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Characterization of tumor genomic abnormalities and clin-
ical applications of anticancer agents that can effectively 

target these abnormalities have transformed treatment ap-
proaches to lung cancer in the past decade and have brought 
precision therapy into the mainstream of lung cancer care. 
The field of lung cancer therapy continues to rapidly ad-
vance, with recent important updates and further break-
throughs that are relevant to radiologists who contribute to 
diagnosis and treatment monitoring for patients with lung 
cancer. To provide up-to-date knowledge of precision lung 
cancer therapy and imaging, this article reviews the recent 
advances in precision therapy for lung cancer, focusing on 
strategies for overcoming acquired resistance, discoveries of 
novel targetable driver mutations, and clinical application 
of immune-checkpoint inhibitor (ICI) therapy. The latest 
advances in molecular and genomic biomarkers and their 
clinical application in lung cancer will then be reviewed, 
and the imaging pitfalls related to novel therapies will be 
discussed. Finally, updates and future directions for imag-
ing of precision lung cancer therapy are discussed, featuring 
longitudinal tumor burden kinetics, radiomics and texture 
analyses, and molecular and functional imaging. The pur-
pose of the article is to effectively communicate the state-
of-the-art knowledge in lung cancer precision therapy and 
imaging essential for radiologists to continue contributing 
as key members of the rapidly evolving world of lung cancer.

Updates on the Recent Advances in 
Precision Lung Cancer Therapy

Background and Overview of Precision Lung 
Cancer Therapy
Discovery of oncogenic driver mutations and spe-
cific targeted therapy directed to these mutations 

have brought remarkable progress for treatment ap-
proaches in patients with advanced lung cancer in 
the past decade. The concept of precision medicine is 
now applied in daily practice, and further efforts are 
ongoing to identify new genomic targets for the de-
velopment of novel agents, as well as to overcome 
acquired resistance to existing therapies (Fig 1) (1)  
(Table 1).

Epidermal growth factor receptor (EGFR) mutations 
and anaplastic lymphoma kinase (ALK) rearrangements 
are two well-known oncogenic mutations in non–small 
cell lung cancer (NSCLC), especially in adenocarcino-
mas, and are representative examples of successful clini-
cal application of precision lung cancer therapy (Fig 2). 
EGFR mutations have been reported in approximately 
15% of patients in the United States and in 30%–50% 
of patients in Asia (2–5). The most frequently observed 
mutations are L858R in exon 21 and in-frame deletion 
mutations within exon 19. Erlotinib and gefitinib are 
the conventional tyrosine kinase inhibitors (TKIs) that 
have been used to effectively treat patients with EGFR-
mutant advanced NSCLC (6,7). ALK rearrangements 
are noted in 3%–7% of patients with NSCLC. The 
ALK inhibitor crizotinib, which inhibits the marked 
activity of the ALK fusion proteins (8,9), was the first 
U.S. Food and Drug Administration (FDA)-approved 
drug for advanced NSCLC with ALK rearrangements 
(in 2011). On the basis of the successful application 
of these agents, precision therapy with genome-based 
selection of therapeutic agents has become one of 
the mainstream approaches to advanced lung cancer 
(especially nonsquamous NSCLC) and has formed 
a basis for further advances in recent years (10,11)  
(Table 1).
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Recent Advances in Overcoming Acquired Resistance 
to Precision Therapy
Although molecular-targeted therapy is initially very effective 
for subsets of patients with specific tumor genomic muta-
tions, acquired resistance, defined as progression after initial 
treatment benefit, is inevitable, which is a major limitation 
(12). The most common mechanism of acquiring resistance 
for EGFR-mutant NSCLC is the development of EGFR 
T790M mutation, accounting for up to 50%–60% of acquired 
resistance cases (13–15). Less commonly, other mechanisms, 
including MET amplification and ERBB2 (HER2) amplifica-
tion, as well as transformation to small cell lung cancer (SCLC), 
have been reported (13–15).

To overcome acquired resistance due to T790M muta-
tion, a mutant-selective EGFR-TKI, osimertinib, has been 
developed (16). Osimertinib is selective for both the sen-
sitizing EGFR mutations and the T790M resistance muta-
tion, whereas it relatively spares wild-type EGFR. In a phase 
I trial, osimertinib was shown to be effective for patients 
who experienced disease progression after conventional 
EGFR-TKI therapy (16) (Table 1). A subsequent phase II 
trial of osimertinib in patients with T790M-positive disease 
also demonstrated marked efficacy (17). In 2015, osimer-
tinib received approval for patients with advanced NSCLC 
harboring T790M mutation who experienced disease pro-
gression while being treated with an EGFR-TKI (Fig 3).

Furthermore, a recent trial of osimertinib as the first-
line treatment for EGFR-mutant advanced NSCLC dem-
onstrated a longer progression-free survival (PFS) in the 
osimertinib-treated group than in the group treated with 
erlotinib or gefitinib (median PFS, 18.9 vs 10.2 months, P 
, .001) (18). Osimertinib also had a superior efficacy in the 
central nervous system (CNS), with a CNS response rate of 

91%, compared with 68% for erlotinib and gefitinib, reduc-
ing the risk of CNS progression (19). Osimertinib was ap-
proved for the first-line treatment of EGFR-mutant NSCLC 
in 2018. The marked efficacy of osimertinib for EGFR-mu-
tant NSCLC in both the TKI-naive and acquired resistance 
settings represents important progress that has changed the 
landscape of the treatment approaches for EGFR-mutant 
advanced NSCLC.

However, acquired resistance is a universal problem in 
molecular-targeting agents directed to specific mutations, and 
osimertinib is not an exception. Acquired resistance to osimer-
tinib has been noted after initial response (Fig 3c, 3d). The 
mechanisms of osimertinib resistance are actively studied and 
include EGFR C797S mutations, MET amplification, and 
SCLC transformation (20,21). Ongoing trials use novel TKIs 
or combination regimens to overcome acquired resistance to 
osimertinib (22).

A similar issue of acquired resistance is noted in patients 
with ALK-rearranged NSCLC. Although crizotinib is initially 
effective, most patients eventually experience relapse, com-
monly within 12 months, because of the development of ac-
quired resistance to crizotinib (23) (Fig 4). The mechanisms of 
acquired resistance include mutation within the ALK tyrosine 
kinase domain or amplification of the ALK fusion gene (24). 
Additionally, because of poor CNS penetration of crizotinib, 
the CNS is the most common site of progression in patients 
treated with crizotinib (25) (Fig 5). To overcome these limita-
tions, newer ALK inhibitors have been developed and tested 
in trials. Alectinib, a second-generation ALK inhibitor, has 
demonstrated promising activity in patients (26,27) (Table 1). 
Alectinib was initially approved by the FDA in 2015 for treat-
ment of patients with ALK rearrangement who experienced 
disease progression with crizotinib. Subsequently, alectinib also 
demonstrated marked efficacy as the first-line treatment for 
ALK-rearranged NSCLC, with a superior efficacy compared 
with crizotinib (23). Alectinib has better blood-brain barrier 
penetration, and 12% of patients treated with alectinib had 
an event of CNS progression, compared with 45% of patients 
treated with crizotinib (23) (Fig 5). On the basis of these results, 
alectinib is now approved as the first-line therapy for ALK-re-
arranged NSCLC (23,28). Other ALK inhibitors—ceritinib, 
brigatinib, and lorlatinib—have also shown activity in patients 
with ALK-rearranged NSCLC and have been approved (29–
32) (Table 1). Availability of these newer ALK-directed agents 
in the first-line setting as well as after progression on the prior 
ALK inhibitor therapy has brought further advances in the ap-
proach to ALK-rearranged NSCLC.

