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Women with prediabetes had an increased risk of developing kidney cancer.
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ARTICLE HIGHLIGHTS

* Why did we undertake this study? Although kidney cancer predominantly affects men, the association between
glycemic status and the risk of developing kidney cancer in men and women is unclear.

» What is the specific question(s) we wanted to answer? Dose the association between glycemic status and
the risk of developing kidney cancer differs by sex?

+ What did we find? Diabetes increases the risk of kidney cancer in men and women, and prediabetes increases
the risk only in women.

« What are the implications of our findings? Diabetes may be a risk factor for kidney cancer in men and women,
and women with prediabetes have an increased risk of kidney cancer.
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Status and the Risk of Kidney
Cancer in Men and Women:
A Nationwide Cohort Study
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OBJECTIVE

Kidney cancer predominantly affects men, suggesting a biological protection
against kidney cancer in women. We investigated the dose-response association
between glycemic status and kidney cancer risk in men and women.

RESEARCH DESIGN AND METHODS

In this nationwide cohort study, 9,492,331 adults without cancer who underwent
national health screening in 2009 were followed up until 31 December 2018. We
estimated kidney cancer risk using multivariable Cox proportional hazard regres-
sion models after adjusting for potential confounders.

RESULTS

During the 78.1 million person-years of follow-up, incident kidney cancer occurred in
8,834 men and 3,547 women. The male-to-female ratio of the incidence rate was 2.1:1
in never-smokers with normoglycemia (17.8 vs. 8.5/100,000 person-years). Among
never-smokers, men with diabetes, but not prediabetes, had an increased risk of kidney
cancer (adjusted hazard ratio [aHR] 1.25 [95% CI 1.12-1.38] and 1.06 [0.97-1.15], re-
spectively). Among never-smokers, women with both diabetes and prediabetes had an
increased risk (aHR 1.34 [95% Cl 1.21-1.49] and 1.19 [1.10-1.29], respectively) (Piend
<0.01). Among smokers, men and women with diabetes had 49% and 85% increased
kidney cancer risk (aHR 1.49 [95% Cl 1.37-1.61] and 1.85 [1.26-2.73], respectively).

CONCLUSIONS

Glycemic status and kidney cancer risk exhibited a dose-response association in
women. Diabetes, but not prediabetes, was associated with an increased risk in
men. Although women have a lower risk of kidney cancer than men, women with
even prediabetes have an increased risk. These findings should not be overlooked
when monitoring for kidney complications.

The incidence of kidney cancer is increasing, particularly among young populations
in Europe and North America (1,2). Kidney cancer is predominant in men, with a
2:1 male-to-female incidence ratio that is consistent across time, geographic re-
gions, and age groups, indicating a biological protection against kidney cancer in
women (1-4). Therefore, sex differences should be considered when evaluating the
association between risk factors and kidney cancer risk.

A large body of evidence suggests that type 2 diabetes (hereafter diabetes) in-
creases the risk of diverse malignancies (5). However, the effects of prediabetes and
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diabetes on kidney cancer risk remain
unclear. Although some cohort studies
have examined the association between
diabetes and kidney cancer risk after
adjusting for smoking and obesity, they
have reported inconsistent results: posi-
tive only in women (6), positive only in
men (7), or null (8-11) associations. More-
over, these studies had limitations owing
to self-reported diabetes assessments
(6-9), lack of prediabetes data (6-9),
and lack of adjustments for chronic
kidney disease (6,7,9—11) or hyperten-
sion (5,7,10,11). Previous studies also
had limited statistical power for sex-
specific analysis (<60 kidney cancer
cases in men or women with diabetes)
(6,7) or no sex-specific analysis (8-11).
Notably, there has been no evidence of
a dose-response association between
glycemic status and kidney cancer risk

and whether the association differs by
Sex.

Therefore, we conducted this nation-
wide cohort study and investigated the
sex-specific dose-response association be-
tween glycemic status and kidney cancer
risk after adjusting for potential confound-
ers. We examined this association among
never-smokers and smokers because smok-
ing is a significant risk factor for kidney can-
cer (1,12). We followed up >9 million
participants without cancer at baseline
who underwent the Korean national health
screening for 10 years.

