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ABSTRACT

Objective The prevalence of chronic kidney disease
(CKD) is increasing globally, and CKD is closely related to
cardiovascular disease (CVD). CKD and CVD share several
risk factors (RF), such as diabetes, hypertension, obesity
and smoking, and the prevalence of these RF has changed
during the last decades, and we aimed to study the effect
on renal function over time.

Design Repeated cross-sectional population-based
studies.

Setting The two Northern counties (Norr- and
Vésterbotten) in Sweden.

Participants Within the MONitoring Trends and
Determinants of CArdiovascular Disease (MONICA) study,
seven surveys were performed between 1986 and 2014,
including participants aged 25-64 years (n=10185).
Interventions None.

Measures Information on anthropometry, blood pressure
and cardiovascular risk factors was collected. Creatinine
and cystatin C were analysed in stored blood samples and
the estimated glomerular filtration rate (eGFR) calculated
using the creatinine-based Lund—Malmd revised and
Chronic Kidney Disease Epidemiology Collaboration
(eGFR_,) equations as well as the cystatin C-based
Caucasian, Asian, Paediatric and Adult cohort (CAPA)
equation (eGFRcysc). Renal function over time was analysed
using univariable and multivariable linear regression
models.

Results Renal function, both eGFR_,, and eGFRcysc,
decreased over time (both p<0.001) and differed between
counties and sexes. In a multivariable analysis, study
year remained inversely associated with both eGFR_,
and eGFRCySC (both p<0.001) after adjustment for classical
cardiovascular RF.

Conclusion Renal function has deteriorated in Northern
Sweden between 1986 and 2014.

INTRODUCTION

The prevalence of chronic kidney disease
(CKD) is increasing globally, and deaths
attributed to CKD constituted 4.6% of all
deaths in 2017." According to the CaReMe
study, 8.3% of the population in Sweden
has CKD defined as having a diagnosis, an
estimated glomerular filtration rate (eGFR)
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STRENGTHS AND LIMITATIONS OF THIS STUDY

= Study design, selection of participants and mea-
surements consistent over time.

= Population-based study.

= Creatinine and cystatin C measured in the same lab-
oratory during the same period.

= Several risk factors were self-reported.

= Possible residual confounding.

<60mL/min/1.73 m? or urine albumin-
creatinine ratio >30mg/ g.2 Furthermore,
medical treatment due to end-stage kidney
disease is costly and constitutes approxi-
mately 1% of the total medical expenditures
in Sweden.”

Decreased renal function is associated
with an increased risk for cardiovascular
events, including cardiovascular death.* ®
This is partly due to shared risk factors for
CKD and cardiovascular disease (CVD), for
example, diabetes, hypertension, obesity and
smoking.”® Other possible mechanisms such
as systemic inflammation, renal anaemia and
endothelial cell dysfunction may contribute.’
In addition, data suggest that subjects with
CVD and CKD get less secondary prevention
after a cardiovascular event.'” !

In Northern Sweden, the prevalence of
hypertension, smoking and hypercholester-
olemia has decreased, whereas obesity has
increased.' In parallel, the use of antihyper-
tensive drugs has increased.'® Furthermore,
low socioeconomic status (SES) is associated
with decreased renal function, possibly due
to the clustering of other cardiovascular risk
factors.'® Longitudinally, there are, thus,
several factors that might have impacted
renal function both negatively and positively
over time, and the potential net effect is not
known.
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This study aimed to investigate the development on
renal function over 28 years in Northern Sweden, consid-
ering the concomitant changes in the prevalence of
major cardiovascular risk factors and other factors that
may impact renal function over time.