Other oncogenic driver mutations beyond EGFR and ALK 
have been actively investigated, leading to recent approvals of 
dabrafenib (a BRAF inhibitor) and trametinib (a MEK inhibi-
tor) combination therapy for BRAF V600E mutation-positive 
metastatic NSCLC and crizotinib for ROS1-rearranged NSCLC 
(33,34) (Table 1) (Fig E1 [online]). Discoveries of these newer 
genomic abnormalities and development of specific targeting 
agents continue to advance precision lung cancer therapy and 
overcome acquired resistance. Imaging plays an important role 
by objectively characterizing tumor response and progression. 

Abbreviations
ALK = anaplastic lymphoma kinase, AUC = area under the receiver op-
erating characteristic curve, CNS = central nervous system, EGFR = 
epidermal growth factor receptor, FDA = Food and Drug Administra-
tion, FDG = fluorodeoxyglucose, ICI = immune-checkpoint inhibitor, 
NSCLC = non–small cell lung cancer, OS = overall survival, PD-1 = 
programmed death-1, PD-L1 = programmed death-ligand 1, PFS = pro-
gression-free survival, RECIST = Response Evaluation Criteria in Solid 
Tumors, SCLC = small cell lung cancer, SUVmax = maximum standard-
ized uptake value, TKI = tyrosine kinase inhibitor

Summary
The knowledge of the recent advances of precision lung cancer ther-
apy and their impact on image-based diagnosis and treatment moni-
toring is essential for radiologists to continue to be key members of 
multidisciplinary lung cancer care.

Essentials
 n The precision medicine approaches to lung cancer continue to rap-

idly advance in the clinical practice setting.
 n Familiarity with pre- and posttherapy imaging characteristics of 

lung cancer treated with precision therapy is essential for accurate 
interpretation of imaging studies.

 n Imaging pitfalls of precision lung cancer therapy, including 
immune-related tumor response and drug toxicities, should be 
recognized.
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Figure 1: Spectrum of oncogenic driver mutations in lung adenocarcinoma and their incidence rates. These 
oncogenic driver mutations are mostly mutually exclusive, except for rare exceptions. (Modified from reference 
1.) ALK = anaplastic lymphoma kinase, Amp = amplification, BRAF = v-Raf murine sarcoma viral oncogene 
homolog B1, BRCA = breast cancer susceptibility gene, CDKN2A = cyclin-dependent kinase inhibitor 2A, 
EGFR = epidermal growth factor receptor, ERBB2 = erb-b2 receptor tyrosine kinase 2 (HER2), FGFR = fibroblast 
growth factor receptor, KRAS = v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog, MAP2K1 = dual specific-
ity mitogen-activated protein kinase kinase 1, MET = mesenchymal-epithelial transition factor, Mut = mutation, NF 
= neurofibromin, NRAS = neuroblastoma RAS viral (v-ras) oncogene homolog, PIK3CA = phosphatidylinositol 
3-kinase, PTEN = phosphatase and tensin homolog, RET = rearranged during transfection, ROS = ROS proto-
oncogene 1, TSC = tuberous sclerosis.

Awareness of the rapidly advancing landscape of genome-based 
selection for precision lung cancer therapy is essential for radi-
ologists who contribute as key members of state-of-the-art lung 
cancer care, as these approved agents are increasingly used in 
clinical practice settings.

ICI Therapy for Lung Cancer
Cancer immunotherapy using immune-checkpoint blockade has 
brought another paradigm shift in advanced cancer treatment, 
as recognized by the Nobel Prize in Physiology or Medicine in 
2018, awarded to James Allison and Tasuku Honjo “for their 
discovery of cancer therapy by inhibition of negative immune 
regulation” (35). ICIs block immune inhibition by tumors and 
thereby activate cellular immune response against tumors. Their 
clinical application has added another important dimension to 
the precision medicine approach to lung cancer (36,37).

Among a variety of immune-checkpoint molecules that can 
be targeted in immunotherapy, programmed death-1 (PD-1)/
programmed death-ligand 1 (PD-L1) inhibitors are two major 
groups of agents that are actively used in advanced NSCLC 
(36,37). Currently, four PD-1/PD-L1 inhibitors have been ap-
proved for treatment of NSCLC (Table 1). Before the intro-
duction of ICIs, cytotoxic chemotherapy was the mainstay of 
treatment for patients with advanced NSCLC who do not have 
targetable mutations, without significant improvement in out-
comes (38). However, successful clinical application of PD-1/

PD-L1 inhibitors has 
revolutionized the treat-
ment approaches for 
these patients without 
targetable mutations and 
has enabled marked and 
durable responses and 
prolonged clinical ben-
efits in some patients 
(39–47) (Fig 6).

ICI therapy has also 
made contributions 
to the progress of treat-
ment for SCLC, which 
is also an area in need of 
more effective therapies. 
Nivolumab showed du-
rable response in a subset 
of patients with SCLC 
whose disease progressed 
after chemotherapy 
(48), and it was granted 
an accelerated approval 
for the treatment of pa-
tients with SCLC with 
disease progression after 
platinum-based chemo-
therapy and one other 
line of therapy in 2018 
(Table 1).

Molecular and 
Genomic Biomarkers and Pitfalls of Image 
Interpretations for Lung Cancer Precision 
Therapy

Advances in Molecular and Genomic Biomarkers for 
Lung Cancer
Given the advances of precision therapy for lung cancer, iden-
tification of targetable mutations at the time of diagnosis has 
become critically important to determine the most optimal 
treatment strategies. Massively parallel sequencing is a high-
throughput method that allows comprehensive tumor genomic 
profiling with a high identification rate of “actionable” muta-
tions (49) (Figs E2, E3 [online]). Another emerging strategy is 
plasma genotyping with “liquid biopsy,” which identifies driver 
mutations in circulating cell-free tumor DNA from peripheral 
blood samples and is increasingly used in evaluation of EGFR 
mutations in NSCLC (50,51).