RESEARCH DESIGN AND METHODS
Data Source and Study Population

The Korean National Health Insurance
Service (KNHIS) is a national single-payer
health insurance system that covers 97%
of South Koreans, with the remaining 3%

Individuals aged =20 years who underwent
the Korean National Health Screening in 2009
(n=10,585,844)

Park and Associates

being covered by the Medical Aid Pro-
gram. In addition, the KNHIS administers
a standardized biennial national health ex-
amination to all citizens aged =40 years
and all employees regardless of age (13).
The overall participation rate of the eligible
population was ~72%. We obtained health
examination results (laboratory test results,
anthropometric measurements, and a self-
administered questionnaire on health-
related behavior) and claims data (medical
treatment, prescription drugs, and disease
diagnosis based on the ICD-10 Clinical
Modification [ICD-10-CM] code) from the
KNHIS database.

Figure 1 shows the flowchart of the
study population. This study initially
included 10,585,844 individuals aged
=20 years who underwent KNHIS health
examinations between 1 January and
31 December 2009. We excluded participants

Exclusion

A

y

A 4

- Previously diagnosed with cancer (n = 162,512)
- Diagnosis of cancer or death within 1 year of cohort entry (n = 93,862)

- Missing information (n = 837,139)

The study population eligible for inclusion
(n=9,492,331)

l

Men
(n=5,204,754)

<100

(n = 3,360,831) (n = 1,339,469) (n = 504,454)

l

!

Women
(n=4,287,577)

2126 or

1
<100 diabetes|

(n = 3,144,799) (n = 823,067) (n = 319,711)

l

Followed up to the date of incident kidney cancer or 31 December 2018

Figure 1—Selection flow of the study population. Glycemic status: normoglycemia (<100 mg/dL), prediabetes (100-125 mg/dL), and diabetes (=126 mg/dL).
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who had been diagnosed with cancer
prior to cohort entry (n = 162,512).
To minimize the effects of preexisting
diseases and overestimation due to
early detection bias (5), we excluded
participants who developed cancer or
died within the first year of cohort en-
try (n = 93,862). Those who lacked
data on the variables used in this study
were excluded (n = 837,139). In total,
9,492,331 individuals were enrolled in
this study. The study participants were fol-
lowed up until the date of kidney cancer
development, death, or 31 December
2018, whichever came first.

The study protocol was approved by the
Institutional Review Board of the Samsung
Medical Center, Seoul, Korea (approval
number SMC2019-08-106). The require-
ment for written informed consent was
waived because deidentified and anony-
mized information, as provided by the
KNHIS, was used for the analysis. This
study was conducted in accordance with
the principles of the Declaration of
Helsinki.

Definition of Glycemic Status

The fasting plasma glucose (FPG) level
of each participant was determined during
the national health examinations. Blood
samples were collected after overnight
fasting by health care professionals at
the KNHIS-certified hospitals. The gly-
cemic status of the participants was
categorized as normoglycemia (FPG
<100 mg/dL), impaired fasting glucose
(FPG 100-125 mg/dL), and diabetes (FPG
=126 mg/dL or at least one claim per
year of antidiabetic medication prescrip-
tion under ICD-10-CM code E11.x-E14.x).
This definition was based on a consensus
of widely used results from previous stud-
ies (13—-16). Prediabetes was defined using
the impaired fasting glucose criterion
based on the American Diabetes Associa-
tion’s three prediabetes criteria (17).

Definition of Incident Kidney Cancer
The end point of this study was a new
diagnosis of kidney cancer. We identified
new cases of kidney cancer between
January 2009 and December 2018 using
the ICD-10-CM code (C64, malignant neo-
plasm of the kidney except in the renal
pelvis) during hospitalization and a reim-
bursement code for cancer (V193). Since
2006, the KNHIS policy has enhanced
health coverage for intractable diseases,

including cancer. The KNHIS registers all
patients with a confirmed diagnosis of
cancer by using a special reimbursement
code (V193). Physicians and medical insti-
tutions need to certify cancer diagnosis to
enable a patient to benefit from a reduced
copayment rate of up to 5% for cancer-
related examinations and treatments.

