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Purpose: Post prostatectomy PSA kinetics and General Grade Groups (GGG) are the strongest prognostic markers 
of biochemical recurrence (BCR) and prostate cancer (PCa)-specific mortality after radical prostatectomy. Despite 
having low-risk PCa, some patients will experience BCR, for some, clinically significant BCR. There is a need for 
an objective prognostic marker at the time of prostatectomy to improve risk stratification within this population. In 
this study, we investigated the prognostic potential of DNA ploidy.

Materials and Methods: Prostatectomy samples from 97 patients with GGG1 and GGG2 with a low-risk 
CAPRA-S score were included in this study. PCa tissue with the worst Gleason pattern underwent tissue disag-
gregation, cell isolation and staining with a DNA stoichiometric stain. Using image cytometry, DNA ploidy was 
measured and a Ploidy Score (PS) was generated. 

Results: Among the 97 patients, 79 had no BCR, 18 experienced BCR, of which 14 had a PSA doubling time 
(PSA-DT) >1 year (low-risk group) and 4 had a PSA-DT of <1 year (high-risk group). Using Logistic regression 
analysis, only pathological T stage (pT) and PS independently predicted BCR with PS being the most significant 
(p = 0.001). The number of aneuploid cells was significantly higher in the high-risk group compared to the other 
groups (p = 1.7x10-11). PS combined with GGG diagnosis further stratified risk groups of biochemical recurrence 
free survival within CAPRA-S low-risk cohort.

Conclusion: DNA ploidy is an independent prognostic marker of BCR in low-risk PCa after radical prostatectomy, 
which could early on identify potentially aggressive PCa recurrences and introduce a more personalized approach 
to salvage treatments. 
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INTRODUCTION

Prostate cancer (PCa) is one of the most common 
cancers diagnosed in men in the world(1). More than 

50% if PCa cases are low-risk of death at diagnosis(2), 
however, 5-10% of these low-risk cases will have a poor 
outcome even after radical treatment.(3) For postopera-
tive cases, the Gleason score (GS) remains the strongest 
predictor of biochemical recurrence (BCR). However, 
GS’s subjectivity results in significant inter-observer 
variability, especially among general pathologists.(4) 
GS is part of validated predictors of BCR and systemic 
progression, such as CAPRA-S score.(5,6) Recently, it 
has been shown that GS and post-prostatectomy pros-
tate-specific antigen (PSA) kinetics are the strongest 
predictors of metastases and mortality. Despite having 
low CAPRA-S scores, some patients will experience 
BCR, and some of those will have adverse PSA kinetics 
(PSA doubling time [PSA-DT] < 1 year), which would 
classify them into the high-risk BCR group as per the 
European Association of Urology (EAU).(7,8) However, 
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salvage radiotherapy (RT) is most effective when deliv-
ered before PSA levels reach 0.5 ng/mL, after which, 
the opportunity to avoid the use of androgen depriva-
tion therapy in conjunction with salvage radiation could 
be missed. There is a need for a prognostic marker that 
could better predict BCR at the time of prostatectomy 
and differentiate between low (PSA-DT > 1 year) and 
high-risk (PSA-DT < 1 year) BCR to aid in the decision 
making process regarding salvage treatments.
Recently, molecular panels like the Decipher® Pros-
tate Cancer Test (GenomeDx Biosciences, San Diego, 
CA) are attempting to provide better prognostic in-
formation. (9) Unfortunately, these tests are expensive 
and the genetic diversity of tumors limits their use in 
clinical decision-making.(10,11) DNA ploidy analysis 
by detecting large-scale genomic alterations could be 
a promising alternative.(12) DNA ploidy is now accept-
ed as an objective prognostic biomarker in epithelial 
cancers(12-14) such as PCa.(12,14-17) DNA ploidy correlates 
with recurrence-free survival and has added prognostic 
information to GS,(12,14,18) especially in patients with GS 
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< 7. (15-17,19,20) To our knowledge, this is the first study 
to investigate the correlation of DNA ploidy with BCR 
and PSA kinetics after radical prostatectomy in patients 
with low-risk PCa. 