METHODS

This study is based on seven cross-sectional surveys
performed within the framework of the Northern Sweden
MON.itoring Trends and Determinants of CArdiovascular
Disease (MONICA) study.'* The World Health Organi-
zations’ MONICA project was initiated in the mid-80s,
and the first survey in the two most northern counties of
Sweden (Vasterbotten and Norrbotten) was performed in
1986. Altogether, seven population-based cross-sectional
surveys using similar methods have been conducted (in
1986, 1990, 1994, 1999, 2004, 2009 and 2014). All surveys
were performed during the same months (January—April)
to eliminate seasonal variations. The participants have
been randomly selected to represent the population and
make the different surveys comparable. Two examination
teams collected all data using standardised methods to
the extent it is possible. Participants were invited if aged
between 25 and 64 years in 1986 and 1990 (n=2000 per
survey), and 25-74 years from 1994 (n=2500 per survey).
Altogether, 11924 subjects participated in seven surveys
with a declining participation rate at each survey (mean
72%, range 81%—-61%). The majority of participants were
Swedish Caucasians, with a small minority of Finnish and
Sami heritage.

Patient and public involvement

The public or any patient organisations were not involved
in study design, analysis of data or in preparing the
manuscript.

Questionnaires
All participants answered questions about diabetes
mellitus (yes/no/do not know). Those who answered
yes or had diabetes medications were considered as
having diabetes. Questions regarding smoking involve
active smoking, sporadic smoking, former smoking,
former sporadic smoking and non-smoker. The answers
were recoded into active smoking (active and sporadic
smokers), former smoking (former and former sporadic
smokers) and non-smoker. Medications taken regularly
were grouped according to Anatomical Therapeutic
Chemical Classification-code (ATC-code). Participants
who reported treatment with angiotensin-converting
enzyme inhibitor (ACEi), angiotensin receptor blocker
(ARB) or mineralocorticoid receptor antagonist (MRA)
were identified. These treatments were summarised as
treatment with a renin-angiotensin-aldosterone system
(RAAS) inhibitor.

The self-reported level of attained education was cate-
gorised into tertiary education (university), secondary
school, and primary school.

Measurements

Height was measured without shoes using a calibrated
scale with a measuring rod attached to the scale or
mounted on the wall. The participants wore thin clothing
to measure their weight, and a calibrated scale was used
(a balance scale 1986-1994, from 1999, an electrical
scale was used). The weight was estimated to nearest 0.2
kg. Body mass index was calculated as weight divided by
height squared.l"" The waist and hip circumference were
measured with a tape measure without clothes between
the iliac crest and the lowest rib, over the symphysis bone,
and over the part of the hips with the greatest width. With
this information, the waist-hip ratio was calculated."
After b5min of rest in the sitting position, blood pres-
sure was measured in the right arm two times at a 3min
interval, and the mean value was calculated. The Hawk-
sley random-zero sphygmomanometer was used between
1986 and 2004, and from 2009 the Omron M7-device
was used.'® Hypertension was defined as systolic blood
pressure >140mm Hg, diastolic blood pressure 290 mm
Hg or the use of antihypertension medication for at least
2weeks before the survey.

Blood samples

Blood samples were drawn after fasting for at least 4 hours.
Total cholesterol levels were determined at a regional
laboratory within 24 hours using an enzymatic method
in 1986-1994. From 1999, a dry—chemistry method was
used."”

In 2015, stored serum samples from all surveys (stored
frozen at —80°C) were sent to Hamburg/Germany, as
part of the BiomarCaREproject, for further analysis
of Cystatin C, Creatinine, N-terminal fragment of the
prohormone brain natriuretic peptide (NTproBNP) and
high-sensitivity C reactive protein (hsCRP)." For approx-
imately 50% of the samples from 1990, EDTA plasma was
used instead of serum.

Cystatin C was analysed using a latex immunoturbi-
dimetric assay and creatinine with a Jaffe/kinetic assay
(Kinetic Alkaline Picrate), performed on an Architect
C8000 system (Abbott, Abbot Park, Illinois). Measure-
ment ranges were for creatinine 17.7-3271 pmol /L with a
limit of quantification (LOQ) of 4.4pmol/L. Creatinine
was IDMS (isotope dilution mass spectrometry) traceable
(NIST SRM 967). Cystatin C had a measurement range
of 0.05-9.6mg/L, and the LOQ was 0.05mg/L. hsCRP
was analysed with a highly sensitive latex immunoturbi-
dimetric assay. NTproBNP was measured using electro-
chemiluminescence sandwich immunoassay ECLIA on
an ELECSYS 2010 platform (Roche Diagnostics, Basel,
Switzerland).

