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Context.—There is a substantial risk of a second cancer for persons with
hereditary retinoblastoma, which is enhanced by radiotherapy.

Objective.—To examine long-term risk of new primary cancers in survivors of
childhood retinoblastoma and quantify the role of radiotherapy in sarcoma devel-
opment.

Design.—Cohort incidence study of patients with retinoblastoma followed for a
median of 20 years, and nested case-control study of a radiation dose-response
relationship for bone and soft tissue sarcomas.

Setting/Participants.—A total of 1604 patients with retlnoblastoma who sur-
vived at least 1 year after diagnosis, identified from hospital records in Massachu-
setts and New York during 1814 to 1984

Results.—Incidence of subsequent cancers was statistically significantly el-
evated only in the 961 patients with hereditary retinoblastoma, in whom 180 can-
cers were diagnosed, vs 6.3 expected in the general population (relative risk [RR],
30 [95% confidence interval, 26-47]). Cumulative incidence (+SE) of a second
cancer at 50 years after diagnosis was 51.0% (16.2%) for hereditary retinoblas-
toma, and 5.0% (+3.0%) for nonhereditary retincblastoma. All 114 sarcomas of di-
verse histologic types occurred in patients with hereditary retinoblastoma. For soft
tissue sarcomas, the RRs showed a stepwise increase at all dose categories, and
were statistically significant at 10 to 29.9 Gy and 30 fo 59.9 Gy. A radiation risk for
all sarcomas combined was evident at doses above 5 Gy, rising to 10.7-fold at
doses of 60 Gy or greater (P<.05).

Conclusions.—Genetic predisposition has a substantial impact on risk of sub-
sequent cancers in retinoblastoma patients, which is further increased by radiation
treatment. A radiation dose-response relationship is demonstrated for all sarcomas
and, for the first time in humans, for soft tissue sarcomas. Retinoblastoma patients
should be examined for new cancers and followed into later life to determine

whether their extraordinary cancer risk extends to common cancers of adulthood.
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RETINOBLASTOMA is the prototypic
hereditary cancer in humans.' Children
who survive hereditary retinoblastoma
are at exceptionally high risk of devel-
oping and dying prematurely from sub-
sequent primary tumors,*® particularly,
osteosarcomas and soft tissue sarcomas.
However, children with nonhereditary
retinoblastoma appear not to be at in-
creased rigk for second cancers. The high
rate of subsequent cancersin hereditary
retinoblastoma patients is attributable
primarily to germline mutations in the
retinoblastoma tumor suppressor gene,

RB1, the first inherited cancer suscep-
tibility gene identified in humans.® Also,
radiotherapy for retinoblastoma can
produce somatic mutations and lead to
cancer.257 A radiation dose-response re-
lationship for bone sarcoma has been

For editorial comment see p 1284.

demonstrated in 2 populations of child-
hood cancer survivors that include reti-
noblastoma patients.”™ To quantify risk
of subsequent primary cancers in long-
term survivors of retinoblastoma, we
evaluated cancer incidence in the larg-
est cohort of retinoblastoma patients yet
assembled. Dosimetric studies were con-
ducted to quantify effects of radiation
dose on development, of sareoma.

METHODS
Cohort Analyses

A cohort of 1729 retlnoblastoma pa-
tients wasidentified from medical records
at hospitals and medical centers in Bos-
ton, Mass (1937-1984), and New York, NY
(1914-1984).2 Information on laterality of
retinoblastoma, treatment, family history
of retinocblastoma, and other neoplasms
was obtained from medical records and
patient interviews. This study is based on
1604 patients whosurvived 1 year or more
after retinoblastoma diagnosis, resided or
diedinthe United States, and were known
to be alive in 1925 or later. Telephone in-
terviews were conducted on 2 oceasions,
during 1987-1988, and 1993, to collect in-
formation onnew cancers, retinoblastoma
treatments, family history of retinoblas-
toma and other cancers, and recent
deaths. Patients with bilateral tumors or
unilateral tumor with a family history of
retinoblastoma were classified as heredi-
tary.?Patients with aunilateral tumor and
no family history of retinoblastoma were
classified as nonhereditary, although a
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few might have new germline mutations
of low penetrance.!

A trained nosologist clagsified subse-
quent cancers according to topography
(primary anatomic site) and morphology
(histology) codes of the Imternational
Classification of Diseases for Oncology.’
Medical data were obtained from pathol-
ogy reports, radiotherapy files, clinical
records, questionnaire responses, tumor
registries, and death certificates. Uncon-
firmed eancers, benign tumors, and all
primary cancers of skin other than ma-
lignant melanoma were excluded from
the analysis. Over 60% of cancers were
classified histologically based on pathol-
ogy reports. Follow-up began 1 year af-
ter diagnosis of retinoblastomaand ended
at date of loss to follow-up (n=11Z2, me-
dian duration of follow-up=4.2 years), the
date of death (n=330), or December 1993
(n=1162). Observed numbers of cancers
were compared with corresponding ex-
pected numbers estimated by multiply-
ing appropriate person-years at risk by
sex-,age-, and calendar year-specificcan-
cer rates from the Connecticut Tumor
Registry, the first population-based can-
cer registry in the United States with
continuous incidence data since 19351
Ratio of observed to expected cancers is
denoted by O/E. Tests of significance and
confidence intervals (Clg) for O/E ratios
and ratios of O/E ratios were calculated
using exact Poisson probabilities. Kixcess
risk was caleulated as cbserved minus ex-
pected number of cancers, divided by
number of person-years at risk. The
Kaplan-Meier method was used to esti-
mate curmilative incidence of second can-
cers and corresponding SEs.®