MATERIALS AND METHODS
1. Patient selection and study design
The study was reviewed and approved by the Sloveni-
an National Medical Ethics Committee as well as the 
General Hospital of Celje (GH Celje). The study and 
work comply with the principles of the Declaration of 
Helsinki. A cohort of 99 low-risk patients (CAPRA-S 
scores of 0, 1 or 2, and GG1 or GG2) who have under-
gone radical retro-public prostatectomy (RP) without 
lymphadenectomy at GH Celje between 2003 and 2009 
were included in this study. All patients had a negative 
resection margin.
2. Pathological evaluation
Radical prostatectomy GS, defined by a group of gen-
eral pathologists from GH Celje, was labeled General 
Grade Group (GGG) for this study. Study samples were 
reviewed by an experienced genito-urinary pathologist 
(MV) at the Institute of Pathology in Ljubljana. The re-
view was labeled as Expert Grade Group (EGG). All 
specimens were evaluated according to the 2014 mod-
ified Gleason scoring system and ISUP Grade Groups 
(1-5). EGG1 and EGG2 would therefore represent GS 6 
and GS 3+4 = 7, respectively. 
3. Follow up and endpoint
Patients were followed with PSA every four months 
during the first year, every six months during the sec-
ond and third years, and then annually or until BCR. 
Van den Broeck et al. developed a BCR risk group 

definition: EGG 1 or 2 case with BCR and PSA-DT <1 
year is considered high-risk and a case with BCR and 
PSA-DT >1 year is defined as low-risk BCR.(7) PSA-
DT was calculated using the Memorial Sloan Kettering 
Cancer Centre calculator by entering the at least two 
measurements of PSA above 0.1 ng/mL spaced at least 
two months apart.(21) Patients with persistently elevat-
ed PSA (above 0.1 ng/mL 6-8 weeks after RP) were 
excluded. Local recurrence was identified by a choline 
or PSMA PET/CT scan or prostate bed biopsy. Dis-
tant metastases were diagnosed by imaging (choline 
or PSMA PET/CT scan or CT scan and bone scintigra-
phy). The primary endpoint of the study was BCR. The 
secondary endpoint was defining or stratifying the EAU 
BCR risk groups.
4. Tissue processing and staining
Using the H&E section from the formalin-fixed paraf-
fin-embedded prostatectomy sample, MV delineated 
the cancerous tissue on the slide. The slide with the 
worst GS pattern was used for this analysis. Three sec-
tions were cut from the corresponding paraffin block: 
the first and third 5 μm thick sections were stained with 
H&E to confirm the presence of the cancerous tissue; 
the second 70 μm thick section underwent tissue disag-
gregation and cell isolation followed by staining with a 
modified Feulgen-thionin a stoichiometric DNA stain. 
(22) It was transferred in nylon gauze (pore size 50 μm), 
placed into plastic cassettes, and underwent deparaffin-
ization in xylene and rehydration by immersion into de-
creasing ethanol concentrations. The rehydrated tissue 
was then digested with a pepsin mixture, incubated at 
37 C and stopped with phosphate-buffered saline. Sam-
ple was then shaken until the cells diffused into solu-
tion. After centrifugation, the resulting supernatant was 
removed and the remaining 2 ng/mL of solution was 
equally divided to each of the chambers on the cytospin 
slide. This slide was then centrifuged to create the cell 
monolayer. After air-drying, slides were stained with 
thionin-eosin.(22) 

5. DNA Image Cytometry
Feulgen-stained slides were scanned with the Health 
Canada-approved DNA Image Cytometry system 
(ICM) ClearCyte (Perceptionix Inc.). The system uses 
a Zeiss microscope with a 20x objective and a high-res-
olution monochrome CCD camera. An illumination 
wavelength of 600 nm was used, which corresponds to 
the absorption peak of the thionin stain. The effective 
pixel sampling was 0.37 μm. ClearCyte automatically 
scans the area of the stained cell deposition. Two spots 
per cytospin slide were used in order to maximize cell 
yield per sample. The two spots were scanned separate-
ly and the resultant files were subsequently merged. 
Using proprietary algorithms combining morphometric 
features, the ClearCyte software automatically classi-

Variable			   mean (IQR) or Number (%)

Observation period (years)		  12.1(3.7–16.2)
Age at RP (y-old) 			   61.0 (56.6-66.3)
Pre-operative PSA (ng/mL) 		  4.8 (1.0 - 10.0)
Pathological T stage
pT2				    88 (91%)
pT3a				    9 (9%)
ISUP GG, general pathology (GGG)	
GGG1				    74(76%)
GGG2				    23 (24%)
ISUP GG, expert pathology (EGG)	
EGG1				    60 (92%)
EGG2				    37 (38%)
Biochemical Recurrence (BCR)
None				    79 (82%)
Low-risk			   14 (14%)
High-risk			   4(4%)
Salvage therapy when BCR		  10 (56%)
Distant metastases			   1 (1%)
Overall Survival			   96 (96%)
Cancer-specific survival		   99 (99%)

Table 1. Clinical characteristics of the study cohort (97 patients).