Definition of the Clinical Variables
Detailed information on health-related
behaviors was obtained using a stan-
dardized self-administered questionnaire
during the national health examinations.
The participants were classified as never-
smokers or smokers based on the smok-
ing status. Never-smokers were defined as
those who had smoked <100 cigarettes
in their lifetime. To measure a person’s cu-
mulative exposure to tobacco, smokers
were further categorized according to the
smoking pack-years, which was calculated
by multiplying the number of packs of cig-
arettes smoked per day by the number of
years the person has smoked. For alcohol
consumption, participants were classified
according to the average amount of alco-
hol consumed per day as follows: none,
light-to-moderate (<30 g of alcohol/day),
or heavy drinkers (=30 g of alcohol/day)
(16,18). Regular physical activity was de-
fined as performing =20 min of vigorous-
intensity physical activity at least three
times per week or =30 min of moderate-
intensity physical activity at least five
times per week.

Anthropometric measurements of the
participants, including height, weight, and
waist circumference, were measured di-
rectly during the national health exami-
nations. BMI was calculated by dividing
weight by height squared (kg/m?). Systolic
and diastolic blood pressure were mea-
sured in a seated position after at least
5 min of rest. Serum total cholesterol,
HDL-cholesterol, LDL-cholesterol, and
creatinine levels were measured. Esti-
mated glomerular filtration rate (eGFR)
was calculated using a creatinine-based
equation from the MDRD (19). Chronic
kidney disease was defined as an eGFR
<60 mL/min/1.73 m? (20).

Dyslipidemia was defined based on
serum total cholesterol levels =240 mg/dL
or ICD-10-CM code (E78) with lipid-lowering
drug prescriptions (21). Hypertension
was defined as systolic blood pressure
=140 mmHg, diastolic blood pressure
=90 mmHg, or ICD-10-CM codes (110113
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and 115) with claims for antihypertensive
medications. Low-income status included
those in the lowest quartile of the re-
quired insurance fee or those who re-
ceived free medical care.

Statistical Analysis

Baseline characteristics were compared
using ANOVA for continuous variables
and x? test for categorical variables. The
incidence rate of kidney cancer was cal-
culated by dividing the number of inci-
dent cases by 100,000 person-years for
each category of exposure in men and
women. We conducted a sex-specific
analysis of the dose-response associa-
tion between glycemic status and kid-
ney cancer risk in never-smokers and
smokers. We used multivariable Cox pro-
portional hazards regression models to
estimate hazard ratios (HRs) and 95% Cls
for kidney cancer development based on
glycemic and smoking status in men and
women. Model 1 was adjusted for age.
Model 2 was adjusted for potential con-
founders, such as age, alcohol consump-
tion, physical activity, income status, and
BMI. Model 3 was adjusted for potential
confounders and mediators, such as age,
alcohol consumption, physical activity, in-
come status, BMI, hypertension, dyslipi-
demia, and chronic kidney disease. We
also conducted a sensitivity analysis of
dose-response associations between gly-
cemic status and kidney cancer risk in
men and women, considering individuals
who developed incident diabetes during
the study follow-up. We censored individ-
uals with normoglycemia and prediabetes
when a claim was registered as a diagnos-
tic code or a drug prescription for diabe-
tes during the follow-up. All statistical
tests were two-sided, and significance
was set at P < 0.05. All statistical analy-
ses were performed using the SAS soft-
ware, version 9.3 (SAS Institute, Cary, NC).

RESULTS

Baseline Characteristics of the Study

Population

During the 78.1 million person-years of
follow-up, 12,381 (8,834 men and 3,547
women) were newly diagnosed with kid-
ney cancer. Table 1 shows the baseline
characteristics of the study population
according to the glycemic status in men
and women. Normoglycemia, prediabetes,
and diabetes were found in 3,360,831
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(64.6%), 1,339,469 (25.7%), and 504,454
(9.7%) men and 3,144,799 (73.3%),
823,067 (19.2%), and 319,711 (7.5%)
women, respectively. Individuals with
diabetes were the oldest and had the
highest proportion of nondrinkers and
regular exercisers (all P < 0.01).
Supplementary Table 1 shows the base-
line characteristics of the study population
according to sex with and without kidney
cancer. Both men and women with kidney
cancer were older and had higher FPG
levels and BMI than those without kidney
cancer (all P < 0.01). Patients with kidney
cancer had a higher proportion of non-
drinkers than those without kidney cancer
(all P < 0.01). Patients with kidney cancer
had a higher proportion of individuals
with diabetes, hypertension, dyslipidemia,
and chronic kidney disease (all P < 0.01).

