
© 2019 The Author(s)
Published by S. Karger AG, Basel

Research Article

Kidney Blood Press Res 2019;44:704–714

Aortic Calcification Affects Noninvasive 
Estimates of Central Blood Pressure in 
Patients with Severe Chronic Kidney Disease
Rasmus Kirkeskov Carlsen 

a, b    Simon Winther 
c    Christian D. Peters 

a, b    
Esben Laugesen 

b, d, e    Dinah S. Khatir 
a, b    Hans E. Bøtker 

c    Morten  Bøttcher 
f    

Per Ivarsen 
a    My Svensson 

g    Niels Henrik Buus 
a, h    

a
 Department of Renal Medicine, Aarhus University Hospital, Aarhus, Denmark; b Institute 

of Clinical Medicine, Aarhus University, Aarhus, Denmark; c Department of Cardiology, 
Aarhus University Hospital, Aarhus, Denmark; d Department of Endocrinology and Internal 
Medicine, Aarhus University Hospital, Aarhus, Denmark; e Danish Diabetes Academy, 
Odense University Hospital, Odense, Denmark; f Department of Cardiology, Hospital Unit 
West, Herning, Denmark; g Department of Nephrology, Division of Medicine, Akershus 
University Hospital, Oslo, Norway; h Department of Biomedicine, Aarhus University,  
Aarhus, Denmark

Keywords
Aortic calcifications · Blood pressure · Central blood pressure · Invasive blood pressure · 
Chronic kidney disease · Generalized transfer function · Pulse wave velocity

Abstract
Background: Central blood pressure (BP) assessed noninvasively considerably underesti-
mates true invasively measured aortic BP in chronic kidney disease (CKD) patients. The differ-
ence between the estimated and the true aortic BP increases with decreasing estimated glo-
merular filtration rates (eGFR). The present study investigated whether aortic calcification 
affects noninvasive estimates of central BP. Methods: Twenty-four patients with CKD stage 
4–5 undergoing coronary angiography and an aortic computed tomography scan were in-
cluded (63% males, age [mean ± SD ] 53 ± 11 years, and eGFR 9 ± 5 mL/min/1.73 m2). Invasive 
aortic BP was measured through the angiography catheter, while non-invasive central BP was 
obtained using radial artery tonometry with a SphygmoCor® device. The Agatston calcium 
score (CS) in the aorta was quantified on CT scans using the CS on CT scans. Results: The in-
vasive aortic systolic BP (SBP) was 152 ± 23 mm Hg, while the estimated central SBP was 133 
± 20 mm Hg. Ten patients had a CS of 0 in the aorta, while 14 patients had a CS > 0 in the 
aorta. The estimated central SBP was lower than the invasive aortic SBP in patients with aortic 
calcification compared to patients without (mean difference 8 mm Hg, 95% CI 0.3–16; p = 
0.04). The brachial SBP was lower than the aortic SBP in patients with aortic calcification com-
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pared to patients without (mean difference 10 mm Hg, 95% CI 2–19; p = 0.02). Conclusion: In 
patients with advanced CKD the presence of aortic calcification is associated with a higher 
difference between invasively measured central aortic BP and non-invasive estimates of cen-
tral BP as compared to patients without calcifications. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Optimal blood pressure (BP) assessment is important for the correct treatment of hyper-
tension in chronic kidney disease (CKD) as treatment of hypertension reduces both CKD 
progression and the cardiovascular risk [1, 2]. Usually BP recordings are performed as cuff-
based measurements at the upper arm, relying on the assumption that this is a reasonable 
representation of the central BP to which the target organs are exposed. However, several 
studies have demonstrated a marked difference in systolic BP (SBP) measured within the 
aorta compared to the peripheral arteries [3–5]. Accordingly, it has been suggested that anti-
hypertensive treatment should be based on the aortic BP rather than the brachial BP [6], and 
several devices are now available for noninvasive estimation of the aortic BP. 