In addition, in 2009 and 2014 creatinine was measured
locally with an IDMS traceable method.

Statistical analyses

Two different formulas for calculating the creatinine-
based eGFR (eGFR_ ) were used, the Lund-Malmo
(LM) revised formula'® and the Chronic Kidney

2 de Man Lapidoth J, et al. BMJ Open 2023;13:6072664. doi:10.1136/bmjopen-2023-072664

1ybuAdoo
Aq pa193101d "181ISIBAIUN BAWN e £202 ‘G2 Jaqwardas uo jwodfwg uadolwg//:dny wol) papeojumoq ‘€Z0z 1shbny 0g uo $992/0-£20z-uadolwg/9eTT 0T sk paysiignd 1siy :uado NG


http://bmjopen.bmj.com/

Disease Epidemiology Collaboration (CKD-EPI)
formula from 2009.*” To estimate cystatin C-based
eGFR (eGFRcysc), the Caucasian, Asian, Paediatric
and Adult cohort (CAPA) formula®! was used. For the
CKD-EPI calculation, all participants were labelled as
Caucasians.

» LM revised formula: X _0'0158XA~§”0'438X1“(A§€), if
female and creatinine <150 X=2.50+0.0121x (150—
creatinine), if female and creatinine 2>150X=2.50—
0.926xLn (creatinine/150), if male and creatinine
<180X=2.56+0.00926x (180—creatinine), if male and
creatinine >180X=2.56-0.926xLn (creatinine/180)

» CKD-EPI formula from 2009:

« —1.209
141 x min (M) % max (M) % 0.9934¢ % 1.018

k1 K,1

(if female)x1.159 (if black), Scr=serum creatinine,
k=0.7 (male) and 0.9 (female), o = —=0.411 (male)
and -0.329 (female), min=the minimum of Sc¢r/x
or 1 and max=the maximum of S¢r/x or 1.

> CAPA=130 x (cystatin C~1069) x age*m”) -7

Using the Dubois-Dubois formula,? absolute eGFR
was also calculated.

¢GFRx (0.007184 X length® 7 x weight*-42%)
173

Persons aged 25-64.9 years were included in the
analysis. Descriptive data included mean values with
95% CIs and medians with IQRs. If necessary, some
variables were In-transformed to improve normality,
and geometric means were calculated. Pearson’s
correlation analyses were performed. To eval-
uate associations between eGFR and year of survey
adjusted for major cardiovascular risk factors, univar-
iable and multivariable linear regression analyses
were performed.

Plasma concentrations of creatinine and cystatin
C were markedly higher in 2004. Therefore, both
results including and excluding data from 2004 are
presented.

Most continuous variables were In-transformed
to improve normality. Number of missing data are
reported in table 1 and no imputation was done.

To test the robustness of the results, hsCRP and
NTproBNP and data from 2004 were excluded
from the multivariable model in separate steps, and
different formulas for calculation of eGFR were used.

Age and sex were not included in the linear regres-
sion or correlation analyses, as these variables are
included in the equations of eGFR. However, as a
sensitivity analysis, we added age to the multivariable
analysis.

For categorical variables with more than two groups,
dummy variables were created, including a separate
dummy variable for missing data which was omitted
from the tables.

The SPSS statistical program V.28 was used (IBM
Corporation, New York).

RESULTS
Baseline data from seven surveys are presented in table 1.
The study included 10185 participants with a mean age
(95% CI) of 46 (24-65) years, and 51% were women.

The prevalence of major cardiovascular risk factors
changed between 1986 and 2014: total cholesterol, systolic
blood pressure and active smoking decreased, whereas
BMI increased. hsCRP, NTproBNP and the proportion
of the participants using drugs interacting with the RAAS
system (ACEi, ARB and MRA) increased (0% to 10.2%).
A notable increase in the proportion of participants with
higher education, was seen over 28 years.

