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PROSTATE CANCER IS THE MOST

common malignancy in men,
with more than 200 000 diag-
noses and 30 000 deaths per

year.1 Recent advances in technology
have led to costlier treatments such as
minimally invasive radical prostatec-
tomy, intensity-modulated radiation
therapy (IMRT), and proton therapy.
The adoption of these technologies re-
sulted in a $350 million increase in
health care expenditures in 2005 alone.2

The Institute of Medicine, Agency for
Healthcare Research and Quality, Sec-
retary of the Department of Health and
Human Services, and others have called
for comparative effectiveness research of
localized prostate cancer treatments,3-5

which is especially relevant for radia-
tion therapy, for which IMRT has gradu-
ally replaced the older technique of con-
formal radiation therapy during the past
10 years. More recently, there has been
a substantial increase in the number of

proton facilities built, and direct-to-
consumer advertising is likely to lead to
an increase in its use.6-8 The clinical ben-
efit from these newer treatments is un-
proven, and comparative effectiveness
research examining different radiation
techniques is lacking. Given these trends
in use, multiple recent reports have spe-
cifically called for research on proton
therapy.9
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Context There has been rapid adoption of newer radiation treatments such as intensity-
modulated radiation therapy (IMRT) and proton therapy despite greater cost and lim-
ited demonstrated benefit compared with previous technologies.

Objective To determine the comparative morbidity and disease control of IMRT, pro-
ton therapy, and conformal radiation therapy for primary prostate cancer treatment.

Design, Setting, and Patients Population-based study using Surveillance, Epide-
miology, and End Results–Medicare-linked data from 2000 through 2009 for patients
with nonmetastatic prostate cancer.

Main Outcome Measures Rates of gastrointestinal and urinary morbidity, erec-
tile dysfunction, hip fractures, and additional cancer therapy.

Results Use of IMRT vs conformal radiation therapy increased from 0.15% in 2000 to
95.9% in 2008. In propensity score–adjusted analyses (N=12 976), men who received
IMRT vs conformal radiation therapy were less likely to receive a diagnosis of gastroin-
testinal morbidities (absolute risk, 13.4 vs 14.7 per 100 person-years; relative risk [RR],
0.91; 95% CI, 0.86-0.96) and hip fractures (absolute risk, 0.8 vs 1.0 per 100 person-years;
RR, 0.78; 95% CI, 0.65-0.93) but more likely to receive a diagnosis of erectile dysfunc-
tion(absolute risk,5.9vs5.3per100person-years;RR,1.12;95%CI,1.03-1.20). Intensity-
modulated radiation therapy patients were less likely to receive additional cancer therapy
(absolute risk, 2.5 vs 3.1 per 100 person-years; RR, 0.81; 95% CI, 0.73-0.89). In a pro-
pensity score–matched comparison between IMRT and proton therapy (n=1368), IMRT
patients had a lower rate of gastrointestinal morbidity (absolute risk, 12.2 vs 17.8 per 100
person-years; RR, 0.66; 95% CI, 0.55-0.79). There were no significant differences in rates
of other morbidities or additional therapies between IMRT and proton therapy.

Conclusions Among patients with nonmetastatic prostate cancer, the use of IMRT
compared with conformal radiation therapy was associated with less gastrointestinal
morbidity and fewer hip fractures but more erectile dysfunction; IMRT compared with
proton therapy was associated with less gastrointestinal morbidity.
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The objective of this study was to ex-
amine the comparative morbidity and
disease control outcomes after differ-
ent radiation techniques in a recent co-
hort of prostate cancer patients with the
Surveillance, Epidemiology, and End
Results (SEER)–Medicare-linked data-
base. Specifically, we compared IMRT,
which has been rapidly adopted and is
currently the most commonly used
technique, with the older conformal ra-
diation therapy. We further compared
proton therapy, whose use is increas-
ing,6 with IMRT.

METHODS
Data Source

Surveillance, Epidemiology, and End
Results data are composed of 16 popu-
lation-based cancer registries repre-
senting approximately 26% of the US
population. SEER-Medicare links the
registry data to Medicare administra-
tive and health care claims data, which
include 97% of US residents aged 65
years and older and has been docu-
mented extensively.10 University of
North Carolina institutional review
board approval was waived.

Study Cohorts

According to SEER-Medicare data,
251 787 patients received a diagnosis
of prostate cancer between 2000 and
2007; had no additional cancers, meta-
static disease, or disease diagnosis at au-
topsy; and had month and year of di-
agnosis in the database. To allow
assessment of baseline comorbidity, the
patient population was further re-
stricted to men with at least 1 year of
claims data before diagnosis.11 To en-
sure complete capture of health ser-
vices, we excluded men who were en-
rolled in a health maintenance
organization within 1 year of diagno-
sis or not enrolled in both Medicare Part
A and Part B for the study duration,
which resulted in a cohort of 108 756
patients. A sensitivity analysis ex-
cluded patients who had any health
maintenance organization enrollment
for the study duration and demon-
strated similar results (eAppendix,
available at http://www.jama.com).

