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Abstract

Background

High-frequency image-guided radiotherapy (hflGRT) is ubiquitous but its benefits are
unproven. We examined the cost effectiveness of hflIGRT in stage Ill non-small-cell lung
cancer (NSCLC).

Methods

We selected stage Il NSCLC patients >66 years old who received definitive radiation ther-
apy from the Surveillance, Epidemiology, and End-Results-Medicare database. Patients
were stratified by use of hflIGRT using Medicare claims. Predictors for hfIGRT were calcu-
lated using a logistic model. The impact of hflIGRT on lung toxicity free survival (LTFS),
esophageal toxicity free survival (ETFS), cancer-specific survival (CSS), overall survival
(OS), and cost of treatment was calculated using Cox regressions, propensity score match-
ing, and bootstrap methods.

Results

Of the 4,430 patients in our cohort, 963 (22%) received hflGRT and 3,468 (78%) did not. By
2011, 49% of patients were receiving hflIGRT. Predictors of hflGRT use included treatment
with intensity-modulated radiotherapy (IMRT) (OR = 7.5, p <0.01), recent diagnosis (OR =
51in 2011 versus 2006, p < 0.01), and residence in regions where the Medicare intermedi-
ary allowed IMRT (OR = 1.50, p < 0.01). hflGRT had no impact on LTFS (HR 0.97; 95% ClI
0.86-1.09), ETFS (HR 1.05; 95% CI 0.93-1.18), CSS (HR 0.94; 95% Cl 0.84—1.04), or OS
(HR 0.95; 95% CI 0.87-1.04). Mean radiotherapy and total medical costs six months after
diagnosis were $17,330 versus $15,024 (p < 0.01) and $71,569 versus $69,693 (p = 0.49),
respectively.
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Conclusion

hflGRT did not affect clinical outcomes in elderly patients with stage 1l NSCLC but did
increase radiation cost. hflGRT deserves further scrutiny through a randomized controlled
trial.

Background

We define high-frequency radiation therapy (hfIGRT) as the process of imaging a patient
before almost every treatment or fraction to improve the precision and accuracy of radiation
delivery. If a patient’s tumor or vital organs become shifted from one treatment to another,
imaging can identify and help correct this source of error. By reducing anatomic variation,
hfIGRT has the potential to ensure adequate radiation dose to the tumor and reduce dose to
the surrounding vital organs; thus increasing radiation efficacy and reducing toxicities.

Given the perceived benefits, hfIGRT is being rapidly adopted across the United States, par-
ticularly in lung cancer. A 2015 survey found that 78% of radiation oncologist use image
guided radiation therapy (IGRT) on a daily basis in at least some of their lung cancer patients
[1]. The evidence supporting the use of hfIGRT in lung cancer is limited. While studies have
shown that IGRT reduces variation in patient position [2-11] and computer simulations have
shown that reducing that variation could impact clinical end points like tumor control [12-
16], there is little clinical evidence linking hfIGRT with better outcomes in lung cancer. Two
small single institutional retrospective studies have shown that daily IGRT is associated with
either improved survival and local control, though reported no toxicity results [17, 18]. More
accurate treatments with hfIGRT also has the potential to decrease the margin size given for
treatment setup uncertainty, the planning treatment volume (PTV), and thereby reduce
toxicities.

The efficacy of hfIGRT in lung cancer is largely untested. Yet IGRT has been shown to
increase cost [1]. So what is the benefit of hfIGRT? There are no prospective randomized trials
on IGRT technologies in lung cancers. Therefore, at this time hfIGRT’s clinical efficacy and
cost effectiveness can only be examined using retrospective data. We used the Surveillance,
Epidemiology, and End Results Database attached to Medicare (SEER-Medicare) to compare
the efficacy (in terms of toxicity and survival) and cost of hfIGRT in stage III non-small cell
lung cancer (NSCLC).

