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ABSTRACT

Introduction: Patients diagnosed with cancer
have an increased risk both for myelodysplastic
syndromes (MDS) and for acute myeloid leuke-
mia (AML) following treatment.

Methods: Using SEER-Medicare data, we selec-
ted patients aged 66 years and older who com-
pleted systemic therapy between 2002 and 2014
for breast (stage-III), lung (stage I-III), or
prostate (stage I-IV) cancer. For each cancer, we
estimated the risk of a composite endpoint of
MDS or AML in patients receiving granulocyte
colony-stimulating factor (G-CSF) vs. not.
Results: The 10-year cumulative risk difference
(granulocyte colony-stimulating factor [G-CSF] —
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no G-CSF) for MDS-AML was 0.45% (95% CI
0.13-0.77%) in breast cancer and 0.39% (95% CI
0.15-0.62%) in lung cancer. G-CSF use was associ-
ated with a hazard ratio of 1.60 (95% CI 1.07-2.40)
in breast cancer and 1.50 (95% CI 0.99-2.29) in
lung cancer. Filgrastim use was associated with a
hazard ratio of 1.01 (95% CI 1.00-1.03) per
administration in breast cancer and 1.02 (95% CI
0.99-1.05) per administration in lung cancer.
Pegfilgrastim was associated with a hazard ratio of
1.08 (95% CI 1.01-1.15) per administration in
breast cancer and 1.12 (95% CI 1.00-1.25) per
administration in lung cancer. Analyses in prostate
cancer were limited because of the low number of
events.

Conclusions: The use of G-CSF in patients
diagnosed with breast and lung cancer is asso-
ciated with an increased risk of MDS-AML.
However, the MDS-AML absolute risk difference
is very low.

Keywords: Acute myeloid leukemia; Breast
cancer; G-CSF; Lung cancer; Myelodysplastic
syndromes; Prostate cancer; Safety
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Key Summary Points

Why carry out this study

Patients with cancer have an increased risk
for myelodysplastic syndromes (MDS) and
acute myeloid leukemia (AML) following
systemic therapy; it is biologically
plausible for granulocyte colony-
stimulating factor (G-CSF) to increase the
risk of these myeloid disorders

The purpose of this study was to compare
the risk of MDS or AML between those
receiving G-CSF versus not receiving
G-CSF, in patients treated with systemic
therapy for breast, lung, or prostate cancer

What was learned from this study

The risk of MDS or AML was low regardless
of whether G-CSF was used with a 10-year
cumulative probability of 1.24% in breast
cancer, 0.84% in lung cancer, and 0.67%
in prostate cancer

The relative risk of MDS or AML was 1.5 to
1.6-fold higher for patients receiving
G-CSF in breast and lung cancer, but was
not elevated in prostate cancer

The 10-year absolute risk difference (G-
CSF-no G-CSF) was less than 0.5% in the
breast and lung cancer cohorts

INTRODUCTION

Patients diagnosed with cancer have an
increased risk both for myelodysplastic syn-
dromes (MDS) and for acute myeloid leukemia
(AML) following treatment [1-7]. The MDS and
AML that develops after cancer treatment
accounts for approximately 10-20% of cases of
MDS-AML [7]. These patients typically have
poorer survival than patients with de novo
MDS-AML [6]. Both radiation therapy and sys-
temic therapy are established risk factors for
secondary MDS and AML [5, 8-10]. In addition
to radiation and systemic therapy, patients

receiving myelosuppressive systemic therapy
have a risk of febrile neutropenia that increases
with dose intensity, and commonly receive
granulocyte colony-stimulating factor (G-CSF,
including filgrastim and pegfilgrastim) for feb-
rile neutropenia treatment and prophylaxis
[11].

Because G-CSF induces proliferation of
myeloid progenitor cells, which are especially
sensitive to myelosuppressive systemic therapy
drugs, it is biologically plausible for G-CSF to
increase the risk of myeloid disorders such as
secondary MDS and AML [12, 13]. In particular,
clonal hematopoiesis appears to have a role in
the development of therapy-induced MDS and
AML following cytotoxic therapy [14, 15]. In a
recent systematic review and meta-analysis of
25 clinical trials that randomly assigned
patients to receive G-CSF (n = 6058) or no-G-
CSF (n = 6746) and had at least 2 years of fol-
low-up, the authors observed that both risk of
MDS-AML and intensity of systemic therapy
were increased in patients receiving G-CSF
support [1]. However, the authors were unable
to differentiate between the causal effect of
G-CSF and the causal effect of dose-intensified
systemic therapy since patients with G-CSF
support are more likely to receive intense sys-
temic therapy.

In two previous SEER-Medicare observational
studies of patients receiving systemic therapy
for breast cancer, one reported no association of
G-CSF with risk of AML (hazard ratio 1.14;
95% CI 0.67, 1.92) [10] and another reported an
increased risk for MDS-AML following G-CSF
use in women receiving chemotherapy (hazard
ratio 2.14; 95% CI 1.12, 4.08) [16]. A recent
study by Calip et al. [2] in patients with breast
cancer found that, compared to women who
did not receive chemotherapy, MDS-AML risk
was associated with anthracycline/cyclophos-
phamide-containing regimens (hazard ratio
1.86, 95% CI 1.33-2.61) and filgrastim (hazard
ratio 1.47, 95% CI 1.05-2.06), but not pegfil-
grastim (hazard ratio 1.10, 95% CI 0.73-1.66).
The differences between filgrastim and pegfil-
grastim risk could be related to differences in
pharmacokinetics, differences in the adminis-
tration frequency of filgrastim (approximately
10 administrations per cycle) compared to
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pegfilgrastim (one administration per cycle)
[17-19], or to the statistical methods used in the
analyses.

