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Cardiovascular Interactions of Renin-Angiotensin-
Aldosterone System Assessed by Cardiac Magnetic
Resonance: The Multi-Ethnic Study of Atherosclerosis
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Background: The effects of the renin-angiotensin-aldosterone system in cardiovascular system have been described based on small
studies. The aim of this study was to evaluate the relationship between aldosterone and plasma renin activity (PRA) and cardiovas-
cular structure and function.

Methods: We studied a random sample of Multi-Ethnic Study of Atherosclerosis participants who had aldosterone and PRA blood
assays at 2003-2005 and underwent cardiac magnetic resonance at 2010. Participants taking angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers were excluded.

Results: The aldosterone group was composed by 615 participants, mean age 61.6 + 8.9 years, while the renin group was 580 partic-
ipants, mean age 61.5 + 8.8 years and both groups had roughly 50% females. In multivariable analysis, 1 SD increment of log-trans-
formed aldosterone level was associated with 0.07 g/m? higher left ventricle (LV) mass index (P = 0.04) and 0.11 ml/m? higher left
atrium (LA) minimal volume index (P < 0.01). Additionally, higher log-transformed aldosterone was associated with lower LA max-
imum strain and LA emptying fraction (P < 0.01). Aldosterone levels were not significantly associated with aortic measures. Log-
transformed PRA was associated with lower LV end diastolic volume index (8 standardized = 0.08, P = 0.05). PRA levels were not
significantly associated with LA and aortic structural or functional differences.

Conclusions: Higher levels of aldosterone and PRA are associated with concentric LV remodeling changes. Moreover, aldosterone was
related to deleterious LA remodeling changes.

Keywords: blood pressure; cardiac magnetic resonance imaging; hypertension; left atrium dysfunction; left ventricle remodeling;
renin-angiotensin-aldosterone system; vascular remodeling.

Hypertension, diabetes, and traditional cardiovascular risk fac-
tors activate the renin-angiotensin-aldosterone system (RAAS)
through a locally produced angiotensin II. Overstimulation of
this system can contribute to repair of injured tissue, hemody-
namic instability that leads to adverse cardiac remodeling and
events. Increased circulating angiotensin II leads to aldosterone

secretion, cell growth, and catecholamine release. There are sev-
eral studies showing the association of aldosterone and plasma
renin activity (PRA) with left ventricular structural and func-
tional alternations such as directly remodeling the myocardium
through increasing collagen content (fibrosis), which contributes
to myocardial stiffness while also causing vascular inflammation
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MESA Baseline
n=6,814

n=1,970

Excluded
Participants without PRA and
Aldosterone measurements
(n=4,844)

Excluded

958

Participants without cardiac MR

scans (n=1,012)

Excluded
participants taking ACEi or ARB
(n=328) and those with missing

clinical data (n=16)

Participants with cardiac MR and
Aldosterone measurements
N= 599

Excluded
Participants taking ACEi or ARB
(n=305) and those with missing

clinical data (n=15)

Participants with cardiac MR and
PRA measurements
N= 580

Figure 1. Flowchart delineating inclusion and exclusion criteria of the study population. Abbreviations: ACEi, angiotensin-converting enzyme
inhibitors; ARB, angiotensin receptor blockers; MESA, Multi-Ethnic Study of Atherosclerosis; MR, magnetic resonance; PRA, plasma renin activity.

at the cellular level, peripheral vasoconstriction, and volume
overload.™® All of these contribute to heart failure onset. Notably,
the blockade of RAAS enables reversing or retarding left ventricle
(LV) remodeling changes.”" In this regard, higher LV mass (LVM)
and lower LV end diastolic volume (LVEDV) are morphologic fea-
tures of positive remodeling usually present in diastolic dysfunc-
tion."** Additionally, these LV changes lead to left atrium (LA)
volume increases and progressive LA dysfunction.™*

Cardiac magnetic resonance (CMR) is capable of precisely
measuring aortic, LV, and LA structural and functional param-
eters, as well as identifying diffuse myocardial fibrosis.’* The
major advantage of CMR over traditional imaging modalities is
the capacity to accurately assess all these parameters in a single
scan, being considered a reliable tool to follow-up heart failure
progression.’® Therefore, in the current study, CMR was used to
assess aorta, LV, and LA morphological and functional measures,
and characterize diffuse myocardial fibrosis. The study aimed
to determine if higher levels of aldosterone or PRA were associ-
ated with aortic, LV, or LA functional and structural remodeling
features.

