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Subsequent malignant neoplasms are a major cause of premature death in survivors of hereditary retino-
blastoma. Radiotherapy further increases the risk of death. Mortality information is limited among long-
term survivors who were irradiated for hereditary retinoblastoma.

We examined cause-specific mortality among 1854 retinoblastoma survivors who were diagnosed from
January 1, 1914, through December 31, 1996, at two US institutions. Standardized mortality ratios (SMRs)
were calculated by use of US mortality data to estimate expected numbers of deaths. The relative rates
(RRs) of mortality due to subsequent malignant neoplasms associated with multiple risk factors were
evaluated with Poisson regression models. Cumulative mortality from subsequent malignant neoplasms
was calculated by treating other causes of death as competing risks.

A total of 151 deaths due to subsequent malignant neoplasms occurred among 1092 hereditary retinoblas-
toma survivors (SMR = 35, 95% confidence interval [Cl] = 30 to 41) compared with 12 deaths among 762
nonhereditary retinoblastoma survivors (SMR = 2.5, 95% Cl = 1.3 to 4.4). In this extended follow-up of
retinoblastoma survivors, we found no evidence of excess mortality from non-neoplastic causes com-
pared with the general population. However, excess mortality from subsequent malignant neoplasms
(particularly sarcomas, melanomas, and cancers of the brain and other parts of the nervous system)
among hereditary retinoblastoma survivors extended beyond 40 years after retinoblastoma diagnosis. The
additional 13 years of follow-up since our last mortality study revealed a previously unreported increased
risk of death due to cancers of the corpus uteri (primarily sarcomas) and confirmed the previously
reported elevated risk of death from lung cancer among hereditary retinoblastoma survivors. Among
hereditary and nonhereditary retinoblastoma survivors, the relative rates of mortality from subsequent
malignant neoplasm were higher in those who had been treated with radiotherapy than in those who had
not. Cumulative mortality from subsequent malignant neoplasms at 50 years after retinoblastoma diagno-
sis was 25.5% (95% Cl = 20.8% to 30.2%) for hereditary retinoblastoma survivors and 1.0% (95% Cl = 0.2%
to 1.8%) for nonhereditary retinoblastoma survivors.

The temporal patterns of site-specific excess risks of subsequent malignant neoplasms in retinoblastoma
survivors should inform screening programs designed for the early detection and treatment of subsequent
malignant neoplasms.
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Retinoblastoma is a rare childhood cancer of the eye and the proto-
typic model for inherited cancers (1,2). The retinoblastoma gene
(RBI) was the first tumor suppressor gene cloned; it encodes the p105
retinoblastoma (Rb) protein, which affects cell cycle control, cellular
differentiation, and cell survival [reviewed in (2,3)]. Subsequent
research has found that several other types of cancer harbor somatic
mutations in the RBI gene, including sarcomas, small cell lung
cancer, bladder cancer, and breast cancer [reviewed in (1,2,4)].
Retinoblastoma is now a curable disease. However, compared
with the general population, survivors of hereditary retinoblastoma
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CONTEXT AND CAVEATS

Prior knowledge

Many survivors of hereditary retinoblastoma (ie, survivors who
carry a germline mutation in the retinoblastoma [RB7] gene) die
prematurely from subsequent malignant neoplasms, and those
who were treated with radiotherapy have an even higher risk of
premature death from subsequent malignant neoplasms com-
pared with the general population.

Study design

Mortality data for 1854 long-term survivors of hereditary and non-
hereditary retinoblastoma were used to quantify cause-specific
mortality and to evaluate interactions between hereditary status
and treatment with radiotherapy.

Contribution

Compared with the general population, hereditary retinoblastoma
survivors had increased risks of death from subsequent malignant
neoplasms (particularly sarcomas, melanomas, and cancers of the
brain and other parts of the nervous system) that extended beyond
40 years after retinoblastoma diagnosis, as well as for cancers of
the corpus uteri (primarily sarcomas), and lung cancer. Among
hereditary and nonhereditary retinoblastoma survivors, the rela-
tive rates of mortality from subsequent malignant neoplasm were
higher in those who had been treated with radiotherapy than in
those who had not.

Implications

The temporal patterns of site-specific excess risks of subsequent
malignant neoplasms in retinoblastoma survivors should inform
screening programs designed for the early detection and treatment
of subsequent malignant neoplasms.

Limitations
In some cases, the cause of death listed on death certificates may
have been inaccurate and nonfatal cancers could have been missed.

From the Editors

(ie, survivors who carry a germline mutation in the RBI gene) are
at markedly increased risk of subsequent malignant neoplasms,
including sarcomas of the bone and soft tissue; melanoma; and
cancers of the brain, lung, and, possibly, bladder (5-11). Some
survivors even develop three or more subsequent cancers (12).
Radiotherapy, which is currently used much less frequently to
treat bilateral retinoblastoma since the mid-1990s due to the rec-
ognition of elevated risk for subsequent malignant neoplasms
among retinoblastoma patients treated with external beam radio-
therapy (13), further increases the risk of subsequent malignant
neoplasms, especially those that arise within or near the radiation
field (ie, in the skull and face bones, the soft tissues of the head, and
the brain). Among our cohort of survivors of hereditary retinoblas-
toma, a radiation dose-response relationship for sarcomas has been
demonstrated (11). In addition, the risk of subsequent malignant
neoplasms has been reported to be greater among hereditary
retinoblastoma survivors who were irradiated before the age of 12
months than among those irradiated at older ages (14,15).
Although the greatly increased risk of subsequent malignant
neoplasms among survivors of hereditary retinoblastoma is well
established, data on mortality from subsequent malignant neo-
plasms among long-term survivors who were treated with radiation
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are limited. In an earlier mortality analysis through December 31,
1990, we reported an increased risk of death from sarcomas, mela-
noma, and brain cancer among hereditary retinoblastoma survi-
vors (6). Since that time, we have published two cancer incidence
studies in this same population of retinoblastoma survivors through
December 31, 1993, and December 31, 2000 (9,11). In this report,
we have extended the mortality follow-up for an additional 13
years through December 31, 2003, to investigate mortality from
subsequent malignant neoplasms and non-neoplastic outcomes
and have expanded the original cohort by including retinoblastoma
survivors diagnosed through December 31, 1996. To our knowl-
edge, this is the largest cohort of irradiated long-term survivors of
retinoblastoma yet assembled, which allowed us to quantify cause-
specific mortality and to evaluate gene—radiotherapy interactions.

