
Abstract
Prostate cancer is the most common cancer diagnosed among

males, and the incidence in Pennsylvania, USA is considerably
higher than nationally. Knowledge of regional differences and

time trends in prostate cancer incidence may contribute to a better
understanding of aetiologic factors and racial disparities in out-
comes, and to improvements in preventive intervention and
screening efforts. We used Pennsylvania Cancer Registry data on
reported prostate cancer diagnoses between 2000 and 2011 to
study the regional distribution and temporal trends of prostate can-
cer incidence in both Pennsylvania White males and Philadelphia
metropolitan area Black males. For White males, we generated
and mapped county-specific age-adjusted incidence and standard-
ised incidence ratios by period cohort, and identified spatial auto-
correlation and local clusters. In addition, we fitted Bayesian hier-
archical generalised linear Poisson models to describe the tempo-
ral and aging effects separately in Whites state-wide and
metropolitan Philadelphia blacks. Incidences of prostate cancer
among white males declined from 2000-2002 to 2009-2011 with
an increasing trend to some extent in the period 2006-2008 and
significant variation across geographic regions, but less variation
exists for metropolitan Philadelphia including majority of Black
patients. No significant aging effect was detected for White and
Black men, and the peak age group for prostate cancer risk varied
by race. Future research should seek to identify potential social
and environmental risk factors associated with geographical/racial
disparities in prostate cancer. As such, there is a need for more
effective surveillance so as to detect, reduce and control the cancer
burden associated with prostate cancer. 

Introduction
Prostate cancer screening rates have increased in recent

decades rendering the disease the most commonly diagnosed can-
cer among American men, with treatment costing approximately
$14-15 billion in 2015 (Farwell et al., 2007; Jemal et al., 2010). In
2013, Pennsylvania ranked third among states in annual prostate
cancer incidence (132.2 cases per 100,000 men) and sixth in can-
cer mortality (Siegel et al., 2012). Indeed, it is estimated that over
one-sixth of Pennsylvania men will be diagnosed with prostate
cancer during their lifetimes (Pennsylvania Prostate Cancer
Coalition; http://www.paprostatecancer.org/prostate-cancer/).
While the age-adjusted incidence rate of prostate cancer in
Pennsylvania declined between 2001 and 2012, the pace of
decline has been unstable and the temporal trend deserves more
attention (Reese et al., 2016).
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The extant literature has shown that prostate cancer occurs
more often in African American men compared to White men
(Consedine et al., 2006; Reese et al., 2016). A 2006 special issue
of the American Journal of Preventive Medicine (30:2) on this sub-
ject indicated that prostate cancer incidence and progression vary
widely by geographic location (Mather et al., 2006). Also, the
identification of risk factors to effectively reduce prostate cancer
incidence, morbidity and mortality remains a serious public health
challenge (Giovannucci et al., 2007; Patel and Klein, 2009).
Therefore, the joint examination of racial and geographical dispar-
ities for prostate cancer in Pennsylvania and investigation of the
potential risk factors are of both scientific and policy interest. 

Mapping the geographic variation in prostate cancer incidence can
be useful for developing effective cancer control and prevention pro-
grammes, as well as for generating etiological hypotheses (e.g., associ-
ated with the age or race structure of geographic areas) (Kulldorff et al.,
2006; Richards and Rushton, 2006). Mapping, while useful, requires
accompanying statistical analyses to reduce the influence of chance
variation for valid inference; however, the majority of the current work
commonly only adopts simple summary statistics or epidemiological
approaches, so application of advanced statistical modelling for analy-
ses is usually lacking. Examples include studies at the county-level for
the U.S. for the period 1968-1998 (Rogerson et al., 2006) and for
selected states [Virginia 1990-1999 by Oliver et al. (2006); Louisiana
1988-1999 by Mather et al. (2006); and 2007-2010 by Onicescu et al.
(2015) and Pennsylvania 1992-2012 by Reese et al. (2016)] have
examined changes in either the spatial or the temporal pattern of
prostate cancer incidence or mortality. In addition, some studies relied
on cross-sectional approaches for risk factor identification (Patel and
Klein, 2009).