Variable	 TN	 FP	 FN	 TP	 SE		  SP		  NPV		  PPV		  ACC

GGG		  62	 17	 12	 6	 33.3 [13.3-59.0]	 78.5[67.8-86.9]	 83.8[78.5-97.9]	 26.1[13.9-43.4]	 70.1[59.9-78.9]
EGG		  54	 25	 6	 12	 66.7[40.9-86.6]	 68.4[56.9-78.4]	 90.0[82.1-94.6]	 32.4[23.2-43.2]	 68.0[57.9-77.1]
PS		  73	 6	 10	 8	 44.4[21.5-69.2]	 92.4[84.2-97.1]	 88.0[82.7-97.7]	 57.0[34.5-77.1]	 83.5[74.6-90.2]

Table 2. Comparison of True Negative (TN), False Positive (FP), False Negative (FN), and True Positive (TP) patients for Expert Gleason Grade Group, General Patholo-
gist Gleason Grade Group and Ploidy Score to separation patients with and without BCR.

SE = sensitivity; SP = specificity; NPV= negative predictive value; PPV= positive predictive value; ACC= Accuracy;
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fied objects into epithelial cell nuclei, inflammatory 
cells, overlapping cells, and out of focus cells.23 Cells 
were visually reviewed by a cytotechnician who man-
ually removed misclassified objects. Only in focus ep-
ithelial cell nuclei were used for DNA ploidy analysis. 
The DNA content of each cell was determined by meas-
uring their integrated optical density (IOD). The DNA 
Index (DI) is a normalized measure of DNA content. It 
is obtained from cell IOD divided by the average IOD 
of the reference cell population (defined by the cyto-
technician). The mean IOD value of normal epithelial 
cells was used as an internal reference as advised by the 
manufacturer. 
6. DNA Ploidy features
Cells were classified into 13 different groups or “bins” 
according to their DI values. Cells with a DI: lower than 
0.9 were moved into bin 0; between 0.91 and 0.95 were 
moved into bin 1; between 0.96 and 1 into bin 2; be-
tween 1.01 and 1.10 into bin 3; between 1.11 and 1.25 
into bin 4; between 1.26 and 1.60 into bin 5; between 
1.61 and 1.85 into bin 6; between 1.86 and 1.95 into 
bin 7; between 1.96 and 2.05 into bin 8; between 2.06 
and 2.15 into bin 9; between 2.16 and 2.25 into bin 10; 
between 2.26 and 2.5 into bin 11; and finally cells with 
a DI more than 2.5 into bin 12. Cells with a DI >2.5 
are likely true aneuploid cells as their DI is too large 
to correspond to cycling diploid cells. All other cells 

could either be normal diploid epithelial cells at differ-
ent phases of the cell cycle or aneuploid cells. Frequen-
cies (#) and percentage (%) of cells in each of these bins 
were calculated as well as the frequency exceeding rate 
(E#) and the percentage exceeding rate of cells with a 
DI higher than the corresponding value of the bins (sup-
plement tables S1-S4). 
7. Statistical evaluation
The R statistical package (version 1.2.1335) was used 
for all statistical analyses including the non-paramet-
ric Wilcoxon rank sum test. Differences between more 
than two groups were assessed by one way ANOVA. 
Univariate and multiple linear regression analysis were 
used to measure the association between one or more 
variables and recurrence. Biochemical recurrence-free 
survival (BCRFS) was studied using the Kaplan-Meier 
method and the log-rank test.