Sex-Specific Dose-Response Association
Between Glycemic Status and Kidney
Cancer Risk in Never-Smokers

As shown in Table 2, among never-smokers
with normoglycemia, the male-to-female
ratio of the incidence rate was 2.1 (17.8
vs. 8.5/100,000 person-years). Among never-
smokers, men with diabetes, but not
prediabetes, had an increased kidney
cancer risk, after adjusting for all poten-
tial confounders (model 2: HR 1.25 [95%
Cl 1.12-1.38] and 1.06 [0.97-1.15], respec-
tively). However, never-smoking women
with diabetes and prediabetes had an
increased kidney cancer risk, after adjust-
ing for all potential confounders (model 2:
HR 1.34 [95% ClI 1.21-1.49] and 1.19
[1.10-1.29], respectively) (Pyeng <0.01).
Among never-smokers, a dose-response
association was observed between glycemic
status and kidney cancer risk in women.
Even after adjusting for all mediators
(model 3), the results for women remained
statistically significant (Supplementary
Table 2). Sensitivity analysis considering

individuals who developed incident dia-
betes during the study follow-up also
showed similar results for both men and
women (Supplementary Table 3).

Sex-Specific Dose-Response
Association Between Glycemic Status
and Kidney Cancer Risk in Smokers
Among ever-smokers with diabetes, the
male-to-female ratio of the incidence
rate was 1.6 (36.7 vs. 22.9/100,000 per-
son-years) (Table 3). Among smokers,
individuals with diabetes had the high-
est risk of kidney cancer in both men
and women (all P < 0.01).

Men with diabetes who smoked had
a 49% increased kidney cancer risk (HR
1.49 [95% Cl 1.37-1.61]) compared with
never-smoking men with normoglyce-
mia. Women with diabetes who smoked
had an 85% increased kidney cancer
risk (HR 1.85 [95% CI 1.26-2.73]) com-
pared with never-smoking women with
normoglycemia. Even after adjusting for
mediators (model 3), the results re-
mained significant (Supplementary Table 4).
The results were similar in the sensitiv-
ity analysis, considering individuals who
developed incident diabetes during the
study follow-up (Supplementary Table 5).
A detailed analysis was conducted on
men according to the smoking pack-
years (Supplementary Table 6), daily
smoking amount (cigarettes per day)
(Supplementary Table 7), and smoking
duration (years) (Supplementary Table 8)
because of the adequate sample size of
smoking men. Men with diabetes had
the highest risk of developing kidney can-
cer across all smoking categories.

Kidney Cancer Risk According to
Antidiabetic Medication Use Among
Never-Smokers With Diabetes

We performed further analysis on the risk
of kidney cancer according to antidiabetic
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medication use among never-smoking
men and women with diabetes (Supple-
mentary Table 9).

There was no significant association
between specific antidiabetic medica-
tions and the risk of kidney cancer in
men. In women, dipeptidyl peptidase 4
inhibitor users had a lower risk of kidney
cancer than nonusers (model 2: HR 0.45
[95% ClI 0.16-0.92]).

CONCLUSIONS

In this large-scale nationwide cohort
study, we found that both prediabetes
and diabetes were associated with an
increased risk of kidney cancer in a
dose-response manner in women who
had never smoked. In men who had
never smoked, diabetes, but not pre-
diabetes, was associated with an in-
creased risk. Among smokers, men and
women with diabetes had the highest
risk of kidney cancer compared with
normoglycemic men and women. The
relative excess risk of kidney cancer
associated with diabetes and predia-
betes was slightly higher in women
than in men regardless of the smoking
status. Sex differences in the dose-response
association between glycemic status
and kidney cancer risk were observed
in our study. Although women are less
likely to develop kidney cancer, women
with prediabetes are at an increased risk
of kidney cancer among never-smokers
and smokers.

