mechanistic basis to 
the limited benefit derived from immune checkpoint inhibitors 
in these patients. Collectively, this study demonstrated that the 
occurrence of specific organ metastases could provide medica-
tion guidance for advanced NSCLC, and offered new clues for 
translational researches into underlying mechanisms.

One of the novelties of the present study manifests in the 
innovation of the model. To the best of our knowledge, this is 
the first machine-learning based model capable to measure the 
degree of the survival benefits derived from atezolizumab over 
docetaxel through integrative evaluation of the primary and 
metastatic lesion spectrum. Of note, the DSO model was an 
assistant decision-making model for medication guidance rather 
than a prediction model for a particular treatment, thus distin-
guishing it from others as well as enabling it to resolve the 
defects of traditional prediction models. The traditional predic-
tion model that developed merely in the atezolizumab-treated 
population might neglect the prognosis of patients themselves 
and caused misunderstandings. To resolve this defect, the DSO 
model was developed based on two prediction model, namely 
the atezolizumab regressor and the docetaxel regressor; by sub-
tracting the predicted scores from the two regressors, we can 
thus have a direct comparison of atezolizumab versus docetaxel, 
and tell which treatment is more appropriate for each patient 
according to the DSO score. To further demonstrate the advan-
tage of the DSO model over classical indicators, the instructive 
values of blood-based TMB (bTMB) and PD-L1 expression level 
were investigated. Interestingly, there was no evidence that the 
efficacy of atezolizumab versus docetaxel promoted with the 
increase of bTMB (Figure S8b) or PD-L1 expression level 
(Figure S8c); as a contrast, a general pattern of enhanced efficacy 
of atezolizumab versus docetaxel was observed, along with the 
increase of DSO score (Figure S8a). Last but not least, the 
association of DSO score with tumor burden and metastatic 
organs, as well as their interaction effects with treatment were 
analyzed for reverse-engineering and interpretation, explaining 
the instructive value of the machine learning-based model for 
medication guidance; meanwhile, the distribution of other clin-
ical characteristics was generally balanced between groups cate-
gorized by DSO score (Table S7).

Another novelty manifests in the advantages of the pri-
mary and metastatic lesion spectrum for medication gui-
dance compared to other metrics. To be specific, regarding 
accessibility, baseline tumor burden and metastatic sites are 
readily available at diagnosis through image examinations 
without additional and subsequent tests, whereas early 
tumor shrinkage should be assessed at the six-week visit.11 

As for stability, the primary and metastatic lesion spectrum 
would not be disturbed by the short-term physical condi-
tion, whilst hematological markers (e.g. LIPI7,8 and CRP10) 
might be affected by infection, trauma, and the usage of 
glucocorticoids or antibiotics, etc. As regards objectivity, 

the baseline metastatic lesion number and the metastatic 
sites would not be interfered by subjective judgment, as 
compared with patient-reported outcomes.10 Even so, we 
believe that the combination of multi-dimensional informa-
tion would be the mainstay of future precision medicine, 
and the primary and metastatic lesion spectrum might serve 
as another dimension to complement with the identified 
markers.

There are several limitations in this study. Firstly, baseline 
metastatic status of adrenal gland, pleura and mediastinum, as 
well as PD-L1 expression level were not available in the POPLAR 
trial data because of data missing; on the other hand, however, 
the external validation cohort could, to some extent, better 
simulate and reflect the clinical practice, where not every patient 
could receive a thorough imaging evaluation to assess the sys-
temic cancer spread. In addition, the present study did not 
evaluate the effect of the primary and metastatic lesion spectrum 
on safety and tolerability profile of atezolizumab versus doce-
taxel because of insufficient data, which deserved efforts in 
ongoing researches in the OAK and POPLAR data and also real- 
world data. Besides, the difference in the selection of target 
lesions for measuring SLD might lead to the between-scorer 
variability.15 Lastly, the role of ICB treatment in NSCLC is 
currently moved to the first-line setting;39 nonetheless, the con-
clusions on the primary and metastatic lesion spectrum drew 
from the study might also provide implications for improving 
the understanding of first-line regimens, and the approach for 
developing a decision model for screening beneficiaries of ICB 
treatment could also be applied in the first-line setting.

Conclusions

This study revealed the predictive and instructional capacity of 
the baseline SLD, the number of metastatic sites, and specific 
organ metastases, through a direct comparison between atezo-
lizumab and docetaxel in NSCLC. The DSO model based on 
the primary and metastatic lesion spectrum might provide 
medication guidance for ICB in second-line NSCLC patients, 
and might as well improve the understanding of first-line 
immune checkpoint therapy.
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