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negligible (p = 0.875). An upward trend for all cancers was 
observed in the younger generations (7.15% before 1950, 
8.85% between 1950 and 1960, and 10.7% after 1960).
Conclusions  Population aging and increased exposure to 
cancer risk factors after epidemiological transition were the 
major determinants associated with cancer in this Sardinian 
cohort, whereas time period had no effect, ruling out any 
variation in diagnostic accuracy. These results may facili-
tate the provision of preventive measures by the health care 
system, and improve population-tailored cancer screening 
strategies.

Keywords  Cancer prevalence · Age-period-cohort 
analysis · Epidemiological transition · Sardinia

Introduction

Cancer prevalence is increasing worldwide and is becom-
ing a serious concern both in economically developed and 
underdeveloped countries (Jemal et  al. 2011). It was esti-
mated that 14.1 million new cancer cases occurred through-
out the world in 2012, and 24 million are predicted by 2035 
(Ferlay et al. 2010). The number of deaths from cancer in 
all countries in 2012 was estimated at 8.2 million, equiva-
lent to 5.2% of all deaths globally (Fitzmaurice et al. 2015). 
The increase in cancer incidence has been associated with 
various risk factors that may be categorized into modifi-
able, such as environmental and occupational factors, obe-
sity and physical inactivity, smoking, and “western-like” 
diets, and non-modifiable,including genetic factors, gender 
and aging (Stein and Colditz 2004).

Considerable differences have been observed between 
countries in cancer incidence depending on different 
risk factors. In industrialized countries prostate, breast, 
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respiratory tract and colorectal cancer predominate, 
whereas in developing countries the overall cancer inci-
dence and mortality rates are in general lower and involve 
mostly the stomach and liver (Lambert et al. 2012). How-
ever, in some developing countries the overall cancer rate is 
rapidly increasing as a result of the adoption of a “western-
ized” lifestyle by the middle class, as well as the massive 
use of pesticides in agriculture, such as chlorinated hydro-
carbons acting as environmental contaminants, food addi-
tives and preservatives (Jaga and Dharmani 2005).

In populations that completed the socio-economic tran-
sition in the Mid-twentieth century, the scenario may be 
more complex, due to the coexistence of generations that 
have had different levels of exposure to environmental 
and nutritional risks for malignancies. In such popula-
tions unbiased estimates of the effect of modifiable and 
non-modifiable risk factors may prove to be more difficult. 
However, with a genetically homogeneous population it is 
easier, at least in part, to estimate the individual effect of 
aging and birth cohorts (Omran 1971). These conditions 
are substantially met in Sardinia, a Mediterranean island 
whose population underwent rapid economic development 
between the 1950s and 1960s, following the eradication 
of malaria (Tognotti 2009), the development of health ser-
vices (Dodero 1999) and the adoption of a more nutritious 
diet (Pes et al. 2014). In Sardinia, individuals now aged 70 
and older experienced childhood and early adulthood in the 
pre-transitional era characterized by uncontaminated envi-
ronment and food, while individuals born after 1950 were 
exposed to environmental pollutants, an unhealthy diet and 
potential occupational risk factors for cancer (Cocco et al. 
1997; Carta et al. 2004). Nevertheless, due to the improve-
ment in hygienic and sociocultural conditions (Pes et  al. 
2015), the prevalence rate of some type of cancer (i.e. the 
infection-related ones) may have declined. Recently, the 
type-specific prevalence of cancer in the Sardinian popula-
tion was reported as different from other developed coun-
tries (Budroni et  al. 2013). While in industrialized coun-
tries lung cancer is the most commonly diagnosed type in 
both genders, among Sardinian males colorectal cancer is 
at the top of the list, followed by lung and prostate cancer, 
whereas among females, breast cancer is the most preva-
lent followed by colorectal and lung cancer (Budroni et al. 
2013). Although several epidemiological cancer studies 
have been performed in Sardinia (Palomba et  al. 2009; 
Budroni et al. 2013; Paliogiannis et al. 2013; Broccia et al. 
2014; Cossu et al. 2014) to the best of our knowledge the 
effect of epidemiological transition on the distribution of 
cancer in different generations has never been addressed.

The purpose of this study was (1) to analyze the effect 
of age, year of birth and time period on the cancer rate 
in a large cohort of subjects in Sardinia, spanning sev-
eral generations from 1920 to 1980 with attention paid to 

analyzing time trends according to the probable aetiology 
of the cancer type, as described in previous studies (Wong 
et  al. 2010; Chung et  al. 2010, 2012); (2) to evaluate the 
concomitant role of other factors such as smoking habits, 
obesity, residence and occupation.

