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ABSTRACT

Background. Non-invasive cardiovascular disease (CVD) risk prediction, in subclinical stages, aiming to stratify patients and
tailor interventions remains an unmet need in chronic kidney disease (CKD). In this meta-analysis, we summarize the
association of carotid intima-media thickness (cIMT), coronary artery calcium score (CACS) and pulse wave velocity
(PWV) with all-cause mortality, cardiovascular (CV) mortality and CV events in non-dialysis CKD and patients on
haemodialysis.

Methods. Systematic review and meta-analysis of prospective cohort studies.

Results. Out of 27 984 records, a total of 45 studies were eligible for quantitative synthesis; 11 for cIMT, 18 for CACS and 16 for
PWYV involving 2235, 4904 and 5717 patients, respectively. Meta-analysis was possible from pooled data of five cIMT studies
(708 subjects), eight CACS studies (862 subjects) and nine PWV studies (1508 subjects). In dialysis patients, cIMT was
associated with all-cause mortality [relative risk (RR) per unit increase: 1.08, 95% confidence interval (CI) 1.00-1.17, I*: 68%]
and CV mortality (RR: 1.29, 95% CI 1.14-1.47, I?: 0%). High versus low CACS was associated with all-cause mortality (RR: 2.51,
95% CI 1.66-3.79, I%: 5.7%) and CV events (RR: 3.77 95% CI 2.16-6.58, I 20.2%). High versus low PWV was associated with
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all-cause (RR: 5.34, 95% CI 3.01-9.47, I% 0%) and CV mortality (RR: 8.55, 95% CI 4.37-16.73, I*: 0%). The combined estimated
for all-cause mortality per 1m/s increment unit in PWV was 1.25 (95% CI 1.17-1.34, I%: 0%) and for CV mortality was 1.24
(95% CI 1.16-1.34, I*: 15.5%). In non-dialysis patients, CACS was associated with CV events (RR: 4.02, 95% CI 1.57-10.29, I*:
63.4%). High versus low PWV was associated with all-cause mortality (RR: 2.52, 95% CI 1.40-4.55, I’: 62.6%).

Conclusions. Non-invasive measures of atherosclerosis and arterial stiffening are associated with all-cause and CV mortality
as well as CV events among patients with all stages of CKD. These markers could be considered for the evaluation of CV
morbidity and mortality risks. Moreover, the results of this meta-analysis support the study of interventions, with effect on

these markers of vascular disease, on long-term CVD outcomes.
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INTRODUCTION

Chronic kidney disease (CKD) is a major public health problem
with a growing worldwide incidence [1, 2]. Patients with CKD
have increased burden of cardiovascular disease (CVD) and their
risk of dying from a cardiovascular (CV) event is greater than
reaching end-stage renal disease (ESRD) [3]. In patients who
progress to ESRD, CV mortality accounts for up to 50% of deaths
[4]. Uniform and non-invasive CVD risk prediction at
the early subclinical stages aiming to stratify patients and
tailor interventions to mitigate this risk remains an unmet need
in CKD.

The two distinct vascular changes occurring in CKD are
arteriosclerosis, characterized by arterial stiffening with loss of
the arterial cushioning effect, and atherosclerosis, which is
characterized by intima thickening and loss of conduit function
[5]- Atherosclerosis, as an intimal process, can be detected non-
invasively with the use of ultrasound by measuring intima-me-
dia thickness (IMT) and atherosclerotic plaques. The stiffening
and large-vessel remodelling of arteriosclerosis is accelerated
by the mineral-bone disturbance of CKD and can be detected
through measurements of pulse wave velocity (PWV).
Atherosclerosis and arteriosclerosis cause calcification in differ-
ent vascular layers. Coronary artery calcium score (CACS), as
measured through non-contrast computed tomography (CT), is
especially relevant in this patient group presenting with dis-
turbed bone-mineral metabolism. These distinct but coexisting
pathogenic vascular processes could explain why CVD predic-
tion based on traditional risk factors, such as the Framingham
score, underperform in CKD [6].

Importantly, modifying these traditional factors is not
adequate in CKD to improve mortality. This was exemplified by
the Study of Heart and Renal Protection (SHARP) in which the
reduction of low-density lipoprotein and cholesterol levels did
not improve overall survival, despite reducing atherothrombotic
events [7]. In the general population, recent meta-analyses
support the predictive roles for IMT, CACS and PWV [8-11], how-
ever, systematic information on the predictive value of these
measurements, either individually or especially in comparison
in CKD and ESRD, is missing. Nonetheless, early detection of
atherosclerosis, arterial stiffness and coronary calcification in
CKD and ESRD in their asymptomatic or subclinical phase may
improve CVD risk prediction and guide clinicians on more tar-
geted interventions to improve CV mortality in all CKD stages.

The aims of this systematic review and meta-analysis are
(i) to provide robust quantitative estimates on the association
between carotid IMT (cIMT), CACS and PWV in CKD and ESRD
with CVD and all-cause mortality and (ii) to provide a combined
report of the three methods in different CKD stages (dialysis
versus non-dialysis).