In young healthy individuals the SBP increases as the pulse wave travels from the aorta 
to the peripheral arteries such as the brachial artery. This results in a higher SBP in the 
brachial artery than in the aorta, while the diastolic BP (DBP) and the mean arterial BP (MAP) 
remain fairly constant [7]. This phenomenon is called pulse pressure amplification. With 
aging, pulse pressure amplification decreases, attenuating the pressure gain towards the 
peripheral arteries alongside an increase in pulse pressure in the central arteries. This is 
commonly believed to be caused by increased arterial stiffness due to arteriosclerosis. This 
phenomenon increases with age and diseases such as CKD and diabetes [7]. 

Invasive aortic SBP has previously been compared with noninvasive estimates derived 
by arterial tonometry, and the reported differences have been with wide limits of agreement 
[4, 5, 8, 9]. In a recent publication we presented the association between invasive aortic SBP 
and peripheral measurements of SBP either by standard brachial SBP or estimates of central 
(aortic) SBP using the SphygmoCor® device [10]. In our cohort of CKD patients, the difference 
between invasive aortic SBP and estimated central SBP increased with decreasing renal 
function. Likewise, the difference between brachial SBP and invasive aortic SBP increased 
with decreasing renal function. Thus, both brachial and estimated central SBP underestimate 
the true central BP in aorta in patients with advanced CKD. As the difference between aortic 
and estimated central SBP was partly dependent on the pulse wave velocity (PWV), the 
increased prevalence of arterial media calcifications in CKD could influence the difference 
between peripheral and central BP and thereby explain our findings [11]. 

We therefore hypothesized that CKD patients with arterial calcification would have higher 
BP differences between the aorta and the brachial artery. To investigate this further, we 
examined CT scans of the aorta from a subgroup of CKD patients in our cohort to determine 
whether the presence of aortic calcification is associated with differences in BP when comparing 
invasively measured aortic BP with estimated central BP or brachial BP, respectively.

Methods

Eighty-three CKD patients referred for elective coronary angiography (CAG) were 
included in the main study as previously described [10]. Participants had at least 3 measure-
ments of estimated glomerular filtration rate (eGFR) within the previous 3 months as deter-
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mined by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [12]. 
eGFR was set to 5 mL/min/1.73 m2 in dialysis patients with residual renal function and to 0 
in patients with anuria (< 100 mL/day). The present post hoc analysis included only partici-
pants who also took part in the Angiographic CT of Renal bone and vascular disease (ACTOR) 
study [13]. These patients all had a cardiac computed tomography (CT) in addition to an 
invasive CAG performed as part of a screening program before kidney transplantation. 
Exclusion criteria were cardiac arrhythmia or known subclavian or brachial artery stenosis. 
The investigations were performed between March 14, 2013, and January 27, 2014.

Cardiac CT scans were performed in a dual-source scanner (SOMATOM Definition Flash, 
Siemens Healthcare, Erlangen, Germany) as described in detail earlier [13]. In brief, a nonen-
hanced scan of the heart was conducted in all of the patients. The tube voltage was 120 kV 
and the tube current was automatic adjusted. Axial images were reconstructed using a 3-mm 
slice thickness. The Agatston method was used to measure coronary artery calcium scores 
and for quantification of calcium scores in the ascending and descending aorta using full field-
of-view images [14]. 

Brachial BP was measured with a Microlife BP A100 PLUS automatic oscillometric BP 
monitor (Widnau, Switzerland), which fulfills current recommendations [15]. All of the 
participants had BP measurements on both arms and if the difference in SBP or DBP exceeded 
5 mm Hg the arm with the higher pressure was used, except in dialysis patients with an arte-
riovenous fistula, in whom the nonfistula arm was used. The estimated central BP was deter-
mined based on the radial artery pressure waveform recorded noninvasively using Sphyg-
moCor equipment (AtCor Medical, Itasca, IL, USA) and software (version 8.2; AtCor Medical, 
Sydney, Australia). The recording time was 10 s. The waveforms were calibrated with the 
brachial SBP and DBP. 

Brachial and estimated central BP were measured on the same arm sequentially. All BP 
measurements were recorded within 30 s. To test the accuracy of the general transfer function, 
we estimated the central SBP using invasively measured aortic BP for calibration (MAP  
and DBP).