RESULTS
Among the 99 patients, two patients were excluded due 
to lack of tissue material. The final cohort consisted of 
97 patients. Clinical characteristics of this cohort are 
outlined in Table 1. The mean observation period was 
12.1 years (median = 11.24 years, IQR [9.50-12.95] 
The mean age of patients at RP was 61.0 years. The 
mean preoperative PSA level was 4.8 ng/mL. Three pa-
tients died, one from cancer, and two from unrelated 
causes so the overall survival was 96%.
Of the 97 patients, 79 had no BCR (referred to as BCR0). 
Among the 18 patients who experienced BCR (BCR1), 
14 had a PSA-DT >1 year (low-risk BCR) and 4 had a 
PSA-DT of <1 year (high-risk BCR). The mean PSA-
DT of high-risk patients was 0.62 years versus low-risk 
patients of 2.0 years. Overall survival and cancer-spe-
cific survival were 95.9% and 99%, respectively. 55.6% 
of patients with recurrence received salvage therapy, in-
cluding both high-risk and low-risk BCR patients. No 
patients received adjuvant radiotherapy. Four patients 
were treated with salvage radiotherapy with or without 
androgen deprivation treatment (ADT), being delivered 
at PSA level above 0.5 ng/mL. Six patients were treated 
with ADT and one also underwent chemotherapy. 
Comparisons of DNA ploidy between patients 
with and without BCR

Figure 1. DNA ploidy histograms of two study samples. (A) Patient without biochemical recurrence and (B) patient with biochemical recurrence.

Model		  Variable		  p-value	 Odds ratio [CI]

Univariate	 Age (years)		  0.67	 1.25 [
		  PSA (ng/mL)		 0.41	 1.64 [1.06-8.53]
		  GGG		  0.29	 1.82 [0.36-3.58]
		  EGG		  0.0084*	 4.32 [2.18-18.81]
		  pT		  0.0072*	 7.20 [1.39-14.6]
		  PS		  0.00035*	 9.70 [2.22-25.6]
Mutlivariate	 EGG		  0.1	 2.82 [0.75-9.75]
		  pT		  0.014*	 8.27 [2.48-25.55]
		  PS		  0.00095*	 11.63 [3.27-43.66]
		  Age (years)		  0.8	 1.17 [0.34-5.79]
		  PSA (ng/mL)		 0.22	 2.44 [0.85-8.21]

Table 3. Univariate and Multiple linear regression model to predict BCR using pre-
dictors: General Gleason Grade (GGG), Expert Gleason Grade (EGG), pathological 

T stage (pT), Ploidy Score (PS), age and PSA.

*significant at p = 0.05
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On average, 2175 cells were analyzed per specimen 
(min 76, max 10799). The mean and standard deviation 
of all DNA ploidy features are given in Supplemental 
Tables 1-4. Fourteen  DNA ploidy features were sta-
tistically different between BCR0 and BCR1 (Wilcox-
on test, p < 0.001). All these features showed the same 
trend: there were significantly more aneuploidy cells or 
cells with a higher DI in patients who experienced BCR 
than in patients who did not. 
Two DNA ploidy histograms of specimens from a pa-
tient with BCR and without BCR are depicted in Fig-
ure 1. Figure 2 shows nuclear images of nuclei with 
increasing Dis (from the specimen with BCR shown in 
Figure 1B)
DNA Ploidy Score
All features were entered into a stepwise forward linear 
discriminant analysis (LDA) to differentiate between 
BCR0 and BCR1. To avoid overtraining, the number 
of features entered was limited to two. The algorithm 
selected 2.5# and 2.15#. The canonical score (linear 
combination of these two features) was named Ploidy 
Score (PS). Using a threshold value of 0.16, patients 
with a PS value below 0.16 were classified as PS- and 
PS+ otherwise. 
The sensitivity and specificity of this PS test to detect 
BCR patients with a sensitivity of 44.4% (8 of 18) with 
a 95% CI of 22.0% to 66.0% and a specificity of 92.4% 