Patients and Methods

Study Population

A retrospective cohort of 1729 retinoblastoma patients who were
diagnosed from January 1, 1914, through December 31, 1984, was
identified from medical records of two medical centers in New
York and Boston. Survivors who had died from any cause within
12 months of diagnosis (n = 111), outside the United States (n =
13), or before January 1, 1925 (n = 3), were excluded from the
analysis. We also excluded two survivors with no usable tracing
data and one patient who we found did not have retinoblastoma.
This left 1599 (92.5%) 1-year survivors who were included in the
mortality analysis (hereafter referred to as cohort 1).

To study cause-specific mortality among more recently treated
retinoblastoma survivors, we assembled a new cohort of 262 con-
secutive patients who were diagnosed from January 1, 1985,
through December 31, 1996, by reviewing medical records at the
medical center in New York. We excluded three survivors because
of a missing date of retinoblastoma diagnosis, two survivors from
other countries who had visited the hospital for consultation only,
and two survivors who had died within 12 months of diagnosis,
which left 255 (97.3%) 1-year survivors of retinoblastoma eligible
for the study (hereafter referred to as cohort 2). Because there were
only 14 deaths in cohort 2 and the combined results of cohorts
1 and 2 did not differ materially from those of cohort 1, we present
results for the combined cohort unless otherwise specified. For
both cohorts combined, a total of 1854 survivors were included in
the mortality analysis.

RBI mutation testing data were not available for either cohort.
For purposes of this study, survivors with bilateral retinoblastoma
and unilateral retinoblastoma survivors with a positive family his-
tory of retinoblastoma were classified as having hereditary retino-
blastoma (n = 1092 or 58.9%), whereas unilateral retinoblastoma
survivors with no family history of retinoblastoma were classified
as having nonhereditary retinoblastoma (n = 762 or 41.1%). The
proportion of hereditary vs nonhereditary retinoblastoma survi-
vors in this cohort differs from that observed in the general popu-
lation, in which only 40% of survivors have hereditary disease and
60% have nonhereditary disease (16). This difference between our
cohort and the general population is likely attributable to the dif-
ferential referral of patients to well-known tertiary medical
centers.
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Follow-up Procedures

Information on demographic variables, medical history, family his-
tory of retinoblastoma and other cancers, treatments for retinoblas-
toma, reports of new cancers, and causes of death was collected from
patients’ medical records and radiotherapy files and via telephone
interviews conducted in 1987, 1993, and 2000 for cohort 1 and in
1998 for cohort 2. The institutional review board of the National
Institutes of Health approved this study. Various tracing sources
were also used to update the vital status of the retinoblastoma survi-
vors, including periodic searches of the National Death Index (NDI)
and publicly available electronic databases through December 31,
2003. Because there is about a 2-year lag from the date of death until
death records appear in the NDI database, the latest date of death
for which NDI data were available at the time when this study began
in 2005 was December 31, 2003. A trained nosologist coded the
causes of deaths that occurred before 1979 and before the NDI was
in existence according to the International Classification of Diseases
version that was in effect during the year of death. All coded causes
of death were subsequently converted to International Classification
of Diseases, 8th revision (ICD-8) coding (17), in which tumors are
classified according to organ site rather than histology.

Radiation Therapy

Among the irradiated survivors in the combined cohort, 88.6%
were treated with external beam radiotherapy, 1.8% with
brachytherapy, and 9.6% with a combination of both techniques.
Among survivors who were treated with external beam radiother-
apy, the most commonly used approaches were a two-field tech-
nique that included the nasal and lateral fields and a single-field
technique that includes either the lateral or the anterior field.
Before 1960, retinoblastoma patients were predominantly treated
with orthovoltage x-rays, whereas after 1960, 22- to 23-MV beta-
tron megavoltage photons and cobalt-60 gamma rays were used.
The average dose of radiation to the affected eye was 48 Gy (range
= 15-115 Gy); the orthovoltage machines delivered the highest
average doses. Before 1960, brachytherapy was delivered by
plaques that contained radon-222 seeds (average dose = 200 mg-h
Ra equivalents; range = 160-400 mg-h Ra equivalents). After 1960,
plaques containing cobalt-60 were used (average dose = 400 mg-h
Ra equivalents; range = 150-800 mg-h Ra equivalents). Although
individual-level data for radiation dose were not available for all
survivors, organ dose data for a typical treatment from cohort 1
allowed us to classify organ sites as heavily irradiated (=1 Gy),
moderately irradiated (0.4-1 Gy), or lightly irradiated (<0.4 Gy), as
previously described (9); these cut points were defined a priori
based on distance from the radiation treatment field. For example,
all of the organ sites classified as heavily irradiated were all in, or
very close to, the edge of the radiation treatment field.

Statistical Analysis

Follow-up began 1 year after the retinoblastoma diagnosis and
ended on the date the patient was last known to be alive, the date
of death, or the end of follow-up (December 31, 2003), whichever
came first. Survivors who were last known to be alive after January 1,
1979, and who were not found in the NDI, which began recording
deaths in the United States in 1979, were presumed to be alive as
of December 31, 2003.

jnci.oxfordjournals.org

External Comparisons. We estimated the relative risk for each
cause of death by calculating the standardized mortality ratio
(SMR) and the exact Poisson 95% confidence interval (CI). The
expected number of deaths was calculated by applying the US
mortality rates (by 5-year age, 5 calendar year, and sex-specific
categories) to the appropriate person-time accrued by retinoblas-
toma survivors in the cohort. The statistical method we used to
calculate SMRs uses US mortality rates from 1925 and later (18).
Therefore, for the few survivors who were diagnosed before
January 1, 1925, the beginning date for follow-up was set to
January 1, 1925. To compare our results with those of a British
study (7) of retinoblastoma survivors aged 25-84 years, we catego-
rized attained age a priori by using 25 years as a cut point (1-24
and >25 years). Comparisons of SMRs were based on the chi-
square test of homogeneity (19). To measure the overall burden
from each cause of death, we calculated the absolute excess risk as
the observed minus the expected number of deaths, divided by the
person-years at risk and multiplied by 10000.

Internal Comparisons. To simultaneously examine the impact of
multiple factors on mortality from subsequent malignant neo-
plasms, we also estimated the relative rates (RRs) of each factor by
fitting multivariable Poisson regression models and using the loga-
rithm of the observed person-years as offsets. The main explana-
tory variables of interest included hereditary status (hereditary or
nonhereditary retinoblastoma), radiotherapy for retinoblastoma
(yes or no), attained age (1-24 or >25 years), time since retinoblas-
toma diagnosis [1-9, 10-19, 20-29, 30-39, or >40 years, as per our
previous mortality analysis (6)], age at retinoblastoma diagnosis
(<12 or >12 months), and year of retinoblastoma diagnosis (1914—
1959 or 1960 or later). The selection of the cut point for age at
retinoblastoma diagnosis was based on the suggestion by some
investigators of an age-related sensitivity to radiation among
retinoblastoma survivors who were irradiated before 12 months of
age (14). The cut point for year of retinoblastoma diagnosis
reflects the timing of major changes in radiotherapy techniques at
the collaborating medical centers. The interaction between hered-
itary status and radiotherapy on subsequent malignant neoplasm
mortality was tested by creating a product term. In each Poisson
regression model, the statistical significance of each factor was
assessed by the likelihood ratio test.

