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Abstract

Aims: To examine the manifestation of cardiovascular or renal disease (CVRD) in

patients with type 2 diabetes (T2D) initially free from CVRD as well as the mortality

risks associated with these diseases.

Methods: Patients free from CVRD were identified from healthcare records in

England, Germany, Japan, the Netherlands, Norway and Sweden at a fixed date.

CVRD manifestation was defined by first diagnosis of cardiorenal disease, or a stroke,

myocardial infarction (MI) or peripheral artery disease (PAD) event. The mortality risk

associated with single CVRD history of heart failure (HF), chronic kidney disease
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(CKD), MI, stroke or PAD was compared with that associated with CVRD-free status.

Results: Of 1 177 896 patients with T2D, 772 336 (66%) were CVRD-free and

followed for a mean of 4.5 years. A total of 137 081 patients (18%) developed a first

CVRD manifestation, represented by CKD (36%), HF (24%), stroke (16%), MI (14%)

and PAD (10%). HF or CKD was associated with increased cardiovascular and all-

cause mortality risk: hazard ratio (HR) 2.02 (95% confidence interval [CI] 1.75–2.33)

and HR 2.05 (95% CI 1.82–2.32), respectively. HF and CKD were separately associ-

ated with significantly increased mortality risks, and the combination was associated

with the highest cardiovascular and all-cause mortality risk: HRs 3.91 (95% CI

3.02–5.07) and 3.14 (95% CI 2.90–3.40), respectively.

Conclusion: In a large multinational study of >750 000 CVRD-free patients with

T2D, HF and CKD were consistently the most frequent first cardiovascular disease

manifestations and were also associated with increased mortality risks. These novel

findings show these cardiorenal diseases to be important and serious complications

requiring improved preventive strategies.

K E YWORD S

diabetic nephropathy, heart failure, macrovascular disease, observational study, type 2 diabetes,

SGLT2 inhibitor

1 | INTRODUCTION

Type 2 diabetes (T2D) affects more than 425 million patients world-

wide,1 with a high prevalence of cardiorenal disease, heart failure

(HF) 6%–27%2,3 and chronic kidney disease (CKD) 4%–20%.2,4 Hence,

HF and CKD are becoming pandemic complications in T2D.2,5–7 HF

and CKD are severe conditions that, separately and in combination,

are associated with high symptom burden and cardiovascular risk,

mortality risk and healthcare costs, particularly in patients with

T2D.8–15 The seriousness of these diseases is further accentuated

because a failing heart could lead to kidney failure, and vice versa,

through multifaceted inter-organ crosstalk16 driving a vicious cycle

resulting in cardiorenal syndrome (CRS).17

Residual risks of HF and CKD in T2D have been reported despite

established preventive and cardiovascular disease (CVD) treatment

strategies. One recent study reported that optimal management of

CVD risk factors in T2D might neutralize the excess risk of myocardial

infarction (MI) and stroke; but not the risk of HF, which remained high

when compared to patients without T2D.18 Other reports showed

that the prevalence of and mortality risk associated with CKD in clini-

cal practice remains high despite use of renin-angiotensin inhibition,

this being the most commonly used treatment to slow renal function

decline in T2D.19,20 Consequently, optimization of classic CVD risk

factor treatment may ameliorate the risk of atherosclerotic diseases,21

but less effectively control risk of HF and CKD in T2D.22

Sodium-glucose co-transporter-2 (SGLT2) inhibitors belong to a

novel glucose-lowering drug class, for which cardiovascular outcome

trials have shown consistent risk-reducing effects on hospitalization

for and worsening of HF23–26 and CKD,27–29 even in patients with

T2D who have no history of established CVD.28,30,31 The high HF

and CKD prevalence and associated risks18–20 show an important

unmet clinical need that might be considered when choosing preven-

tive strategies in early stages of T2D, taking recent paradigm-shifting

results into account.22,28,30 However, current knowledge of the tem-

poral development of HF and CKD, hereafter referred to as cardio-

renal disease, in patients with T2D is scarce, but critically important

to understand when deciding future cardiovascular preventive

strategies.