Methods
Cohort selection

We identified patients >66 years of age with pathologically confirmed stage III NSCLC diag-
nosed from January 1, 2006 to December 31, 2011 from the SEER-Medicare database. The
SEER-Medicare database captures clinical and claims data for Medicare beneficiaries with can-
cer who reside within 16 geographic catchment areas representing about 35% of the US popu-
lation. Patients were excluded if they had: (1) any prior malignancies; (2) autopsy or death
certificate as the basis for the lung cancer diagnosis; (3) reason for Medicare entitlement other
than age; (4) >90 days discordance between SEER and Medicare reported date of death; (5)
any health maintenance organization enrollment within one year of diagnosis; (6) incomplete
Part A or B Medicare insurance within one year of diagnosis; (7) or residence in a nursing
home at the time of diagnosis. We only selected patients who (8) received definitive radiation
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treatment based on claims as described in the (S1A Methods in S1 File). A consort diagram is
provided in the (S1 Table).

Definition of high-frequency image-guided radiotherapy (hfIGRT). We subsequently
divided our cohort into patients who received hfIGRT and those who did not. Imaging was
identified by looking for claim codes (S2 Table) for portal X-rays, orthogonal X-rays, or cone
beam computed tomography (CBCT) imaging from the 15 days prior to diagnosis through the
15 days after the end of radiotherapy. Since, in our experience, CBCT is the most common
form of IGRT in practice, we also restricted our definition of IGRT to CBCT alone as a sensi-
tivity analysis. Results were nearly identically to those below with no statistical difference.
hfIGRT was defined as imaging with > 65% of radiation fractions. This cutoff is validated in
the (S1B Methods in S1 File, S1 Fig).

Other covariates

Using SEER-registry and claims data we also analyzed age at diagnosis, sex, race, marital status,
state, year of diagnosis, the Charlson comorbidity index, medical history of COPD, use of sup-
plemental oxygen, homebound status, primary tumor characteristics (e.g. histology, stage, size,
and location), treatment using intensity-modulated radiation therapy (IMRT), the number of
radiation fractions delivered, whether the patient received therapy in a hospital or freestanding
clinic, whether the patient received care in a rural or urban setting, type of treatment (e.g. che-
moradiation, trimodality therapy, surgery and radiation, or radiation alone), and the total vol-
ume of patients seen by a patient’s radiation oncologist. A detailed description of these
covarijates and how they were calculated is in the (S1C Methods in S1 File) and uses several ref-
erences [19-26].

Efficacy outcomes

The primary end points were overall survival, cancer-specific survival, lung cancer-specific
survival, acute esophageal toxicity rates, and acute pulmonary toxicity rates. As described in
Shirvani et al [27], we assessed lung toxicity using a “narrow” definition including only the
ICD-9 diagnosis code for “unspecified acute pulmonary toxicity due to radiation” and a
“broad” definition that also included non-radiation-related toxicity codes (i.e. pneumonia).
For acute esophagitis, we evaluated codes for (1) esophagitis, (2) dehydration, (3) feeding tube
placement, and (4) mucositis, individually and in aggregate. Toxicity codes are listed in the (54
Table).

Cost of hfIGRT

Adopting the method pioneered by Smith et al [28], we calculated the total cost of care and the
cost of radiotherapy by summing the total amount reimbursed by Medicare to the provider
over the interval from 15 days prior to diagnosis to 6 months after diagnosis. See the (S1D
Methods in S1 File) for details.

Effect of local coverage determination on hfIGRT use and cost

To determine if governmental insurance policies limited the use and cost of hfIGRT, we used
Medicare carrier local coverage determinations (LCDs). LCDs are regional policy guidelines
that describe when a service is covered. There are no LCDs governing IGRT use. However, in
practice IMRT, another advanced radiation technology, and hfIGRT are tightly correlated.
This assumption is validated in our results (OR = 7.51 for odds of hfIGRT with IMRT treat-
ment). Hence, we used LCDs for IMRT as a proxy for hfIGRT, binning them into LCDs
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restrictive of IMRT, LCDs permissive of IMRT, and LCDs without IMRT guidance [28].
Details are in the (SIE Methods in S1 File).