Selecting the subgroup of patients who would benefit from 
ICIs becomes important because the efficacy of treatment var-
ies across individual patients and among different tumor types. 
The level of PD-L1 expression in tumor cells at immunohisto-
chemistry helps identify patients who may benefit from ICIs 
(36). Several previous studies, including phase III trials of 
pembrolizumab in patients with advanced NSCLC, reported a 
higher response rate and longer PFS and overall survival (OS) 
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Table 1: Genomic Abnormalities in Lung Cancer and Effective Targeted Therapy Options

Agents and Genomic/ 
Molecular Targets

Indications Approved by  
U.S. FDA

Efficacy in the Landmark Clinical  
Trials

EGFR
 Erlotinib (7,108,109) Treatment for advanced NSCLC that failed prior  

chemotherapy (November 2004); first-line treatment  
for advanced NSCLC with EGFR exon 19 deletion  
or L858R mutations (May 2013)

ORR: 61%–83%; median PFS: 9.7–13.1 months;  
median OS: 19.3–22.8 months*

 Gefitinib (6,110,111) First-line treatment for advanced NSCLC with EGFR  
exon 19 deletion or L858R mutations (July 2015)†

ORR: 62.1%–73.7%; median PFS: 9.2–10.8 months;  
median OS: 30.5–30.9 months

 Afatinib (112–114) First-line treatment for advanced NSCLC with EGFR  
exon 19 deletion or L858R mutations (July 2013)

ORR: 56–66.9%; median PFS: 11.0–11.1 months;  
median OS: 16.6–28.2 months

 Osimertinib (16–
18,115–117)

Advanced NSCLC with T790M mutation that  
progressed on EGFR-TKI therapy (November 2015)

ORR: 61%–71%; median PFS: 9.6–10.1 months;  
median OS: 26.8 months

First-line treatment for advanced NSCLC with EGFR  
exon 19 deletion or L858R mutations (April 2018)

ORR: 77–80%; median PFS: 18.9–20.5 months;  
median OS: not reached (18-month OS rate: 83%)

 Dacomitinib (118) First-line treatment for advanced NSCLC with EGFR  
exon 19 deletion or L858R mutations (September  
2018)

ORR: 75%; median PFS: 14.7 months; median OS:  
not available (data premature)

ALK
 Crizotinib (8,9) Treatment for advanced NSCLC with ALK  

rearrangements (August 2011)
ORR: 65–74%; median PFS: 7.7–10.9 months;  

median OS: 20.3 months
 Alectinib (23,26,27) Treatment of ALK-rearranged advanced NSCLC after  

progression on crizotinib (December 2015)
ORR: 48%–50%; median PFS: 8.1–8.9 months;  

median OS: not reached (12-month OS rate: 71%)
First-line treatment for ALK-rearranged advanced  

NSCLC
ORR: 82.9%; median PFS: not reached; median OS:  

not available (data premature)
 Ceritinib (29,119,120) Treatment of ALK-rearranged advanced NSCLC after  

progression on crizotinib (April 2014)
ORR: 49%–56%; median PFS: 6.7–6.9 months;  

median OS: 18.1 months
First-line treatment for ALK-rearranged advanced  

NSCLC (May 2017)
ORR: 72.5%; median PFS: 16.6 months; median OS:  

not reached (24-month OS rate: 70.6%)
 Brigatinib (121) Treatment of ALK-rearranged advanced NSCLC after  

progression on crizotinib (April 2017)
ORR: 48%–53%; median PFS: 9.2–15.6 months;  

median OS: not reached (12-month OS rates:  
71%–80%)

 Lorlatinib (32) Treatment of ALK-rearranged advanced NSCLC after  
progression on crizotinib and at least one other  
ALK inhibitor, or progression on alectinib or ceritinib  
as the first ALK inhibitor (November 2018)

ORR: 46%; median PFS: 9.6 months; median OS:  
NA

ROS1
 Crizotinib (34) Treatment for ROS-1 rearranged advanced NSCLC  

(March 2016)
ORR: 72%; median PFS: 19.2 months; median OS:  

not reached (12-month OS rate: 85%)
BRAF
 Dabrafenib  

and trametinib  
combination (33)

Treatment for advanced NSCLC harboring BRAF  
V600E mutations

ORR: 64%; median PFS: 14.6 months; median OS:  
24.6 months

PD-1
 Nivolumab (42,43,48) Treatment for advanced squamous NSCLC after  

progression on chemotherapy (March 2015)
ORR: 20%; median PFS: 3.5 months; median OS:  

9.2 months
Treatment for advanced nonsquamous NSCLC after  

progression on platinum-based chemotherapy‡  
(October 2015)

ORR: 19%; median PFS: 2.3 months; median OS:  
12.2 months

Treatment for metastatic SCLC with disease  
progression on chemotherapy and one other line of  
therapy (August 2018)

ORR: 11.9%; median PFS: 1.4 months; median OS:  
5.6 months

 Pembrolizumab  
monotherapy (40,45)

Treatment for advanced NSCLC with PD-L1  
expression that progressed after platinum-based  
chemotherapy (October 2015)‡

ORR: 45.2%; median PFS: 6.3 months; median OS:  
not reached§

First-line treatment for advanced NSCLC with PD-L1  
expression of  50% (October 2016)‡

ORR: 44.8%; median PFS: 10.3 months; median OS:  
not reached (6-month OS rate: 80.2%)

Table 1 (continues)



Park et al

Radiology: Volume 293: Number 1—October 2019  n  radiology.rsna.org 19

this regimen for both 
nonsquamous (47) and 
squamous (52) NSCLC 
(Table 1). Though some 
controversies still re-
main, PD-L1 immuno-
histochemistry as a bio-
marker for ICI therapy 
has expanded the subset 
of patients with NSCLC 
who can benefit from 
precision medicine ap-
proaches (45). Interest-
ingly, NSCLCs harbor-
ing EGFR mutations 
or ALK rearrangements 
are associated with low 
response rates to PD-1/
PD-L1 inhibitors and 

are thus excluded from some of the indications for ICI ther-
apy (Table 1) (53).

Microsatellite instability/mismatch repair deficiency, 
though uncommon in lung cancer, has also become a bio-
marker for ICI therapy for all solid tumors, representing the 
first ever tumor-agnostic biomarker. Additional biomarkers for 
ICI therapy, including tumor mutation burden, tumor-infil-
trating lymphocytes (especially CD8+ T cells), and cytokine 
profiles, are being actively investigated (36,46).

in patients whose tumors had high PD-L1 expression (45).  
Pembrolizumab was approved for first-line treatment for pa-
tients with NSCLC with 50% or greater PD-L1 staining in 
tumor cells, which consists of approximately 30% of stage 
IV NSCLCs with no sensitizing EGFR mutations or ALK 
rearrangements (45) (Fig E4 [online]). Combining pembro-
lizumab with chemotherapy has also shown improvements 
in PFS and OS, regardless of PD-L1 expression levels, com-
pared with chemotherapy alone, leading to the approval of 

Figure 2: Images in 63-year-old woman with advanced adenocarcinoma of the lung harboring sensitizing 
epidermal growth factor receptor (EGFR) L858R mutation who was treated with the EGFR inhibitor erlotinib. (a) 
Baseline chest CT image shows a large irregular mass in the left upper lobe (*) with thickening of the peribron-
chovascular bundle and interlobular septa, representing a primary tumor with regional lymphangitic spread. (b) 
Follow-up chest CT image obtained after 2 months of erlotinib therapy shows a marked decrease of the mass 
with residual opacities, representing response to therapy.