MATERIALS AND METHODS
Search strategy

This study was performed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [12]. In three separate literature searches
(Supplementary data, Figure S1 and Table S1), the electronic
databases PubMed and Google Scholar were searched from in-
ception until December 2018 using custom designed search
algorithms consisting of Medical Subject Headings (MeSH)
terms, relevant short terms and combinations of terms either in
the title or abstract. For each literature review, two reviewers
(for cIMT: P.K. and A.G.P., for CACS: P.K. and A.Kanari and for
PWV: AKousios and A.G.P.) independently evaluated the title
and abstract of the obtained electronic search results and final
selection was based on full-text evaluation. Disagreements
were resolved with consensus. Reference lists of selected stud-
ies were further searched for additional eligible studies. The
study is registered with the International Prospective Register of
Systematic Reviews (PROSPERO, www.crd.york.ac.uk/prospero/
CRD42018105909).

Study selection

Studies were considered eligible if they described the associa-
tion between cIMT, CACS or PWV with all-cause mortality, CV
mortality or CV events in the form of hazard ratio (HR) or rela-
tive risk (RR). Selected studies were restricted to studies of pro-
spective cohorts of CKD patients. Studies including a patient
population of transplanted CKD patients, studies with CKD
patients as a subset of a more general population and studies
with combined outcomes (such as combinations of CV events
and CV mortality or CV events and all-cause mortality) were ex-
cluded from meta-analysis. Quality characteristics of the in-
cluded studies were addressed descriptively using the
methodological index for non-randomized studies (MINORS)
published criteria for observational studies to allow for the iden-
tification of any low-quality evidence [13].

Quantitative synthesis and statistical analysis

The risk estimates from each study were reported as HR or RR.
For the purposes of the quantitative synthesis, we treated HR as
RR and patients were allocated to high or low comparison
groups based on the cut-offs provided by each study, as no uni-
form cut-off values are available for cIMT, CACS or PWV. When
available, adjusted estimates from multivariate models were
used in the analysis. Based on the way of reporting for most
of the studies in the literature, it was decided that for cIMT, only
studies reporting RR from continuous analysis (per unit change
in cIMT) would be used in the quantitative meta-analysis, while
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for CACS, only studies reporting RR from cut-off analysis would
be used. In the case of PWV, quantitative meta-analysis was re-
peated for studies reporting RR from continuous analysis (per
unit change in PWV) and separately for studies reporting RR
from cut-off analysis, as enough studies were identified to carry
out both types of quantitative synthesis.

Pooled estimates were calculated with a random effects
model (DerSimonian-Laird method) to account for both within
and between study variability. Separate pooled estimates were
calculated for each type of outcome (all-cause mortality, CV
mortality and CV events) and separately for cIMT, CACS or
PWV. Heterogeneity between synthesized studies was calcu-
lated using the I? statistic and the presence of publication bias
was investigated graphically by precision funnel plots. To as-
sess the association between cIMT, CACS or PWV and outcomes
in clearly defined groups of kidney disease patients, the analy-
sis was carried separately for studies that recruited only haemo-
dialysis (HD) patients or only non-HD patients. All statistical
analyses were performed using STATA (Version 12, StataCorp,
College Station, TX, USA) [14].

RESULTS

Literature search

Results from the literature search for cIMT, CACS and PWV are
shown in Supplementary data, Figures S2-S4, respectively.
Briefly, for cIMT, a total of 8659 records were identified, with 51
undergoing full assessment. After full review, 19 remained for
qualitative and 11 for quantitative synthesis (Supplementary
data, Figure S2). For CACS, a total of 10957 records were re-
trieved for preliminary review. Of those, 93 were identified for
full review, after which 63 were excluded and 30 remained for
qualitative and 18 for quantitative synthesis (Supplementary
data, Figure S3). For PWV, a total of 8368 records were identified
for preliminary review; of those 132 were identified for full re-
view and 33 remained for qualitative and 14 for quantitative
synthesis (Supplementary data, Figure S4). For cIMT, CACS and
PWV, the basic characteristics of studies that were excluded at
the last step prior to quantitative synthesis, as well as the main
reason for their exclusion, are presented separately in
Supplementary data, Tables S2-S4, respectively.

Study characteristics

The quantitative synthesis for cIMT included 11 original articles
on the relationship between cIMT and all-cause mortality, CV
mortality and CV events [15-25]. In total, the included studies
analysed 2235 subjects with a mean follow-up of 46 months.
Details of the included studies are shown in Table 1. Of the 11
studies, 7 reported RR for continuous measurements of cIMT,
with 5 reporting results for all-cause mortality (708 subjects), 2
for CV mortality (357 subjects) and 2 for CV events (340
subjects).

The quantitative assessment for CACS included 18 original
articles assessing the relationship between CACS and all-cause
mortality, CV mortality and CV events [19, 26-42]. In total, the
included studies analysed 4904 subjects with a mean follow-up
of 52months. Details of the individual studies are shown in
Table 2. Sixteen out of the 18 studies reported RR for cut-off val-
ues of CACS and 11 of these reported results on all-cause mor-
tality (2904 subjects) and CV events (3706 subjects) and 1 on CV
mortality (74 subjects).

The quantitative synthesis for PWV included 14 original
studies on the relationship between PWV and all-cause mortal-
ity, CV mortality and CV events [15, 18, 25, 43-53]. In total, the
included studies analysed 5184 subjects with a mean follow-up
of 43months. Details of the included studies are shown in
Table 3. Of the 14 studies, 9 reported RR for a cut-off value of
PWYV, while 7 studies reported RR per 1m/s increment unit in
PWV. Nine studies reported results for all-cause mortality (4463
subjects), eight for CV mortality (1380 subjects) and four for CV
events (965 subjects).