Using Current Procedural Terminol-
ogy/Healthcare Common Procedure
Coding System procedure codes, we
identified 15 963 men who received ra-
diation as primary treatment within 1
year of diagnosis (eAppendix). Pa-
tients who received radiation in com-
bination with brachytherapy or pros-
tatectomy were excluded. For the IMRT
vs conformal radiation therapy com-
parison, we observed a large shift in use
of these techniques during the study pe-
riod (eFigure). To enable propensity
score weighting in the 2 treatment
groups, analysis was restricted to 12 976
men who received treatment between
2002 and 2006 to maximize the over-
lap in baseline characteristics: 6666
treated with IMRT and 6310 with con-
formal radiation therapy. Median fol-
low-up for this comparison was 44
months for IMRT (range, 0.1-91.5
months) and 64 months for confor-
mal radiation therapy (range, 0-91.7
months).

For the proton therapy vs IMRT com-
parison, we identified 684 men treated
with proton therapy from 2002 to 2007.
Because few institutions offered pro-
ton therapy, there was lack of overlap
in baseline characteristics between pro-
ton therapy and IMRT patients largely
because of 2 higher-level variables:
SEER region and institutional affilia-
tion with the Radiation Therapy On-
cology Group. Therefore, we used pro-
pensity score matching to compare
proton therapy with IMRT patients. Me-
dian follow-up for this comparison was
46 months for IMRT (range, 0.4-88.3
months) and 50 months for proton
therapy (range, 0.3-90.2 months).

Outcomes

Morbidity outcomes included condi-
tions associated with radiation therapy
for prostate cancer: gastrointestinal
morbidity, urinary incontinence, non-
incontinence urinary morbidity, sexual
dysfunction, and hip fractures.12-16 Di-
agnoses and procedures in each mor-
bidity category were counted as sepa-
rate outcomes. Because the goal of this
study was to examine long-term mor-
bidity, we excluded person-time and di-

agnoses and procedures that occurred
within 1 year of radiation therapy; acute
radiation therapy–related morbidity
commonly resolves and does not be-
come long-term morbidity.12

Consistent with previous studies, we
identified men requiring additional can-
cer therapy after radiation therapy as
an indicator of disease recurrence.17-19

Because radiation therapy is com-
monly used in combination with
brachytherapy20 and sometimes as neo-
adjuvant treatment for planned pros-
tatectomy,21 we defined additional can-
cer treatment as that occurring 9
months or more after initiation of ra-
diation therapy. Furthermore, for pa-
tients who received radiation therapy
concurrently with androgen depriva-
tion therapy, additional treatment was
defined as cessation of all treatment for
9 months or more, followed by reini-
tiation of androgen deprivation therapy
or another salvage treatment.

Survival was not examined because
death caused by prostate cancer is mini-
mal within 5 years of diagnosis and not
expected to be significantly different by
radiation therapy technique within this
period.1

Control Variables

The SEER registry provided patient-
level demographic variables, includ-
ing race, age at diagnosis, and marital
status; census tract measures of in-
come and education; SEER region; and
population density (urban vs rural).
Medicare claims data provided infor-
mation on treatment dates, enroll-
ment, and institutional affiliation with
the Radiation Therapy Oncology
Group, a radiation-specific clinical trials
cooperative group. Radiation Therapy
Oncology Group affiliation was used in
propensity score weighting for the
IMRT vs conformal radiation therapy
comparison.

Baseline diagnoses of diabetes and
conditions associated with the use of an-
ticoagulation (atrial fibrillation and val-
vular disease) were determined by using
claims within the year before radia-
tion therapy (eAppendix); both have
been shown to increase the morbidity
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risk from radiation therapy.22-24 Use of
androgen deprivation therapy in con-
junction with radiation therapy was in-

cluded as a covariate because of its po-
tential effects on both disease control
and erectile dysfunction.25

Statistical Analysis
For the IMRT vs conformal radiation
therapy comparisons, we used propen-

Table 1. Baseline Demographic Characteristics for the IMRT vs CRT Comparison

Characteristics

No. (%)

Before Propensity Weighting After Propensity Weighting

IMRT
(n = 6666)

CRT
(n = 6310)

P
Value

IMRT
(n = 6438)

CRT
(n = 6478)

P
Value

Year of radiation
2002 448 (6.7) 2402 (38.1) 1203 (18.7) 1380 (21.3)

2003 917 (13.8) 1846 (29.3) 1431 (22.2) 1340 (20.7)

2004 1334 (20.0) 1149 (18.2) �.001 1287 (20.0) 1193 (18.4) �.001

2005 1841 (27.6) 601 (9.5) 1261 (19.6) 1214 (18.7)

2006 2126 (31.9) 312 (4.9) 1256 (19.5) 1351 (20.9)

Age at diagnosis, y
66-69 1338 (20.1) 1265 (20.1) 1341 (20.8) 1306 (20.2)

70-74 2415 (36.2) 2345 (37.2) .50 2353 (36.6) 2368 (36.5) .59

�75 2913 (43.7) 2700 (42.8) 2743 (42.6) 2804 (43.3)

Race
White 5694 (85.4) 5325 (84.4) 5436 (84.5) 5443 (84.0)

Black 521 (7.8) 657 (10.4) �.001 586 (9.1) 630 (9.7) .45

Other/unknown 451 (6.8) 328 (5.2) 415 (6.4) 405 (6.3)

SEER region
Atlanta and rural Georgia 121 (1.8) 126 (2.0) 129 (2.0) 130 (2.0)

California 2195 (32.9) 1546 (24.5) 2038 (31.7) 2024 (31.2)