Table 1 (continued): Genomic Abnormalities in Lung Cancer and Effective Targeted Therapy Options

Agents and Genomic/ 
Molecular Targets

Indications Approved by  
U.S. FDA

Efficacy in the Landmark Clinical  
Trials

 Pembrolizumab in  
combination with  
pemetrexed and  
carboplatin (122)

First-line treatment for advanced nonsquamous  
NSCLC, irrespective of PD-L1 expression  
(May 2017)

ORR: 55%; median PFS: 13.0 months; median OS:  
not reached (6-month OS rate . 90%)

PD-L1
 Atezolizumab  

monotherapy (123)
Advanced NSCLC with disease progression on  

platinum-based chemotherapy‡ (October 2016)
ORR: 14%; median PFS: 2.8 months; median OS:  

13.8 months
 Atezolizumab plus  

bevacizumab, paclitaxel,  
and carboplatin (124)

First-line treatment for advanced NSCLC without  
EGFR mutations or ALK rearrangements  
(December 2018)

ORR: 63.5%; median PFS: 8.3 months; median OS:  
19.2 months

 Atezolizumab plus  
carboplatin and  
etoposide (125)

First-line treatment in extensive-stage SCLC  
(March 2019)

ORR: 60.2%; median PFS: 5.2 months; median OS:  
12.3 months

 Durvalumab (72,73) As a consolidation therapy after chemoradiotherapy  
for unresectable stage III NSCLC (February 2018)

ORR: 28.4%; median PFS: 16.8–17.2 months;  
median OS: not reached (12-month OS rate: 83.1%)

Note.—ALK = anaplastic lymphoma kinase, BRAF = v-Raf murine sarcoma viral oncogene homolog B1, EGFR = epidermal growth factor 
receptor, FDA = Food and Drug Administration, NSCLC = non–small cell lung cancer, ORR = overall response rate, OS = overall survival, 
PD-1 = programmed death-1, PD-L1 = programmed death-ligand 1, PFS = progression-free survival, ROS-1 = ROS proto-oncogene 1, 
SCLC = small cell lung cancer.
* The outcome data are based on trials of first-line erlotinib therapy for EGFR-mutant NSCLC.
† Initially approved in 2003, which was before the discovery of EGFR mutations in NSCLC as a biomarker for the therapy, leading to low 
effectiveness in patients without EGFR mutations and resulting in retraction of FDA approval in 2005.
‡ The outcome data are based on a subcohort of patients with PD-L1 expression of  50% (40).
§ After progression on an appropriate FDA-approved targeted therapy in patients with tumors harboring EGFR or ALK gene abnormalities.
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tumor growth after start-
ing ICI compared with 
the period before start-
ing therapy (60) (Fig 
7). This phenomenon is 
termed hyperprogressive 
disease, and is recognized 
as one of the patterns of 
tumor dynamics during 
ICI therapy (60). In the 
first report of this phe-
nomenon, hyperprogres-
sive disease was defined 
as progression according 
to Response Evaluation 
Criteria in Solid Tumors 
(RECIST) at the first 
evaluation with a two-
fold or greater increase 
in the tumor growth 
rate during PD-1/PD-
L1 therapy compared 
with the pretherapy pe-
riod, and was noted in 
9% of advanced solid 
cancers (60). In a more 
recent study focusing on 
patients with advanced 
NSCLC, hyperprogres-
sive disease was noted 
in 13.8% of patients 
with NSCLC and was 
associated with shorter 
survival (61). Attention 
to this pattern of rapid 
tumor growth is impor-

tant when evaluating imaging studies in patients receiving ICI 
therapy. Further studies are ongoing to identify predictive mark-
ers for the phenomenon.

Drug-related toxicities of precision lung cancer ther-
apy.—Drug toxicities related to novel precision therapy 
agents can be noted at imaging, often with characteristic imag-
ing features, which should be recognized as an imaging pitfall. 
Immune-related adverse events (irAEs) in patients treated with 
ICIs can involve literally any of the organs from head to toe, 
and many organ-specific irAEs have characteristic radiologic 
manifestations that call for radiologists’ attention, as described 
in detail in a recent review article in Radiology focusing on the 
topic and in other publications (37,62–65). Among various 
irAEs, pneumonitis is relatively uncommon but has clinically 
serious toxicity and has been shown to be the leading cause of 
PD-1/PD-L1 inhibitor–related deaths (66). A meta-analysis of 
ICI-related pneumonitis reported a higher incidence of pneu-
monitis in NSCLC, indicating a need for increased awareness 
for this toxicity among patients with NSCLC (Table 2) (67). 
A wide spectrum of imaging manifestations of pneumonitis 

Pitfalls of Image Interpretations for Lung Cancer 
Precision Therapy

Immune-related tumor response and progression.—ICI 
therapy may lead to unique patterns of tumor response and 
progression at imaging in subsets of patients. The most well- 
described pattern is pseudoprogression, which includes 
(a) response after an initial increase in tumor burden, and 
(b) respose during or after the appearance of new lesions 
(36,37,54–58). Although pseudoprogression is becoming 
increasingly known, it is important to recognize the low 
incidence of pseudoprogression, especially in patients with 
NSCLC treated with PD-1/PD-L1 inhibitors, with the fre-
quency ranging from 0.6% to 5% (41,57,59). While imaging 
strategies that help reliably differentiate pseudoprogression 
from true progression in the early course of therapy remain 
to be established, accumulating evidence of the low incidence 
of pseudoprogression in patients with NSCLCs indicates that 
an increase in tumor burden is more likely to reflect true pro-
gression than pseudoprogression in most patients (36).

Although ICIs can lead to durable tumor responses in some 
patients, a small subset of patients may experience accelerated 

Figure 3: Osimertinib therapy in a 63-year-old woman with advanced adenocarcinoma of the lung that 
originally manifested with a sensitizing epidermal growth factor receptor (EGFR) L858R mutation and initially 
responded well to first-line erlotinib therapy. (a) CT image obtained after 15 months of erlotinib therapy shows 
progression of tumor, with development of multiple new lung nodules in the right lung base (arrows). The patient 
started osimertinib therapy for acquired resistance to erlotinib. Rebiopsy of the right lower lobe nodule confirmed 
the presence of a T790M mutation. (b) Follow-up CT image obtained after 2 months of osimertinib therapy 
shows a near-complete resolution of the nodules, representing a marked response to osimertinib. (c) However, 
on a CT image obtained at 10 months of osimertinib therapy, a growth of one of the nodules in the right lower 
lobe (arrow) is noted, indicating progressing tumor despite osimertinib treatment. (d) CT image obtained for 
further follow-up at 11 months after the initiation of osimertinib shows further growth of the dominant recurrent 
tumor (arrow), as well as an increase in smaller lung nodules in the right lower lobe, indicating the development 
of acquired resistance to osimertinib.
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advances of novel lung 
cancer therapy, requiring 
radiologists to continue 
to remain up to date re-
garding the clinical and 
imaging manifestations 
of emerging toxicities 
(37,68).

