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Aims To investigate the risk of chronic kidney disease (CKD) in young patients with congenital heart disease (CHD) (age 0—47
years) compared with age- and sex-matched controls without CHD.

Methods Using data from the Swedish National Patient Register and the Cause of Death Register, 71,936 patients with CHD (50.2%

and results male) born between 1970 and 2017 were identified. Each patient with CHD was matched by sex and age to 10 controls
without CHD (n = 714,457). Follow-up data were collected for patients with CHD and controls until 2017. During a median
follow-up of 13.5 (5.8; 25.5) years, 379 (0.5%) patients with CHD and 679 (0.1%) controls developed CKD. The risk of CKD
was 6.4 times higher in patients with CHD than controls [95% confidence interval (Cl): 5.65—7.27] and was highest in pa-
tients with severe non-conotruncal defects [hazard ratio (HR): 11.31; 95% ClI: 7.37-17.36]. Compared with matched con-
trols, the absolute and relative risks of CKD were greater for CHD patients born between 1997 and 2017 (HR: 9.98; 95% Cl:
8.05-13.37) (incidence 39.5 per 100000 person-years). The risk of CKD remained significantly higher after adjusting for
hypertension, acute kidney injury, and diabetes mellitus (HR: 4.37; 95% ClI: 3.83-5.00).

Conclusion Although the absolute risk of CKD in young patients with CHD is relatively low, patients with CHD are six times more likely
to develop CKD than non-CHD controls up to the age of 47 years. Further data are needed to inform guidelines on the
prevention and follow-up of CKD in CHD patients.
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CKD in patients with CHD

Introduction

Congenital heart disease (CHD) occurs in ~0.9% of live births and is
one of the most common congenital abnormalites."? Although CHD
used to be a condition with limited chances of survival for many pa-
tients, medical and surgical developments in recent decades have
made it possible for up to 97% of children with CHD to reach adult-
hood.®> Nevertheless, most patients are not considered cured and
face complications related to both surgical interventions and the patho-
physiology of their heart defects. As patients with CHD grow older, it
has become essential to examine their risk of developing common ac-
quired and age-related diseases, such as chronic kidney disease (CKD).

The estimated prevalence of CKD is 11-13% in adults* and 42-329
per million age-related population in children.® CKD is characterized by
the slow and irreversible structural kidney damage and loss of kidney
function and is defined as a glomerular filtration rate (GFR) of
<60 mL/min per 1.73 m?, or the detection of kidney damage markers
(e.g. albuminuria, urine sediment abnormalities or radiographic findings)
for more than 3 months.® The most frequent causes of CKD are hyper-
tension and diabetes mellitus,® which have rapidly growing
incidences.®’

There is limited knowledge about the risk of CKD development in
patients with CHD. Acute kidney injury (AKI) is a known complication
following cardiac surgery for CHD.® However, studies have shown con-
flicting results regarding whether patients with a history of AKI after
cardiac surgery for CHD have an increased risk of CKD.”™"" Available
evidence suggests there is a high occurrence of CKD in patients with
CHD,” "3 and a single centre study reported that as many as 50% of
adult patients with CHD have reduced kidney function.'* CKD has
also been shown to be a significant predictor of mortality in the
CHD population.*™

Although there is evidence indicating a significant relationship be-
tween CHD and CKD, no nationwide population studies have outlined
the risk of CKD in both children and adults with CHD compared with
the general population. This study aimed to investigate the absolute and
relative risks of CKD development in children and adults with CHD
(age 0—47 years) compared with age- and sex-matched controls with-
out CHD.

