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Abstract

Purpose—Lung cancer remains the most common cause of both cancer mortality and brain
metastases (BM). The purpose of this study was to assess the effect of gene alterations and
tyrosine kinase inhibition (TKI) on median survival (MS) and cause of death (CoD) in patients
with BM from lung adenocarcinoma (L-adeno).

Methods—A multi-institutional retrospective database of patients with L-adeno and newly
diagnosed BM between 2006 and 2014 was created. Demographics, gene alterations, treatment,
MS, and CoD were analyzed. The treatment patterns and outcomes were compared with those in
prior trials.
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Results—Of 1521 L-adeno patients, 816 (54%) had known alteration status. The gene alteration
rates were 29%, 10%, and 26% for EGFR, ALK, and KRAS, respectively. The time from primary
diagnosis to BM for EGFR-/+ was 10/15 months (P=.02) and for ALK-/+ was 10/20 months (/<.
01), respectively. The MS for the group overall (n=1521) was 15 months. The MS from first
treatment for BM for EGFRand ALK-, EGFR+, ALK+ were 14, 23 (P<.01), and 45 (~<.0001)
months, respectively. The MS after BM for EGFR+ patients who did/did not receive TKI before
BM was 17/30 months (£<.01), respectively, but the risk of death was not statistically different
between TKI-naive patients who did/did not receive TKI after the diagnosis of BM (EGFR/ALK
hazard ratios: 1.06 [P=.84]/1.60 [P=.45], respectively). The CoD was nonneurologic in 82% of
patients with known CoD.

Conclusion—EGFR and ALK gene alterations are associated with delayed onset of BM and
longer MS relative to patients without these alterations. The CoD was overwhelmingly
nonneurologic in patients with known CoD.

Introduction

Lung cancer remains the most common cause of cancer and cancer-related mortality in the
United States. In 2015, there were an estimated 221,000 new cases of lung cancer diagnosed
and 158,000 deaths from this disease (1). A recent population-based analysis in the United
States showed that 22% of non-small cell lung cancer (NSCLC) patients have brain
metastases at the time of initial diagnosis (2), and brain metastases will develop in an
estimated 40% at some point in the course of their disease (3, 4). Histologic data from the
population-based analysis showed that 48% of NSCLC patients with brain metastases have
adenocarcinoma (2). Before 1990 and the widespread availability of stereotactic
radiosurgery, survival after the development of brain metastases was dismal: 2 to 3 months
with steroids, 3 to 6 months with treatment (3, 5). In the largest series heretofore reported,
our group demonstrated a median survival of 7 months for NSCLC patients treated between
1985 and 2005 (6). Therapeutic options were usually limited to surgery, whole brain
radiation therapy, and stereotactic radiosurgery. Chemotherapy has not been an option,
primarily because of the lack of effective agents and the blood-brain barrier, which prevents
adequate penetration of drug into the brain.

Randomized clinical trials over the past quarter century have yielded 5 important lessons: ()
In patients with a solitary brain metastasis, surgery, when possible, plus whole brain
radiation therapy, offers a survival benefit compared with whole brain radiation therapy
alone (7); (2) Surgery plus whole brain radiation therapy is preferable to surgery alone for
intracranial control and prevention of neurologic death but not for overall survival (8); (3)
Whole brain radiation therapy plus stereotactic radiosurgery improves survival compared
with whole brain radiation therapy alone for patients with a solitary brain metastasis (9); (4)
Stereotactic radiosurgery plus whole brain radiation therapy reduces the rate of subsequent
distant brain metastases when compared with stereotactic radiosurgery alone, but that benefit
comes with the cost of short-term and long-term toxicity of whole brain radiation therapy
and no survival benefit (10, 11); and (5) Cognitive decline has become an important
endpoint in brain metastases research (11).
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Interpretation of the above literature is confounded by inadequate knowledge of prognostic
factors, resulting in suboptimal stratification and reduced statistical power. Indeed, one of
the most problematic aspects in the study of patients with brain metastases is the marked
clinical (varied diagnoses and nature/extent of prior treatment) and molecular (gene
alterations) heterogeneity in this patient population. The discovery of molecular
heterogeneity in many cancers led to the development of targeted drug therapies, including
tyrosine kinase inhibitors (TKI) for patients whose tumors have epidermal growth factor
receptor (EGFR) or anaplastic lymphoma kinase (ALK) gene alterations (12, 13).

