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Key points

� Life course changes in cardiovascular function in a non-human primate have been
comprehensively characterized.

� Age-related declines in normalized left ventricular stroke volume and cardiac output were
found with corresponding decreases in biventricular ejection fractions and filling rates.

� There were age-related decreases in male and female baboon normalized left ventricular
myocardial mass index, which declined at similar rates.

� Systolic functional declines in right ventricular function were observed with age, similar to the
left ventricle.

� Sex differences were found in the rates and directions of right ventricular volume changes
along with decreased end-systolic right ventricular sphericity.

� The results validate the baboon as an appropriate model for translational studies of
cardiovascular functional decline with ageing.

Abstract Previous studies reported cardiac function declines with ageing. This study determined
changes in biventricular cardiac function in a well-characterized baboon model. Cardiac magnetic
resonance imaging measured key biventricular parameters in 47 baboons (22 female, age
4–23 years). ANCOVA assessed sex and age changes with P < 0.05 deemed significant. Stroke
volume, cardiac output and other cardiac functional parameters were normalized to body surface
area. There were similar, age-related rates of decrease in male (M) and female (F) normalized left
ventricular (LV) myocardial mass index (M: −1.2 g m−2 year−1, F: −0.9 g m−2 year−1). LV ejection
fraction declined at −0.96% year−1 (r = −0.43, P = 0.002) and right ventricular (RV) ejection
fraction decreased at −1.2% year−1 (r = −0.58, P < 0.001). Normalized LV stroke volume fell at
−1.1 ml m−2 year−1 (r =−0.47, P = 0.001), normalized LV ejection rate at −3.8 ml s−1 m−2 year−1

(r = −0.43, P < 0.005) and normalized LV filling rate at −4.1 ml s−1 m−2 year−1 (r = −0.44,
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P < 0.005). Also, RV wall thickening fraction decreased with age (slope =−1% year−1, P = 0.008).
RV ejection rate decreased at −3.6 ml s−1 m−2 year−1 (P = 0.002) and the normalized average
RV filling rate dropped at −3.7 ml s−1 m−2 year−1 (P < 0.0001). End-systolic RV sphericity index
also dropped with age (r = −0.33, P = 0.02). Many observed changes parallel previously reported
data in human and animal studies. These measured biventricular functional declines in hearts
with ageing from the closest experimental primate species to man underscore the utility of the
baboon model for investigating mechanisms related to heart ageing.
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Introduction

Cardiovascular disease (CVD) remains a leading cause
of mortality in the USA, underlying one of every three
causes of death (Mozaffarian et al. 2015). After a period
of consistent decline, recent statistics suggest that heart
disease mortality is increasing, at least in some UK and
US subpopulations (Mensah et al. 2017). Epidemiological
studies suggest that if all major forms of CVD were
eliminated, life expectancy would rise by approximately
7 years, as opposed to 3 years for all cancers (Danaei et al.
2009). Also remarkable is the strong age dependence of
CVD incidence, being almost ubiquitous in patients over
the age of 80 with 84.7% prevalence in males and 85.9% in
females (Mozaffarian et al. 2015). As the elderly population
continues to grow, the burden of heart disease will likely
increase.

Age-associated loss of heart function has been
recognized for decades. With ageing, many subjects
exhibit progressive decreases in ejection fraction and
cardiac index, with wide variability among individuals.
The fall in left ventricular (LV) systolic function is
preceded by impairment of diastolic function. In
parallel, right ventricular (RV) heart function also
declines. These functional changes occur in concert
with structural changes including loss of myocardial
mass, the development of myocardial fibrosis and left
ventricular remodelling. Along with increasing vascular
stiffening, these processes combine to make individuals
more susceptible to cardiovascular diseases such as
hypertension, arrhythmias and systolic heart failure. At a
tissue level, the physiological effects of ageing are related
to increased cardiomyocyte size and accumulations of
calcium and fat deposits, as well as fibrosis in cardiac
muscles (Chiao et al. 2015). Key mechanisms leading
to these conditions include the dysregulation of the
renin–angiotensin–aldosterone system (Wang & Shah,
2015) and the gradual impairment of key processes
associated with autophagy (Shirakabe et al. 2016). The
sex of the individual also modulates changes in myocyte
mitochondrial function during the ageing process (Vijay
et al. 2015). These changes may predispose the older heart
to various forms of heart failure, including heart failure

with preserved ejection fraction, as well as progressive
coronary artery disease.