METHODS

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing or
expanding on the results after application to and approval by the
MESA Publications and Presentations Committee (described at
http://www.mesa-nhlbi.org).

Study population

The Multi-Ethnic Study of Atherosclerosis (MESA) enrolled 6,814
multi-ethnic men and women across 6 medical centers in the
United States, from 45 to 84 years, who were free of apparent
clinical cardiovascular disease at baseline (2000-2002).* During
the second and third MESA examination (2003-2005), a random
sample of 1,970 participants were enrolled in an ancillary study
on body composition. From the appropriate study visit, ancillary

study participants had a venous blood sample taken that was
stored frozen and later used for PRA and aldosterone levels
measurements.?

The MESA’s fifth follow-up examination occurred from April
2010 to February 2012 and a total of 3,015 participants underwent
CMR imaging. Of these, 1,345 participants underwent T1 map-
ping sequences pre- and post-gadolinium contrast injection for
the assessment of diffuse myocardial fibrosis. We included MESA
participants who had blood assayed for PRA and aldosterone lev-
els and underwent CMR. In order to minimize medication effects
of the RAAS, we excluded those using angiotensin-converting
inhibitors or angiotensin receptor blockers during the study time
(from clinical and laboratorial data collection at MESA 2 or 3 to
the CMR scan at MESA 5) (Figure 1). The study complies with the
Declaration of Helsinki, institutional review boards at each center
approved the study protocol, and all participants gave written
informed consent.

CMR imaging

The detailed protocol for imaging acquisition and scan param-
eters has been previously described.””? Briefly, MESA partici-
pants without contraindications underwent CMR examinations
by using 1.5 T scanners (Avanto: Siemens Medical Systems,
Erlangen, Germany) with a 6-channel anterior phased array
torso coil and corresponding posterior coil elements. Participants
with a glomerular filtration rate >45 ml/min (60 ml/min for the
site at Northwestern University) and with no history of allergic
reaction to contrast agents were qualified to receive Gd. Steady-
state free precession sequences were used to obtain cine images
of short axis from above the mitral valve plane to the LV apex,
one 2-chamber and one 4-chamber views. T1 mapping sequences
were used to assess diffuse myocardial fibrosis, 1 short axis
pre-contrast modified Look-Locker inversion recovery (MOLLI)
image at the mid-slice position was acquired, repeated at 12 and
25 min after an intravenous bolus injection of gadolinium con-
trast at 0.15 mmol/kg (gadopentetate dimeglumine; Magnevist;
Bayer Healthcare Pharmaceuticals, Montville, NJ).?* The aortic
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flow and size measurements were obtained using ascending and
descending aorta images, perpendicular to the lumen, at the right
pulmonary artery level with a gradient echo phase-contrast cine
CMR sequence.” All CMR imaging analyses were done by blinded,
experienced radiologists.

Image evaluation

The LV structural measures and LV ejection fraction were assessed
using the CIM software (version 6.2, Auckland MRI Research
Group).”? The LVM and LVEDV were indexed for body surface
area. T1 data analysis was processed on QMass research software
(version 7.2, Medis; Leiden University Medical Center, Leiden, The
Netherlands) with a Levenberg-Marquardt fitting algorithm. LV
endocardial and epicardial borders were traced semi-automati-
cally to extract the mean T1 values.” Data on hematocrit levels
at the time of the MRI examination were available for 124 partic-
ipants in the renin group and 128 in the aldosterone group, thus
we generated the synthetic extracellular volume (ECV) based on
the longitudinal relaxation rate of blood.*

LA structure and function were analyzed by using a tissue
tracking, semi-automated software (multimodality tissue tracking
version 5.0; Toshiba, Tochigi, Japan). LA endocardial and epicar-
dial borders were manually drawn at the ventricular end-systolic
frame and then automatically propagated to the other frames. LA
minimum and maximum volumes were calculated by using the
biplane modified Simpson method and the results were indexed
for body surface area. LA strain was calculated by using an auto-
mated frame-to-frame pixel pattern-matching technique. LA
strain and strain rate were calculated from 2- and 4-chamber
views.?