Case-Control Analyses

A case-control radiation dosimetry
study was performed with data from the
first follow-up interview (1987-198%).
(ases were patients with sarcoma, the
most common cancer following retino-
blastoma. Sarcomas of diverse anatomic
sites were identified by morphology
codes. Because sarcoma developed only
in bilateral retincblastoma patients, 100
hilateral patients in the cohort free of
second cancers were randomly selected
as controls. Radiation doses were esti-
mated for each sarcoma case at the site
of the sarcoma and for each control at
every anatomic site at which a sarcoma
developed in cases.

Except as described, cases and con-
trols were not matched, thus controls
lacked a uniquely designated anatomic
site at which to estimate radiation dose.
Accordingly, anatomic sites of sarcoma
were randomly assigned to control sub-
jects according to the frequency distri-
bution of sites of sarcoma in cases. For
example, since bone sarcoma occurredin
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the right maxilla in 13% of cases, 13% of
controls were randomly chosen to be as-
sessed on the basis of estimated radia-
tion doses to the right maxilla as desig-
nated “site-matched doses.”

Risk of sarcoma for radiation dose ab-
sorbed at sites of sarcoma was assessed
by the case-control method, ¢onditiening
on anatomic sites of sarcomas, and con-
trolling for the effects of age at retino-
blastoma diagnosis and duration of fol-
low-up. Dose categories were 0 £64.9 Gy,
5.0t0 9.9 Gy, 10.0 to 29.9 Gy, 30.0 to:59.9
Gy, and =60.0 Gy. Risk at each dose cat-
egory relative to the lowest category, ap-
proximated by the odds ratio (OR), was
modeled as 1 plus the excess relative risk
(RR). Maximum likelihood estimates of
risk were obtained using the PECAN
program.'! Random assignment of “site-
matched doses” in controls introduced
variability in resulting risk estimates.
Thus, the scheme of randomly assigning
“sarcoma site” doses to controls and
estimating risks by maximum likelihood
estimation was repeated 201 times, pro-
duecing 201 estimates of RR for each dose
category. The median of these estimates
is the reported summary RR estimate.

We assessed statistical variability of
reported risk estimates with Cls con-
structed using the bootstrap resampling
method.” This computer-based approach
permits inferences based on statistics for
which distributions are not easily derived.
Bootstrap samples of cases and controls
of the same size as the original case-con-
trol study sample were generated using
random sampling with replacement (ie,
each ease or control can be chosen more
than once). The estimation procedure de-
scribed above (201 repeats of random site-
matched dose assignment followed by
maximum likelihood estimation) was then
applied to each bootstrap sample to yield
estimates of risk at each dose level. The
bootstrap procedure was repeated 1000
times, and from the distribution of the re-
sulting 1000 estimates, 95% bias-cor-
rected bootstrap Cls were constructed.’®

Estimated bone dose tolegs and trunk
were less than 5 Gy (ie, in the lowest dose
category)forall subjects, solegand trunk
bone sarcomas were eliminated from
analysis. There were too few absorbed
bone doses lessthan 5 Gy at sarcomasites
receiving highest exposures (e, orbit,
maxilla, and nasal) to permit stable esti-
mation of RR for osteosarcoma. Thus,
dose-response analyses were performed
only for soft tissue sarcomas alone and for
all sarcomas combined.

Radiation Dosimetry

Detailed information on radiation
treatment of retinoblastoma was ab-
stracted from radiotherapy records for
cases and controls, and absorbed dose to
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A quality score was assigned to mdi
viduals’ dose estimates, according to com-
pleteness of radiotherapy information.
Scores ranged from very good, good, fair,
to inadequate. A score of very good in-
dicated that radiotherapy records were
complete and sufficient for reproducible
estimates of dose to tumor sites. Radio-
therapy information was fair or better for
83% of cases and 89% of controls, It was
not possible to evaluate carcinogenic ef-
fects of chemotherapy for retinoblas-
toma; chemotherapy was rarely given be-
fore 1960, and thereafter, drug and dosage
data were often unavailable or incom-
plete.