The enduring debate regarding the role of whole brain radiation therapy, coupled with the
heterogeneity of patients with brain metastases, resulted in a quarter-century quandary
regarding the management of this common clinical problem. This, in turn, led to extensive
efforts to develop prognostic indices to guide clinical decision making and stratification in
clinical trials (6, 14, 15). It is now known that outcomes vary widely by diagnosis and
diagnosis-specific factors. The graded prognostic assessment for lung cancer (Lung-GPA)
demonstrated that the prognostic factors significant for survival include age, Karnofsky
performance status (KPS), the presence or absence of extracranial metastases, and the
number of brain metastases (6, 15). However, the impact of genetic factors and targeted
drugs is not well understood. The purpose of this study was to assess the effect of gene
alterations and TKI (gefitinib, erlotinib, and crizotinib only) on survival and cause of death
in patients with lung adenocarcinoma and brain metastases.

A multi-institutional institutional review board—approved retrospective database of 2186
patients with NSCLC and newly diagnosed BM between 2006 and 2014 was created with
the use of research electronic data capture (REDCap), browser-based metadata-driven
software (16). Clinical factors and gene alteration status for EGFR, ALK, and Kirsten RNA-
associated sarcoma (KRAS) were correlated with treatment, survival, and cause of death.
This study primarily describes the 1521 NSCLC adenocarcinoma patients; however, the 665
nonadenocarcinoma patients were included only in comparisons with historical cohorts that
included all NSCLC subtypes. The most common method of genotyping was polymerase
chain reaction, and some institutions used immunohistochemical staining and in more recent
years next-generation sequencing.

Group definitions

The adenocarcinoma patients were divided into 5 mutually exclusive subgroups to study
genetic mutation effects. Not all patients were tested for all 3 alterations. With few
exceptions, EGFR+, ALK+, and KRAS+ alterations were mutually exclusive; thus, any
patient with positive test results for an alteration was included in that subgroup regardless of
whether he or she was tested for other alterations. Because of mutual exclusivity, a direct
comparison of EGFR+/- would be confounded by ALK (only EGFR- patients might be
ALK+). Therefore, a reference group was formed that was known to be negative for both
EGFRand ALK Initial analyses showed that KRAS was not associated with outcomes, and
inasmuch as KRAS was least commonly tested, negative or untested KRAS patients were
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allowed in the reference group if they were EGFRand ALK-. The remaining patients were
placed in the unknown group.

Statistical analyses

Results

Patients

The primary outcome was survival measured from the start of treatment for brain metastases
to death. Median survival estimates were calculated by the Kaplan-Meier method. The
standard log-rank test was used for pairwise comparisons of survival for each alteration
compared with a reference group that was negative for EGFR and ALK and either negative
or unknown for KRAS. Within the EGFR+ and the ALK+ groups, log-rank tests were used
to compare survival from start of BM treatment between patients who did/did not receive
TKI before BM. Because the primary purpose was to describe outcomes, P values were not
adjusted for multiple testing. Where noted, multivariable Cox regression was used to assess
whether survival differences were independent of established prognostic factors in the Lung-
GPA.. Two analyses used a time-dependent variable for the initiation of TKI; the first
analyzed the effect of TKI before brain metastases on the time to development of brain
metastases, and the second analyzed the effect of TKI after brain metastases on survival after
brain metastases, excluding patients who received TKI before the start of treatment for brain
metastases. The secondary outcomes included cause of death, compared with a XZ test, and
time from primary diagnosis to start of treatment for brain metastases, compared with
Wilcoxon rank sum tests. Analyses were performed with SAS version 9.3 (SAS Institute,
Cary, NC).

Table 1 shows patient demographics and survival by gene alteration. Of 2186 NSCLC
patients, 1521 (70%) had adenocarcinoma and 816/1521 (54%) had a known gene alteration
status for at least 1 of the genes described above. Of those with known alterations, the
alteration rates for EGFR, ALK, and KRAS were 29% (n=235), 11% (n=86), and 26%
(n=211), respectively. As shown in Table 1, patients with smoking histories of >20 pack-
years had low rates of EGFR (4%) and ALK (1%) positivity compared with KRAS (19%).
EGFR alterations were more common in women (19%) than in men (12%) and more
common in Asians (46%) than in non-Asians (13%) but did not vary by age (~16% in all age
groups). Patients under age 50 were more likely to have ALK rearrangements (13%) than
were those ages 51 to 60 (7%) or aged >60 (3%). Patients with >3 brain metastases were
more likely to have £GFR alterations (25%) or ALK alterations (9%) than were patients
with only 1 brain metastasis, of whom 10% were £GFR+ and 4% were ALK+,