Non-invasive imaging technologies allow quantitative
assessment of functional and structural cardiac ageing.
A previous cardiac magnetic resonance imaging (CMRI)
study in humans showed that most clinical parameters
of LV systolic/diastolic function are significantly and
independently influenced by sex, age and body surface
area (BSA) (Maceira et al. 2006a). These results largely
confirm data obtained with echocardiography and tissue
Doppler ultrasound, but sample sizes were not large
enough for measuring sex dependence, and in human
studies control of the subjects’ environment is not
possible. Comparative studies in non-human primates
allow precise environmental control in research subjects
to reduce confounds and improved our understanding
of the physiology, metabolic features, and genetic and
epigenetic mechanisms influencing CVD initiation and
progression (Cox et al. 2017). Specifically, baboons have
been used to study glucose metabolism, atherosclerotic
plaque formation and hypertension (Vandenberg et al.
2009; Cox et al. 2017). Recent studies suggest that overall
heart function declines with ageing in the baboon (Kuo
et al. 2017a,b), but no studies have reported normative
declines across the life course.

In this study, we examined the biventricular function
and morphology of male and female baboons using CMRI,
a clinically established method for evaluating cardiac
health. We demonstrated the practicality and utility of the
baboon as a model for cardiac ageing research. The current
study provides the most comprehensive accumulation of
changes in RV and LV function and structure changes with
age and sex in any non-human primate model.

Methods

Ethical approval

All procedures were approved by the University of Texas
Health Science Center and Texas Biomedical Research
Institute Institutional Animal Care and Use Committees
(IACUC) and conducted in Association for Assessment
and Accreditation of Laboratory Animal Care approved
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facilities. The IACUC is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International.

Animal model

Baboons (Papio species) were maintained in an
outdoor group social environment and fed using an
individual feeding system described previously in detail
(Schlabritz-Loutsevitch et al. 2004). Ad lib Purina Monkey
diet (12% energy from fat, 0.29% glucose, 0.32% fructose
and energy content of 3.07 kcal g−1) was provided.
Four cohorts of healthy baboons of both sexes were
studied, corresponding to adolescent (ADL, 7M/4F),
young adulthood (YNG, 8M/8F), mid adulthood (MID,
4M/4F) and late adulthood (OLD, 6M/6F). While the exact
baboon to human life-stage correlation remains to be
further studied, age correlation from baboons to humans
is approximately 1:4 with some slight adjustments across
the life course, especially before puberty. No interventions
other than routine examinations under anaesthesia were
performed in these cohorts.

Blood pressure data were acquired with the Omron
HBP-1300 professional blood pressure monitor, using
either a small (17–22 cm) or a medium (22–32 cm)
cuff as appropriate. Prior to blood pressure measurement,
baboons were isolated and sedated with intramuscular
ketamine injection (10 mg kg−1). Each baboon was placed
in the supine position and the cuff positioned on the upper
left arm. Blood pressure measurements began within 6 min
of anaesthesia induction. Six measurements were made on
each subject. Each of the six readings per individual was
separated by 1–2 min, with the cuff completely loosened
between measures. Mean arterial pressure was calculated
by the standard formula, composed of one part systolic
blood pressure and two parts diastolic blood pressure.

Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (MRI) was
performed under general anaesthesia. Anaesthesia was
induced with ketamine hydrochloride (12 mg kg−1, I.M.)
and maintained with isoflurane (0.8–1.0%, inhaled). To
allow mechanical ventilation, endotracheal intubation
was performed following anaesthesia induction. Body
temperature was maintained with a custom-built
feedback-regulated circulating water blanket. Continuous
physiological parameter monitoring was done, to include
measurements of rectal temperature, PO2 , end-tidal PCO2 ,
electrocardiogram, heart rate and respiratory rate as
well as visual assessment for respiration, movement
and mucosal coloration. Mechanical ventilation was
performed at approximately 10 stroke min−1 and
120–180 ml stroke−1. In limited sequence acquisition
where breath hold was required, a brief interval of

hyperventilation was performed followed by a short
period of ventilation suspension, not exceeding 30 s in
duration. Prompt resumption of ventilation support was
achieved following breath holds. Mechanical ventilation
and physiological monitoring were performed using
MRI-compatible machines.

All studies were performed on a 3.0 T clinical MRI
scanner (TIM Trio, Siemens Healthineers, Erlangen,
Germany) with a six-channel anterior phased-array torso
coil and corresponding posterior spine coil elements,
resulting in an aggregate of up to 12 channels of data.
Before each imaging session, a standard quality control
phantom was scanned. Functional CMRI was performed
using steady-state free precession CMRI sequences. High
temporal resolution cine CMRI with retrospective gating
was performed (repetition time (TR)/echo time (TE)
3.0/1.5 ms, 25 cardiac phases, matrix 144 × 192, field of
view 188 × 250 mm2). Two five-slice, cine long-axis data
sets, in a right anterior oblique view and a four-chamber
view, were acquired. Afterwards, a set of 20–24 contiguous
short-axis slices (2.5 mm thickness, no gap) was acquired
serially during repetitive breath-holds at end expiration.

Following the CMRI session, inhalational isoflurane
was discontinued, and the subject slowly weaned to room
air and transported to the recovery area. Measurements
of heart rate, electrocardiogram, temperature, blood
pressure, PO2 , and end-tidal CO2 were repeated. After
extubating, visual assessment of the animal for respiration,
mucosal coloration and movement was performed at
regular intervals not exceeding 15 min in duration until
the time the animal was alert, in a sternal position,
and demonstrated control of movement. After the
experiments, the subjects were returned to the housing
facilities.

Cardiac image analyses

Imaging data were analysed using the CMR42 cardiac
image analysis package (Circle Cardiovascular, Calgary,
AB, Canada) using a standard method (Thiele et al,
2002). The LV endocardial and epicardial contours and
RV endocardial contours were traced using a semi-
automatic algorithm in a time-resolved manner, which
resulted in a working biventricular model as previously
described (Kuo et al. 2017a,b). End-diastolic volume
(EDV) and end-systolic volume (ESV) were determined
by maximum and minimum cavum volumes with visual
confirmation. By convention, papillary muscles were
included in the cavity volume. LV myocardial mass was
estimated with empirical myocardial density (1.05 g ml−1)
and average of the LV myocardial volumes at end-systole
and end-diastole. Stroke volume (SV = EDV − ESV)
and cardiac output (CO = SV × heart rate) were
determined in both right and left ventricles, then averaged.
Ejection fraction (EF) was computed (EF = SV/EDV)
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for the respective chamber. LV volume–time curves were
assembled by calculating the LV volume for every phase
of the cardiac cycle and plotting them out as a function
of time after the QRS pulse measured by the electro-
cardiogram. Ejection and filling functions were assessed
from the respective maximal downslope and upslope of the
volume–time curves, giving peak LV ejection rate (PLVER)
and peak LV filling rates (PLVFR). For example, PLVER
was calculated as the maximum first derivative curve for
LV ejection, which was determined by an iterative search
for the maximum negative change in LV volume between
end-diastole and end-systole. The rate of change in LV
volume was calculated as:

�V/�t = (LVVx − LVVx+1)/TR

where LVVx and LVVx+1 are the LV volumes of two
adjacent data points on the LV volume curve and TR was
the effective pulse repetition time (TR = 26.5 ms) used for
cine CMRI. Biventricular average ejection and filling rates
(AER, AFR) were obtained by dividing measured stroke
volume by duration of systole and diastole. Segmentation
of the LV was performed in accordance with the American
Heart Association standard.