Connecticut 661 (9.9) 608 (9.6) 592 (9.2) 562 (8.7)

Detroit 437 (6.6) 849 (13.5) 541 (8.4) 602 (9.3)

Hawaii 143 (2.2) 71 (1.1) 105 (1.6) 80 (1.2)

Iowa 345 (5.2) 646 (10.2) 501 (7.8) 488 (7.5)

Kentucky 322 (4.8) 682 (10.8)
�.001

405 (6.3) 462 (7.1)
.06

Louisiana 489 (7.3) 340 (5.4) 452 (7.0) 464 (7.2)

New Jersey 1415 (21.2) 788 (12.5) 1122 (17.4) 1099 (17.0)

New Mexico 287 (4.3) 178 (2.8) 228 (3.5) 226 (3.5)

Seattle 205 (3.1) 368 (5.8) 222 (3.4) 265 (4.1)

Utah 46 (0.7) 108 (1.7) 103 (1.6) 78 (1.2)

Marital status
Married 4733 (71.0) 4465 (70.8) 4513 (70.1) 4570 (70.6)

Not married 1308 (19.6) 1323 (21.0) .02 1341 (20.8) 1347 (20.8) .68

Missing/unknown 625 (9.4) 522 (8.3) 584 (9.1) 560 (8.6)

Census income, %
Low income (0-25) 1545 (23.2) 1840 (29.2) 1718 (26.7) 1716 (26.5)

Low-medium income (26-50) 1648 (24.7) 1696 (26.9) �.001 1652 (25.7) 1662 (25.7) .95

Medium-high income (51-75) 1698 (25.5) 1481 (23.5) 1582 (24.6) 1579 (24.4)

High income (�75) 1775 (26.6) 1293 (20.5) 1485 (23.1) 1521 (23.5)

Census proportion with at least
high school education, %

Low education (0-25) 1461 (21.9) 1862 (29.5) 1690 (26.3) 1680 (25.9)

Low-medium education (26-50) 1579 (23.7) 1606 (25.5)
�.001

1576 (24.5) 1589 (24.5)
.90

Medium-high education (51-75) 1799 (27.0) 1547 (24.5) 1637 (25.4) 1682 (26.0)

High education (�75) 1827 (27.4) 1295 (20.5) 1535 (23.8) 1526 (23.6)

Population density
Metropolitan 5750 (86.3) 5024 (79.6)

�.001
5339 (82.9) 5380 (83.0)

.86
Nonmetropolitan 916 (13.7) 1286 (20.4) 1099 (17.1) 1098 (17.0)

RTOG affiliation 917 (13.8) 740 (11.7) �.001 852 (13.2) 825 (12.7) .40
Abbreviations: CRT, conformal radiation therapy; IMRT, intensity-modulated radiation therapy; RTOG, Radiation Therapy Oncology Group; SEER, Surveillance, Epidemiology, and End

Results.
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sity score weighting to adjust for po-
tentially important baseline character-
istics. We used logistic regression to
estimate the probability of receiving
IMRT vs conformal radiation therapy
(the propensity score) as a function of
relevant covariates (TABLES 1 and 2).
We evaluated the distributions of pro-
pensity scores by treatment group to
check for sizeable overlap demonstrat-
ing that the groups are comparable. A
propensity score weight was calcu-
lated as the inverse of the propensity
for the treatment received and then sta-
bilized, reflecting the sample size for
each treatment group.

For each outcome, we calculated
number of events per 100 person-
years of follow-up to be consistent
with existing literature.3 We calcu-
lated the probability of additional
treatment after propensity score
weighting with the Kaplan-Meier
method and used log-rank statistics
to assess for potential difference in
patients treated with IMRT vs con-
formal radiation therapy. Follow-up
time was determined from the start
of follow-up (12 months after the
start of radiation therapy for morbid-
ity and 9 months for additional

therapies) until an event or censor-
ing at the end of the study (Decem-
ber 31, 2009).

For the proton therapy vs IMRT com-
parisons, we applied propensity score
matching to balance the 2 groups and
calculated propensity score–matched
rates for each outcome. Because of un-
equal distribution of proton patients
across institutional-level variables, we
performed sensitivity analysis with the
Radiation Therapy Oncology Group af-
filiation as an instrumental variable to
assess potential unmeasured confound-
ing. Of all measured covariates, this af-
filiation was the strongest predictor of
treatment receipt and was considered
a priori as a possible instrument. In sen-
sitivity analysis, we applied methods to
test for the strength of the affiliation as
an instrument among subgroups of the
population and found that overall, the
Radiation Therapy Oncology Group
qualifies as a preference-based instru-
ment.26 To maintain comparability be-
tween our other rate models, a modi-
fied 2-stage least-squares approach was
applied.27

Statistical significance was set at .05;
all tests were 2-tailed and no adjust-
ment was made for multiple compari-

sons. Analyses were performed with
SAS version 9.2.

RESULTS
Among the patients undergoing pri-
mary radiation therapy for nonmeta-
static prostate cancer, use of IMRT vs
conformal radiation therapy in-
creased from 0.15% in 2000 to 95.9%
in 2008 (eFigure). After propensity
score weighting, baseline characteris-
tics among conformal radiation therapy
and IMRT patients were balanced, ex-
cept for small residual differences in
year of treatment (Tables 1 and 2).