The objective of this paper was to utilise rigorous analytical
tools, together with longitudinal geo-spatial prostate cancer reg-
istry data (2000-2011) to explore regional and temporal variations
in incidence rates among White men in Pennsylvania and further to
estimate the effects of time and aging risk factors and race-specific
disparities. In doing so, we seek to identify the quantitative effects
of aging and diagnosis time period and to examine racial differ-
ences (Waller et al., 1997; Jin and Carlin, 2005). 

Materials and Methods

Data 
All reported prostate cancer diagnoses and deaths between

years 2000-2011 were obtained from the Pennsylvania Cancer
Registry (PCR) (http://www.health.pa.gov). The PCR began col-
lecting annual data in 1982, with individual-level reports obtained
from hospitals, pathology laboratories, radiation treatment centres,
medical oncology centres, physician offices, nursing homes,
autopsy reports, death certificates and other hospital out-patient
units and surgery centres across Pennsylvania, including complete
vital status and selected exploratory factors. The dataset was de-
identified, processed and assembled for analysis. After PCR data
processing, our analytical sample for the spatial-temporal analysis
included a total of 119,968 cases. 

For each individual case, the residential location at diagnosis
was assigned to a county Federal Information Processing
Standards (FIPS) code number. All maps were generated in
ArcGIS 10.1 (ESRI, Redlands, CA, USA). To achieve relatively
stable estimates for investigating the spatial-temporal trend, we

aggregated the twelve years of data into four time periods, each
diagnosis period covering three years (i.e. 2000-2002, 2003-2005,
2006-2008, and 2009-2011). We used six age groups (i.e. ≤44, 45-
54, 55-64, 65-74, 75-84, and ≥85) and for race, we focused on
White men for a state-wide analysis, and Black men in the
Pennsylvania metropolitan area. 

The annual estimates of the county resident populations by age
group and race for the years 2000-2011 were based on the U.S.
Census Bureau’s Population Estimates Program. We used the 2011
Census as well as 2000-2010 inter-Censal revisions. The dataset is
available from the U.S. Census Bureau (https://www.
census.gov/topics/income-poverty/income/data/datasets.html). 

Statistical methods
By linking the PCR and U.S. Census Bureau estimates, the

crude and age-adjusted prostate cancer incidence rates (per
100,000 men-at-risk) were obtained for each year, and the inci-
dence rates by time period (defined above) were calculated as the
average. Specifically, the age-adjusted incidence rates were calcu-
lated based on the weighted sum of the products by multiplying the
age-specific incidence rate and the proportion of the standard pop-
ulation in that age group. Furthermore, indirect standardised inci-
dence ratios (SIRs) were calculated as the ratios of the observed
number of cancer cases to the expected number multiplied by 100,
where the state-wide age-specific incidence rates pooled over the
twelve-year period was used as an internal standard to calculate the
expected number (following the work by Mather et al., 2006). In
addition empirical Bayesian smoothing estimates of SIRs were
also examined. 

The global Moran’s I was used for significant global autocor-
relation testing for each time period, and the local Moran tests
helped identify local outliers which potentially contribute to the
global statistic using unsmoothed SIRs. With regard to the weight
matrix, we defined contiguity as counties sharing more than one
boundary point and utilised binary weights (Waller and Gotway,
2004). The maps were transformed using the Lambert Conformal
Conic projection and the Euclidean distances for spatial neighbour
links were calculated. 

Bayesian hierarchical generalised linear modelling (HGLM)
with a Poisson distribution was fitted, incorporating spatial corre-
lation, where a localised conditionally autoregressive (CAR)
model was applied for spatial random effects based on dissimilar-
ity metrics with binary neighbourhoods (Lee and Mitchell, 2012;
Lee et al., 2014). This model was fitted first for White men across
Pennsylvania, and then for Black men using a sub-region equiva-
lent to the Philadelphia metropolitan area. The parameter estima-
tion was based on the Markov Chain Monte Carlo (MCMC) algo-
rithm with a combination of Gibbs sampling and Metropolis-
Hastings steps. The fitted model was given by:

log (Yi )= X i Tβ + μi + εi + log(Ei)