LV wall thickness (WT) was calculated using a
three-dimensional algorithm developed to measure wall
thickness always perpendicular to the myocardium
(Holman et al. 1997). RV wall thickness was measured
at the level of the mid-ventricular cavity in the lateral
free wall at end-systole and end-diastole. To account for
regional variability in wall thickness, measurements were
taken from visually selected representative positions of the
free wall within the slices, obtained from three consecutive
slices, and averaged. Wall thickening fraction expressed in
percentage (WTF) was defined as:

WTF = (WT-ES − WT-ED)/WT-ED × 100%

where WT-ES is the wall thickness at end-systole and
WT-ED is the wall thickness at end-diastole.

The three-dimensional sphericity index (SI) is used as
an index of LV remodelling. The larger the SI, the more
spherical the LV volume. SI is defined as the ratio of
the LV volume to the volume of a sphere having the
diameter of the LV major long axis (Les), as measured
from the mitral valve plane to the endocardial margin
at the apex (Mannaerts et al. 2004; Kuo et al. 2017a).
SI was determined both at end-systole (LV-ESSI) and
end-diastole (LV-EDSI). For example, the end-diastolic
sphericity index was calculated as:

LV-ESSI = ESV/[4/3π · (L es/2)3]

The endocardial contour of the RV was traced
to produce an RV model from which end-diastolic
and end-systolic phases were determined as previously
described (Kuo et al. 2017b). The length of the RV (L)

was measured from the tricuspid plane to the chamber
apex using long-axis images. The RV sphericity index
was determined at both end-systole (RV-ESSI) and
at end-diastole (RV-EDSI). For example, RV-ESSI was
calculated as:

RV-ESSI = RV-ESV/[4/3π · (L es/2)3]

where Les is the length of the RV at end-systole (Kim et al.
2006).

Parameters based on dimensional measurements were
evaluated with reference to the BSA. Heart dimensions
were normalized to BSA because (1) that is the standard
normalization method used in cardiac MRI studies in
humans (Maceira et al. 2006a,b), and (2) BSA correlates
strongly with measures, such as myocardial mass, in
baboons (Kuo et al. 2017a,b). BSA was estimated using
weight-based models as previously described for baboons
(Vandeberg et al. 2009). For females:

BSA = 0.078 · Wt0.664

and in males,

BSA = 0.083 · Wt0.639

where BSA is given in meter squared with weight in
kilograms.

Statistical analyses

Data were analysed using R 3.2.1 statistical software (R
Foundation for Statistical Computing, Vienna, Austria)
and Prism 6 (GraphPad Software Inc., La Jolla, CA, USA).
Data are presented as mean ± standard deviation (SD),
standard error of mean (SEM), or confidence interval (CI)
as indicated. Scatter plots are constructed with estimated
regression lines (continuous) and 95% confidence interval
bands (dotted). Normality of data sets was assessed by the
d’Agostino–Pearson test in a sex- and age-group-specific
manner. Grubbs’s test (extreme Studentized deviate)
was performed to evaluate for statistical outliers. Base-
line characteristics and cardiac timing parameters were
evaluated using two-way ANOVA, with age group and sex
as factors. One-way ANCOVA was used with numerical
age as the independent variable and sex as the covariate
to evaluate the CMRI-measured parameters with age as
the independent variable and sex as covariate. In cases
where the regression slope was not determined to be
different between the sexes, the sexes were binned to
increase power, and linear regression was used to evaluate
the null hypotheses that there is no relationship between
age and the analysed parameter. For cases in which
ANCOVA could not be performed due to significant inter-
action between the grouping variable (age) and covariate,
two-way analysis of variance (ANOVA) was performed.
Probabilities are deemed significant at P < 0.05.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Table 1. Baseline characteristics of subjects studied