Methods

Study design and population

The clinical records of patients who underwent an upper 
endoscopy from January 1995 to December 2013 were col-
lected. Patients were scheduled for esophago-gastro-duo-
denoscopy (EGD) for any reason, such as dyspeptic and/or 
reflux symptoms, surveillance programs, and follow-ups. 
Patients were referred to the Gastroenterology Unit of Sas-
sari, by local (Sassari and hinterland) family physicians 
and/or specialists. Our endoscopy service is part of a uni-
versity Department of Clinical and Experimental Medicine 
and functions in a completely integrated clinical environ-
ment. At the time of endoscopy each patient was evaluated 
by a gastroenterologist to obtain medical history compris-
ing any current or past diagnosis of cancer. Demographic 
data including age, gender, body mass index (BMI), place 
of residence, smoking habits, adult occupation and endos-
copy reports were also collected. To avoid bias, in the case 
of multiple EGDs for the same patient only the first endos-
copy reporting a diagnosis of any cancer in his/her medical 
history was included in the analysis. For patients diagnosed 
with multiple cancers these were counted individually. 
Moreover, cancers were grouped into three different cat-
egories according to the presumed aetiology: (1) hormone-
dependent cancers; (2) infection-related cancers, and (3) 
lifestyle-related cancers, as reported by Wong et al. (2010). 
Part of this database had previously been used for epidemi-
ological and observational studies (Dore et al. 2015, 2016a, 
b).

Ethical considerations

An Institutional Review Board approval was obtained from 
the local Ethics Committee: Comitato di Bioetica, Azienda 
Ospedaliero-Universitaria di Sassari, Italy (Prot No. 2099/
CE, 2014).

Statistical analysis

The effects of age, time period, and birth cohort on can-
cer prevalence were estimated by log-linear Poisson 
regression models with a maximum likelihood method 
(Holford 1991). Data for age and birth cohort were strati-
fied in 10-year intervals, and for time periods in 5-year 
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intervals. The number nijk of patients cross-classified 
by i age groups (i ∈ 1,…,8), j time periods (j ∈ 1,…,4) 
and k birth cohorts (k ∈ 1,…,8) were reported in spe-
cific tables (see supplementary material). Log rates for 
cancer were assumed to result from an additive effect as 
follows:

The λijk is the cancer rate in the ith age group in the 
jth year within the kth birth cohort. The tijk represents 
the expected number of cancers, assumed to be distrib-
uted as a Poisson variable; nijk indicates the exposed 
population in each cell; μ the intercept; αi the effect 
of the ith age group; βj indicates the effect of the jth 
time period; γk denotes the effect of kth birth cohort 
and ϵijk is the random error. To overcome the problem 
of multicollinearity in the regression models, poten-
tially created by the linear relationship between age, 
birth cohort and period (birth cohort = period − age), 
only second-order changes were considered (inflection 
points detectable in the plots of regression estimates) 
as suggested by Wong et  al. (2010). Several log-linear 
models were compared: a model with only age (A), 
two-factors models, namely age-period (AP) and age-
cohort (AC) effect models, and the full APC model 
including all three factors. Model fitting was assessed 
using the Akaike’s Information Criterion (AIC) and 
Bayesian Information Criterion (BIC). To compare the 
prevalence rate of cancer across the epidemiological 
transition time (1950–1960), patients aged 50–69 years 
were selected and the cancer rate was calculated sepa-
rately in the subgroups of patients born before 1950, 
between 1950 and 1960 and after 1960. In addition, the 
effects of gender, smoking, body mass index, residence 
and occupation were also tested. Patients were strati-
fied according to gender and smoking (non-smokers; 
current or former smoker). BMI had been calculated 
using the formula weight (kg)/height (m)2. Obesity was 
defined as BMI ≥ 30  kg/m². Patients were also strati-
fied by residence (urban or rural) and by their adult 
occupation in four groups: (1) graduate professionals; 
(2), undergraduate technicians and administrators; (3) 
clerks and salesmen; (4), semi-skilled and unskilled 
workers, and uneducated shepherds and peasants. The 
following Poisson regression model was used:

All statistical analyses were carried out using SPSS 
statistical software (version 16.0, Chicago, IL, USA).

log
(

�ijk
)

= log

(

tijk

nijk

)

= � + �i(age) + �j(period) + �k(cohort) + �ijk

log(�) =�0 + �1(gender) + �2(smoking) + �3(BMI)

+ �4(residence) + �5(occupation)