Risk of bias assessment

All studies selected for quantitative synthesis (Tables 1-3) also
underwent a quality assessment based on the MINORS pub-
lished criteria [13]. Results of the quality assessment are shown
in Supplementary data, Table S5. Overall, all included studies
had good quality, with a mean MINORS score of 19.1 (out of 24)
for cIMT, 19.3 for CACS studies and 19.1 for PWV studies. None
of the included studies performed a prospective sample size
calculation.

Meta-analysis results in HD and non-HD patient
populations

cIMT. HD patients. The pooled estimate for all-cause mortality
was 1.08 (95% CI 1.00-1.17) per unit change in cIMT in HD
patients [15, 17, 21, 22, 24]. For CV mortality, the combined effect
estimate was 1.29 (95% CI 1.13-1.47) with only two studies in-
cluded in the meta-analysis (Figure 1) [22, 24]. No model was
run for CV events as only one study was included (RR: 1.83, 95%
ClI 0.55-6.63) [19]. I was 68% (P-value =0.014) for all-cause mor-
tality and 0% (P-value =0.365) for CV mortality.

Non-HD patients. A separate meta-analysis was not carried out
for non-HD patients as only two studies recruited non-HD
patients. Both studies examined the association of high versus
low cIMT with specific outcomes. More specifically Hinderliter
et al. reported an HR of 2.75 (95% CI 1.41-5.38) for CV events risk
among 198 non-HD patients [16], while Karras et al. reported an
HR of 3.18 (95% CI 1.08-9.39) for the risk of all-cause mortality
among 439 non-HD patients [18].

CACS. HD patients. For CACS, the combined HR for all-cause
mortality was 2.51 (95% CI 1.78-3.72) for high versus low CACS
in HD patients [19, 27, 33-35, 37, 38]. For CV events [19, 27, 29,
34], the combined effect estimate was 3.77 (95% CI 2.16-6.58),
with no heterogeneity among included studies for both
outcomes (1% 0%, P-value =0.384 for all-cause mortality and [%
20.2%, P-value =0.288 for CV events). No model was run for CV
mortality as only one study was included (Figure 2).

Non-HD patients. Among non-HD patients, the combined HR for
CV events was 4.02 (95% CI 1.57-10.29) for high versus low CACS
[26, 28, 30, 31, 36, 40]. Heterogeneity among included studies
was high (I% 63.4% for CV events). No model was run for all-
cause mortality and CV mortality due to low number of studies.

PWV. HD patients. For PWV cut-off analysis, the combined esti-
mate for all-cause mortality was 5.34 (95% CI 3.01-9.47) for high
versus low PWV in HD patients [43, 46, 49]. For CV mortality, the
combined effect estimate was 8.55 (95% CI 4.37-16.73) [43, 46, 49,
51]. Heterogeneity was 0% for both all-cause (P-value =0.754) and
CV mortality (P-value = 0.532) combined estimates. No model was
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IMT - All Cause Mortality IMT - CV Mortality

Author HR (85% CI)
Author HR (95% CI)

He Z.2016 1.01{1.00, 1.22)

Benedetto F.A 2001 1.17 (1.05, 1.30)

Benedetto F.A. 2001 —_— 1.24 (1.06, 1.44)

—
e o
Yu W.C. 2012 —_— 1.07 (0.89, 1.28)
i Kato A. 2003 —oﬁ 141 (1.12, 1.78)
Kato A 2003 ——— .31 (1.07, 1.59)
-

London G. 2004

1.02(1.01,1.04) Overall (I-squared = 0.0%, p = 0.365) O 1.29(1.13,147)

Overall {I-squared = 68.0%, p = 0.014) 1.08 {1.00, 1.17)
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NOTE: it fram dom eflects
NOTE: Waights are from random effects analysis Weights are from random anatyss

T T T T
629 | 1.58 562 1 1.78

FIGURE 1: Pooled effect of cIMT on all-cause mortality and CV mortality in HD patients (per unit increase in cIMT). Forest plot of the effect of cIMT on all-cause mortal-
ity (left) and CV mortality (right) across studies with CKD patients undergoing hemodialysis.

CAC - All Cause Mortality CAC - CVD Events
Author HR {95% Cl)
Author HR (95% CI)
Ohtake T. 2010 3.29 (1.39, 7.78)
Shantouf R.S. 2010 — % 13.30(1.30,65.10) Ohtake T. 2010 2,52 (1.24, 5.53)
i .M. ——E—I— i 71,17 i
Fensterseifer D.M. 2009 ' 3.53(0 7.43) Havel M. 2015 __._) 9.20 (3.00, 28.73)
Guney M. 2014 1.65 (0.85, 3.21) '
Block G.A. 2007 AR AT Winther S. 2017 : 460 (1.20, 16.70)
| —\‘ Winther S, 2017 1.80 (0.60, 5.30) Nakayama M. 2011 — 2.85 (1.18, 8.00)
(W) Makayama M. 2011 1.83 (0.55, 6.63)
Overall (l-squared = 20,2%, p = 0,288) 3,77 (2.16, 6.58)
Overall (I-squared = 5.7%, p = 0.384) 261 (1.66, 3.79) 1
NOTE: Weighils are from randam effects anatysis : WOTE: Weights are from random efiects analysis
T T T T
0154 1 85.1 0348 1 287

FIGURE 2: Pooled effect of CACS on all-cause mortality and CV events in HD patients (high versus low CACS). Forest plot of the effect of CACS on all-cause mortality
(left) and CV events (right) across studies with CKD patients undergoing hemodialysis.