To investigate the effect of G-CSF on the risk
of MDS-AML further, the primary objective of
this study was to compare the risk of MDS or
AML between those receiving G-CSF versus not
receiving G-CSF, in patients aged 66 years and
older treated with systemic therapy for breast
(stage I-1II), lung (stageI-III), or prostate
(stage I-IV) cancer. These populations were
selected because of the large sample sizes nee-
ded to identify rare outcomes [20] and because
G-CSF is relatively commonly used in these
cancers [20-22].

METHODS

Study Design

This retrospective, observational cohort study
used data from the National Cancer Institute
(NCI) SEER cancer registry linked with Medicare
enrollment and claims data from 1 January
2000 through 31 December 2015 [23]. It was
conducted among patients diagnosed with first
primary breast, lung, or prostate cancer who
completed first-line outpatient systemic ther-
apy. The study protocol was reviewed by
Advarra and received an exemption determina-
tion on 24 May 2019. The authors received
permission to access and use the USRDS data
from the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK).

Study Data Source

This study is based on cancer incidence data
from the SEER-18 registry which covers
approximately 28% of the US population [24].
The SEER program collects data on incident
cancer for persons diagnosed with a new pri-
mary cancer who reside in one of the SEER
geographic areas. The SEER data include patient
demographic information and tumor charac-
teristics (e.g., stage, grade, and histology).
Medicare is the federally funded program in the
USA that provides health insurance for 97% of

individuals age 65 years and over, as well as
coverage for people with end-stage renal disease
or a qualitfying disability independent of age.

In the SEER-Medicare data, cancer registry
data are linked to Medicare enrollment and
claims records. In this study, de-identified,
linked Medicare claims for calendar years 2000
to 2015 were used to identify comorbid diag-
noses and treatments, including medications,
surgery, and radiation. Claims records for this
study were derived from the hospital facility,
outpatient facility, hospice facility, physician,
and durable medical equipment files; mortality
information was derived from Medicare enroll-
ment files. Home health files, and Medicare
Part D files (containing oral medications with
no intravenous equivalent) were not used in
this study.

Study Observation Period

The completion of first-line outpatient systemic
therapy was defined as an interval of 60 days
with no outpatient chemotherapy after the first
chemotherapy dose. Because patients had to
survive for 60 days to identify the end of first-
line systemic therapy, the study index date that
defined the start of the risk period was the first
day after the 60-day gap to avoid immortal time
bias (Supplementary Fig. 1) [25]. The baseline
period comprised of all time prior to and
including the index date. The follow-up period
began the day after the index date and contin-
ued to the end of observation. Observation
ended at the earliest of the following events:
death, MDS-AML diagnosis, switch to managed
care coverage, or the end of the SEER follow-up
period (31 December 2015). The study observa-
tion period allowed for the possibility of at least
1 year of follow-up for all patients.

Inclusion Criteria

Only patients whose index date was between
1January 2002 and 31 December 2014 were
included. Patients were required to have a
stage [-III breast cancer diagnosis within
18 months prior to their index date, stage I-1I1
lung cancer diagnosis within 1 year prior to
their index date, or stage I-IV prostate cancer at
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any time prior to their index date. The breast,
lung, and prostate cancers were required to be
first primary cancers for each person and were
required to be microscopically confirmed.
Patients were included if they were age 66 years
or older at the index date. Patients must have
had at least 12 continuous months of Medicare
Part A and B with no HMO coverage prior to
their index date.

Exclusion Criteria

Patients diagnosed with stage O or unknown
stage, as well as those diagnosed at autopsy,
were excluded. Male patients with breast cancer
were also excluded. Patients diagnosed with a
subsequent primary malignancy or end-stage
renal disease prior to the index date were
excluded. And finally, patients with a history of
sargramostim use were excluded because it is
different from G-CSF but could potentially
affect MDS-AML incidence [26].

Study Variables

All G-CSF, systemic therapy, and radiation
therapy use was assessed during the baseline
period and throughout the follow-up period.
Patients were considered to be exposed to G-CSF
if there was at least one claim with a Healthcare
Common Procedure Coding System (HCPCS)
code for filgrastim or pegfilgrastim in the base-
line period. Each calendar date with at least one
G-CSF administration was considered to be an
administration.

Systemic therapy was defined using HCPCS
codes for infused agents, as well as National
Drug Codes (NDC) for oral agents with intra-
venous equivalents. Both chemotherapy and
immunotherapy were defined as systemic on
the basis of the SEER*Rx category in the NCI
Oncology Toolbox [27]. Hormonal therapies
were not included. We used all Medicare claims
in the baseline period to identify the initial use
of systemic therapy. The date of the first claim
indicated the beginning of therapy. Categories
of myelosuppressive systemic therapy included
alkylating drugs, anthracycline drugs, enzyme

inhibitor drugs, antimetabolite drugs, antineo-
plastic antibiotic drugs, mitotic inhibitor drugs,
platinum drugs, monoclonal antibody drugs,
taxane drugs, and topoisomerase inhibitor
drugs. To be consistent with the definition of
G-CSF exposure, a single calendar date with at
least one administration was considered to be
an exposure.

Radiation use was based on HCPCS and
Current Procedural Terminology (CPT) codes,
revenue codes, and ICD-9-CM procedure and
diagnosis codes used in published literature, as
well as a manual review of HCPCS and CPT
codes [28, 29]. The date of the first claim for
radiation was used to indicate the beginning of
radiation therapy.

Cancer-directed surgery was determined in
the baseline period using HCPCS and Interna-
tional Classification of Diseases, Clinical Modi-
fication, 9th Edition (ICD-9) procedure codes
identified from published studies of breast,
prostate, and lung cancer using SEER-Medicare
linked data [28, 30-32].