Statistical analyses

Statistical methods are described in detail in the (SIF Methods in S1 File). Briefly, we com-
pared the distribution of patient characteristics between the two treatment groups with the
Pearson’s chi-square test. Predictors of hfIGRT utilization were calculated using two logistic
models that used two different proxies for geographic location: state and LCD. The association
between hfIGRT and clinical outcomes (e.g. overall survival, cancer-specific survival, and tox-
icities) was assessed using Kaplan-Meier curves and multivariate Cox modeling accounting for
the covariates described above.

Based on the results of our state-based logistic regression, we created a propensity score
model to validate the findings of the multivariate Cox regressions. hfIGRT patients were
matched 1-to-1 without replacement with non-hfIGRT counterparts. Proportional hazards
models were used to adjust for covariates that could not be balanced using matching. Kaplan-
Meier plots for the matched cohorts were also generated.

A non-parametric bootstrap model was used to estimate the 95% confidence interval (CI)
around the mean cost difference between the hfIGRT and non-hfIGRT groups. We estimated
these differences for both the original cohort and the 1-to-1 matched sub-cohort. The impact
of individual covariates on the cost of treatment was assessed using the Wilcoxon two-sample
test. Because costs were calculated during the 6 months after diagnosis, only patients who lived
at least 6 months from diagnosis were included in the cost analysis. The 1-to-1 matched sub-
cohort used in the cost analysis was generated from a logistic regression that only included
these 6-month survivors. Analyses were performed with SAS 9.4 (SAS, Cary, NC).

Results
Patient characteristics

4,430 patients satisfied the inclusion criteria for our study. Of these, 963 (22%) patients
received hfIGRT and 3,468 (78%) patients did not (S1 Table).

Trends in utilization of hfIGRT

Billing for hfIGRT increased from 2% of patients diagnosed in 2006 to 49% in 2011. Regions
with permissive IMRT LCDs did adopt hfIGRT significantly faster than restrictive LCDs

(p < 0.01, Fig 1a). In contrast, many other factors, like the type of healthcare center (freestand-
ing clinic versus hospital based), were not associated with the adoption of hfIGRT (p = 0.18,
Fig 1b).

CBCT rapidly overtook portal and KV X-ray films as the imaging modality of choice for
hfIGRT (S2 Fig). Of patients who received hflGRT, most (>60%) received CBCT imaging
with every radiation treatment (S3 Fig).

In our study, most physicians used hflGRT in a binary fashion: for either all of their patients
or for none of them. Specifically, 73% of physicians never used hfIGRT in any of their patients.
Of the 27% who did use hfIGRT, the most common practice was to use hfIGRT in all (100%)
of their stage III NSCLC patients (54 Fig).

Multivariable logistic model predicting odds ratios (OR) of hfIGRT use. A state-based
multivariable logistic model identified multiple associations with hfIGRT (Table 1). hfIGRT
was very strongly associated with IMRT (OR = 7.51, p <0.01). hfIGRT billing also increased
significantly with the year of diagnosis (OR = 51 for 2011 versus 2006, p <0.01). hfIGRT use

PLOS ONE | https://doi.org/10.1371/journal.pone.0252053 May 27, 2021 4/14


https://doi.org/10.1371/journal.pone.0252053

PLOS ONE Efficacy and cost of high-frequency IGRT in elderly stage IIl non-small-cell lung cancer patients
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Fig 1. (A) Percent of stage IIIA NSCLC patients receiving hflGRT in free-standing and hospital based practices by year. There was a trend
toward increased utilization among free-standing radiation oncology facilities, but this did not reach significance (Fig 1a). (B) Percent of stage
IITA NSCLC patients who received hfIGRT in regions with permissive LCDs, restrictive LCDs, or no LCDs governing IMRT use. Although
IMRT is distinct from hfIGRT, the two are highly correlated. Restrictive LCDs were associated with a significant reduction if hfIGRT use

(p < 0.01). Abbreviations: NSCLC = non-small cell lung cancer, hfIGRT = high frequency image guided radiation therapy, LCD = local
coverage determination, IMRT = intensity-modulated radiation therapy.

https://doi.org/10.1371/journal.pone.0252053.9001

decreased with increased radiation oncologist density (OR = 0.57 in the 4™ quartile, p < 0.01);
but it increased with increased general surgeon density (OR = 2.44 in the 4™ quartile,

p < 0.01). A logistic regression using LCD as a proxy for location instead of state showed that

hfIGRT was also rarer in jurisdictions with unfavorable LCDs for IMRT (OR = 0.66, p < 0.01,
S5 Table).

