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Abstract

Cardiovascular disease is the leading cause of mortality amongst patients with chronic kidney disease (CKD). This is the
first study using 3-dimensional echocardiography (3DE) to investigate associations between adverse changes of the left
ventricle, and different stages of CKD. Participants were recruited from the Copenhagen CKD cohort study and the Her-
lev-Gentofte CKD cohort study. Patients were stratified according to GFR category (G1+2: eGFR > 60 mL/min/1.73 m?,
G3: eGFR =30-59 mL/min/1.73 m?, and G4+ 5: eGFR <29 mL/min/1.73 mz), and according to albuminuria (Al:
UACR <30 mg/g, A2: 30-300 mg/g, A3:>300 mg/g). Echocardiograms were analysed for left ventricular (LV) mass index
(LVMi), LV ejection fraction (LVEF), and global strain measures. In adjusted analysis, eGFR groups were adjusted for con-
founders and albuminuria category, while albuminuria groups were adjusted for confounders and GFR category. The study
population consisted of 662 outpatients with CKD and 169 controls. Mean age was 57 + 13 years, and 61% were males. Mean
LVEF and global longitudinal strain (GLS) were increasingly impaired across eGFR groups: LVEF=60.1%, 58.4%, and
57.8% (p=0.013), GLS= — 16.1%,— 14.8%, and — 14.6% (p <0.0001) for G1 + 2, G3, and G4+ 5. LVMi and prevalence of
LV hypertrophy increased with albuminuria severity: mean LVMi=87.9 g/m?, 88.1 g/m?, and 92.1 g/m? (p=0.007) from
A1-3. Adjusted analysis confirmed reduced LVEF in G3 compared with G1+ 2, and increased LVMi in A3 compared with
Al. Increasingly impaired eGFR was associated with adverse changes in LV systolic function, while albuminuria was associ-
ated with adverse changes in LV mass assessed by 3DE. Their associations were independent of each other.

Keywords 3D echocardiography - 3D speckle tracking echocardiography - Chronic kidney disease - Left ventricular
hypertrophy

Introduction a significant risk factor for cardiovascular disease (CVD),

and it is estimated that 30-40% of patients with CKD suffer
In 2017, the Global Burden of Disease study reported that ~ from CVD [2, 3], which is the leading cause of death in the
almost one tenth of the entire global population was afflicted  patient group [4]. Furthermore, the Global Burden of Dis-
with chronic kidney disease (CKD) [1]. CKD constitutes ease study estimated that 1.4 million yearly cardiovascular
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disease-related deaths could be attributed to impaired kidney
function [1]. The increased risk of CVD in relation to CKD
is only partially explained by the underlying common risk
factors, such as hypertension and diabetes mellitus [5]. Thus,
the term ‘Cardiorenal Syndrome’ has been established in
order to describe the numerous mechanisms of interaction
between CKD and CVD [6]. Heart failure (HF) is the most
common CVD associated with CKD, owing to several com-
mon and uremia-related risk factors, including fluid reten-
tion and abnormal calcium-phosphate homeostasis causing
arterial stiffness, hypertension, excessive cardiac preload,
left ventricular (LV) hypertrophy, and cardiac fibrosis [7].

A highly relevant tool to study the cardiovascular changes
associated with CKD is echocardiography. It is a non-inva-
sive, low-cost procedure, widely used clinically and it may
provide useful insight into the interaction between CKD and
CVD. Most common echocardiographic findings in patients
with CKD include LV hypertrophy [8], determined by left
ventricular mass index (LVMi), and reduced left ventricu-
lar ejection fraction (LVEF), both linked to the subnormal
estimated glomerular filtration rate (eGFR) seen in CKD
patients [9]. Albuminuria, commonly seen in kidney dis-
ease, has also been linked to LV hypertrophy, both in the
general population [10] and in kidney patients [11]. Lastly,
subclinical impairment of LV systolic function in patients
with CKD, assessed by global longitudinal strain (GLS), has
been shown in a smaller study. [12].

An echocardiographic method of special interest is three-
dimensional echocardiography (3DE), which, unlike two-
dimensional echocardiography, does not rely on geometric
assumptions about the left ventricle for volume quantifica-
tions [13]. The EAE/ASE guidelines recommend the use
of 3DE for quantification of LVEF, and also state that the
accuracy of 3DE measurements of LV mass is similar to
magnetic resonance imaging [14]. With this improved accu-
racy, 3DE is an appropriate method to further investigate
the link between CKD and CVD. Hence, the objective of
this study was to investigate whether changes in LV mass
and systolic function could be identified at different stages
of CKD, assessed both by eGFR and albuminuria, using
3DE. We furthermore sought to elucidate whether eGFR
and albuminuria in patients with CKD associated with LV
changes independently of one another.