For patients with prostate and lung cancer,
stage was defined using AJCC 6th Edition or
AJCC 3rd Edition depending on the year of
diagnosis. For breast cancer, we used the version
of AJCC 6th Edition staging provided by SEER
that harmonizes the 3rd and 6th editions. The
National Cancer Institute (NCI) comorbidity
index was defined using guidelines provided by
the NCI [33]. The index includes 16 comorbid
conditions, each of which is given a different
weight, with higher weight corresponding to
higher risk of death.

MDS-AML

MDS and AML were identifiable in two ways for
this study. The first was based on subsequent
primary malignancy data (MDS or AML) repor-
ted by the SEER program. The second was as
diagnosis codes reported in Medicare claims
data. Published validated algorithms were used
to identify MDS and AML diagnoses in Medicare
claims data [34, 35]. The first occurrence of
SEER-reported or Medicare claims reported MDS
or AML defined an MDS-AML event.
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Statistical Methods

Population characteristics were described by
G-CSF use for each cancer cohort. Categorical
variables were summarized using counts and
proportions. Continuous variables were sum-
marized using means and standard deviations.
The 10-year cumulative incidence (probability)
of MDS-AML and 95% confidence interval were
reported for each cancer group accounting for
the competing risk of death.

Factors associated with MDS or AML were
evaluated using Cox proportional hazard mod-
els. We selected covariates for the model using a
directed acyclic graph (DAG) [36] to ensure that
important covariates were included (Supple-
mentary Fig. 2). According to the DAG, both
radiation and systemic therapy were essential in
the model in order to estimate the effect of
G-CSF on MDS-AML. The most common cate-
gories of systemic therapy were included, along
with radiation therapy (yes/no). We also inclu-
ded age because of its potential as a confounder
and its association with the outcome, and we
included calendar year of diagnosis (per year as
a continuous variable) to capture possible sys-
tematic temporal effects.

In Cox proportional hazards models of MDS-
AML risk, G-CSF and systemic therapy were
treated as binary exposures (i.e., exposed or
unexposed). In sensitivity analyses, filgrastim
and pegfilgrastim were included separately on
the basis of cumulative administrations (i.e., the
number of unique days with an administration)
during the baseline period. This facilitated the
analyses of patients who received both agents.
Systemic therapy was encoded similarly by
using administrations. These models censored
follow-up at new occurrences of radiation,
G-CSF use, or myelosuppressive systemic ther-
apy use. We conducted sensitivity analyses that
censored follow-up after 3 years of observation.
We conducted different sensitivity analyses that
used time-dependent covariates for radiation,
G-CSF use, and myelosuppressive chemother-
apy use, allowing patients to change exposure
groups over time and avoiding censoring during
the follow-up period. We also estimated vari-
ance inflation factors for our primary models to
evaluate collinearity between our primary

G-CSF exposure and other exposures. As a result
of the relatively small number of events, we did
not evaluate interactions among covariates.

Selected results are presented for the prostate
cancer cohort because there were so few events;
additional results for this cohort are included in
Supplementary Materials.

Jigsaw software (Outcomes Insights, Inc.,
Agoura Hills, CA) was used to create and
implement algorithms for extracting data and
creating analysis data sets. The final analysis
data sets and all analyses were created in R
(version 3.4.4) [37].

RESULTS

See Supplementary Tables 1-3 for attrition
tables for the creation of each cohort.

Treatment Patterns

In the overall breast cancer cohort of 23,340
patients at baseline (Table 1), 96.2% received at
least one myelosuppressive systemic agent,
96.6% received surgery, and 57.7% received
radiation. The most common myelosuppressive
agents were alkylating agent (79.9% of the
cohort), taxane (64.5%), and anthracycline
(43.8%). There were 15,626 (66.9%) who
received G-CSF during the baseline period; of
these, 1898 (12.1%) received both filgrastim and
pegfilgrastim. The mean number of adminis-
trations during the baseline period was 12.9 for
those who received filgrastim and 4.4 for those
who received pegfilgrastim. In the G-CSF group,
15.7% received radiation during the follow-up
period. In the no G-CSF group, 5.8% received
G-CSF during follow-up and 15.2% received
radiation during follow-up.

In the lung cancer cohort of 24,495 patients
at baseline (Table 2), 97.4% received at least one
myelosuppressive  systemic agent, 27.2%
received surgery, and 66.8% received radiation.
The most common myelosuppressive agents
were platinum (93.4% of the cohort), taxane
(57.6%), and topoisomerase (25.8%). There
were 10,503 (42.9%) who received G-CSF during
the baseline period; of these, 1255 (11.9%)
received both filgrastim and pegfilgrastim. The
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Table 1 Population characteristics for breast cancer (N = 23,340)

Variable Overall (N = 23,340)
Mean (SD) or count

(%)

G-CSF (N = 15,626)
Mean (SD) or count
(%)

No G-CSF (N = 7714)

Mean (SD) or count
(%)

Age (years) 722 (52)

Race categories
White (%)
Black (%)
Asian (%)

Other (%)

19,912 (85.3%)
2311 (9.9%)
901 (3.9%)
216 (0.9%)
Breast cancer-specific factors

14,581 (62.5%)
11,533 (49.4%)
14,912 (63.9%)

Estrogen receptor positive
Progesterone receptor positive
Hormone receptor positive

Stage at diagnosis (AJCC 3rd or 6th Ed)
Stage 1 (%)
Stage 2 (%)
Stage 3 (%)

5215 (22.3%)
11,589 (49.7%)
6536 (28.0%)
Year of index date
2002-2005 (%)
2006-2009 (%)
2010-2014 (%)

7404 (31.7%)
6893 (29.5%)
9043 (38.7%)
NCI comorbidity index at index date

NCI category 0 (%)
NCI category 1 (%)
NCI category 2+ (%)

NCI Index (continuous)

Socioeconomic status

Percentage in poverty > 20%

Rural/urban status
All urban (%)
Mostly urban (%)
Mostly rural (%)
All rural (%)

13,326 (57.1%)
6638 (28.4%)
3376 (14.5%)
0.9 (1.4)