Cumulative Mortality From subsequent malignant neo-
plasms. Cause-specific cumulative mortality from subsequent
malignant neoplasms was calculated by treating other causes of
death as competing risks because deaths from other causes pre-
clude the occurrence of deaths from a specific cause of interest
(20). Cumulative mortality was calculated by using the cmzprsk
package in R statistical software (21).

All P values are two-sided. Statistical significance was defined as
P<.05.

Results

Descriptive characteristics of the retinoblastoma survivors are
shown in Table 1. The median age of the combined cohort at the
end of follow-up was 30 years (range = 1-79 years). At the end of
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Table 1. Selected characteristics of 1-year survivors of retinoblastoma*

Characteristic

Total, No. (%)

Hereditary, No. (%) Nonhereditary, No. (%)

Total no. of subjects 1854 (100)
Laterality
Unilateral 817 (44.1)
Bilateral 1037 (55.9)
Sex
Male 956 (51.6)
Female 898 (48.4)
Age at retinoblastoma diagnosis, y
<1 769 (41.5)
1 519 (28.0)
2 341 (18.4)
>3 225 (12.1)
Vital status
Alive 1380 (74.4)
Deceased 423 (22.8)
Lost to follow-up 51 (2.8)
Calendar year of retinoblastoma diagnosis
1914-1949 181 (9.8)
1950-1959 301 (16.2)
1960-1969 508 (27.4)
1970-1979 448 (24.2)
1980-1989 300 (16.2)
1990-1996 116 (6.3)
Age at last observation, y
1-9 258 (13.9)
10-19 291 (15.7)
20-29 355 (19.2)
30-39 449 (24.2)
40-79 501 (27.0)
Family history of retinoblastoma
Yes 333 (18.0)
No 1196 (64.5)
Uncertain 325 (17.5)
Treatment
Surgery only 681 (36.7)
Radiation only 613 (33.1)
Radiation and chemotherapy 462 (24.9)
Radiation and unknown chemotherapy 16 (0.9)
Chemotherapy only 64 (3.5)
Uncertain 18 (1.0)
Any radiotherapy
Yes 1091 (58.8)
No 752 (40.6)
Uncertain 11 (0.6)

1092 (100) 762 (100)
55 (5.0) 762 (100.0)
1037 (95.0) 0(0.0)
568 (562.0) 388 (50.9)
524 (48.0) 374 (49.1)
612 (56.0) 157 (20.6)
306 (28.0) 213 (28.0)
126 (11.5) 215 (28.2)
48 (4.4) 177 (23.2)
720 (65.9) 660 (86.6)
346 (31.7) 77 (10.1)
26 (2.4) 25 (3.3)
106 (9.7) 75 (9.8)
201 (18.4) 100 (13.1)
311 (28.5) 197 (25.9)
254 (23.3) 194 (25.5)
171 (15.7) 129 (16.9)
49 (4.5) 67 (8.8)
184 (16.9) 74 (9.7)
188 (17.2) 103 (13.5)
185 (16.9) 170 (22.3)
278 (25.5) 171 (22.4)
257 (23.5) 244 (32.0)
333 (30.5) 0(0.0)
575 (52.7) 621 (81.5)
184 (16.9) 141 (18.5)
108 (9.9) 573 (75.2)
534 (48.9) 79 (10.4)
408 (37.4) 54 (7.1)
14 (1.3) 2(0.3)
21 (1.9) 43 (5.6)
7(0.6) 11(1.4)
956 (87.5) 135 (17.7)
132 (12.1) 620 (81.4)
4(0.4) 7(0.9)

* Percentages for some categories do not total 100 because of rounding.

follow-up, 720 (65.9%) hereditary retinoblastoma survivors and 660
(86.6%) nonhereditary retinoblastoma survivors were alive, 346
(31.7%) hereditary retinoblastoma survivors and 77 (10.1%) nonhe-
reditary retinoblastoma survivors were deceased, and 26 (2.4%)
hereditary retinoblastoma survivors and 25 (3.3%) nonhereditary
retinoblastoma survivors were lost to follow-up (Table 1). The
median duration of follow-up since retinoblastoma diagnosis was
28.5 years (range = 1-69 years) for hereditary survivors and 29.6
years (range = 1-77 years) for nonhereditary retinoblastoma survi-
vors. Radiotherapy—either alone or in combination with chemo-
therapy—was used to treat 87.5% of hereditary retinoblastoma
survivors and 17.7% of nonhereditary retinoblastoma survivors
(Table 1). The majority (75.2%) of the nonhereditary retinoblas-
toma survivors were treated with surgery only. The cause of death
could not be determined for 16 deceased survivors, all of whom
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were from cohort 1. Among the 407 retinoblastoma survivors whose
cause of death was known, 186 (45.7%) died from retinoblastoma.
In cohort 1, there were 393 deaths from a known cause (322
among hereditary retinoblastoma survivors and 71 among nonhe-
reditary retinoblastoma survivors). During the 13 years since the
last mortality report for this cohort (6), there were 70 additional
deaths due to subsequent malignant neoplasms in cohort 1, of
which 33 (47.1%) were cancers of the bone and connective tissue.
We have previously reported five incident cases of pineoblastoma
in our earlier incidence study of cohort 1 survivors (9). However,
we noted that the cause of death of these pineoblastoma patients
was attributable to other causes, including three deaths that were
attributed to retinoblastoma, one to malignant brain tumor, and
one to an external cause. In cohort 2, there were 14 deaths from a
known cause (11 among hereditary retinoblastoma survivors and
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three among nonhereditary retinoblastoma survivors), including
three deaths from bone cancers, eight from retinoblastoma, one
from pineoblastoma, one from sequelae of chronic liver disease, and
one from non—drug-induced interstitial lung disease. In the com-
bined cohort, 151 deaths due to subsequent malignant neoplasms
occurred among 1092 hereditary retinoblastoma survivors (SMR =
35,95% CI = 30 to 41) compared with 12 such deaths among 762
nonhereditary retinoblastoma survivors (SMR = 2.5, 95% CI = 1.3
to 4.4) (Table 2). In hereditary retinoblastoma survivors, the most
common subsequent malignant neoplasms included sarcomas of the

bone and connective tissue, melanoma, and cancers of the brain and
other parts of the nervous system (including four cancers of the
sympathetic nervous system, one of which was an esthesioneuro-
blastoma in the ethmoid sinus and three were unspecified neuro-
blastoma). Among the hereditary retinoblastoma survivors,
substantial elevations in SMRs (ie, SMRs > 10) were also observed
for cancers of the lung, corpus uteri, nasal cavities, and buccal cavity
and pharynx (due to nasopharyngeal cancer in two cases). Among
the nonhereditary retinoblastoma survivors, statistically signifi-
cantly elevated mortality from subsequent malignant neoplasms