Methods
Population
The Copenhagen CKD Echo study is based on the Copen-
hagen CKD cohort study (Rigshospitalet, Copenhagen),

described elsewhere in detail [15], and the Herlev-Gentofte
CKD cohort study (Herlev-Gentofte University Hospital).

@ Springer

The total patient population consisted of 825 outpatients
with CKD stages 1 to 5, not receiving dialysis treatment, and
age 30 to 75 years. Participants were included consecutively
from September 2015 to August 2018 at the Departments of
Nephrology, Rigshospitalet and Herlev & Gentofte Hospital.
Patients who had received a kidney transplant were excluded
from the study. The control population was included during
the same period in relation to the Copenhagen CKD cohort
study and has been described in detail elsewhere [16]. In
brief, it consisted of 175 participants matched by age and sex
with the CKD cohort, who were included if free of known
chronic disease, including CKD. Well-controlled hyperten-
sion was acceptable for inclusion, but controls were prefer-
ably not using prescription medicine. Control participants
with plasma creatinine twice above upper age and sex cor-
rected reference values were excluded. Further exclusion
criteria for controls were eGFR < 60 or kidney damage.

Exclusion criteria for both groups included active malig-
nant disease, pregnancy, mental illness, and lack of consent
or ability to consent.

The total study population thus consisted of 1000 par-
ticipants. 169 were excluded due to infeasibility of 3DE,
leaving 831 participants for final analysis (169 controls, 662
patients).

Clinical characteristics

Following informed consent from participants, investigators
collected baseline data through interview, clinical exami-
nations, and review of medical journals. Hypertension was
defined as a systolic blood pressure > 140 mmHg, diastolic
blood pressure > 90 mmHg, or the use of antihypertensive
medication with hypertension as the indication. With regards
to obesity, participants were stratified according to BMI as
either normal, overweight, or obese, and cut-off values for
BMI were <25, 25-30, and > 30, respectively. Quantification
of eGFR was based on a measured plasma creatinine and
the CKD-EPI Creatinine Eq. [17] Interview and review of
medical journals provided information on prevalence of dia-
betes and cardiovascular disease, such as HF, and peripheral
artery disease. A clinical diagnosis registered in the medical
journal was required for any of these to be registered in the
study. Significant valve disease was defined as the presence
of moderate or severe regurgitation or stenosis of the mitral
or aortic valve assessed echocardiographically.

Definition and staging of CKD was in accordance
with KDIGO guidelines [18], and patients were grouped
together according to GFR category as follows: G1 +2
(eGFR > 60 mL/min/1.73 m?), G3 (both G3a and G3b,
eGFR of 30-59 mL/min/1.73 m?), and finally G4 +5
(eGFR <29 mL/min/1.73 m?). These groups were col-
lectively denoted eGFR groups. The purpose of grouping
together GFR categories was to overcome large differences
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in sample sizes of each individual GFR category. Patients
were also stratified according to albuminuria category in
accordance with KDIGO guidelines [18]: Al was defined
as a urine albumin to creatinine ratio (UACR) <30 mg/g,
A2 as a UACR between 30 and 299 mg/g, and A3 as a
UACR > 300 mg/g. These groups were collectively
denoted albuminuria groups.

Echocardiography

All transthoracic echocardiographic examinations were
performed with GE Vingmed Ultrasound’s Vivid E9
(Horten, Norway). Participants were placed in the left
lateral decubitus position. 3D echocardiograms were
obtained using an electrocardiographically triggered
multiple-beat technique with volume-stitching over 2 to
preferably 6 consecutive heart cycles during breath hold
[14]. Patients with irregular heart rhythms, including atrial
fibrillation, were excluded from 3DE. All 3D echocardio-
grams were analysed semi-automatically using EchoPac
v. 203, GE Healthcare, by a single investigator who was
blinded to all clinical information. 3D echocardiograms
used for quantification of LV mass, chamber size, and
LVEF, and furthermore 3D speckle tracking echocardi-
ography (3DSTE) were obtained from the transthoracic
apical window. A minimum volume rate of 12 volumes
per second was required for LVEF to be measured, and 25
volumes per second for 3DSTE to be performed. The LV
myocardium was segmented according to the 17 segment
model in 3DSTE [19] with tracking of each individual seg-
ment. Individual segments with imprecise tracking of the
myocardium in 3DSTE could be excluded by the investiga-
tor, but the analysis was deemed infeasible if more than
three of the 17 segments were excluded. An example of
3DSTE performed in EchoPac can be seen in Fig. 1.

LVMi was defined as LV mass indexed to body surface
area. The ASE/EAE guidelines currently do not include
reference values for LVMi measured by 3DE [19] and defi-
nition of LV hypertrophy was therefore based upon the
upper limits of normal for LVMi reported in a prior study
from 2013 on a healthy Caucasian population [20]. Upper
limits were 97 g/m? for males and 90 g/m? for females.
Reduced LVEF was defined as a value below 52% for both
sexes and was based upon reference values found in a pop-
ulation-based study on 3DE. [21].

