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Abstract

Background

The Charlson Comorbidity Index is a poor predictor of mortality in men with castration resis-
tant prostate cancer (CRPC). To improve this prediction, we created a comorbidity index
based on filled prescriptions intended to be used in registry-based studies.

Materials and methods

In a population-based cohort of men with CPRC a drug comorbidity index (DCI-CRPC) was
calculated based on prescriptions filled during a 365-day period before the date of CRPC
diagnosis to predict mortality. Five risk categories for men with CRPC were defined based
on PSA kinetics. Mortality rates were described by Kaplan-Meier curves. The predictive abil-
ity of the DCI-CRPC was compared in univariable models to that of the original DCI, derived
from men in the general population, and to that of the Charlson Comorbidity Index.

Results

In 1,885 men with CRPC the median overall survival ranged from 3.0 years (95% confidence
interval [CI] 2.8 to 3.4) in the first tertile of the DCI-CRPC, to 1.0 year (95% CI 0.9t0 1.1) in
the third tertile of the DCI-CRPC. The index had higher discriminative ability (C-index 0.667)
than the Charlson Comorbidity Index (C-index 0.508). The discriminative ability of the DCI-
CRPC was highest in the subgroup with least aggressive cancer (C-index 0.651) and lowest
in men with most aggressive cancer (C-index 0.618). The performance of the DCI-CRPC
was comparable to that of the original DCI.

Conclusion

Our newly created comorbidity index using filled prescriptions predicted death in men with
CRPC better than the Charlson Comorbidity Index.
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npcr@npcr.se. A study file will then be uploaded to
a remote server where statistical analysis can be
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Background

There is a wide range in survival for men with prostate cancer who progress to castration resis-
tant prostate cancer (CRPC) [1]. Measures such as the Eastern Cooperative Oncology Group
performance status can predict survival for men with CRPC but they are rarely available in
administrative health care databases or clinical cancer registers. The Charlson Comorbidity
Index (CCI) based on hospital discharge diagnoses in administrative registers is more widely
available and is a good predictor of survival in the general population and men with localized
prostate cancer but is a poor predictor of overall survival (OS) in men with CRPC [2-5].

Several models based on filled prescriptions for drugs have been developed to predict mor-
tality in various settings [6-8]. Recently, we created and validated a Drug Comorbidity Index
(original DCI) to predict death from any cause in a cohort of men randomly selected as pros-
tate cancer-free controls to men with prostate cancer [9,10]. Our original DCI was based on
fillings for 106 drugs in the Swedish Prescribed Drug Register, which were associated with the
risk of death. Each drug was assigned a specific weight that reflected its univariable association
with survival probability. These weights were used to calculate an index predicting the survival
probability for each man based on his filled prescriptions during the preceding year. The DCI
predicted survival well within strata of age and CCI, even in the highest age group. The dis-
crimination of this DCI was higher compared to the Rx-Risk Comorbidity Index, another pre-
viously published prescription-based risk index [6].

The aim of the present study was to create a Drug Comorbidity Index for prediction of all-
cause mortality in men with CRPC, which perform better than the Charlson Comorbidity
Index (CCI). The DCI is intended to be used as a measure of baseline health status indicative
of risk of death from all causes in register-based studies.

Material and methods

Data sources and study population

The Uppsala-Orebro PSA cohort (UPSAC) database contains all Prostate-Specific Antigen
(PSA) measurements obtained between 2005 and 2014 in the five regions in the Uppsala
health-care region in Sweden [11]. By use of the unique Swedish personal identity number
[12] and exact person-based linkage the UPSAC was linked to the National Prostate Cancer
Register (NPCR) [13], the Cause of Death Register [14], the Swedish Prescribed Drug Register
[15], and the National Patient Register [16]. Criteria for inclusion in the study population of
men with CRPC were: 1) registration in NPCR; 2) first treatment with gonadotropin releasing
hormone (GnRH) agonist/antagonist after 1 January 2006; 3) a doubling of nadir PSA value to
>2 ng/mL or an absolute increase of 5 ng/mL or more, while on androgen deprivation therapy
with GnRH or bilateral orchidectomy. In addition, men included in the study population had
to be on androgen deprivation therapy for at least 3 months within a 6-month period accord-
ing to the Prescribed Drug Register. Start of follow up was the date of CRPC diagnosis accord-
ing to this definition. End of follow-up was 31 December 2014.