PWV - All Cause Mortality PWV - CV Mortality

Author HR (95% CI) Author HR (95% ClI}

: Avramoski P, 2014 ———+———} 14.35 (2,00, 102.00)
Avramoski P. 2014 —o— 4.29 (1.61, 11.51)

: Blancher J. 1999 e 5.90 (2.30, 15.50)
Blancher J. 1999 - 5.40 (2.40, 11.90) :

! Sarafidis P. 2017 —_— 6.75 (1.47, 30.91)
Sarafidis P. 2017 ——————} 850 (1.91,37.74) :

: Premuzic V. 2018 — - 20.49 (4.45, 04.30)
Overall (I- d = 0.0%, p = 0.754 5.34(3.01, 9.47

el (-squste : ) <> { ) Overall (I-squared = 0.0%, p = 0.532) <> 855 (4.37, 16.73)
NOTE: Weights are from rancom effects analysis E NOTE: Weights ave from random eflects analysis
0265 1 77 0oge 1 102

FIGURE 3: Pooled effect of PWV on all-cause mortality and CV mortality in HD patients (high versus low PWV). Forest plot of the effect of PWV on all-cause mortality
(left) and CV mortality (right) across studies with CKD patients undergoing hemodialysis.

run for CV events as only one study was included (Figure 3). Per while for CV mortality was 1.24 (95% CI 1.16-1.34) [44, 46-48, 53].
1m/s increment unit increase in PWV [15, 44, 46, 48, 49], the com- Heterogeneity was 0% for all-cause mortality (P-value = 0.426) and
bined estimate for all-cause mortality was 1.25 (95% CI 1.17-1.34), 15.5% for CV mortality (P-value =0.316) (Figure 4).
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PWV - All Cause Mortality

Author HR (85% C1)
Shaii T, 2001 — 1.16 (1.03, 1.29)
Chiu D. 2016 — - 1.25 (1.03, 1.47)
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PWYV - CV Mortality

Author HR (95% CI)
Shoji T. 2001 - 1.15 {0.98, 1.36)
Chiu D. 2016 —_—— 1.18 (0.89, 1.39)

Avramorski P. 2014 ——— 1.30 (1.10, 1.54) Avramorski P. 2014 —t————— 143 (1.17, 1.75)
Blancher J. 1999 —4—) 1.39 (1.19, 1.62) Othmane T. 2008 e 1.34 (1.17, 1.53)
He Z. 2016 —_— 1,26 (1.02, 1.57) Dimkovic N. 2018 —— 1.19(1.08, 1.32)
Owverall (l-squared = 0.0%, p = 0.428) <> 1.25 (1.17, 1.34) Owerall (l-squared = 15.5%, p = 0.316) Q 1.24(1.16, 1.34)
NOTE: Wights are Fom random affects analysis NOTE: Weights are from random effects analyss
T T T T
BT 1 1.82 573 1 1.75

FIGURE 4: Pooled effect of PWV on all-cause mortality and CV mortality in HD patients (per increase in PWV). Forest plot of the effect of PWV on all-cause mortality
(left) and CV mortality (right) across studies with CKD patients undergoing hemodialysis.

Table 4. Meta-analysis results for all three outcomes, shown separately for HD and non-HD patients

All-cause mortality [RR (95% CI) (I,)]

CVD mortality [RR (95% CI) (I,)]

CVD events [RR (95% CI) (I,)]

HD patients Non-HD patients HD patients Non-HD patients HD patients Non-HD patients
cIMT? 1.08 NA 1.29 NA NA NA
(1.00-1.17) (1.14-1.47)
(1*: 68%) (1%: 0%)
CACP 251 NA NA NA 3.77 4.02
(1.66-3.79) (2.16-6.58) (1.57-10.29)
(1% 5.7%) (1% 20.2%) (1 63.4%)
PWV® 5.34 2.52 8.55 NA NA NA
(3.01-9.47) (1.40-4.55) (4.37-94.39)
(1% 0%) (1% 62.6%) (1% 0%)
PWV? 1.25 NA 1.24 NA NA NA
(1.17-1.34) (1.16-1.34)
(1% 0%) (1% 15.5%)

@Per unit increase analysis.
PCut-off analysis.
NA, not enough data available to perform meta-analysis.

Non-HD patients. Among non-HD patients, the combined HR for
all-cause mortality was 2.52 (95% CI 1.40-4.55) for high versus
low PWV [18, 45, 52]. There was no heterogeneity among the in-
cluded studies (I* 0% for all-cause mortality). No model was run
for CV mortality and CV events due to low number of studies.

Table 4 presents a summary of the meta-analysis results for
all three outcomes for HD and non-HD patients separately.