Finally, impaired GLS was defined as an absolute value
below 13.5%, a value based upon the lower reference limit
reported in a recent meta-analysis by Truong et al. [22]
Intervendor variability in 3DE measurements of LVEF and
GLS has been shown to be minimal [22, 23], and 3DE
measurements of LVMi are reproducible using magnetic

resonance imaging, and these normal ranges of 3DE
parameters are therefore applicable regardless of vendor.

Statistical analysis

Clinical and echocardiographic parameters were assessed
and compared between the control subjects and patients
with CKD, and across eGFR- and albuminuria groups,
respectively. Abnormal echocardiographic findings, such as
reduced LVEF or GLS and LV hypertrophy, were also com-
pared across eGFR- and albuminuria groups. Gaussian dis-
tributed continuous variables were compared with students
t-tests and analysis of variance, and results were reported as
the mean and standard deviation. Non-gaussian distributed
variables were compared using the Wilcoxon rank sum test
and the Kruskal-Wallis test and results were reported as the
median with interquartile range. Categorical variables were
compared using Pearson’s Chi-squared test and results were
reported as the total number with percentage. A significance
level of a=0.05 was chosen.

Multivariable adjusted analysis was performed for LVMi,
LVEF, and GLS to adjust for the following clinical and echo-
cardiographic confounders: Age, sex, BMI, hypertension,
diabetes mellitus, HF, significant valve disease, prior myo-
cardial infarction, peripheral artery disease, and resting heart
rate. Furthermore, eGFR groups were adjusted for albumi-
nuria category, while albuminuria groups were adjusted for
GEFR category. This was to ensure that the resulting associa-
tions found for each renal parameter were independent of the
other. G1 +2 served as reference group for eGFR groups,
while A1 served as reference for the albuminuria groups.
Restricted Cubic Splines were constructed and the optimal
number of knots for each model was determined from the
lowest akaike information criterion (AIC). However, a maxi-
mum of 3 knots was chosen, as to avoid potential overfitting
of the splines to our data. Interactions between eGFR and
UACR when determining their respective relationships with
echocardiographic parameters were examined through mul-
tivariable linear regression analysis and resulting p-values
were reported. Patients were subdivided according to eGFR
group and albuminuria group resulting in nine groups, with
the purpose of further determining associations between
eGFR group and echocardiographic parameters indepen-
dently of albuminuria group, and vice versa. p-values for
trend were calculated across the three albuminuria groups
in each individual eGFR group, and across the three eGFR
groups in each individual albuminuria group, which resulted
in a total of 6 p-values. Only significant p-values were
reported.

Interrater (n=261) and intrarater (n=20) variability for
measurement of LVMi, LVEF, and GLS was assessed, and
results were reported as mean difference and standard devia-
tion (SD). All statistical analyses were performed using R for
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Fig.1 Three-dimensional speckle-tracking echocardiography. The right corner illustrate the longitudinal strain value of each of the 17
images illustrate the results of speckle-tracking performed on a 3D LV segments throughout one heart cycle. The 17-segment model in

echocardiogram in the EchoPac software. The column on the left the lower left corner illustrates the peak longitudinal strain values for
shows the apical 4-, 2-, and 3-chamber projections from top to bot- each segment, both numerically and graphically through colour cod-
tom, while the column in the middle shows cross sections going ing. The GLS is printed beside the 17-segment model

from apex to basis, also from top to bottom. The curves in the upper
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Windows, version 4.0.3 (R Project for Statistical Computing,
Vienna University of Economics and Business Administra-
tion, Wien, Austria).

Ethics

This study was approved by the Danish Data Protection
Agency (30-0840) and the Regional Committee on Health
Research Ethics of the Capital Region of Denmark (H-3-
2011-069). The study was conducted in accordance with the
Helsinki Declaration.

Results

Clinically, CKD compared with non-CKD was associated
with obesity, higher heart rate, and higher prevalence of
cardiovascular comorbidities, such as hypertension, diabe-
tes mellitus, and previous myocardial infarction (Table 1).
Increasing severity of albuminuria was likewise associated
with higher heart rate, higher systolic and diastolic blood
pressure, and a lower eGFR (Table 1). Higher eGFR group
index was associated with a significant increase in age, sys-
tolic and diastolic blood pressure, pulse pressure, UACR,
and prevalence of hypertension, diabetes mellitus, periph-
eral artery disease, and HF (Table 2). The prevalence of HF
was roughly three and five times higher in G3 and G4 +5,
compared with G1 4 2. Echocardiographic findings in CKD
patients compared with controls included a slight decrease
in LVEF and absolute global area strain (Table 1).