Cox proportional hazards regression analysis of survival and acute
toxicities
On Cox regression analysis, hfIGRT was not associated with overall survival (HR 0.95; 95% CI
0.87-1.04), cancer-specific survival (HR 0.94; 95% CI 0.84-1.04), or lung toxicity-free survival
under either our “narrow” (HR 0.81, 95% CI 0.62-1.05) or “broad” (HR 0.97, 95% CI 0.86-
1.09) pulmonary toxicity definitions (Table 2 and Fig 2).

hfIGRT was associated with increased risk of esophagitis alone (HR 1.27, 95% CI 1.08-
1.49) and mucositis (HR 1.70, 95% CI 1.03-2.80). But—as described in the next section—these
associations faded on propensity score-matched sub-analysis. hfIGRT was not associated with
dehydration (HR 1.06, 95% CI 0.92-1.21), feeding tube placement (HR 1.07, 95% CI 0.74-
1.54), or aggregated esophageal toxicity (HR 1.05, 95% CI 0.93-1.18).

Propensity score-matched analysis of survival and acute toxicities

713 (74%) of the hfIGRT patients were successfully matched via propensity scoring to a con-
trol. The paired cohorts were well-balanced (p > 0.20) across all covariates except race (S3
Table). Repeat multivariable Cox regressions on our matched cohort found no association
between hfIGRT and any clinical endpoint, including overall (HR 0.95, 95% CI 0.85-1.07) or
cancer-specific (HR 0.93, 95% CI 0.82-1.07) survival; “narrow” (HR 0.79, 95% CI 0.56-1.12)
or “broad” (HR 1.02, 95% CI 0.87-1.21) lung toxicity-free survival; or esophagitis alone (HR
1.21, 95% CI 0.97-1.51), dehydration (HR 1.06, 95% CI 0.89-1.27), feeding tube placement
(HR 1.28, 95% CI 0.74-2.21), mucositis (HR 1.36, 95% CI 0.68-2.72), or aggregated esophageal
toxicity (HR 1.06, 95% CI 0.91-1.24) (Table 2). Cumulative toxicity hazard functions for the
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Table 1. Logistic regression using state for location.

Predictor Odds Ratio 95% CI P-value
Year of Diagnosis

2006 1 (Ref)

2007 5.78 3.18-10.50 <.01

2008 7.97 4.44-14.31 0.02

2009 17.56 9.93-31.06 <.01

2010 29.51 16.70-52.16 <.01

2011 51.06 28.91-90.17 <.01
State

California 1 (Ref)

Connecticut 0.75 0.48-1.17 <.01

Georgia 1.27 0.91-1.77 <.01

Hawaii * * *

Towa 2.47 1.70-3.61 0.76

Kentucky 1.07 0.74-1.54 <.01

Louisiana 0.59 0.39-0.89 <.01

Michigan 1.08 0.64-1.83 <.01

New Jersey 0.82 0.58-1.15 <.01

New Mexico 0.30 0.13-0.68 <.01

Utah 1.80 0.64-5.02 0.46

Washington - - -
General Surgeon Density

1st quartile 1 (Ref)

2nd quartile 1.05 0.77-1.43 <.01

3rd quartile 1.64 1.14-2.36 0.21

4th quartile 2.44 1.65-3.62 <.01

Unknown - - -
Radiation Oncologist Density

1st quartile 1 (Ref)