Effect of gene alteration status on survival and cause of death

Table 1 and Figure 1 compare survival by gene alteration. The median survival for all
adenocarcinoma was 15 months. The median survival for EGFRand ALK-, EGFR+, ALK
+, KRAS +, and unknown was 14, 23 (/<.01), 45 (/£<.0001), 12 (P=.84), and 12 (P=.12)
months, respectively (Pvalues compared with EGFR and ALK-, unadjusted for other
factors). The survival advantage of EGFRand ALK alterations persisted regardless of age,
performance status, extracranial metastases, or number of brain metastases (Lung-GPA).
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There was no difference in the time from primary diagnosis to brain metastases or median
survival in KRAS+ versus EGFR/ALK/KRAS- or untested patients. The cause of death was
reported for 512/1152 (44%) of deceased patients with lung adenocarcinoma (Table 1);
422/512 (82%) died of nonneurologic causes, and this did not vary by gene alteration.

Effect of tyrosine kinase inhibition

Time from primary diagnosis to brain metastases—The effect of TKI before brain
metastases was measured by the time from initial primary diagnosis to brain metastases,
gene status, and receipt of TKI (Table 2). The times from primary diagnosis to brain
metastases for EGFR-/+ and ALK-/+ patients were 10/15 (~=.02) and 10/20 (/<.01)
months, respectively. A time-dependent analysis of patients who did and did not receive TKI
before the diagnosis of brain metastases showed a hazard ratio (HR) of 1.17 (95%
confidence interval [C1] 0.86-1.59; P=.31; n=74/161) and 2.90 (95% CI 1.73-4.87; /<.01,
n=33/53) for EGFR+ and ALK+ patients, respectively. This means that in EGFRand ALK+
patients, there was no increase in the time from primary diagnosis to brain metastases
between those treated and not treated with TKI before the diagnosis of brain metastases.

Survival after brain metastases—The effect of TKI after brain metastases was
measured by survival. The median survival after brain metastases for EGFR+ and ALK+
patients treated/not treated with TKI before the diagnosis of brain metastases was 17/30
months (A<.01; n=74/161) and (median survival not yet reached)/45 months (P=.43;
n=33/53), respectively, but a time-dependent analysis of TKI after brain metastases showed
no survival benefit in EGFR+ (HR 1.06; 95% CI 0.62-1.80; P=.84; n=122/39; TKI before
brain metastases excluded) or ALK+ patients (HR 1.60; 95% CI 0.47-5.42; P=.45;
n=39/14). This means that in EGFR+ patients, survival was improved only for TKI-naive
patients relative to patients who previously received and failed TKI (by the development of
brain metastases).

Multivariable analysis of risk of death and median survival by treatment and
gene status—Table 3 shows a multivariable analysis of risk of death and median survival
by treatment and gene status with comparison to our prior report (4) as a historical control.
In a comparison of the periods 1985 to 2005 and 2006 to 2014, the percentage of patients
treated with SRS alone increased from 22% to 50%, whereas the percentage of patients
treated with whole brain radiation therapy alone decreased from 42% to 22%. Only 13%
underwent surgery. Patients with the better prognosis (higher lung GPA) tended to receive
more treatment. In addition to the primary treatments described in Table 3, salvage treatment
(most commonly stereotactic radiosurgery) was delivered in 87% of patients.

Discussion

These data illuminate both contemporary and historical questions regarding the treatment of
lung cancer patients with brain metastases.

1. Were EGFR and ALK alterations associated with delayed development of brain
metastases? Yes. In comparison with EFGR/ALK- patients, the mean time from
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primary diagnosis to brain metastases lengthened from 10 to 15 months (~=.02)
and 20 months (P<.01) in EGFR and ALK+ patients, respectively;

Were KRAS alterations associated with shorter time from primary diagnosis to
brain metastases? No. There was no difference in the time from primary
diagnosis to brain metastases or median survival in KRAS+ versus EGFR/ALK/
KRAS- patients.

Were EGFR and ALK alterations associated with improved survival after the
diagnosis of brain metastases? Yes. In comparison with EGFR/ALK- patients,
median survival improved from 14 to 23 months (£<.01) and 45 months (/<.
0001) in EGFRand ALK+ patients, respectively. The interquartile ranges (25th—
75th percentile) for EGFR/ALK+ were remarkable: 20 to 28 months and 32 to 62
months, respectively.

Did KRAS+ patients do worse? No. There was no significant difference in
median survival between KRAS+ and EGFR/ALK/KRAS- or unknown patients.