Covariates

Tumor Node Metastasis (TNM) stage [17], Gleason Grade Groups [18], and data on diagnostic
work-up and treatment were retrieved from NPCR [19]. The Charlson Comorbidity Index
(CCI) was computed based on hospital discharge diagnoses in the National Patient Register
from the 10-year period preceding the start of follow-up [20]. The CCI component for meta-
static disease was excluded from the index. The study population was stratified into five cate-
gories according to their expected mortality risk based on the PSA at CRPC diagnosis and the
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PSA doubling time, which are known to be predictive of the risk of death in this population
[21]. Cause and date of death were retrieved by linkage to the Cause of Death Register [22].

The Drug Comorbidity Index (DCI)

The DCI was computed from filled prescriptions in the Prescribed Drug Register [23]. Two
DCIs were calculated: the original DCI, based on the 106 drugs and their weights from our
previous study on men in the general population [9,10], and a new CRPC-specific index
(DCI-CRPCQ), calculated based on weights derived in the present study population of men with
CRPC, using the same method as described for the original DCI [10].

Statistical methods

We selected drugs for which a prescription had been filled by at least 1% of the men who died
within the 365-day period preceding the start of follow-up (S1 Table) [10]. Each drug was
identified with the anatomical therapeutic chemical classification (ATC) code at the chemical
subgroup level. For each ATC code, a Cox univariable model was fitted to obtain the hazard
ratio for death from any cause for men who had filled at least one prescription for that drug.
The DCI-CRPC was calculated for each subject by adding the logarithm of the estimated ATC
code specific hazard ratios (logHRs) corresponding to the subject’s filled prescriptions. The
original DCI was calculated in the same way but using the previously published logHRs
derived from men in the general population [10].

The discriminative ability of the DCI-CRPC and original DCI was assessed by fitting uni-
variable Cox regression models and compare Harrell’s C-indices. Kaplan-Meier (KM) curves
of overall survival were plotted stratified for tertiles of the DCI, for all men and for the five
CRPC risk categories separately.

To penalize for internal validation, C-indices were calculated after bootstrapping (1000
samples) parameter estimates. Calibration curves at 1, 2, and 5 years of follow-up were plotted.
Finally, the C-indices for DCI-CRPC, the original DCI, and CCI were compared.

Sensitivity analyses were performed by 1) using a more detailed ATC code level (the phar-
macological subgroup level); 2) reducing the time period before the date of start of follow-up
from which the filled prescriptions were retrieved, from 365 days to 180 days; 3) limiting the
analysis to drugs that were prescribed to at least 5% of men who died; 4) including only ATC
codes with parameter estimate p values was < 0.2 from the Wald-test in a Cox regression
model.

The study was approved by the Research Ethics Review Board in Uppsala that waived the
informed consent requirement.

Results

The study included 1885 men with CRPC, equally distributed between CRPC risk categories
(Table 1). The higher the risk category, the higher the proportion of men with high PSA,
advanced TNM stage, and high Gleason at the time of prostate cancer diagnosis. The median
follow-up time of men in the study was 3.7 (interquartile range 1.2-4.4) years.

Data on 112 drugs that were prescribed to at least 1% of men who died were used to create
the DCI-CRPC. The selected drugs were not exactly the same as those used in the original
DCI. Out of the 112 drugs, 16 were present only in DCI-CRPC and not in the original DCI
and 10 drugs were present in the original DCI but not in DCI-CRPC (S1 Table).

Median DCI-CRPC was 1.5 (interquartile range 0.66-2.93). The study population was strat-
ified according to the tertiles of this index. The majority of men had CCI = 0 in all strata of
DCI, and the proportions of men according to CCI scores were similar in all DCI strata
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Table 1. Baseline characteristics of men with castration-resistant prostate cancer (CRPC) in the Uppsala-@rebro PSA cohort (UPSAC) database.