Table 2. Causes of death other than retinoblastoma in 1-year survivors of retinoblastoma, by hereditary status*

Hereditary Nonhereditary
Cause of deatht (ICD-8 code) (0] SMR (95% ClI) AER (0] SMR (95% ClI) AER
Malignant and benign neoplasms other 160 37 (31 to 43) 55.1 12 25(1.3t04.3) 3.3
than retinoblastoma
Malignant neoplasms other than 151 35 (30 to 41) 51.9 12 25(1.3t04.4) 3.3
retinoblastomat
Bone (170) 56 595 (449 to 773) 19.8 0 0 (0 to 49) 0.0
Connective tissue (171) 31 329 (223 to 467) 10.9 0 0 (0 to 44) 0.0
Melanoma (172) 13 89 (47 to 151) 4.5 0 0 (0 to 25) -0.1
Brain and other parts of nervous system 10 25 (12 to 46) 3.4 2 5.9 (0.7 to 21) 0.8
(191-192)
Brain (191) 6 18 (6.5 to 39) 2.0 2 6.7 (0.8 to 24) 0.8
Other parts of nervous system (192)8 4 61 (16 to 155) 1.4 0 0 (0 to 80) 0.0
Lung and trachea (162) 8 12 (5.3 to 24) 2.6 0 0(0to03.8) -0.5
Corpus uteri (182)]| 5 154 (50 to 359) 1.8 1 24 (0.3 to 134) 0.4
Nasal cavities (160) 5 790 (254 to 1843) 1.8 0 0 (0 to 570) 0.0
Breast (174) 2 4.4 (0.5 to 16) 0.5 3 5.7 (1.2t017) 1.1
Buccal cavity and pharynx (140-149)q 2 34 (3.8t0 123) 0.7 0 0(0to51) —0.03
Leukemia (204-207)# 1 1.7 (0.02 to 9.5) 0.1 1 2.2 (0.03t0 12) 0.2
Thyroid (193) 0 0 (0 to 436) 0.0 1 102 (1.3 to 568) 0.5
Bladder (188) 1 40 (0.5 to 224) 0.3 0 0 (0 to 90) 0.0
Benign neoplasms (210-239)* * 9 72 (33 to 137) 3.1 0 0 (0 to 33) -0.1
Other known causes of death 19 0.9 (0.5t0 1.4) -0.9 20 1.0 (0.6 to 1.6) 0.2
Infections (000-139) 1 0.7 (0.01 to 3.9) —0.1 2 1.7 (0.2 t0 6.0) 0.4
Endocrine and metabolic diseases (240-279) 1 1.5 (0.02 to 8.4) 0.1 1 1.5 (0.02 to 8.3) 0.2
Mental disorders (290-315) 0 0(0to11) -0.1 3 9.7 (2.0 to 28) 1.2
Neurological diseases (320-389) 2 2.9 (0.3 10 10) 0.5 0 0(0to6.0) -0.3
Circulatory diseases (390-458) 4 1.3(0.3t03.2) 0.3 3 0.7 (0.2t0 2.2) -0.5
Arteriosclerotic heart disease (410-414) 3 2.0(0.4t05.7) 0.5 1 0.5 (0.01 to 2.6) -0.5
Cerebrovascular accidents (430-438) 1 2.1 (0.03to 11) 0.2 0 0(0to6.5) -0.3
Respiratory diseases (460-519) 2 2.3(0.3t08.2) 0.4 0 0(0to3.7) -0.5
Digestive system diseases (5620-579) 3 3.3 (0.7 t0 9.5) 0.7 2 2.1(0.2t07.6) 0.5
External causes (800-998) 6 0.5(0.2 to 1.0) 2.4 9 0.9(0.4t01.7) 0.5
lll-defined conditions (796) 6 13 (4.7 to 28) 2.0 4 9.9 (2.7 to 25) 1.7

* Number of persons followed up = 1092 for hereditary and 762 for nonhereditary; person-years of follow-up = 28250 for hereditary and 21674 for nonheredi-
tary. List of malignant neoplasms is based on observed numbers of deaths in the combined cohort (in descending order). ICD-8 = International Classification of
Diseases, 8th revision; O = observed number of deaths; SMR = standardized mortality ratio; Cl = confidence interval; AER = absolute excess risk of death per

10000 person-years.

1t Death certificate was not available for 13 hereditary retinoblastoma survivors and three nonhereditary retinoblastoma survivors.

F Cancer sites not listed for hereditary retinoblastoma survivors include two of retroperitoneal tissue (ICD-8 158.0); one each of colon (ICD-8 153.0), nonmelanoma
skin cancer of the scalp and neck (ICD-8 173.4), nonmelanoma skin cancer, site unspecified (ICD-8 173.9), ovary (ICD-8 183.0), kidney (ICD-8 189.0), pineal gland
(ICD-8 194.4), lymphoid tissue (ICD-8 202.2), and abdomen, ill-defined (ICD-8 195.0), and seven of cancer, not otherwise specified (ICD-8 199). Cancer sites not

listed for nonhereditary retinoblastoma survivors include four of cancer, not otherwise specified (ICD-8 199).

8 Includes four neuroblastoma (ICD-8 192.5).

i Both nasopharynx (ICD-8 147).

Includes three leiomyosarcomas, one carcinoma, and one Millerian mixed tumor among hereditary retinoblastoma survivors. No additional information was
available for the nonhereditary retinoblastoma survivor who died of cancer of the corpus uteri.

# Includes one acute lymphoid leukemia (ICD-8 204.0) in a hereditary retinoblastoma survivor and one acute myeloid leukemia (ICD-8 205.0) in a nonhereditary

retinoblastoma survivor.

** Benign tumors included one meningioma of the spine (ICD-8 225.4), one benign neoplasm of the pituitary gland and craniopharyngeal duct (ICD-8 226.2), and
seven brain neoplasms with unspecified nature (ICD-8 238.1).
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was found for deaths due to cancers of the breast (n = 3 deaths;
SMR =5.7,95% CI = 1.2 to 17). In addition, among the nonheredi-
tary retinoblastoma survivors, the SMR for subsequent malignant
neoplasms was statistically significantly elevated for those who
received radiotherapy (n = 6 deaths; SMR = 7.3, 95% CI = 2.7 to
15.8) but not for those who did not or whose radiotherapy status
was uncertain (n = 6 deaths; SMR = 1.5, 95% CI = 0.6 to 3.3).