2nd quartile 1.02 0.75-1.40 <.01

3rd quartile 0.68 0.47-0.96 <.01

4th quartile 0.57 0.38-0.84 <.01

Unknown * * *
Physician Experience

1st quartile 1 (Ref)

2nd quartile 2.17 1.68-2.82 0.07

3rd quartile 3.24 2.49-4.21 <.01

4th quartile 1.78 1.34-2.38 0.54
Type of Treatment Center

Free Standing 1 (Ref)

Hospital Based 0.63 0.52-0.76 0.20

Both 0.14 0.03-0.68 0.03
# of Radiation Fractions

25-29 1 (Ref)

30-34 0.69 0.55-0.88 <.01

35-40 0.94 0.74-1.20 0.20
IMRT 7.51 6.17-9.14 <.01

Table 1: Predictors of billing for high frequency image guided radiation therapy (hfIGRT): multivariable model.

https://doi.org/10.1371/journal.pone.0252053.t001
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Table 2. Association of hfIGRT with toxicities and survival, grouped by analytic technique.

Outcome HR 95% CI P-value

Multivariate proportional hazards analysis®
Overall survival 0.95 0.87-1.04 0.29
Cancer Specific Survival 0.94 0.84-1.04 0.24
Lung toxicity (Narrow) 0.81 0.62-1.05 0.11
Lung toxicity (Broad) 0.97 0.86-1.09 0.60
Esophageal toxicity (All) 1.05 0.93-1.18 0.44
Esophagitis/dysphagia 1.27 1.08-1.49 <.01
Dehydration 1.06 0.92-1.21 0.41
Feeding tube placement 1.07 0.74-1.54 0.72
Mucositis 1.70 1.03-2.80 0.04

Propensity score matching analysis”
Overall survival 0.95 0.85-1.07 0.42
Cancer specific survival 0.93 0.82-1.07 0.32
Lung toxicity (Narrow) 0.79 0.56-1.12 0.19
Lung toxicity (Broad) 1.02 0.87-1.21 0.78
Esophageal toxicity (All) 1.06 0.91-1.24 0.46
Esophagitis/dysphagia 1.21 0.97-1.51 0.09
Dehydration 1.06 0.89-1.27 0.52
Feeding tube placement 1.28 0.74-2.21 0.38
Mucositis 1.36 0.68-2.72 0.38

# Hazard ratios measure the effect of IGRT compared to control (referent) for each outcome listed after adjustment
for pre-specified clinically relevant covariates and covariates significant at P < 0.20 in univariate analysis. A separate
model was created for each of the seven outcomes listed (S6-S14 Tables).

® Hazard ratios measure the effect of IGRT compared to control (referent) using proportional hazards regression of
propensity-score matched hfIGRT cases and controls. Unmatched covariates were adjusted for using multivariate
proportional hazard models.

Abbreviations: hfIGRT = high frequency image guided radiation therapy.

https://doi.org/10.1371/journal.pone.0252053.t002

matched and unmatched cohorts are shown in Fig 2. Results are similar to the Cox regressions.
Kaplan-Meier curves for OS and CSS are not shown, but results are similar to the Cox regres-
sions described above.

Cost of therapy

Of our original 4,430 patients, 3,849 patients—including 852 hflGRT and 2,997 non-hfIGRT
patients—lived at least six months and could be included in a cost analysis. This “cost-
intended” cohort was re-matched 1:1 as described above. Covariates were well balanced across
all covariates except race and sex (S15 Table). However, in the case of race and sex, the absolute
difference in the bivariate distributions were small (< 6% for all).

