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Abstract
Purpose of Review To provide an update on the recent findings in the field of aortic stiffness and heart failure in patients with
chronic kidney disease (CKD).
Recent Findings Stratification of cardiovascular risk in CKD remains an open question. Recent reports suggest that aortic
stiffness, an independent predictor of cardiovascular events in many patient populations, is also an important prognostic factor
in CKD. Also, novel measures of myocardial tissue characterization, native T1 and T2 mapping techniques, have potential as
diagnostic and prognostic factors in CKD.
Summary Cardiovascular magnetic resonance has the ability to thoroughly evaluate novel imaging markers: aortic stiffness,
native T1, and native T2. Novel imaging markers can be used for diagnostic and prognostic purposes as well as potential
therapeutic targets in CKD population.
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Introduction

Chronic kidney disease (CKD) is associated with high preva-
lence of cardiovascular (CV) diseases, including heart failure
(HF) [1, 2]. CKD is present in approximately one-third of pa-
tients with HF [3]. According to the latest reports, the preva-
lence of CKD in HF might be even higher, ranging from 50 to
63% [4, 5]. Presence of both diseases, HF and CKD, is strongly
related to worse prognosis, including increased risk of hospital-
ization, all-cause mortality, and CV mortality [4–6, 7•].

The relationship between CKD and HF is bidirectional and
complex. HF is a known risk factor for the development of CKD

leading to the hemodynamic changes, neurohormonal activation,
endothelial injury, and inflammation that may further injure the
kidney function [8]. On the other hand, renal failure is one of the
non-cardiovascular causes of HF associated with water retention,
electrolyte perturbations, and neurohormonal abnormalities
resulting in volume overload, hypertension, abnormal vascular
calcification, and advanced myocardial remodeling [1, 9]. Renal
failure is responsible for the progression of HF and poorer out-
comes in this population [10]. According to the recent findings
fromChronic Renal Insufficiency Cohort Study, there are several
factors, besides decreasing estimated glomerular filtration rate
(eGFR), which are independently associated with increased risk
of developing HF in patients with CKD, such as anemia, albu-
minuria, insulin resistance, inflammation, and poor glycemic
control [11]. To complicate things further, not only the prognosis
is worse in the presence of both HF and CKD but also therapy of
such patients is more demanding [9, 12]. HF patients with CKD
require more caution because of the higher risk of drug toxicity.
Treatment of these comorbidities is based on the limited direct
evidence of therapy safety and efficacy due to little number of
trials conducted in this particular population. Moreover, renal
failure is rarely taken into consideration as a therapeutic target
in HF, although such an approach could improve patient prog-
nosis [13, 14].

Currently, stratification of CVrisk in CKD patients is based
on eGFR level. Patients with stage 3 CKD already belong to
“high CV risk” group and upgrade to “very high CV risk”
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group, if CKD aggravates to stage 4 or 5 [15]. Taking into
consideration the fact that there is no consensus on the most
reliable measure of eGFR calculation, the assessment of CV
risk in CKD based on eGFR level seems inaccurate [11]. In
addition, the restoration of kidney function after renal trans-
plantation reduces, but does not eliminate increased CV risk,
which still remains much higher than in general population
[16–18]. This finding further challenges the appropriateness
of using eGFR-based risk stratification. The increased CVrisk
in CKD patients cannot be also explained only by the presence
of traditional CV risk factors, such as diabetes mellitus, dys-
lipidemia, hypertension, and atherosclerosis [15]. All these
facts make the stratification of CV risk in CKD an open ques-
tion. Recent reports suggest that aortic stiffness, an indepen-
dent predictor of adverse CV events in many patient popula-
tions, is an important prognostic factor also in CKD patients,
associated with left ventricular (LV) remodeling, HF and
worse prognosis [15, 19, 20•]. Also novel measures of myo-
cardial tissue characterization, native T1 and T2 mapping
techniques, have potential as diagnostic and prognostic factors
in CKD [21•, 22, 23•].