Unadjusted and propensity score–
adjusted outcomes for IMRT vs confor-
mal radiation therapy are presented in
TABLE 3. In the adjusted analysis, men
treated with IMRT were less likely to re-
ceive a diagnosis of gastrointestinal mor-
bidity (13.4 for IMRT vs 14.7 for con-
formal radiation therapy per 100 person-
years; relative risk [RR], 0.91; 95% CI,
0.86-0.96; P�.001) and hip fracture (0.8
for IMRT vs 1.0; RR, 0.78; 95% CI, 0.65-
0.93; P=.006) but more likely to re-
ceive a diagnosis of erectile dysfunction
(5.9 for IMRT vs 5.3; RR, 1.12; 95% CI,
1.03-1.20; P=.006). Furthermore, IMRT
patients were less likely to receive addi-

Table 2. Baseline Clinical Characteristics for the IMRT vs CRT Comparison

Characteristics

No. (%)

Before Propensity Weighting After Propensity Weighting

IMRT
(n = 6666)

CRT
(n = 6310)

P
Value

IMRT
(n = 6438)

CRT
(n = 6478)

P
Value

Concurrent androgen deprivation therapy 3786 (56.8) 3906 (61.9) �.001 3843 (59.7) 3893 (60.1) .65

Tumor grade
Well/moderately differentiated 3390 (50.9) 3850 (61.0) 3512 (54.5) 3579 (55.3)

Poorly differentiated 3177 (47.7) 2334 (37.0) �.001 2817 (43.8) 2785 (43.0) .68

Unknown/not assessed 99 (1.5) 126 (2.0) 109 (1.7) 113 (1.7)

Clinical stage
T1 3375 (50.6) 2502 (39.7) 2933 (45.6) 2984 (46.1)

T2 3070 (46.1) 3556 (56.3) �.001 3273 (50.8) 3255 (50.3) .79

T3/T4 221 (3.3) 252 (4.0) 232 (3.6) 239 (3.7)

Baseline comorbidities
Diabetes 1750 (26.2) 1681 (26.6) .62 1702 (26.4) 1728 (26.7) .75

Anticoagulation, arrhythmia, or valvular disease 1685 (25.3) 1533 (24.3) .20 1597 (24.8) 1622 (25.0) .76

Gastrointestinal diagnosis/procedure 1359 (20.4) 1238 (19.6) .27 1343 (20.9) 1340 (20.7) .80

Urinary nonincontinence diagnosis/procedure 1453 (21.8) 1331 (21.1) .33 1444 (22.4) 1510 (23.3) .23

Urinary incontinence diagnosis/procedure 1475 (22.1) 1032 (16.3) �.001 1326 (20.6) 1349 (20.8) .75

Erectile dysfunction diagnosis/procedure 615 (9.2) 501 (7.9) .009 569 (8.8) 556 (8.6) .61

Hip fracture 20 (0.3) 14 (0.2) .38 20 (0.3) 27 (0.4) .32
Abbreviations: CRT, conformal radiation therapy; IMRT, intensity-modulated radiation therapy.
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tional cancer therapy (2.5 for IMRT vs
3.1; RR, 0.81; 95% CI, 0.73-0.89;
P� .001) (Table 3, FIGURE 1).

For the proton therapy vs IMRT com-
parison, propensity-matched baseline
characteristics are presented in
TABLES 4 and 5. Proton therapy pa-
tients had slightly less frequent base-
line anticoagulation use. For morbid-
ity and additional therapy outcomes,
results from propensity score–
matched and instrumental variable
analyses were consistent (Tables 4 and
5). There was no significant differ-
ence in proton therapy– vs IMRT-
treated patients in urinary nonincon-
tinence or incontinence diagnoses or
procedures, erectile dysfunction, or hip
fractures. The low hip fracture inci-
dence precluded calculation of rate ra-
tios in the propensity score–matched
model. In both models, proton therapy–
treated patients were more likely to re-
ceive a diagnosis of gastrointestinal
morbidity and undergo gastrointesti-
nal procedures. Rates of additional can-
cer therapy were no different between
the 2 groups (TABLE 6, FIGURE 2).

COMMENT
Comparative effectiveness research in
localized prostate cancer treatments is

needed because of the large number of
men with this disease and the contin-
ued trend of a rapid increase in use of
newer and costlier treatments with un-
proven clinical benefit. The Institute of
Medicine included localized prostate
cancer as a “first quartile” priority topic
in its top 100 topics for comparative ef-
fectiveness research.3 Although the
theoretic rationale for the new treat-
ments such as minimally invasive pros-
tatectomy and IMRT is convincing,
studies directly comparing the out-
comes of newer vs older treatments are
lacking. A recent SEER-Medicare study

that reported mixed results when com-
paring minimally invasive prostatec-
tomy vs the older open prostatectomy
technique demonstrated that theo-
retic advantages for newer treatments
may not necessarily translate into a
clinical benefit.18

Radiation treatment can cause dam-
age to organs surrounding the prostate,
leading to long-term gastrointestinal and
urinary morbidity, erectile dysfunc-
tion, and hip fractures. In the past 10
years, data have demonstrated that the
risk of long-term morbidity is directly as-
sociated with the radiation dose re-

Table 3. Unadjusted and Propensity-Model Adjusted Outcomes for IMRT vs CRT

Outcome per 100
Person-Years

Unadjusted Adjusteda

CRT
(n = 6310)