Associations of LV mass and function with eGFR

Significant and unadjusted echocardiographic findings
across eGFR groups involved LVEF, LVMI, and all absolute
global strain measures (Table 2). LVEF and absolute GLS
were slightly reduced from G142 through G4 +5, while
LVMi increased gradually. Absolute global area strain was,
similarly to absolute GLS, reduced gradually across eGFR
groups, while global radial strain and absolute circumfer-
ential strain were most negatively affected in G3 and not
G4+ 5, though to a negligible degree. Higher eGFR group
index was furthermore associated with higher prevalence of
reduced LVEF and absolute GLS (Table 3). The splines in
Fig. 2 showed that eGFR associated positively with LVEF,
while the association with GLS was increasingly nega-
tive. Generally, the association with LVMi was negative,
especially in the lower end of eGFR. The scatter plots in
Fig. 3b revealed a significant trend of increasing LVMi with
eGFR group in patients with severe albuminuria, category
A3. LVEF and absolute GLS decreased with eGFR group

in patients belonging to A1+ 2 categories. In adjusted anal-
ysis, G3 was associated with a poorer LVEF than G1 +2
independently of albuminuria group and confounding factors
(Table 4).

Associations of LV mass and function
with albuminuria

While eGFR associated mostly with LV systolic function
(Tables 2, 3, and Fig. 2), albuminuria was to a greater extent
associated with increased LVMi and prevalence of LV hyper-
trophy (Tables 1, 3, and Fig. 2). Splines in Fig. 2 demon-
strated a large, positive association between log,-transformed
UACR and LVMi. GLS also associated positively with
log,-transformed UACR. A significant trend of increasing
LVMi with increasing severity of albuminuria in patients
within the G3 group was also found (Fig. 3b). In adjusted
analysis, A3 was associated with increased LVMi compared
to Al independently of GFR category and confounding fac-
tors (Table 4).

Interactions between eGFR and albuminuria

The bar plots in Fig. 3c showed a marked association between
increased LVMi and albuminuria at GFR categories 4-5 only.
The association between eGFR groups and LVMI were like-
wise only pronounced at moderate and severe albuminuria
stages, A2-3. Thus, increased LV mass was most strongly
associated with a combination of decreased eGFR and severe
albuminuria. As previously mentioned, both LVEF and abso-
lute GLS were reduced across eGFR groups in Al and A2,
while the association was not present in A3. Furthermore, no
significant trends in LVEF and GLS were found across albu-
minuria groups, suggesting an association between decreased
LV systolic function and eGFR, but not albuminuria. Surpris-
ingly, LVEF in G4+ 5 increased with severity of albuminu-
ria (Fig. 3c). No significant interactions between eGFR and
UACR were found when determining their respective rela-
tionships with LVMi (p-value for interaction=0.975), LVEF
(p=0.252), and GLS (p=0.941).

Reproducibility

Intra- and interrater reliability were assessed using Bland Alt-
man plots. For LVMI, intrarater variability analysis showed a
mean difference +SD of 1.34 g/m*+8.78 g/m?, while inter-
rater variability analysis showed 0.10 g/m?+ 10.76 g/m>. For
LVEF, intrarater variability analysis showed a mean differ-
ence+ SD of 1.37% + 6%, while interrater variability analysis
showed 2.6% +6.11%. Lastly, for GLS, intrarater variability
analysis showed a mean difference + SD of 0.03% + 1.18%, and
interrater variability analysis showed 1.05% +1.57%.
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Table 1 Clinical and echocardiographic data according to non-CKD vs CKD (left) and albuminuria category (right)

Controls Patients p-value Al A2 A3 p-value

n 169 662 222 205 235

Clinical Data

Male sex, n (%) 103 (60.9) 403 (60.9) 1 132 (59.5) 121 (59.0) 150 (63.8) 0.511

Age, years, mean (SD) 59.50 (11.77)  56.69 (12.93)  0.02 57.02 (13.35) 57.51(13.12) 55.66 (12.34) 0.294

Heart rate, BPM, mean (SD) 69.96 (11.25) 72.21(1291) <0.001 70.21 (12.01) 72.18 (12.55) 74.13 (13.77) 0.005

Hypertension, n (%) 54 (32.0) 553 (83.5) <0.001 178 (80.2) 169 (82.4) 206 (87.7) 0.086

Systolic BP, mmHg, mean (SD) 130.05 (17.00) 130.95 (16.98) 0.542 128.69 (17.02) 129.60 (15.58) 134.25 (17.67) 0.001

Diastolic BP, mmHg, mean (SD) 81.83 (8.94) 81.07 (10.75) 0.346  79.91 (11.28) 80.59 (9.89) 82.60 (10.84) 0.020

Pulse pressure, mmHg, mean (SD) 48.22 (12.52) 49.87 (14.46) 0.174  48.79 (14.03) 49.01 (13.36) 51.65 (15.63) 0.064

