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Abstract

Objective—Investigate the association between 8-week tumor volume decrease and survival in
an independent cohort of EGFR-mutant advanced non-small-cell lung cancer (NSCLC) patients
treated with first-line erlotinib or gefitinib, and assess the rate of their volumetric tumor growth

after the volume nadir.
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Methods—In patients with advanced NSCLC harboring sensitizing EGFR mutations treated with
first-line erlotinib or gefitinib, CT tumor volumes of dominant lung lesions were analyzed for 1)
the association with survival, and 2) volumetric tumor growth rate after the volume nadir.

Results—In 44 patients with the 8-week follow-up CT, the 8-week tumor volume decrease (%)
was significantly associated with longer overall survival (OS) when fitted as a continuous variable
in a Cox model (p=0.01). The growth rate of the logarithm of tumor volume (log.V), obtained
using a linear mixed-effects model adjusting for time since baseline, was 0.096/month (SE:0.013/
month; 95%CI:0.071-0.12/month), which was similar to the rate of 0.12/month (SE:0.015/month;
95%CI: 0.090-0.15/month) observed in the previous report.

Conclusions—The 8-week tumor volume decrease was validated as a marker for longer
survival in the independent cohort of EGFR-mutant NSCLC patients treated with first-line
erlotinib or gefitinib. VVolumetric tumor growth rate after the nadir in this cohort was similar to
that of the previous cohort, indicating the reproducibility of the observation among different
patient cohorts.
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INTRODUCTION

Discoveries of genomic abnormalities in the tumors from lung cancer patients and the
effective treatment with targeted agents have ushered in a new era of therapeutic approaches
to lung cancer?: 2, Epidermal growth factor receptor (EGFR) mutations in non-small-cell
lung cancer (NSCLC) have been studied as one of the major therapeutic targets since their
discovery in 20043-5. NSCLC patients harboring sensitizing EGFR mutations have initial
dramatic responses to the EGFR tyrosine kinase inhibitors (TKIs), erlotinib, gefitinib, and
afatinib, with response rates of 55-83% and progression-free survival (PFS) of 9.7 to 13.1
months®-12, However, their tumors eventually grow back during EGFR-TKI therapy due to
the development of acquired resistance, eventually leading to tumor progression!3. The
duration of disease control from EGFR-TKI therapy can range from 4 months to 4 years or
longer!3. In this context, objective early markers of tumor response during EGFR-TKI
therapy are needed, in order to identify patients who can safely remain on therapy and those
who are unlikely to have long term control and may potentially benefit from an early
introduction of additional or alternative agents.

Imaging remains the principal method to objectively characterize the tumor burden during
cancer therapy?. Prior studies have demonstrated the limitations of the conventional
diameter-based approach according to RECIST, and indicated the need for volumetric tumor
assessment? 1420, The previous studies evaluated tumor volume measurements in advanced
NSCLC patients treated with EGFR-TKIs using FDA-approved, commercially available
software and published the high reproducibility of the techniquel*. By applying this
technique to EGFR-mutant NSCLC patients treated with the first-line erlotinib or gefitinib,
the study demonstrated that greater tumor volume decrease at 8 weeks of therapy is
significantly associated with longer overall survival (OS), with a cut-off value of 38%
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volume decrease at 8 weeks best differentiating patients with longer OS and PFS2L, The 8-
week volume change as a predictor of survival has a potential role in identifying patients
who may benefit from additional or alternative therapy in the early course of therapy, and
help to maximize the benefit of targeted therapy and improve the clinical outcome. Tumor
volume analysis was also applied to characterize the rate of tumor growth in EGFR-mutant
NSCLC patients after they reach their volume nadir (the smallest tumor volume since
baseline), which is another important aspect in assessing benefit of cancer therapy22-27. A
prior study reported a reference value of the volumetric tumor growth rate among these
patients after their volume nadir, which helps to differentiate slow versus fast progressors
among those who are on EGFR-TKI therapy, thus contributing to provide an objective
guidance about when to keep patients on the EGFR-TKI after progression28,

Given the promising utility of tumor volume analysis, it is necessary to reproduce the results
in independent cohorts, in order to propose the approach to be used in the clinical practice.
The purpose of the present study is to validate 1) the association between the 8-week tumor
volume decrease and longer OS, and 2) the volumetric tumor growth rate after the volume
nadir, in an independent cohort of advanced NSCLC patients harboring sensitizing EGFR
mutations treated with first-line erlotinib or gefitinib. Retrospective analysis of an
independent cohort also provides an opportunity to assess how these approaches contribute
in a real-life clinical setting.