All CRPC low-risk | CRPC low to mid- | CRPC intermediate- | CRPC mid to high- | CRPC high-risk
category risk category risk category risk category category
(n =1885) (n =355) (n=394) (n=361) (n=391) (n=384)
Clinical tumour (T) stage, n (%) T1 269 (14) 54 (15) 53 (14) 65 (18) 45 (12) 52 (14)
T2 469 (25) 104 (29) 98 (25) 81(22) 103 (26) 83 (22)
T3 893 (47) 167 (47) 195 (50) 167 (46) 185 (47) 179 (47)
T4 221 (12) 24 (7) 39 (10) 43 (12) 52 (13) 63 (16)
Missing 33(2) 6(2) 9(2) 5(1) 6(2) 7(2)
Node (N) stage, n (%) NO 125 (7) 17 (5) 22 (6) 25(7) 34(9) 27 (7)
N1 93 (5) 11(3) 17 (4) 16 (4) 29 (7) 20 (5)
NX 1667 (88) 327 (92) 355 (90) 320 (89) 328 (84) 337 (88)
Metastasis (M) stage, n (%) MO 594 (32) 130 (37) 134 (34) 119 (33) 124 (32) 87 (23)
M1 564 (30) 51 (14) 89 (23) 99 (27) 146 (37) 179 (47)
MX 727 (39) 174 (49) 171 (43) 143 (40) 121 (31) 118 (31)
Gleason Grade Groups (GGG), n GGG1 213 (11) 48 (14) 38 (10) 48 (13) 39 (10) 40 (10)
(%) GGG2 222 (12) 60 (17) 45(11) 42 (12) 41(11) 34 (9)
GGG3 257 (14) 63 (18) 52 (13) 54 (15) 49 (13) 39 (10)
GGG4 380 (20) 72 (20) 85 (22) 61 (17) 85 (22) 77 (20)
GGG5 574 (31) 60 (17) 122 (31) 115 (32) 133 (34) 144 (38)
Missing 239 (13) 52 (15) 52 (13) 41 (11) 44 (11) 50 (13)
Prostate-specific antigen (PSA) at 48 (18- 31.5 (16-66) 49 (17-122) 39 (15-129) 57 (19-199) 104 (24-470)
diagnosis (ng/mL), median (IQR) 157)
PSA at diagnosis (ng/mL), n (%) <=10 247 (13) 45 (13) 57 (15) 56 (16) 46 (12) 43 (11)
10-20 298 (16) 75 (21) 60 (15) 66 (18) 58 (15) 39 (10)
20-50 409 (22) 110 (31) 82 (21) 72 (20) 84 (22) 61 (16)
50-100 308 (16) 59 (17) 79 (20) 56 (16) 67 (17) 47 (12)
100-500 391 (21) 47 (13) 89 (23) 66 (18) 89 (23) 100 (26)
500+ 207 (11) 12 (3) 23 (6) 37 (10) 44 (11) 91 (24)
Missing 25 (1) 7(2) 4(1) 8(2) 3(1) 3(1)
Age at CRPC diagnosis (years), 77 (70-83) 81 (76-84) 78 (71-84) 76 (69-83) 76 (70-82) 76 (67-82)
median (IQR)
Age at CRPC diagnosis (years), n <65 216 (12) 14 (4) 36 (9) 51 (14) 49 (13) 66 (17)
(%) 66-70 258 (14) 24(7) 50 (13) 54 (15) 56 (14) 74 (19)
71-75 309 (16) 48 (14) 70 (18) 63 (18) 77 (20) 51 (13)
76-80 405 (22) 89 (25) 84 (21) 78 (22) 85 (22) 69 (18)
81-85 427 (23) 110 (31) 91 (23) 65 (18) 88 (23) 73 (19)
86+ 270 (14) 70 (20) 63 (16) 50 (14) 36 (9) 51(13)
Calendar year of CRPC diagnosis, n | 2006- 598 (32) 68 (19) 117 (30) 143 (40) 132 (34) 138 (36)
(%) 2009
2010- 1131 (60) 257 (72) 244 (62) 193 (54) 223 (57) 214 (56)
2013
2014- 156 (8) 30 (9) 33 (8) 25(7) 36 (9) 32 (8)
2016
Time from prostate cancer diagnosis
to CRPC diagnosis 0-6 62 (3) 0(0) 1(0) 6(2) 17 (4) 38 (10)
months
7-12 317 (17) 5(1) 31(8) 59 (16) 99 (25) 123 (32)
months
1-2 years 457 (24) 47 (13) 119 (30) 103 (29) 106 (27) 82 (21)
2-4 years 515 (27) 149 (42) 140 (36) 87 (24) 80 (21) 59 (15)
>4 years 534 (28) 154 (43) 103 (26) 106 (29) 89 (23) 82 (21)
(Continued)
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Table 1. (Continued)

All CRPC low-risk | CRPC low to mid- | CRPC intermediate- | CRPC mid to high- | CRPC high-risk

category risk category risk category risk category category
(n = 1885) (n = 355) (n = 394) (n=361) (n=391) (n=384)

Charlson Comorbidity Index, n (%) | 0 1280 (70) 235 (66) 262 (67) 244 (70) 268 (69) 271 (71)
1 235 (13) 41 (12) 56 (14) 56 (16) 45 (12) 37 (10)

2 170 (9) 39 (11) 37(9) 26 (7) 37 (10) 31(8)