In this multinational and contemporary cohort study, using well-

established data sources, the objectives were, first to investigate the

temporal development of cardiorenal disease among cardiovascular or

renal disease (CVRD)-free patients. Second, to evaluate the risks asso-

ciated with the type of first CVRD event.

2 | MATERIALS AND METHODS

In this study, we used the unique features of available healthcare reg-

istries and corresponding healthcare systems' secondary data across

six countries: England, Germany, Japan, the Netherlands, Norway and

Sweden.

In England, records from the Clinical Practice Research Datalink

(CPRD) Aurum data were used.32 CPRD Aurum is a database con-

taining routinely collected data on more than 20 million patients from

873 primary care practices in England (10% of English practices), of

whom seven million (13% of the population of England) were alive

and currently contributing to the database as of September 2018

(Supporting Information, pp. 4–5).
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Data from Germany were obtained from the Betriebskrankenkassen,

a sickness-fund database consisting of up to 5.1 million insured individ-

uals who are covered by statutory health insurance (Supporting Infor-

mation, pp. 5–6). The characteristics of patients with T2D are similar to

those of other European populations.33

In Japan, we used the Medical Data Vision Co., Ltd, a hospital-

based database containing administrative claims and laboratory data,

linked to the Diagnostic Procedure Combination (flat-fee payment

system) inpatient hospital payment system, covering more than 20 mil-

lion patients from more than 300 hospitals across the country,

corresponding to approximately 20% of the total population in Japan

(Supporting Infomation, pp. 6). The demographic characteristics,

including the age and sex distributions of these patients, are very simi-

lar to those of national statistics in Japan.34–36

In the Netherlands, data were obtained from the PHARMO Data-

base Network (Supporting Information, pp. 6–7). This population-

based network of electronic healthcare databases combines and links,

through validated algorithms, patient-level data from different primary

and secondary healthcare settings, including data from general prac-

tices, in- and outpatient pharmacies, clinical laboratories, hospitals and

the cancer, pathology and perinatal registries. Detailed information on

the methodology and the validation of the record linkage method has

been described previously.37,38

Both Norway and Sweden have comprehensive, nationwide pub-

lic healthcare systems (Supporting Information, pp. 7–8).33,39,40 All cit-

izens have a unique personal identification number, which is

mandatory for all administrative purposes, including any contact with

the healthcare system, as well as drug purchases, thus providing a

comprehensive medical history of the population. Individual patient-

level data from the Prescribed Drug Registers, the Cause of Death

Registers and the National Patient Registers covering all hospitaliza-

tions with discharge diagnoses and all outpatient hospital visits, were

linked using the personal identification number.

2.1 | CVRD-free patients

All T2D patients (see definition in Supporting Information, pp. 9)33,39

with no recorded history of cardiovascular or renal disease, defined as

stroke, MI, angina pectoris (including the use of nitrates), unstable

angina pectoris, atrial fibrillation, HF, coronary revascularization, periph-

eral artery disease (PAD), peripheral artery revascularization, and CKD;

hereinafter referred to as CVRD-free patients with T2D (Table S1). Dis-

eases were searched in prescribed drug and hospital records in all coun-

tries except in England and the Netherlands, where additional general

practice records were searched. All CVRD-free patients with T2D were

indexed at a fixed date, selected in each individual participating country

separately to secure a balance between sufficient follow-back (patient

history) versus follow-up time: England 2010, Germany 2014; Japan

2016; the Netherlands 2012; Norway 2010 and Sweden 2007

(Table S2). The manifestation of CVRD was examined by observing the

CVRD-free patients with T2D from index to the first recorded CVRD

event, thus with different follow-up times in each country.