MATERIALS AND METHODS

Patients

The study cohort included 58 patients with advanced EGFR-mutant NSCLC treated with
first-line erlotinib or gefitinib monotherapy between 2002 and 2012, who had a baseline CT
performed prior to initiating therapy demonstrating at least one measurable lung lesion, and
had at least one follow-up chest CT. All patients had histologically or cytologically
confirmed NSCLC with sensitizing EGFR mutations, which were defined as deletions,
duplications, and deletions-insertions of exon 19, L858R point mutation, L861Q point
mutation, and G719 mis-sense point mutations, as described previously?l: 28-30, The patients
were initially treated with gefitinib or erlotinib and the clinicians made decisions about
changing therapies based on the symptoms, signs, and radiographic tumor assessments.
Measureable lung lesions were defined as lesions measuring at least 10 mm in the longest
diameter, and were chosen based on the review of baseline CT images by a thoracic
radiologist (M.N.)21 28,

CT tumor volume measurements during TKI therapy

Baseline and follow-up chest CT scans were performed to assess response to EGFR-TKI
therapy as a part of their clinical care. A thoracic radiologist (M.N.; 10 years of experience
in thoracic and oncologic imaging) performed the tumor volume and size (the longest
diameter) measurements of a dominant lung lesion (1 lesion per patient) on baseline and all
follow-up CT scans during therapy, using the previously validated technique on the volume
analysis software (Vitrea 2; Vital Images, Minnetonka, MN)14: 21,28, 31 | the workflow of
tumor volume measurement, axial chest CT images were loaded and displayed in a lung
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window setting (level = =500; width = 1500). The radiologist (M.N.) manually selected a
small region of interest within a lesion on a CT image, which showed the longest diameter
of the lesion by a mouse click. The software automatically segmented the lesion from the
surrounding normal lung and adjacent structures such as vessels and pleura, using a three-
dimensional seed growing algorithm. The boundary of the segmented lesion was then
displayed on the CT images. The radiologist visually assessed if the automated algorithm
accurately segmented the lesion excluding adjacent structures such as vessels, pleura,
atelectasis, and effusion. The radiologist manually adjusted the boundary of the tumor on
each image if needed, determining the boundary between the lesion and adjacent structures
by visual assessment. After segmentation and manual correction, the volume of the
segmented lesion was automatically calculated by the software and the volume of the
segmented tumor was provided. The reader also manually measured the longest diameter of
the lesion on a CT image using a caliper-type measurement tool on the Vitrea Workstation.
The intra- and interobserver measurement variability of the technique has been studied in
detail and previously published; therefore, the radiologist measured the lesion once at each
timepoint for the present study.

The 8-week tumor volume analysis

The proportional tumor volume and size changes (%) at 8 weeks of therapy were calculated
in reference to the baseline tumor volume and size!. Follow-up scans performed at 8+2
weeks of therapy were allowed for the 8-week scans as in the prior study?!. Patients who did
not have a follow-up CT at 8+2 weeks of therapy were excluded from the 8-week volume
analysis.

Volumetric tumor growth after the nadir

Based on the review of the longitudinal tumor volume measurements during therapy, the
volume nadir (smallest tumor volume recorded from baseline to TKI termination/last follow-
up) was determined in each patient. Patients who experienced volumetric tumor growth after
the nadir were eligible for the growth rate analysis?.

Statistical analysis

The association between the proportional tumor volume and size changes (%) at 8 weeks of
therapy and outcomes were studied using a landmark analysis, with the landmark time point
of 8 weeks21: 32, OS was defined as the time from the date of the 8-week follow-up scan
until death from any cause. PFS was defined as the time from the date of 8-week scan until
the date of progression or death from any cause, whichever occurred first. Patients not
experiencing a progression or death by the time of analyses were censored from each
analysis at the last follow-up date. The log-rank test was used to compare event time
distributions between groups. Hazard ratios (HRs) were estimated using Cox proportional
hazards models, and multivariate analyses were performed using stepwise regression.
Differences in clinical characteristics were studied using Fisher's exact test for categorical
data and Wilcoxon test for continuous data.