BML, kg/m?, mean (SD) 25.31 (3.31) 27.76 (5.37) <0.001 27.64 (5.44) 27.26 (5.31) 28.32 (5.34) 0.108

Obesity by BMI <0.001 0.193
Normal, n (%) 88 (52.1) 223 (33.7) 74 (33.3) 72 (35.1) 77 (32.8)

Overweight, n (%) 14 (8.3) 252 (38.1) 93 (41.9) 80 (39.0) 79 (33.6)
Obese, n (%) 67 (39.6) 187 (28.2) 55 (24.8) 53 (25.9) 79 (33.6)

Diabetes mellitus, n (%) 0(0.0) 114 (17.2) <0.001 28 (12.6) 38 (18.5) 48 (20.4) 0.072

Heart failure, n (%) 0.00 (0.00) 40 (6.0) 0.002 16 (7.2) 11(54) 13 (5.5) 0.669

Previous myocardial infarction, n (%) 0.00 (0.00) 23 (3.5) 0.028 7(3.2) 73.4) 9(3.8) 0.924

Significant heart valve disease, n (%) 0.00 (0.00) 23 (3.5) 0.028 6(2.7) 12 (5.9) 5(2.1) 0.077

Peripheral artery disease, n (%) 0.00 (0.00) 27 (4.1) 0.015 7(3.2) 12 (5.9) 8(3.4) 0.300

UACR, mg/g, median [IQR] 21[2,4] 123 [21,679] <0.001 10[4, 19] 96 [52, 170] 913 [537, 1555] <0.001

eGFR, mL/min/1,73m?, median [IQR] 81 [73, 91] 43 [29, 62] <0.001 50([35,68.75] 42[26, 56] 38 [22.5, 58] <0.001

Albuminuria, n (%) <0.001
Al 168 (99.4) 222 (33.5)

A2 1(0.6) 205 (31.0)
A3 0(0.0) 235 (35.5)

Cause of CKD, n (%) <0.001
Diabetic nephropathy 55 (8.3) 16 (7.2) 17 (8.3) 22.(9.4)
Glomerulonephritis/vasculitis 216 (32.6) 43 (19.4) 63 (30.7) 110 (46.8)

Polycystic kidney disease 98 (14.8) 54 (24.3) 31 (15.1) 13 (5.5)
Tubulointerstitial nephropathy 11 (1.7) 5(2.3) 4(2.0) 2(0.9)
Renal vascular disease 32 (4.8) 8 (3.6) 11 (5.4) 13 (5.5)
Unknown cause 152 (23) 65 (29.3) 45 (22.0) 42 (17.9)
None of the above 98 (14.8) 31 (14.0) 34 (16.6) 33 (14.0)

Echocardiography

LVEF, mean (SD) 59.88 (6.21) 58.7 (7.56) 0.036  59.06 (7.67) 58.53 (7.42) 58.51 (7.6) 0.682

LVMi, mean (SD) 88.32 (13.06) 89.44 (16.01) 0.347 87.90 (13.75) 88.07 (18.55) 92.08 (15.31) 0.007

Global longitudinal strain, mean (SD)  — 15.45 (2.67) — 15.07 (3.11) 0.066 —15452.97) —-15.02(3.10) —14.77 (3.21) 0.059

Global area strain, mean (SD) —28.51(4.19) —27.53(5.04) 0.01 —27.86 (4.95) —27.36(4.99) —-27.37(5.17) 0.499

Global radial strain, mean (SD) 44.18 (9.69) 4336 (11.56) 0345 4412 (11.42) 4293 (11.69) 43.02(11.61) 0.488

Global circumferential strain, mean —16.69 (3.13) —16.22(3.83) 0.103 —16.29 (3.89) —16.03 (3.76) — 16.33 (3.85) 0.686

(SD)

In albuminuria categories, only patients were included

SD standard deviation, /QR interquartile range, mod. moderate, BP blood pressure, BPM beats per minute, BMI Body Mass Index, UACR urine
albumin to creatine ratio, eGFR estimated glomerular filtration rate, LVEF left ventricular ejection fraction, LVMi Left Ventricular Mass Index

Discussion

The present study constitutes the first large-scale use of
3DE in the investigation of adverse cardiac changes associ-
ated with CKD. The most significant findings of the study