ADL YNG MID OLD

Group M F M F M F M F

Number 7 4 8 8 4 4 6 6
Age (years) 3.1 ± 0.1 3.2 ± 0.1 5.4 ± 1.4 5.7 ± 1.3 10.4 ± 0.5 9.5 ± 0.3 18.2 ± 2.6 13.6 ± 1.4
Weight (kg) 10.7 ± 1.2 9.8 ± 0.8 19.5 ± 6.8 13.9 ± 2.1 33.9 ± 4.1 17.3 ± 2.0 31.4 ± 7.5 17.2 ± 2.2
Body surface

area (m2)
0.38 ± 0.03 0.36 ± 0.02 0.55 ± 0.12 0.45 ± 0.04 0.81 ± 0.07 0.51 ± 0.04 0.76 ± 0.12 0.51 ± 0.04

Data are means ± SD. ADL, adolescent; MID, middle aged; OLD, older; YNG, young adult.

Table 2. Cardiac timing and blood pressure

ADL YNG MID OLD ANOVA

Group M F M F M F M F

Number 7 4 8 8 4 4 6 6 —
Heart rate (bpm) 95 ± 5 89 ± 6 95 ± 3 108 ± 6 99 ± 6 98 ± 10 89 ± 3 97 ± 5 —
Time in systole (ms) 296 ± 16 312 ± 15 253 ± 12 257 ± 22 273 ± 11 296 ± 33 277 ± 20 245 ± 12 —
Time in diastole (ms) 349 ± 30 374 ± 43 385 ± 10 309 ± 16 340 ± 40 339 ± 48 402 ± 15 386 ± 35 —
Diastole to systole ratio 1.2 ± 0.1 1.2 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 1.3 ± 0.2 1.2 ± 0.1 1.5 ± 0.1 1.6 ± 0.2 OLD > ADL∗

Systolic blood pressure
(mmHg)

113 ± 4 119 ± 4 103 ± 5 124 ± 7 115 ± 9 109 ± 5 NA NA —

Diastolic blood pressure
(mmHg)

61 ± 4 69 ± 11 53 ± 3 72 ± 3 60 ± 4 61 ± 6 NA NA —

Data are means ± SD. ∗P < 0.05. ADL, adolescent; MID, middle aged; NA, not available; OLD, older; YNG, young adult.

Results

Baseline data from the four baboon cohorts are shown in
Table 1. We note again that age correlation from baboons to
humans is approximate. Male baboons maintained higher
body weight and BSA than females, a known physiological
difference. Cardiac timing parameters and blood pressure
data are shown in Table 2. Diastole-to-systole ratio was
noted to be increased in the OLD baboons relative to the
ADL group (1.54 ± 0.32 versus 1.20 ± 0.27, P = 0.01).

As in humans, stroke volume (r = 0.75, P < 1 ×
10−6), cardiac output (r = 0.63, P < 0.0001), end-diastolic
volume (r = 0.75, P < 1 × 10−7) and end systolic volume
(r = 0.81, P < 1 × 10−8) were correlated with BSA.
These results confirm that normalization of LV functional
parameters to BSA is appropriate for baboon age and sex
analyses. Regression results for LV myocardial mass and
overall LV function data are shown in Table 3.

Myocardial mass of the male baboons was higher
than that of the females, both prior to and following
normalization to BSA (Table 3 and Fig. 1A and
B). Age-related increase in myocardial mass was seen
(Fig. 1A). This was not apparent for myocardial mass after
normalization for BSA (the mass index; MI). ANCOVA
found a significant difference overall with respect to male
and female LV MI values (Sex: P = 0.015). LV MI in
females (r = −0.57, slope = −1.2 g m−2 year−1) decreased

significantly (P = 0.005) and the difference between LV MI
slopes for males and females was significant (male slope =
−0.9 g m−2 year−1, Age: P = 2 × 10−5).