Methods

Data sources

Since 1947, all Swedish citizens have received a unique personal identifica-
tion number (PIN)"® at birth or immigration that consists of the date of
birth and a combination of four digits and is managed by the Swedish
National Tax Board. The Swedish National Patient Register (NPR)16 con-
sists of the Inpatient Register, which contains hospital discharge data
since1964, and the Outpatient Register, which contains all data from all
hospital-based outpatient visits since 2001. Primary and secondary diagno-
ses, external cause of injury/poisoning, and procedures are coded using
International Classification of Diseases (ICD) codes, which are determined
by treating physicians and are reported monthly by public and private care-
givers. The NPR is regularly reviewed for quality and validity and holds a high
standard."® The Swedish Cause of Death Register'” has been available for
research purposes since 1952 and includes information on the deaths of
all Swedish residents, which the treating physician reports within 3 weeks
of occurrence. The Cause of Death Register has high validity."” Both the
NPR and the Cause of Death Register are administrated by the Swedish
National Board of Health and Welfare and reporting to these registers is
mandatory.

Study design

Data extracted from the NPR'® and the Cause of Death Register'” were
used to identify patients with CHD born between January 1970 and
December 2017. Each patient with CHD was matched for sex and birth

year with approximately 10 (9.9) controls without CHD selected from
the Swedish Total Population Register.'® Follow-up data on CKD diagnosis
in patients and controls were collected in the registers until death or the
end of the study, which was December 2017. All patients are identified in
the registers by their unique PIN'® and diagnoses from the registers were
coded according to ICD codes, Eighth Revision (ICD-8), Ninth Revision
(ICD-9), and Tenth Revision (ICD-10).

Definitions of outcomes and risk factors

CKD was the primary outcome and was defined as a documented ICD code
in the registers. CKD definitions according to the ICD codes are listed in
Supplementary material online, Table S1. CKD was defined as codes N18
(ICD-10), 582 and 585 (ICD-9), and 582 and 584 (ICD-8). Risk factors
for CKD were AKI, hypertension, diabetes mellitus, and CHD-related
open-heart surgery, which were defined as an ICD code registered in the
NPR from birth until and including the time of registration of the first
CKD diagnosis in the NPR. AKI was defined as codes N17 (ICD-10), 584
(ICD-9), and 580 (ICD-8). Hypertension was defined as codes 110-112
and 115 (ICD-10) and 401-405 (ICD-9 and ICD-8). Diabetes mellitus was
defined as codes E10-E14 (ICD-10) and 250 (ICD-9 and ICD-8). ICD codes
for CHD-related open-heart surgery are listed in Supplementary material
online, Table S2.

Classification of congenital heart disease

Patients with CHD were examined as a group; however, because of the het-
erogeneity of the CHD diagnoses, the patients were also divided into six
different lesion groups classified by the severity of the diagnoses according
to a well-established CHD classification that was proposed by Botto et al.!

modified by Liu et al.®® and has since been used for the CHD popula-
tion."*2 The six CHD lesion groups were as follows: (i) conotruncal de-
fects, including common truncus, aortopulmonary septum defect, and
transposition of the great vessels, (ii) severe non-conotruncal defects, in-
cluding endocardial cushion defect, common ventricle, and hypoplastic
left heart syndrome, (iii) coarctation of the aorta, (iv) ventricular septal de-
fects (VSDs), (v) atrial septal defects (ASDs), and (vi) all other heart and cir-
culatory system anomalies. Lesion groups 1 through 5 are arranged by the
complexity of the CHD lesion in decreasing order, and lesion group 6 com-
prises all lesions not included in the first five groups, of whom many are
valve related. When a patient has several CHD diagnoses, the lesion group
was determined based on the most severe diagnosis. The ICD codes for
each lesion group are presented in Supplementary material online, Table S3.