Emerging 
Strategies 
of Precision 
Imaging for Lung 
Cancer
In response to the recent 
advances of precision 
lung cancer therapy, im-
aging strategies of treat-
ment monitoring have 
also been evolving. The 
areas of focus include 
image-based evaluation 
of tumor growth rates and 
tumor burden kinetics, 
radiomics, and molecu-
lar and functional imag-
ing. The observations are 
mostly in investigational 
settings, with ongoing 
efforts for translation into 
clinical practice.

Beyond RECIST: 
Tumor Volume and 
Tumor Growth Rates
RECIST has been 
most widely used as 

a standard method to evaluate tumor response to therapy 
in solid tumors, including lung cancer (81,82). Although 
they are simple and practical, the limitations of RECIST 
being based only on unidimensional measurements are in-
creasingly acknowledged, especially in patients treated with 
precision therapy (10,11).

To complement some of the limitations of RECIST, tu-
mor volume has been investigated as an alternate or additional 
method in lung cancer. With advances in multi–detector row 
CT technology and the increased availability of image-pro-
cessing software, tumor volume burden can be segmented and 
quantified for more comprehensive assessment of tumor bur-
den (10,83). Many prior studies have also shown that tumor 
volume is more reproducible than tumor size and can thus more 
accurately characterize small changes in tumor burden during 
therapy (10,83,84). Tumor volume analysis has also been in-
vestigated in the setting of precision lung cancer therapy as a 
marker for clinical outcome (Table 3). In patients with EGFR-
mutant advanced NSCLC treated with erlotinib or gefitinib, 
the percentage tumor volume decrease at 8 weeks of therapy 

was noted, which were described using the radiographic pat-
terns according to the classification of interstitial pneumonias 
(37,68–71) (Table 2). Additionally, durvalumab (a PD-L1 in-
hibitor) consolidation therapy after chemotherapy and radia-
tion therapy is a recently approved treatment for unresectable 
stage III NSCLC with OS benefit in a phase III trial (72,73). 
Pneumonitis, including radiation pneumonitis, was noted in 
33.9% of the durvalumab group, which was higher than the 
24.8% in the placebo group. The results suggest combined ef-
fects of radiation and ICI therapy in the development of pneu-
monitis, which requires further investigation (74).

Pneumonitis is also recognized as a class-effect toxicity of 
other agents used in precision therapy (68,75,76). Among the 
agents for lung cancer, EGFR inhibitors are known to be as-
sociated with pneumonitis, although the incidence is very low, 
except in the Japanese population (Table 2) (77). A spectrum of 
radiographic patterns similar to ICI-related pneumonitis has also 
been described. More recently, the combination of EGFR in-
hibitors and ICIs has been reported to lead to a higher incidence 
of pneumonitis, resulting in several lethal cases (78–80). The 
knowledge on drug-related toxicities is also evolving with the 

Figure 4: Images in 77-year-old woman with anaplastic lymphoma kinase (ALK)-rearranged advanced non–
small cell lung cancer who developed acquired resistance to crizotinib and subsequently responded to alectinib. 
(a) Baseline CT image obtained prior to crizotinib therapy shows a dominant mass in the left lower lobe (arrow) 
and multiple lung nodules. (b) Follow-up CT image obtained after 5 months of crizotinib therapy shows marked 
response to therapy, with a clinically significant reduction of the dominant lung mass (arrow) and lung nodules. 
However, the mass (arrow) started to grow back over the course of treatment, as noted on (c) a follow-up CT 
image obtained after 17 months of crizotinib therapy, indicating the development of acquired resistance to crizo-
tinib. Crizotinib therapy was stopped, and the patient was treated with alectinib. On (d) follow-up CT image 
obtained after 2 months of alectinib therapy, the recurrent tumor responded to therapy (arrow).
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was reproducibly shown to be 
associated with OS, proposing 
an early imaging marker for 
survival (56,85,86). Similar 
observations have also been 
noted in patients with ALK 
rearrangement treated with 
crizotinib, indicating a wider 
applicability of tumor volume 
analyses in the setting of preci-
sion lung cancer therapy (87).

Taking advantage of the 
higher reproducibility of tumor 
volume measurements, volu-
metric tumor growth rate can 
also be evaluated, which can be 
particularly useful in patients 
whose tumors are slowly grow-
ing back after initial response 
to effective precision therapy. 
As opposed to the simple per-
centage changes per RECIST 
without consideration of the 
length of time of therapy, tu-
mor growth rate estimates 
the changes in tumor volume 
over time (88,89). In patients 
with EGFR-mutant advanced 
NSCLC treated with erlotinib 
or gefitinib, the tumor growth 
rate after initial response was 
0.12 per month for the loga-
rithm of the volume (originally 
measured in cubic millimeters), 
proposing a reference value to 
define slow progression in this 
subpopulation with NSCLC 

(85,89). Further efforts 
are ongoing to translate 
these investigational ap-
proaches into the clinical 
setting (90).

Radiomics for 
Precision Therapy in 
NSCLC
Radiomics refers to the 
extraction of multiple 
quantitative features from 
radiologic images and cor-
relation with clinical or 
genetic features (91). The 
combination of radiomics 
features and genomic, 
histologic, and clinical 
information can be use-
ful in predicting biologic 

Figure 5: Images show central nervous system (CNS) progression on crizotinib and subsequent response 
to alectinib in a patient with anaplastic lymphoma kinase (ALK)-rearranged advanced non–small cell lung 
cancer. (a) Baseline chest CT image shows dominant consolidative opacity in the right upper lobe and left 
lung nodules. Note right hydropneumothorax (*) due to prior thoracentesis. (b, c) The tumor responded very 
well to crizotinib therapy, with a small residual band-like opacity in the lung (b) after 2 years of crizotinib 
therapy. However, a new enhancing lesion in the right cerebellum (arrow) was noted at brain MRI, suggest-
ing CNS progression. The patient switched therapy from crizotinib to alectinib, and the cerebellar lesion is 
seen to have resolved on (d) image from initial follow-up brain MRI 1.5 months after the initiation of alec-
tinib, demonstrating higher effectiveness of alectinib for CNS lesions because of better blood-brain barrier 
penetration.

Figure 6: Images in 75-year-old man with advanced non–small cell lung cancer with 90% programmed death-
ligand 1 (PD-L1) expression at immunohistochemistry. (a) Baseline CT image shows lobulated mass in left upper 
lobe, consistent with primary lung cancer (arrow). (b) Follow-up CT image obtained after 2 months of nivolumab 
therapy shows marked tumor shrinkage, representing response to PD-1 blockade in this high PD-L1–expressing 
tumor (arrow).
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pleural effusion and younger age were related to ALK mutation; 
and round lesion shape and nodules in nontumor lobes were 
related to KRAS mutation (94). In 298 patients with surgically 
resected peripheral lung adenocarcinomas (137 EGFR-mutant 
and 161 wild type) (95), EGFR mutation status could be pre-
dicted by a set of five radiomic features from three broad groups, 
including CT attenuation energy, tumor main direction, and 
texture defined according to wavelets and Laws (area under the 
receiver operating characteristic curve [AUC]: 0.647). Adding 

features of the tumors, as well as tumor response to therapy and 
prognosis (Fig 8) (91–93).