4610 (19.8%)

14,167 (60.7%)
5341 (22.9%)
1898 (8.1%)
1934 (8.3%)

71.6 (4.6)

13,369 (85.6%)
1473 (9.4%)
626 (4.0%)
158 (1.0%)

9792 (62.7%)
7793 (49.9%)
10,024 (64.1%)

3211 (20.5%)
7864 (50.3%)
4551 (29.1%)

3883 (24.8%)
4937 (31.6%)
6806 (43.6%)

9083 (58.1%)
4401 (28.2%)
2142 (13.7%)
0.9 (1.4)

2946 (18.9%)

9415 (60.3%)
3671 (23.5%)
1308 (8.4%)
1232 (7.9%)

73.3 (6.0)

6543 (84.8%)
838 (10.9%)
275 (3.6%)
58 (0.8%)

4789 (62.1%)
3740 (48.5%)
4888 (63.4%)

2004 (26.0%)
3725 (48.3%)
1985 (25.7%)

3521 (45.6%)
1956 (25.4%)
2237 (29.0%)

4243 (55.0%)
2237 (29.0%)
1234 (16.0%)
1.0 (1.4)

1664 (21.6%)

4752 (61.6%)
1670 (21.7%)
590 (7.7%)
702 (9.1%)
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Table 1 continued

Variable

Overall (N = 23,340)
Mean (SD) or count

(%)

G-CSF (N = 15,626)
Mean (SD) or count

(%)

No G-CSF (N = 7714)
Mean (SD) or count
(%)

Systemic therapy

Outpatient systemic therapy duration

(days)

At least 1 myelosuppressive agent (%)

Alkylating agent (%)
Anthracycline (%)
Antimetabolite (%)
Platinum (%)
Taxane (%)
Topoisomerase (%)
Surgery
Surgery (%)
Systemic therapy before surgery (%)
G-CSF utilization
Any G-CSF use (%)
Filgrastim use (%)
Pegfilgrastim use (%)
Filgrastim and pegfilgrastim use
Filgrastim administrations*
Pegfilgrastim administrations*
Radiation
Radiation (%)
External beam (%)
Brachytherapy (%)
IMRT (%)

All other (including non-specific) (%)

Times to index date

Time since cancer diagnosis (months)

Time since systemic therapy start

(months)

Time since radiation start (months)*

118.0 (91.5)

22,460 (96.2%)
18,656 (79.9%)
11,278 (48.3%)
4551 (19.5%)
2012 (8.6%)
15,048 (64.5%)
113 (0.5%)

22,536 (96.6%)
2103 (9.0%)

15,626 (66.9%)
4723 (20.2%)
12,801 (54.8%)
1898 (8.1%)
12,9 (14.1)

44 (2.0)

13,472 (57.7%)
11,013 (81.7%)
428 (3.2%)
1129 (8.4%)
902 (3.9%)

117.5 (84.7)

15,602 (99.8%)
13,587 (87.0%)
8508 (54.4%)
2134 (13.7%)
1569 (10.0%)
11,830 (75.7%)
74 (0.5%)

15,179 (97.1%)
1522 (9.7%)

15,626 (100.0%)
4723 (30.2%)
12,801 (81.9%)
1898 (12.1%)
129 (14.1)

44 (2.0)

9445 (60.4%)
7623 (80.7%)
315 (3.3%)
863 (9.1%)
644 (4.1%)

8.7 (2.9)
5.9 (2.8)

2.3 (42)

118.9 (104.1)

6,858 (88.9%)
5069 (65.7%)
2770 (35.9%)
2417 (31.3%)
443 (5.7%)
3218 (41.7%)
39 (0.5%)

7357 (95.4%)
581 (7.5%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0)
0 (0)

4027 (52.2%)
3390 (84.2%)
113 (2.8%)
266 (6.6%)
258 (3.3%)

9.0 (3.4)
5.9 (3.4)

3.1 (5.3)
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Table 1 continued

Variable

Overall (N = 23,340)
Mean (SD) or count

(%)

G-CSF (N = 15,626)
Mean (SD) or count

(%)

No G-CSF (N = 7714)
Mean (SD) or count

(%)

Time since surgery (months)*

8.0 (7.2)

7.9 (7.3)

84 (7.0)

*Indicates that mean applies only to those who received the indicated therapy. Unknown/not specified rural/urban status
reported as rural to comply with NCI privacy rules. Not all myelosuppressive agent categories are shown because some were

rarely used

Table 2 Population characteristics for lung cancer (N = 24,495)

Variable

Overall (N = 24,495)

Mean (SD) or count
(%)

G-CSF (N = 10,503)

Mean (SD) or count

(%)

No G-CSF
(N = 13,992)

Mean (SD) or count

(%)

Age (years)

Male (%)

Race categories
White (%)
Black (%)
Asian (%)
Other (%)

Stage at diagnosis (AJCC 3rd or 6th Ed)

Stage 1 (%)
Stage 2 (%)
Stage 3 (%)

Year of index date
2002-2005 (%)
2006-2009 (%)
2010-2014 (%)
NCI comorbidity index at index date
NCI category 0 (%)
NCI category 1 (%)
NCI category 2+ (%)

NCI index (continuous)

737 (5.4)
12,752 (52.1%)

21,495 (87.8%)
1928 (7.9%)
908 (3.7%)
164 (0.7%)

4471 (18.3%)
2901 (11.8%)
17,123 (69.9%)

8207 (33.5%)
8021 (32.7%)
8267 (33.7%)

6765 (27.6%)
8169 (33.3%)
9561 (39.0%)
2.1 (1.9)

735 (5.2)
5230 (49.8%)

9326 (88.8%)
704 (6.7%)
408 (3.9%)
65 (0.6%)

1935 (18.4%)
1301 (12.4%)
7267 (69.2%)