IMRT
(n = 6666)

CRT
(n = 6478)

IMRT
(n = 6438)

Total
Events

100
Person-
Years Rate

Total
Events

100
Person-
Years Rate

IMRT vs CRT,
Rate Ratio
(95% CI)

Total
Events

100
Person-
Years Rate

Total
Events

100
Person-
Years Rate

IMRT vs CRT,
Rate Ratio
(95% CI)

Gastrointestinal events
Procedures (including

colonoscopy)
3187 195 16.3 2940 167 17.6 1.08 (1.03-1.13) 2989 180 16.6 3011 177 17.0 1.02 (0.97-1.07)

Diagnoses 2946 212 13.9 2450 182 13.5 0.97 (0.92-1.02) 2828 192 14.7 2594 194 13.4 0.91 (0.86-0.96)

Urinary nonincontinence events
Procedures 564 293 1.9 439 234 1.9 0.98 (0.86-1.11) 493 260 1.9 483 257 1.9 0.99 (0.87-1.12)

Diagnoses 2003 248 8.1 1747 199 8.8 1.09 (1.02-1.16) 1941 220 8.8 1869 214 8.8 0.99 (0.93-1.06)

Urinary incontinence events
Procedures 1904 246 7.7 1854 194 9.5 1.23 (1.16-1.32) 1867 219 8.5 1888 211 8.9 1.05 (0.98-1.12)

Diagnoses 970 283 3.4 785 226 3.5 1.01 (0.92-1.11) 917 251 3.7 858 249 3.5 0.94 (0.86-1.04)

Erectile dysfunction events
Procedures 202 303 0.7 200 240 0.8 1.25 (1.03-1.52) 224 268 0.8 200 265 0.8 0.90 (0.75-1.09)

Diagnoses 1186 265 4.5 1342 208 6.5 1.44 (1.33-1.56) 1239 235 5.3 1342 228 5.9 1.12 (1.03-1.20)

Hip fracture 301 302 1.0 186 240 0.8 0.78 (0.65-0.93) 272 267 1.0 209 265 0.8 0.78 (0.65-0.93)

Additional cancer therapy 896 302 3.0 575 249 2.3 0.78 (0.70-0.87) 839 270 3.1 677 270 2.5 0.81 (0.73-0.89)

Abbreviations: CRT, conformal radiation therapy; IMRT, intensity-modulated radiation therapy.
aRates shown are adjusted for the variables presented in Tables 1 and 2, using propensity scores implemented by inverse probability of treatment weighting.

Figure 1. Propensity Score–Adjusted Rates of Additional Cancer Treatment for Patients
Treated With Intensity-Modulated Radiation Therapy vs Conformal Radiation Therapy
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ceived by each organ.28-31 These data led
to the development of dose guidelines for
the bowel and rectum, femoral heads,
and bladder, which were widely ad-

opted and are now a standard part of ra-
diation treatment planning. Dose guide-
lines to minimize erectile dysfunction are
not widely used because no organ or

structure has been identified that con-
sistently demonstrates an association be-
tween dose of radiation to the structure
and erectile dysfunction.30

Table 4. Baseline Demographic Characteristics for the IMRT vs Proton Therapy Comparison

Characteristics

No. (%)

Before Propensity Matching After Propensity Matching

IMRT
(n = 9437)

Proton
(n = 685)

P
Value

IMRT
(n = 684)

Proton
(n = 684)

P
Value

Year of radiation
2002 448 (4.8) 119 (17.4) 110 (16.1) 118 (17.3)

2003 917 (9.7) 127 (18.5) 131 (19.2) 127 (18.6)

2004 1334 (14.1) 122 (17.8)
�.001

122 (17.8) 122 (17.8)
.34

2005 1841 (19.5) 102 (14.9) 79 (11.6) 102 (14.9)

2006 2226 (23.6) 97 (14.2) 99 (14.5) 97 (14.2)

2007 2671 (28.3) 118 (17.2) 143 (20.9) 118 (17.3)

Age at diagnosis, y
66-69 1924 (20.4) 248 (36.2) 244 (35.7) 247 (36.1)

70-74 3366 (35.7) 233 (34.0) �.001 249 (36.4) 233 (34.1) .61

�75 4147 (43.9) 204 (29.8) 191 (27.9) 204 (29.8)

Race
White 7991 (84.7) 634 (92.6) 635 (92.8) 633 (92.5)

Black 772 (8.2) 20 (2.9) �.001 16 (2.3) 20 (2.9) .77

Other/unknown 674 (7.1) 31 (4.5) 33 (4.8) 31 (4.5)

SEER region
Atlanta and rural Georgia 161 (1.7) �11 (�2.0) �11 (�2.0) �11 (�2.0)

California 2928 (31.0) 546 (79.7) 560 (81.9) 546 (79.8)

Connecticut 921 (9.8) �11 (�2.0) �11 (�2.0) �11 (�2.0)

Detroit 619 (6.6) �11 (�2.0) �11 (�2.0) �11 (�2.0)

Hawaii 230 (2.4) �11 (�2.0) �11 (�2.0) �11 (�2.0)

Iowa 526 (5.6) �11 (�2.0)
�.001

�11 (�2.0) �11 (�2.0)
.83

Kentucky 510 (5.4) �11 (�2.0) �11 (�2.0) �11 (�2.0)