For the volumetric growth rate analysis, all the tumor volume measurements from the nadir
to the end of therapy or last follow-up of the eligible patients were analyzed in a linear
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mixed-effect model, as described previously2® 33, The tumor volume (mm?3) was
transformed to the natural logarithm scale (log.V)23: 28, A linear mixed-effect model, fitting
time from baseline scan as a random effect, was fitted to the repeated measures of tumor
volume (logeV) to estimate the effect of time and other prognostic factors on tumor
growth?8. 33_ First, the model was built adjusting only for time in months since baseline. The
second model was adjusted for time and the baseline tumor volume (logeVg). The third
model was adjusted for time, logeVg, and clinical variables, as in the prior study?8. All p
values are two-sided at the 0.05 level and no adjustments were made for multiple
comparisons.

The approval of the institutional review board has been granted for the study.

The 8-week tumor volume decrease and survival

Among the 58 patients studied, 44 had a follow-up chest CT at 8 +/- 2 weeks since the
initiation of therapy and were eligible for the 8-week volume analysis. The remaining 14
patients were excluded for this part of analysis because their follow-up chest CT scans were
not performed within the specified window. Table 1 shows the demographics and disease
characteristics of the 44 patients with the 8-week scan.

When fitted as a continuous variable in a Cox model, the 8-week tumor volume change (%)
was also significantly associated with OS (p=0.01). The 8-week size change (%) was not
associated with OS in a Cox model (p=0.99) (Figs. 1, 2). The OS distribution was assessed
by a recursive partitioning model as before, however, no optimal cutpoint was identified.

Volumetric tumor growth after the nadir

Among the overall cohort, 50 of the 58 patients had reached their nadir and experienced
volumetric tumor growth on CT, and thus were eligible for the growth rate analysis. A total
of 285 scans from the nadir to the end of therapy or last follow-up from the 50 patients were
analyzed in the liner mixed-effect model. The median time on TKI monotherapy was 13.1
months. Nine patients were on therapy for more than 2 years, including 4 patients on therapy
for longer than 3 years. The median time from baseline to tumor volume nadir was 4.8
months. Figure 3 demonstrates the volumetric tumor growth from the nadir to the therapy
termination or last follow-up scan in these 50 patients.

The first model, estimating logeV as a function of time from baseline, provided the
following formula: logeV = 0.096*time + 7.95. Here, time represents the number of months
from baseline. The regression coefficient for time, 0.096/month, represents the growth rate
of logeV (standard error (SE): 0.013/month; 95%Cl: 0.071-0.12/month; p<0.001)28,

The second model adjusting for logeV as a fixed effect, log.V was estimated as follows:
logeVV=0.093*time+0.62 log.V+1.58. Baseline volume (log.V) was a significant predictor
of logeV (p<0.001). A regression coefficient for time was 0.93/month (SE: 0.013; 95%ClI:
0.068-0.12; p<0.001), representing the growth rate after adjusting for logeVg.
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The third model adjusted for predefined clinical variables based on the prior results
including stage at diagnosis (stage IV or others), TKI (gefitinib or erlotinib), and smoking
status (current/former versus never smoker), and logeVg. The logV was estimated as
follows: logeVV=0.093* time + 0.62*logeV+ 0.39*stage + 0.39*TKI —0.11*smoking +0.10.
(p<0.001 for logeV, p<0.001 for log.Vq, p=0.58 for stage, p=0.41 for TKI, and p=0.79 for
smoking. The growth rate was 0.093/months (SE: 0.013; 95%Cl: 0.068-0.12; p<0.001).
While logeVg was a significant predictor of logeV, other clinical variables did not
significantly affect the tumor volume after the nadir.

DISCUSSION

Greater tumor volume decrease at 8 weeks of EGFR-TKI therapy was associated with longer
OS in the independent cohort of advanced NSCLC patients harboring EGFR mutations,
validating the previous observation?, which further provide the basis for the potential utility
of tumor volume analysis for early identification of patients who may require additional or
alternate therapy. The volumetric tumor growth rate after reaching the nadir for this cohort
was 0.096/month for logeV (SE: 0.013/month, 95%CI: 95%CI:0.071-0.12/month), which
was consistent with the growth rate in the prior cohort of 0.12/month (SE: 0.015/month;
95%Cl: 0.090-0.15/month)28, demonstrating the reproducibility of this observation as well.
The approach using the tumor volume analysis can be potentially beneficial because the 8-
week tumor volume decrease may serve as an earlier objective marker of efficacy of agents,
compared to the conventional PFS endpoint which takes more than a year for data
maturation. The early assessment of the efficacy can also be useful in the ongoing trials of
newer agents, including third-generation EGFR-TKIs with PFS of approximately a year and
their combination therapies with other agents34-36. The validated results of tumor growth
rate further indicate its utility in providing an aid for therapeutic decision making as to when
the patients can safely remain on EGFR-TKI therapy after initial response.