Statistical methods

The following statistical analyses were pre-specified. Categorical nominal
data were presented as frequencies and percentages and were compared
between patients with CHD and controls using the 3> test. Numerical
data were presented as means with standard deviations or medians with
interquartile ranges and were compared between patients with CHD and
controls using the Student’s t-test. The incidence rate (IR) of CKD for pa-
tients with CHD and controls was reported as CKD cases per 100 000
person-years. Due to the extensive follow-up time and to account for
the potentially increased risk of mortality in the CHD population compared
with controls, death from all causes other than CKD was accounted for as a
competing risk in the analysis by using the cumulative incidence function ac-
cording to the Fine-Gray approach (using the R package prodlim). A Cox re-
gression model was used to compare the CKD risk of patients with CHD
compared with controls (reference population), to obtain hazard ratios
(HRs) with 95% confidence intervals (Cls) for the risk of CKD. HRs adjusted
for the risk factors of CKD development (AKI, hypertension, and diabetes
mellitus) were also presented. Calculations were made for the overall group
of patients with CHD, the six lesion groups, CHD groups according to two
birth periods (1970-1996 when ICD-8 and ICD-9 were in use, and 1997—
2017 when ICD-10 was used), and CHD groups according to sex. Because
of the non-proportionality due to the long follow-up time, the risk of CKD
was separately estimated at age intervals 0—17 years, 18-39 years, and > 40
years for all regression models. In addition, some of the comorbidities in the
age intervals did not meet the proportionality requirement and were there-
fore stratified in the adjusted models (see Supplementary material online,
Table S5). In a post hoc analysis, HRs adjusted for AKI, hypertension, diabetes
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mellitus, and CHD-related open-heart surgery were calculated (see
Supplementary material online, Table S6). P values of < 0.05 were consid-
ered statistically significant. Statistical analyses were performed using the
software R Studio (version 3.6.1).%

Ethics

The study was approved by the Gothenburg Regional Research Ethics
Board and complies with the Declaration of Helsinki. All PINs were re-
placed by a unique code by the National Board of Health and Welfare in
Sweden. As anonymous data were used, the Gothenburg Regional
Research Ethics Board waived the requirement for informed consent
from all participants.

Results

Baseline characteristics of the study
population

We identified 71 936 patients with CHD and 714457 matched con-
trols without CHD born between 1 January 1970 and 31 December
2017. Among the patients with CHD, 50.2% (n=36 099) were male,
and the mean birth year was 1999 (= 12.9 years). The two most com-
mon lesion groups were patients with VSD (31.9%, n =22 950) and pa-
tients with heart and circulatory system anomalies not included in the
first five lesion groups (30.2%, n=21718). Among the patients with
CHD, 15865 (22.1%) underwent open-heart surgery for their CHD.
The baseline characteristics of the study population are displayed in
Table 1.

Incidence of chronic kidney disease

During a median follow-up of 13.5 (5.8; 25.5) years for patients with
CHD and 15.5 (7.6; 27.5) years for controls, almost 0.5% (n=379)
and 0.1% (n=679) developed CKD, respectively. The IR of CKD be-
tween 1970-2017 was 32.06 per 100000 person-years for patients

with CHD compared with 5.16 per 100 000 person-years for controls
(Table 2). The lesion group with the highest IR of CKD was patients
with severe non-conotruncal defects (Table 2). Male patients with
CHD had a slightly higher IR of CKD than female patients with CHD
(Table 3). The IR of CKD was higher in the late birth cohort (1997—
2017) than the early birth cohort (1970-1996), but increased with
age in both patients with CHD and controls (Table 3).

The cumulative incidence of CKD between the age of 0 to 47 years
from 1970 to 2017 was notably elevated in patients with CHD com-
pared with the control group (Figure 7). The cumulative incidence of
CKD at 47 years of age was 2.2% (95% CI: 1.83-2.57) in patients
with CHD and 0.4% (95% Cl: 0.38-0.49) in controls. Among the lesion
groups, the cumulative incidence of CKD at age 47 was highest in pa-
tients with conotruncal defects (2.7%, 95% Cl: 1.44-3.87), and lowest
in patients with ASD (1.7%, 95% Cl: 1.00-2.37) (Figure 2). Figure 3 illus-
trates the cumulative incidence of CKD according to the birth cohorts.
At 20 years of age, the cumulative incidence of CKD in patients with
CHD was higher in those born in the second birth period (1.0%,
95% Cl: 0.78-1.23) than in those born in the first birth period (0.3%,
95% Cl: 0.19-0.31). The cumulative incidence of CKD at age 47 was
also higher among males with CHD (2.5%, 95% Cl: 1.93-3.05) com-
pared with females with CHD (1.9%, 95% CI: 1.43-2.39) (Figure 4).