Results

All patients were white Caucasians from Northern Sardinia. 
A total of 10,546 clinical records were available for the anal-
ysis, 6559 of which (62.2%) for female patients. Five-hun-
dred and forty-one patients reported a diagnosis of at least 
one site-specific cancer (prevalence rate 5.1%). The distri-
bution of all types of cancer by age decade and birth cohort 
is illustrated in Fig.  1. Cancer was more frequent in men 
(5.5%; 221/3987) than in women (4.9%; 320/6559) though 
the difference was not statistically significant, with the 
exception of age groups 70–79 and birth cohort 1930–1939. 
The cancer rate peak occurred in birth cohorts 1930–1939 
among men, and 1940–1949 among women. Interestingly, 
cancer prevalence with respect to the epidemiologic transi-
tion period, was 7.15% (210/2937) for birth cohorts prior to 
1950; 8.85%, (78/781) for patients born between 1950 and 
1960; and 10.7% (3/28) for patients born after 1960, indi-
cating a trend toward higher cancer frequency within and 
after economic and nutrition transition. The most prevalent 
cancer types in the cohort studied were: lymphoma and 
leukemia followed by liver and biliary tract, prostate, naso-
pharynx and colorectal cancers among men, but breast can-
cer, lymphoma and leukemia, thyroid and colorectal cancer 
among women (Fig. 2). Cancer distribution according to the 
most likely aetiology is reported in Fig. 3. It is of note that 
for generations born before 1960 infection-related tumors 
predominated, followed by hormone- and lifestyle-related 
ones, whereas for generations born after 1950 the most 
prevalent were hormone-related cancers.

Figure  4a–c illustrates the regression parameters and 
their 95% confidence bars for age, birth cohort and period 
(calendar time), estimated by the Poisson log-linear mod-
els. Age was the strongest predictor of the all-cancer rate 
with an exponential increase observed up to age 80 and 
beyond, without inflection points. The birth cohort curve 
showed a more variable trend, with a rise for generations 
born after 1920, a sharp upward inflection for genera-
tions born around 1950 and a downward inflection around 
1970. In contrast, the time period did not show turning 
points, indicating that the cancer rate remained basically 
unchanged throughout the interval 1995–2013. APC plots 
for separate aetiological categories are not shown because 
of the small cancer counts. The comparison of model fit is 
reported in Table 1. The full APC model fits the data best, 
although the fitting did not change significantly following 
the addition of the period (P) factor.

Poisson regression model also provided the relative 
magnitude of the other variables included in the analy-
sis (Table  2). As expected, BMI greater than 30  kg/
m² was significantly associated with all-cancer risk, 
whereas no effect was observed for place of residence 
and smoking habits. The risk of cancer was similar for 
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both genders except as regards gender-specific malignan-
cies. In the cohort studied, cancer rate increased almost 
linearly from the lowest to the highest occupational cat-
egories (Table 2).

Discussion

Cancer is a serious burden for society, both in terms of time 
lost in work productivity and increased health expenditure 

(Hanly et  al. 2015), including costs due to medical pre-
vention and treatment, hospital admissions, long-term dis-
ability and premature mortality. In the population aged 65 
years or over, cancer is the second leading cause of illness, 
preceded only by cardiovascular diseases, with obviously 
important socio-economic implications (Prince et al. 2015). 
Considerable differences have been observed between 
countries in cancer risk, as well as within the same geo-
graphic area depending on the influence of specific local 

Fig. 1   Distribution of all 
malignancies found in 10,546 
subjects by age decade (a) birth 
cohort (b) and gender (Sardinia, 
Italy, 1995–2013)
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conditions, including exposure to environmental and/or 
dietary carcinogens (Ferlay et al. 2010).

Up until World War II the Mediterranean island of 
Sardinia was considered a “low-resource” region com-
pared with mainland Italy. Only in 1951 was endemic 
malaria definitively eradicated and the island underwent 
rapid economic development improving the standard of 
living of the population (Tognotti 2009). Adult mortal-
ity rate, which before World War II exceeded the national 
average, decreased progressively and in 1950 became one 
of the lowest of all Italian regions (979 compared with 
1048/100,000 in mainland Italy) (Pes et al. 2014). Still in 
1950 Sardinia ranked 17th among the 19 Italian regions 

for cancer prevalence (63.2 versus 107 per 105) (Pes et al. 
2014). However, the crude prevalence of cancers rose 
sharply between 1970 and 2012 (Budroni et  al. 2013). 
Moreover, site-related cancer distribution is quite distinct 
from that recorded in mainland Italy. For instance, colo-
rectal cancer is the most frequently diagnosed malignancy 
in Sardinia—the estimated incidence of 106 per 100,000 
persons/year among men is somewhat higher than the rest 
of Italy—followed by lung and prostate cancer. In women, 
breast cancer is the most frequent, followed by colorectal, 
lung, melanoma, stomach and cervical cancers. These data 
suggest that genetic, environmental and/or nutritional fac-
tors are major determinants of the differences in cancer 

