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Abstract

Multi-morbidity is common among older adults; however, for many aging-related diseases there is
no information for U.S. elderly population on how earlier-manifested disease affects the risk of
another disease manifested later during patient’s lifetime. Quantitative evaluation of risks of
cancer and non-cancer diseases for older adults with pre-existing conditions is performed using the
Surveillance, Epidemiology, and End Results (SEER) Registry data linked to the Medicare Files
of Service Use (MFSU). Using the SEER-Medicare data containing individual records for
2,154,598 individuals, we empirically evaluated age patterns of incidence of age-associated
diseases diagnosed after the onset of earlier manifested disease and compared these patterns with
those in general population. Individual medical histories were reconstructed using information on
diagnoses coded in MFSU, dates of medical services/procedures, and Medicare enrollment/
disenrollment. More than threefold increase of subsequent diseases risk was observed for 15
disease pairs, majority of them were i) diseases of the same organ and/or system (e.g., Parkinson
disease for patients with Alzheimer disease, HR=3.77, kidney cancer for patients with renal
failure, HR=3.28) or ii) disease pairs with primary diseases being fast-progressive cancers (i.e.,
lung, kidney, and pancreas), e.g., ulcer (HR=4.68) and melanoma (HR=4.15) for patients with
pancreatic cancer. Lower risk of subsequent disease was registered for 20 disease pairs, mostly
among patients with Alzheimer’s or Parkinson’s disease, e.g., decreased lung cancer risk among
patients with Alzheimer’s (HR=0.64) and Parkinson’s (HR=0.60) disease. Synergistic and
antagonistic dependences in geriatric disease risks were observed among US elderly confirming
known and detecting new associations of wide spectrum of age-associated diseases. The results
can be used in optimization of screening, prevention and treatment strategies of chronic diseases
among U.S. elderly population.
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INTRODUCTION

Approximately 96% of Medicare expenditures were accounted for by the 2/3 of
beneficiaries with multiple chronic conditions (Anderson, Solutions, & Foundation, 2004).
At advanced ages, people are at their highest multi-morbidity risks that also lead to growing
medical expenditures. The risks of different diseases may be not independent: disease that
has occurred earlier can increase or decrease the probability of occurrence of the disease that
will be diagnosed later. To evaluate these relationships, two types of disease risks should be
distinguished: conditional (calculated for cohort of the patients who have the disease of
interest) and unconditional (calculated for the general population). The conditional risk
reflects the interrelations between an earlier occurred (pre-existing) disease and a subsequent
disease (manifested later in time), while the unconditional risk of disease occurrence does
not depend on the presence of other diseases in the patient. The conditional risk of a certain
disease could be higher (in this case pre-existing disease is a risk factor for this disease) or
lower (in this case pre-existing condition possesses certain protective effect against this
disease) than the unconditional risk. Understanding and evaluation of relationships between
the aging-associated diseases risks are important for both public health and clinical practice
—i.e., at the population and individual patient’s levels. The detailed information on
dependent risks helps to develop the prognoses of population morbidity (including disease
incidence and prevalence) and mortality with a better accuracy; specifically, the effects of
pre-existing diseases on risks of later-in-life diagnosed diseases can be incorporated into
disease incidence prognosis and into the health forecasting models for specific population
groups. Also, understanding the possible underlying causes of observed phenomena of
dependence between disease risks (e.g., the effects of treatment of earlier occurred disease
that can increase or decrease the risk of later occurred disease, shared behavioral risks,
pleotropic effects of genes) can be used for developing new preventive strategies and
therapeutic approaches. Recently, several pairs of diseases whose risks were influenced by
the presence of another pre-existing disease have been described: e.g., cancer and circulatory
diseases, cancer and Parkinson’s disease, stroke and Alzheimer’s disease, cancer and
diabetes, and asthma and cancer (Tabarés-Seisdedos et al., 2011; Ukraintseva et al., 2010).

However, systematic information about disease dependence is largely lacking. We
considered 21 diseases representing various systems of human organism and evaluated the
conditional and unconditional disease risks using empirical methods and more formal
approaches based on the proportional hazard models. Specific attentions were paid to pairs
of diseases of the same organ, the same system, and diseases for which a pre-existent
condition decreased or substantially increased their risks.