We found that eGFR ___ (both revised LM and the CKD-
EPI) and eGFRcysc (CAPA) decreased over time (table 2
and figure 1). In line with this, the percentage of partici-
pants with an eGFR below 60 mL,/min/1.73 m? increased.
Overall, a more pronounced decrease in renal function
(eGFR) was observed over time in Norrbotten county
compared with Vasterbotten county. Women had higher
eGFR_ ., but a lower eGFR_ compared with men. The
eGFR = measured locally was lower in 2014 compared
with 2009, 84.0 (83.3-84.7) versus 84.8 (84.2-85.4),
p=0.03.

In the correlation analysis, study year was associated
inversely with eGFR_ = (online supplemental table 1),
p=<0.001), and with both eGFR__ and eGFR_. if data
from 2004 were excluded (online supplemental table 2),
p=<0.001). Age, anthropometric measures, blood pres-
sure, total cholesterol and CRP and NTproBNP were
inversely associated with both eGFR  and eGFR_ . irre-
spectively if data from 2004 were included or not.

The univariable linear regression analyses displayed
the same pattern (online supplemental tables 3,4). Study
year associated inversely with eGFR__ (p=<0.001) and
with both eGFR and eGFR . if data from 2004 were
excluded (p=<0.001). Furthermore, female sex associated
with lower eGFR__~ (p=0.001) but with higher eGFR___.
(p=<0.001). Higher attained educational level associated
with higher eGFR _ and higher eGFR__ .. Active smokers
had higher eGFR__ but lower eGFR_ .. These results
based on the LM and CAPA formulas were almost iden-
tical if the CKD-EPI formula was used instead or if abso-
lute e GFR was calculated (data not shown).

In the final multivariable linear regression models, study
year remained inversely associated with both eGFR  and
eGFR_ . (table 3, both p=<0.001). This was seen irrespec-
tive of including or excluding hsCRP and NTproBNP
(data not shown) or data from 2004 (online supple-
mental table 5). Survey year remained inversely associ-
ated with eGFR | and eGFR_ . if age was included in the
multivariable model (data not shown). Lower eGFR_
associated with diabetes, hypertension and higher choles-
terol, and with higher CRP and NTproBNP levels, and
lower eGFR_  associated with increasing BMI, hyperten-
sion, higher cholesterol, active smoking and with higher
CRP and NTproBNP levels. In contrast, active smoking
is associated with higher eGFR . A higher educational
level remained positively associated with both eGFR
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Figure 1 Renal function in Northern Sweden between 1986 and 2014 expressed as estimated glomerular filtration rate (€GFR)
(geometric mean) based on the Lund-Malmé (LM) revised formula and the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula based on creatinine, and the Caucasian, Asian, Paediatric, and Adult cohort (CAPA) based on Cystatin C.

and eGFR ., whereas county did not associate with eGFR Study year remained inversely associated with eGFR_
after adjustments. Using the CKD-EPI equation gave  and eGFR_. if hypertension was replaced with systolic

almost identical results (data not shown). and diastolic blood pressure, if the use of ACEi, ARB and

Table 3 Multivariable linear regression analysis between two different estimated glomerular filtration rates (€GFR) and clinical
and biochemical variables including survey year and county

eGFR__

eGFR_

a sC
Unstandardised 3  Standardised Unsta_ryl_dardised B  Standardised B

Survey 0.004*** 0.187** 0.001*** 0.037**
BMI (kg/m?) 0.019 0.017 0.141* 0.075**
Hypertension (Y/N)t 0.013** 0.04*** 0.017* 0.03**
Diabetes mellitus (Y/N)+ 0.051*** 0.046*** 0.022 0.012
Active smoker (vs never smoker) 0.026** 0.061** 0.020* 0.029*
Former smoker (vs never smoker) 0.004 0.010 0.001 0.002
Cholesterol (mmol/L) 0.118*** 0.142*** 0.128*** 0.091***
hsCRP (mg/L) 0.023*** 0.15** 0.064** 0.246***
NTproBNP (ng/L) 0.042** 0.22*** 0.056** 0.174*
Tertiary education (vs primary school) 0.009 0.022 0.046™** 0.065***
Secondary school (vs primary school) 0.036*** 0.094** 0.056™** 0.088***
County (1=Vasterbotten, 2=Norrbotten) 0.005 0.014 0.004 0.006