A decrease in LV EF with age (−0.96 ± 0.30 % year−1,
P < 0.005) was seen without sex differences (Table 4 and
Fig. 2A). Stroke volume was higher in the males, but
not after accounting for BSA (Table 3). Absolute SV and
cardiac output remained stable throughout life (Table 3).
However, there was a steady age-related decrease in both
normalized SV (r = −0.52, P < 0.005) and the cardiac
index (CI), which is the BSA-normalized cardiac output
(r = −0.49, P < 0.005) (Fig. 2B and 2C). The normalized
LV ESV (Table 4) did not change but there was a mild
decrease (r = −0.35, P < 0.02) in normalized LV EDV
with advancing age (Fig. 2D). No between-sex difference
in these values was noted.

The normalized peak LV ejection rate decreased
significantly (slope = −7.2 ml s−1 m2 year−1, P = 0.002)
with age (Table 4). Similar age-related decreases (slope =
−3.8 ml s−1 m2 year−1, P = 0.005) were seen in the
normalized ejection rate averaged over the cardiac cycle
(Table 3 and Fig. 3A). The normalized peak LV filling rate
decreased significantly (slope = −10.8 ml s−1 m2 year−1,
P = 0.0004) with age and normalized average LV filling
rate (slope = −4.1 ml s−1 m2 year−1, P = 0.002; Fig. 3B).
There were no sex differences found for the normalized

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Table 3. Left ventricle: myocardial mass and overall cardiac function

Parameter
Sex difference

in slope
Sex difference
in elevation

Age regression
P

Age regression
R2

Age regression
slope

Absolute values
MM (g) NS M > F∗∗∗ ∗∗∗ M: 0.337

F: 0.054
M: 1.55
F: 0.26

SV (mL) NS M > F∗∗∗ NS
CO (mL min−1) NS M > F∗∗ NS
AER (mL s−1) NS M > F∗∗∗ NS
AFR (mL s−1) NS M > F∗ NS

Normalized to BSA
MM/BSA (MI) (g m−2) NS M > F∗∗∗ ∗∗∗ M: 0.25

F: 0.30
M: −0.9
F: −1.2

SV/BSA (mL m−2) NS NS ∗∗∗ 0.22 −1.1
CO/BSA (mL min−1 m−2) NS NS ∗∗ 0.21 −0.1
AER/BSA (mL s−1 m−2) NS NS ∗∗ 0.15 −3.8
AFR/BSA (mL s−1 m−2) NS NS ∗∗ 0.19 −4.1

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005. AER, average ejection rate; AFR, average filling rate; BSA, body surface area; CO, cardiac output;
MI, mass index; MM, myocardial mass; SV, stroke volume.

ejection and filling rates. Analysis of a surrogate marker
for LV function, wall thickening fraction (WTF), revealed
no significant decrease with age but mildly elevated values
in males compared to females (P = 0.009; Table 4).

The right ventricle also showed functional impairment
with age (Table 5). RV EF decreased with age (slope =
−1.2% year−1, P = 2 × 10−5) without sex differences
(Fig. 4A), comparable to the LV EF. However, unlike the

WTF in the LV, the RV WTF (Fig. 4B) decreased with age
(slope = −1% year−1, P = 0.008). Age-related decreases
(slope = −3.6 ml s−1 m2 year−1, P = 0.002) also were
observed in the normalized RV ejection rate averaged
over the cardiac cycle (Table 5 and Fig. 3C) and the
average RV filling rate (slope = −3.7 ml s−1 m2 year−1,
P < 0.0001) normalized to BSA (Fig. 3D). Significant
interactions between Sex and Age were found in the
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Figure 1. Left ventricular (LV) myocardial mass changes with age
A, significant differences (P = 3 × 10−4) in myocardial mass between male (M) and female (F) baboons were
found, with significant increases occurring with age, particularly in males. However, the slopes were positive and
the change with age was only significant in females. B, myocardial mass, normalized to body surface area (BSA),
is also significantly different between males and females (P = 2 × 10−5) and decreases significantly with age (P =
0.015) in a manner that is most significant in females (slope = −1.2 g m−2 year−1).
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Table 4. Left ventricular function and morphology