Invasive BP was measured in the ascending aorta with a fluid-filled 6-French Boston 
Scientific Expo Angiographic catheter (Natick, MA, USA) or a 6-French Medtronic Launcher 
Coronary Guide catheter (Minneapolis, MN, USA) attached to an NAMIC transducer (Navilyst 
Medical, Marlborough, MA, USA). The tranducers were calibrated before each examination. 
Catheters were inserted through a femoral or radial sheath into the ascending aorta and 
flushed every 2 min during the investigation. SBP and DBP were determined as the average of 
the pressure peaks during 10-s recording periods, and MAP was determined as the area under 
the curve by the recording equipment software (Philips Xper Physiomonitoring 5; Philips, 
Amsterdam, The Netherlands; or Siemens Axiom Sensis XP; Siemens, Munich, Germany).

PWV was measured on the same day as the invasive BP was obtained before the patient 
underwent CAG. Carotid femoral PWV and carotid radial PWV were measured with appla-
nation tonometry sequentially at the carotid and femoral arteries or the carotid and radial 
arteries. Details regarding PWV measurements have previously been published [10].

Statistical Analysis
Data distribution was evaluated with histograms and QQ plots. Baseline data are 

presented as means ± SD or as medians (range) if data were not normally distributed. 
Between-group differences were tested using an unpaired Student t test. If data were skewed, 
even after logarithmic transformation, groups were compared using a Wilcoxon-Mann-
Whitney test. Categorical variables are presented as numbers (%) and were compared using 
Pearson’s χ2 test. Between-group differences were tested with a one-way ANOVA when more 
than 2 groups were present.
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First, the accuracy of the general transfer function was evaluated by comparing the 
invasive aortic SBP with the estimated central BP calibrated with the invasively measured 
aortic mean BP and DBP. Second, the invasive aortic BP was compared with the brachial SBP 
and the estimated central SBP, respectively. The central SBP was obtained by using normal 
calibration with noninvasively obtained brachial SBP and DBP. Third, patients were catego-
rized into 2 groups with or without aortic calcification in order to compare all SBP differences 
in patients with and without aortic calcification. Data were analyzed using STATA 13 for 
Windows (StataCorp LP, College State, TX, USA).

Results

Patient Characteristics
Twenty-nine CKD patients from the primary study who also underwent aortic CT scans 

were included in this substudy. Three patients were excluded because the measurements 

Age, years 53±11
Males 15 (63)
BMI 24±3
Smokers (current/previous/never), n 9/8/7
Diabetes 6 (25)
Ejection fraction (range), % 60 (55–65)
CKD status

eGFR, mL/min/1.73 m2 9±5
Dialysis 6 (25)

Antihypertensive medication
Medications per patient, n 4 (0–5)
ACE inhibitors 8 (33)
ARB 11 (24)
β-blocker 16 (67)
Calcium channel blocker 17 (71)
Diuretics 21 (88)
Nitrates 1 (4)
Glycerol nitrate during CAG 20 (83)

BP, mm Hg
Brachial SBP 146±20
Aortic SBP 152±23
Estimated central SBP 133±20
Brachial DBP 88±11
Aortic DBP 82±11
Estimated central DBP 89±11

PWV, m/s
Carotid-femoral 9.9±2.0
Carotid-radial 8.8±1.1

CS (range)
Coronary arteries 9 (0–4,657)
Ascending aorta 0 (0–414)
Descending aorta 12 (0–1,598)

The total number of patients is 24. Values are presented as means ± 
SD or numbers (%) unless otherwise stated. The eGFR was set to 5 mL/
min/1.73 m2 in dialysis patients with residual renal function and to 0 
in patients with anuria (<100 mL/day). ACE, angiotensin-converting 
enzyme; ARB, angiotensin receptor blocker. 

Table 1. Characteristics of the 
patients
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could not be performed, and 2 patients were excluded because of arrhythmia. The final study 
cohort consisted of 24 patients (29% of the original 83 patients included). The median time 
between the CT scan and the coronary angiography was 39 days (range 7–197). The mean CT 
scan z-axis distance was 14.6 ±1.7 cm and the mean aorta ascending and descending lengths 
included in the scan were 6.4 ±1.1 and 15.0 ±1.8 cm.