We found an apparent excess mortality from benign tumors in
hereditary retinoblastoma survivors (n = 9; SMR = 72, 95% CI =
33 to 137); these deaths included one from spinal meningioma
(ICD-8 225.4), one from benign neoplasm of the pituitary gland
and caniopharyngeal duct ICD-8 226.2), and seven from unspeci-
fied brain tumors (ICD-8 238.1).

Compared with the general population, neither hereditary nor
nonhereditary retinoblastoma survivors experienced elevated mor-
tality from non-neoplastic causes (Table 2). The only exception
was an excess mortality from mental disorders among three non-
hereditary retinoblastoma survivors (SMR = 9.7, 95% CI = 2.0 to
28), including one death from alcohol addiction and two from drug
dependence (Table 2).

Among hereditary retinoblastoma survivors, mortality from
subsequent malignant neoplasms was statistically significantly ele-
vated compared with that in the general population in all time
intervals investigated (Table 3). However, among hereditary
retinoblastoma survivors, compared with those younger than 25
years, those aged 25 years or older had a statistically significantly
lower SMR for subsequent malignant neoplasms but a higher
absolute excess risk of death (Table 3). The extended follow-up
revealed that excess mortality from sarcomas, melanoma, and can-
cers of the brain and other parts of the nervous system among the
hereditary retinoblastoma survivors extended beyond 40 years
after retinoblastoma diagnosis. Among the hereditary retinoblas-
toma survivors, cancers of the bone and connective tissue accounted
for 76.5% of all deaths from subsequent malignant neoplasms
before an attained age of 25 years (48 deaths from bone cancer, 14
deaths from connective tissue cancer), whereas they accounted for
35.7% of all deaths from subsequent malignant neoplasms at age
25 years or older (eight deaths from bone, 17 deaths from connec-

tive tissue cancer). At age 25 years or older, excess mortality from
cancers of the following sites began to emerge: lung (n = 7 deaths;
SMR =11,95% CI = 4.3 to 22), corpus uteri (n = 5 deaths, includ-
ing three from leiomyosarcoma, one from carcinoma, and one
from mixed Miillerian tumor; SMR = 162, 95% CI = 52 to 378),
and digestive organs and peritoneum (n = 3 deaths, including one
from colon cancer and two from retroperitoneal tissue cancer;
SMR =5.2,95% CI = 1.04 to 15). The majority of deaths due to
melanoma occurred at age 25 years or older (n = 10 deaths; SMR =
75, 95% CI = 36 to 139), although the SMR was also elevated
among those younger than 25 years at death (n = 3; SMR = 212,
95% CI =43 to 618).

Among hereditary retinoblastoma survivors, those who were
irradiated had an SMR for all malignant neoplasms other than
retinoblastoma that was 3.4 times that of nonirradiated survivors
(Table 4). Among the hereditary retinoblastoma survivors who
died of a subsequent malignant neoplasm, the median age at death
among the 140 irradiated survivors was less (20.5 years, range =
1-67 years) than the median age at death for the 11 nonirradiated
survivors (44 years, range = 1064 years). With the exception of
lung cancer, SMRs for specific sites were consistently higher
among hereditary retinoblastoma survivors who were irradiated
than among those who were not (Table 4). The highest SMRs (ie,
SMR > 100) were observed for cancers in heavily irradiated organs
(>1 Gy) near or in the radiation treatment field, with the exception
of cancer of the corpus uteri, a lightly irradiated organ (<0.4 Gy).

Among irradiated hereditary retinoblastoma survivors, those
who were aged 12 months or younger at irradiation were 2.2 times
more likely to die of subsequent malignant neoplasms than those
who were older than 12 months at irradiation (mean = 23.15
months, range = 12.01-102 months) (SMR = 59 [95% CI = 48 to
73] vs 27 [95% CI = 20 to 35]; P < .001). The absolute excess risk
for subsequent malignant neoplasm mortality was 1.3 times higher
among survivors irradiated at age 12 months or younger than
among those older than 12 months at irradiation (62.9 per 10000
person-years vs 47.5 per 10000 person-years).

Among survivors with hereditary retinoblastoma who were
irradiated, there was no statistically significant difference by sex in

Table 3. Mortality from subsequent malignant neoplasms in 1-year survivors of retinoblastoma, by selected characteristics*

Hereditary Nonhereditary

Characteristic (0] SMR (95% Cl) AER (0] SMR (95% Cl) AER
Age at retinoblastoma diagnosis, mo

0-12 95 51 (41 to 62) 58.6 3 3.8(0.8t0 11) 4.5

>12 56 23 (18 to 30) 43.4 9 2.3(1.0t04.3) 3.0
Calendar year of retinoblastoma diagnosis

1914-1959 73 25 (19 to 31) 73.0 9 25(1.1t04.8) 7.7

1960 or later 78 59 (46 to 73) 411 3 2.5(0.5t07.3) 1.2
Latency, y

1-9 19 38 (23 to 69) 21.2 1 3.0 (0.04 to 17) 1.1

10-19 52 132 (98 to 173) 64.3 3 9.4 (1.9 to 28) 4.4

20-29 25 49 (32 to 73) 40.4 2 4.4 (0.5 to 16) 3.3

30-39 30 36 (24 to 51) 78.6 0 0(0to 4.7) -2.8

>40 25 12 (8.0 to 18) 132.8 6 2.1 (0.8 to 4.5) 18.2
Attained age, y

1-24 81 76 (61 to 95) 415 4 5.4 (1.5 to 14) 2.4

>25 70 22 (17 to 28) 74.3 8 2.0(0.9t03.9) 5.0

* O = observed number of deaths; SMR = standardized mortality ratio; Cl = confidence interval; AER = absolute excess risk per 10000 person-years.
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Table 4. Mortality from subsequent malignant neoplasms in 1-year survivors of hereditary retinoblastoma, by radiotherapy status*

Radiotherapy No or uncertain radiotherapy

Cancer site (ICD-8 code) by radiation dose category o SMR (95% Cl) o SMR (95% Cl)
Heavily irradiated sites (>1 Gy)

Bone (170)1 54 673 (506 to 879) 2 143 (16 to 519)

Connective tissue (171)F 31 395 (268 to 560) 0 0 (0 to 234)

Brain and other parts of nervous system (191-192) 10 30 (14 to 55) 0 0 (0 to 55)

