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Abstract

Purpose To better understand the relevance of environ-
mental factors to the changing patterns of bone cancer
subtypes, we examine the incidence of osteosarcoma (OS),
Ewing sarcoma (ES), and chondrosarcoma (CS) using data
from cancer incidence in five continents.

Methods Age-specific and age-standardized incidence
rates (ASRs) per 100,000 person-years were computed and
stratified by country (n = 43), subtype, and sex during
2003-2007. Temporal patterns of ASRs were examined
during 1988-2007 (12 countries). Age—period—cohort
models were fitted for the USA and UK by subtype.
Results  For most countries, OS represented 20-40 % of
all bone cancers, ES < 20 %, while CS proportions varied
more considerably. Overall ASRs of bone cancers were
0.8-1.2/100,000 in men and 0.5-1.0 in women (0.20-0.35/
100,000 for OS and 0.10-0.30/100,000 for CS in both men
and women, and <0.10-0.25/100,000 in men and
0.05-0.25/100,000 in women for ES). The age-specific
incidence rates revealed a bimodal peak of OS, one peak of
ES in childhood, and a more heterogeneous pattern for CS.
The overall bone cancer incidence trends are generally flat,
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but more heterogeneous for ES and CS. A declining OS
incidence was observed in the UK and USA (men), an
increase in CS in the UK and USA (female), and an
apparent increase in ES, followed by a leveling off in
successive US and UK cohorts.

Conclusion Monitoring bone cancer incidence trends
with data assembled from a geographically broader range
of registries may generate hypotheses about additional risk
factors and ensure that high-risk populations are not
overlooked in cancer control efforts.

Keywords Bone - Cancer - Incidence - Worldwide

Background

Compared to many other types of cancer, primary bone
cancers are rare tumors worldwide [1]. They encompass
many different subtypes, the most common of which are
osteosarcoma (OS), Ewing sarcoma (ES), and chon-
drosarcoma (CS). Apart from a few established risk factors
for OS and ES, and a male predominance for each of the
three subtypes, relatively little is known about their etio-
logical pathways for bone cancer and its subtypes [2].

OS occurs both in adolescence and at older ages [2], and
numerous putative factors have been implicated in its eti-
ology: exposure to radiation [3-5] and chemotherapy [3,
4], parental employment in farming, horticulture, and ani-
mal husbandry [6], and a person’s birth weight and height
[7, 8]. While earlier studies have shown an association
between higher fluoride exposure and OS risk [9], more
recent findings are contradictory but somewhat inconclu-
sive given they were based on aggregate statistics (fluoride
level) for individual’s residence area rather than individual
exposure measurements [10]. ES occurs mostly in children
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and young adults (<35 years) and is particularly rare
among Asian and black populations [2] with risk factors
including parental exposure to farm [6, 11-13], farm
chemicals [12, 13], farm animals [11], organic and wood
dust [11], glues, and solvents [12]. High incidence of
hernias [12—-14] among ES cases has been widely reported,
with common embryological pathway (neuroectodermal
origin) and environmental factors (farming) the possible
link between these two entities [15]. CS usually afflicts
people over 40 years, and incidence rates rise with age.
Although there is some evidence that ionizing radiation
may play a role [2, 16], risk factors for CS are largely
unknown. Genetic abnormalities have been the subject of
intense scrutiny as possible causes for bone cancers, and
single nucleotide polymorphisms have been identified as a
possible risk factors for OS [17-21] and a few for ES [22,
23]. However, no studies have yet found definitive path-
ways for either OS or ES development.

With a view to searching for novel environmental fac-
tors that may be associated with the changing patterns of
bone cancer subtypes worldwide, we examine the
descriptive epidemiology of the incidence of OS, ES, and
CS, using data from the latest volume (X) of cancer inci-
dence in five continents (CI5) [1]. We report the incidence
patterns of primary bone cancer in 43 countries across four
continents, comparing age-specific and age-adjusted inci-
dence rates for the period 2003-2007. We also assess
trends in incidence by 5-year calendar period 1988-2007
and for selected populations by birth cohort using age—
period—cohort (APC) analyses and data from successive
CI5 volumes (http://ci5.iarc.fr/CISI-X/Default.aspx).