Baseline characteristics are presented in Table 1. Ten patients had an Agatston calcium 
score (CS) of 0 in both ascending and descending aorta; 2 patients had ascending aortic  
CS > 0, while 8 patients had descending aortic CS > 0 and 4 patients had both ascending  
and descending aortic CS > 0. 

When comparing patients according to the presence or absence of aortic calcification 
(Table 2), the groups were different regarding age and carotid-femoral PWV but not 

Table 2. Patient characteristics according to the aortic calcium score

No aortic 
calcifications

Aortic 
calcifications

p valuea

Patients, n 10 14
Age, years 46±6 58±11 0.01
Males 7 (70) 8 (57) 0.52b

BMI 26±3 23±3 0.07
Smokers (current/previous/never), n 4/2/4 5/6/3 NA
Diabetes 4 (40) 2 (14) 0.15b

Ejection fraction (range), % 60 (55–65) 60 (55–65) 0.71c

CKD status
eGFR, mL/min/1.73 m2 11±6 8±5 0.17
Dialysis 1 (10) 5 (36) 0.15b

Antihypertensive medication
Medications per patient, n 4 (0–5) 3 (0–4) 0.048c

ACE inhibitor 5 (50) 3 (21) 0.14b

ARB 6 (60) 5 (36) 0.24b

Beta-blocker 6 (60) 10 (71) 0.56b

Calcium channel blocker 9 (90) 8 (57) 0.08b

Diuretics 9 (90) 12 (86) 0.75b

Nitrates 1 (10) 0 (0) 0.23b

Glycerol nitrate during CAG 9 (90) 11 (79) 0.46b

BP, mm Hg
Brachial SBP 143±19 149±20 0.47
Aortic SBP 143±23 159±22 0.09
Estimated central SBP 128±16 136±23 0.35
Brachial DBP 89±9 88±12 0.94
Aortic DBP 81±10 82±12 0.82
Estimated central DBP 90±9 89±12 0.92

PWV, m/s
Carotid-femoral 8.8±2.0 10.8±1.6 0.01
Carotid-radial 8.7±0.9 8.8±1.3 0.79

CS (range)
Coronary arteries 0 (0–256) 135 (0–4,657)
Ascending aorta 0 (0) 0 (0–414)
Descending aorta 0 (0) 160 (0–1,598)

Data are means ± SD or numbers (%) unless otherwise indicated. The eGFR was set to 5 mL/min/1.73 m2 
in dialysis patients with residual renal function and to 0 in patients with anuria (<100 mL/day). ACE, 
angiotensin-converting enzyme; ARB, angiotensin receptor blocker. a Student’s t test. b χ2 test. c Wilcoxon-
Mann-Whitney test. 
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gender, eGFR, brachial BP, or carotid-radial PWV. Patients with aortic calcifications 
received more antihypertensive drugs and there was a tendency towards a greater use of 
calcium channel blockers, but apart from that antihypertensive medication was similar. 
There was an equal distribution of patients with diabetes, and smoking status was not 
significantly different.

Accuracy of the Generalized Transfer Function
Invasively calibrated estimated central SBP and invasive aortic SBP were not signifi-

cantly different when patients with and without aortic calcification were compared (mean 
difference 2 mm Hg, 95% CI –3 to 8; p = 0.42).

Difference between Invasive Aortic SBP and Estimated Central SBP
The estimated central SBP was lower than the invasive aortic SBP in patients with aortic 

calcification compared to patients without (Fig. 1) (mean difference 8 mm Hg, 95% CI 0.3–16; 
p = 0.04).

Fig. 1. Estimated minus invasive 
aortic SBP in patients with and 
without aortic calcifications. 
Lines represent mean values for 
the group without aortic calcifica-
tions (–15 mm Hg) and the group 
with calcifications (–23 mm Hg).