2.2 | Single-CVRD manifestation groups

Patients with a single CVRD manifestation, but who were otherwise

CVRD-free, were additionally identified at index. Consecutively, seven

additional groups were defined with a single CVRD manifestation,

that is, only stroke, MI, PAD, cardiorenal disease (HF or CKD), and its

separate components HF, CKD and CRS. These first CVRD manifesta-

tion groups were defined in each country and on the same index dates

as the CVRD-free cohorts, and risk of outcomes in these cohorts were

compared with the CVRD-free cohort.

2.3 | Outcomes

A first CVRD event was defined in all countries by the first recorded

outside- or in-hospital diagnosis of HF (including hypertensive HF),

CKD (including diabetic nephropathy, acute kidney failure, CKD,

unspecified kidney disease, hypertensive kidney failure and dialysis),

cardiorenal disease (diagnosis of HF or CKD), stroke (including

ischaemic and haemorrhagic stroke), MI and PAD (Table S3). The fol-

lowing outcomes were used for the estimation of risk associations: all-

cause death (death from any cause), CVD death (death caused by

CVD) and CVRD outcomes as described above.

2.4 | Statistical analysis

All statistical analyses were performed in each country separately

according to a prespecified statistical analysis plan. Baseline character-

istics were described using standard statistical measures, such as

mean and SD values for numerical variables and frequencies and per-

centages for categorical variables. The CVD-free populations are

described separately by country and overall where the overall sum-

mary is weighted according to the number of patients from each

country. The description of the different risk groups is presented as a

weighted summary of all countries in the same manner.

The cumulative incidence of the first CVRD disease manifestation

among CVRD-free patients with T2D was analysed using a cumulative

incidence function, where the competing risk of the other events, as

well as death were taken into account. Patients without an event

were censored at end of follow-up, or when leaving the database.

Diagnoses were searched in all available data within each country

and, if more than one event occurred at the same date, the main (pri-

mary) diagnosis was primarily defined as the event. For sensitivity

analyses, diagnoses in first position as well as first and second position

were used to define the manifestation event. The results are pres-

ented separately by country in cumulative incidence plots (ie, the pro-

portion of patients with an event over time), as well as a description

of the relative proportion of event types among patients who experi-

enced an event during follow-up. All analyses of the cumulative inci-

dence are descriptive, and no formal comparative analyses between

countries have been carried out. In order to explore how the risk of

all-cause death, CVD death, MI, stroke and PAD is associated with a
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baseline manifestation of different CVRD types, we compared

patients with only one (single presence) of cardiorenal disease, HF,

CKD, CRS, MI, stroke or PAD) with the CVRD-free population. For

example, in patients with single history of HF, those with a concurrent

diagnosis of MI were excluded. The bidirectional analyses estimating

risk of CKD when there was a single presence of HF and vice versa,

used the same analytical approach as described above. The analyses

were performed for each endpoint separately using a Cox regression

model, with risk group, age and gender as independent variables and

with years since index date as timescale. Analyses were performed

within each country, and then the hazard ratios (HRs) were pooled for

each risk estimate using a random effects meta-analysis approach.

The estimated HRs are presented with 95% confidence intervals (CIs),

both per country and for the pooled estimate. No adjustment for mul-

tiplicity was performed, but as no inference was based on the results,

this was not needed.

In several countries (Japan, Norway and Sweden), where esti-

mated glomerular filtration rate (eGFR, mL/min/1.73 m2) measure-

ments were available for a random subset of patients, the validity of

the CKD definition was tested using a simplistic method whereby all

patients were classified as CKD 'yes/no' based on all available data

(one diagnosis was enough), and the latest available eGFR measure-

ment was used. Using this approach, the predictive probability of

eGFR on CKD diagnosis was tested using receiver-operating charac-

teristic (ROC) curve analysis, including area under the ROC curve. The

optimal threshold was estimated using the Youden index. We also

tested the validity of the CKD diagnoses set only in primary care and

outpatient hospital visits separately.