Cardiac Involvement in CKD

Myocardial involvement in the presence of CKD consists of
diastolic dysfunction, impaired LV and right ventricular (RV)
systolic longitudinal function, as well as adverse remodeling
including LV hypertrophy, fibrosis, and ventricular dilatation.
These abnormalities are often accompanied by arterial stiff-
ness, accelerated atherosclerosis, valvular calcification, and
coronary artery calcification leading to further pathologies:
heart valve dysfunction and coronary artery disease complica-
tions [24•, 25–27].

The novel findings confirm the importance of the interac-
tion between the kidney and the heart, showing that even
patients in the very early stages of CKD are developing car-
diac structural and functional abnormalities [28]. One of the
earliest signs of subclinical cardiac involvement of CKD is
increased LV mass and increased aortic stiffness [29, 30•]. It
was recently demonstrated in the group of living kidney
donors—healthy subjects, who underwent unilateral nephrec-
tomy. Of note, no progression of atherosclerosis was observed
in this study during 1-year follow-up [30•]. Results of another
research also indicate strong association of renal function loss
with cardiovascular remodeling. LV hypertrophy, predomi-
nantly concentric type, occurs in over half of patients with
stage 3 CKD and even more frequently among patients with
CKD 4 stage [24•]. Interestingly, renal transplant recipients
have a higher incidence of cardiovascular remodeling than
patients with CKD 3 and lower than patients with CKD 4
stage, showing again incomplete regression of LV hypertro-
phy and valve and vascular calcification after kidney

transplantation [24•]. Presence of LV hypertrophy and fibrosis
in CKD patients may explain higher rates of recurrent ventric-
ular tachyarrhythmias, appropriate device therapies, and in-
creased all-cause mortality reported recently in ICD recipients
from the CKD population [31].

Cardiovascular Magnetic Resonance in CKD

Cardiac involvement in CKD can be thoroughly evaluated
using cardiovascular magnetic resonance (CMR). CMR pro-
vides accurate, reproducible assessment of LV and RV struc-
ture and function. At the same time, CMR has the ability to
non-invasively evaluate pathological myocardial processes
using native T1 and T2 mapping techniques—novel quantita-
tive tissue characterization measures of non-infarcted myocar-
dium [32]. CMR enables also to calculate central aortic pulse
wave velocity (PWV), a measure of aortic stiffness [20•].
Notably, the evaluation of novel imaging markers, native T1
and T2, as well as PWV, is independent of the use of
gadolinium-based contrast agents (GBCA). Risk of
nephrogenic systemic sclerosis (NSF), the use of GBCA in
patients with CKD disease was controversial for a long time,
especially in severe CKD [33]. However, the current state of
the knowledge and formal recommendations for minimizing
the risk of NSF allow the diagnostic use of macrocyclic agents
in the lowest possible dose across all CKD stages [33–35].
Hemodialysis patients undergo dialysis on the same day a
CMR scan with GBCAwas performed.

The change in the approach to using GBCA in CKD is
important for several reasons. Firstly, the use of GBCA en-
ables the visualization of myocardial replacement fibrosis,
which corresponds to the areas of late gadolinium enhance-
ment (LGE) and allows excluding these regions from the mea-
surements of diffuse myocardial fibrosis by T1 mapping [35].
Although in CKD native T1 values are elevated regardless of
the presence of myocardial ischemia or post-infarction scar, it
is important to separate LGE from T1 mapping region of
interest, because it may falsely increase the results of the mea-
surements [23•, 32, 36]. Secondly, the possibility of using
CMR with LGE imaging and stress perfusion imaging to as-
sess ischemic heart disease is extremely beneficial in the CKD
population, which is at increased risk for atherosclerosis [32,
35]. According to the recent findings, perfusion-CMR has
strong prognostic value for ischemia detection and a high
concordance with invasive coronary angiography combined
with fractional flow reserve measurement (FFR) [35].
Notably, perfusion-CMR with macrocyclic contrast agents,
compared with invasive coronary angiography or computed
tomography coronary angiography, is safer in CKD patients
and can diagnose, in addition to ischemic heart disease, other
pathologies responsible for chest pain: myocarditis, pericardi-
tis, or microvascular disease [32]. Moreover, it turned out that
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patients with CKD had higher incidence of non-cardiac find-
ings, which are clinically significant in approximately 15%
and can be reliably diagnosed using CMR imaging [37•].