Risk of chronic kidney disease

The risk of developing CKD was 6.4 times higher in patients with CHD
compared with controls without CHD (HR 6.41, 95% Cl: 5.65-7.27)
(Table 2). The lesion group with the highest risk compared with
controls was the group with severe non-conotruncal defects, which
displayed a CKD risk of more than 11-fold (HR: 11.31, 95% Cl: 7.37-
17.36) compared with controls. The lesion group with the lowest
risk of CKD compared with controls was the group with VSD (HR:
5.39,95% ClI: 4.13-7.05). Both male and female patients with CHD dis-
played an increased risk of CKD compared with controls (Table 3).
Patients with CHD born in the second birth period (1997-2017) had

Table 1 Baseline characteristics of the study population of patients with congenital heart disease and controls

Patients with congenital heart disease Controls P-value
(n=71936) (n=714457)
Sex 0.08
Male 36099 (50.2%) 361016 (50.5%)
Female 35837 (49.8%) 353441 (49.5%)

Year of birth (years), mean + SD
Birth period
1970-1996
19972017
Place of birth
Sweden
Other
Lesion group19
1. Conotruncal defects
2. Severe non-conotruncal defects
3. Coarctation of the aorta
4. Ventricular septal defects
5. Atrial septal defects
6. Other heart and circulatory system anomalies
CHD-related open-heart surgery

19992129

27587 (38.3%)
44349 (61.7%)

67809 (94.3%)
4127 (5.7%)

5421 (7.5%)
3855 (5.4%)

3358 (4.7%)

22950 (31.9%)
14634 (203%)
21718 (30.2%)
15865 (22.1%)

1999.1 +12.9 0.15
0.16
275890 (38.6%)
438567 (61.4%)
<0.00
583704 (81.7%)
130753 (18.3%)
0.10

53990 (7.6%)
38440 (5.4%)
33459 (4.7%)
227305 (31.8%)
145149 (20.3%)
216114 (30.2%)
130 (0.0%)

P < 0.05 was considered statistically significant.
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Table 2 Risk of chronic kidney disease in the study population according to lesion group

No. (%) of patients No. (%) of
with congenital
heart disease with chronic

Incidence rate of
controls with concomitant chronic
kidney disease and

Incidence rate Hazard ratio
of chronic for chronic
kidney disease kidney disease

Adjusted
hazard ratio for
chronic kidney

chronic kidney kidney congenital heart in controls® (95% CI) disease
disease disease disease® (95% CI)°
Lesion group '’
CHD total 379 (0.5%) 679 (0.1%) 32.06 5.16 6.41 (5.65-7.27)  4.37 (3.83-5.00)
1. Conotruncal defects 39 (0.7%) 74 (0.1%) 41.97 6.05 7.62 (517-11.24) 6.62 (4.43-9.89)
2. Severe non-conotruncal 34 (0.8%) 55 (0.1%) 60.56 579 11.31 (7.37-17.36) 6.79 (4.24-10.82)
defects
3. Coarctation of the aorta 25 (0.7%) 30 (0.0%) 37.44 3.96 9.66 (5.68-16.42)  6.74 (3.62—-12.55)
4. Ventricular septal 81 (0.4%) 158 (0.0%) 24.86 4.68 539 (413-7.05) 431 (3.25-5.72)
defects
5. Atrial septal defects 64 (0.4%) 88 (0.0%) 28.86 391 740 (5.36-10.21)  6.57 (4.67-9.26)
6. Other heart and 136 (0.6%) 274 (0.1%) 3247 5.96 5.58 (4.55-6.86)  3.59 (2.88-4.49)

circulatory system

anomalies

?Per 100 000 person-years.
®Adjusted for the following risk factors: AKI, hypertension, diabetes mellitus.

almost a 10-fold increased risk of CKD compared with controls (HR
9.98, 95% CI: 8.05-13.37), while patients with CHD born in the first
period (1970-1996) were five times more likely to develop CKD com-
pared with controls (HR: 5.02, 95% Cl: 4.28-5.89).