—

RESULTS

Cohort Study of Subsequent
Cancer Risks

Ofthe 1604 cohort members, 848 (53%)
were males, 961 (60%) had hereditary
retinoblastoma, and 1150 (72%) were di-
agnosed as having retinoblastoma be-
fore 2 years of age. In those with heredi-
tary disease, 917 (95%) had bilateral
retinoblastoma, and 44 had unilateral reti-
noblastoma with a family history of the
tumor. Median calendar year of retine-
blastoma diagnosis was 1966. Median age
at last follow-up was 22 years, and me-
dian follow-up duration was 20 years. Pa-
tients with hereditary retinoblastoma
were younger at diagnosis (median age,
10 months) than those with nonheredi-
tary retinoblastoma (median, 23 months).
Radiotherapy for retinoblastoma was
recorded for 848 hereditary patients
(88%) and 114 nonhereditary patients
(18%). Extensive inquiries failed to un-
cover any history of radiotherapy for 10
patients, who were included in the non-
irradiated group in the analysis.
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Table 1. —Risk of Second Primary Cancers {Including 70 Osteosarcomas and 44 Soft Tissue Sarcomas)

in 1-Year Survivors of Retinoblastoma

Observed (0) and Expected (E) No. of Cancers

' Hereditary Nonhereditary Total ‘
M [ I 1 l— ]
Cancer Site (/CD-O Classification) (o} E* O/E* (95% CIt o E Q/E (85% CI) (o] E O/E (85% Chit

Bone (170) 65% 0.15 446 (346-573) 0 0.1 0{0-27) 65 0.26 255 (198-328)
Connective and soft tissue {171) 19§ 0.19 103 (62-161) 0 0.13 0{0-23) 19 0.32 59 {36-93)
Cutaneous melanoma (173 and M872-878) 22 0.43 51 (32-77) 0 0.38 0{0-7.9) 22 0.81 27 (17-41)
Brain, central nervous system (191-2) 7 0.50 14 (6-29) 1 0.37 2.7 {0.1-15} 8 0.87 9.2 (4.0-18)
Nasal cavities (160} 261§ <0.10 =>100 {>65) 0 <010 0 (0-300} 26 <0.10 =100 (>65)
Female breast (174) 2 0.85 2.4 (0.3-8.5) 4 0.80 5.0{1.4-13) 6 1.66 3.6(1.3-7.9)
Hodgkin disease (M9650-67) 3 0.56 5.4{1.1-16) 1 0.44 2.3{(0.1-13) 4 0.99 4.0 (1.1-10)
Eye and orbit (190) 12§]i <0.10 =100 (>>52) 0 <0.10 0 (0-100) 12 <0.10 =100 (>52)
Pineoblastoma (194.4) 5 <0.05 >100 (>32) 0 <0.08 0 (D-300) 5 <0.05 >100 {>32)
Others/unknown (199) 20159 3.39 8.6 (5.7-12) 3% 3.26 0.9(0.1-2.7) 32 6.66 4.8 (3.3-6.8)
All sites 190 6.28 30 (26-47) 9 5.59 1.6 (0.7-3.1) 199 11.87 17 (15-19)

*When O/E ratios or 95% confidence intervals (95% Cls) are =10, the numbers are rounded to integers.

1Only 1 value is provided for some 95% Clg; this value constitutes the lower bound, based on a small expected value.

By International Classification of Diseases for Oncology (ICD-0) criteria, primary sites of 70 osteosarcomas were bone (65 cases), nasal cavities (4), and nasopharynx (1).

§By /CD-O criteria, primary sites of 44 soft tissue sarcomas were connective and soft tissue (15 cases), nasal cavities (13), orbit (11}, and others or unknown sites (5). The
4 remaining connective and soft tissue tumors were neuroblastoma (3) and neurilemmoma (1). One additional neurcblastoma and an esthesioneurcblastoma were assigned

by topography to cancers of unknown site and nasal cavities, respectively.
[One intraocular melanoma (in addition to 11 orbital soft tissue sarcomas as noted above).

{Others: 20 total including 2 each of colon, nasopharynx (1 ostessarcomay), parotid gland, lymphoid leukemia, uterus not otherwise specified (1 leiomyosarcoma), uteri corpus
(1 leiomyosarcoma), and facial area; 1 each of kidney (sarcoma), scrotum (leiomyosarcomay), thyroid, tongue, urinary bladder, and facial lymph nodes.
#Unknown: © total including unspecified malignant neoplasms (3), squamous cell carcinoma (2}, and 1 each of small cell carcinoma, leiomyosarcoma, carcinosarcoma, and

neuroblastoma.
#*Cancer of the rectum and of the thyroid, and malignant neoplasm (1 each).
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Figure 1.—Cumulative incidence (+SE) of second cancers following diagnosis of retinoblastoma in patients
with hereditary and nonhereditary disease.