The Medicare-based datasets provide an excellent, underexplored opportunity for systematic
investigation of the mutual dependence of aging-associated diseases risks at the national
level. The progress in this area became possible after development and validation of a
computational approach allowed for identifying the date of onset of cancer and non-cancer
diseases for Medicare beneficiaries using longitudinal information from Medicare Files of
Service Use (MFSU) (Akushevich et al., 2012; Yashin et al., 2010). The Surveillance,
Epidemiology, and End Results (SEER) Registry data linked to MFSU is one of the largest
sources of such information for cancer and non-cancer diseases. Accordingly, the SEER-
Medicare date are used in analyses presented this paper.

Data and Methods

SEER-Medicare data—The expanded SEER registry covers approximately 26% of the
U.S. population. In total, the Medicare records for 2,154,598 individuals are available in
SEER-Medicare including individuals i) with diagnosed cancers of breast (n=353,285),
colon (n=222,659), lung (n=342,961), prostate (n=448,410) and skin melanoma
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(n=101,123); and ii) from a random 5% sample of Medicare beneficiaries residing in the
SEER areas who had none of the above mentioned cancers. For the majority of patients, we
have continuous records of Medicare services use from 1991 (or from the time the person
has passed the age of 65 after 1990) until his/her death. A small fraction of individuals (e.g.,
new patients diagnosed with cancer in 2003-2005) has Medicare records from 1998.
Medicare records are available for each institutional (MedPAR, outpatient, hospice, or home
health agency HHA) and non-institutional (Carrier-Physician-Supplier and Durable Medical
Equipment Providers) claim type.

Computation of dates of onsets and disease rates—Twenty one diseases of
various systems were selected for analyses based on the following selection criteria: i) most
common cancers (lung, colon, female breast, and prostate) and cancers with increasing
incidence (skin melanoma, kidney, pancreatic); ii) highly prevalent diseases of cardio-
(myocardial infarction, angina pectoris, heart failure) and cerebrovascular (stroke) systems,
respiratory system (chronic obstructive pulmonary disease (COPD), asthma), and kidney
and gastrointestinal tract (chronic renal disease/failure, ulcer); iii) highly prevalent
(Parkinson’s and Alzheimer’s) neurodegenerative diseases; iv) highly prevalent endocrine
disease (diabetes) or disorder with growing prevalence and public health concern (goiter); v)
highly prevalent autoimmune disease with high disability (rheumatoid arthritis); and vi)
trauma/injury associated with high medical costs and disabilities (hip fracture). The ages at
disease onsets were reconstructed from the MSUF data using the scheme described in detail
in Akushevich, et al. (2012). In brief, individual medical histories for each selected disease
were reconstructed from MSUF by combining all records with their respective ICD-9 codes
(listed in Supplementary Table 1). Then, a special computational procedure was applied for
individuals with the histories of considered disease to separate the incident and prevalent
cases and to identify the age at the disease onset. An individual was treated as having a
disease onset when he/she had two records (occurred during 0.3 year interval) with
respective ICD-9 code as a primary diagnosis in one of four Medicare sources: inpatient
care, outpatient care, physician services, and skilled nursing facilities. The first of these two
records was interpreted as a preliminary diagnosis, and the second record provided a
confirmation of the diagnosis. The date of the disease onset was the date of the first record.

Identified dates of disease onsets for all diseases were combined into the individual medical
history containing information about the date of entry into the follow-up, the dates of disease
onsets (if any), and the date of, and survival status at, the end of individual follow-up. This
information was used for evaluation of age-patterns of unconditional and conditional disease
incidences. Unconditional disease incidence was evaluated for each disease for the total
population, and the conditional rates were evaluated for cohorts of individuals after another
disease onset. The proportional hazard model of disease incidence with the age as the
follow-up variable was used to estimate the hazard ratios of occurrence vs. hon-occurrence
of the disease with earlier onset (i.e., pre-existing disease). The model was applied for all
individuals in the dataset. Since individual follow-up could start from different ages (e.g.,
because of relocation to the SEER areas after age 65), we used the proportional hazard
model with left truncation. The dependent variable is the occurrence of the pre-existence
condition. The binary indicator function is the respective time-dependent covariate. It equals
0 or 1 for time periods of individual follow-up before or after the onset of the earlier
occurred disease.