@ Springer

can be briefly summarized as follows: Increase in LVMi
and prevalence of LV hypertrophy was more strongly asso-
ciated with UACR than eGFR. On the contrary, decrease in
LVEF and absolute GLS was associated with eGFR, while
only the latter was associated with increasing UACR.
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Table 2 Clinical and echocardiographic findings according to eGFR group

eGFR group Gl+2 G3 G4+5 p-value

n 180 312 170

Clinical data

Male sex, n (%) 106 (58.9) 196 (62.8) 101 (59.4) 0.623

Age, years, mean (SD) 47.42 (11.83) 59.01 (11.97) 62.27 (10.46) <0.001

Heart rate, BPM, mean (SD) 73.78 (12.45) 71.87 (13.16) 71.17 (12.83) 0.136

Hypertension, n (%) 131 (72.8) 278 (89.1) 144 (84.7) <0.001

Systolic BP, mmHg, mean (SD) 127.43 (15.00) 131.62 (17.28) 133.42 (17.90) 0.003

Diastolic BP, mmHg, mean (SD) 83.06 (10.20) 80.98 (10.71) 79.15 (11.09) 0.003

Pulse pressure, mmHg, mean (SD) 44.38 (11.17) 50.65 (13.85) 54.27 (16.74) <0.001

BMI, kg/m?, mean (SD) 27.18 (5.25) 27.87 (5.20) 28.19 (5.78) 0.188

Obesity by BMI 76 (42.2) 94 (30.1) 53 (31.2) 0.079

Normal, n (%) 60 (33.3) 127 (40.7) 65 (38.2)

Overweight, n (%) 44 (24.4) 91(29.2) 52 (30.6)

Obese, n (%)

Diabetes mellitus, n (%) 10 (5.6) 64 (20.5) 40 (23.5) <0.001

Heart failure, n (%) 3(1.7) 19 (6.1) 18 (10.6) 0.002

Previous myocardial infarction, n (%) 2 (1.1) 13 (4.2) 84.7) 0.122

Significant heart valve disease, n (%) 3(1.7) 10 (3.2) 10 (5.9) 0.093

Peripheral artery disease, n (%) 3(1.7) 9(2.9) 15 (8.8) 0.001

UACR, mg/g, median [IQR] 52.00 85.00 265.50 <0.001

[13.00, 481.50] [18.00, 488.00] [70.25, 979.00]

eGFR, mL/min/1.73 m?, median [IQR] 82.00 [67.75, 97.00] 42.50 [36.00, 50.00] 20.00 [16.00, 24.00] <0.001

Albuminuria, n (%) <0.001
Al 78 (43.3) 112 (35.9) 32 (18.8)

A2 46 (25.6) 101 (32.4) 58 (34.1)
A3 56 (31.1) 99 (31.7) 80 (47.1)

Cause of CKD, n (%) <0.001
Diabetic nephropathy 4(2.2) 33 (10.6) 18 (10.6)
Glomerulonephritis/vasculitis 91 (50.6) 95 (30.4) 30 (17.6)

Polycystic kidney disease 43 (23.9) 27 (8.7) 28 (16.5)
Tubulointerstitial nephropathy 0 (0.0) 5(1.6) 6(3.5)

Renal vascular disease 1(0.6) 13 (4.2) 18 (10.6)
Unknown cause 20 (11.1) 90 (28.8) 42 (24.7)
None of the above 21 (11.7) 49 (15.7) 28 (16.5)

Echocardiography

LVEF, mean (SD) 60.05 (6.16) 58.41 (7.41) 57.81 (8.92) 0.013

LVMi, mean (SD) 87.04 (13.27) 89.56 (14.14) 91.76 (20.88) 0.022

Global longitudinal strain, mean (SD) — 16.08 (2.69) —14.77 (2.93) — 14.57 (3.57) <0.001

Global area strain, mean (SD) —28.99 (4.36) —27.05(4.92) —26.86 (5.61) <0.001

Global radial strain, mean (SD) 46.08 (10.69) 42.25 (11.09) 42.50 (12.83) 0.001

Global circumferential strain, mean (SD) —16.85 (3.63) - 15.97 (3.77) —16.02 (4.10) 0.037

Only patients were included

SD standard deviation, LVEF left ventricular ejection fraction, LVMi Left Ventricular Mass Index

LVMi and hypertrophy

increased LVMi compared to the A1, suggesting a stronger

link between LV mass and albuminuria than with eGFR.

Our study found that eGFR and albuminuria were linked to
an increase in LVMIi, and the latter also to a higher preva-
lence of LV hypertrophy, which corresponds well with
current knowledge [24, 25]. In adjusted analysis, how-
ever, only A3 remained significantly associated with an

In patients with kidney disease with an eGFR >29 mL/
min/1.73 m?, corresponding to G4 + 5, the prevalence of LV
hypertrophy is estimated to be 16-31% [26], while our study
found a prevalence of 37.1%. LV hypertrophy is thought to
be a compensatory mechanism that can result, for example,