Parameter
Sex difference

in slope
Sex difference
in elevation

Age regression
P

Age regression
R2

Age regression
slope (per year)

Absolute values
LV EF (%) NS NS ∗∗ 0.19 −0.96
LV WTF (%) NS M > F∗∗ NS
LV ESV (mL) NS NS ∗∗∗ 0.19 0.60
LV EDV (mL) NS M > F∗∗ ∗ 0.10 0.79
LV ESSI (ratio) NS NS NS — —
LV EDSI (ratio) NS NS NS — —
LV PER (mL s−1) NS M > F∗∗∗ NS — —
LV PFR (mL s−1) NS M > F∗ NS — —

Normalized to BSA
LV ESV/BSA (mL m−2) NS NS NS — —
LV EDV/BSA (mL m−2) NS NS ∗ 0.12 −1.1
LV PER/BSA (mL s−1 m−2) NS NS ∗∗ 0.18 −7.2
LV PFR/BSA (mL s−1 m−2) NS M > F∗ ∗∗∗ 0.24 −10.8

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005. BSA, body surface area; EDSI, end-diastolic sphericity index; EDV, end-diastolic volume; EF, ejection
fraction; ESSI, end-systolic sphericity index; ESV, end-systolic volume; PER, peak ejection rate; PFR, peak filling rate; WTF, wall thickening
fraction.

RV ventricular volume data, which precluded the use
of ANCOVA. ANOVA revealed that absolute RV ES and
ED volumes remained stable in the females with age but
increased in the males with age (Table 5). Significant
increases in normalized RV ES volumes with age were
found in males (slope = 0.98 ml m2 year−1, P = 0.008)
but not in females (Fig. 5A). Concurrently, an age-related
decline in normalized RV ED volumes was observed in the
females (slope = −2.3 ml m2 year−1, P = 0.008) but not
in the males (Fig. 5B).

Generally, a strong biventricular concordance in heart
function with ageing was observed. LV and RV EF were
strongly and positively correlated (r = 0.44, P < 0.0001).
A positive correlation also was found for LV EF versus LV
WTF (r = 0.75, P < 0.0001). A similar but weaker positive
correlation as noted for RV EF versus RV WTF (r = 0.50,
P < 0.0004). Given the strong coupling between RV and
LV EF, normalized ejection rates were positively correlated
with their respective LV EF and RV EF (rLV = 0.70; rRV =
0.73, P < 0.0001). The decline of EF with age in the left
ventricle (−0.96 ± 0.30% year−1) appears weaker than
that of the right ventricle (−1.23 ± 0.26% year−1) but
was not significantly different. There were no significant
changes in the LV ES and ED sphericity indexes with age
and no sex difference (Table 4). In the right ventricle, the
end-systolic sphericity index decreased with age (slope =
−0.016% year−1, P = 0.02) for both sexes while the RV
end-diastolic SI was stable (Table 5 and Fig. 5C).

Discussion

The data collected in this study revealed age-related
declines in stroke volume, normalized to BSA and cardiac

index with corresponding decreases in biventricular
ejection fraction and normalized ejection and filling rates
in the ageing baboon. Related to these findings, we noted
a mild decrease with age in MI and sex differences. These
changes are subtle, and deviations of many measurements
are not apparent prior to normalization to BSA (e.g. Fig. 1),
which may partially explain the dissimilarities compared
to some literature. Similar findings were apparent in both
the right ventricle and the left, especially with regards to
changes in ventricular volumes with ageing. There was a
slight increase in LV spherical morphology at end-diastole
with age, but unchanged end-systolic morphology while
the RV sphericity index decreased significantly with
ageing. Overall, many of these changes overlap with
conditions that have been observed in humans, suggesting
baboons are robust subjects for modelling human
physiology.