>3 200 (11) 40 (11) 39 (10) 35(10) 41 (11) 45 (12)

ATC code anatomical main group A 2382 423 (13) 394 (12) 431 (13) 566 (15) 568 (14)
level, n (%) B 1611 359 (11) 351 (10) 274 (8) 313 (8) 314 (8)
C 3664 853 (26) 836 (25) 634 (19) 651 (17) 690 (17)

D 575 132 (4) 120 (4) 103 (3) 131 (3) 89 (2)

G 558 77 (2) 108 (3) 128 (4) 121 (3) 124 (3)

H 334 49 (2) 45 (1) 57 (2) 89 (2) 94 (2)

] 1216 158 (5) 203 (6) 266 (8) 258 (7) 331 (8)

L 2483 345 (11) 458 (14) 494 (15) 578 (15) 608 (15)

M 771 94 (3) 126 (4) 131 (4) 193 (5) 227 (6)

N 2875 459 (14) 457 (13) 532 (16) 654 (17) 773 (19)

P 33 5(0) 6 (0) 11 (0) 3(0) 8(0)

R 911 175 (5) 182 (5) 181 (5) 198 (5) 175 (4)

S 519 122 (4) 114 (3) 100 (3) 77 (2) 106 (3)

\% 18 8 (0) 0(0) 4(0) 5 (0) 1(0)

CRPC: Castration resistant prostate cancer; IQR: Interquartile range; ATC: Anatomical therapeutic chemical classification system.

https://doi.org/10.1371/journal.pone.0255239.t001

(S2 Table). Median overall survival was 3.0 years (95% Confidence Interval [CI] 2.8-3.4) in
the first tertile of DCI-CRPC and 1.0 year (95% CI 0.9-1.1) in the third tertile (Fig 1).

The discriminative ability of univariable model for survival with the DCI-CRPC as predic-
tor (C-index 0.667) was slightly higher compared to the original DCI (C-index 0.633), and sub-
stantially higher than for the CCI (C-index 0.508). When the discriminative ability of the

Drug Comorbidity Index-CRPC Original Drug Comorbidity Index Charlson Comorbidity Index
— 15t Tertile — 2nd Tertile — 34 Tertile 1.00 — CCl=0 — CCl=1 — CCl=2 — CCl23
1.00 1.00
C-index = 0.633
® 0.75
P C-index = 0.667 > — C-index = 0.508
© 0.75 = © 075
z = Z
S D 0s0] =-mmmma NG E
B o -oone . s Z oo
© : : Q o
o : : ) g
> ' 0.25
(@] 0.25 ! ! O o2
0.00 . : 0.00 0.00
0 1 2 3 4 5 6 0 1 2 3 4 5 6 Y 1 2 3 4 5 6
Years Years Years
i“Tedle 627 503 337 201 103 42 16 i“Terle 628 480 309 179 100 39 20 cel=o 1280 797 487 243 "5 4 2
) . CCl=1 235 159 89 51 26 7 3
27 Tertile 628 408 241 120 53 18 1 2nd Tertile 628 402 234 118 51 19 5 ccl=2 170 109 68 35 18 7 2
3 Tertile 628 278 113 44 2 9 2 3 Tertile 628 307 148 68 26 1 4 CCl23 200 125 78 36 18 8 3

Fig 1. Overall survival for 1885 men with castration resistant prostate cancer (CRPC), stratified in tertiles of the Drug Comorbidity Index developed for CRPC
(DCI-CRPC), the original DCI, and the Charlson Comorbidity Index.

https://doi.org/10.1371/journal.pone.0255239.g001
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Fig 2. Overall survival in 1885 men with castration resistant prostate cancer (CRPC) in five risk categories and stratified in tertiles of the Drug Comorbidity Index
for CRPC (DCI-CRPC).

https://doi.org/10.1371/journal.pone.0255239.9002

DCI-CRPC was evaluated within each CRPC risk category, DCI-CRPC had the highest dis-
criminative ability within the low-risk CRPC category (C-index 0.651), and the lowest discrim-
inative ability in the high-risk CRPC category (C-index 0.618) (Fig 2). All C-indices were
slightly lower after bootstrap resampling (S3 Table).

When calibration was evaluated after 1, 2, and 5 years of follow-up the DCI-CRPC appeared
well calibrated for observed mortality at these time points (S1 Fig).

In the sensitivity analyses, when using a more detailed the ATC code level, retrieving filled pre-
scriptions from a 180-day period, limiting the selection of drugs to drugs that were prescribed to
at least 5% of men who died, or selecting only ATC codes with parameter estimate p-values < 0.2
from the Wald-test, the results did not notably change from the main analysis (S2 Fig).