@ Springer



1240

The International Journal of Cardiovascular Imaging (2022) 38:1233-1244

Table 3 Prevalence of abnormal echocardiographic parameters according to eGFR- and albuminuria group

eGFR group
Gl+2 G3 G445 p-value
n 180 312 170
Reduced LVEF, n (%) 20 (11.1) 50 (16.0) 37 (21.8) 0.026
LV hypertrophy, n (%) 51 (28.3) 109 (34.9) 63 (37.1) 0.183
Impaired GLS, n (%) 26 (14.4) 90 (28.8) 59 (34.7) <0.001
Albuminuria group
Al A2 A3 p-value
n 222 205 235
Reduced LVEF, n (%) 28 (12.6) 41 (20.0) 38 (16.2) 0.117
LV hypertrophy, n (%) 62 (27.9) 66 (32.2) 95 (40.4) 0.016
Impaired GLS, n (%) 48 (21.6) 56 (27.3) 71 (30.2) 0.108
Only patients were included
LVEF left ventricular ejection fraction, LV left ventricular, GLS global longitudinal strain
eGFR
LVMi LVEF GLS
—141
Knots: 3, p =0.01183 621 Knots: 2, p = 0.0001
100
~154
951
60+
% o o 161
% 901 e ®
851 584 -171
801 Knots: 1, p = 0.045 _184
0 25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125
eGFR, mL/min/1.73m? eGFR, mL/min/1.73m? eGFR, mL/min/1.73m?
UACR
LVMi LVEF GLS
1051 Knots: 2, p = 0.0001 Knots: 1, p = 0.3366 ~14.04
604
100+ -14.54
. 59+
= " o ~150]
o
901 584 _15.51
74 -16.01
851 - Knots: 1, p = 0.0207
0 5 10 0 5 10 0 5 10

Log-2 transformed UACR, log-2(mg/g)

Fig.2 eGFR and UACR vs. echocardiographic parameters. The fig-
ure illustrates the relationship between eGFR and UACR, respec-
tively, and echocardiographic parameters, through splines. The
UACR is log,-transformed because of the large range of the observa-

in response to the increased afterload that arises with hyper-
tension [27]. Due to the strong presence of hypertension in
relation to CKD, as our study also found, it is thus a likely
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Log-2 transformed UACR, log-2(mg/g)

Log-2 transformed UACR, log-2(mg/g)

tions. The splines are natural splines made with the number of knots,
that result in the lowest AIC for the models. A maximum of 3 knots
was chosen, to avoid potential overfitting. The blue shaded area repre-
sents 95% confidence intervals for the spline

contributor to the development of LV hypertrophy in CKD
patients. Hypertension in kidney disease patients is likely
related to the decline in arterial compliance associated with
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a
¢GFR group G1+2 [ G3 [ G4+5 \
Albuminuria status Al A2 A3 Al A2 A3 Al A2 A3 \
Number of patients 78 46 56 112 101 99 32 58 80 \

b

LVMi LVEF Absolute GLS
p =0.0366 p = 0.0281 p = 0.0057

: S
586 H { GSB }

56

p=0.0189

H {} }

G1+2 G3 G4+5 G1+2

Albuminuria category

LVMi LVEF

G4+5 G142 G3 G4+5

Al @ A2 @ A3

Absolute GLS

Fig.3 Combined associations between eGFR, albuminuria, and echo-
cardiographic parameters. In this figure all patients are stratified both
according to eGFR- and albuminuria group, resulting in a total of 9
groups. Figure 3a is a table presenting the sample sizes of each of
the 9 groups. Figure 3b presents scatter plots with error bars of echo-
cardiographic parameters across eGFR- and albuminuria group. Dots
represent mean values and error bars represent standard errors. The
horizontal lines and p-values at the top and bottom of the graph rep-
resent p-values for trend across either eGFR- or albuminuria group.

The p-values for trend across eGFR groups are further colour-coded
according to albuminuria group. Only significant p-values are shown.
Figure 3c is a 3-dimensional bar plot further illustrating the com-
bined relationships between eGFR group, albuminuria group, and the
echocardiographic parameters. Mean values of the echocardiographic
parameters are printed on the 3-dimensional bars. GLS is presented
as an absolute value to avoid bars with negative heights for illustra-
tive purposes. All values are crude, i.e., unadjusted values

Table 4 Results of

L. . . LVMi
multivariable, adjusted analysis

LVEF GLS

p-coefficient (SE)  p-value  P-coefficient (SE)  p-value  p-coefficient (SE)  p-value
eGFR group
G3 2.1 (1.51) 0.165 —1.47 (0.72) 0.043 0.51 (0.28) 0.066
G4+5 3.24(1.78) 0.069 —1.49 (0.86) 0.083 0.26 (0.33) 0.429
Albuminuria group
A2 —0.4(1.49) 0.778 —0.14 (0.69) 0.841 0.16 (0.26) 0.554
A3 4.02 (1.43) 0.005 —0.04 (0.69) 0.955 0.42 (0.26) 0.112