where Yi and Ei are the observed and expected numbers of cases for
the ith subgroup (determined by the age group and diagnosis peri-
od) and Xi the vector of covariates of interest (i.e. age group and
diagnosis period). The distributional assumptions were that the
random effect μi ~ N(0,σe2 ), the error term ei ~ N(0,σe2 ), and their
independence μi ⊥ εi The function S.CARdissimilarity in the R
package CARBayes was applied for this model fitting. In particu-
lar, 10,000 MCMC samples were generated with 2,000 samples
discarded as the burn-in period and the level of thinning set at 100. 
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Results
The total dataset in this study included a majority of White men,

with the percent representing Black men across all years amounting
to 10.33% (with 9.89% in 2000-2002 and 10.56% in 2009-2011). The
descriptive statistics of all variables are shown in Table 1. The distri-
butions of the total number of cases across all four periods were
found to be relatively stable (roughly 30,000 in each three-year peri-
od). The distributions of cases by age group between White and
Black men revealed considerable heterogeneity (P<0.05). Black men
comprised 23.76% of the prostate cancer cases among those aged
≤44, over 16% of the cases in Pennsylvania men for the 45-54 age
group, and approximately 12% in the 55-64 age group. The black
population in Pennsylvania resides predominantly in metropolitan
areas, in particular in the Philadelphia metropolitan area counties
(approximately half of all black men in Pennsylvania live in just one
county, i.e. Philadelphia County, one of the five included in the
Philadelphia Metro area). Overall, 52% of all prostate cancer cases
during the years 2000-2011 were located in Pennsylvania’s two
largest metropolitan statistical areas (MSAs), i.e. Philadelphia MSA
and Pittsburgh MSA. In comparison, over 86% of all Black cases in
Pennsylvania (10,700 of 12,397) were observed in these two MSAs,
with Philadelphia MSA alone accounting for over 71% of the state
total. Of note, in the Philadelphia MSA, the number of Black cases
amounted to almost a quarter of all cases reported (8,895 of 38,512).
To reinforce the spatial concentration of prostate cancer cases found
among Black men, less than 7% of all black cases (814 cases across
12 years) were from Pennsylvania’s non-metropolitan counties. 

Incidence estimation
There was significant variation across geographic regions

(county level) and over time (periods) in prostate cancer incidence
for White men in Pennsylvania. Let us begin with a map of the age-
adjusted incidence rates of prostate cancer among White men
across four time periods, followed by the SIR maps. The age-
adjusted incidence rates per 100,000 white men are shown in
Figure 1. For ease of interpretation, the maps have been designed
with time-constant legend classes. The temporal trends revealed an
overall decline across the four time periods for White men with an
increase in rates observed for the years 2006-2008 (Table 1). While
a considerable heterogeneity in prostate cancer incidence rates
across the state was found, during the earliest time period (2000-
2002), the western half of the state tended to have the highest rates
for White men (Figure 1), with the very highest rates found in
counties along the southern border with Maryland (e.g., Bedford
and Somerset counties) and counties immediately to the north
(e.g., Cambria County). These three counties, Bedford, Cambria
and Somerset, also maintained the highest incidence rates in the
following time period (2003-2005). As previously noted, the
increase in prostate cancer incidence was a feature of the years
2006-2008, with relatively high and homogenous rates for White
men observed across much of Western Pennsylvania. By the period
2009-2011, the incidence rates of prostate cancer among White
men diminished relative to the years 2000-2002, with the highest
rates found in some of the smaller western tier counties (i.e.
Mercer and Butler counties) and also Bedford county. Comparing

                                                                                                                                Article

Table 1. Descriptive statistics for prostate cancer in Pennsylvania for the period 2000-2011.