In total, 420 pairs of diseases were analyzed. For each pair, we calculated the age patterns of
the unconditional incidence rates of the diseases, conditional rates of later-in-life diagnosed
disease for individuals after onset of the earlier diagnosed disease, and the hazard ratios of
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onset of later occurred disease in the presence (or absence) of the pre-existing disease. The
most interesting results are presented in Figures 1 and 2, and all sets of plots are given in
Supplementary Figure 1. The three evaluated quantities, i.e., conditional and unconditional
rates and hazard ratios, are presented in each cell of these Figures. We focused on
identifying three groups of interrelations between the studied diseases: i) diseases whose risk
became much higher when patients had certain pre-existed (earlier diagnosed) disease
(Figure 1); ii) disease whose risk became lower than in the general population when patients
had certain pre-existing conditions (so called “trade-off” effect between earlier and later
occurred diseases) (Figure 2); and iii) diseases for which “the two-tail” effects were
observed: i.e., when the effects are significant for both orders of disease precedence; both
effects can be direct (any of the disease from a disease pair increases the risk of another
disease), inverse (any of the disease from a disease pair decreases the risk of another
disease), or controversial (one disease increases the risk of another, but another disease
decreases the risk of the second disease from a considered disease pair).

Fifteen pairs of diseases with high (above 3.0) and significant HRs (p<0.001) were identified
(Figure 1). Three types of interrelations were detected. The first one comprises diseases
pairs when the later diagnosed diseases (both cancers and non-cancers) occurred in patients
who had earlier diagnosed cancers that are characterized by quick progression (i.e., cancers
of lung, kidney, and pancreas): cancers of breast (HR=3.3) and kidney (HR=4.6) in lung
cancer patients; cancers of lung (HR=3.1) and pancreas (HR=3.6), and chronic kidney
disease (HR=3.3) among kidney cancer patients; and cancers of lung (HR=4.9), colon
(HR=3.4) and breast (HR=3.8), melanoma (HR=4.2), and peptic ulcer (HR=4.7) among the
patients with pancreas cancer. The second type of interrelations was when the later occurred
disease was of the same organ/system: e.g., manifestation of Parkinson’s disease after
Alzheimer’s disease (HR=3.8), angina pectoris after myocardial infarction (HR=3.3),
asthma after COPD (excluding asthma) (HR=3.1), and kidney cancer after chronic renal
disease (HR=3.3). Finally, the third type of interrelations was the type containing one
disease pair not described by the above mentioned two types: manifestation of chronic renal
disease in patients with heart failure (HR=3.3).

Eighteen disease pairs representing the “trade-off” effects with HR<0.9 and p<0.05 were
selected (Figure 2). Four types of the interrelations can be distinguished. The first group was
observed for Parkinson’s disease: patients with this disease had lower risk of lung
(HR=0.60), colon (HR=0.57), breast (HR=0.65), and prostate (HR=0.67) cancers, and of
angina pectoris (HR=0.74). The second group was detected for Alzheimer’s disease: these
patients had very low risk of melanoma (HR=0.08) and pancreatic cancer (HR=0.10), and
lower risks of cancers of lung (HR=0.64) and breast (HR=0.54), angina pectoris (HR=0.49),
asthma (HR=0.68), arthritis (HR=0.52), and goiter (HR=0.36). The third group involves
COPD: its risk was lower among patients with breast (HR=0.86) and prostate (HR=0.80)
cancers. And, the fourth group included a triad of such diseases as breast cancer, angina
pectoris, and hip fracture: breast cancer risk was lower among patients with angina pectoris
(HR=0.79) or hip fracture (HR=0.82), and angina pectoris risk was lower in patients who
had a hip fracture (HR=0.78). Besides these findings, some trade-offs which have been
reported in other studies were also observed: e.g., a decreased risk of prostate cancer among
patients with diabetes (HR=0.91, p=0.05) and decreased colon cancer risk in patients with
arthritis (HR=0.77, p=0.056).

Only four pairs of diseases (selected using HR<0.95 and p<0.35) had the reduced risk of the
later diagnosed disease in both orders of precedence including breast cancer and angina
pectoris (HR=0.79 and 0.91*, the first HR value corresponds to the situation when the
disease that is listed second in the pair was pre-existing, the asterisk means a significant
level 0.05<p<0.35), melanoma and Alzheimer disease (HR=0.08 and 0.67*), asthma and
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Alzheimer disease (HR=0.68 and 0.92%*), and kidney cancer and Parkinson disease
(HR=0.63* and 0.45%*).