2863 (27.3%)
3860 (36.8%)
3780 (36.0%)

2829 (26.9%)
3523 (33.5%)
4151 (39.5%)
2.1 (1.9)

738 (5.5)
7522 (53.8%)

12,169 (87.0%)

1224 (8.7%)
500 (3.6%)
99 (0.7%)

2536 (18.1%)
1600 (11.4%)
9856 (70.4%)

5344 (38.2%)
4161 (29.7%)
4487 (32.1%)

3936 (28.1%)
4646 (33.2%)
5410 (38.7%)
2.1 (1.9)
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Table 2 continued

Variable

Overall (N = 24,495)

Mean (SD) or count
(%)

G-CSF (N = 10,503)

Mean (SD) or count
(%)

No G-CSF

(N =13,992)
Mean (SD) or count

(%)

Socioeconomic status

Percentage in poverty > 20%
Rural/urban status

All urban (%)

Mostly urban (%)

Mostly rural (%)

All rural (%)

Unknown/not specified (%)
Systemic therapy

Outpatient systemic therapy duration

(days)

At least 1 myelosuppressive agent (%)

Alkylating agent (%)

Anthracycline (%)

Antimetabolite (%)

Platinum (%)

Taxane (%)

Topoisomerase (%)
Surgery

Surgery (%)

Systemic therapy before surgery (%)
G-CSF utilization

Any G-CSF use (%)

Filgrastim use (%)

Pegfilgrastim use (%)

Filgrastim and pegfilgrastim use

Filgrastim administrations*

Pegfilgrastim administrations*
Radiation

Radiation (%)

5177 (21.1%)

14,088 (57.5%)
5588 (22.8%)
2311 (9.4%)
2508 (10.2%)
NR

745 (50.8)

23,855 (97.4%)
110 (0.4%)

61 (0.2%)
1886 (7.7%)
22,870 (93.4%)
14,101 (57.6%)
6311 (25.8%)

6671 (27.2%)
1097 (4.5%)

10,503 (42.9%)
4673 (19.1%)
7085 (28.9%)
1255 (5.1%)
8.6 (9.8)

3.0 (1.7)

16,355 (66.8%)

2085 (19.9%)

6089 (58.0%)
2427 (23.1%)
999 (9.5%)
988 (9.4%)
NR

86.7 (47.7)

10,403 (99.0%)
55 (0.5%)

29 (0.3%)

825 (7.9%)
10,226 (97.4%)
5126 (48.8%)
3996 (38.0%)

3141 (29.9%)
407 (3.9%)

10,503 (100.0%)
4673 (44.5%)
7085 (67.5%)
1255 (11.9%)
8.6 (9.8)

3.0 (1.7)

6736 (64.1%)

3092 (22.1%)

7999 (57.2%)
3161 (22.6%)
1312 (9.4%)
1520 (10.9%)
NR

652 (51.1)

13,452 (96.1%)
55 (0.4%)

32 (0.2%)
1061 (7.6%)
12,644 (90.4%)
8975 (64.1%)
2315 (16.5%)

3530 (25.2%)
690 (4.9%)

9619 (68.7%)
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Table 2 continued

Variable

Mean (SD) or count

(%)

Overall (N = 24,495)

No G-CSF

(N = 13,992)
Mean (SD) or count Mean (SD) or count

(%) (%)

G-CSF (N = 10,503)

External beam (%)
111 (0.7%)
1922 (11.8%)
626 (2.6%)

Brachytherapy (%)
IMRT (%)
All other (including non-specific) (%)

Times to index date

Time since cancer diagnosis (months) 6.7 (1.9)
Time since systemic therapy start 44 (1.7)
(months)

Time since radiation start (months)* 4.1 (4.5)
Time since surgery (months)* 5.8 (5.5)

13,696 (83.7%)

5572 (82.7%)
43 (0.6%)
827 (12.3%)
294 (2.8%)

8124 (84.5%)
68 (0.7%)
1095 (11.4%)
332 (2.4%)

7.0 (1.8) 64 (2.0)
438 (1.6) 41 (1.7)
44 (52) 3.9 (3.9)
62 (5.8) 5.5 (5.2)

*Indicates that mean applies only to those who received the indicated therapy. NR = not reportable due to NCI privacy
rules that prevent reporting cell sizes < 11 or counts that can be used to calculate cell sizes < 11. Unknown/not specified

rural/urban status reported as rural to comply with NCI privacy rules. Not all myelosuppressive agent categories are shown

because some were rarely used

mean number of administrations was 8.6 for
those who received filgrastim and 3.0 for those
who received pegfilgrastim. In the G-CSF group,
12.1% received radiation during the follow-up
period. In the no G-CSF group, 9.3% received
G-CSF during follow-up and 9.2% received
radiation during follow-up.

In the prostate cancer cohort of 7534
patients at baseline (Supplementary Table 4),
47.8% received at least one myelosuppressive
systemic agent, 14.6% received surgery, and
61.5% received radiation. Of note, in those with
prior radiation exposure, the mean time from
radiation initiation to the index date was
43 months. There were 1326 (17.6%) who
received G-CSF during the baseline period; of
these, 157 (11.8%) received both filgrastim and
pegfilgrastim. The mean number of adminis-
trations during the baseline period was 9.7 for
those who received filgrastim and 5.3 for those
who received pegfilgrastim. In the G-CSF group,
9.4% received radiation during the follow-up
period. In the no G-CSF group, 7.9% received

G-CSF during follow-up and 7.9% received
radiation during follow-up.