DISCUSSION

This is the first systematic review and meta-analysis on the pre-
dictive effect of three non-invasive imaging modalities for all-
cause mortality, CV mortality and CV events in patients with
CKD. Meta-analysis for cIMT included pooled data from five
studies in 708 individuals; for CACS we included eight studies
with 862 subjects and for PWV nine studies with 1508 subjects.
For all three markers, the risk for both all-cause and CV mor-
tality in patients on HD increased with increasing values (data
were not sufficient for CACS and CV mortality). Specifically, for
every unit change (either mm or SD) in cIMT, the risk for all-
cause mortality increased by 8% and for CV mortality by 29%.
HD patients in both the high CACS and PWV group had higher

risk for all-cause mortality (2.5- and 5-fold increased risk, re-
spectively) and CV mortality (8-fold for PWV), indicating that
even in this high-risk group of ESRD patients, there is a benefit
of using these imaging modalities to better stratify patients and
identify measures that can improve outcomes. Regarding CV
events, we were only able to perform a meta-analysis for CACS,
again showing an increased risk for high versus low values of
CACS in HD patients (~4-fold). For non-HD patients, we were
able to perform a meta-analysis of the effect of PWV on all-
cause mortality and of CACS on CV events (3.5- and 4-fold in-
creased risk, respectively). A summary of the results is shown in
Table 4.

The hallmark of atherosclerosis is the thickening of the arte-
rial wall. In their landmark study, Pignoli et al. demonstrated
that the measurement of the IMT of the common carotid artery
by B-mode real-time ultrasonography corresponds well with
histological specimens [54]. cIMT can be used as a surrogate of
subclinical atherosclerosis, calculated by the distance between
the luminal border of the intima and the outer border of the me-
dia of the carotid artery far wall and represented as a double-
line pattern on the ultrasound image [55]. It is important to
highlight the necessity of a homogenized approach for image
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acquisition, data analysis and reporting methods, as well as the
use of unified criteria to distinguish early atherosclerotic pla-
ques from increased IMT [56]. Additionally, age and sex differ-
ences in cIMT should be taken into consideration [57, 58].

Several large clinical studies have demonstrated associa-
tions between cIMT and CV events in the general population
[59, 60]. In a meta-analysis, Lorenz et al. have shown that the RR
of myocardial infarction and stroke were 1.15 and 1.18, respec-
tively, for every 0.1mm increase in cIMT [9]. Whether cIMT
improves CVD prediction when added to traditional risk factors,
such as the Framingham risk score, has been questioned [61].
Den Ruijter et al. showed only a small improvement in 10-year
CVD risk prediction when adding cIMT to conventional risk pre-
diction models in a meta-analysis of general population studies
[62]. Importantly, in most of the studies, renal function is not
accounted for and CKD patients are underrepresented or not in-
cluded at all. Nonetheless, in this group of patients, risk predic-
tion tools are lacking as the current traditional factors
underestimate the CV burden especially in asymptomatic indi-
viduals [6, 63]. In the Mannheim Carotid Intima Thickness and
Plaque Consensus, it is recommend that asymptomatic individ-
uals with risk factors or at intermediate risk should be screened
for CVD risk with cIMT and plaque presence [64]. There is pau-
city of comparable studies on the use of cIMT risk prediction in
non-dialysis CKD patients that can be used for meta-analyses.
For patients on HD, the pooled RR estimate per cIMT unit in-
crease for all-cause mortality and CV mortality of 1.08 and 1.29,
respectively, indicates that cIMT is useful tool to identify
patients for targeted interventions to mitigate CVD risk.

Arterioslcerosis is the predominant vascular pathophysio-
logic process in CKD starting as early as Stage 1 with a stepwise
increase to Stage 5 in the clinical course of CKD [65-67]. It is
characterized by thickening and calcification of the medial arte-
rial layer that results in increased arterial stiffness. This loss of
arterial distensibility dampens the protective ‘cushioning effect’
of the aorta and the major arteries from high and fluctuating
systolic pressures on the renal, cardiac and cerebral microvas-
culature. Additionally, it disrupts the balance between the phys-
iologically matched left ventricular and arterial elastance
(arterial-ventricular interaction), causing increased left ventric-
ular afterload and resulting in increased systolic pressure, lower
diastolic pressure and reduced diastolic coronary perfusion [68].
The clinical manifestations of these processes are congestive
heart failure, lethal arrhythmias, progressive renal and cogni-
tive impairment.

Although several methods exist to measure arterial stiffness,
such as pulse pressure, the ambulatory arterial stiffness index
and augmentation index, the non-invasive gold standard for
measuring arterial stiffness is PWV. It is assessed by the velocity
of pulse wave travel in a defined arterial segment. In 2015, the
American Heart Association with a scientific statement recom-
mended measurement of carotid-femoral PWV (cfPWV) and
provided a comprehensive document on physiology, the various
methodologies and devices, and standardization of measure-
ments [69]. Arterial stiffness increases with age and blood pres-
sure; however, in patients with CKD it occurs in an accelerated
rate. Normal and reference PWV value per age decade and blood
pressure category in a large European population were pub-
lished in 2010 [70]. Similar to cIMT studies, the presence of renal
impairment is rarely reported and estimated glomerular filtra-
tion rate is not accounted for in the majority of PWV studies.
The proposed cut-off value of cfPWV is 10 m/s based on the gen-
eral population Framingham Heart Study [71], although in CKD
this cut-off remains to be determined. Moreover, we found

heterogeneity in the methodology of PWV measurement used
in individual studies (Supplementary data, Table S4) [72].
Nonetheless, our meta-analysis demonstrates that PWV is a
strong predictor of CVD and all-cause mortality in CKD and the
effect estimate is even higher in HD patients. Strategies to pre-
vent arterial stiffness progression remain an area of increased
interest at least in ESRD [73]. Whether the use of PWV performs
over and above the assessment of common risk factors in the
prediction of CVD in dialysis patients remains an area of debate
[74] and larger scale studies are needed (Supplementary data,
Table S4).