The reproduced observation of association between 8-week tumor volume decrease and OS
in the present cohort further supports the importance of volumetric tumor shrinkage as an
early response marker for longer OS among EGFR-mutant NSCLC patients treated with
EGFR-TKIs. On the other hand, the lack of association between tumor size changes and OS,
as in the previous study, indicates that diameter measurements alone do not provide as much
information to use as surrogate for survival in these patients. No optimal cutpoint was
identified in a recursive partitioning analysis in this cohort. The previously identified
cutpoint (>38% volume decrease at 8 weeks) differentiated patients with longer versus
shorter OS (median OS: 27.3 vs. 16.4 months, respectively; p=0.02) and remained
significant in multivariable analysis (HR=0.15, p=0.006) after adjusting for other variables,
while the small number of patients in <38% decrease group (n=4) in this cohort is a
limitation. The results provide a basis for further studying the volumetric response marker
for longer survival among EGFR-mutant NSCLC patients receiving EGFR-TKI therapy in
future prospective studies.

The approach using the 8-week volume decrease as an early marker is also applicable to
cohorts treated with third-generation EGFR-TKIs, including rociletinib, AZD9291, and
HM61713, in ongoing trials3® 36, The now validated association between the 8-week
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volume decrease and survival in the erlotinib or gefitinib treated cohorts may contribute to
early assessment of the efficacy and therapeutic benefit of these novel agents, by providing
additional information beyond the RECIST-based evaluations. The approach can also be
utilized in other genomically-characterized cohorts of NSCLC patients, such as ALK
(anaplastic lymphoma kinase)-positive patients treated with ALK inhibitors? 3739, Multiple
second generation ALK inhibitors including ceritinib and alectinib are being tested with
prolonged PFS. The primary endpoint of PFS can be longer than 2 years as observed with
alectinib and thus requiring longer observation period before reaching the endpoint 34 40,
indicating the need for an early marker of therapeutic efficacy and longer survival to
facilitate the drug development and clinical translation.

Continuation of EGFR-TKIs beyond RECIST progression is another important issue during
the course of treatment of EGFR-mutant patients2®, and was shown to be feasible with
additional 3.1 months of PFS among EGFR-mutant patients treated with first-line erlotinib
in the ASPIRATION study*L. The ability to keep patients on EGFR-TKIs beyond
progression prompts the need for objective guidelines to identify patients who can safely
continue EGFR-TKI therapy, and volumetric tumor growth rate is a promising candidate for
this purpose, along with the clinical characteristics identified in their exploratory analysis.
Such guidance is particularly important given the recent results of another study, the
IMPRESS trial, which found no benefit of continuing gefitinib in addition to chemotherapy
compared to chemotherapy alone for EGFR-mutant patients who had disease progression on
gefitinib*2. While the study provided the first results based on randomized controlled trial to
address this actively debated issue of continuation of EGFR-TKI, it is possible that a more
specific selection of patients who are more likely to benefit from continued EGFR-TKI
therapy may result in different results.

The growth rate for logeV in the present cohort was very consistent with the rate obtained in
the prior study of EGFR-mutant patients. Notably, given the growth rate of 0.096/month
with SE of 0.013, the 95% confidence interval for the rate is 0.071-0.12/month, which
includes the prior results of 0.12/month (SE: 0.015, 95%CI: 0.090-0.15/month)28. The
previously proposed tumor growth rate for slow growth, <0.15/month for the logarithm of
tumor volume (logeV) based on the upper 95% CI from the previous cohort, could be a
conservative threshold given the overlapping Cls from 2 cohorts. As in the prior studies, the
models adjusting for baseline tumor volume (logeVg) with or without clinical variables did
not have much impact on proposed tumor growth rate for keeping patients on EGFR-TKIs.
While logeV( was a significant predictor of logeV, the predefined clinical variables (tumor
stage, types of EGFR-TKI, and smoking history) were not significant in predicting logeV in
the present cohort, which is expected given the marginal significance in the prior cohort28.
The consistent results of volumetric tumor growth rate further indicate the utility of this
approach for providing objective criteria for safely keeping patients on the TKIs beyond
progression, which may help to prolong their survival. Such objective information can also
be important in other genomically-defined cohorts with effective targeted therapy, such as
ALK-positive patients treated with ALK inhibitors, where a similar concept of therapy
continuation has been applied in the recent trials and patients can be kept on therapy if
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judged by investigators as receiving “clinical benefit”15 37, indicating the wider
applicability of the objective guidelines.