After adjusting for risk factors (hypertension, AKl, and diabetes mel-
litus), the increased risk of CKD in patients with CHD compared with
controls remained (HR: 4.37, 95% CI: 3.83-5.00) (Table 2). The same
pattern was observed among patients with CHD of both sexes, both
birth periods, and all lesion groups (Tables 2 and 3). The adjusted esti-
mated risks of CKD at age 0-17 years, 18-39 years, and > 40 years are
presented in Supplementary material online, Table $4. Patients with
CHD had an increased risk of CKD compared with controls at all
age intervals except for patients with ASD > 40 years. Among patients
with CHD, there was a higher relative risk of CKD at 0-17 years (HR:
5.73, 95% Cl: 4.72—6.96) compared with 18-39 years (HR: 2.34, 95%
Cl: 1.90-2.88). The same age-correlated risk difference was seen in pa-
tients with CHD divided by sex, in patients with ASD, and in patients
with other heart and circulatory anomalies. Supplementary material
online, Table S5 presents the adjusted HRs when CHD-related open-heart
surgery was added as an adjusting factor along with AKI, hypertension, and
diabetes mellitus. The addition of open-heart surgery lowered the HRs fur-
ther, and the most prominent reduction was among those with conotrun-
cal defects and severe non-conotruncal defects.

Characteristics of patients with both
congenital heart disease and chronic

kidney disease

In the CHD population with CKD, the most prevalent risk factor before
a CKD diagnosis was hypertension (21.1%, n=80), followed by AKI
(15.0%, n=57), and diabetes mellitus (4.2%, n=16) (Table 4). The
only significant difference in the occurrence of risk factors between pa-
tients with CHD vs. controls, apart from CHD-related open-heart sur-
gery which for obvious reasons was more common among CHD
patients, regarded diabetes mellitus, which was more common among
controls (8.4% vs. 4.2%, P=0.015).

Discussion

This retrospective cohort study examined the absolute and relative
risks of CKD in patients with CHD and controls without CHD (aged
0—47 years). The most clinically relevant finding was that patients
with CHD had a 6.4-fold increased relative risk of developing CKD
compared with controls. Furthermore, both the IRs and the cumulative
incidence of CKD were considerably higher for patients with CHD than
controls.

The occurrence of CKD in patients with CHD (0.5%, n=379) in the
present study is lower than that reported in previous cohorts where
kidney function was clinically measured.”'"'* Dimopoulos et al."*
showed that of 1102 adults with CHD, 41% had a mildly decreased
GFR of < 90 mL/min per 1.73 m* and 9% had a GFR of < 60 mL/min
per 1.73 m? (from mildly to moderately decreased to kidney failure).
In the TRIBE-AKI study, 18% of 131 paediatric patients with CHD
were diagnosed with CKD within 5 years after cardiac surgery."" The
CKD detection rates in the abovementioned studies where each sub-
ject was screened for a diagnosis are naturally higher than the rates
in observational register-based studies, especially when the subjects
are often asymptomatic. The prevalence of CKD in the present study
is comparable with the prevalence reported in previous register-based
studies. Afilalo et al."? showed that 2% of 3 239 geriatric (65 + years) pa-
tients with CHD had a registered CKD diagnosis. A similar study by
Billett et al.”® that also included controls without CHD reported that
the prevalence of CKD was 0.8% in patients with CHD (mean age 28
years) and 0.2% in controls.