The maximum ascending aorta area and distensibility were
obtained using an automated software (Artfun, Inserm U678,
Paris, France). Transit time was calculated and the distance
between ascending and descending aorta was obtained at the
precise locations where the through plane velocities were meas-
ured, enabling aortic arch pulse wave velocity.?

Clinical and laboratorial variables

At all study visits, the participants answered standardized ques-
tionnaires to assess the clinical history and the cardiovascular
risk factors and underwent physical examinations. Besides the
aforementioned measures, blood samples were obtained in the
morning in the sitting position after a 12-hour fast. Blood was
drawn after the participants had been resting in the sitting posi-
tion for about 1 hour. Participants were instructed to take their
usual medications before the clinic visit.

The blood samples were assayed for PRA and aldosterone
levels, as well as the standardized laboratorial measurements
in MESA. Aldosterone was measured using a competition-based
radioimmunoassay (ALDOCTK-2; Diasorin, Stillwater, MN), while
PRA was measured using the Gamma Coat Plasma Renin Activity
125I radioimmunoassay Kit (Diasorin, Stillwater, MN). Aldosterone
and PRA assays were performed at the Laboratory for Clinical
Biochemistry Research (University of Vermont, Burlington, VT).
Detailed methods for the clinical and laboratorial measure-
ments were previously published.”” Among the 6,814 participants
in MESA, a random sample of 1,970 participated in an ancillary
study. From those participants, PRA data were available for 1,801
participants and aldosterone for 1,890 participants. Of these, we
included 615 participants who had both aldosterone and cardiac
MRI measures available, and 580 participants who had renin and
cardiac MRI measures available for the analysis.
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Statistical analysis

All continuous variables are presented as mean and SD, and
the categorical variables are expressed as frequency. Locally
weighted scatterplot smoothing (LOWESS) method was used to
assess the linearity of the association of aldosterone and PRA
with the CMR measurements. Shapiro-Wilk test was used to
test the normality of the variables. Distributions of aldosterone
and PRA levels were skewed, so they were logarithmically trans-
formed for regression models. Multivariable linear regression
analyses (estimated regression coefficient, B) were performed to
evaluate the relationship between PRA and aldosterone as inde-
pendent variable (measured 2003-2005) with LV structure, func-
tion, as well as atrial structure and function and aorta structure
and distensibility measurements (measured 2010-2012) as
dependent variable. Multivariable linear models were adjusted
for age, sex, ethnicity, body mass index, systolic blood pressure,
diastolic blood pressure, heart rate, estimate glomerular filtra-
tion rate, diabetes mellitus status, serum low-density lipopro-
tein, serum triglycerides, lipid lowering medication use, and
smoking status at baseline and for antihypertensive medication
at baseline (diuretics, calcium channel blockers, and beta-block-
ers). Fully adjusted models were individually constructed for
all the dependent variables separately. The variables included
in the multivariable regression models were chosen a priori.
For testing interactions of log PRA and aldosterone with gen-
der and race/ethnicity on LV, LA, and aortic structure and func-
tion, the likelihood ratio test was used. In order to evaluate the
medication effects in the RAAS, we conducted sensitivity anal-
yses including those participants using angiotensin-converting
inhibitors or angiotensin receptor blockers. A 2-tailed P value
of <0.05 was considered statistically significant. The first author
had full access to all the data in the study and takes responsibil-
ity for its integrity and the data analysis. All statistical analyses
were performed using STATA version 15.0 (Stata Corp LP, College
Station, TX).