The limitations of the study include a relatively small number of patients treated at a single
institution. Retrospective design is also a limitation, however, such design can also be
beneficial in assessing the performance of the approach in the real-life clinical setting; of
note, the cohort was independent from the prior study and the findings were reproduced.
Only a part of the patients in the overall cohort was eligible for the 8-week landmark
analysis because of the lack of follow-up scans within the timeframe, which also delineates
the challenges of the clinical setting where follow-up scans are performed per care
providers’ discretion without predefined intervals. Further studies are planned to
prospectively validate the observations in larger cohorts treated in multicenter trials. Tumor
measurements were performed in a dominant lung lesion per patients, and smaller lung
lesions and extrathoracic lesions were not taken into account for volume analysis. The study
was designed this way because the purpose was to validate the observations in the prior
studies that followed the same strategy and demonstrated a significant association between
volume and survival. The prior studies by others also demonstrated that the single-lesion
approach provides concordant response assessment with multiple-lesion assessment in lung
and other cancers*3-45, We believe that tumor volume should be used as an additive method
to the conventional measures such as RECIST, which is designed to capture the systemic
tumor burden with a simple and practical method!® 21. 46 While the current technology
allows to measure volumes of multiple lesions in multiple organs, the strategy for tumor
response assessment should be chosen carefully after considering the trade-off between the
amount of time and effort needed for measurements, cost, and potential limitations
associated with the advanced techniques such as increased measurement variability and
difficulty in standardizing the technique? 30, Based on the present study validating the
association between single-lesion tumor volume analysis and survival, this approach, used in
combination with RECIST-based assessment, may be optimal for cohorts of EGFR-mutant
NSCLC patients treated with EGFR-TKISs.

In conclusion, the 8-week tumor volume decrease is associated with longer survival in this
independent validation cohort of advanced EGFR-mutant NSCLC patients treated with first-
line erlotinib or gefitinib, and therefore can be used as a reliable marker for therapeutic
benefit during the early course of EGFR-TKI therapy. Volumetric tumor growth rate in
these patients were also consistent with the previously obtained results, indicating the utility
of the approach to define slow progression. The quantitative imaging markers provided by
tumor volume analysis in the present study may contribute to therapeutic decision making in
clinical practice if prospectively validated.
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Fig. 1.
A waterfall plot of the 8-week volume decrease (%) in the 44 patients.
Each bar represents the percent change of tumor volume on the 8-week scan compared to the

baseline volume in each patient. The patient indicated by an asterisk (*) had 189.7%
increase in tumor volume at 8-week follow-up scan.
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A representative case of tumor volume decrease at 8-week scan with longer survival in a 66-
year-old female with stage IV NSCLC harboring EGFR L858R mutation treated with
gefitinib.

Baseline chest CT prior to therapy (A) demonstrated a large dominant lung lesion in the
right lower lobe, measuring 105,157 mms3. The 8-week follow-up CT (B) showed a
significant volume deacrease of the lesion, measuring 42,914 mm3, demonstrating 59.2%
decrease in reference to the baseline scan. The patient had an overall survival of 45.4 months
after the 8-week scan.
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Fig. 3.

The spider plot representing the tumor volume changes during EGFR-TKI therapy.
Each line represents tumor volume changes in a patient during therapy, starting from the
baseline. The x-axis shows time in months since baseline.
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Demographics and disease characteristics of 44 patients with 8-week scan

Table 1

Variables Category
Age Median (range) 66.5 years (26-88)
Sex Female 30
Male 14
Race White 37
Black 3
Asian 2
Other 2
Never 42
Smoking status Former 1
Current 1
Pathology Adenocarcinoma | 43
Unknown 1
ECOG PS 0 18
1 16
2 5
3 1
Unknown 4
Present 26
Extrathoracic metastasis
Absent 18
EGFR-TKI Erlotinib 33
Gefitinib 11
EGFR mutations Exon19 del 22
L858R 20
L861Q 1
G719 1

The values represent the number of patients unless otherwise specified.
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ECOG, Eastern Cooperative Oncology Group, PS, performance status; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor.
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