Methods

New cases of bone cancer diagnosed in 68 countries (312
registry populations including separate data for US whites
and blacks) were available from CI5 [1] volume X for the
period 2003-2007. Cases were categorized by sex, age
(04, 59, ... >85 years), and morphology. Corresponding
population data were available from the same source.
Incidence rates were grouped for OS (ICD-O-3
9180-9200), ES (ICD-O-3 9260), and CS (ICD-O-3
9210-9243) [24]; all other morphologies were categorized
as “other,” and those with unspecified morphologies as
“unspecified bone tumors” [1].

Age-specific incidence rates per 100,000 person-years
were computed and stratified by country, morphologic
type, and sex. Age-standardized incidence rates (ASRs) per
100,000 person-years were similarly estimated using the
Segi world standard population [25]. Rates based on less
than ten cases may be particularly unstable and should be
interpreted with caution (see Supplementary Table 1 for
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detailed information regarding number of cases per 5 years
by country, sex, and morphologic type). To examine tem-
poral patterns, ASRs were also computed by morphologic
type, sex, for the periods 1988-1992 [26], 1993-1997 [27],
1998-2002 [28], and 2003-2007 [1] for countries (n = 12)
with <25 % unspecified bone cancers and total number of
bone cancer cases (men and women) >120 (or 30 per
5-year period) across the four time-periods. Cases of bone
cancer were available from CI5 volumes VII [26], VIII
[27], IX [28], and X [1]. Comparisons of ASRs by calendar
time were restricted to cancer registries that contributed
data to each of these periods. Three groups were defined on
the basis of their level of incidence, namely “low risk”
(<0.25/100,000 for OS, <0.15/100,000 for ES, and <0.2/
100,000 for CS), “high risk” (>0.35/100,000 for OS,
>0.25/100,000 for ES, and >0.30/100,000 for CS),
alongside an intermediate range. Tertiles were used to
define the cutoff points as whole numbers.

We analyzed and compared incidence trends in men and
women according to calendar period and birth cohort for
each subtype in two countries (USA, UK), for which reg-
istry data were available in the three most recent consec-
utive CI5 volumes and with the largest number of
respective bone cancer cases [1, 26-28]. Birth cohorts were
obtained on subtracting the midpoints of 5-year age groups
from the corresponding 5-year periods, and trends in inci-
dence rates versus birth cohort by age were plotted using a
semilog scale. Assuming that incidence rates were constant
within the 5-year age classes and 5-year periods of diag-
nosis, an APC model was fitted [29, 30]. We assumed the
number of new cases followed a Poisson random variable
with the logarithm of the person-years at risk specified as
an offset:

log(A(a,p)) = ot + B, + 7,

where A refers to the rate, o,, f8,, and y. are functions of the

age variable a, the period p, and the birth cohort c,
respectively. The age, period, and cohort effects were
estimated using the full APC model. The non-identifiability
inherent in APC analyses—knowledge of the values of any
two of age, period, and cohort implies knowledge of the
third, making one of the factors redundant—was managed
by constraining the linear component of the cohort effect to
have zero slope in presenting the period effects. We present
the estimates, assuming that the changes in rates (and
specifically the underlying linear trends) may be attributed
to birth cohort influences. Other interpretations and solu-
tions are possible, and the model-based results should be
interpreted with caution.

Synthetic birth cohorts were derived from 1-year period
to 5-year age groups and the necessary smoothing was
obtained using a natural splines function, with the number
of parameters set to five for the age, period, and cohort
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effects, and hence, the number of events was the same
between them. The longitudinal age-specific incidence
rates and cohort rate ratios are presented using the refer-
ence cohort 1945 using the apcfit command (http://www.
stata-journal.com/sjpdf.html?articlenum=st0211) in Stata
[31]. As in a previous analysis, concerns regarding the data
quality in the elderly for ES and the relatively sparse
numbers of cases meant that modeling analyses were
restricted to ages 0-64 years for ES; for the other histo-
logic types, the age range was 0-84 years [32].