Overall, 188 survivors of retinoblas-
toma developed 199 additional cancers (11
hereditary patients each had 2 subse-
quent primary cancers in different or-
gans), compared with 11.9 expected (O/E,
17[95% CI,15-19]) (Table 1). Median time
interval between retinoblastomaand sec-
ond cancer diagnosis was 15.0 years
(range, 1.6to 61.2 years). Observed to ex-
pected ratios for subsequent cancers ex-
ceeded 25 for bone, nasal cavities, connec-

tive and soft tissues, eye and orbit, cuta-
neous melanoma, and pineoblastoma,
which has been called “trilateral retino-
blastoma” when associated with bilateral
retinoblastoma.*'” By morphology, there
were 70 osteosarcomas and 44 soft tissue
sarcomas. Excess risks were also found
for brain tumors, breast cancer, and
Hodgkin disease. The excess of Hodgkin
disease was based on4 patients (O/E = 4.0
[95% CI, 1.1-10)), 3 of whom had heredi-
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tary retinoblastorma. There were 4 neuro-
blastomas and 1 esthesioneuroblastoma
of diverse sites, a high frequency for these
rare cancers.'®

Ofthe 199 subsequent cancers, 190 were
in patients with hereditary retinoblas-
toma (O/E = 30 [95% Cl, 26-35)), includ-
ing all cancers of bone, connective and soft
tissues, nasal cavities, eye and orbit; cu-
taneous melanoma; and pineoblastoma.
Fifty years after retinoblastoma diagno-
sis, the cumulative incidence (+SE)of sec-
ond primary cancer was 51.0%(=6.2%) in
hereditary cases and 5.0%(+3.0%) in non-
hereditary cases (Figure 1). Radio-
therapy increased risk of second cancers
in those with hereditary retinoblastoma
(cumulative incidence [+SE] at 50 years
of follow-up, 58.3% [+8.9%]). The corre-
sponding cumulative incidence (+SE) for
nonirradiated hereditary patients was
26.6% (£10.7%) (Figure 2).

No statistically significant excess of
subsequent cancers was observed in the
643 nonhereditary retinoblastoma pa-
tients (O/E, 1.6 [95% CT, 0.7-3.1]). How-
ever, the 4 cases of breast cancer in wom-
en exceeded expectation (O/E, 5.0 [95%
C1, 1.4-131). These breast cancers were
diagnosed in women at ages 34, 35, 53,
and 59 years. The 2 older women were
among the 114 nonhereditary retino-
blastoma patients who received radia-
tion therapy (O/E, 12 [95% Cl, 1.3-42]).
Iu hereditary retinoblastoma patients, 2
breast cancers were diagnosed whenthe
women were 25 and 85 years of age, and
both had received orbital radiation (O/E,
2.4 [95% CI, 0.3-8.5]).

The O/E ratios for subsequent can-
cers decreased with age at observation,
while excess risk increased (Table 2).

Sarcomas Following Radiotherapy for Retinoblastoma—Wong et al
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These divergent patternsresult fromin-

creases in expected frequencies of can- 60
cer with age in the general population.

: : J 58.3% (£8.9%
Both O/E ratio and excess risk were 55 7 (£8.9%)
higher for those diagnosed as having 50-

retinoblastoma at younger than older
ages. Risk of subsequent cancers was
significantly higher in nonirradiated he-
reditary patients than in nonirradiated
nonhereditary patients (ratio of O/E ra-
tios, 5.5 [95% CI, 1.8-18]). Subsequent
cancer risk was also higher in irradiated
hereditary retinoblastoma patients than
in nonirradiated hereditary patients (ra-
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Dosimetry data were collected for 63
patients with bone sarcoma and 37 pa-
tients with seft tissue sarcoma. Analysis
was restricted to subjects whose dosim-
etry quality scores were fair or better,
leaving a total of 52 cases with bone sar-
coma and 31 with soft tissue sarcoma,
plus 89 controls. Elimination of 16 leg or
trunk bone sarcoma cases resulted in 36

Time After Retinoblastoma Diagnosis, y

L

Figure 2—Cumulative incidence (+SE) of second cancers following diagnosis of retinoblastoma in patients
with hereditary disease, by radiation treatment.

bone sarcoma cases in the final analysis.

Most sarcomas were in the head Table 2.—Risk of Developing Second Primary Cancers in 1-Year Survivors of Retinoblastoma According to
(Table 3). All but 2 of the 83 sarcoma  Selected Characteristics
patients (1 each with hone sarcoma and 95% Confidence  Excess
soft tissue sarcoma) received radio- Characteristic Observed (O)  Expected () O/E Interval Risk*
therapy for retinoblastoma, as did 81 of  Time after retinoblastoma
the 89 controls. The mean dose to the dia19;‘°5i3r y 5 ™ vy (255445 4
bone tumor site was 32.8 Gy (range, 0- - - : i -
193 Gy), and mean dose forycontrgls’ at 1018 s 188 39.9 (81.6-503) 70
the equivalent anatomic site was 20.0 Gy 20-39 55 519 106 (8.0-13.9) 5.8
(range, 0-212 Gy). For soft tissue sar- =40 18 3.16 41 (2.279) 125
coma the mean dose was 20.4 Gy (range, Sel\);aie o5 547 74 (4121 4) 52
0-82.1 Gy), and for controls, 10.6 Gy
(range, 0-112 Giy). Female. 104 5.40 16.3 {13.3-19.8) 6.4