T1 and T2 Mapping Techniques in CKD

Native T1 is a non-invasive imaging marker of myocardial
abnormalities related to the presence and severity of myocar-
dial edema, diffuse fibrosis, inflammation, or infiltration [32,
36]. Native T2 is water-specific and reflects excess of myo-
cardial fluid, which co-localizes with myocardial inflamma-
tion, edema, or injury [32]. Several studies demonstrated
higher native T1 values in CKD comparing with controls. In
addition, native T1 values range from early-stage to end-stage
renal failure [21•, 22, 23•]. Similarly to healthy volunteers,
hemodialysis patients have significantly higher native T1 in
interventricular septum than in non-septal myocardium [22].
Increased native T1 values correlate positively with LV mass
indexed to body surface area and end-diastolic volume in he-
modialysis patients [22, 38]. Native T1 seemed to be repro-
ducible and unaffected by the changes in fluid status, provided
that patients are scanned in the standardized way (e.g., on a
day between their dialysis sessions). There was no significant
correlation between change in native T1 values and change in
body weight of hemodialysis patients, who underwent repeat-
ed CMR scan at a fixed interval from dialysis [39•]. However,
another study showed changes in native T1 and native T2 in
patients who underwent pre- and post-dialysis CMR scans at
short intervals [40]. The mean time between the first and sec-
ond CMR scan was 9.1 ± 1.1 h, and mean time from comple-
tion of dialysis to the second scan was 3.5 ± 1.3 h. Both native
T1 and native T2, as well as indexed LV mass, were signifi-
cantly lower post-hemodialysis. Good correlation between
change in indexed LV mass and change in body weight was
found. Interestingly, significant improvement in systolic func-
tion was observed post-hemodialysis in a group of patients
with impaired LV function (LVEF < 45%) [40]. These find-
ings reflect the effect of reduction in myocardial water content
following hemodialysis. The results also support the thesis
that native T1 is related to myocardial edema, which, if chron-
ic, leads to interstitial fibrosis. The relation between native T1
and markers of adverse LV remodeling in CKD supports the
thesis that the mechanism of cardiac dysfunction in CKD is
not a consequence of potential ischemic heart disease, but
results from the diffuse non-ischemic myocardial changes.
The findings from these studies underline also the importance
of performing CMR scans at the same timepoint in the weekly
dialysis schedule when tracking longer-term changes [40].

Recent study demonstrated that T1 and T2 mapping may
distinguish myocardial involvement in CKD from the pheno-
typically similar presentations in hypertrophic cardiomyopa-
thy (HCM) [41•]. Native T1 identified abnormal myocardium

underlying the hypertrophic remodeling in both pathologies;
however, native T2 values were increased only in the CKD-
driven hypertrophic changes [41•]. The results of another
study showed increased values of natives T1, reduction of
LV volumes, and no change in LV mass and natives T2 values
in patients 2 months after renal transplantation [42]. Slow
improvement in cardiac function after renal transplantation,
which was reported in several studies, is in line with previous
findings that renal failure not only is a prognostic marker in
HF but also triggers the HF progression.

Knowing the fact that reversal of cardiac abnormalities
after renal transplant is slow and incomplete, early detection
of cardiac impairment and rapid therapy implementation are
crucial for improving the clinical outcomes in CKD patients
[24•,42–44]. Potentially, native T1 could be helpful as a mark-
er of early myocardial changes in CKD and used for guiding
anti-remodeling therapy. Making native T1 reduction a poten-
tial therapeutic target would provide means to modify CV risk
and improve the morbidity and mortality of CKD patients.