In general, a majority of disease pairs with increased risk of the later diagnosed disease in
both orders of precedence were those in which both the pre-existing and later occurred
diseases were cancers, and also when both diseases were of the same organ. We selected
twelve disease pairs with HR>2 and p<0.05. For the group with two cancers, these pairs
were: lung cancer—colon cancer (HR=2.62 and 2.53), lung-cancer—Kkidney cancer
(HR=3.11 and 4.62), lung cancer—pancreas cancer (HR=4.94 and 2.95), colon cancer—
pancreas cancer (HR=3.35 and 2.79), and kidney cancer—pancreas cancer (HR=3.93 and
3.61). For diseases within the same organ/system, these pairs were: lung cancer—COPD
(HR=2.53 and 2.24), Parkinson’s disease—Alzheimer’s disease (HR=3.77 and 2.03),
myocardial infarction—heart failure (HR=2.09 and 2.43), and chronic renal disease—Kkidney
cancer (HR=3.64 and 3.28). The three remaining pairs were myocardial infarction—chronic
renal disease (HR=2.26 and 2.43), heart failure—chronic renal disease (HR=2.08 and 3.32),
and diabetes—pancreatic cancer (HR=2.11 and 2.17).

Eight disease pairs had the opposite effects depending on the diseases order (i.e., diseases
diagnosed earlier vs. later in life): lung cancer—arthritis (HR=1.32 and 0.72*), pancreatic
cancer—prostate cancer (HR=1.53 and 0.45*), pancreatic cancer—asthma (HR=1.66 and
0.29%), diabetes—asthma (HR=1.30 and 0.90), Parkinson disease—angina pectoris
(HR=1.24 and 0.74), goiter—COPD (HR=1.33 and 0.84*), ulcer—diabetes (HR=1.33 and
0.94%), hip fracture—diabetes (HR=1.22 and 0.91*). Disease pair selection criteria were
HR<0.95 and p<0.35 for decreased disease risks effects and HR>1.2 and p<0.05 for
increased disease risks effects.

DISCUSSION AND CONCLUSION

In this paper we investigated how the occurrence of an aging-associated disease influences
the chance of occurrence of another disease later in life in the US elderly population.
Identifying such relationships is extremely important since they indicate that the
development of seemingly unrelated cancer and non-cancer diseases may involve common
biological mechanisms and/or risk factors. Some of found interrelations between risks
confirmed the associations from other studies, e.g., reduced risk of prostate cancer among
the patients with diabetes (Kasper & Giovannucci, 2006), reduced risk of colon cancer
among rheumatoid arthritis patients (Cibere et al., 2005; Thomas et al., 2000), and reduced
risk of malignancies among Alzheimer’s disease patients (Driver et al., 2012) (see Figure 2).
There are few studies focused on analysis of interrelations between diseases, e.g., Hidalgo et
al. (2009) studied correlations between comorbid diseases in the U.S. elderly population by
using a Phenotypic Disease Network and showed that some diseases were highly connected
and could be more lethal while the others were barely connected at all, and these
connections differed by race and gender. To the best of our knowledge, the majority of
interrelations between pre-existing and later occurred disease were firstly evaluated for the
U.S. elderly patients in our study. One example is the decreased risk of breast cancer for hip
fracture patients (Figure 2) compared to the general population; partly it could be explained
by the low post-menopausal estrogen levels which has an opposite effect on risks of these
two diseases (Fuhrman et al., 2012; Hannan et al., 2010; Karim et al., 2011; Rod et al.,
2009). Another example is the increased risk of breast cancer evaluated for patients with
goiter; the risk of goiter among breast cancer patients was also significant (see Figure 3).
This is in agreement with the results of clinical and epidemiological studies that suggested
important roles of iodine and triiodothyronine in thyroid functioning and breast cancer risk
(Cann, van Netten, & van Netten, 2000; Tosovic et al., 2010); however, some studies do not
support interactions between thyroid disorders and increased risk of breast cancer (Simon et
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al., 2002). Several other examples of new associations that were evaluated in our study are
described below. Broadly, the associations among disease risks can be explained by a higher
or lower probability of using specific diagnostic procedures among patients who already had
certain chronic diseases, by shared biological mechanisms, or by both factors. Indeed, there
is a chance that a clinician could administer certain diagnostic procedures differently for
patients with a specific medical history. That could explain, at least partly, a lower risks of
later occurred diseases in patients with a history of specific diseases (e.g., among the
patients with severe pre-existing diseases that may lead to under-diagnosis of asymptomatic
stages of cancer). However, a systematic nature of the majority of associations obtained in
our study cannot be entirely explained by this hypothesis. For example, while patients with
Alzheimer’s disease had a lower malignancy risk possibly because of the lower chance that
malignancy would be diagnosed, the risks for myocardial infarction, renal diseases, and
ulcer among Alzheimer’s patients did not differ from the general population, and risk of
stroke, hip fracture, heart failure (slightly), diabetes (slightly) and COPD (in older age
group) were higher than in the general population (Supplementary Figure 1). Therefore, the
alternative hypothesis about the role of treatment, shared risk factors, and genetics in
dependence in disease risks could also be suggested.