3 | RESULTS

From a total of 1 177 896 general patients with T2D identified

across the six included countries, 772 336 (66%) were CVRD-free

at index (Table 2). The distribution was similar in all countries

(Table S4). Patients were followed for a mean of 4.5 years,

resulting in a total of 3.5 million patient-years. Patients in Germany,

Japan and the Netherlands were in general somewhat older than in

the other countries (Table 1). There were minor differences in use

of antidiabetic and cardiovascular risk-lowering therapies between

the populations studied, as known from previous reports. Less

abundant registration of low-dose aspirin in Germany, is probably

explained by its prescription-free availability compared to the other

countries.

3.1 | First CVRD manifestation

Of 772 336 CVRD-free patients with T2D, 137 081 (18%) developed

a first CVRD manifestation during follow-up. Cardiorenal disease was

consistently the most frequent first manifestation and was increased

early across all countries (Figure 1 and Figure S1A). The proportion of

cardiorenal disease manifestations in initially CVRD-free patients with

T2D was 60%, consisting of 24% HF and 36% CKD, and this was

four-, four-, and sixfold more common than stroke (16%), MI (14%)

and PAD (10%), respectively. Cardiorenal disease was the most fre-

quent manifestation in all countries: England 67%, Germany 67%,

Japan 70%, the Netherlands 57%, Norway 52% and Sweden 48%

(Figure S1B).

3.2 | Single presence of CVRD and risks

The groups with single presence of different CVRDs were generally

older (70.0 to 74.7 years) than the general T2D population

(67.7 years; Table 2), with similar trends in all countries (Table S5).

CVRD-free patients were, in general, younger and had received less

CVD preventive treatment. Event rates of HF, CKD, stroke, MI and

PAD in the CVRD-free cohort were 13.4, 18.5, 7.5, 6.5 and 5.0 events

per 1000 patient-years, respectively (Table S6). When comparing the

groups with single presence of CVRD with the CVRD-free group, sin-

gle presence of cardiorenal disease was associated with an increased

all-cause and CVD mortality risk compared to CVRD-free with T2D :

HRs 2.02 (95% CI 1.75–2.33) and 2.05 (1.82–2.32), respectively

(Figure 2). The separate components of cardiorenal disease (HF, CKD

and the combination of the two in CRS) were all associated with

increased risks of all-cause, CVD mortality and CVD events (Figures 2

and 3). Single presence of CRS was associated with the highest risks

of all-cause and CVD mortality compared to CVRD-free status: HR

3.14 (95% CI 2.90–3.40) and HR 3.91 (95% CI 3.02–5.07), respec-

tively. Similar patterns were seen in all countries (Figure S2). Single

presence of cardiorenal disease and presence of its separate compo-

nents were also associated with significantly increased risk of MI,

stroke and PAD compared to CVRD-free status, demonstrating similar

risk patterns as seen for mortality (Figure 3) consistently in all coun-

tries (Figure S3).

3.3 | Bi-directional risk associations between HF
and CKD

Compared to CVRD-free status, single presence of HF was associated

with increased risk of incident CKD (HR 2.30 [95% CI 2.00–2.65]) and

CKD was associated with increased risk of HF (HR 1.99 [95% CI

1.75–2.26]), consistent across all countries (Figure S4).

3.4 | Sensitivity analyses

Validation of the CKD definition using available eGFR data showed

robust sensitivity and specificity results across multiple countries (-

Figure S5A). Detailed validation of the CKD diagnosis definition set

during outpatient clinic and primary care visits showed similar results

(Figures S5B and S5C). Use of only first diagnosis or first and second

diagnosis when identifying CVRD manifestation showed similar find-

ings (Figure S6).
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F IGURE 1 Cardiovascular manifestation during follow-up in initially cardiovascular or renal disease-free patients with type 2 diabetes. CKD,
chronic kidney disease; HF, heart failure