In the cost-intended propensity-matched patient cohort, the mean total cost of radiation
therapy within the first six months of diagnosis was $17,330 in hfIGRT patients and $15,024 in
non-hfIGRT patients (difference = $2,306, 95% CI $1,559-$3,047, p <0.01) (S16 Table). The
mean total cost of medical care over that time was $71,569 in hfIGRT patients and $69,693 in
non-hfIGRT patients (difference = $1,875, 95% CI -$3,231-$6,925, p = 0.49). As an explor-
atory analysis, we also examined the cost of a patient’s care that was directly attributable to
IGRT by simply adding up all the bills for image-guidance. The mean total cost of image guid-
ance was $1,971 in hfIGRT patients and $199 in non-hfIGRT patients (difference = $1,772,
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Fig 2. Cumulative incidence of acute toxicities calculated via claims for hfIGRT (dashed line) and other (solid
line). No statistically significant difference was observed for any of the endpoints except esophageal toxicity. Although
hfIGRT was associated with increased esophageal toxicity among all patients, this association did not withstand an
analysis using propensity score matching. Abbreviations: hfIGRT = high frequency image guided radiation therapy.

https://doi.org/10.1371/journal.pone.0252053.g002

95% CI $1,606-$1,926, p <0.01). From 2006-2011, total radiotherapy costs increased by about
40% in hfIGRT patients versus about 35% in non-hfIGRT patients (Fig 3). There was a statisti-
cally significant increase in mean IGRT costs in IMRT favorable ($714) versus restrictive
($611) LCDs (p < 0.01 with Wilcoxon test; S5 Fig).

Conclusions

Our study found a rapid increase in the utilization of hfIGRT among elderly Medicare patients
with Stage III NSCLC; from just 2% in 2006 to 49% in 2011. Despite increased use, there has
not been an increase in benefit. hfIGRT was not associated with improved survival or reduced
rates toxicity. But hfIGRT was associated with an additional $2,306 in radiation related cost.

Costly advanced radiation technologies are often not subjected to rigorous scientific investi-
gations for safety, efficacy or cost-effectiveness before wide-spread adoption into radiation
oncology practice [29, 30]. Frequent IGRT has the potential to enhance the accuracy and preci-
sion of radiation delivery, however it is unclear if this translates to improved outcomes or
lower costs. Two recent randomized controlled studies of hfIGRT for prostate cancer have
shown mixed results. In a Norwegian prostate cancer study, daily IGRT was not associated
with improved gastrointestinal or urinary toxicities nor survival outcomes; while in French
study, daily IGRT improved rectal toxicity but had no statistically significant difference in the
primary endpoint of recurrence-free survival [31, 32]. Our study which is the largest analyzing
the effects of hfIGRT on clinical outcomes in locally advanced lung cancer does not support
improved survival nor decreased toxicity.
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Fig 3. Percentage increase in mean radiation-related treatment cost. Costs include all Medicare reimbursements to
providers for radiation therapy-related claims from 15 days before diagnosis to 6 months after diagnosis, are
normalized to 2017 dollars, and are adjusted for geographic variation in Medicare reimbursement. Abbreviations:
hfIGRT = high frequency image guided radiation therapy.
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It is possible that patient selection bias could explain our results: Physicians may only pre-
scribe IGRT to treat patients at the highest risk of toxicity. However, using Cox regression and
matching analysis, we accounted for numerous clinical covariates that may impact toxicity and
survival. Furthermore, our data suggests that most doctors are not prescribing IGRT on a case-
by-case basis in a manner that would cause selection bias. Instead, the majority of physicians
either consistently prescribe IGRT in all of their patients or never do.

One possible reason for hfIGRT’s failure to reduce toxicity in our study may be that in this
early adoption period radiation oncologists did not reduce PTV margins despite using more
frequent IGRT. Indeed, some recent reports suggest that radiation oncologists do not always
pair more frequent IGRT use with PTV margin reductions and—as a result—may not always
see clinical benefit from higher frequency IGRT use [1]. As our dataset does not include PTV
margin size, we are unable to analyze this possibility.

While IGRT did not affect outcomes, we did find that hfIGRT increased treatment imaging
costs from about $200 in non-hfIGRT patients to about $2,000 in hfIGRT patients. Similarly,
hfIGRT increased total radiation costs by about $2,000 in the 6-month interval following diag-
nosis, an increase of about 13%. Mean medical costs also increased by about $2000, but this
difference did not achieve significance. We attribute this lack of significance to the higher vari-
ance associated with total medical costs.