We observed almost four-fold increased risk of Parkinson’s disease among Alzheimer’s
patients. In addition these diseases had similar interrelations with other diseases: e.g., both
were negatively correlated with asthma risk. Recently, it has been shown that Alzheimer’s
and Parkinson’s diseases may share a common genetic background, such as variations in
NEDD9 and APOE genes (Li et al., 2008; Pankratz et al., 2006). Association between the
risks of Parkinson’s and Alzheimer’s diseases might be, to some extent, due to miscoding of
Parkinson-induced dementia as Alzheimer’s. However, different spectrums of associations
with other disease do not confirm this hypothesis: e.g., melanoma risk was higher among the
patients with Parkinson’s disease, but was lower among Alzheimer’s patients (see Figure 4).
For Parkinson’s disease, levodopa (widely used for its treatment) could increase melanoma
risk (Fiala et al., 2003). Increased melanoma risk among Parkinson’s patients could be also
explained by the common genetic profile of these disease, as well as being attributed to a
confounding role of social class (e.g., through an inverse relationship with tobacco smoking)
(Zanetti et al., 2006). In contrast, melanoma risk among Alzheimer’s patients tends to be
lower than in the general population; one of the possible factors is that levodopa is not a
mainstream treatment for Alzheimer’s disease (Ou et al., 2012). Interesting, that skin non-
melanoma risk was increased among Alzheimer’s patients (Panelos & Massi, 2009).
Aurthritis also had opposite association with these two neurological disorders: its risk was
lower among Alzheimer’s disease but not among Parkinson’s disease patients (see Figure 4).
Published data on these associations are sparse and controversial (Heyman et al., 2004), with
the most of the studies focused on opposite correlation such as lower risk of Alzheimer’s
disease among patients with arthritis (e.g., due to the use of non-steroid anti-inflammatory
drugs) (Szekely et al., 2004).

The observed antagonistic relationships (the trade-offs) between cancer and Alzheimer’s or
Parkinson’s diseases are in agreement with our previous studies (Ukraintseva, et al., 2010;
Yashin et al., 2009) and allows to suggest an inverse association between the carcinogenesis
and neurodegeneration. These associations could be explained by biological mechanisms of
diseases: e.g., through an inappropriate activation and deregulation of the cell cycle
involving Pinl and p53 (Driver, et al., 2012). However, while we observed lower risk of all
cancers among Alzheimer’s patients, the risk of Alzheimer’s disease among cancer patients
did not change or was just slightly reduced, depending on cancer site. That could be due to
the dualistic impact of chemo- and radiation therapy on patients’ cognitive function: cancer
treatment suppresses an inflammation and/or block the entry into the cell cycle thus
decreasing Alzheimer’s disease risk, but at the same time cancer treatment may cause a

Exp Gerontol. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Akushevich et al.