Outcomes

In the breast cancer cohort, mean follow-up was
5.7 years from the index date for G-CSF patients
and 6.6 years for no G-CSF patients. The pro-
portion of patients who died during follow-up
was 24.1% for G-CSF and 35.6% for no G-CSF.
Unadjusted mortality rates per 1000 person-
years were 42.5 (95% CI 41.2-43.9) in the G-CSF
group and 53.7 (95% CI 51.6-55.7) in the no
G-CSF group. There were 193 total MDS-AML
events, 140 in the G-CSF group and 53 in the no
G-CSF group. The unadjusted incidence rate of
MDS-AML per 1000 person-years of follow-up
was 1.6 (95% CI 1.3-1.8) in the G-CSF group
and 1.0 (95% CI 0.8-1.3) in the no G-CSF group.
The 10-year cumulative probability of MDS-
AML was 1.24% (95% CI 1.04-1.49) in the
G-CSF group and 0.79% (95% CI 0.59-1.06) in
the no G-CSF group, accounting for the com-
peting risk of death (Fig. 1a). At 10 years, the
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A Cumulative Incidence: Breast Cancer

Breast Cancer
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Cumulative Probability of MDS-AML
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f/f

Time in Years
thor risk of death. Shaded

B Cumulative Risk Difference: Breast Cancer

Difference in MDS-AML Cumulative Probability: Breast Cancer

00075

00050 ]

Difference (G-CSF - no G-CSF)
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0.0025

0.0000

1
Time in Years
Estimates account for the competing risk of death. Shaded areas represent 95% CI

C Cumulative Incidence: Lung cancer

Lung Cancer
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Cumulative Probability of MDS-AML

1
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Difference (G-CSF - no G-CSF)
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Estimates account for the competing risk of death. Shaded areas represent 95% Cl.

Fig. 1 Unadjusted cumulative incidence and absolute risk difference of MDS-AML in breast and lung cancer

difference (G-CSF — no G-CSF) in the cumula-
tive probability was 0.45% (95% CI 0.13-0.77%;
Fig. 1b).

In the primary breast cancer analysis, G-CSF
use (i.e., filgrastim or pegfilgrastim) was associ-
ated with a hazard ratio of 1.60 (95% CI
1.07-2.40) versus no G-CSF (Table 3) for MDS-
AML. Fitting the model with separate effects for
filgrastim and pegfilgrastim, filgrastim use was
associated with a hazard ratio of 1.01 (95% CI
1.00-1.03) per administration and pegfilgrastim
was associated with a hazard ratio of 1.08
(95% CI 1.01-1.15) per administration
(Table 4). Restricting these analyses to 3 years of

follow-up (Supplementary Table 5) generally
showed stronger associations; in particular, the
filgrastim hazard ratio was 1.03 (95% CI
1.01-1.05) and the pegfilgrastim hazard ratio
was 1.15 (95% CI 1.05-1.26; Supplementary
Tables 6-7). Supplementary Table 8 shows the
results using time-dependent covariates.

In the lung cancer cohort, mean follow-up
was 2.6 years from the index date for G-CSF
patients and 2.6 years for no G-CSF patients.
The proportion of patients who died during
follow-up was 75.3% for G-CSF and 76.8% for
no G-CSF. Unadjusted mortality rates per 1000
person-years were 289 (95% CI 283-295) in the
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Table 3 Cox proportional hazards models of the risk of
MDS-AML in breast and lung cancer

Variable Hazard 95% CI
ratio

Breast cancer
G-CSF use (vs. none) 1.602 1.072-2.396
Age (per year) 1.051 1.017-1.087
Diagnosis year (per year)  0.998 0.935-1.066
Node positive (vs. 1.648 1.133-2.396
negative)
Radiation use (vs. none) 1.901 1.267-2.854
Alkylating agent (vs. none) 0.966 0.532-1.755
Antimetabolite (vs. none)  1.519 0.961-2.400
Taxane (vs. none) 0.688 0.445-1.064
Anthracycline (vs. none) 1570 1.013-2.434
Platinum (vs. none) 1.530 0.676-3.462

Lung cancer
G-CSF use (vs. none) 1.502 0.985-2.290
Age (per year) 1.025 0.988-1.064
Diagnosis year (per year)  1.069 1.004-1.138
Radiation use (vs. none) 1.927 1.155-3.216
Antimetabolite (vs. none)  0.282 0.066-1.197
Taxane (vs. none) 0.810 0.457-1.436
Topoisomerase (vs. none)  1.600 0.867-2.950
Platinum (vs. none) 0.938 0.332-2.652

Censoring at subsequent use G-CSF, radiation, or myelo-
suppressive systemic therapy

G-CSF group and 301 (295-307) in the no G-CSF
group. There were 128 total MDS-AML events,
75 in the G-CSF group and 53 in the no G-CSF
group. The unadjusted incidence rate of MDS-
AML per 1000 person-years of follow-up was 2.7
(95% CI 2.1-3.4) in the G-CSF group and 1.5
(95% CI 1.1-1.9) in the no G-CSF group. The
10-year cumulative probability of MDS-AML
was 0.84% (95% CI 0.66-1.05) in the G-CSF
group and 0.45 (95% CI 0.34-0.60) in the no
G-CSF group, accounting for the competing risk

Table 4 Cox proportional hazards model of the risk of
MDS-AML in breast and lung cancer: separate filgrastim
and pegfilgrastim

Variable Hazard 95% CI
ratio

Breast cancer
Filgrastim administrations 1.014 0.998-1.029
Pegfilgrastim 1.078 1.011-1.150
administrations
Age (per year) 1.053 1.019-1.088
Diagnosis year (per year) 0.979 0.917-1.045
Node positive (vs. negative) 1.616 1.116-2.338
Radiation use (vs. none) 1.884 1.253-2.831
Alkylating agent 0.973 0.901-1.051
administrations
Antimetabolite 1.010 0.992-1.028
administrations
Taxane administrations 0.927 0.870-0.988
Anthracycline 1.076 0.999-1.160
administrations
Platinum administrations 1.090 0.974-1.221

Lung cancer
Filgrastim administrations 1.022 0.994-1.051
Pegfilgrastim 1.119 1.000-1.252
administrations
Age (per year) 1.025 0.988-1.063
Diagnosis year (per year) 1.068 1.002-1.138
Radiation use (vs. none) 2.218 1.317-3.738
Antimetabolite 0.719 0.494-1.045
administrations
Taxane administrations 0913 0.848-0.984
Topoisomerase 1.009 0.968-1.051
administrations
Platinum administrations 1.030 0.969-1.095

Censoring at subsequent use G-CSF, radiation, or myelo-
suppressive systemic therapy
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of death (Fig. 1¢). At 10 years, the difference (G-
CSF — no G-CSF) in the cumulative probability
was 0.39% (95% CI 0.15-0.62%; Fig. 1d).