RESULTS

Participant’s characteristics

The study examined 2 groups of participants: the aldosterone
group with 615 individuals and the renin group with 580 indi-
viduals. Among those, 570 individuals had aldosterone and PRA
measurements, and were part of both groups. The mean age for
the aldosterone and renin groups was 61.6 + 8.9 and 61.5 + 8.8,
respectively. The proportion of women in both groups was approx-
imately 50%. Both aldosterone and renin groups had higher pro-
portion of Caucasians than the others ethnical groups in MESA
(Table 1).

LV measurements and RAAS

After multivariable adjustment, a 1 SD increment in the
log-transformed aldosterone level was associated with 0.07 g/
m? higher LVM index (P < 0.05; Table 2). LV end-diastolic volume
index was not significantly associated with aldosterone levels.
Furthermore, aldosterone levels were not associated with LV
function assessed by LV ejection fraction or myocardial diffuse
fibrosis assessed by ECV (Table 3). On the other hand, a 1 SD
increment in the log-transformed PRA level was associated
with 0.08 ml/m? lower LVEDV index (P = 0.05), but no associ-
ations between PRA and LVM index were detected. There was
no association between PRA and LV ejection fraction or ECV
(Table 3).
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Table 1. Demographic and cardiovascular risk factors
characteristics for aldosterone and renin groups

Table 2. Cardiac magnetic resonance results for aldosterone and
renin groups

Aldosterone Renin Aldosterone  Renin
Participants characteristics N =615 N =580 CMR results N =615 N =595
A D 616+89 615488 LV parameters
ge, mear + S 68 S8 LV mass index (g/m?) 65.6+12.8  65.6+13
Gender, N/% LV end-diastolic volume index  64.3 + 13.1 64.5+13.1
Female 299/49.9 290/49 (ml/m?)
Ethnic, N/% oot :
P LV ejection fraction (% 61.6+6.9 61.6+6.9
Caucasian 260/449  270/453 ECV (%) (%) e7i90  seeioe
African American 96/16 94/15.8 LA parameters o R
Hispanic . 145/24.2 142/23.9 LA maximum volume index 346 +11.3 34.6+11.2
Chinese American 89/14.9 89/15.0 (ml/m?)
SBP (mm Hg), mean & SD 1177189 1177 +183 LA minimum volume index 16+82 159+8.1
DBP (mm Hg), mean + SD 69.2.£95 692+9.6 (ml/m?)
Heart rate (beats/min), mean = SD  64.5+9.6 64.4+95 LAS maximum (%) 3244155 3254155
EMI (k_g/mQ),omean =SD 27.3+456 27346 LASR maximum (%/ms) 1.5+13 1.5+1.3
Smoking, N/% LASR early diastolic (%/ms) -1.2+0.7 -1.2+0.7

Never 295/49.2  288/49.7 LASR atrial contraction (%/ms) -2.1+11  -211.1

Former 233/38.9 235/39.8 LA emptying fraction (%) 55.6 +11.3 55.6 £ 11.2

Current 71/11.9 68/11.5 Aorta parameters
eGFR (ml/min/1.73 m?, mean + SD 81.5+157 81.8+165 Area index (cm?/m?) 511411 51411
Total cholesterol (mg/dl), mean + SD 191.0+32.9 191.2 +33.5 Distensibility (mm Hg* x 10-9) 17+11 17+11
HDL cholesterol (mg/dl), mean + SD 52.4 + 16 52.0+16 Pulse wave velocity (m/s) 89437 88437
LDL cholesterol (mg/dl), mean + SD  113.6 £29.2 113.8+29.7 T T
Trllglycendes (mg/dl), mean f sD 1243631 1326626 Results are reported as mean + SD. Abbreviations: CMR, cardiac magnetic
Diabetes mellitus status, N/% resonance; ECV, extracellular volume; LA, left atrium; LAS, left atrium strain;

Normal 479/80 474/79.8 LASR, left atrium strain rate; LV, left ventricle.

Impaired fasting glucose 89/14.9 92/15.5

Untreated diabetes 11/1.8 12/1.9
. Hg?ted d_lab%tes N %% 3}'139 5 gé 3'290 0 any hypertensive medication did not significantly change the

ipid lowering drugs use, N/% . . s : . N
Any HTN medication use, N/% 145/24.2 143/24 assoc1at19ns desc{nbed (Supplemeniﬁary Table.onhne).‘ The likeli

Beta-blockers, N/% 41/6.7 40/6.7 hood ratio test did not show any significant interaction or sub-

Diuretics, N/% 48/7.80 44/7.39 group differences between gender, race, and RAAS.