F IGURE 2 Pooled death risks associated with the single presence groups of cardiovascular or renal disease (CVRD) compared to a CVRD-free
type 2 diabetes group. Cardiorenal disease defined as heart failure (HF) or chronic kidney disease (CKD). Cardiorenal syndrome defines as the
presence of both HF and CKD). *Adjusted for age and sex. **Cardiovascular disease (CVD) death was not obtainable in Germany, Japan and the
Netherlands
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4 | DISCUSSION

In this large population-based study including more than one million

general patients with T2D across six countries and populations of dif-

ferent ethnicities in Europe and Asia, we have shown that the majority

(66%) were CVRD-free, that is, had no recorded history of cardiovas-

cular or renal disease. In approximately 780 000 CVRD-free patients

with T2D, cardiorenal disease was consistently the most frequent first

CVRD disease manifestation (60%) and was four, four and six times

more common than stroke, MI and PAD, respectively. In addition, sin-

gle presence of HF or CKD was associated with a high risk of death

and CVD complications compared with CVRD-free with T2D status,

more so than single presence of MI, stroke or PAD. We also showed a

bi-directional risk association, where single presence of HF was asso-

ciated with an approximately twofold increased risk of incident CKD

and vice versa, confirming existing knowledge regarding interlinked

pathophysiology leading to CRS.17 These novel findings show that

cardiorenal disease is an important and potentially fatal complication

in T2D, representing an unmet clinical need which should be

considered when choosing future optimal preventive strategies in the

management of these patients, adding a cardiorenal preventive

approach to an already existing and quietly successful atherosclerotic

preventive approach.18,21

Shah et al41 assessed cardiovascular manifestation in 34 198

patients with T2D using data from England. However, comparisons

with the present study are challenging because of large differences in

objectives and methods. For example, the T2D population free from

CVD in the study by Shah et al41 was differently defined and was

likely to have higher baseline CVD risks, data were less contemporary,

different outcome definitions were used compared to the present

study, and CKD was not considered. For more detailed discussions,

see Supporting Information, pp. 10–12.

We demonstrated that incident HF is one of the most frequent

first manifestations of CVRD in T2D across several countries. This is

supported by recent reports confirming that T2D is the most powerful

risk factor for incident HF42 and that risk of incident HF is developing

earlier in patients with T2D when compared to individuals without

diabetes.43

F IGURE 3 Pooled cardiovascular risks associated with the single presence groups of cardiovascular or renal disease (CVRD) compared to a
CVRD-free type 2 diabetes group. Cardiorenal disease defined as heart failure (HF) or chronic kidney disease (CKD). Cardiorenal syndrome
defines as the presence of both HF and CKD). *Adjusted for age and sex
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The absence of hospitalization for coronary artery disease prior

to the incident HF events suggests that diabetic cardiomyopathy,44

caused by left ventricular hypertrophy45 and increased myocardial

fibrosis,46–49 or myocardial metabolic derangement, could form part

of the explanation of the HF manifestation in the present study. Con-

sequently, the increased likelihood of incident diabetic cardiomyopa-

thy might be less impacted by the extensive use of preventive

treatment with statins, low-dose aspirin and anti-hypertensives com-

pared to MI and stroke risk.22 Moreover, another large observational

study of more than 270 000 patients with T2D has shown that well

managed classic risk factors might neutralize MI and stroke risks, but

not the risk of HF.18 These findings suggest that HF preventive treat-

ment is particularly challenging in T2D.22

We have also shown that single presence of HF in otherwise

CVRD-free patients with T2D is associated with increased risks of

both death and further CVD risk. Many studies have, conversely,

shown that T2D increases the risk of death in patients with HF,50–53

and the present study adds knowledge of how HF increases risk of

death in CVRD-free patients with T2D. This finding, in combination

with the high incidence rates, is particularly important to understand

when assessing the potential of new primary preventive strategies to

lower risks of incident HF.