Patients with CHD had higher absolute and relative risks of CKD
compared with controls without CHD. The highest risk of CKD was
observed in the two most complex lesion groups: severe non-
conotruncal defects and conotruncal defects. This is consistent with
previous studies suggesting that anatomical complexity and cyanosis
are highly associated with kidney dysfunction.'®"'® Patients with com-
plex lesions often require multiple cardiac surgeries, which causes
AKI and is thus associated with an increased risk of CKD.2'° The
pathophysiology behind the transition from AKI to CKD is not com-
pletely clarified but is proposed to be due to mechanisms of
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Table 3 Risk of chronic kidney disease in the study population according to sex and birth period

No. (%) of patients  No. (%) of

Incidence rate of

Incidence rate  Hazard ratio Adjusted hazard

with congenital controls with concomitant chronic of chronic for chronic ratio for chronic
heart disease with  chronic kidney kidney disease and kidney disease kidney disease kidney disease
chronic kidney disease congenital heart in controls® (95% (95% confidence
disease disease® confidence interval)®
interval)
Sex
Male 208 (0.6%) 388 (0.1%) 35.06 5.82 6.22 (5.26-7.37)  3.88 (3.23-4.66)
Female 171 (0.5%) 291 (0.1%) 29.04 4.48 6.68 (5.53-8.07)  5.87 (4.84-7.11)
Birth period
1970-1996 215 (0.8%) 510 (0.2%) 28.05 573 5.2 (4.28-5.89) 3.01 (2.53-3.56)
1997-2017 164 (0.4%) 169 (0.0%) 39.45 3.97 9.98 (8.05-12.37) 7.51 (5.99-9.43)
Age group
0-17 years NA NA 24.49 287 NA 6.16 (5.11-7.43)
18-39 years NA NA 44.96 9.61 NA 2.98 (2.44-3.64)
40 +years NA NA 154.06 22.67 NA 5.03 (3.19-7.94)

?Per 100 000 person-years.

PAdjusted for the following risk factors: AKI, hypertension, diabetes mellitus. NA, not applicable.

maladaptive repair and fibrogenesis.** Periods of longstanding cyanosis
also have a destructive effect on the kidneys, causing glomerular and
tubular dysfunction.”>® The reduced cardiac output caused by chronic
heart failure also results in decreased kidney perfusion over time.

The adjusted risk of CKD in patients with CHD compared with con-
trols remained statistically and clinically significantly increased, even
though it was slightly lower than the unadjusted relative risk. This sug-
gests that there are additional CHD-specific risk factors for CKD devel-
opment apart from diabetes mellitus, hypertension, and AKI
Additionally, as the adjusted HRs were lower than the unadjusted
HRs throughout our CHD subgroups, this indirectly suggests that these
known risk factors for CKD make up a meaningful proportion of the
risk of CKD in patients with CHD.

From a clinical perspective, the risk factors impacting the CKD risk
may have been present to varying degrees among the subgroups.
Because adjusting for the risk factors lowered the prominently high
relative risks of CKD among patients with conotruncal and severe non-
conotruncal defects compared with controls, the risk factors seem to
play an essential role in CKD development among the complex lesion
groups. A similar considerable reduction in relative risk was also seen in
males with CHD but not among females with CHD. This suggests that
male patients with CHD may have more risk factors for CKD develop-
ment compared with controls than female patients with CHD.

CHD-related surgery has previously been suggested as a risk factor
for CKD.>"° This is supported by our results that showed a lower HR
of CKD in CHD patients compared with controls when CHD-related
open-heart surgery was added to the adjusted risk model. It is neither
surprising nor inconsistent that the groups with complex CHD lesions
are seemingly more affected by the risk of CKD posed by open-heart
surgery related to long cardiopulmonary bypass time and young age
at first surgery.” However, the low absolute risk of CKD in the study
population and the design of the present study prevented the evalu-
ation of the exact effects of AKI, hypertension, diabetes mellitus, and
CHD-related open-heart surgery on the CKD risk in patients with
CHD,; this issue requires further investigation.