Adjusted for age, sex, BMI, hypertension, diabetes mellitus, HF, significant valve disease, prior myocardial
infarction, peripheral artery disease, and resting heart rate. eGFR groups were adjusted for albuminuria
category, while of albuminuria groups were adjusted for GFR category. f-coefficients for eGFR groups are
compared with G142 as reference group, while p-coefficients for albuminuria groups are compared with

Al. SE=Standard Error
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CKD, which is a consequence of extensive calcification of
arterial walls [28]. This arterial stiffness would manifest
clinically as an increased pulse pressure, which in this study
also increased significantly with eGFR group. Furthermore,
albuminuria is thought to be a marker of microangiopathy
and endothelial dysfunction, which likely plays a role in the
high coincidence with LV hypertrophy [29].

eGFR and LV systolic function

Both LVEF and absolute GLS decreased across eGFR
groups in unadjusted analysis, while in adjusted analysis,
LVEF was also significantly decreased in G3. Importantly,
our findings showed that the associations between eGFR
and poorer LV systolic function were independent of the
severity of albuminuria. Furthermore, we found no sig-
nificant associations between albuminuria category and
LV systolic function. The apparent link between eGFR in
patients with CKD and reduced LV systolic function has
been demonstrated before. For example, progression from
CKD to end-stage renal disease has been linked to a decrease
in LVEF [30], while G2-4 have been linked to a subclinical
impaired GLS [12]. The reduced LV systolic function is of
special interest in relation to HF, the prevalence of which
also associates positively with eGFR [31]. This association
was also apparent in our study, as the prevalence of HF was
increased more than three- and five-fold in G3 and G4 +5,
respectively, compared with G1 4 2. A possible contributing
factor to the development of HF in patients with CKD is the
increased LV mass seen in relation to advanced impairment
of eGFR and albuminuria. According to HF literature, LV
hypertrophy represents a precursor state of HF, which over
time can lead to LV dysfunction through subendocardial
fibrosis and ischemia [32]. Thus, increased LVMi would
predispose patients to LV systolic dysfunction.

The KDIGO 2012 CKD guidelines [18] illustrate the
risk of cardiovascular mortality in CKD patients stratified
according to both GFR and albuminuria. Given the high
cardiovascular risk and prevalence of HF associated with
late-stage CKD and albuminuria, one would expect poorer
values for LVEF and GLS in afflicted patients, since both
parameters are proven predictors of cardiovascular mortality
[33, 34]. However, our study found a relatively preserved
LV systolic function in patients in G4 + 5 and in A2-3. This
could reflect a survival bias among patients surviving to
reach these late stages of CKD. This could also suggest that
the high mortality among patients with advanced CKD and
albuminuria, highly attributable to CVD, could obscure the
true potential impact of renal impairment on LV systolic
function. Furthermore, the antihypertensive diuretic spirono-
lactone has been shown to improve LV systolic function in
patients with CKD [35]. A large proportion of the study
population had well-controlled hypertension owing to the
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use of antihypertensive agents and this could potentially
have improved the LV systolic function in some patients,
since hypertension has been linked with impaired LV sys-
tolic function [36].

Clinical perspective and future implications

It would be of interest for future longitudinal studies to
investigate whether these echocardiographic parameters
could be used in conjunction with eGFR and UACR as pre-
dictors of cardiovascular risk to improve upon already estab-
lished risk stratification of patients with CKD. Additionally,
our results imply that decline in eGFR could affect systolic
function of the left ventricle to a greater extent than mass,
while the opposite is true for albuminuria, and future longi-
tudinal studies are warranted to test this. Should the implica-
tion hold true, it could likely contribute to the development
of more individually targeted preventive treatments of the
cardiovascular symptoms associated with CKD. Further-
more, future works that include echocardiographic measures
of diastolic function are warranted.

Limitations

3DE is generally challenging to perform compared with
regular 2DE and is therefore feasible in fewer subjects. The
ASE/EAE guidelines have yet to establish reference values
for LVMi measured by 3DE, and the definition of LV hyper-
trophy was therefore based upon a study of a healthy, Cauca-
sian population of 226 subjects. A larger and more diverse
population would have been more optimal to base reference
values upon. Our cohort was mainly of Caucasian ethnicity
and the results are therefore possibly not representative of all
ethnicities. Lastly, though the study elucidated associations
between CKD and changes in LV structure and function,
the cross-sectional study design precluded the possibility of
establishing causality.

Conclusion

Progressive CKD stage (G1-5, non-dialysis) was associated
with reduction in LV systolic function, and increasing sever-
ity of albuminuria with an increase in LV mass and higher
prevalence of LV hypertrophy. The relationship between
eGFR and LV systolic function was independent of albumi-
nuria, traditional risk factors, and confounders. Similarly, the
relationship between albuminuria and LVMi was independ-
ent of eGFR, risk factors, and confounders.
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