Chronic kidney disease was, next to HF, the other most frequent

first CVRD manifestation in initially CVRD-free patients with T2D

across all countries. To our knowledge little is known about the devel-

opment of incident CKD in a real-world CVRD-free T2D population,

also in comparison to development of other CVD events. The associa-

tion between poor kidney function, for example, low eGFR or high

albuminuria, and CVD or mortality risk has been firmly established in

previous reports.10,15 We have shown that presence of CKD is associ-

ated with increased CVD and mortality risks in a T2D population

across several countries. These findings support that CKD is strongly

associated with CVD10 and that the combination with T2D is associ-

ated with severe consequences, which require improved treatment

strategies.54,55

Finally, we have shown that HF in T2D is associated with a

high (twofold) risk of CKD and vice versa, confirming that multiface-

ted crosstalk forms a vicious circle between the failing cardiorenal

organs.16,17,56 To our knowledge, few epidemiological data on CRS

and its associations with CVD and death risk have been reported.

We have shown that single presence of CRS is associated with very

high (three- to fourfold) CVD and mortality risks compared to

CVRD-free with T2D status. This shows that all components of car-

diorenal disease, HF, CKD and especially CRS, are associated with

serious risks. While the increased complication risks of HF and CKD

are known, little has been reported about the associated risks in

patients with T2D who are otherwise free from cardiovascular and

renal disease. The gravity of cardiorenal diseases has been under-

lined by Ronco et al,57 who suggest a novel outcome, major adverse

renal and cardiac events (MARCE), to include cardiorenal disease for

future trials and observational studies. This was also reinforced in

the cardiorenal scientific statement from the American Heart Asso-

ciation in 2019.17

In the present study, we have shown that cardiorenal disease

might be a frequent and fatal unmet clinical need in the large propor-

tion of patients with T2D without cardiovascular or renal disease,

demanding new priorities when choosing preventive treatment strate-

gies. The novel SGLT2 inhibitor drug class has been reported to have

strong risk-reducing effects on both HF and CKD in patients without

established cardiovascular and renal disease,28,30 and may contribute

significantly to an improved primary preventive strategy in addition to

the important CVD risk factor management in T2D.54,55,58,59

To our knowledge, this study is the first to address the develop-

ment of cardiorenal disease across multiple countries. Despite differ-

ences in ethnicity, healthcare systems and treatment guidelines across

six countries, we found robustly similar findings of disease manifesta-

tions and associated risks in approximately 780 000 patients. The def-

inition of CKD used in the present study was validated across multiple

countries (Supporting Information, pp. 34).

Our findings should be interpreted within the context of several

potential limitations. Data sources have different properties regarding

coverage of treatment level (primary or hospital care), and population

proportion covered might in turn have led to insufficient information to

ensure that patients were truly CVD-free at index. The robustness of

CVRD manifestation and associated risks is, however, supported by

observations in a diversity of registry properties and healthcare systems

across the countries, for example, access to primary and hospital care

(England, Germany, the Netherlands) versus hospital care only (Japan,

Norway and Sweden), full population (Norway, Sweden), representative

population data (England, Germany, Japan and the Netherlands), and

finally different ethnic populations (European and Asian). Only out-

comes requiring hospital care were used which might have led to

underestimation of less severe conditions, such as those managed in

primary care. Validation of HF diagnoses from hospital care has been

evaluated but not in a CVRD-free T2D population such as that in the

present study.60,61 However, high validity of HF diagnoses are probable

because the patients with T2D in this cohort are healthy and relatively

young and more careful diagnosing is expected compared with older

and more comorbid patients. Residual confounding attributable to vari-

ables not covered by the registries, such as diabetes duration, labora-

tory records, low number of proteinuria measurements, measurements

of cardiac function, smoking, alcohol intake, diet, physical activity, stress

and environmental factors, might have influenced the results.

In conclusion, in patients with T2D without a history of CVRD,

across six countries in Europe and Asia, cardiorenal disease (HF or

CKD) was consistently the most frequent first CVRD manifestation and

was associated with significantly increased risk of all-cause and CVD

death. These novel findings show that cardiorenal disease is an impor-

tant T2D complication that needs improved preventive strategies.
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