Results
Proportions of major subtypes 2003-2007

In the majority of the 68 countries included, OS repre-
sented 20—40 % of all bone cancers, ES represented less
than 20 %, and for CS a larger variability was observed,
with proportions ranging from <10 % in India and Saudi
Arabia to over 45 % in Finland, Slovenia, and the
Netherlands (Fig. 1). In general, in high-resource settings
(e.g., Australia, Finland, France), there was a relatively
small proportion (<20 %) of unspecified bone cancers. In
low- to medium-resource areas (e.g., Algeria, Uganda,
China, and Chile), the proportion of unspecified bone
cancers tended to be higher, reaching 63 % in Uganda. For
25 countries, the unspecified proportion was >25 %; these
datasets were considered to be of insufficient quality to
report incidence by subtype and were thus excluded from
further analysis. The total number of bone cancer cases
from the 43 countries included in this report was 32,985
(28.5 % were OS, 15.0 % Ewing sarcoma, and 26.7 %
CS). Detailed information regarding the number of cases
per 5 years by bone cancer subtype, sex, and country is
available in Supplementary Table 1.

Age-standardized incidence rates 2003-2007

There is little variability observed in the rates of bone
cancers (all subtypes) across countries in men (Fig. 2) and
women (data not shown). For most countries, ASRs are in
the range of 0.8-1.2/100,000 in men and 0.5-1.0 in
women. For the specific bone cancer subtypes (Fig. 3),
ASRs of OS across countries are quite similar in men and
women (data not shown), with rates ranging from 0.20 to
0.35/100,000. For ES, differences are greater and more
striking in men. ASRs of ES for men in the USA (blacks),
Japan, Singapore, Ecuador, and Jamaica are low (<0.1/
100,000), while elsewhere, ASRs are in the region of 0.15/
100,000 to about 0.25/100,000 range in men and 0.05/

100,000 to about 0.25/100,000 in women. For CS, the
magnitude of rates between the sexes is not dissimilar, with
rates in the 0.10-0.30/100,000 range.

Age-specific incidence rates 2003-2007

The age-specific incidence rates of bone cancer by subtype
are shown in Fig. 4, with countries grouped according to
the magnitude of their ASR by subtype. The bimodal peak
of OS incidence can be seen in the age—incidence curves in
most countries in both sexes, with incidence increasing
steadily to a speculative second peak at elderly ages
(>75 years). Both the early-age peak and the apparent peak
in the elderly appear to be less pronounced in low-inci-
dence countries compared to high-incidence countries. A
similar peak in childhood is evident in the rates of ES, and
as with OS, a peak is observed slightly earlier among
women than in men. No second peak at older ages is
apparent for ES, however, with rates declining to close to
zero by middle age (>50 years). In contrast to childhood
ages, rates in men were higher than in women at ages
15-24 irrespective at each of the three risk levels.

The age-specific incidence rates of CS convey more
heterogeneity between populations, with incidence
increasing steadily to elderly ages at low risk, but a peak is
seen earlier and more pronounced in countries at higher
risk.

Time trends 1988-2007

Time trends of ASRs of bone cancers (overall and by
subtype) are shown for selected countries in Figs. 5 and 6.
The overall trends are generally flat in both sexes, with
minor changes in incidence in a few countries, including
increases in both sexes in the Netherlands, US black, and
Norwegian women, but decreases among men in Sweden.
The trends for OS are also rather stable for both men and
women, with notable exceptions to increase in incidence
rates among US black men and among Ireland women and
decrease in incidence rates among Swedish men. The
trends for OS were also examined separately for cases
<40 years at diagnosis and 40 years and over. Heteroge-
neous patterns are observed for both men and women
<40 years and > 40 years (Supplementary Figures 1 and
2), with increases noted in men >40 years in US blacks,
France, and Ireland and <40 years in Israel and in women
>4(0 years in Norway and <40 years in the UK and Ireland.
Decreases were noted in men >40 years in Australia and
Norway and <40 years in Sweden and Finland.
Heterogeneous patterns are observed for ES incidence,
with increases noted in men in Japan, Finland, and the
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Netherlands and in women in Israel, Canada, France, and Ireland, Norway, and Japan) or very little change. There
the Netherlands. The trends in CS reveal only small are few changes in the incidence of unspecified bone
changes in incidence over time, with rises in the Nether-  cancers over time.