CT radiomic features are studied for their relationship with 
the specific driver mutational status of NSCLC. Evaluation 
of chest CT characteristics of 285 patients with NSCLC with 
known EGFR mutation and/or ALK rearrangement and/or v-
Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) 
mutation status demonstrated that air bronchogram, pleural re-
traction, and small tumor size were related to EGFR mutation; 

Figure 7: Hyperprogressive disease in a 64-year-old woman with stage IV non–small cell lung cancer treated with nivolumab. (a) CT image 
of the abdomen obtained 2.5 months before the initiation of nivolumab therapy shows metastatic liver lesions (arrow). (b) Baseline CT image 
obtained immediately before the initiation of nivolumab therapy shows a moderate increase in the liver lesion (arrow) compared with a. (c) Initial 
follow-up CT image obtained after 2 months of nivolumab therapy shows a rapid and marked increase in the existing liver mestastasis (arrow), 
as well as the appearance of immunerable new liver lesions occupying majority of liver parenchyma in both lobes, indicating hyperprogressive 
disease on nivolumab therapy.

Table 2: Pneumonitis as a Class-Effect Toxicity of Precision Therapy for NSCLC

Class and Agent
Incidence of All-Grade  
Pneumonitis

Incidence of High-Grade  
Pneumonitis* Radiographic Patterns

EGFR inhibitors (126)†

 Erlotinib, gefitinib,  
 afatinib†

Overall: 1.12% (0.79%, 1.58%);  
Japan: 4.77% (3.84%, 5.91%);  
Non-Japan: 0.55% (0.32%, 0.92%)

Overall: 0.61% (0.40%, 0.93%);  
Japan: 2.49% (1.77%, 3.50%);  
Non-Japan: 0.37% (0.21%, 0.64%)

COP pattern, AIP/DAD pattern,  
HP pattern, HP pattern (77)

 Osimertinib‡ 3.01% (1.85%, 4.85%) 0.56% (0.18%, 1.73%) COP pattern, AIP/DAD pattern,  
HP pattern, HP pattern (77)

PD-1 inhibitors (67)
 Nivolumab and  

 pembrolizumab
4.1% (2.4%, 6.3%) 1.8% (1.0%, 2.6%) COP pattern, AIP/ARDS  

pattern, HP pattern, NSIP  
pattern (69)

PD-L1 inhibitors (127)
 Atezolizumab,  

 durvalumab,  
 avelumab

1.3% (0.8%, 1.9%) 0.4% (0%, 0.8%)§ COP pattern, AIP/ARDS  
pattern, HP pattern, NSIP  
pattern (69)

Note.— The table includes the incidence rates of pneumonitis for these agents used as single-agent therapy for non–small cell lung 
cancer (NSCLC) and not combined with other agents or radiation therapy on the basis of findings of recent meta-analyses studies 
(67,126,127). Data in parentheses are 95% confidence intervals. AIP = acute interstitial pneumonia, ARDS = acute respiratory distress 
syndrome, COP = cryptogenic organizing pneumonia, DAD = diffuse alveolar damage, EGFR = epidermal growth factor receptor, HP 
= hypersensitivity pneumonitis, NSIP = nonspecific interstitial pneumonia, PD-1 = programmed death-1, PD-L1 = programmed death-
ligand 1.
* High-grade pneumonitis was considered to be that with a Common Terminology Criteria for Adverse Events grade of 3 or above.
† The incidence is among patients treated with EGFR inhibitors without prior exposure to EGFR-directed therapy. The incidence was sig-
nificantly higher in studies from Japan compared with studies of non-Japan origin, for all-grade (P , .001) and for high-grade (P , .001) 
pneumonitis.
‡ The data include patients who received osimertinib after previous treatment with conventional EGFR inhibitors. The overall incidence of 
pneumonitis was 4% in a recent phase III trial of first-line treatment of osimertinib for EGFR-mutant NSCLC (18).
§ The study addressed only grade 3–4 pneumonitis.
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risk of death, while a 10% increase in entropy was associated 
with a 14% increased risk (98). The study indicated the utility 
of texture analyses in patients with advanced NSCLC treated 
with precision therapy.

Radiomic approaches are also used in predicting the immune 
phenotype of tumors. A recent multicohort retrospective study 
(99) of advanced tumors, including lung cancer, revealed that ra-
diomic signature may serve as a biomarker for immune-profiles 
and response to immune-checkpoint inhibition. In this study, 
first, the CT images and genomic data from RNA sequencing 
in 135 patients with advanced solid malignancies were evaluated 
to identify a radiomic signature that indicated the abundance 
of tumor-infiltrating CD8 cells. The genomic data were based 
on the CD8B gene, which encodes a part of the CD8 antigen 
(a cell surface glycoprotein found on most cytotoxic T lympho-
cytes) and were used to estimate the abundance of CD8 cells 
in the tumor biopsy samples. The data were then aligned with 
the images to generate the radiomic signatures, obtained from 
the segmented lesion corresponding to biopsy site. From 84 in-
put variables (78 radiomic features, five location variables, and 
peak kilovoltage as the one technical variable), a radiomics-based 
predictor of the CD8 cell expression signature was built by us-
ing machine learning with an elastic-net regularized regression 
method (99). The ability of the radiomic scores to classify high 
versus low abundance of CD8 infiltrate had an AUC of 0.74 in 
this training set of 135 patients and was validated in an indepen-
dent cohort of 119 patients, with an AUC of 0.67 (99). Cancers 
in a third cohort of 100 patients were classified into immune-
inflamed or immune-desert tumor immune phenotypes, defined 
somewhat anecdotally on the basis of the known sensitivity to 
immunotherapy and propensity to involve lymph nodes of the 
tumor types. The radiomic score was able to classify immune-
inflamed or immune-desert phenotypes with an AUC of 0.76 
(99). Finally, an immunotherapy-treated cohort consisting of 

radiomic features to a clinical model resulted in a significant im-
provement in predicting power, with an increase in AUC from 
0.667 to 0.709 (P , .0001) (95). However, in the current status, 
definitive treatment decisions for molecular-targeted therapy re-
quire tumor genomic testing from tissue samples.

Texture features were also studied as predictors of treatment 
response and prognosis. In 35 patients with advanced NSCLC 
treated with nab-paclitaxel, carboplatin, and bevacizumab, CT 
texture parameters, including the mean value of positive pixels 
(MPP) (the mean value of all the pixels with positive values) and 
entropy (a measure of irregularity) were evaluated at pretherapy 
CT. High MPP and low entropy from CT texture analysis were 
significantly associated with longer PFS and OS (96). In a study 
of patients with stage I–III NSCLC treated with chemotherapy 
and radiation therapy, parameters derived from neighborhood 
gray-tone difference matrices at pretherapy fluorodeoxyglucose 
(FDG) PET/CT were evaluated, including coarseness, contrast, 
busyness, and complexity, which describe the local tumor texture 
based on differences between each voxel and the neighboring 
voxels in adjacent image planes (97). RECIST responders at 12 
weeks of therapy had lower coarseness and higher contrast and 
busyness compared with nonresponders. High primary tumor 
coarseness was associated with shorter OS and PFS and was an 
independent predictor of OS (97).