Some cohort studies have reported
inconsistent results regarding the associa-
tion between diabetes and kidney cancer
risk after adjusting for smoking and
BMI. In the Nurses’ Health Study and
the Health Professionals Follow-Up Study,
diabetes was associated with an in-
creased risk of renal cell carcinoma only
in women (HR 1.53 [95% CI 1.14-2.04];

Table 2—Sex-specific dose-response associations between glycemic status and kidney cancer risk in never-smokers

HR (95% Cl)
Glycemic status n Events, n Person-Years IR? Model 1 Model 2

Men Normoglycemia 1,042,497 1,533 8,589,563 17.8 1 (reference) 1 (reference)
Prediabetes 404,475 783 3,307,184 23.7 1.33 (1.22-1.45) 1.06 (0.97-1.15)
Diabetes 157,359 474 1,241,761 38.2 2.15 (1.94-2.38) 1.25 (1.12-1.38)

Women Normoglycemia 2,985,479 2,108 24,786,760 8.5 1 (reference) 1 (reference)
Prediabetes 784,826 823 6,489,438 12.7 1.49 (1.38-1.62) 1.19 (1.10-1.29)
Diabetes 305,400 471 2,472,833 19.0 2.24 (2.03-2.48) 1.34 (1.21-1.49)

Model 1: nonadjusted; model 2: adjusted for age, alcohol consumption,

per 100,000 person-years.

physical activity, income, and BMI. “Incidence rate (IR) of kidney cancer
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Table 3—Sex-specific dose-response associations between glycemic status and kidney cancer risk in ever-smokers
HR (95% Cl)

Glycemic status n Events, n Person-years IR? Model 1 Model 2
Men
Never-smokers Normoglycemia 1,042,497 1,533 8,589,563 17.8 1 (reference) 1 (reference)
Smokers Normoglycemia 2,318,334 3,306 19,091,408 17.3 0.97 (0.91-1.03) 1.12 (1.06-1.19)
Prediabetes 934,994 1,724 7,646,836 22.5 1.27 (1.18-1.36) 1.22 (1.14-1.31)
Diabetes 347,095 1,014 2,762,062 36.7 2.07 (1.91-2.24) 1.49 (1.37-1.61)
Women
Never-smokers Normoglycemia 2,985,479 2,108 24,786,760 8.5 1 (reference) 1 (reference)
Smokers Normoglycemia 159,320 77 1,312,993 519 0.69 (0.55-0.87) 0.91 (0.73-1.15)
Prediabetes 38,241 42 312,390 13.4 1.58 (1.17-2.15) 1.56 (1.15-2.13)
Diabetes 14,311 26 113,408 22.9 2.71 (1.84-3.99) 1.85 (1.26-2.73)

Model 1: nonadjusted; model 2: adjusted for age, alcohol consumption, physical activity, income, and BMI. “Incidence rate (IR) of kidney cancer

per 100,000 person-years.

59 cases of diabetes), but not in men (HR
0.89 [95% Cl 0.56-1.41]; 21 cases of dia-
betes) (6). However, in a cohort study
in Japan, men with diabetes had an in-
creased risk of kidney cancer (HR 1.92
[95% ClI 1.06—3.46]; 13 cases of diabetes),
but not women (HR 1.36 [95% CI 0.32-
5.78]; 2 cases of diabetes) (7). Other co-
hort studies did not show an association
between diabetes and kidney cancer risk
after adjusting for confounders (8-11).
Moreover, these previous studies had
limited statistical power to determine
sex differences in the association because
of the inclusion of a small number of kid-
ney cancer cases in men or women with
diabetes (6,7) or did not present the re-
sult by sex (8-11). Furthermore, these
studies assessed diabetes solely through
self-report (6-9). Thus, misclassification
of the diabetes status may exist, and
information on prediabetes was not ob-
tained. A systematic review and meta-
analysis regarding the sex differences in
the association between diabetes and
cancer reported diabetes as a risk fac-
tor for kidney cancer in both women
and men, and the excess risk of cancer
associated with diabetes is greater in
women than in men. These findings
are consistent with our findings (22).

To the best of our knowledge, this is
the first study to show a dose-response
association between glycemic status and
kidney cancer risk in women but a null
association in men using large-scale
nationwide health screening and health
insurance claims data.