In the primary analysis, G-CSF use (i.e., fil-
grastim or pegfilgrastim) was associated with a
hazard ratio of 1.50 (95% CI 0.99-2.29) versus
no G-CSF (Table 3) for MDS-AML. Fitting the
model with separate effects for filgrastim and
pegfilgrastim (Table 4), filgrastim use was asso-
ciated with a hazard ratio of 1.02 (95% CI
0.99-1.05) per administration and pegfilgrastim
was associated with a hazard ratio of 1.12
95% CI  1.00-1.25) per administration.
Restricting these analyses to 3 years of follow-up
(Supplementary Table 9) generally showed sim-
ilar associations. In particular, the filgrastim
hazard ratio was 1.02 (95% CI 0.99-1.05) and
the pegfilgrastim hazard ratio was 1.12 (95% CI
1.00-1.25; Supplementary Tables 10-11). Sup-
plementary Table 12 shows the results using
time-dependent covariates.

In the prostate cancer cohort, mean follow-
up was 1.8 years from the index date for G-CSF
patients and 3.3 years for no G-CSF patients.
The proportion of patients who died during
follow-up was 83.0% for G-CSF and 46.8% for
no G-CSF. Unadjusted mortality rates per 1000
person-years were 470.2 (95% CI 442.4-497.9)
in the G-CSF group and 142.7 (95% CI
137.6-147.9) in the no G-CSF group. There were
50 total MDS-AML events in the total cohort.
The unadjusted incidence rate of MDS-AML per
1000 person-years of follow-up was 1.7 (95% CI
0.0-3.4) in the G-CSF group and 2.3 (95% CI
1.6-2.9) in the no G-CSF group. The 10-year
cumulative probability of MDS-AML was 0.67%
(95% CI 0.19-2.43) in the G-CSF group and
1.21% (95% CI 0.87-1.69) in the no G-CSF
group, accounting for the competing risk of
death. See Supplementary Tables 13-14 and
Supplementary Figs. 3-4 for prostate cancer
analyses similar to those conducted in the
breast and lung cancer cohorts.

Finally, we assessed variance inflation factors
to assess multicollinearity in the primary anal-
yses for the breast and lung cancer cohorts.
None exceeded 2.3, with most less than 2.0
(data not shown).

DISCUSSION

This study summarizes the effect of G-CSF on
the risk of MDS-AML in cohorts of patients with
breast, lung, and prostate cancer aged 66 and
older who completed first-line systemic therapy
between 2002 and 2014. In general, MDS-AML
is rare. In the breast, lung, and prostate cohorts
the unadjusted 10-year cumulative incidence of
MDS-AML in patients receiving G-CSF as part of
their initial systemic therapy regimen is 1.2%,
0.8%, and 0.7% compared to 0.8%, 0.5%, and
1.2% in patients not receiving G-CSF. The dif-
ferences between the G-CSF and no G-CSF
groups at 10years were 0.5%, 0.4%, and
— 0.5%, respectively, for these cancers.

Comparing to other studies, the relative
hazard of MDS-AML for G-CSF was between
1.50 (lung) to 1.60 (breast), which is consistent
with, but less than, the hazard ratio of 1.92 from
the meta-analysis by Lyman et al. [1] which
compared the G-CSF-treated arm with the con-
trol-treated arm across 25 randomized con-
trolled studies. In a study of breast cancer based
on SEER-Medicare data by Calip et al. the asso-
ciation between G-CSF and MDS-AML risk in
patients receiving anthracycline-cyclophos-
phamide regimens was 1.78 and was between
0.98 and 1.37 in other regimen groups [2].

Radiation therapy was consistently a risk
factor in breast and lung cancer across all anal-
yses. In prostate cancer, there was no apparent
increased risk associated with G-CSF, but the
numbers of patients and MDS-AML events were
both very small. The small number of events
among patients with prostate cancer may be
because most of the MDS-AML events in these
patients occurred between diagnosis and the
completion of systemic therapy and these
patients were therefore excluded from our
study. This suggests that radiation therapy,
which is commonly used earlier in the course of
prostate cancer, was potentially the causative
agent and resulted in the removal of many
susceptible patients from the risk pool.

In analyses of both breast and lung cancer,
both filgrastim and pegfilgrastim were associ-
ated with MDS-AML in a dose-dependent way
when using cumulative administrations as the
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exposure. The risk associated with pegfilgrastim,
per administration, was about 5.5 times higher
than the risk associated with filgrastim per
administration, and varied depending on can-
cer and the specific analysis. This implies that
the risk associated with a single pegfilgrastim
administration is about half of the risk of 11
daily doses of filgrastim. Since pegfilgrastim is
administered once per cycle, and filgrastim is
dosed daily for up to 2 weeks or until the abso-
lute neutrophil count has reached 10,000/mm?,
it is not surprising that the risks are different on
a per administration basis. However, it should
be noted that in routine clinical practice, the
mean number of administrations of filgrastim
per systemic therapy cycle is less than 5 [38, 39].