Atherosclerosis and arteriosclerosis in CKD result in acceler-
ated intimal and medial arterial layer calcium deposition.
Calcification in the coronary arteries can be detected with low
radiation exposure non-contrast multidetector CT and quanti-
fied using the Agatston method [75]. In the general population,
CACS greater than 400U are associated with a 4.3- to 17-fold
higher RR for CV events [11]. CACS testing is an established risk
prediction tool to guide treatment decisions in asymptomatic
individuals at intermediate risk [76]. However, the clinical utility
of CACS in CKD has been questioned due to substantially higher
CACS in CKD patients compared with the general population,
which reduces its discriminatory power. Additionally, there are
conflicting data of small CKD studies on the correlation between
CACS and coronary angiography findings, and thus the useful-
ness of CACS for pre-transplantation cardiovascular risk assess-
ment is uncertain [77]. Nonetheless, in the current meta-
analysis, higher CACS is associated with 2.5-fold risk increase
for all-cause mortality and 4-fold increase for CV events.
Interestingly, the Chronic Renal Insufficiency Cohort (CRIC)
study showed that higher CACS was associated with increased
risk of CVD independent of atherosclerotic and mineral-bone
metabolism factors, a finding that warrant further studies on
the role of CACS on CVD in patients with CKD [26].

Overall, included studies showed low heterogeneity (I* <
50% overall), with PWV studies having an especially low hetero-
geneity (I> 0%). Nevertheless, we used the random effects
model in order to account for the clinical heterogeneity between
the study populations.

Strengths of our study include the systematic nature of the
analysis performed separately for HD and non-HD patients and
the use of appropriate statistical methodology. Several limita-
tions, however, also exist. Aggregate estimates of studies were
used in the analysis (versus individual patient data), thus issues
with original studies remain; however, the quality of included
studies was assessed based on specific criteria and all studies
had an overall good quality. Not all studies reported adjusted
estimates, and the majority only adjusted for a few confound-
ers, such as age, sex, etc.; therefore, we cannot rule out that
results could be due to residual confounding. We were also un-
able to look at sex-specific associations as effects were not
reported separately for men and women, with men generally
overrepresented in patient groups with CKD. Additionally, pub-
lication bias for ‘positive’ studies should be taken into account.

Although cut-offs have been previously proposed in guide-
lines for all three markers, these are not always followed (espe-
cially in the case of cIMT and PWV) and we therefore used the
cut-off points as analysed by each study [8], which may have in-
troduced exposure misclassification bias. However, the replica-
tion of our findings in separate continuous analyses (per unit
increase for PWV; data not shown) limit the possible effect of
such bias, although it cannot be ruled out completely. As single
reference values and cut-off points are being proposed, future
studies are expected to be more directly comparable. An
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additional limitation comes from the fact that especially for CV
events, definitions differed among included studies, which may
be a source of bias as specific markers may be associated with
certain CV events. However, such an effect should dilute our
results towards the null, therefore the actual effect sizes may be
even larger. Methods used to assess exposures also differed by
study.

CONCLUSION/IMPLICATIONS

The present systematic review and meta-analysis show that
cIMT, CACS and PWV are associated not only with CV mortality
but also with all-cause mortality. Importantly, all three meth-
ods are non-invasive, reproducible, safe (albeit a small radiation
exposure of CACS) and easily transferable to daily practice.
Moreover, they can be used to identify subclinical changes in
different vascular layers at stages, where targeted interventions
may be of greater benefit in the clinical course of CKD. This is
particularly important in view of the increasing CKD incidence,
the high CVD burden in this population and the lack of clinical
tools to aid better stratification and monitoring and guide thera-
peutic interventions. The results of this meta-analysis support
the study of interventions with effect on these indices of vascu-
lar disease and subsequent long-term CVD outcomes.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.

ACKNOWLEDGEMENTS

The datasets used and analysed during the current study
are available from the corresponding author on reasonable
request. We thank Professor Rob Walker, University of
Otago, New Zealand, for his support and Professor Suetonia
Palmer, University of Otago, New Zealand, for her review of
the manuscript and comments.

FUNDING

This research did not receive any specific grant from fund-
ing agencies in the public, commercial or not-for-profit
sectors.

AUTHORS’ CONTRIBUTIONS

A.G.P. and A Kousios conceived the hypothesis for this man-
uscript. P.X., A.Kousios and A.G.P. performed the search and
extraction of information from the papers and organized
the material with the help of A.Kanari and D.K. P.K. per-
formed the statistical analysis under the guidance of S.I.P.
A.Kousios, P.K. and A.G.P. prepared the first draft of the
manuscript. All authors assisted in the interpretation of
findings and critically revised the manuscript. All authors
have read and approved the final version of the manuscript.