b Age at retinoblastoma

Compared with the referent group of diagnosis, y
0 to 4.9 Gy for soft tissue sarcoma, RR <1 120 3.82 31.4 (26.2-37.7) 8.6
increased to over 11-fold for soft tissue 1 57 4.12 13.8 {10.5-18.1) 5.4
sarcoma at doses of 60 Gy or greater 247 22 393 5.6 (3.5-8.5) 2.0
(Table 4). The RRs showed a stepwise  Radiotherapy
increase at all dose categories, and were Hereditary retinoblastoma
statistically significant at 10 to 29.9 Gy Irradiated 180 491 36.7 (81.6-42.5) 109
and 30 to 59.9 Gy. For all sarcomas com- Nonirradiated 10t 1.37 7.3 (3.5-13.4) 3.1
hined, risk was statistically significant] Nonhereditary retinoblastoma
elevated at all dose levels,y evgn at 5.0 tsc: Iradiated 2 Lo 27 0873 1
9'9 Gy- EStimated increase il’l RR per Nonirradiated ' 4.48 1.3 (0.5-2.9) 0.1
gray of radiation expostre was 16.6%for ~ Calender year of retincblastoma
soft tissue sarcoma (95% CI, 2.5%- 1914-1949 44 4.60 9.6 (6.9-12.9) 8.4
1630%) and 19.1% for all sarcomas com- 1950-1959 57 3,18 17.9 (13.7-23.4) 6.8
bined (95% CI,13.6%-31.5%). For all sar- 1960-1969 54 2.73 19.8 (14.8-26.0) 45
comas combined, excess RR per gray did 1970-1979 35 114 30.7 (21.442.7) 5.0
not differ by age at retinoblastoma diag- 1980-1984 9 0.23 39.4 (18.0-74.9) 5.7

nosis (younger than 1 year compared
with older).

COMMENT

*Excess risk per 1000 persons per year: (O-E)/(person-years at risk) x1000.

+Cancers are as follows: osteosarcoma, melanoma, and Hodgkin disease (2 sach); soft tissue sarcoma, lymphoid
leukemia, uterine carcinoma, and unspecified malignant neoplasm (1 each).

coma, brain tumor, cutaneous mela-
noma, and pineoblastoma, as reportedin
prior studies that included subsets of the

Probability of developing a second
cancer in our hereditary retincblastoma
patients had, by 40 years of age, sur-

passed the lifetime risk of cancer for the
general population.”” These patients
were at exceptionally high risk for sar-
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Table 3. —Location of Sarcoma and Mean Dese of Radiation to Site of Sarcoma Occurrence in Cases and

to Corresponding Body Areas in Controls*

Bone Sarcoma

Soft Tissue Sarcoma

"t Case Controlt ' Cass Controlt l
{n=52) {n=89) (n=31) {n=89)

Second f 1 ]

Cancer Site No. (%) Mean Doset Mean Doset  No. (%) Mean Doset Mean Dosef
Skull, face 2(3.8) 41.7 16.0 L. L L
Orbit 15 (28.8) 56.0 46.0 8 (25.8) 45.2 35.8
Maxilla 1 (21.2) 27.5 14.9 3(9.7) 24.4 13.2
Nasal region 7 (13.5) 31.7 23.3 7 (22.6) 23.9 12.3
Temporal region 1(1.9) 6.0 8.5 5(16.1) 7.9 7.0
Brain, frontal lobe 3(9.6) 2.3 3.4
Brain, orbitofrontal - Lol 1(3.2) 19.5 8.4
Upper trunk 1{1.9) 0.3 0.6 1(3.2) 0.3 0.4
Lower trunk 0 Lo L 3(9.7) 0.1 0.1
Legs 15 (28.8) 0.1 0.1 - e ...
All sites 52 32.8 20.0 31 20.4 10.6

*Ellipses indicate no cases and no controls in the category. .

tControls were selectsd randomly from among the bilateral retinoblastoma cohort membars who were free of
subsequent cancers. The same 89 subjects were used as controls for cases of bone and soft tissue sarcoma.

tMean dose (Gy) to the site of tumor in cases and fo the equivalent site in controls. For paired anatomic sites such
as orbit, mean dose was the average of right- and left-side doses.

Table 4.—Risk of Bone and Soft Tissue Sarcoma by Radiatiors Dose to the Site of Tumor

Radiation Dose, Gy

Sarcoma Type 0-4.9 5.0-8.9 10.0-29.9 30.0-59.9 =60.0

Soft tissue :

Median control dose, Gy* 1.8 7.2 18.3 39.6 82.8

No. of cases 9 4 10 5 3

No. of controlst 39 17 18 11 4

Odds ratio (95% 1.0§ 1.6(04-124) 46(1.7-248) 64(1.1-51.8)  11.7(0.0-162)

confidence interval}}

Soft tissue and bonej

Median control dose, Gy* 1.7 7.2 19.6 40.1 97.7

No. of cases 12 8 20 13 14

No. of controlst 28 15 22 16 8

Odds ratio (95% 1.0§ 1.9 (1.4-2.6) 3.7 (2.8-4.5) 45(37-5.6) 10.7(8.6-145)

confidence interval)t

*Median of median doses in each dose category from 201 replicates of randomized “site-matched dose”

assignments in controls.

tMedian frequency for each dose category based on 201 replicates of randomized “site-matched dose™ assign-

ments in controls.

tMedian of odds ratios from 201 replicates of randomized “site-matched dose” assignments in controls. Estimates
were adjusted for age at retinoblastoma diagnosis. and length of follow-up.