Louisiana 662 (7.0) �11 (�2.0) 13 (1.9) �11 (�2.0)

New Jersey 2134 (22.6) �11 (�2.0) �11 (�2.0) �11 (�2.0)

New Mexico 381 (4.0) 26 (3.8) 19 (2.8) 26 (3.8)

Seattle 306 (3.2) 42 (6.1) 32 (4.7) 42 (6.1)

Utah 59 (0.6) 22 (3.2) 22 (3.2) 21 (3.1)

Marital status
Married 6657 (70.5) 530 (77.4) 539 (78.8) 529 (77.3)

Not married 1866 (19.8) 109 (15.9) �.001 106 (15.5) 109 (15.9) .70

Missing/unknown 914 (9.7) 46 (6.7) 39 (5.7) 46 (6.7)

Census income (%)
Low income (0-25) 2213 (23.5) 175 (25.5) 128 (18.7) 131 (19.2)

Low-medium income (26-50) 2324 (24.6) 177 (25.8)
.003

211 (30.9) 211 (30.9)
.84

Medium-high income (51-75) 2399 (25.4) 195 (28.5) 180 (26.3) 190 (27.8)

High income (�75) 2501 (26.5) 138 (20.2) 165 (24.1) 152 (22.2)

Census proportion with at least
high school education (%)

Low education (0-25) 2074 (22.0) 131 (19.1) 163 (23.8) 175 (25.6)

Low-medium education (26-50) 2240 (23.7) 211 (30.8) 189 (27.6) 177 (25.9)

Medium-high education (51-75) 2525 (26.8) 191 (27.9)
�.001

179 (26.2) 195 (28.5)
.50

High education (�75) 2598 (27.5) 152 (22.2) 153 (22.4) 137 (20.0)

Population density
Metropolitan 8091 (85.7) 617 (90.1)

.002
72 (10.5) 68 (9.9)

.72
Nonmetropolitan 1346 (14.3) 68 (9.9) 612 (89.5) 616 (90.1)

Abbreviations: IMRT, intensity-modulated radiation therapy; SEER, Surveillance, Epidemiology, and End Results.
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Delivering a high radiation dose to the
prostate while limiting doses to sur-
rounding organs to minimize long-

term morbidity presents a significant
challenge. In addition, between 2002 and
2006, 3 randomized trials were pub-

lished that consistently demonstrated
that higher radiation doses (78-79 Gy)
resulted in improved freedom from re-

Table 5. Baseline Clinical Characteristics for the IMRT vs Proton Therapy Comparison

Characteristics

No. (%)

Before Propensity Matching After Propensity Matching

IMRT
(n = 9437)

Proton
(n = 685)

P
Value

IMRT
(n = 684)

Proton
(n = 684)

P
Value

Concurrent androgen deprivation therapy 5293 (56.1) 212 (31.0) �.001 200 (29.2) 212 (31.0) .48

Tumor grade
Well/moderately differentiated 4528 (48.0) 413 (60.3) 426 (62.3) 412 (60.2)

Poorly differentiated 4786 (50.7) 268 (39.1) �.001 254 (37.1) 268 (39.2) .74

Unknown/not assessed 123 (1.3) 4 (0.6) 4 (0.6) 4 (0.6)

Clinical stage
T1 4989 (52.9) 348 (50.8) 346 (50.6) 347 (50.7)

T2 4131 (43.8) 314 (45.8) .57 319 (46.6) 314 (45.9) .81

T3/T4 317 (3.4) 23 (3.4) 19 (2.8) 23 (3.4)

Baseline comorbidities
Diabetes 2583 (27.4) 130 (19.0) �.001 119 (17.4) 130 (19.0) .44

Anticoagulation, arrhythmia,
or valvular disease

2384 (25.3) 144 (21.0) .01 176 (25.7) 144 (21.1) .04

Gastrointestinal
diagnosis/procedure

1905 (20.2) 148 (21.6) .37 123 (18.0) 148 (21.6) .09

Urinary nonincontinence
diagnosis/procedure

2084 (22.1) 104 (15.2) �.001 111 (16.2) 104 (15.2) .60

Urinary incontinence
diagnosis/procedure

2233 (23.7) 109 (15.9) �.001 119 (17.4) 109 (15.9) .47

Erectile dysfunction
diagnosis/procedure

901 (9.5) 83 (12.1) .03 72 (10.5) 83 (12.1) .35

Hip fracture 31 (0.3) 0 .27 1 (0.2) 0 �.99
Abbreviation: IMRT, intensity-modulated radiation therapy.