Calcium channel blockers, N/%  50/8.1 46/7.73
COX-2 inhibitor use, N% 38/6.2 35/5.9
Aldosterone (pg/ml), mean + SD 147.0 £83.0 DISCUSSION
LogAldosterone (pg/ml), mean + SD 4.8 +0.5
Plasma renin activity (ng/ml), 09+11 This study investigated the RAAS biomarkers of both aldosterone
mean + SD ) o and PRA with CMR changes in a large, multi-ethnic population
];r?eg;IliernDa Renin Activity (ng/ml), ~07+10 cohort and found that higher aldosterone levels were positively

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDL, high-density lipoprotein; HTN,
hypertension; LDL, low-density lipoprotein; SBP, aystolic blood pressure.

LA measurements and RAAS

Aldosterone levels were positively associated with the LA mini-
mum volume index (8 standardized = 0.11, P < 0.05) but not with
LA maximum volume index. Furthermore, multiple function
measurements for LA showed that aldosterone levels were asso-
ciated with atrial dysfunction (lower LA maximum strain, maxi-
mum strain rate, and ejection fraction values and higher LA strain
rates at early diastolic peak and atrial contraction peak values).
Aldosterone levels showed negative association with maximum
LA strain and maximum LA strain rate (8 standardized = -0.12 for
both, P < 0.05). Moreover, the LA emptying fraction was negatively
associated with aldosterone (8 standardized = —0.15, P < 0.05). The
LA measurements for volume and function did not show signifi-
cant associations with PRA levels (Table 3).

Aorta measurements and RAAS

The aorta measurements proposed in this study (maximum
ascending aorta area indexed to body surface area, ascending
aorta distensibility, and pulse wave velocity) were not associated
with higher aldosterone or PRA levels (Table 3).

Our sensitivity analyses excluding participants taking angio-
tensin-converting inhibitors or angiotensin receptor blockers or

associated to LV hypertrophy characterized as higher LVM.
Additionally, aldosterone levels were associated to LA remod-
eling, expressed by higher LA volume and lower LA functional
measures. Higher PRA was associated with concentric remodeling
characterized by lower LV volume. These findings highlight the
potential role of aldosterone in the pathophysiologic pathway to
diastolic dysfunction.*

There are several studies demonstrating the relation between
aldosterone and myocardial hypertrophy in animals but many
aspects still remain to be clarified in humans.??” Besides hyper-
trophy, aldosterone has been associated to myocardial fibrosis.?s=°
It is not clear if the fibrosis is caused directly by an excess of
mineralocorticoids, as a consequence of aldosterone-mediated
hypertrophy or if the fibrosis is a repair for the inflammation’s
damage present in the hyperaldosteronism.** Assuming that one
of these mechanisms, or all together, contribute to generating
myocardial fibrosis, it would be reasonable to expect an associ-
ation between higher aldosterone levels and diffuse myocardial
fibrosis. However, higher aldosterone levels were not associated
with greater ECV percentages. Only 263 participants had ECV
measures in the aldosterone group, which could explain the lack
of association between ECV and higher aldosterone levels.

Asmentioned above, we expected that diffuse myocardial fibro-
sis would be associated with both RAAS measures, but PRA levels
were not related to ECV, contradicting previous reports based on
animals.**2 MESA participants were free of cardiovascular disease
at baseline and this healthy status could require higher levels of
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Table 3. Association between cardiac magnetic resonance measurements and aldosterone and plasma renin activity levels

RAAS and Its CV Interactions by CMR | 521

Aldosterone (pg/ml)?