                                                               Overall                                                    White                                                        Black
                                                           (N=119,968)                                          (N=102,166)                                             (N=12,397)
                                                      N                            %                           N                               %                             N                                  %

Three-year period*                                                                                                                                                              
       2000-2002                                        31,814                              26.52                             28,000                                  27.41                               3,147                                       25.39
       2003-2005                                        27,502                              22.92                             23,984                                  23.47                               2,898                                       23.38
       2006-2008                                        31,508                              26.26                             26,599                                  26.04                               3,272                                       26.39
       2009-2011                                        29,144                              24.29                             23,583                                  23.08                               3,080                                       24.84
Age group* (years)                                                                                                                                                              
       44 or less                                           627                                 0.52                                443                                     0.43                                  149                                         1.20
       45-54                                                10,732                               8.95                               8,553                                    8.37                                1,724                                       13.91
       55-64                                                34,708                              28.93                             28,927                                  28.31                               4,203                                       33.90
       65-74                                                43,555                              36.31                             37,325                                  36.53                               4,116                                       33.20
       75-84                                                24,902                              20.76                             21,996                                  21.53                               1,820                                       14.68
       85 or over                                        5,439                                4.53                               4,921                                    4.82                                  385                                         3.11
Location*                                                                                                                                                                                
       Metropolitan                                 75,444                              62.89                             59,507                                  58.25                              11,583                                      93.43
       Non-Metropolitan                        44,524                              37.11                             42,659                                  41.75                                 814                                         6.57
Philadelphia metro area°                                                                                                                                                    
       White                                               26,461                              68.71                             26,461                                  100.0                                 N/A                                         N/A
       Black                                                 8,895                               23.10                               N/A                                      N/A                                 8,895                                      100.00
       Others                                              3,156                                8.19                                N/A                                      N/A                                  N/A                                         N/A
Pittsburgh metro area#                                                                                                                                                        
       White                                               21,306                              89.09                             21,306                                  100.0                                 N/A                                         N/A
       Black                                                 1,805                                7.54                                N/A                                      N/A                                 1,805                                      100.00
       Others                                               805                                 3.37                                N/A                                      N/A                                  N/A                                         N/A
N/A, not available. °Bucks, Chester, Delaware, Montgomery and Philadelphia counties; For this area, 2,289 for 2000-2002, 2,114 for 2003-2005, 2,363 for 2006-2008 and 2,129 for 2009-2011; also, 109 for age ≤44, 1,169 for
age 45-54, 3,036 for age 55-64, 2,968 for age 65-74, 1,339 for age 75-84 and 274 for age ≥85 (five cases had missing age information); #Allegheny, Armstrong, Beaver, Butler, Fayette, Washington, Westmoreland counties.
*P<0.05 for the comparison between White and Black men based on the Chi-square tests.
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the two most populous counties, the incidence rate of prostate can-
cer among White men in Philadelphia County (i.e. Philadelphia)
exceeded that for Allegheny County (i.e. Pittsburgh) in all four-
time periods.

Figure 2 provides the SIR maps for White men across the four
time periods based on the observed and expected number of cases;
the expected numbers were calculated for each year and the aver-
age age-adjusted incidence rates across the entire time-period. The
counties with higher (lower) SIRs than expected corresponded to a
higher (lower) incidence of prostate cancer. While the overall trend
in the pattern for White men seemed to be in decline over time,
with the smallest SIRs for the years 2009-2011, the heterogeneity
in SIRs across and within counties over time was relatively high.
That is, while SIRs appeared to decrease over time and seemed
fairly homogenous across the counties, especially after 2006, the
highest SIR in Elk County was double the lowest rates in
Pennsylvania. Also, to account for potential heterogeneity, the
smoothed SIRs for White men based on the empirical Bayesian
approach were also investigated (not shown here) leading to simi-
lar conclusions. In summary, a general decline was observed
across the 12-year window with growth in 2006-2008 followed by
a resumption of the decline in 2009-2011. In addition, the prostate
cancer incidences among White men in several central and south-
ern counties declined significantly over the 12-year time period.