CONFLICT OF INTEREST STATEMENT

None declared.

cIMT, CACS and PWV in chronic kidney disease | 853

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mills KT, Xu Y, Zhang W et al. A systematic analysis of world-
wide population-based data on the global burden of chronic
kidney disease in 2010. Kidney Int 2015; 88: 950-957

Hill NR, Fatoba ST, Oke JL et al. Global prevalence of chronic
kidney disease - a systematic review and meta-analysis. PloS
One 2016; 11: e0158765

Foley RN, Murray AM, Li S et al. Chronic kidney disease and
the risk for cardiovascular disease, renal replacement, and
death in the United States Medicare population, 1998 to
1999. ] Am Soc Nephrol 2005; 16: 489495

Foley RN, Parfrey PS, Sarnak MJ. Epidemiology of cardiovas-
cular disease in chronic renal disease. ] Am Soc Nephrol 1998,;
9: S16-S23

Drueke TB, Massy ZA. Atherosclerosis in CKD: differences
from the general population. Nat Rev Nephrol 2010; 6: 723-735
Weiner DE, Tighiouart H, Elsayed EF et al. The Framingham
predictive instrument in chronic kidney disease. ] Am Coll
Cardiol 2007; 50: 217-224

Baigent C, Landray M]J, Reith C et al. The effects of lowering
LDL cholesterol with simvastatin plus ezetimibe in patients
with chronic kidney disease (Study of Heart and Renal
Protection): a randomised placebo-controlled trial. Lancet
2011; 377:2181-2192

Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of
cardiovascular events and all-cause mortality with arterial
stiffness: a systematic review and meta-analysis. ] Am Coll
Cardiol 2010; 55: 1318-1327

Lorenz MW, Markus HS, Bots ML et al. Prediction of clinical
cardiovascular events with carotid intima-media thickness:
a systematic review and meta-analysis. Circulation 2007; 115:
459-467

Kramer CK, Zinman B, Gross JL et al. Coronary artery calcium
score prediction of all cause mortality and cardiovascular
events in people with type 2 diabetes: systematic review and
meta-analysis. The BMJ 2013; 346: £1654

Pletcher MJ, Tice JA, Pignone M et al. Using the coronary ar-
tery calcium score to predict coronary heart disease events:
a systematic review and meta-analysis. Arch Intern Med 2004;
164: 1285-1292

Moher D, Liberati A, Tetzlaff ] et al. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA
statement. Ann Intern Med 2009; 151: 264-269

Slim K, Nini E, Forestier D et al. Methodological index for
non-randomized studies (MINORS): development and vali-
dation of a new instrument. ANZJ Surg 2003; 73: 712-716
Harris R, Bradburn M, Deeks ] et al. Metan: fixed- and
random-effects meta-analysis. Stata ] 2008; 8: 3-28

He Z, Cui L, Ma C et al. Effects of lowering dialysate calcium
concentration on carotid intima-media thickness and aortic
stiffness in patients undergoing maintenance hemodialysis:
a prospective study. Blood Purif 2016; 42: 337-346

Hinderliter A, Padilla RL, Gillespie BW et al. Association of ca-
rotid intima-media thickness with cardiovascular risk fac-
tors and patient outcomes in advanced chronic kidney
disease: the RRI-CKD study. Clin Nephrol 2015; 84: 10-20

Yu WC, Lin YP, Chuang SY et al. Cardiovascular determi-
nants of prognosis in normotensive hemodialysis patients.
BMC Nephrol 2012; 13: 115

Karras A, Haymann JP, Bozec E et al. Large artery stiffening
and remodeling are independently associated with all-cause
mortality and cardiovascular events in chronic kidney dis-
ease. Hypertension 2012; 60: 1451-1457

120z Jaquaydag gz uo Jasn ABojouyoa] jo Austaniun snuidAD Aq £G65G55S/Z18/S/E L/aIone/Mo/woo dno-olwapede//:sdily woly papeojumoq


https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfz095#supplementary-data

CLiNicAL KIDNEY JOURNAL

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

854 | P.Kouis etal.

Nakayama M, Ura Y, Nagata M et al. Carotid artery calcifica-
tion at the initiation of hemodialysis is a risk factor for car-
diovascular events in patients with end-stage renal disease:
a cohort study. BMC Nephrol 2011; 12: 56.

Papagianni A, Dovas S, Bantis C et al. Carotid atherosclerosis
and endothelial cell adhesion molecules as predictors of
long-term outcome in chronic hemodialysis patients. Am ]
Nephrol 2008; 28: 265-274

London GM, Pannier B, Agharazii M et al. Forearm reactive
hyperemia and mortality in end-stage renal disease. Kidney
Int 2004; 65: 700-704

Kato A, Takita T, Maruyama Y et al. Impact of carotid athero-
sclerosis on long-term mortality in chronic hemodialysis
patients. Kidney Int 2003; 64: 1472-1479

Nishizawa Y, Shoji T, Maekawa K et al. Intima-media thick-
ness of carotid artery predicts cardiovascular mortality in
hemodialysis patients. AmJ Kidney Dis 2003; 41: S76-S79
Benedetto FA, Mallamaci F, Tripepi G et al. Prognostic value
of ultrasonographic measurement of carotid intima media
thickness in dialysis patients. ] Am Soc Nephrol 2001; 12:
2458-2464

Zoungas S, Cameron JD, Kerr PG et al. Association of carotid
intima-medial thickness and indices of arterial stiffness
with cardiovascular disease outcomes in CKD. Am ] Kidney
Dis 2007; 50: 622-630

Chen J, Budoff MJ, Reilly MP et al. Coronary artery calcifica-
tion and risk of cardiovascular disease and death among
patients with chronic kidney disease. JAMA Cardiol 2017; 2:
635-643

Winther S, Svensson M, Jorgensen HS et al. Prognostic value
of risk factors, calcium score, coronary CTA, myocardial per-
fusion imaging, and invasive coronary angiography in kid-
ney transplantation candidates. JACC Cardiovasc Imaging
2018; 11: 842-854

Matsushita K, Sang Y, Ballew SH et al. Subclinical atheroscle-
rosis measures for cardiovascular prediction in CKD. ] Am
Soc Nephrol 2015; 26: 439-447