lands and France among men and in the Netherlands and

US whites among women, with equivalent decreases in CS ~ Incidence rates by calendar period and birth cohorts
rates among men in Sweden and women in Ireland and

Japan. With respect to other bone tumors, most countries ~ Assuming a period slope of zero and hence drift
exhibit either an increase in both sexes (e.g., Australia,  attributed entirely to birth cohort, Fig. 7 presents for the
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<«Fig. 3 Osteosarcoma, ES, and CS, ASR per 100,000 men at risk by
registry population™. *populations where the total number of bone
cancer cases <150; *populations with proportions of >25 % unspec-
ified bone cancers were excluded

USA and UK by sex the fitted longitudinal age-specific
incidence rates (based on the reference cohort 1945)
and relative changes (rate ratios) in incidence of OS,
ES, and CS among cohorts born before and after the
cohort reference. The sex-specific cohort effects con-
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veyed some similarities in the UK and USA: A
decrease in OS is evident in both sexes in the UK and
among US men in cohorts born from 1890 to 1925,
with minor increases thereafter. The CS incidence rate
ratio increased in successive cohorts born during
1925-1955 in US females as well as in both sexes in
the UK. For ES, an increase followed by a leveling off
or decrease (in US women) in the rate ratios was
observed in successive generations in both US and UK
men and women, though caution is needed given the
relatively few cases involved.
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Fig. 4 Bone cancer age-specific incidence rates by morphological subtype and level of incidence (see Sect. 2) in selected populations™; 26
populations where total number of bone cancer cases 20032007 were >150 and for which <25 % were unspecified bone cancers
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Discussion

This is the first comprehensive summary of bone cancer
incidence by subtype worldwide. While there was less
variation in the geographic and temporal patterns of inci-
dence of bone cancers overall and for OS and CS, the pat-
terns of incidence of ES showed greater variation,
particularly among men. OS incidence has a bimodal age
distribution across all populations globally. The first peak in
adolescence coincides with the pubertal growth spurt [2],
and several studies have reported a positive association
between height [7, 8] and risk of OS. However, the patterns
of incidence of OS across countries do not reveal a simple
ecological association as incidence rates of OS are rather
homogenous across populations and age groups despite, for
example, a higher average adult height in Finland and
Sweden compared with France, Italy, and Spain [33].

The peak in OS incidence late in life has been attributed
to Paget’s disease [34, 35] of the bone (osteitis deformans),
an established risk factor for OS. The incidence and
prevalence of Paget’s disease vary between countries, but
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bone cancer cases 2003-2007 was >150 and for which <25 % were
unspecified bone cancers

both burden measures have decreased in most global
regions in recent years [36] with the disease becoming rare
in certain Asian countries (e.g., China, Japan) [37, 38]
where incidence of OS is relatively low. In particular,
Mirabello et al. [35] have described the trends of OS in
USA by subtype in the older age groups (age 60 years and
over); incidence of OS with Paget’s disease decreased
between 1973 and 2004. Although Paget disease has been
linked with genetic predisposition [39], epidemiological
evidence from migrant studies indicates that environmental
influences are also present [40]. The mostly flat pattern of
OS observed for both men and women >40 years in Japan,
despite the decrease in prevalence of Paget’s disease,
suggests that other risk factors, perhaps environmental
factors, may play a role in the unchanged incidence of OS.