Nasal cavities (160) 5 981 (316 to 2290) 0 0 (0 to 2963)

Buccal cavity and pharynx (140-149) 2 44 (4.9 to 158) 0 0 (0 to 282)
Moderately irradiated sites (0.4-1.0 Gy)

Cutaneous melanoma (172) 1 94 (47 to 168) 2 68 (7.6 to 245)

Lung and trachea (162) 4 8.2 (2.2 to 21) 4 24 (6.4 to 61)

Breast (174) 2 5.8 (0.7 to 21) 0 0 (0to 32)

Leukemia (204-207) 1 2.0(0.03to 11) 0 0 (0 to 42)
Lightly irradiated sites (<0.4 Gy)

Corpus uteri (182)8 4 164 (44 to 421) 1 122 (1.6 to 676)

Large intestine (153) 1 6.2 (0.08 to 35) 0 0 (0 to 75)

Bladder (188) 1 53 (0.7 to 297) 0 0 (0 to 602)
All malignant neoplasms other than retinoblastomal| 140 41 (35 to 49) 11 12 (6.1 to 22)
Absolute excess risk per 10000 person-years 56.6 24.6

* Number of persons followed up = 956 for radiotherapy and 136 for no or uncertain radiotherapy; person-years of follow-up = 24146 for radiotherapy and 4104 for no or
uncertain radiotherapy. List of malignant neoplasms under each radiation dose category is based on observed numbers of deaths in the combined cohort (in descend-
ing order). ICD-8 = International Classification of Diseases, 8th revision; O = observed number of deaths; SMR = standardized mortality ratio; Cl = confidence interval.

1 Locations of bone cancers in irradiated survivors include 17 of the skull and face (ICD-8 170.0), four of the long bones of lower limb (ICD-8 170.7), and 33 of
unspecified site (ICD-8 170.9). Locations of bone cancers in nonirradiated survivors include one of the ribs (ICD-8 170.3) and one of unspecified site (ICD-8 170.9).

F Locations of connective tissue cancers in irradiated survivors include five of the head, face, and neck (ICD-8 171.0), and 26 of unspecified site (ICD-8 171.9).
8 Includes three leiomyosarcomas, one carcinoma, and one Millerian mixed tumor.

|| Cancer sites not listed for irradiated survivors include two each of retroperitoneal tissue (ICD-8 158.0), and nonmelanoma skin cancer (ICD-8 173.4, 173.9); one
each of ovary (ICD-8 183.0), kidney (ICD-8 189.0), pineal gland (ICD-8 194.4), and abdomen, ill-defined (ICD-8 195.0), and six of cancer, not otherwise specified
(ICD-8 199). Cancer sites not listed for nonirradiated survivors include one each of lymphoid tissue (ICD-8 202.2), and cancer, not otherwise specified (ICD-8 199).

the SMRs for all subsequent malignant neoplasms combined absolute excess risks from all subsequent malignant neoplasms
(Table 5). An analysis of mortality by years since retinoblastoma  combined than males up to 39 years after retinoblastoma diagnosis.
diagnosis revealed that females generally had higher SMRs and At 40 years or more of follow-up, both the SMR and the absolute

Table 5. Mortality from subsequent malignant neoplasms following radiotherapy for hereditary retinoblastoma, by sex*

Males Females
Cancer site (o] SMR (95% ClI) AER (0] SMR (95% ClI) AER Pt
All subsequent malignant neoplasms combined by time since retinoblastoma diagnosis
19y 7 27 (11 to 55) 16.9 12 67 (34 to 117) 32.7 .048
10-19y 26 124 (81 to 181) 68.7 25 197 (127 to 291) 78.6 .095
20-29y 10 40 (19 to 74) 34.5 12 67 (3510 117) 50.1 226
30-39y 9 27 (12 to 51) 51.0 20 56 (34 to 86) 138.5 .060
>40y 12 19 (9.6 to 32) 173.0 7 8.5(3.4t017) 94.9 .092
All intervals 64 38 (29 to 48) 48.2 76 46 (36 to 57) 66.3 254
Subsequent malignant neoplasms at heavily irradiated sites for all latency intervals combined+
Bone (170)8 34 684 (473 to 956) 26.2 20 656 (400 to 1013) 17.8 .852
Connective tissue (171)|| 15 333 (186 to 549) 11.6 16 478 (273 to 777) 14.2 294
Brain and other parts of nervous 1 5.1 (0.07 to 28) 0.6 9 67 (30 to 127) 7.9 .001
system (191-192)
Nasal cavities (160) 1 322 (4.2 to 1790) 0.8 4 2012 (542 to 5153) 3.6 .068
Buccal cavity and pharynx 0 0(0to 115) -0.02 2 146 (16 to 526) 1.8 .033
(140-149)

* O = observed number of deaths; SMR = standardized mortality ratio; Cl = confidence interval; AER = absolute excess risk per 10000 person-years;
ICD-8 = International Classification of Diseases, 8th revision.

—+

P value from chi-square test of homogeneity comparing two SMRs (two-sided).

+

Values in parentheses indicate cause of death according to International Classification of Diseases, 8th revision.

w

Locations of bone cancers in male irradiated hereditary survivors include nine of the skull and face (ICD-8 170.0), one of the long bones of lower limb (ICD-8 170.7),
and 24 of unspecified site (ICD-8 170.9). Locations of bone cancers in female irradiated hereditary patients include eight of the skull and face (ICD-8 170.0), three of
the long bones of lower limb (ICD-8 170.7), and nine of unspecified site (ICD-8 170.9).

Locations of connective tissue cancers in male irradiated hereditary survivors include five of the head, face, and neck (ICD-8 171.0) and 10 of unspecified site
(ICD-8 171.9). Locations of connective tissue cancers in female irradiated hereditary survivors include 16 of unspecified site (ICD-8 171.9).
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excess risk for subsequent malignant neoplasms were higher in
males than in females, but the differences were not statistically
significant. For all latency intervals combined, females had statisti-
cally significantly higher SMRs compared with males for cancers
of certain heavily irradiated sites such as the brain and other parts
of the nervous system and the buccal cavity and pharynx (Table 5).
In addition, females had higher SMRs than males for melanoma
(n=7,SMR =158 [95% CI =63 to 325] vsn =4, SMR = 55 [95%
CI = 15 to 140]; P = .07) and for cancer of the nasal cavities (n = 4,
SMR = 2012 [95% CI = 542 to 5153] vs n = 1, SMR =322 [95%
CI =4.2 to 1790]; P = .07), but those differences were not statisti-
cally significant.