Fig.  2. Brachial minus invasive 
aortic SBP in patients with and 
without aortic calcifications. 
Lines represent mean values for 
the group without aortic calcifica-
tions (0 mm Hg) and the group 
with calcifications (–10 mm Hg).
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Difference between Invasive Aortic and Brachial SBP
The brachial SBP was lower than the aortic SBP in patients with aortic calcium compared 

to patients without (Fig. 2) (mean difference 10 mg Hg, 95% CI 2–19; p = 0.02).

Association between BP Differences and Calcification Placement
To investigate whether a stepwise increased aortic calcification increased the BP 

differences, we categorized 3 groups as shown in Figure 3. Group A included patients with 
no calcification in either the ascending or the descending aorta. Group B comprised patients 
with calcification in either the ascending or the descending aorta. Group C included patients 
with calcification in both the ascending and the descending aortas. The difference between 
invasively calibrated estimated central SBP and aortic SBP was not significantly different 
in the 3 groups (p = 0.51). The difference between central SBP and invasive aortic SBP was 
significantly different between the groups (p = 0.04) and the difference between brachial 
SBP and invasive aortic SBP was also significantly different in the 3 groups (Fig. 4) (p = 
0.02).

Fig. 3. Estimated minus invasive 
aortic SBP according to the de-
gree of aortic calcification. Group 
A: no calcification in either the as-
cending or the descending aorta. 
Group B: calcification in either the 
ascending or the descending aor-
ta. Group C: calcification in both 
the ascending and the descending 
aortas. Lines represent mean val-
ues for group A (–15 mm Hg), 
group B (–21 mm Hg), and group 
C (–29 mm Hg).

Fig.  4. Brachial minus invasive 
aortic SBP according to the de-
gree of aortic calcification. Group 
A: no calcification in either the as-
cending or the descending aorta. 
Group B: calcification in either the 
ascending or the descending aor-
ta. Group C: calcification in both 
the ascending and the descending 
aortas. Lines represent mean val-
ues for group A (0 mm Hg), group 
B (–8 mm Hg), and group C (–16 
mm Hg).
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Coronary Artery Calcification
In general, the presence of calcification(s) in the coronary arteries had no association 

with BP differences. Invasively calibrated estimated central SBP was not significantly different 
compared to invasive aortic SBP in patients with and without coronary artery calcification 
(mean difference 0 mm Hg, 95% CI –5.4 to 6.0, p = 0.90). The estimated central SBP was not 
significantly different from the invasive aortic SBP in patients with and without coronary 
artery calcification (mean difference 1 mm Hg, CI: –7.8 to 9.6, p = 0.82). Finally, the brachial 
SBP was not significantly different from the invasive SBP in patients with coronary calcifi-
cation compared to patients without coronary artery calcification (mean difference 0 mm Hg, 
95% CI –9.5 to 9.2; p = 0.97).

Discussion

The main finding of this study is that aortic calcification is associated with an increased 
difference between invasively measured central aortic BP and noninvasive estimates of 
central BP in patients with severe CKD. Accordingly, the difference between estimated and 
invasive aortic SBP increased from 8 to 10 mm Hg in patients with calcification in the aorta. 
The interpretation of our findings is that noninvasive BP (both brachial BP and estimated 
central BP) underestimates the invasive aortic SBP in patients with CKD and aortic calcifica-
tions.

The groups with and without aortic calcifications were different in terms of age and the 
amount of antihypertensive medication, potentially implying a selection bias. However, in 
our main study with 124 participants, BP differences were not associated with age or number 
of antihypertensive medications, either in the entire study group or in patients with CKD [10]. 
These previous findings from the larger cohort suggest that age is not responsible for the 
observed BP differences.

The close association between aortic calcification and PWV is well known from previous 
publications [16] and fits well with the hypothesis that CKD results in accelerated vascular 
aging and increased arterial stiffness [7]. In our study a higher carotid-femoral PWV was 
found both in older patients and in patients with pronounced aortic calcification. However, 
because of the cross-sectional design we could not investigate the causal relationship between 
age, arterial stiffness, and BP differences between the aorta and estimated central SBP or the 
brachial artery. Previously we found increased differences between invasively measured 
aortic SBP and estimated and brachial SBP in patients with CKD and increased PWV [10]. 
Given these findings it is perhaps of little surprise that this sub study found a similar corre-
lation between the presence of aortic calcifications and BP. However, the difference was more 
pronounced than we expected.