Unstandardised and standardised B-values are shown, and eGFRcrea and eGFRcysC, respectively, are dependent variables in separate
multivariable analysis. eGFRcrea and eGFRcysC according to the LM and CAPA formulas, respectively, and were Ln-transformed.
*p<0.05, *p<0.01, **p<0.001

TSystolic blood pressure =140 mm Hg and/or diastolic blood pressure 290 mm Hg, and/or antihypertensive medication.

T Self-reported and/or use of glucose lowering medication.

BMI, body mass index; DBP, diastolic blood pressure; hsCRP, high sensitivity C reactive protein; NTproBNP, N-terminal fragment of the
prohormone brain natriuretic peptide; SBP, systolic blood pressure.
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MRA was added, or if the waist and hip circumferences
were added (data not shown). High blood pressure and
the use of RAAS blocking agents (ACEi, ARB and MRA)
were all independently associated with lower eGFR_  and
eGFR(_YsC (data not shown).

DISCUSSION

In this study, we found that renal function assessed as
eGFRm and eGFR(vsC has decreased over 28 years in
Northern Sweden. In parallel, the proportion of persons
with an eGFR below 60mL/min/1.73 m? increased. This
was also seen after adjustment for concomitant changes
in the prevalence of major cardiovascular risk factors
and other known cardiovascular risk factors that may
impact renal function over time. Notably, the renal func-
tion differed between the studied counties, possibly due
to varying cardiovascular risk profiles, as the difference
did not remain after adjustments. Possibly, the ongoing
primary—care intervention programme in Vasterbotten
may have had an impact.* We also found that women
have higher eGFRCV_SC but lower eGFRCrea than men, which
isnotin line with earlier studies showing that male gender
is usually associated with a lower eGFRma.24

These results are in line with increasing prevalence
of end-stage renal disease between 1990 and 2021 in
Sweden.” The incidence is also increasing but not as
evident as the prevalence, probably due to better care
and longer survival. In contrast, the prevalence of CKD
not requiring replacement therapy is largely unknown in
Sweden as these alterations are not uniformly registered.
The CaReMe-study showed that approximately 8.3% of
the Swedish population has CKD.?

To our knowledge, a similar study of renal function with
repeated measurements of both creatinine and cystatin
C over a long time has not been done previously. Several
studies have focused on changes in renal function in the
same cohort over time, showing deteriorating renal func-
tion with increasing age.** Two previous population-based
studies in Scandinavia have followed renal function over
time.?*” They were mainly based on creatinine measure-
ments and covered shorter periods of time. In Norway,
the prevalence of CKD was stable for more than a decade
while the eGFR decreased in Finland over 5 years.

We adjusted for several factors to try to explain the
deteriorating renal function. However, the decline in
eGFR remained an independent finding in the multivari-
able analysis. This finding may be worrying as reduced
renal function is associated with an increased mortality
risk.”® Hypertension and smoking contribute to a faster
decline in renal function,” and the use of antihyperten-
sive medications has increased in northern Sweden,29
including RAAS inhibitors ACEi, ARB and MRA. These
medications are known to initially decrease the eGFR due
to a reduction of glomerular hyperfiltration® and could
partly explain an observed decrease in renal function
over time. The observed inverse relationship between the
use of RAAS-inhibitors could also be due to colinearity

with the conditions (e, hypertension and renal protec-
tion) that they are used for. However, the long-term treat-
ment with these medications preserves renal function.”

According to a previous study on this population,
the reported percentage of energy intake from protein
increased slightly from 14% to 16% from 1994 until
2014. It is unlikely that this small increase had any large
impact on the finding of increasing creatinine.” In addi-
tion, increasing creatinine and a lower estimated eGFR
are further supported by the finding of decreasing renal
function when using cystatin C to estimate renal function.