Havel M, Kaminek M, Metelkova I et al. Prognostic value of
myocardial perfusion imaging and coronary artery calcium
measurements in patients with end-stage renal disease.
Hellenic ] Nucl Med 2015; 18: 199-206

Chaikriangkrai K, Nabi F, Mahmarian Jj et al. Additive prog-
nostic value of coronary artery calcium score and renal func-
tion in patients with acute chest pain without known
coronary artery disease: up to 5-year follow-up. Int J
Cardiovasc Imaging 2015; 31: 1619-1626

Liabeuf S, Desjardins L, Diouf M et al. The addition of vascu-
lar calcification scores to traditional risk factors improves
cardiovascular risk assessment in patients with chronic kid-
ney disease. PloS One 2015; 10: e0131707

Janda K, Krzanowski M, Dumnicka P et al. Risk stratification
in dialysis patients: coronary artery calcification score com-
bined with high sensitive C-reactive protein and
Framingham score for cardiovascular risk prediction in
asymptomatic subjects. J Clin Exp Cardiolog 2014; 5:1-6.
Guney M, Ozkok A, Caliskan Y et al. QT dispersion predicts
mortality and correlates with both coronary artery calcifica-
tion and atherosclerosis in hemodialysis patients. Int Urol
Nephrol 2014; 46: 599-605

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ohtake T, Ishioka K, Honda K et al. Impact of coronary artery
calcification in hemodialysis patients: risk factors and asso-
ciations with prognosis. Hemodial Int 2010; 14: 218-225
Shantouf RS, Budoff MJ, Ahmadi N et al. Total and individual
coronary artery calcium scores as independent predictors of
mortality in hemodialysis patients. Am ] Nephrol 2010; 31:
419-425

Watanabe R, Lemos MM, Manfredi SR et al. Impact of cardio-
vascular calcification in nondialyzed patients after 24
months of follow-up. Clin ] Am Soc Nephrol 2010; 5: 189-194
Fensterseifer DM, Karohl C, Schvartzman P et al. Coronary
calcification and its association with mortality in haemo-
dialysis patients. Nephrology (Carltonc) 2009; 14: 164-170
Block GA, Raggi P, Bellasi A et al. Mortality effect of coronary
calcification and phosphate binder choice in incident hemo-
dialysis patients. Kidney Int 2007; 71: 438-441

Matsuoka M, Iseki K, Tamashiro M et al. Impact of high coro-
nary artery calcification score (CACS) on survival in patients
on chronic hemodialysis. Clin Exp Nephrol 2004; 8: 54-58
Russo D, Corrao S, Battaglia Y et al. Progression of coronary
artery calcification and cardiac events in patients with
chronic renal disease not receiving dialysis. Kidney Int 2011;
80:112-118

Mukai H, Dai L, Chen Z et al. Inverse J-shaped relation be-
tween coronary arterial calcium density and mortality in ad-
vanced chronic kidney disease. Nephrol Dial Transplant 2018;
doi:10.1093/ndt/gfy352

Lamarche MC, Hopman WM, Garland JS et al. Relationship of
coronary artery calcification with renal function decline and
mortality in predialysis chronic kidney disease patients.
Nephrol Dial Transplant 2018;d0i:10.1093/ndt/gfy183

Sarafidis PA, Loutradis C, Karpetas A et al. Ambulatory pulse
wave velocity is a stronger predictor of cardiovascular
events and all-cause mortality than office and ambulatory
blood pressure in hemodialysis patients. Hypertension 2017;
70: 148-157

Chiu D, Abidin N, Johnstone L et al. Novel approach to cardio-
vascular outcome prediction in haemodialysis patients. Am ]
Nephrol 2016; 43: 143-152

Baumann M, Wassertheurer S, Suttmann Y et al. Aortic pulse
wave velocity predicts mortality in chronic kidney disease
stages 2-4. ] Hypertens 2014; 32: 899-903

Avramovski P, Janakievska P, Sotiroski K et al. Aortic pulse
wave velocity is a strong predictor of all-cause and cardio-
vascular mortality in chronic dialysis patients. Ren Fail 2014;
36:176-186

Othmane Tel H, Nemcsik J, Fekete BC et al. Arterial stiffness
in hemodialysis: which parameter to measure to predict car-
diovascular mortality? Kidney Blood Press Res 2009; 32:
250-257

Shoji T, Emoto M, Shinohara K et al. Diabetes mellitus, aortic
stiffness, and cardiovascular mortality in end-stage renal
disease.] Am Soc Nephrol 2001; 12: 2117-2124

Blacher J, Guerin AP, Pannier B et al. Impact of aortic stiffness
on survival in end-stage renal disease. Circulation 1999; 99:
2434-2439

Nemcsik J, Tabak A, Batta D et al. Integrated central blood
pressure-aortic stiffness risk score for cardiovascular risk
stratification in chronic kidney disease. Physiol Int 2018; 105:
335-346

References [51-77] provided in Supplementary data.

120z Jaquaydag gz uo Jasn ABojouyoa] jo Austaniun snuidAD Aq £G65G55S/Z18/S/E L/aIone/Mo/woo dno-olwapede//:sdily woly papeojumoq


https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfz095#supplementary-data

	sfz095-TF1
	sfz095-TF12
	sfz095-TF14
	sfz095-TF2
	sfz095-TF3
	sfz095-TF4