Discussion

Our DCI predicted risk of death from all causes with higher accuracy than the Charlson
Comorbidity Index (CCI). The DCI-CRPC was able to identify patient strata with notably dif-
ferent survival probability also within CRPC risk categories. The index was least discriminative
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in the highest risk category, in which prostate cancer was by far the most common cause of
death.

We compared univariable models instead of optimising prediction with multivariable mod-
els that would have generated higher C-statistics but that would not have improved the tar-
geted comparison with CCL Despite this, DCI predicted death better than CCI. However, the
C-index for DCI was modest and lowest in the highest risk category in which prostate cancer
was by far the most common cause of death.

There are several reasons why a filled prescription for a drug can be associated with the risk
of death. Commonly, the indication for the drug is associated with risk of death. For example,
we found that bicalutamide, an anti-androgen, was associated with risk of death, likely due to
that bicalutamide was combined with GnRH antagonist/agonist in men with particularly
aggressive prostate cancer in order to obtain maximal androgen blockade. The use of opioids
was also associated with risk and is likely to reflect advanced cancer with presence of severe
pain. Thus, DCI may to some extent mirror cancer aggressiveness in addition to describing
comorbidity. Angiotensin II receptors blockers and beta blockers were somewhat surprisingly
associated with longer survival, likely due to some selection of men who filled such prescrip-
tions. Emollients, corticosteroids ointments, and vitamin B supplementation and combina-
tions thereof were associated with increased risk of death, possibly reflecting a general frailty
or cancer progression among those prescribed such drugs.

The DCI predicted death from all causes in men with CRPC substantially better than the
Charlson Comorbidity Index that is based on discharge diagnoses. Previous studies have
shown that hospital discharge diagnoses underestimate the presence of comorbid conditions
in the general population. For example, diabetes mellitus and hypertension, two conditions
that increase the risk of death, are not always captured if the man has not been hospitalized
[24,25]. In support of this view, we did not find higher CCI in men with higher DCIL.

This study has several strengths, we had access to longitudinally collected data on PSA in a
population-based cohort and comprehensive data obtained by linkages to several nationwide
registries with known high quality [11,13,19]. Thus, we used longitudinal data on serum PSA
levels before and at the time of CRPC diagnosis, and PSA kinetics have been shown to predict
the risk of metastatic disease and death [26]. We used the same statistical approach for the
computation of DCI that had previously been applied in previous studies, providing further
support for its applicability [9,10]. Several nomograms have been constructed with the aim to
predict survival in men with CRPC [27]. These nomograms are mostly based on information
such as Eastern Cooperative Oncology Group performance status, serum levels of PSA, hemo-
globin, and blood markers but a disadvantage of these factors is that they are rarely available in
clinical cancer registers or administrative databases. On the other hand, information on filled
prescriptions are easily available in these registries. Further studies are needed to assess if add-
ing DCI in these models could improve their performance. Of note, given that information at
the basis of our DCI is extracted from administrative or clinical registries, DCI can only be
used in registry-based studies and not in clinical practice.

Limitations of our study include that there was no data on the presence of metastases at the
date of diagnosis of CRPC, so we could not distinguish between non-metastatic and metastatic
CRPC, and we also lacked data on several other prognostic factors such as location of metasta-
ses. Almost 30% of men in our study had metastatic prostate cancer already at date of diagnosis
so these men had metastatic disease at the time of castration resistance. Another potential limi-
tation is that the Swedish Prescribed Drug Register does not capture drugs administered in-
hospital that could possibly improve the predictive ability of the DCI. Finally, use of drugs var-
ies between countries and over time so our results might not be applicable to all other settings.
For example, novel treatments for CRPC such as abiraterone and enzalutamide have been
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introduced after the study period, so the list of drugs for DCI in a contemporary cohort of
men with CRPC would be different from ours. However, the original DCI that did not include
cancer drugs was only marginally inferior in terms of accuracy to the tailor-made DCI-CRPC.

Conclusion

A Drug Comorbidity Index (DCI) based on filled prescriptions predicted death in men with
castration resistant prostate cancer substantially better than the Charlson Comorbidity Index.
The tailor-made DCI-CRPC performed slightly better than the original DCI that was con-
structed on prostate cancer-free men from the general population. The discrimination of these
indices was better in men with low-risk CRPC than in men with high-risk CRPC. We argue
that our Drug Comorbidity Index is a useful predictor of death in register-based studies of
men with castration resistant prostate cancer.
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