Page 7

cognitive impairment in cancer patients (Driver, et al., 2012). The final impact from these
two effects depends on more powerful influence and can also result into “zero” impact
(Driver, et al., 2012). In addition the hypothesis that a shared biological background may
play the role in obtained associations can be supported by the findings of a common genetic
background for different diseases, i.e., in the form of pleotropy (Sivakumaran et al., 2011).
Furthermore, recent studies also documented the genetic trade-offs: i.e., when the same
alleles confer the risks of several diseases (e.g., CVD, Alzheimer’s disease) but protect
against the others (e.g., cancer) (Kulminski et al., 2011; van Heemst et al., 2005). The
carriers of the e4 allele have generally lower CRP levels (Chasman, Kozlowski, Zee,
Kwiatkowski, & Ridker, 2006), which, in their turn, are associated with reduced cancer risk
and better prognosis (Koukourakis et al., 2009; Nikiteas et al., 2005). That does not
contradict our findings that the degree of reduction between risks of cancers and
Alzheimer’s disease is different in both orders of disease precedence. The highest incidence
for cancers and Alzheimer’s diseases occur at different ages and the efficiency of the same
genes can be different at different ages (Ilveskoski et al., 1999; Kulminski et al., 2013).

Interestingly, most of the earlier manifested diseases increased the risk of renal disease. The
risk of chronic renal disease for patients with heart failure and kidney cancer is shown in
Figure 1. Several other examples are shown in Figure 5. This may be because kidney is very
vulnerable to damages included by adverse effects of treatment of other diseases.
Considering this, no wonder renal disease is one of the major causes of death in the elderly.
Kidney protection may become a priority in disease prevention and strategies aimed at
increasing an overall survival.

In our study, the risk of asthma was lower among the patients with Alzheimer’s and
Parkinson’s diseases, carcinomas of prostate, kidney, and pancreas, and skin melanoma.
However, lung, pancreatic, and (less prominent) colon cancers were more frequent among
asthma patients than in the general population. Several examples of respective age patterns
and HR estimates are given in Figures 1 and 2. The existence of inverse associations
between allergic disorders including asthma and cancer risk remains controversial:
significant inverse associations have been reported for history of asthma and hay fever and
overall cancer mortality (RR=0.88, 95% CI 0.83-0.93), while asthma itself was associated
with lower leukemia risk only (Turner et al., 2005). An increased risk of lung cancer among
patients with asthma observed in our study is in agreement with some other studies: it could
be due to the shared risk factors such as smoking, certain occupational exposures (Boffetta
et al., 2002), and chronic bronchiolar inflammation (especially, it is important for non-
smokers) (Santillanet al., 2003). Also, asthma treatment may reduce an “increased alert” of
the immune system to cancer cells (Friedman et al., 1998).

Surprisingly, few diseases substantially influenced the risk of diabetes: it may be a true
independence, but may be as well a hidden trade-off: e.g., changes in dietary patterns and
decreasing obesity risk due to the lifestyle changes caused by earlier diagnosed disease, as
well as certain medications use (such as immunodepressants) may decrease a subsequent
risk of diabetes (Solomon et al., 2011). However, some of the widely used medicine such as
antidepressants and statins may result in increased risk of diabetes (Rajpathak et al., 2009;
Rubin et al., 2008). Among cancers, increased risk of colon, kidney, and pancreatic
carcinomas was observed in our study for patients with the history of diabetes (see Figure
6). This is in agreement with other studies in which the role of insulin-like growth factor |
(IGF-1), insulin therapy, and hyperinsulinemia have been suggested to promote tumor cells
growth (Atchison et al., 2012; Flood et al., 2010; Yang et al., 2004). Increased colon cancer
risk, in a part, could be also explained by a slower bowel transit in people with diabetes
which increases an exposure to carcinogens; also, an increased production of carcinogenic
bile acids may be the issue (Coughlin & Giovannucci, 2012). Our data showed that
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pancreatic cancer and diabetes both increased each other risks (Figure 6). While the link
between diabetes and pancreatic cancer has long been suggested (Farrow & Davis, 1990),
however, it is still controversial whether diabetes is risk factor for or consequence of
pancreatic cancer (Wang et al., 2006).

Generally, the effect of dependence between two pathologies diminishes with advancing
age. This could be because senescence itself becomes a leading risk factor of death in the
oldest old, so that at the very old age it matters less if a person is healthy or sick, because its
vulnerability to death is high anyway due to a dramatic decline in the body’s overall
resistance to stresses attributed to aging (Ukraintseva & Yashin, 2003). Respectively, a
relative risk of death from specific causes diminishes with aging.