Fig. 2   Distribution of cancer 
type in 10,546 subjects accord-
ing to gender (Sardinia, Italy, 
1995–2013)
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rate recorded in Sardinia compared with other countries. 
During the 1950–1960s the Sardinians experienced a dra-
matic improvement in their standard of living. As a result 
of increased wealth, Sardinians have been exposed to 
potential environmental, occupational and dietary factors 
(unprocessed and processed meat, animal fats) acting as 
pro-carcinogens (Pes et al. 2014). For instance, the diet of 

the generations born in the first half of twentieth century, 
reportedly one of the determinants of delayed aging and 
increased longevity recorded for these generations at the 
end of last century (Poulain et al. 2004) has been replaced 
with an unhealthier, “Western-like” diet (Pes et  al. 2015). 
Since epidemiological transition influenced several genera-
tions at roughly the same time, Sardinia represents an ideal 
setting to evaluate the temporal trend of cancer.

In this study, we investigated the single effect of age, 
birth cohort and time period on cancer rate in a large 
cohort of patients of Northern Sardinia undergoing upper 
endoscopy. As expected, our findings confirmed previous 
reports indicating that aging per se is an independent risk 
factor for cancer occurrence (Thakkar et  al. 2014; Hard-
ing et  al. 2012; Franceschi and La Vecchia 2001; Hansen 
1998; Budroni et  al. 2013). A steep upward trend was 
noticed up to the age of 80 and beyond. With regard to 
the cohort effect, the proportion of infection-related can-
cers was greater in generations born before 1960 than in 
those born after this period, as observed in other develop-
ing populations (Wong et  al. 2010). However, no definite 
conclusions could be drawn in our study, given the small 
size of the aetiological subgroups. A stronger cohort effect 
was noticed in the generations born from 1950 onward 
compared with those born earlier, suggesting that the 
transitional generations were exposed to a significantly 
increased risk of cancer. However, in these generations the 
proportion of infection-related cancers was lower, whereas 
hormonally modulated cancers were responsible for the 
largest contribution to overall cancer risk. The downward 
inflection observed for generations since 1970 is too recent 
for us to rule out whether it is due to chance, and it is pre-
mature to interpret it as being due to a reduction in infec-
tion-related cancers. Unfortunately, in our study the APC 
analysis of cancers based on presumed aetiology was not 
possible because of the small subgroup size. However, the 
relative increase in hormone-related cancers was not only 
at the expense of infection-related cancers but also, to a 
lesser extent, to lifestyle-related cancer. The decline of the 
latter in the Sardinian population might result from the 
sharp change in smoking habits determined by successful 
anti-smoking campaigns. The percentage of male smokers 
in Sardinia was 48%, reported in a survey of 1984, whereas 
in 2009 it had decreased to almost 17.5% in males and 
13.8% in females (Muntoni et al. 2009), a time trend also 
reported in Caucasian and Asian populations (Bray et  al. 
2004). In contrast, no change in cancer rate was observed in 
our cohort over the observation period, and it is, therefore, 
unlikely that the rise recorded in the most recent decades 
is due to an improvement in diagnostic techniques over the 
last 20 years. These results indicate that the recent increase 
in cancer prevalence in Sardinia is mostly due to aging, as 
reported by Budroni et al. (2013).
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As for the other variables entered in the regression 
model, only body mass index was a risk factor for malig-
nant tumors, whereas belonging to the lowest social status, 
measured by current occupation, was a negatively associ-
ated (protective) factor.

Our study has strengths and limitations. Among the 
former are the genetic and ethnic homogeneity of the 

population (Cavalli-Sforza et  al. 1994), and the accuracy 
in retrieving information on patients cancer history. On 
the other hand, the cohort studied, came from Northern 
Sardinia and could not be considered as representative of 
the entire island population; the date of cancer diagno-
sis was not available but only the date of the EGD proce-
dure. Moreover, the selection of patients who underwent 
EGD may have biased cancer frequency although it was 
minimized, since medical history was collected by trained 
clinicians throughout the period considered. Finally, the 
cohort size was rather limited, therefore, the APC analysis 
was performed considering all cancers together, and the 
analysis of individual aetiological categories was purely 
descriptive.

Nevertheless, we think that the findings of this study 
may be helpful to delineate better the influence of epide-
miological transition on the recent cancer rate trend in Sar-
dinia, and may provide clues for the adoption of preventive 
measures by the health care system, such as programs to 
reduce tobacco-smoking, pollution in contaminated areas, 
obesity and unhealthy food choices, as well as population-
tailored cancer screening strategies.
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