Plasma renin activity (ng/ml)*

N p P N B P
LV parameters
LV mass (g/m?¢ 601 0.07 0.04 580 0.00 0.95
LV end-diastolic volume (ml/m?)c 601 0.07 0.06 580 -0.08 0.05
LV ejection fraction (%) 601 0.00 0.95 580 0.05 0.28
ECV (%) 274 -0.02 0.90 268 —-0.05 0.42
LA parameters
LA maximum volume (ml/m?)c 570 0.05 0.20 553 0.02 0.73
LA minimum volume (ml/m?¢ 570 0.11 0.01 553 0.03 0.55
LAS maximum (%) 570 -0.12 <0.01 553 —-0.02 0.57
LASR maximum (%/ms) 570 -0.12 0.01 553 0.00 0.92
LASR early diastolic (%/ms) 568 0.14 <0.01 551 0.04 0.30
LASR atrial contraction (%/ms) 562 0.13 <0.01 545 -0.05 0.33
LA emptying fraction (%) 570 -0.15 <0.01 553 -0.02 0.66
Aorta parameters
Area (cm?/m?)° 346 0.09 0.08 340 0.05 0.41
Distensibility (mm Hg* x 10-%) 343 —-0.06 0.28 337 0.02 0.72
Pulse wave velocity (m/s) 422 -0.09 0.07 413 -0.02 0.71

Abbreviations: ECV, extracellular volume; LA, left atrium; LAS, left atrium strain; LASR, left atrium strain rate; LV, left ventricle. Regression model adjusted for
age, sex, ethnicity, body mass index, systolic blood pressure, diastolic blood pressure, heart rate, estimate glomerular filtration rate, diabetes mellitus status,
serum low-density lipoprotein, serum triglycerides, lipid lowering medication use, and smoking status at baseline and for antihypertensive medication at

baseline (diuretics, calcium channel blockers, and beta-blockers).

2Aldosterone and plasma renin activity values were log-transformed for this analysis.

PResults are reported as standardized B coefficients.
“Measures indexed for body surface area.

aldosterone or PRA and a longer follow-up to detect myocardial
fibrosis, as well as aorta structural and functional changes.

Our study showed no significant associations between aortic
parameters and aldosterone and renin which is in contrast to the
previous established studies.**** However, in MESA, body mass
index was shown to be inversely related to aortic stiffness and dis-
tensibility which may explain our finding as well.*> Inflammatory
markers, insulin resistance, and glucocorticoids may play a role in
addition to aging and body mass index in the relationship between
RAAS and aortic parameter which warrants further research.

This study had utilized the cardiac MRI for the measurement
of LV, LA, and aortic structure and function. Cardiac MRI has been
established as noninvasive gold standard modality to measure
both atrial and ventricular volumes and deformation given its
excellent ability to define endo- and epicardial borders. In addi-
tion, contrast-enhanced MRI provides easy detection and quanti-
fication of myocardial fibrosis and ECV by T1 mapping. Moreover,
compared with echocardiogram, MRI has better spatial resolution
with excellent reproducibility and can provide tremendous infor-
mation of cardiac chambers from a single scan.*

Our study has some limitations, this is an ancillary study of
MESA designed to evaluate clinical and laboratorial outcomes
using a single aldosterone and PRA blood assay. The adaption to
an imaging outcome resulted in different sample size and few
participants with some CMR measures. Secondly, there are no
available data on the diagnosis of hyperaldosteronism and hence
we did not have the capacity to exclude participants with hyper-
aldosteronism in our analysis. Further research can help investi-
gate the association of RAAS and cardiac remodeling in patients
without hyperaldosteronism. Thirdly, we could not exclude par-
ticipants taking angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers. It is feasible that those individuals
have the greatest prevalence of cardiac or vascular change result-
ing from RAAS dysfunction. However, the sensitivity analysis
including these individuals confirmed our results. Despite these
limitations, the results are derived from a large multi-ethnic pop-
ulation study using CMR, to add knowledge to previous reports on
animals or smaller sample studies.

Our results demonstrated that higher aldosterone levels are
associated to positive LV remodeling, higher LA volumes, and LA
dysfunction. PRA was associated to concentric LV remodeling
features as well. Further studies specifically designed to evaluate
RAAS and cardiovascular interactions could confirm our findings
and definitively define the role of renin and aldosterone in the
heart and vascular system.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal of
Hypertension (http://ajh.oxfordjournals.org).
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