The mechanisms by which diabetes
and prediabetes increase the risk of kid-
ney cancer may include the mitosis-
promoting effect of insulin on tumor cells

(23), cell proliferation via IGF-I activa-
tion (23), chronic oxidative stress (24),
DNA damage caused by proinflamma-
tory cytokine induction (24-26), and a
weakened immune response by hyper-
glycemia (27-29). However, it is unclear
why these proposed mechanisms may
be more significantly applicable in women
with hyperglycemia than in men during
kidney cancer development. Notably, kid-
ney cancer is one of the most immuno-
genic cancers, and immunotherapy is a
critical component of medical treatment
(30,31). Growing evidence suggests that
the immunologic protection against kid-
ney cancer development in women largely
contributes to the male predominance in
the incidence of kidney cancer (1,3). Gen-
erally, adult females have stronger innate
and adaptive immune responses than
males, which may enhance the surveil-
lance of cancerous and precancerous
cells, contributing to a lower incidence
of kidney cancer in women (32,33).
Given that hyperglycemia impairs the
immune response (27-29), the immu-
nologic protection against kidney cancer
in females may be offset by hyper-
glycemia-mediated pathophysiology.
Thus, kidney cancer risk in women may
increase more significantly than that in
men when exposed to hyperglycemia.
In addition, a combination of hypergly-
cemia and smoking may cause syner-
gistic detrimental effects on kidney cancer
risk via a variety of possible biological
mechanisms, including the synergism
of immune response weakening, chronic
oxidative stress, inflammation, DNA dam-
age, and cytotoxicity (24,25,27-29,34-36).
Hyperglycemia, which is associated with
renal vascular damage (24) and altered

urine filtration (37), can also affect
the exposure of the kidney to tobacco
carcinogens.

The strengths of this study are as
follows: first, this study is one of the
largest cohort studies based on data of
>9 million individuals with a follow-up
period of 10 years. The KNHIS database
accurately tracked the clinical course af-
ter cohort entry. Secondly, we used lon-
gitudinally collected blood test results,
lifestyle factors, anthropometric parame-
ters, and comprehensive medical records.
The glycemic status of each participant
was determined using the FPG level, di-
agnostic code, and antidiabetic medica-
tion. Thus, the prediabetic status could
be defined, and there was no recall bias
associated with the definition of diabetes.
Third, we used both ICD-10 CM diagnos-
tic codes (C codes) during hospitaliza-
tion and national registration codes
(V codes) to identify kidney cancer with
high diagnostic accuracy. Fourth, we per-
formed the analysis after adjusting for
potential confounders, including chronic
kidney disease, smoking, hypertension,
and BMI. Fifth, newly diagnosed individ-
uals with diabetes and prediabetes may
have had an early detection bias, in
which they might have been diagnosed
with kidney cancer earlier because of
more frequent physician visits, which
may have overestimated their risk of
developing kidney cancer (5). To address
this issue, we excluded those who
developed cancer or died within the
first year of cohort entry.

Our study had some limitations. First,
data on family history of kidney cancer
were not considered because of lack
of data. Second, pathological subtypes
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of kidney cancer were not considered.
However, renal cell carcinoma accounts
for 85-90% of all kidney cancer types
(38). Third, we lacked information on
HbA,., postload plasma glucose, and
random plasma glucose levels. A possible
misclassification of glycemic status and
underestimation of the prevalence of
diabetes may exist. Therefore, the risk
of diabetes-associated kidney cancer
may be underestimated. Fourth, indi-
viduals excluded due to missing data
(7.9%) may have characteristics differ-
ent from those of included participants.
There may have been selection bias.
Fifth, our nationwide cohort was large,
with a general population of over nine
million individuals. However, our find-
ings were based on the population of a
single country, and we were unable to
determine whether ethnic differences
existed.

In conclusion, we revealed that dia-
betes was associated with an increased
risk of kidney cancer in both men and
women, regardless of smoking status.
Prediabetes was associated with an in-
creased risk of kidney cancer in women
but not in men. The relatively increased
risk of kidney cancer associated with di-
abetes and prediabetes was higher in
women than in men. Although kidney
cancer is predominant in men, women
with prediabetes are at an increased
risk of kidney cancer. This finding should
not be overlooked during the monitor-
ing of individuals with hyperglycemia
for kidney complications. In addition,
given the increasing incidence of kid-
ney cancer, particularly in the younger
population, adequate management of
diabetes and prediabetes may help to
reduce the risk of developing kidney
cancer. Our findings provide important
insights into the sex-specific pathophysi-
ological role of hyperglycemia in kidney
cancer development, warranting further
investigation.
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