Our findings add to the current evidence showing that the cumulative
incidence of CKD is elevated in patients with CHD compared with con-
trols without CHD."® The cumulative incidence of CKD reported in the

present study was lower than that reported by Madsen et al., who found
that CKD occurred at 5 years after cardiac surgery for CHD in 12.2% of
children who developed post-operative AKI, and in 2.6% of those with-
out an AKI event.” This is somewhat expected because the prevalence
of AKl in the patients with CHD in the present study was far less than
that observed in other studies,”"" probably due to the nationwide na-
ture of our study that included all patients with CHD born between
1970 and 2017. This might suggest that the lower incidence of CKD
was correlated with the lower frequency of AKI (15.0%) and, perhaps
more significantly, CHD-related open-heart surgery (22.1%), indicating
an overall healthier CHD population. Among the patients with CHD
who developed CKD, the rate of CHD-related surgery was higher
but was still only 36.1%. The incidence of CKD was higher in males
than females with CHD, and a similar sex discrepancy was observed
among the controls. In general, CKD is slightly more prevalent in fe-
males than males, which may be partly due to the slower progression
of the disease in females or a different age demographic for males
and females in the studies.*?® Finally, the IRs of CKD increased with
age in all subgroups, which is also seen in the general population.*

Another surprising finding is that the risk of CKD was higher in pa-
tients born in the second birth period (1997-2017) compared with
those born in the first birth period (1970-1996). The higher incidence
of CKD among the more recent birth period may be partly explained by
a survival bias where the increased survival for all patients with CHD?
meant that more patients with CHD from the second birth period had
survived long enough to develop CKD. The increased survival of pa-
tients with CHD has also resulted in an increased prevalence of com-
plex lesions in the CHD population, and the complexity of the CHD
lesion correlates with an increased risk of CKD.'%1%2? However, com-
plex lesions only accounted for less than 13% of the current CHD study
population.

The high HR of CKD for patients with CHD born in the recent birth
period and for those in the youngest age interval (0—17 years) is prob-
ably due to the scarce number of CKD cases among the young indivi-
duals of the control group. A compiled higher burden of disease in
patients with CHD compared with controls may be more evident in
a younger study population than in an older population where the con-
trols have acquired comorbidities that also put them at risk.
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Strengths and limitations
The primary strength of this retrospective register-based cohort is the
large size of the study population that included all patients with
hospital-diagnosed CHD in Sweden with little risk of loss to follow-up.
Another strength of our study is that it included and separately exam-
ined the CKD risk in groups with several types of CHD lesions, in adult
and paediatric patients and in patients with and without a history of
CHD-related open-heart surgery. The study design also permitted an
extensive follow-up with minimal loss.

While the Swedish NPR is an extensive register that provides an ex-
cellent opportunity for the creation of epidemiological retrospective

cohorts, the National Inpatient Register did not have complete national
coverage until 1987 (1970 for CHD care) and the National Outpatient
Register was not developed until 2001. Moreover, primary care diagno-
ses are still not included in the NPR. However, the likelihood of missing
patients with CHD, because they are only registered in primary care, is
very low. Therefore, the potential bias is that controls with early and
mild stages of CKD might have been missed because they were only fol-
lowed in primary care.

Another uncertainty related to registry-based studies is the valid-
ation of the ICD codes. The Swedish NPR maintains high quality with
an average positive predictive value of diagnoses of 85-95%."° The er-
rors lie in the physician’s diagnostic ability but also in translation and
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coding.'® A previous study validating CHD diagnosis in patients with
CHD with myocardial infarction found that the ICD codes for CHD
are 70.2% correct, with the most misdiagnoses occurring in patients
with complex lesions.”> Hence, caution is needed when interpreting le-
sion groups. A Swedish register study that compared the CKD diagno-
sis based on the ICD-10 codes in the patient charts vs. measured kidney
function found that younger patients were correctly diagnosed with
higher sensitivity compared with older adult patients.*® Their results
suggest that our patient cohort (age 0—47 years) were likely to have re-
ceived a correct CKD diagnosis.