Spatial autocorrelation
The global Moran’s I statistics with 95% confidence intervals

(CI) were calculated for each of the four time periods using three
different spatial weights, row-standardised, binary and inverse dis-
tance weights (not shown here). Irrespective of the spatial weights
used, however, the results were similar across the time periods,
with negative spatial autocorrelation estimates (e.g., -0.014 with
95% CI [-0.159, 0.131] for 2000-2002 with binary weights) indi-
cating a very modest dissimilarity across counties though these
were not significant. This lack of evidence for high spatial struc-
ture indicates, as is partly visible in the maps (Figure 2), the con-
siderable heterogeneity across counties, including variability
among near neighbours. The local Moran’s I scatterplots for White
men based on age-adjusted SIRs were also checked. The local indi-
cator of spatial autocorrelation (LISA) identified significant clus-
ters of counties with either high or low age-adjusted SIRs (e.g., HH
or high-high and LL or low-low) and clusters where the focal
county and its neighbours differed significantly, e.g., where a focal
county has a high (H) age-adjusted SIR and adjacent counties low
(L) age-adjusted SIRs, which is defined as a high-low (HL) cluster;
or the opposite situation, which results in a low-high (LH) cluster.
The LISA cluster maps with influential outliers are presented in
Figure 3 (None means not significant here). Note that for White
men, there exist variability in the location of LISA clusters over the
time periods examined.

Bayesian hierarchical generalised linear modelling 
In this section we present the results of a hierarchical gener-

alised linear modelling (HGLM) model controlling for the covari-
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Figure 1. Age-adjusted incidence (per 100,000 White men at risk) by county for White men.
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ates year groupings of prostate cancer diagnosis and age groups
(Table 2). The results for White men (top panel) show that com-
pared with the age group ≤44 (the reference group) all other age
groups have higher incidence rates though these differences are not
statistically significant; those aged 55-64 have the highest risk for
prostate cancer. Consistent with earlier results when we examined
time periods (with the period 2000-2002 as the reference catego-
ry), we found that White men have significantly lower incidence
rates in the later periods, with the last period (2009-2011) having
the smallest incidence. Table 2 includes an exploration based on
incidence data for Black men in the Philadelphia metropolitan area
(bottom panel). The results showed a similar temporal pattern of
incidence as among White men across the state; that is, the time
period is significantly associated with prostate cancer incidence
rates for Black men; however, among all age groups, Black men
aged 45-54 have the highest rates immediately followed by those
aged 75-84. Those aged 85 or more have the lowest risk, which
may be due to competing deaths. 

Discussion
This paper provides a descriptive account of the spatial and

temporal variability in prostate cancer incidence over a 12-year
period (2000-2011) for White men in Pennsylvania and Black men
in the Philadelphia metropolitan area. Prostate cancer kills thou-
sands of Pennsylvania men each year and a spatio-temporal per-
spective that can reveal regional and local patterns and may pro-

                                                                                                                                Article

Table 2. Results for Bayesian hierarchical generalised linear mod-
elling for White men state-wide and Black men in the
Philadelphia Metro area.

                                        Median                2.5%                   97.5%

White                                                  
Intercept                                      0.106                       -0.054                          0.264
Age group (years)
       44 or less                         Reference                                                            
       45-54                                       0.043                       -0.113                          0.206
       55-64                                       0.047                       -0.108                          0.208
       65-74                                       0.042                       -0.114                          0.211
       75-84                                       0.042                       -0.116                          0.212
       85 or over                              0.021                       -0.148                          0.200
Period cohort
       2000-2002                          Reference                                                            
       2003-2005                              -0.189                       -0.221                         -0.159
       2006-2008                              -0.129                       -0.156                         -0.102
       2009-2011                              -0.305                       -0.336                         -0.277
Black*                                                
Intercept                                      0.106                       -0.211                          0.323
Age group (years)
       44 or less                         Reference                                                            
       45-54                                       0.012                       -0.235                          0.326
       55-64                                      -0.001                       -0.224                          0.327
       65-74                                      -0.005                       -0.233                          0.310
       75-84                                       0.005                       -0.217                          0.315
       85 or over                             -0.025                       -0.324                          0.356
Period cohort
       2000-2002                          Reference                                                            
       2003-2005                              -0.127                       -0.229                         -0.023
       2006-2008                              -0.074                       -0.165                         -0.013
       2009-2011                              -0.251                       -0.351                         -0.142
*The model for Black men based on the sub-region data from Philadelphia Metro area.