Texture analyses can also be applied to modalities beyond 
CT. Cook et al (98) performed texture analyses at FDG PET/
CT in 47 patients with advanced NSCLC treated with erlo-
tinib. Larger reductions in maximum standardized uptake value 
(SUVmax), standard deviation, and first-order entropy, as well 
as larger increases in first-order uniformity at 6-week PET, were 
associated with a higher chance of RECIST response. High-
order contrast at 6 weeks and percentage change in first-order 
entropy were independently associated with survival. A one-
unit increase in contrast was associated with an 80% increased 

Table 3: Studies of Tumor Size and Volume for Lung Cancer Outcome

Study and  
Year

Tumor and Genotype  
(No. of Patients)

Therapeutic  
Agent

Imaging Parameters and  
Cutpoint

Association with  
Outcome

Nishino et al  
(2013) (56)

EGFR-mutant  
NSCLC (n = 56)

Erlotinib and  
gefitinib

8-week volume decrease of . 38%;  
8-week size decrease

OS: 43.5 vs 16.3 months (P = .01);  
multivariable HR for OS: 0.23 (P = .002);  
no association with OS (P = .11)

Takeda et al  
(2014) (128)

EGFR-mutant  
NSCLC (n = 68)

Erlotinib and  
gefitinib

Best overall RECIST response of  
CR/PR versus SD

PFS: 15.9 vs 8.5 months, P = .009;  
multivariable HR for PFS: 0.33; P = .001

OS: 44.4 vs 12.2 months, P = .004;  
multivariable HR for OS: HR, 0.29; P = .004

Lee et al  
(2016) (86)

EGFR-mutant  
NSCLC (n = 106)

Erlotinib and  
gefitinib

12-week volume decrease of  35%;  
12-week size decrease of  20%

OS: 43.3 vs 31.7 months (P = .035);  
OS: 41.3 vs 40.3 months (P = .956)

Tamura et al  
(2017) (129)

ALK-rearranged  
NSCLC (n = 49)

Alectinib Maximum tumor shrinkage from  
baseline (percentage) according  
to RECIST*

No apparent correlation with PFS

Hida et al  
(2019) (87)

ALK-rearranged  
NSCLC (n = 42)

Crizotinib 8-week volume decrease of . 74% OS: 92.0 vs 22.8 months (P = .0048);  
multivariable HR for OS: 0.14 (P = .008)

Note.—ALK = anaplastic lymphoma kinase, CR = complete response, EGFR = epidermal growth factor receptor, HR = hazard ratio, 
NSCLC = non–small cell lung cancer, OS = overall survival, PFS = progression-free survival, PR = partial response, RECIST = Response 
Evaluation Criteria in Solid Tumors, SD = Stable Disease.
* As a continuous variable without cutpoint; correlation with PFS assessed by the scatter plot.
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provided encouraging 
initial results, which need 
to be further pursued for 
the outcome prediction 
of individual tumor types 
and specific therapies 
(99).

In parallel to the on-
going efforts to develop 
robust radiomic mark-
ers for treatment benefit 
and outcome for preci-
sion lung cancer therapy, 
standardization of the 
methodologic approaches 
for radiomics and texture 
data extraction, analy-
ses, and interpretation 
are needed before the 
method is widely used as 
an additional approach 
that complements the 
limitations of RECIST.

Molecular and 
Functional Images 
for Precision Therapy 
in NSCLC
Molecular and func-
tional imaging can be an 
attractive option in the 
evaluation of patients 
with lung cancer under-
going precision therapy 
because of its potential 
to noninvasively visualize 
molecular and genomic 
characteristics of the tu-
mors, and it may be use-
ful in predicting response 
and clinical outcome. To 
this end, novel PET trac-
ers have been introduced 
and studied. Fluorine 
18 (18F) N-(3-chloro-4-
fluorophenyl)-7-(2-(2-
(2-(2-18F-fluoroethoxy)

ethoxy)ethoxy)ethoxy)-6-methoxyquinazolin-4-amine (MPG) 
is one of such novel PET tracers with high specificity to activat-
ing EGFR mutant kinase. In NSCLC mice models, 18F-MPG 
could reveal EGFR-activating mutations with high sensitivity 
and specificity (100). In 75 patients with NSCLC, patients 
with EGFR mutations had significantly higher 18F-MPG uptake 
than did those with wild-type EGFR (100). The concordance 
between the detection of EGFR mutation at 18F-MPG PET/
CT and tissue biopsy reached 84.29%. Although this is not 
surprising given the high concordance between EGFR muta-

137 patients with advanced solid tumors treated in phase I trials 
of PD-1/PD-L1 monotherapy was divided into high versus low 
radiomic score groups by using the median score of the cohort. 
The radiomic score at baseline CT was higher in RECIST re-
sponders at 3 and at 6 months, compared with patients with 
progressive disease or stable disease. OS was longer in the high 
radiomic score group (hazard ratio = 0.58, P = .0081) than in the 
low radiomic score group (median OS: 24.3 vs 11.5 months). 
Radiomic score was the strongest independent prognostic factor 
in multivariate analysis (hazard ratio: 0.52, P = .0022). The study 

Figure 8: Overview of radiomics, the processing of radiologic imaging data. (Reprinted, with permission, from 
reference 91.) Regions of interest (ROIs) are segmented for the whole tumor, and multiple quantitative features 
are extracted. Combining information from multiple imaging modalities provides a multispectral view of the tumor 
and allows improved tumor characterization. Discovering relationships among the radiomic features and ge-
nomic, pathologic, and clinical data is a challenging but important step. MRS = MR spectroscopy.



Imaging of Precision Therapy for Lung Cancer: Current State of the Art

26 radiology.rsna.org  n  Radiology: Volume 293: Number 1—October 2019 

Bristol-Myers Squibb, AstraZeneca/Medimmune, Lilly, and Genentech/Roche. 
Other relationships: disclosed no relevant relationships. M.N. Activities related to 
the present article: disclosed no relevant relationships. Activities not related to the 
present article: is a consultant for WorldCare Clinical, Toshiba Medical Systems, 
and Daiichi Sankyo; institution has grants or grants pending from Merck, Canon 
Medical Systems, and AstraZeneca; has received honoraria from Bayer and Roche. 
Other relationships: disclosed no relevant relationships.

References
 1. Jordan EJ, Kim HR, Arcila ME, et al. Prospective Comprehensive Molecular 

Characterization of Lung Adenocarcinomas for Efficient Patient Matching 
to Approved and Emerging Therapies. Cancer Discov 2017;7(6):596–609.

 2. Gazdar AF. Personalized medicine and inhibition of EGFR signaling in lung 
cancer. N Engl J Med 2009;361(10):1018–1020.

 3. Lynch TJ, Bell DW, Sordella R, et al. Activating mutations in the epidermal 
growth factor receptor underlying responsiveness of non-small-cell lung cancer 
to gefitinib. N Engl J Med 2004;350(21):2129–2139.

 4. Pao W, Miller V, Zakowski M, et al. EGF receptor gene mutations are 
common in lung cancers from “never smokers” and are associated with 
sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad Sci U S A 
2004;101(36):13306–13311.