Study limitations

A unifying approach to the identification of disease onset and the calculation of the
incidence rates was used for all considered diseases. On the one hand this is a limitation of
the paper. On the other hand this assumption allows us to have a common picture and to
compare mutual disease effects. The date of onset of a chronic disease is not defined with
the same precision as mortality and there is always certain arbitrariness in defining the date
of onset. The date of onset can be identified using information collected in MFSU with
specific assumptions which outline the specific calculation algorithm. The computational
approaches of different complexity simply correspond to different definitions of disease
incidence. Moreover, different strategies can be used in clinical practice for different
diseases. For example, the diagnostic criteria of different heart studies reviewed in the
Appendix of ref. (NIH/NHLBI, 2006) do not allow us to unambiguously conclude that our
choice exactly corresponds to those made in these studies. Thus, certain arbitrariness in
defining the date of onset was used for constructing a unified definition of date of onset
appropriate for population studies.

In our analysis death was treated as a censoring event independent of the second disease
onset. In the general case the risks of death and disease onsets could be dependent and thus,
survival could influence the chance of occurrence of another disease later in life. The
survival effect could be analyzed using the sensitivity analysis (e.g., as in Yashin et al.,
2010) or a model of dependent competing risks (Yashin et al., 1986).

Although, in total 420 disease pairs were analyzed and specific estimates could require an
adjustment for multiple testing, applying the Bonferroni correction did not affect the
conclusions about mutual disease effects: e.g., all HRs presented in Fig 1 had p-
value<0.0001 (except the pair of pancreas cancer and melanoma, p=0.0015) which remains
significant after the Bonferroni correction.

In summary, we developed an approach to evaluation of conditional disease risks using the
information from MFSU. A unified computational approach applied to all considered
diseases within the same analysis allowed us to create a unified view on the mutual
interrelationships among the risks of cancer and non-cancer ageing-associated diseases.
Direct and inverse dependences in geriatric disease risks were observed among US elderly
confirming known and detecting new associations of a wide spectrum of diseases. The
existence of inverse associations for the later-in-life diagnosed disease risk may provide
important insights into disease mechanisms and new opportunities for disease prevention
and therapy, allowing to focus on increase in healthy lifespan rather than concentrating the
efforts on reduction of risk for each particular disease alone. The better understanding of the
biological links between different diseases (or between the groups of diseases—etiological
or organ-specific) can provide new therapeutic approaches for diseases with the shared
pathological pathways. The Medicare data files are nationally representative; therefore, the
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observed mutual dependence of the studied diseases onset could be used for improvement of
current models forecasting future morbidity and mortality, for planning medical
expenditures, and for optimization of screening and preventive strategies among elderly
population with multi-morbid conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Direct dependency (i.e., increased risk of later occurring disease) in disease risks when the
conditional risk of the later diagnosed diseases was significantly higher (p<0.001) than in
general population. Age-specific rates of unconditional (closed circles) and conditional
(open circles) rates are shown for diseases in the first lines in the inset in each plot.
Conditional rates are calculated for cohorts of individuals earlier diagnosed by another
disease (the second lines in each plot). Hazard ratios of the later occurred disease onset for
patients with vs. without the pre-existing disease are shown in the right-upper corners.
Rescaled factors are shown in the left: the true rate can be calculated by multiplying the
values obtained from plot’s scale by the rescaled factor.
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Figure2.

Inverse effects (or, trade-offs) in the disease risks when the conditional risk of the later
occurred disease is lower than in general population. All notations are similar to those for

Figure 1.
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Figure 3.

Age-specific rates of unconditional (closed circles) and conditional (open circles) disease
rates for breast cancer and goiter. All notations are similar to those for Figure 1.
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Age-specific rates of unconditional (closed circles) and conditional (open circles) melanoma
and rheumatoid arthritis rates for Alzheimer’s disease and Parkinson’s disease patients. All

notations are similar to those for Figure 1.
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Figurebs.

Age-specific rates of unconditional (closed circles) and conditional (open circles) chronic
renal disease rates for patients of selected diseases. All notations are similar to those for
Figure 1.
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Figure®6.
Selected age-specific rates of unconditional (closed circles) and conditional (open circles)
involving diabetes mellitus. All notations are similar to those for Figure 1.
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