Radiotherapy for retinoblastoma was associated with increased
subsequent malignant neoplasm mortality for both hereditary and
nonhereditary retinoblastoma survivors (Table 6). The lower relative
rate of death associated with radiation among hereditary survivors
(RR =2.46, 95% CI = 1.39 to 4.84) than among nonhereditary
survivors (RR = 7.19, 95% CI = 2.21 to 23.37) may reflect a higher
background rate for subsequent malignant neoplasms among
hereditary survivors due to their genetic susceptibility to subse-
quent malignant neoplasms (5-7,9,10). Among hereditary retino-
blastoma survivors, other statistically significant risk factors for
subsequent malignant neoplasm mortality included female sex,
retinoblastoma diagnosis before 1960, and longer latency since
retinoblastoma diagnosis (Table 6). A retinoblastoma diagnosis
at age 12 months or younger marginally increased the risk of
subsequent malignant neoplasm mortality but not statistically
significantly (Table 6).

To evaluate the interaction between hereditary status and treat-
ment with radiotherapy, a multivariable Poisson regression model
was fitted for hereditary and nonhereditary survivors combined.

With nonirradiated nonhereditary retinoblastoma survivors as the
referent group, the relative rates of mortality from subsequent
malignant neoplasms were 7.12 (95% CI = 2.70 to 20.7), 7.20 (95%
CI =2.25 t0 23.0), and 17.9 (95% CI = 8.55 to 45.8) for nonirradi-
ated hereditary retinoblastoma survivors, irradiated nonhereditary
retinoblastoma survivors, and irradiated hereditary retinoblastoma
survivors, respectively. However, the interaction term did not reach
statistical significance (P = .12, likelihood ratio test).

The cumulative mortality from subsequent malignant neo-
plasms at 50 years after retinoblastoma diagnosis after adjusting for
competing risks of death from other causes was 25.5% (95% CI =
20.8% to 30.2%) for hereditary retinoblastoma survivors and 1.0%
(95% CI =0.2% to 1.8%) for nonhereditary retinoblastoma survi-
vors (Figure 1, A). Among hereditary retinoblastoma survivors, the
cumulative mortality from subsequent malignant neoplasms at 50
years after retinoblastoma diagnosis was 26.8% (95% CI = 21.6%
to 32.0%) for those who received radiotherapy and 17.2% (95%
CI = 5.4% to 28.9%) for those who did not (Figure 1, B).

Discussion

To our knowledge, this is the largest mortality study to date among
survivors of retinoblastoma (1092 hereditary retinoblastoma survi-
vors and 762 nonhereditary retinoblastoma survivors), with the
longest follow-up for irradiated retinoblastoma survivors. Among
hereditary retinoblastoma survivors, the high mortality risks persisted
for cancers of the bone, connective tissue, and brain and other parts
of the nervous system, and for melanoma (Table 2). The additional
13 years of follow-up since our last mortality study revealed a previ-
ously unreported increased risk of death due to cancer of the corpus
uteri (primarily sarcomas), and confirmed the elevated lung cancer

Table 6. Multivariable Poisson regression model of relative rate of mortality from subsequent malignant neoplasms in 1-year survivors

of retinoblastoma, by hereditary status*

Hereditary Nonhereditary
Characteristic (0] RR (95% ClI) Pt (0] RR (95% Cl) Pt
Radiation .001 .002
No or uncertain 11 1.0 (referent) 6 1.0 (referent)
Yes 140 2.46 (1.39 to 4.84) 6 7.19 (2.21 to 23.37)
Sex .03 42
Male 67 1.0 (referent) 4 1.0 (referent)
Female 84 1.41 (1.03 to 1.95) 8 1.63 (0.51 to 6.21)
Age at retinoblastoma diagnosis, mo .06 .63
0-12 95 1.37 (0.99 to 1.93) 3 1.40 (0.31 t0 4.79)
>12 56 1.0 (referent) 9 1.0 (referent)
Calendar year of retinoblastoma diagnosis .05 .10
1914-1959 78 1.44 (1.00 to 2.05) 9 3.85 (0.77 to 21.02)
1960 or later 73 1.0 (referent) 3 1.0 (referent)
Latency, y <.001 .05
1-9 19 1.0 (referent) 1 1.0 (referent)
10-19 52 3.40 (2.05 to 5.90) 3 3.28 (0.41 t0 66.62)
20-29 25 2.01 (0.91 to 4.22) 2 0.94 (0.02 to 40.50)
30-39 30 3.59 (1.33 to 9.56) 0 NA
>40 25 5.82 (2.09 to 15.95) 6 2.79 (0.07 to 170.38)
Attained age, y .76 .37
1-24 81 1.0 (referent) 4 1.0 (referent)
>25 70 1.13 (0.52 to 2.56) 8 4.16 (0.22 to 74.39)

* O = observed number of deaths; RR = relative rate; Cl = confidence interval; NA = not applicable.

1t Pvalue from likelihood ratio test (two-sided).
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risk that we previously reported (8). This study also revealed that
after 50 years of follow-up, hereditary retinoblastoma survivors,
most of whom were treated with radiotherapy, had a 25.5% cumula-
tive risk of dying from a subsequent malignant neoplasm compared
with a 1.0% cumulative risk for nonhereditary retinoblastoma survi-
vors, most of whom were treated surgically.

We have previously demonstrated a radiation dose-response
effect for soft tissue and bone sarcomas among hereditary retino-
blastoma survivors (11). In this analysis, many of the bone and
some of the connective tissue sarcomas developed in irradiated
sites in a manner that suggested an interactive effect between
genetic susceptibility and radiation exposure. However, we did not
detect a statistically significant interaction between hereditary sta-
tus and treatment with radiotherapy. Such an interaction is diffi-
cult to detect when the proportions of survivors treated with
radiotherapy differ so greatly by hereditary status, as was the case
in our cohort (Table 1). The other difficulty in detecting such an
interaction is because of the very small numbers of cancers that
resulted in death among the nonhereditary survivors, only 12 over-
all and only six among those treated with radiotherapy.