8Reference category.

[Sixteen osteosarcoma cases (1 in the upper trunk and 15 in the legs) were excluded fram the dose-response

analysis (see “Methods”).

present series.*57%#% The 400-fold in-
crease in bone cancer risk in the heredi-
tary retinoblastoma patients is virtu-
ally identical to that reported for a smaller
series of 439 patients with shorter follow-
up (mean, 17.6 years).® The 22 cutaneous
melanomas seen in the 190 subsequent
cancers following hereditary retinoblas-
toma (12%) are within proportional fre-
quencies of melanoma (3%-25%) re-
ported in other follow-up surveys of
hereditary retinoblastoma.**® No sta-
tistically significant overall increase in
cancer risk has been found in nonheredi-
tary retinoblastoma cases in any study.
These results indicate that germline mu-
tations in the retinoblastoma gene exert
a powerful carcinogenic effect on tis-
sues other than the retina.

Previously we reported statistically
significant elevated mortality from sec-
ond cancers in unilateral retinoblastoma
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patients in this series.” In the current
study, however, unilateral patients were
further classified as hereditary or non-
hereditary by incorporating family his-
tory information. Overall cancer inci-
dence was not statistically significantly
elevated in nonhereditary patients, al-
thoughisolated patients in this category
might have unilateral retinoblastoma
due to a new germline RBI mutation.!
The current incidence study also ex-
tends our mortality study by 3 years of
follow-up, with more than double the
number of cancer cases.

Soft tissue sarcoma following radio-
therapy for cancer is a recognized se-
quelae of exposure to high-dose radia-
tion, 22 but a dose-responserelationship
has not been previously reported. The
RRs for soft tissue sarcoma showed a
stepwide increase with dose; however,
statistically significant increase in risk

wasnot seen at tumor doses of 50 9.9 Gy
or at 60 Gy or greater. Risk of all sarco-
mas combined was statistically signifi-
cantly elevated at doses between5t09.9
Gy (OR, 1.9) and at all higher dose cat-
egories. Notably, sarcomas have not
been increased in populations exposed
to much lower radiation levels, such as
atomic bomb survivors® or tuberculosis
patients examined repeatedly with x-
ray fluoroscopy (dose, <1 Gy).” The risk
per gray for development of sarcoma
(19.1%) is lower than that estimated for
most other forms of radiation-induced
cancer (eg, risk per gray is >500% for
leukemia).®2 No sarcomas occurred in
unilateral (mostly nonhereditary) reti-
noblastoma patients, who had not been
irradiated or received lower orbital ra-
diation doses (mean bone dose in those
irradiated, 33 Gy, vs 55 Gy in bilateral
patients).

Although the dose-response pattern
of risk for soft tissue sarcoma is similar
to that previously observed for osteo-
genic sarcoma,”® more bone sarcoma
than soft tissue sarcoma was observed.
This likely reflects higher absorbed
doses in bone than soft tissue, and en-
hanced susceptibility to bone sarcoma
conferred by RB1 mutations, indepen-
dent of radiotherapy. More than one
fourth of bone sarcoma in retinoblas-
toma survivors occurred in the legs,
where scatter doses were low (<0.5 Gy).
No soft tissue sarcoma developed in the
legs.

Excess cancer risk due to radiation
was primarily limited to patients ex-
posed to high doses administered de-
cades ago. Highest doses to bone were
delivered between 1937 and 1965, when
average absorbed dose to orbital bone
was 111 Gy in osteosarcoma cases. Or-
bital bone doses for retinoblastoma
diagnosed after 1965 have declined toan
average of 35 Gy because of use of
higher-energy (MV) photon beams. The
trend toward lower dose implies lower
carcinogenic risk in more recently
treated patients, although patients
with hereditary retinoblastoma remain
highly susceptible.

Sarcomas comprise the majority of
subsequent primary cancers in this
study, but are uncommon in the general
population. Radiation-associated sarco-
mas are difficult to treat and often le-
thal 2% The histopathologic classification
of sarcoma is complex, and a range of
diagnoses, including neuroectodermal
tumor, have been assigned to subse-
quent sarcoma following hereditary reti-
noblastoma,??7*+% In the present study,
cancers were classified according todata
obtained from pathology, medical, and
mortality records. An independent pa-
thology review was not conducted since
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many tumor specimens from past de-
¢ades were no longer available and ear-
lier pathology reviews of cancer speci-
mens from our series underscored the
difficulties in classification.?
Statistically significant elevated risk
of Hodgkin disease in hereditary pa-
tients, and breast cancer in female pa-
tients have not been reported before.
Tour of the 6 women who developed
breast cancer had received radio-
therapy, with estimated breast doses
ranging between 0.3 and 0.5 Gy. These
breast doses resulted from close prox-
imity to orbital radiation fields in small
children; treatment with orthovoltagein
years past produced much more scatter
radiation than MV units in current use.
Doses of this magnitude would be antici-
pated to double risk of breast cancer
based on studies of infants given radio-
therapy for enlarged thymus and wom-
en with tuberculosis monitored repeat-

References

1. Knudson AGJr. Retinoblastoma: aprototypiche-
reditary neoplasm. Semin Oncol. 1978;5:57-60,

2, EngC, LiFP, Abramson DH, et al. Mortality from
second tumors ameng long-term survivors of retine-
blastoma. J Natl Cancer Inst. 1993;85:1121-1128.