Figure 2. Standardised incidence ratios (multiplied by 100) by county for White men.
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vide insights that can inform comprehensive cancer control strate-
gies that seek to minimise the cancer burden and disparities asso-
ciated with this form of cancer. This is especially important in a
state such as Pennsylvania where the population is aging, mostly
the result of aging in place, and a high percent (and a large num-
ber) of the population live in non-metropolitan counties.
Approximately three-quarters of the population of the state were
born in Pennsylvania and currently the state ranks the fourth high-
est in the proportion of elderly (U.S. Census Bureau, 2010;
Pennsylvania Facts, 2014) The size and age composition of the
population can challenge the delivery of preventive and treatment
services and as well as patient concordance with suggested cancer
treatment.

The general trend in prostate cancer incidence in Pennsylvania
has been declining since the millennium shift. However a more
detailed temporal and spatial breakdown reveals that the pace of
decline was not continuous, with elevated rates observed during
the years 2006-2008, and that the prostate cancer rates varied
widely even within this one state. These findings are consistent
with previous literature (Siegel et al., 2012; Mamula, 2013). Using
SIRs and smoothed SIRs, we also identify counties where the
prostate cancer rates seemed to follow a trend counter to that of the
state. That is, a small number of counties experienced higher
prostate cancer rates among White men in the latest period inves-
tigated (2006-2011) than at the beginning of our temporal coverage
(2000-2005). The counties that differed from the state trend repre-
sent local areas in which a more detailed epidemiological study of
prostate cancer among White men and potential social and envi-
ronmental risk factors might be focused. 

The Black population in Pennsylvania is highly concentrated
in the Philadelphia metropolitan area, and for the most part our

analysis finds similar rates and declines in rates as with the state-
wide study of White men. That said, descriptive data reveal that the
incidence rates among Black men less than 55 years old in
Pennsylvania is disproportionately high compared to similar age
groups of White men. Indeed, 50% of all Black cases occurred in
men less than 65 compared to just 37% of all White cases in this
age group. Coupled with the spatial concentration of Black men in
the largest metropolitan counties (i.e. Philadelphia and Pittsburgh)
implies the need for a stronger focus on prostate cancer in these
parts of the state. The high incidence rates among Black men cer-
tainly raises important questions regarding both the provisioning
and the uptake of prostate cancer screening within the large
metropolitan areas but also in some of the smaller metropolitan
areas where the Black population is slowly growing (e.g.,
Harrisburg, Dauphin County). That is, we know that prostate can-
cer occurs more often in Black men and researchers need to pay
more attention to the locations where Black men live. Indeed, this
focus is especially important because the mortality rate ratio
between Black and White men is higher for prostate cancer than
for any other cancer (DeSantis et al., 2013). Though a recent study
suggested that prostate cancer screening explained 45-70% of the
observed decline in prostate cancer mortality in the U.S. between
years 1980-2000 (Jemal et al., 2002; Etzioni et al., 2008), the clin-
ical evidence for the efficacy of prostate cancer screening remains
mixed (Andriole et al., 2009; Schroder et al., 2009).

There are limitations to this study. The race and ethnic compo-
sition of the state of Pennsylvania, specifically the spatial concen-
tration of Blacks in the largest metropolitan areas (notably
Philadelphia, Pittsburgh and Harrisburg), prevents an analysis
examining the racial disparities in prostate cancer incidence across
the whole state. It is also worth noting that the focus on one state,
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Figure 3. The local indicator of spatial autocorrelation cluster maps for White men.
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in this case Pennsylvania, limited activities to examination of
prostate cancer rates within the boundaries of this state ignoring
edge effects and influences on such data from surrounding states.

Conclusions
Our analysis detected spatio-temporal variation in prostate

cancer incidence rates among White men in the state of
Pennsylvania between 2000 and 2011. Specific counties fair less
well when comparing absolute rates as well as the pace and persis-
tence of decline in prostate cancer among White men. Our analysis
confirms the variability in the peak age for prostate cancer by race
(White vs Black men) and, coupled with the spatial concentration
of Black men in Philadelphia, indicates a need for more effective
surveillance of this population and continued efforts to minimise
prostate cancer burdens and disparities. Both patterns hint at pos-
sibilities for more detailed epidemiological studies that could
examine sets of social determinants and environmental factors
associated with prostate cancer.
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