 5. Paez JG, Jänne PA, Lee JC, et al. EGFR mutations in lung cancer: correlation 
with clinical response to gefitinib therapy. Science 2004;304(5676):1497–1500.

 6. Mok TS, Wu YL, Thongprasert S, et al. Gefitinib or carboplatin-paclitaxel 
in pulmonary adenocarcinoma. N Engl J Med 2009;361(10):947–957.

 7. Zhou C, Wu YL, Chen G, et al. Erlotinib versus chemotherapy as first-line 
treatment for patients with advanced EGFR mutation-positive non-small-
cell lung cancer (OPTIMAL, CTONG-0802): a multicentre, open-label, 
randomised, phase 3 study. Lancet Oncol 2011;12(8):735–742.

 8. Solomon BJ, Mok T, Kim DW, et al. First-line crizotinib versus chemotherapy 
in ALK-positive lung cancer. N Engl J Med 2014;371(23):2167–2177.

 9. Shaw AT, Kim DW, Nakagawa K, et al. Crizotinib versus chemo-
therapy in advanced ALK-positive lung cancer. N Engl J Med 2013; 
368(25):2385–2394.

 10. Nishino M, Jackman DM, Hatabu H, Jänne PA, Johnson BE, Van den 
Abbeele AD. Imaging of lung cancer in the era of molecular medicine. Acad 
Radiol 2011;18(4):424–436.

 11. Nishino M, Hatabu H, Johnson BE, McLoud TC. State of the art: Re-
sponse assessment in lung cancer in the era of genomic medicine. Radiology 
2014;271(1):6–27.

 12. Camidge DR, Pao W, Sequist LV. Acquired resistance to TKIs in solid tu-
mours: learning from lung cancer. Nat Rev Clin Oncol 2014;11(8):473–481.

 13. Sequist LV, Waltman BA, Dias-Santagata D, et al. Genotypic and histological 
evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci Transl 
Med 2011;3(75):75ra26.

 14. Westover D, Zugazagoitia J, Cho BC, Lovly CM, Paz-Ares L. Mechanisms 
of acquired resistance to first- and second-generation EGFR tyrosine kinase 
inhibitors. Ann Oncol 2018;29(suppl_1):i10–i19.

 15. Pao W, Miller VA, Politi KA, et al. Acquired resistance of lung adenocarci-
nomas to gefitinib or erlotinib is associated with a second mutation in the 
EGFR kinase domain. PLoS Med 2005;2(3):e73.

 16. Jänne PA, Yang JC, Kim DW, et al. AZD9291 in EGFR inhibitor-resistant 
non-small-cell lung cancer. N Engl J Med 2015;372(18):1689–1699.

 17. Goss G, Tsai CM, Shepherd FA, et al. Osimertinib for pretreated EGFR 
Thr790Met-positive advanced non-small-cell lung cancer (AURA2): 
a multicentre, open-label, single-arm, phase 2 study. Lancet Oncol 
2016;17(12):1643–1652.

 18. Soria JC, Ohe Y, Vansteenkiste J, et al. Osimertinib in Untreated EGFR-
Mutated Advanced Non-Small-Cell Lung Cancer. N Engl J Med 2018; 
378(2):113–125.

 19. Reungwetwattana T, Nakagawa K, Cho BC, et al. CNS Response to 
Osimertinib Versus Standard Epidermal Growth Factor Receptor Tyrosine 
Kinase Inhibitors in Patients With Untreated EGFR-Mutated Advanced 
Non-Small-Cell Lung Cancer. J Clin Oncol 2018 Aug 28:JCO2018783118 
[Epub ahead of print] https://doi.org/10.1200/JCO.2018.78.3118.

 20. Ortiz-Cuaran S, Scheffler M, Plenker D, et al. Heterogeneous Mechanisms 
of Primary and Acquired Resistance to Third-Generation EGFR Inhibitors. 
Clin Cancer Res 2016;22(19):4837–4847.

 21. Oxnard GR, Hu Y, Mileham KF, et al. Assessment of Resistance Mecha-
nisms and Clinical Implications in Patients With EGFR T790M-Positive 
Lung Cancer and Acquired Resistance to Osimertinib. JAMA Oncol 
2018;4(11):1527–1534.

 22. Uchibori K, Inase N, Araki M, et al. Brigatinib combined with anti-EGFR 
antibody overcomes osimertinib resistance in EGFR-mutated non-small-cell 
lung cancer. Nat Commun 2017;8:14768.

tion status and 18F-MPG uptake, in 38 patients with 18F-MPG 
SUVmax of 2.23 or greater who were treated with EGFR-TKI, 
31 achieved objective responses, and four showed stable dis-
ease (100), indicating that 18F-MPG may help to noninvasively 
identify patients who benefit from EGFR-TKI (100).

Recent studies have shown that radiolabeling an anticancer 
agent itself enables visualization and quantification of the agent 
in vivo. Carbon 11–erlotinib can accumulate in lung tumors or 
lymph nodes, including lesions that were not visible at FDG PET/
CT in patients with NSCLC awaiting erlotinib therapy (101). 
Key immune-checkpoint molecules such as PD-1/PD-L1 can 
also be radiolabeled (37,102–105). In a recent first-in-humans 
study of zirconium 89 (89Zr)-labeled atezolizumab, 22 patients 
with NSCLC (n = 9), bladder cancer (n = 9), or breast cancer  
(n = 4) were imaged with 89Zr-atezolizumab PET before at-
ezolizumab therapy (105). Uptake of 89Zr-atezolizumab cor-
responded to PD-L1 expression at sites of inflammation and 
in lymphoid tissues. Tumoral uptake was generally high but 
heterogeneous among lesions, patients, and tumor types. Im-
portantly, the lesions at all main metastatic sites were visual-
ized at 89Zr-atezolizumab PET. Furthermore, higher 89Zr-at-
ezolizumab tumor uptake at baseline was associated with better 
RECIST response categories and larger tumor size decrease, 
indicating its role as a predictor of response to atezolizumab 
(105). A newer approach using a high-affinity competitive 
nonantibody antagonist of PD-L1 has also been investigated, 
demonstrating superior tumor penetration and high and per-
sistent strong uptake in PD-L1–positive tumors (106). A pre-
clinical study showed that copper 64–labeled antimouse an-
tibody PD-1 showed higher uptake in the lymphoid organs 
and tumors, suggesting potential to assess the value of PD-1 in 
immunotherapy (107). Further studies are ongoing to translate 
these novel methods and approaches into the clinical setting of 
oncologic imaging to effectively inform treatment monitoring 
of precision lung cancer therapy.

Conclusion
The precision medicine approaches to lung cancer continue to 
rapidly advance, enabling translation of novel therapies and ge-
nomic analyses methods in clinical practice. The knowledge of 
these new therapies and how they relate to pre- and posttreat-
ment imaging findings are essential for radiologists, who play a 
role as key members of multidisciplinary lung cancer care. The 
imaging assessment of lung cancer for precision therapy will 
continue to evolve in parallel with the advances in lung cancer 
treatment.
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