The proportion of deaths due to epithelial cancers in this
retinoblastoma cohort differed from that in a British cohort that
consisted largely of nonirradiated survivors aged 25-84 years (144
hereditary and 307 nonhereditary) (7). The British study reported
excess mortality from cancers of the lung, bladder, and other epi-
thelial sites among the hereditary retinoblastoma survivors. We
also noted an excess of lung cancer deaths, which was unrelated to
radiotherapy and possibly due to increased susceptibility to ciga-
rette smoking (8), but no excess of bladder cancer was seen. The
difference in the findings related to bladder cancer in the two
cohorts may be related to the older age distribution in the British
cohort (median ages of hereditary and nonhereditary retinoblas-
toma survivors: 61 and 60 years, respectively) compared with that
in our cohort (median ages of hereditary and nonhereditary retino-
blastoma survivors: 29 and 32 years, respectively). However, the
SMR for all subsequent malignant neoplasms for hereditary
retinoblastoma survivors older than 25 years in our cohort (SMR =
22,95% CI = 17 to 28) (Table 3) greatly exceeded that for heredi-
tary retinoblastoma survivors older than 25 years in the British
cohort (SMR =5.4,95% CI = 3.9 to 7.3). An updated analysis on
incidence of subsequent malignant neoplasms from the Dutch
retinoblastoma registry of 668 retinoblastoma survivors was pub-
lished (10) after we completed our analysis. In that study, Marees
et al. (10) reported statistically significantly elevated incidence
from both cancers of the lung and bladder among their 298 heredi-
tary retinoblastoma survivors compared with the general popula-
tion (standardized incidence ratio [SIR] = 16.8, 95% CI = 3.47 to
49.2, and SIR = 124, 95% CI = 34.0 to 319, respectively) but not
in the 370 nonhereditary retinoblastoma survivors.

Among irradiated hereditary retinoblastoma survivors, the
SMR for subsequent malignant neoplasms was 2.2 times higher for
those who were irradiated at 12 months of age or younger than for
those irradiated at older ages. The reason for the increased suscep-
tibility to subsequent malignant neoplasms among survivors diag-
nosed at very young ages is unclear but may be due to age-related
sensitivity to radiation (14), particularly because dosimetry data
from cohort 1 suggest that the average organ doses were compa-
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Figure 1. Cumulative mortality due to SMNs following diagnosis of
retinoblastoma. A) Cumulative mortality by hereditary status. B)
Cumulative mortality among hereditary retinoblastoma survivors by
radiotherapy status. SMN = subsequent malignant neoplasm; Cl =
confidence interval.

rable in the two age groups (M. Stovall, PhD, unpublished observa-
tions). By contrast, some investigators suggest that the reason for
the increased risk for subsequent malignant neoplasms among
those irradiated before 12 months compared with those irradiated
at older ages is not due to age-related sensitivity; rather, irradiation
before 12 months may be a marker of other risk factors for subse-
quent malignant neoplasms (15).

In our previous mortality analysis of cohort 1, we reported a
statistically significantly higher SMR for subsequent malignant
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neoplasms among female survivors than among male survivors (6),
although a subsequent analysis of cancer incidence did not observe
such a difference in SIRs by sex (11). In this study, we found that
among hereditary retinoblastoma survivors who were treated with
radiotherapy, females had a strikingly elevated SMR compared
with males for cancers of the brain and other parts of the nervous
system. High-dose radiotherapy in childhood is an established risk
factor for brain tumors (22); however, the reason for this statisti-
cally significant difference in SMRs by sex in our cohort is unclear.
In a cohort of 20483 5-year survivors of common childhood can-
cers, Mertens et al. (23) reported that females had a nonstatistically
significantly higher SMR for subsequent malignant neoplasms
than males.

Among the nonhereditary retinoblastoma survivors, we observed
a statistically significant increase in overall subsequent malignant
neoplasm mortality compared with the general population. Excess
mortality from subsequent malignant neoplasms among nonhe-
reditary retinoblastoma survivors was also reported by Acquaviva
et al. (5) (four observed deaths compared with 0.97 expected).
Fletcher et al. (7) did not find excess mortality for subsequent
malignant neoplasms among all nonhereditary retinoblastoma
survivors (29 observed death compared with 23.59 expected),
although the authors did report a small excess mortality among
nonhereditary retinoblastoma survivors younger than 45 years (six
observed deaths compared with 1.90 expected). Radiotherapy may
explain part of the elevated SMR for subsequent malignant neo-
plasms among nonhereditary retinoblastoma survivors in our
cohort in cancers sites that are sensitive to radiation, such as thy-
roid and breast. Alternatively, the excess mortality may also reflect
some potential misclassification in hereditary status resulting from
our study definition, which classified all unilateral retinoblastoma
patients without a family history as nonhereditary retinoblastoma
patients. A small percentage of unilateral retinoblastoma survivors
without a family history of retinoblastoma may have had a ger-
mline mutation in RBI (24). Therefore, there could be some mis-
classification using our definition of nonhereditary retinoblastoma,
although the extent of misclassification is not likely to be large.

It should be noted that deaths from non-neoplastic causes were
generally not increased compared with the general population. For
example, there was no increase in mortality from circulatory
diseases among retinoblastoma survivors, which is in contrast to
the mortality increases observed for atomic bomb survivors (25)
and survivors who were irradiated for other childhood cancers
(26-30). However, at the end of follow-up, only 179 (9.4%) of the
survivors in the combined cohort were older than 50 years, the age
at which mortality from circulatory diseases rises sharply in the
general population (31). In addition, the radiation dose to the heart
in this cohort was estimated to be about 0.4 Gy (9), which is much
lower than the organ doses reported in other childhood cancer
survivor studies (26-30). A longer follow-up of our study popula-
tion will clarify the risks of death from circulatory diseases among
retinoblastoma survivors who received low-scatter radiation doses
to the heart at very young ages.

Our study has some limitations. First, information on cause of
death listed on death certificates may have been inaccurate in some
cases. In particular, a search of hospital and/or pathology records
that were available for seven of the nine hereditary retinoblastoma
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survivors whose cause of death was coded to benign tumors
revealed that four actually had soft tissue sarcomas of the cranial
or facial area, one had malignant glioma, and another had seba-
ceous carcinoma of the eyelid; the remaining patient had menin-
gioma of the cervical spine. Second, although to our knowledge
this is the largest retinoblastoma cohort with long-term follow-up,
a sizable proportion of the survivors are still younger than 50
years, when the incidence of epithelial cancers and circulatory
diseases starts to rise sharply in the general population. Therefore,
the numbers of these outcomes may not be large enough to be
evaluated reliably.

In conclusion, our extended follow-up of retinoblastoma survi-
vors found no evidence that retinoblastoma survivors are at greater
risk of death from non-neoplastic causes compared with the gen-
eral population. However, excess mortality from subsequent
malignant neoplasms among hereditary retinoblastoma survivors
extends beyond 40 years after retinoblastoma diagnosis, especially
among irradiated survivors. This study revealed a previously unre-
ported increased risk of death from cancer of the corpus uteri
(mainly sarcomas) in survivors older than 25 years and confirmed
the increased risk of lung cancer among hereditary retinoblastoma
survivors. The temporal patterns of site-specific excess risks of
subsequent malignant neoplasms in retinoblastoma survivors
should inform screening programs designed for the early detection
and treatment of subsequent malignant neoplasms.
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