Adoption of IGRT billing codes appears to have accelerated growth in the cost of radiother-
apy for three reasons. First, as physicians embrace IGRT, they simply use it more: the number
of IGRT fractions increased by nearly 700%, to 19,388 IGRT fractions in 2011, up from just
2,833 IGRT fractions in 2006 (S2 Fig). Second, physicians are increasingly using more expen-
sive forms of IGRT. Oncologists can perform IGRT with relatively inexpensive planar imaging
or substantially more expensive (CBCT) volumetric imaging. Just 8% of IGRT fractions were
CBCTs in 2006, compared to 86% in 2011. For reference, Varian pegged global Medicare
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reimbursements at $77 per planar image and $120 per volumetric image in 2017. Third, per-
missive (IMRT) LCDs appear to inflate both the rate and unit cost of IGRT use. Permissive
LCDs are 1.5 times more likely to use hfIGRT (S5 Table) and permissive LCDs have per patient
IGRT costs that are 17% higher than their restrictive counterparts (S5 Fig). Taken together,
lung cancer IGRT grew simultaneously more popular and more expensive from 2006 to 2011.

Reimbursement policy might help control costs. Although there are no LCDs governing
IGRT use, we found that IMRT and IGRT billing are highly correlated. This enabled us to use
LCDs covering IMRT as a proxy for IGRT, and these LCDs did significantly impact total bill-
ing per capita for IGRT. LCDs governing IGRT use may be even more effective.

Our study has several limitations. First, it included only elderly patients who are Medicare
beneficiaries; the possibility remains that younger patients may not receive hfIGRT due to
insurance coverage issues or amplified concerns of late toxic effects. Second, our definition of
radiotherapy fraction hinged on the unvalidated method of counting radiotherapy claims for
fraction delivery; but, Medicare claims are believed to be accurate because they are tied to phy-
sician payment. Third, our cost findings may not accurately reflect the cost of radiotherapy for
patients with private insurance. Finally, the efficacy of hfIGRT can only be definitely evaluated
with a randomized controlled trial, which our study is not. Therefore, these findings should
not be used to justify changes in standard of care treatment. Rather, our findings illustrate the
urgency with which a clinical trial for hfIGRT is needed.

In conclusion, this study suggests that high-frequency IGRT increases radiotherapy costs
without a commensurate improvement in clinical outcomes. Further investigation with a ran-
domized controlled trial is warranted to definitively evaluate high-frequency IGRT’s utility.

Supporting information

S1 Fig. Distribution of IGRT utilization by patient. Histogram showing the % of patients
using IGRT at different frequencies. X-axis represents the percentage of radiation fractions
accompanied by image-guidance. Y-axis is the percent of patients in our cohort who received
IGRT at that frequency. The distribution is bimodal, with most patient receiving image guid-
ance with ~20% of radiation fractions or ~100% of radiation fractions. Some patients appear
to receive image guidance with greater than 100% of radiation fractions because initial plan-
ning CT scans are often billed using the same code as IGRT and cannot be distinguished using
billing, even though these CT scans are not accompanied by a radiation fraction.

(PDF)

S$2 Fig. Billing for Port/KV vs. CBCT films for IGRT over time. Total number of Medicare
claims for CBCT and Port/KV based image guidance in our cohort over time. CBCT rapidly
overtook Port/KV imaging as the preferred method of image guidance.

(PDF)

S3 Fig. Distribution of CBCT utilization in patients who received hfIGRT. Percent of radia-
tion fractions accompanied by CBCT in patient who are receiving hfIGRT. Clearly the vast
majority of patients who are receiving hfIGRT are getting most of their fractions with CBCT
imaging.

(PDF)

$4 Fig. Distribution of IGRT utilization by physician. (A) Histogram showing the distribu-
tion of IGRT utilization by physicians. The x-axis shows the percentage of stage III NSCLC
patients each radiation oncologist uses hflGRT in. The Y axis represent the percentage of
radiation oncologist who use hflGRT with that frequency. (B) The same as S4a Fig, except
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