Despite the fact that aortic calcification was significantly associated with a large difference 
between invasively measured aortic BP and noninvasively obtained central BP, no BP differ-
ences were found when groups were compared based on coronary artery calcification. This 
may be due to the pathogenesis of cardiovascular disease in CKD with a higher prevalence of 
arterial media calcification, also called Mönckeberg’s sclerosis, which is different from the age-
related intimal atherosclerosis. Media calcification is closely related to diabetes and disorders 
of mineral metabolism, including abnormalities in calcium, phosphorus, parathyroid hormone, 
and vitamin D unique to the CKD population [11, 17]. Intimal atherosclerosis, however, is also 
prevalent in CKD often with more calcified plaques as compared to non-CKD patients. The 
combined development of both media and intima calcification in CKD is often described as 
accelerated or early vascular aging. The BP differences found in the present study may primarily 
be driven by generalized media calcification and not intimal atherosclerosis. This could explain 
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why we in an earlier study found a close agreement between estimated central SBP and inva-
sively measured aortic SBP in non-CKD patients with diabetes [18]. 

Patients without CKD usually have a higher SBP in the brachial artery than in the aorta, 
with a reported difference between 2 and 11 mm Hg [4, 5, 8, 9, 18, 19]. In the present study, 
patients with CKD stage 4–5 and aortic calcification had a markedly lower brachial SBP than 
aortic SBP, i.e., around 10 mm Hg. It has previously been hypothesized that central aortic BP 
is more clinically relevant than peripheral BP since it better represents the BP in vulnerable 
target organs such as the brain, heart, and kidneys [6]. If this is true, then we should aim for 
a markedly lower target BP in patients with severe CKD and known calcifications. 

A previous study found no additional prognostic value of invasively measured aortic SBP 
in terms of cardiovascular outcomes and all-cause mortality compared with office BP in 
patients with stable angina pectoris [20]. However, contrary to our findings, this study found 
an aortic SBP that was very similar to the brachial SBP, with an average difference of 0 mm 
Hg, but the study did not focus specifically on CKD patients. A recent large study in CKD 
patients based on the Chronic Renal Insufficiency Cohort Study (CRIC) cohort found no addi-
tional value of noninvasively obtained central BP in comparison with normal brachial BP in 
terms of cardiovascular disease outcome or mortality [21]. However, invasive BP measure-
ments were not performed in this study and are usually not available in the clinical setting 
apart from patients undergoing CAG. 

The main limitation of our study is the limited number of patients, which hampers the 
assessment of relevant contributing factors such as diabetes, age, and time on dialysis 
treatment. Secondly, we investigated a selected group of patients with severe CKD and the 
results might not be generalizable to patients with mild or moderate CKD. Moreover, the CKD 
patients in our cohort were all investigated as part of a screening process before kidney trans-
plantation and therefore most likely had less comorbidity compared to the overall CKD popu-
lation. Third, we had no measurements of carotid intima-media thickness or arterial disten-
sibility apart from PWV and this could have affected the interpretation of the results. Finally, 
although we did test the accuracy of the general transfer function-derived central SBP using 
calibration with invasively obtained MAP and DBP from aorta, we did not perform invasive 
intra-arterial BP measurements in the radial, brachial, or femoral arteries. An important 
strength of our data in comparison to previous studies is the simultaneous recording of 
invasive and non-invasive BP measurements and the short time span to the CT scan.

In conclusion, this study in patients with severe CKD found a significantly increased 
difference between invasively measured central aortic BP and noninvasive estimates of 
central BP in patients with aortic calcifications compared to patients without aortic calcifica-
tions. Aortic calcification also significantly affected the difference between brachial and inva-
sively measured central SBP. This may question the usefulness of noninvasive estimates of 
central BP in CKD patients with aortic calcifications.
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