(73 of 79) with a 95% CI of 86.0% to 97.0% (Table 2). 
We then assessed the performance of the PS in EGG2 
subgroup of patients. The sensitivity and specificity 
were 50% (6 of 12) and 100.0% (25 of 25). 
Gleason Score and BCR
Sensitivity and specificity of the EGG to predict BCR 
was 66.7% (12 of 18) (95.0% CI of 41.0 to 87.05) and 
68.4% (54 of 79) (95% CI of 57.0% to 78.0%) respec-
tively. Sensitivity of GGG to predict BCR was 33.3% 
(6 of 18) (95.0% CI of 13.0% to 59.0%) and 78.5% (62 
of 79) (95.0% CI of 56.0% to 59.0%) respectively. 
Univariate and multivariate regression analysis
To be consistent and allow a more logical comparison 
between EGG and GGG, which are intrinsically binary 
(grade 1 or 2, see Table 1), we transformed all other 
variables into binary variables. Patients younger than 
60 years old were coded as 0 and equal or over 60 years 
old as 1. PSA values below 6 ng/mL were coded as 0 
and values between 6.01 and 10 ng/mL were coded as 1. 
For pathology grade, pT2 was coded as 0 and pT3 as 1. 
Univariate analyses showed that PS, pT and EGG were 
statistically significant predictors of BCR. Age, pre-
operative PSA and GG were not significant (Table 3). 
Multivariate regression analysis was used to access the 
prognostic value of PS adjusted by EGG, pT, preoper-
ative PSA level and age. Only PS and pT were statisti-
cally significant (Table 3).

Figure 2. Nuclear images of cells. A) Diploid cells, B) cells with a DNA index around 1.5 and C) cells with a DNA index higher than 2.2 (highly aneuploid cells).

Figure 3. Correlation between DNA ploidy features and PSA doubling time. None: no recurrence (79 cases); low-risk: PSA doubling time >1 year (14 cases) and high-
risk: PSA doubling time ≤1 year (4 cases). (A)  Box plots of the Ploidy score (ANOVA, p = 9.6x10-8). The bold line represents the median, the boxes represent the 50th 
percentile and error bars represent 5th and 95th percentile of cell frequencies. (B) Number of aneuploid cells (DI >2.5) (ANOVA, p = 1.7x10-11).
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Correlation of DNA Ploidy Score with high-risk BCR
To investigate the potential of the PS to detect the most 
aggressive BCR cases, we compared the distribution of 
PS between three groups classified as: group 0 (patients 
with no BCR); group 1 (patients with a PSA-DT of >1 
year); and group 2 (patients with a PSA-DT of <1 year). 
There was a statistically significant difference in the 
PS and in the frequency of cells with a DI higher than 
2.5 (likely truly aneuploidy cells) between these three 
groups (Figure 3). 
Ploidy Score and time to biochemical recurrence
We examined the correlation between PS and EGG 
with BCR-free survival using the Kaplan-Meier anal-

Figure 4. Cumulative proportion of BCR-free survival (BCRFS) according to the Ploidy Score (A) (Log rank test, p = 4x10-7) and EGG (B) (p = 0.004, respectively).

ysis (Figure 4). Mean time to BCR was significantly 
shorter in PS+ patients compared to PS- patients: 44.7 
months versus 85.2 months (log rank test, p < 0.001 
Figure 4A). The 10-year BCRFS rates for PS+ were 
42% (95% CI 22-78%) and PS- were 90% (95% CI 
84-97%). For EGG1 and EGG2, they were 93% (95% 
CI 87-99%) and 68% (95% CI 54-84%) respectively. 
Using a combination of PS and EGG, four risk groups 
were generated (Figure 5). Group A consists of patients 
with PS- and EGG1 diagnosis with a BCR proportion 
of 7.5% (4/53). Group B consists of patients with PS- 
and EGG2 diagnosis with a BCR proportion of 20.7% 
(6/29). Group C consists of patients with PS+ and EGG1 

DNA ploidy and progression after RP-Pukl et al.

Figure 5. Kaplan-Meier plot of BCR-free survival for patients grouped according to EGG diagnosis and Ploidy score. (A) PS- / EGG1, (B) PS- / EGG2, (C) PS+ / EGG1 
and (D) PS+ / EGG2. Using log-rank test, there was a significant difference between groups A and C (p = 0.04), between groups A and D (p=7x10-10) between groups B 
and D (p = 4x10-5) and between groups B and C (p = 0.04).
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diagnosis with a BCR proportion of 28.6 (2/7). Group D 
consists of patients with PS+ and EGG2 diagnosis with 
a BCR proportion of 75% (6/8). All four high-risk BCR 
cases were classified into group D. The cumulative pro-
portion of patients with BCRFS decreased from group 
A to D (Figure 5). 