Table 6. Outcomes for IMRT vs Proton Therapy With Propensity Score Matching and Instrumental Variable Analyses

Outcome per 100
Person-Years

Propensity Score Matcheda Instrumental Variable Analysis

IMRT
(n = 684)

Proton
(n = 684)

IMRT
(n = 8144)b

Proton
(n = 1978)b

Total
Events

100
Person-
Years Rate

Total
Events

100
Person-
Years Rate

IMRT vs PT,
Rate Ratio
(95% CI)

Total
Events

100
Person-
Years Rate

Total
Events

100
Person-
Years Rate

IMRT vs PT,
Rate Ratio
(95% CI)

Gastrointestinal events
Procedures (including

colonoscopy)
302 17 17.7 347 16.2 21.4 0.82 (0.70-0.97) 3074 169 18.2 883 41 21.6 0.60 (0.46-0.78)

Diagnoses 235 19 12.2 301 16.9 17.8 0.66 (0.55-0.79) 2620 182 14.4 714 45 16.0 0.66 (0.49-0.88)
Urinary nonincontinence events

Proceduresc 44 25 1.8 42 25.8 1.6 1.06 (0.69-1.63) 466 233 2.0 113 62 1.8 1.71 (0.87-3.36)
Diagnoses 161 22 7.5 144 22.9 6.3 1.25 (0.99-1.58) 1864 198 9.4 454 53 8.6 1.10 (0.78-1.58)

Urinary incontinence events
Procedures 161 21 7.6 173 22.1 7.8 0.97 (0.77-1.20) 2029 194 10.5 511 51 10.0 1.06 (0.76-1.50)
Diagnosesc 75 24 3.1 82 24.8 3.3 0.96 (0.70-1.32) 816 226 3.6 200 59 3.4 1.03 (0.63-1.71)

Erectile dysfunction events
Proceduresc 21 25 0.8 36 26.2 1.4 0.61 (0.35-1.06) 206 239 0.9 70 63 1.1 0.58 (0.24-1.41)
Diagnoses 145 22 6.6 164 22.2 7.4 0.89 (0.70-1.12) 1454 208 7.0 436 53 8.3 0.78 (0.54-1.13)

Hip fractured 21 26 0.8 18 26.6 0.7 192 239 0.8 40 63 0.6 1.42 (0.50-4.02)
Additional cancer therapy 58 26 2.2 52 27.5 1.9 1.26 (0.86-1.84) 588 252 2.3 124 67 1.9 1.60 (0.85-3.00)

Abbreviation: IMRT, intensity-modulated radiation therapy.
aRates shown are adjusted for the variables presented in Tables 4 and 5, using propensity scores implemented by matching.
bRates for IMRT and proton were adjusted with a 2-stage least-squares instrumental variable approach in which Radiation Therapy Oncology Group affiliation predicts proton use: this

predicted value was subsequently used as exposure in an adjusted outcome model to estimate the effect of IMRT vs proton on the outcome.
cBecause of zero cell counts, Surveillance, Epidemiology, and End Results region was not included in propensity score–matched models.
dBecause of the small number of events and zero cell counts in some covariates in the propensity score–matched model, rate ratio could not be calculated.
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currence compared with lower doses
(68-70 Gy).32-34 However, higher doses
also resulted in increased morbidity in
these patients treated with conformal ra-
diation techniques. Because these re-
sults changed the standard of care to
“dose-escalated” radiation therapy for
prostate cancer, simultaneously mini-
mizing doses received by surrounding
organs, especially the bowel and fem-
oral heads, became even more difficult.

The potential advantage of IMRT
compared with conformal radiation
therapy is its ability to deliver high ra-
diation doses to the prostate while mini-
mizing doses to surrounding organs.35

However, the clinical benefit of this ap-
proach is largely untested. In a retro-
spective, single-institution study, Zelef-
sky et al12 reported that the 10-year rate
of gastrointestinal morbidity was lower
for IMRT-treated patients (5%) com-
pared with those who received confor-
mal radiation therapy (13%), despite a
higher dose to the prostate prescribed
among the IMRT patients. To our
knowledge, no study has compared the
nongastrointestinal morbidity and dis-
ease control outcomes between con-
formal radiation therapy and IMRT. Yet,
as we have demonstrated, there has
been an almost complete adoption of
IMRT for prostate cancer.

From 2000 to 2008, IMRT use in-
creased from 0.15% to 95.9%, and the
timing is consistent with a surge in the
use of IMRT to deliver dose-escalated
treatment after publication of the 3

aforementioned trials.32,36,37 Despite a
higher dose administered, patients who
received IMRT compared with confor-
mal radiation therapy were less likely
to receive a diagnosis of gastrointesti-
nal morbidity and hip fracture. Be-
cause bowel and femoral head dose
limitations are routinely considered in
radiation planning, the improved abil-
ity of IMRT to minimize doses to these
organs is a likely explanation. An-
other possibility is an improvement in
physician understanding of and atten-
tion to organ dose guidelines, which
may have paralleled the adoption of
IMRT, resulting in better treatment
plans that may have also been achiev-
able with conformal radiation therapy,
if such constraints were addressed. No
difference was observed in the rates of
urinary morbidity. Erectile dysfunc-
tion was diagnosed more frequently in
IMRT patients. Because the relevant
anatomic structures associated with ra-
diation-induced erectile dysfunction
have not yet been identified, it is pos-
sible that increased erectile dysfunc-
tion from IMRT is due to delivery of
dose-escalated treatment, resulting in
a higher unintentional dose adminis-
tered to these structures. These re-
sults are similar to those reported from
a study of comparable design, which
used an older patient cohort and had
shorter follow-up.15

Patients receiving IMRT were less
likely than those receiving conformal
radiation therapy to undergo addi-

tional cancer treatments, which is con-
sistent with the use of IMRT to deliver
dose-escalated treatment, resulting in
improved cancer control, as demon-
strated by the randomized trials. Taken
together, these results suggest that
IMRT facilitated radiation dose escala-
tion without compromising accept-
able long-term morbidity.