3. Roarty JD, McLean TW, Zimmerman LE. Inci-
dence of second neoplasms in patients with bilateral
retinoblastoma. Ophthalmiology. 1988;95:1583-1587.
4. Moll AC, Imhof SM, Bouter LM, et al. Second
primary tumors in patients with hereditary retino-
blastoma: a register-based follow-up study;-1945-
1994. Int J Cancer. 1996;,67:515-519, )

5. Draper GJ, Sanders BM, Kingston JE. Second
primary neoplasms in patients with retinoblastoma.
Br J Cancer. 1986;53:661-671.

6. Friend SH, Bernards R, Rogelj S, et al. A human
DN A segment with properties of the gene that pre-
disposes to retinoblastoma and osteosarcoma. Nu-
ture. 1986;323:642-646.

7. Tucker MA, I Angio GJ, Boice JD Jr, et al. Bone
sarcomaslinked to radiotherapy and chemotherapy
in children. N Engl J Med. 1987;31T:5688-593.

8. Hawkins MM, Wilson LM, Burton HS, et al. Ra-
diotherapy, alkylating agents, and risk of bone can-
cerafter childhood cancer. J Natl Cancer Inst. 1996;
88:270-278, :

9. World Health Organization. /CD-O: International
Classification of Diseases for Oncology. Geneva,
Switzerland: World Health Organization; 1976

10. Monson RR. Analysis of relative survival and
proportional mortality. Comput Biomed Res. 1969;
105:529-535.

11. HestonJF, Kelly JAB, Meigs JW, Flannery JT,
Cusano MM, Young JL Jr. Forty-five years of can-
cer incidence in Connecticut: 1935-79. Natl Cancer
Inst Monogr. 1986;70:1-706.

12. Boice JD Jr, Storm HH, Curtis RE, et al, eds.
Multiple primary cancers in Connecticut and Den-
mark. Natl Cancer Inst Monogr. 1985,68:1-434.

13. Kaplan EL, Meier P. Nonparametric estimation
from incomplete observations. J Am Stat Assoc.
1958;53:457-4581.

14. Preston DL, Lubin JH, Pierce DA. Epicure [/s-
er's Guide. Seattle, Wash: Hirosoft International;
1991.

JAMA, October 15, 1997-—Vol 278, No. 15

edly with chest fluoroscopy.”” The ex-
cess rigk of Hodgkin disease and breast
cancer need confirmation in other series
of retinoblastoma survivors.*®

Strengths of our study include large
size of the cohort, extensive and nearly
complete follow-up, including telephone
interviews with patients, and verifica-
tion of over 60% of subsequent cancers
with pathology records. A comprehen-
sive dosimetry evaluation program pro-
vided accurate and reproducible esti-
mates of radiation dose to sites of
subsequent cancers. However, as previ-
ously mentioned, difficulties were en-
countered in the estimation of radiation
dose, and in the proper classification of
tumors on the basis of topography, par-
ticularly for soft tissue sarcomas that can
arise in diverse sites,

Inactivation of the RB1 gene as a so-
matic (acquired) event is frequent in com-
mon cancers of adulthood, including car-

15. Efron B, Tibshirani R. Bootstrap methods for
standard errors, confidence intervals, and other
measures of statistical accuracy. Stat Sci. 1986;1:54-
.

16. Stovall M, Smith SA, Rosenstein M. Tissue
doses from radiotherapy of cancer of the uterine
cervix, Med Phys. 1989;16:726-733.

17. Pesin SR, Shields JA. Seven cases of trilateral
retinoblastoma. Am J Ophthalmol. 198%;107:121~
126.

18. Young JL, Ries LG, Silverberg B, Horm JW,
Miller RW. Cancer incidence, survival, and mortal-
ity for children younger than age 15 years. Cancer.
1966;58:598-602.

19. Young JL, Perry CL, Asine AJ, eds. Surveil-
lance, epidemiology and end results; incidence and
mortality data, Natl Cancer Inst Monogr. 198157
70-78.

20, Abramson DH, Ellsworth RM, David F, Tung
G. Second non-ocular tumors in retinoblastoma sur-
vivors. Ophthalmology. 1984;,91:1351-1355.

21. DerKinderen DJ, Koten JW, Wolterbeek R,
Beemer FA, Tan KE, Den Otter W, Non-ocular can-
cerin hereditary retinoblastoma survivors and rela-
tives. Ophthol Paediatr Genet. 1987;8:23-25.