Development of second malignancies is a recognized late
effect of chemotherapy and radiation exposure due to the
treatment of childhood (e.g., 5.4 % of 3-year childhood
cancer survivors developed Ewing sarcoma within 20 years
[4]) [41] and adult cancers [42, 43]. Improvements in risk
stratification have led to the use of lower doses of
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Fig. 6 Age-standardized incidence rates (per 100,000 women at risk)
versus 5-year calendar period (1988-2007) for selected populations
by morphologic subtype*; *13 populations where total number of

chemotherapy or radiation therapy with the aim of decreas-
ing side effects without compromising survival outcome [41,
44]. For example, a linear relationship between risk of
developing breast cancers and radiation dose among child-
hood cancer survivors has been reported [45]. In addition,
Chung et al. [46] showed lower rates of second cancers in
cancer patients treated with proton radiotherapy compared to
conventional photon techniques. The rationale for proton
radiotherapy is that it yields a superior dose distribution in
target tissues with lower dose to normal tissues compared
with other techniques and therefore likely to decrease the risk
of second cancers [47, 48].

In countries as diverse as Sweden, Finland, Japan, Czech
Republic, Poland, Russian Federation, and Costa Rica, the
lower incidence rates appear to be mostly due to the lack of a
peak in OS incidence at elderly ages. It may thus be postu-
lated that a low incidence of Paget disease (e.g., in Japan)
[36] combined with better cancer treatment over the past
decades (thereby reducing late effects due to chemotherapy
and radiotherapy) may have been important factors in lower
incidence of OS later in life [4]. Anfinsen et al. [32] have

T T T T
1990 1995 2000 2005

bone cancer cases 2003—-2007 was >150 and for which <25 % were
unspecified bone cancers

reported age—period—cohort analysis of US data for bone
cancers where a decline in incidence rates of OS in the USA
during 1976-2005 among those over 60 years (cohorts born
during 1905-1934) was seen. This observation, representing
the second peak of the bimodal age—incidence curve of OS
and a peak incidence around 70 years of age, can be extended
to the UK in both sexes, but in this analysis, such a trend was
not evident among US women. Mirabello et al. [49] reported
that the patterns of incidence of OS in the young (<24 years)
did not vary much between countries, while there was geo-
graphic variation among the elderly. Our study does not
support their findings as geographic variation of both early-
onset and old-age peaks in OS incidence was noted, as well as
a heterogeneous pattern of trend for both age groups.

The patterns of incidence of ES across countries concur
with the published literature [2] with rates somewhat
higher among males than females up to the early peak in
female incidence (at ages 10-14) which occurs 5 years
earlier on average than in men; women have higher rates at
ages 15-24. Although the cause of ES remains unknown,
some clues regarding its etiology have emerged from the

@ Springer



1136

Cancer Causes Control (2015) 26:1127-1139

0.01

USA

Osteosarcoma

~0.1

0.05

0.01

United Kingdom
Osteosarcoma

0.1

0.005 - 0.05
I e B o L R i L e
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
Chondrosarcoma
14 E 10
o
S 05 s o
[=] =
e g
T 02 T -2 9
& o Z T L ®
L - SRR ;
€ 005 Fos 2
¥ 7}
S kel
3 g
2 o014 0.1
0.005 - 0.05
s e e N B B o B T B Eman o e
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
Ewing's sarcoma
14 E10
05 Fs5
02 -2
0.1 1
0.05 Eos
0.01 0.1
0.005 | - 0.05
I A S e S S S
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
Men

0.005 005
R s B S B R e B e e e
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
Chondrosarcoma
14 10
8
054 Ls
o
g 2
- «©
- 0.2+ = ~ L2 -
g i N e
S0ty o F1 ©
B 005 Fos §
3 3
S °
Q
o
. c
g 001 o1 =
0.005 | 1005
I e B i
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
Ewing's sarcoma
15 £ 10
05 Fs
02 F2
0.1+ H1
0,05 Los
001 -0.1
0.005 +0.05
T T T I I o S
0 10 20 30 40 50 60 70 80 1890 1905 1920 1935 1950 1965 1980 1995 2010
Age at diagnosis Birth cohort
— — — — -Women

Fig. 7 Age and cohort effects of OS, ES, and CS by sex among the US and UK populations

few case—control studies reported. Parental exposure to
environmental factors [6, 11-13] leading to the disruption
of normal embryological development of tissues by hor-
monal, environmental, or genetic factors during pregnancy
has been implicated in its etiology [15]. It is not known
whether risk factors for ES cases in adulthood are the same
as for younger cases. The pronounced peak in teenage
years in high- and mid-range incidence countries suggests
that the varying patterns of incidence across countries may
be associated with varying patterns of environmental
exposure or the genetic makeup of the population in such
countries. Furthermore, the fact that the incidence of adult
ES cases appeared to be fairly similar across countries may
suggest that the risk factors for this age group are different
from those for younger cases.