In contrast to our findings, Calip et al.
showed a higher risk associated with any fil-
grastim use (hazard ratio 2.11) compared to
pegfilgrastim use (hazard ratio 1.21). This may
be related to the way their model was parame-
terized. The authors included dichotomous
variables for both filgrastim and pegfilgrastim
but did not include an interaction term [2]. This
can create a statistical issue for estimating risk
in patients who used both agents, something
that occurred in 12% our breast and lung cancer
G-CSF cohorts. Without an interaction term,
the risk in patients who received both agents
would be estimated by combining the risk esti-
mates for both products. However, in the
absence of a synergistic effect, such a model
biases the risk estimates for each individual
agent downward to balance overestimation of
risk in those who received both formulations.
The strength of this bias is a function of the
number of people who received both agents and
type of overlapping use. Our study adds a more
precise assessment of filgrastim and pegfilgras-
tim exposure based on dose per day, which
allows for a fully independent exposure assess-
ment for each formulation.

We conducted several sensitivity analyses to
explore the effects of some of our analysis
decisions. In breast cancer, limiting follow-up
to 3 years increased the relative risks seen in
the primary analyses. This suggests that, in
breast cancer, the highest risk periods are in the
2-3 years after exposure. This was not observed
with lung cancer. This difference may be related

to the shorter follow-up in the lung cancer
cohort, which is a consequence of the higher
lung cancer mortality rate. In our sensitivity
analysis using time-dependent covariates for
G-CSF, radiation, and myelosuppressive
chemotherapy, the risk estimates per adminis-
tration were similar for pegfilgrastim, and the
risk estimates per administration were lower for
filgrastim. However, because these models did
not address time-dependent confounding fac-
tors, their interpretation may be limited.

As with any analyses of observational data,
there are limitations to the analyses. In partic-
ular, estimating the cumulative dose of systemic
therapy or radiotherapy is very difficult with
claims data. This is an important potential
confounding factor because the use of G-CSF is
likely to be associated with higher doses of
systemic therapy and radiotherapy, making it
difficult disentangle their separate contribu-
tions to risk. The difficulty with systemic ther-
apy arises because infused medications are
reimbursed on the basis of quantities that may
not correspond to the actual dose used (e.g.,
wastage from partial use of vials is not consis-
tently reported). We used cumulative adminis-
trations as a proxy for cumulative dose, but this
may not be accurate because of our inability to
assess dose reductions or delays, and we do not
have measures like height, weight, and body
surface area that would allow us to calculate
dosing more accurately. However, in breast
cancer, the higher MDS-AML risk for patients
with node positive disease (HR 1.62, 95% CI
1.12-2.34) may be a marker for higher dose
intensity since this subgroup of patients is likely
to receive more aggressive treatment (i.e.,
higher dose or dose dense chemotherapy).

The effects of other exposures deserve com-
ment, noting that the causal interpretation of
other covariates from a model may be con-
founded even if the primary exposure of interest
is not [40]. We observed that taxane use was
associated with a lower risk of MDS-AML in
several analyses. Whether this is a causal effect
or simply correlated with some other treatment
pattern (e.g., less aggressive treatment) is
beyond the scope of these analyses. Also, in
lung cancer, the effect of calendar year may be a
marker of different treatment patterns over time
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(e.g., more radiation or
chemotherapy).

The identification of MDS-AML is challeng-
ing for several reasons. MDS was first reported in
the SEER program starting in 2001 and this
study may have missed MDS cases as reporting
improved over time. Also, leukemias are gener-
ally reported more slowly than solid tumors, so
it is possible that MDS and AML are underre-
ported by SEER for the most recent years of
follow-up. Because of this, we used claims-based
algorithms with high sensitivity and specificity
to improve our capture. The benefit of this
approach is that more events can be captured,
improving the power of our study to identify
associations. However, as with any study using
claims data, there is a risk that false positive
cases may be included, potentially introducing
bias.

The death rate was substantially higher than
the MDS-AML rate in the breast, lung, and
prostate cancer cohorts (i.e., greater than
27-fold for breast cancer and even higher for
prostate and lung cancer) and was also higher
among non-G-CSF patients than G-CSF
patients. Because of this, the competing risk of
death deserves special mention since death
preempts MDS-AML events from occurring. The
rationale in considering this as a potential bias
is that it assumes that some MDS-AML in the
G-CSF group could be caused indirectly by
improved survival, which would allow more
time for MDS-AML events to accumulate. While
the meta-analysis of Lyman et al. showed a
protective effect of G-CSF on mortality in breast
cancer [1], the additional survival time would
lead to a very small number of additional MDS-
AML cases because the MDS-AML rate is so low,
meaning that only a tiny portion of the patients
who survive longer would develop MDS-AML.

In terms of the interpretation of the hazard
ratios, we note that the hazard ratio for G-CSF
represents the risk for the “average” exposure
across filgrastim and pegfilgrastim over time,
which can vary depending on whether the use is
for treatment or prophylaxis of neutropenia.
The number of cycles, dose, and dose density of
systemic therapy very likely differ between the
treatment and prophylaxis settings. We also
included variables for the administrations of

aggressive

systemic therapy, and for breast cancer, we
included a variable for node positivity to
account for the generally higher doses and/or
dose density. However, there is still likely to be
residual confounding. If there were more MDS-
AML events, we could have conducted stratified
analyses or considered more sophisticated
analyses (e.g., interaction terms); however, the
small number of events made this difficult.
Finally, the G-CSF and no G-CSF groups may
have varied over time as a result of changes in
practice patterns, including systemic therapy
doses, systemic therapy dose frequency, and
choice of systemic agents. While we included
year as a covariate to try to capture some of this
effect, this approach is limited because the
changes may not be smooth over time.

CONCLUSIONS

The use of G-CSF in patients diagnosed with
breast and lung cancer is associated with an
increased risk of MDS-AML. However, the inci-
dence of MDS-AML is very low, regardless of
whether patients received G-CSF or not, and the
risk difference is less than 0.5% in the breast
and lung cancer cohorts.
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