DISCUSSION 
Our study suggests that DNA ploidy obtained on radical 
prostatectomy specimens can stratify patients with low-
risk PCa into low and high risks of subsequent BCR. 
DNA ploidy combined with Gleason groups further re-
fines risk stratification of BCR. This implies that low-
risk group based on traditional clinicopathological cri-
teria is heterogeneous and DNA ploidy has potential to 
tackle this issue. Moreover, our data suggests that DNA 
ploidy could identify very early on patients at high-risk 
of aggressive BCR (PSA-DT <1year) and patients with 
a risk of non-significant BCR (PSA-DT >1 year) much 
sooner than actual PSA recurrence.
The negative predictive value of PS for BCR was 88%, 
suggesting a high likelihood of excluding BCR, while a 
lower positive predictive value indicates that some re-
currences are not detected. However, as the number of 
aneuploidy cells (DI >2.5) is significantly higher in the 
high-risk patients (Figure 3), PS could detect aggres-
sive cancers. 
Regression analysis to predict BCR showed another in-
teresting property of DNA ploidy and GGG assessment. 
Ploidy score and expert pathologist assessment were 
significant in predicting BCR in univariate analysis, 
while general pathologist assessment was not (Table 
3). Despite differences in prognostic performance be-
tween expert and general pathologists (Table 2), mul-
tivariate analysis indicated that only pT and PS were 
independent variables to predict BCR, suggesting that 
a DNA ploidy assessment adds important prognostic 
information despite already having an expert patholo-
gist assessment. Kaplan-Meier analysis of BCR clearly 
showed that adding PS to EGG improved risk stratifica-
tion. Including DNA ploidy into pathology report from 
radical prostatectomy may refine clinical management. 
For example, for patients who are EGG1 and PS-, a 
follow-up with family practitioner could be sufficient. 
In contrast, PS+/EGG2 patients, at higher risk of early 
recurrence, would require early consultation with radi-
ation oncology, and consideration for adjuvant or ear-
ly multimodal salvage treatment. On the other hand, a 
more frequent PSA based follow up may be sufficient 
for PS+/EGG1 and PS-/EGG2 patients.
Evidence for DNA ploidy-independent prognostic val-
ue in PCa was summarized in two recent reviews. (12,14) 
Most studies reported statistical significance of DNA 
ploidy in multivariate statistical models reflecting no 
added value of DNA ploidy to GGG, however, some 
of these studies used flow cytometry, which has poorer 
resolution compared to image cytometry.(24-27) In these 
studies, expert pathologists gave GGG assessment, 
which may not be available in all institutions; addition-
ally, experts could have discordant reports.(4) Efforts 
have been made to incorporate genomic prognostic 
markers into risk stratification tools, benefitting mostly 
high-risk patients.(9,28) Genomic classification increased 
the C-index for 10-year distant metastasis from 0.76 to 
0.81 compared to the clinical model alone.(9) Only one 
contemporary study has assessed the prognostic value 

of DNA ploidy in favorable risk PCa (pre-treatment set-
ting) showing its independent prediction of BCRFS. (15) 
In a post-RP setting, several studies have shown that 
abnormal DNA ploidy was a predictor of BCR in a co-
hort of patients with GS 7.(16,19,20) A study from Lau et 
al. determined multivariate prognostic significance of 
DNA ploidy GS 7 cohort but not in the GS 8-10 cohort. 
(24,29) Pretorious et al. reported that DNA ploidy was the 
only significant predictor of early recurrence in a GS 7 
cohort subset.(20) Lennartz et al. indicated that DNA an-
euploidy with deletion of PTEN and 6q15 have shown 
the strongest prognostic information in subgroup of pa-
tients with GG2.(16) 

The low number of recurrences limits the strength of 
our findings and a larger cohort is definitively needed. 
Also two-thirds of recurrent patients received salvage 
treatments after RP, therefore evaluation of time to 
metastases as an endpoint was not possible. However, 
studies indicate that a PSA threshold of 0.4 ng/mL for 
BCR best predicts metastases.(30) 

CONCLUSIONS
Abnormal DNA ploidy can be an independent prognos-
tic marker of BCR in low-risk PCa and increases prog-
nostic value when combined with Gleason assessment, 
allowing a more personalized approach to salvage treat-
ments.  
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