Estrogen is involved in cartilage metabolism and plays
an important role in human growth [50]. Estrogen

@ Springer

receptor alpha is present in CS tumors supporting a pos-
sible role of estrogen signaling in CS proliferation [51].
Furthermore, estrogen has been shown to stimulate vas-
cular endothelial growth factor, which is a characteristic
trait of progression of CS [16]. Anfinsen et al. [32] have
reported an increase in incidence rates of CS among
females in the USA during 1976-2005 (although no
change in incidence among men was seen). The declining
cohort trends among US women born during 1935-1975
are replicated for UK women in this study, corresponding
to the introduction of exogenous estrogen exposures (oral
contraceptives, hormone therapy) in the 1960s. While the
increasing use of oral contraceptive in the USA and the
UK coincides with the generational increases seen in CS
risk among women, the cohort-specific increases seen
additionally among UK men in the 1960s remain unex-
plained by such an estrogen hypothesis. This suggests that
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other factors may also be associated with such an increase
in incidence during this critical period.

Some cancer registries (e.g., UK, New Zealand, USA)
have complete population coverage for incidence, while in
other lower-resource areas data may be incomplete and of
variable quality [52]. Such diversity in the availability,
completeness, and validity of the data from different
sources indicates that comparisons should be interpreted
with caution. Nevertheless, registries included here were
population based and considered consistently high quality,
having been included in successive CIS volumes. The CI5
process involves careful attention to the quality and com-
parability of the data (e.g., definition of an incident case of
cancer, completeness of enumeration of cases in the pop-
ulation covered, stability of incidence rates over time,
proportion of cases microscopically verified) [1]. In an
attempt to ensure valid comparative analyses of bone
cancer by subtype, we excluded data from countries where
there was a substantial proportion of bone cancer cases for
which subtype was not specified, and there were <150 bone
cancer cases reported. This way we limited the analysis to
regions where cancer registries provide data of good
quality and attempted to avoid the problem of small
numbers of cases which result in a large amount of vari-
ability in the distributions by diagnostic grouping. How-
ever, some calculations by subtype were based on rather
few cases; these results should be interpreted with partic-
ular caution. The drawback in such an exclusion criterion is
the incomplete geographic coverage.

The epidemiological patterns of bone cancer incidence
worldwide showed rather limited variations in the geo-
graphic and temporal patterns of bone cancers overall, for
OS and CS, but with greater variability seen for ES where
rates in some registries were based on a small number of
cases. Changes in successive birth cohorts may reveal the
introduction, withdrawal, or change in one or more risk
determinants, thus producing a change in disease incidence
(increase or decrease) for individuals born at a particular
point in time. Even though certain cohort effects were
identified (for OS and CS), it remains difficult to link these
to specific environmental causes, given the paucity of
incidence data, inherent complexities in the model, and the
limited insight presently into the underlying causes by
subtype. A more complete account of the patterns of bone
cancer incidence by subtype would be possible if compa-
rable data were assembled from a broader range of reg-
istries that better describe the global extent of variation of
incidence seen for ES or the heterogeneity between popu-
lations seen for CS where countries with “high risk”
appear to have a pronounced increase in incidence early in
life. Monitoring of incidence rates of bone cancers by
subtype may also help generate hypothesis about additional
risk factors and elucidate the relation between these

cancers and known or suspected risk factors. In particular,
APC analysis can help identify specific cohorts with high
incidence of a particular bone cancer subtype enabling
etiologic hypotheses that may explain the observed chan-
ges. Such monitoring will ensure that high-risk populations
are not overlooked in cancer control efforts.
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