Proton therapy is a high-profile, high-
cost prostate cancer treatment. Since
2007, multiple proton facilities have
been built, and direct-to-consumer ad-
vertising is likely to lead to a substan-
tial increase in use.6-8 The potential ad-
vantage of proton therapy compared
with IMRT is unclear. Radiation plan-
ning studies demonstrated that pro-
ton therapy relative to IMRT may re-
duce the propor t ion of each
surrounding organ that receives low
doses of radiation, which has unclear
clinical significance but may be more
prone to errors related to daily patient
setup and positioning, as well as or-
gan movement during treatment.38-40

To our knowledge, this study in-
cludes the largest series of proton
therapy patients. We found no signifi-
cant differences among patients treated
with proton therapy vs IMRT in mor-
bidity or receipt of additional cancer
therapy, except an association with in-
creased gastrointestinal morbidity in
proton therapy patients. Another re-
cent study also found higher gastroin-
testinal morbidity rates in proton
therapy patients relative to IMRT pa-
tients.41 One possible explanation is the
higher vulnerability of proton therapy
to organ movement, which may lead to
an unintentional higher dose to the rec-
tum compared with IMRT. Whether the
use of better image guidance reduces
gastrointestinal morbidity is un-
known. Overall, our results do not
clearly demonstrate a clinical benefit to
support the recent increase in proton
therapy use for prostate cancer.

The strengths of our study include
the use of a large, population-based co-
hort that reflects treatment outcomes
in the community setting. The fol-
low-up duration is longer than that of
previous studies15,18 and may there-

Figure 2. Propensity Score–Matched Rates of Additional Cancer Treatment for Patients
Treated With Intensity-Modulated Radiation Therapy vs Proton Therapy
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fore provide more stable estimates of
long-term outcomes. We adjusted for
baseline morbidity and included co-
variates that could influence treat-
ment outcomes, such as diabetes and
a proxy for anticoagulation. We ap-
plied several analytic approaches to test
the stability of our effect estimates, in-
cluding propensity score weighting and
matching, instrumental variable analy-
ses, and Poisson and negative bino-
mial models. Effect estimates and con-
clusions were consistent regardless of
model choice. Our data on proton
therapy are unique, and, to our knowl-
edge, this is the first study to examine
morbidity and disease control out-
comes among the 3 most commonly
used radiation techniques for prostate
cancer. Because IMRT and proton
therapy are relatively new technolo-
gies, several more years of use and pa-
tient follow-up are needed to examine
comparative survival outcomes.

There are limitations to the use of
SEER-Medicare data for the assess-
ment of clinical outcomes. Claims files
are not designed to provide detailed
clinical information, so the data may be
subject to misclassification. For ex-
ample, morbidity diagnoses may be at-
tributable to reasons other than the type
of radiation therapy received, and cer-
tain outcomes (such as erectile dys-
function) may be underreported.42

However, these potential limitations
should be balanced in the different pa-
tient cohorts to allow a comparison of
relative rates of morbidity. There may
also be bias in patient and physician re-
porting of morbidity, as well as use of
additional cancer therapies; whether
this bias affects patients treated with one
form of radiation therapy more than an-
other is unknown. An examination of
our data, along with those reported by
Hu et al,18 who used SEER-Medicare
data to examine the morbidity diagno-
ses after prostatectomy, indicates rela-
tively higher rates of urinary inconti-
nence and erectile dysfunction in
prostatectomy patients and nonconti-
nence urinary and bowel morbidity in
radiation patients. These findings are
consistent with those of previous stud-

ies reporting physician-assessed mor-
bidity and patient-reported out-
comes.43-45 Furthermore, prostate cancer
risk group was not available and can
affect radiation dose and extent of treat-
ment, with consequent effects on mor-
bidity. However, cohorts were bal-
anced for tumor grade and clinical stage.
In addition, although SEER was de-
signed to provide data representative of
the US population,10 whether our re-
sults are generalizable with respect to
choice of treatments, disease severity,
and rates of outcomes requires further
study.

Given the near-complete adoption of
IMRT, it is unlikely that a randomized
trial of IMRT vs conformal radiation
therapy could ever be performed. An
IMRT vs proton therapy trial would re-
quire many years to provide results.
With the recent rapid increase in the
number of proton facilities,7 compara-
tive data are needed. Despite limita-
tions in SEER-Medicare data, they rep-
resent an important data source with
an established methodology for com-
parative effectiveness research.18 Fur-
thermore, SEER-Medicare data are
drawn from a large population-based
sample and are therefore more likely to
reflect results from treatments widely
available in the community, broaden-
ing the generalizability of results in
comparison to single-institutional stud-
ies or even clinical trials, which often
have stringent patient selection crite-
ria.

CONCLUSIONS
Among patients with nonmetastatic
prostate cancer, use of IMRT vs con-
formal radiation therapy increased sub-
stantially from 2000 to 2008. Com-
pared with conformal radiation therapy,
IMRT was associated with fewer diag-
noses of gastrointestinal morbidity, hip
fractures, and additional cancer therapy
but more erectile dysfunction. Proton
therapy was associated with more gas-
trointestinal morbidity than IMRT. This
population-based study suggests that
IMRT may be associated with im-
proved disease control without com-
promising morbidity compared with

conformal radiation therapy, al-
though proton therapy does not ap-
pear to provide additional benefit.
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