The treating physician’s diagnostic ability regarding diseases such as
CKD greatly depends on the diagnostic criteria and the methods
used to assess the disease. For example, the choice of filtration marker
or equation used to determine the estimated GFR impacts the accuracy

compared with the measured GFR. As the methods of kidney function
assessment have evolved since the start of our data collection, it is rea-
sonable to suggest that the diagnostic ability has increased, causing bias.

Although the Health and Social Services Act declares that all Swedish
citizens have equal rights and access to health services, patients with
CHD are generally under closer follow-up than controls in our study
population (age 0—47 years). As the early stages of CKD are asymptom-
atic in many cases, there is a risk of underdiagnosing asymptomatic con-
trols and thereby overestimating the risk of CKD in patients with CHD
compared with controls without CHD. Another consideration regards
the hierarchic CHD lesion classification used in the present study.
Although this classification is widely recognised, any grouping of lesions
always has variation within the group, causing over- and underestima-
tion of the actual risk associated with each lesion.
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Table 4 Baseline characteristics of the study
population with chronic kidney disease

Patients with Controls P-value
congenital heart (n=679)
disease (n=379)
Sex 0.52
Male 208 (54.9%) 388 (57.1%)
Female 171 (45.1%) 291 (42.9%)

Diabetes mellitus 16 (4.2%)
80 (21.1%)
57 (15.0%)

137 (36.1%)

57 (84%) 002
174 (25.6%) 0.12
85 (12.5%) 029
6 (0.9%)

Hypertension

Acute kidney injury

CHD-related
open-heart surgery

P <0.05 was considered statistically significant.

Clinical implications

The explanation for the increased risk of CKD among patients with
CHD is not clear and is probably multifactorial and more complex
than in the general population. Some of the proposed mechanisms, in-
cluding longstanding cyanosis and conventional CKD risk factors, have
been briefly described, but there are doubtless many others that are yet
to be explored.

The current study found a relatively low absolute risk of CKD in pa-
tients with CHD. However, patients with CHD had a significantly in-
creased relative risk of CKD compared with their age- and
sex-matched individuals in the population without CHD. The high rela-
tive risk of CKD is likely partly derived from having a relatively young
study population (age 0—47 years) in which the CKD incidence among
the controls was still low. Observing the study population until the
age of 47 years naturally also affects the absolute risk of CKD for patients
with CHD and controls, which according to the trend of the current re-
sults could be expected to be higher if older individuals were included.

To further determine the absolute risk of CKD in patients with
CHD, future research should clinically investigate the risk of CKD in
the Swedish CHD population. A physical examination of patients would
generate more detailed personalized data on possible risk factors for
CKD such as comorbidities, lifestyle, or state of their CHD, and an ex-
act GFR measurement which we do not have access to through our
registers. Neither did we in the present study have access to data
from The National Prescribed Drug Register and hence were not
able to study the relationship between prescribed drugs and CKD de-
velopment. However, it would be of great interest in future research to
study the nephrotoxicity of medical treatment in patients with and
without CHD. More details on the patient’s state of, and the circum-
stances around, their CKD would increase our understanding of how
and why patients with CHD develop CKD and would also help to iden-
tify patients with CHD who are at particularly high risk of CKD. The
results of such future studies will help to establish guidelines for screen-
ing and follow-up of kidney function in patients with CHD. Thus, in the
future, we will be able to detect signs of reduced kidney function early,
slow down disease progression, and perhaps recognise patterns of risk
factors for which intervention can prevent CKD development
altogether.

Conclusion

In the present nationwide cohort study, although the absolute risk of
CKD for patients with CHD was relatively low, children and adults
with CHD had more than a six-fold increased risk of developing

CKD from age 0—47 years compared with matched controls without
CHD. The IR of CKD increased with age; however, the younger
CHD birth cohort was at high risk. Therefore, there is a need to further
clinically investigate the risk of CKD in patients with CHD to establish
guidelines for regular follow-up of kidney function. Additionally, the
clinical risk factors for CKD in patients with CHD need to be clearly
outlined to prevent CKD development in adults with CHD.
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