Aortic Stiffness

Aortic stiffness improves CV risk classification in numerous
subpopulations including patients with CKD [15, 20•].
According to the Multi-Ethnic Study of Atherosclerosis
(MESA), significantly increased aortic stiffness is associated
with LV remodeling and reduced LV systolic and diastolic
function [45•]. Moreover, aortic stiffness is independently re-
lated to LV remodeling and the presence of diffuse myocardial
fibrosis evaluated by T1 mapping in patients with dilated car-
diomyopathy [46]. Novel findings suggest that aortic stiffness
is one of the earliest signs of subclinical cardiac involvement,
connected to the increased CV risk and myocardial remodel-
ing also in the CKD patients [20•,30•,47•,48]. Aortic disten-
sibility (AD) is decreased in hemodialysis patients, while
PWV is significantly increased in this population [48].
Moreover, aortic stiffness evaluated 3months after renal trans-
plantation was still a strong independent predictor of mortal-
ity. In addition, no significant changes in aortic stiffness were
observed in the first year after renal transplantation [47•].

There are several different tools to non-invasively assess
PWV, including tonometric and oscillometric methods as well
as CMR-based techniques [49, 50]. Many studies focus on
comparing different approaches to PWV assessment and try
to determine the simplest and most reliable methods that could
be helpful in everyday practice [49, 51, 52]. Recent research,
dedicated to comparing different CMR-based techniques of
aortic stiffness evaluation in hemodialysis patients, demon-
strated excellent inter- and intra-observer variability of as-
cending and descending AD as well as aortic PWV measure-
ments. The study did not show any significant correlations
between inter-study changes in markers of cardiac loading
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and hydration status as well as in aortic stiffness measures;
provided that patients are scanned under the standardized con-
ditions. CMR-derived measures of aortic stiffness seem to be
reproducible and unaffected by the changes in fluid status. All
three parameters of aortic stiffness were associated in this
study with indexed LV mass on univariate analysis [53].

The previous literature data on aortic stiffness reflects recent-
ly reported findings of a prospective, observational study,
conducted to comprehensively characterize CVD in CKDusing
CMR imaging markers: PWV and native T1 [23•]. The study
shows strong relation between aortic stiffness and myocardial
hypertrophic-fibrotic remodeling in CKD. There was no such
relation in the non-CKD cohort despite similar CV risk profile
as CKD patients. Aortic stiffness and native T1 were signifi-
cantly higher and strongly related to eGFR in CKD group. The
association between PWV and native T1 was amplified with
increasing severity of CKD [23•]. More recently, Winau et al
[54•] showed an important link between myocardial inflamma-
tion and injury, which is amplified through increased PVW.
Using CMR with T1 and T2 mapping and PWV in patients
with systemic inflammatory disease, myocardial T2 mapping
measurements were the strongest predictor of hs-TropT release,
underscoring the myocardial inflammation as the main mech-
anism of injury. Patients with active inflammation (by raised T2
values) had much stronger association between native T1 and
PWV. On the contrary, those without active myocardial inflam-
mation (by normal T2 values) showed diffuse fibrosis by native
T1. These findings substantiate the role of CMR in screening of
subclinical cardiac involvement. This evidence is important for
several reasons. First of all, it highlights the prominent role of
native T1 in an ongoingmyocardial injury, leading to functional
impairment and consequently, worse prognosis in CKD.
Secondly, it supports the established concept of aorto-
ventricular interdependence, postulating adverse myocardial re-
modeling, including hypertrophy and fibrosis as a consequence
of the increased aortic stiffness and LVafterload [45•, 46]. It is
therefore possible that aortic stiffness assessment can be used as
an early biomarker for CV dysfunction in patients with CKD.
Moreover, PWV and native T1, as sensitive measures of ad-
versemyocardial remodeling, might be useful in selecting CKD
patients, who would most likely benefit from therapy optimiza-
tion, possibly before the onset of first symptoms and develop-
ment of overt HF.

Conclusions

Earlier detection of myocardial abnormalities, implementation
of the proper treatment, and accurate assessment of CV risk
are necessary steps to prevent development of HF in CKD.
The novel imaging markers: aortic stiffness, native T1, and
native T2 are useful diagnostic and prognostic tools in CKD,
which can be thoroughly evaluated by CMR imaging.Making

aortic stiffness, native T1, and native T2 potential therapeutic
targets would provide means to modify CV risk and improve
the morbidity and mortality of CKD patients.
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