22. Francois J, de Sutter E, Coppieters R, de Bie 3,
Late extraocular tumours in retinoblastoma survi-
vors. Ophthalmologica. 1980;181:93-99.

23, WintherJ, Olsen JH, de Nully Brown P. Risk of
nonocular cancer among retinoblastoma patients
and their parents: a population-based study in Den-
mark, 1943-1984. Cancer. 1988,62:1458-1462.

24. BaderJL, Meadows AT, Zimmerman LE, et al.
Bilateral retinoblastoma with ectopic intracranial
retinoblastoma: trilateral retinoblastoma. Cancer
Genet Cytogenet. 1982;5:203-213,

25, Traboulsi EI, Zimmerman LE, Manz HJ. Cuta-
neous malignant melanoma in survivors of heritable
retinoblastoma. Arch Ophthalmol. 1988;106:1059-
1061.

26. Meadows AT, Baum E, Fossati-Bellani F. See-
ond malignant neoplasmsin children: anupdate from
the Late Effects Study Group. J Clin Oneol. 1985
3:5632-538.

27. Laskin WB, Silverman TA, Enzinger FM. Post-

cinomas of the lung and bladder, .
cancers are not known to oceur exces-
sively in hereditary retinoblastoma sur-
vivors. However, few of ourpatients ave
older than 50 years, when rates for most
epithelial cancers increase sharply. Con-
tinued long-term follow-up will help elu-
cidate the role of germline RBI muta-
tions in cancers that commonly appear
later in life, and may provide knowledge
about interaction between low-dose scat-
ter radiation and genetic susceptibility
in cancer development.

Field work was supported by NCI contracts NO1-
CP-85604 and N02-CP-83013 to Westat, Inc.

We are indebted to the late Robert M. Ellsworth,
MD, of the New York-Cornell Medical Center for
his pioneering work in studying the New York
cohort; Daniel Wilson and Elena Adrianza of We-
stat, Ine, for providing essential field and data-
management support; David Hacker of Information
Management Systems, Ine, for programming sup-
port; and Rita Weathers of the University of Texas,
M. D. Anderson Cancer Center, for computer mod-
eling of radiation doses.

radiation soft tissue sarcomas: an analysis of 53
cases. Cancer. 1988:62:2330-2340.

28. Ruka W, Sikorowa L, Iwanowska J, Romeyko
M. Induced soft tissue sarcomas following radiation
treatment for uterine carcinomas. Eur J Surg On-
col. 1991;17:585-693.

29, Kony SJ, de Vathaire F, Chompret A, et al. Ra-
diation and genetic factors in the risk of second ma-
lignant neoplasms after a first cancer in childhood.
Lancet. 1997;350:91-95,

30. Thompson DE, Mabuchi K, Ron E, etal. Cancer
ineidence in atomic bomb survivors, part IT: solid
tumors, 1958-1987. Radiat Res. 1994;137:817-867.
31. Davis FG, Boice JD Jr, Hrubec 7, Monson RR.
Cancer mortality in a radiation-exposed cohort of
Massachusetts tuberculosis patients. Cancer Res.
1989:49:6130-6136.

32. United Nations Scientifie Committee on the Ef-
fects of Atomic Radiation. UNSCEAR 1994 Report
to the General Assembly, With Scientific Anneres:
Sources and Effects of Ionizing Radiation. New
York, NY: United Nations; 1994: Vol E.94.IX.11.
33. Robinson E, Neugut Al, Wylie P. Clinical as-
pects of postirradiation sarcomas. J Natl Cancer
Inst. 1988;R0:233-240.

34. Klein EA, Anzil AP, Mezzacappa P, Borderon
M, Ho V. Sinonasal primitive neuroectodermal
tumor arising in a long-term survivor of beritable
unilateral retinoblastoma. Camncer. 1992:70:423-
481.

35. SchifterS, Vendelbo L, Jensen OM, Kaae 8. Ew-
ing’s tumor following bilateral retinoblastoma: a
case report, Cancer. 1983;561:1746-1749.

36. Folberg R, Cleasby G, Flanagan JA, Spencer
WH, Zimmerman LE. Orbital leiomyosarcoma af-
ter radiation therapy for bilateral retinoblastoma.
Arch Ophthalmol. 1983;101:1562-1565.

37. Horowitz JM, Park SBH, Bogenmann E, et al.
Frequent inactivation of the retinoblastoma anti-
oncogene is restricted to a subset of human tumor
cells. Proc Natl Acad Sci U S A, 1990;87:2775-2779.
38, Xu HBJ, Hu SBX, Cagle PT, Moore GE, Bene-
dict WF. Absence of retinoblastoma protein expres-
sion in primary non-gmall cell lung carcinomas. Can-
cer Res. 1991;51:2735-2739,

Sarcomas Following Radiotherapy for Retinoblastoma—Wong et al 1267

Material may be protected by copyright law (Title 17, U.S. Code)