Was prior treatment with TKI associated with longer time from primary
diagnosis to brain metastases? No. Although Heon et al (17) suggested a
chemopreventive effect with lower rates of brain metastases in EGFR+ patients
treated with TKI compared with chemotherapy, our data show that TKI before
the diagnosis of brain metastases did not prolong the time from primary
diagnosis to brain metastases in comparison with patients not receiving TKI (HR
for development of brain metastases was 1.17 and 2.90 for EGFRand ALK+
patients, respectively).

Was TKI associated with improved survival after the diagnosis of brain
metastases? Patients who did not receive TKI before the diagnosis of brain
metastases (TKI-naive) survived longer after the diagnosis of brain metastases
than did those who had already failed TKI (by the development of brain
metastases). These findings are also consistent with the findings of others (18,
19) who found a survival benefit for TKI after the diagnosis of BM only in
patients who had not previously received that treatment at that time.
Furthermore, randomized studies in the literature suggests increased toxicity
from combining TKI with radiation therapy in albeit unselected NSCLC patients
(20-22).

Did cause of death vary by gene alteration? No, not significantly. The cause of
death was nonneurologic in 82% of known patients but reported in only 44% of
patients in this dataset, and this did not vary by gene alteration. The cause of
death, however, can be confounded by institutional variation in how cause is
assigned, particularly in retrospective studies. Interestingly, a recent autopsy
study of 100 patients who died of lung cancer showed that only 3 patients (3%)
died of brain metastases (23). The data on cause of death and the clinical and
genetic heterogeneity of this patient population suggests that any future survival
benefit in brain metastases patients will likely depend on improvement in
systemic therapies.
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8. What was the effect of smoking on gene alterations? Pack-years varied directly
with KRAS and indirectly with EGFR and ALK alterations.

9. Was the higher rate of EGFR alterations in women and Asians a result of
hormonal or genetic differences? No, not necessarily. Although our data
generated these hypotheses, these observations may have been confounded by
differences in smoking because smokers are less likely to be EGFR+: 27% of
women had never smoked versus 17% of men, and 64% of Asians had never
smoked versus 19% of whites.

10.  What were the weaknesses of this study? (Z) Selection bias exists in all
retrospective series and should be interpreted accordingly; (2) Gene alteration
status was unknown for 46% of patients, although this was due to clinical testing
protocols; and (3) We have no data on second-generation or third-generation
TKI.

11.  Did these data confirm the prognostic factors in the GPA? Yes. All of the
component factors of the Lung-GPA (age, KPS, extracranial metastases, and
number of BM) were again confirmed. Also, EGFR/ALK alterations were
prognostic, independently of the existing Lung-GPA factors.

12. Were EGFR/ALK alterations prognostic factors independently of other
prognostic factors and treatment? Yes.

It is concluded that these data address the fundamental questions discussed above regarding
EGFR, ALK, and KRAS alterations in patients with lung adenocarcinoma with brain
metastases. EGFR and ALK alterations were associated with longer time from primary
diagnosis to brain metastases and with improved survival after the diagnosis of BM, in
comparison with EGFR/AL K- patients, regardless of other prognostic factors and treatment.
In EGFRand ALK+ patients, there was no difference in the time from primary diagnosis to
brain metastases between those treated and not treated with TKI before the diagnosis of
brain metastases. In EGFR+ patients, the median survival was longer for TKI-naive patients
than in patients who had previously received and failed that treatment (by the development
of brain metastases). The development of a Lung-GPA-2016 incorporating gene alterations
is ongoing.
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Summary

This retrospective study of patients with lung adenocarcinoma and newly diagnosed brain
metastases (BM) was designed to determine the effect of gene alterations and tyrosine
kinase inhibition on survival. EGFR and ALK gene alterations are associated with
delayed onset of BM and longer survival relative to patients without these alterations.
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Fig. 1.
Overall survival by gene alteration. The unknown group included 177 patients who had a

negative test result for EGFR or ALK but were not tested for both. With the use of multiple
Cox regression to adjust for Lung-GPA prognosis, year of BM, and smoking history, ALK+
(A<.0001) and EGFR+ (P=.001) patients had longer overall survival than did EGFR/ALK-
patients. KRAS+ was not significantly different (P=.45) from EGFR/ALK-. Abbreviations:
ALK = anaplastic lymphoma kinase; BM = brain metastases; £FGR = epidermal growth
factor receptor; KRAS = Kirsten RNA-associated sarcoma; MST = median survival time.
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