Another potential explanation could be increased
exposure to environmental pollutants,™ but previous
studies have shown a decrease in lead in the population
and a stable amount of cadmium.** However, there are
numerous other known and unknown pollutants that
could potentially affect renal function.

Northern Sweden also has a high incidence and prev-
alence of the viral infection nephropathia epidemica
(Puumala virus),” which is a haemorrhagic fever with a
renal syndrome. The long-term effects are still unknown,
and earlier studies have shown contradictory results if the
infection causes irreversible long-term kidney damage.*®*’

Smoking affected eGFR(m and eGFR(_vsC differentially,
which has been presented earlier.” It has been suggested
that smoking not only causes glomerular hyperfiltration®
affecting creatinine more but also that sarcopenia may
contribute to lower creatinine values in smokers. Possibly,
smoking per se may increase cystatin C levels,” which
is supported by studies showing a decrease in cystatin C
following smoking cessation.*!

This study shows that higher education is associated
with better renal function, which is in line with previous
studies.*” Lower SES is associated with a higher incidence
of CKD,*” and a higher risk of chronic renal failure.**
Several indicators for SES have been used, such as educa-
tional attainment, household, or individual income or
geocoordinates. However, similar results related to renal
function have been shown irrespective of how SES has
been defined.*

Strengths and limitations

The strength of this studyis that renal function is measured
using two different endogenous markers, creatinine and
cystatin C, which are affected by different confounding
factors®™ ** and both endogenous markers show the same
trend of decreasing renal function. An additional strength
is that data are collected from a randomly selected, large
cohort, representing the general population at the time
of each survey, which makes the results applicable to the
general population. One additional strength is that all
creatinine and cystatin C analyses for the different years
were performed within the same period, at the same labo-
ratory, using the same methods.

There are several limitations as well. Some of the blood
samples have been frozen for a long period, the earliest
from 1986, which could affect the results of the biochem-
ical analyses. Prolonged storage time could result in the
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degradation of biomarkers and sublimation of water
from the frozen samples altering concentrations of the
biomarkers. Still, the finding of a reduction of both eGFR-
uea and eGFR . over time suggests that there is an actual
reduction in renal function (eGFR). Furthermore, it
should be emphasised that the samples have been stored
in —80°C from sampling to analysis without thawing. The
method to analyse creatinine, the Jaffe/kinetic assay, is
not specific and other compounds (eg, haemoglobin F,
certain proteins, glucose and ketone bodies) produce
Jaffe-like chromogens (also known as pseudocreatinines
or non-creatinine chromogens). To adjust for this poten-
tial overestimation, compensated analyses can be used.
Since all blood samples are analysed using the same
method, it is possible to use this method to investigate
renal function over time in the population. However, we
saw variations in levels of biomarkers related to survey
year, the 2004 results in particular. We, therefore, repeated
all analyses after excluding 2004 data, which gave similar
results. Quality indicates have been scrutinised, but no
obvious reason has been found for this discrepancy.
Other limitations lay in that some of the data included
in this study are self-reported (diabetes, smoking, medi-
cation), which makes recall bias impossible to elimi-
nate. The participation rate has been very good in the
MONICA surveys (72%), which is high compared with
other population-based surveys internationally. There is
always a selection in this kind of studies, and healthier
and older individuals are more likely to participate.
Since eGFR is an estimation of renal function and not a
direct measurement, it is possible that these results are
not exclusively based on a decreasing renal function but
could also be affected by changes in living conditions and
measurements. One known risk factor is alcohol intake.*’
This is not included in this study due to the lack of reli-
ability of self-reported alcohol intake but a previous study
on dietary trends in this population found an increase in
reported energy from alcohol over time.” We also lack
information about medications bought over the counter
such as non-steroidal anti-inflammatory drug that may
impact renal function both short term and long term."
Finally, the results are based on a predominately Cauca-
sian population in Northern Scandinavia, and the gener-
alisability to other ethnicities and contexts is unknown.

Conclusion

In this study, we found that estimated renal function
has deteriorated in Northern Sweden independently of
changes in cardiovascular risk factors and SES.
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