Myocardial mass, mass index and morphology

The classical paradigm on cardiac ageing holds that there
are age-related increases in ventricular wall thickness of
the ageing human heart (Gertenblith et al.1977). This
is based on the concept that cardiomyocyte hypertrophy
and myocardial fibrosis, which occur with ageing, pre-
sumably leading to increased myocardial mass (Lakatta &
Levy, 2003). Although there is general agreement that mass
index (MI) is greater in human males than females, there
have been divergent reports on the age-related changes in
LV mass and LV MI (Cain, 2007). Early human auto-
psy studies reported decreased LV and RV myocardial
mass and cardiomyocyte loss concurrent with age-related
increases in LV wall thickness in men but not women
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(Olivetti et al. 1991). These results are consistent with
those in a later necropsy study in macaques (Zhang et al.
2007). CMRI studies have variously reported the absence
of changes in both male and female MI values with age
(Natori et al. 2006; Nikitin et al. 2006; Maceira et al.
2006b), reduced MI values in ageing hearts in males only
(Hees et al. 2002) or reductions in LV MI without analysis
of sex differentiation (Fiechter et al. 2013). Studies also
have reported that LV MI declined in both sexes with
increasing age (Cain et al. 2007; Cheng et al. 2009). In
our baboon cohorts, there was a sex difference in MI,

with tight, negative correlations of MI decreasing with age
for each sex with a significant difference in the regression
slopes (Table 3, Fig. 1B).

Human autopsy studies also have revealed that
ventricular remodelling with age asymmetrically affects
the interventricular septum and LV free wall,
unaccompanied by a change in cardiac mass when
normalized to BSA (Kitzman et al. 1988). Compensatory
cardiac hypertrophy may occur normally in humans in
response to the presence of cardiovascular disorders such
as hypertension or coronary artery disease. However,

5 10 15 20

Age (years)

40

50

60

70

80

E
je

ct
io

n 
Fr

ac
tio

n 
(%

)

A

F M

r=-0.43
P=0.002

5 10 15 20

Age (years)

20

40

60

N
or

m
al

iz
ed

 S
tr

ok
e 

V
ol

um
e 

(m
L 

m
–2

)

B

F M

r=-0.47
P=0.001

5 10 15 20

Age (years)

2

4

6

C
ar

di
ac

 In
de

x 
(m

L 
m

in
–1

 m
–2

)

C

F M

r=-0.46
P=0.002

5 10 15 20

Age (years)

40

60

80

100

N
or

m
al

iz
ed

 E
nd

 D
ia

st
ol

ic
 V

ol
um

e 
(m

L 
m

–2
)

D

F M

r=-0.35
P=0.02

Figure 2. Left ventricular (LV) systolic function changes with age but without sex differences
A, the LV ejection fraction decreases significantly with age (slope = −1 % year−1, P = 0.002). B, stroke volume,
normalized to BSA, decreased with age (slope = −1.1 mL m−2 year−1, P = 0.001). C, cardiac index also decreased
with age (slope = −0.1 ml min−1 m−2 year−1, P = 0.002). D, LV end diastolic volume, normalized to BSA,
decreased with age (slope = −1.1 ml m−2 year−1, P = 0.02). Linear regression (continuous line) was of data from
male subjects (diamonds) and female subjects (squares).
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neither factor was significant in our cohorts. Instead, our
subjects were prone to a mild decrease in normalized
cardiac mass.

Left ventricular function

Resting systolic function in human cardiac muscle is
preserved overall with healthy ageing (Strait & Lakatta,
2012). Stable LV EF with age in humans has been reported

by investigators using multiple imaging modalities (Onose
et al. 1999; Lumens et al. 2006). A recent CMRI study
on a population of humans even reported a minimal
age-related increase in LV EF (Fiechter et al. 2013).
However, the exclusion criteria for that study included an
ejection fraction threshold, potentially excluding healthy
subjects with physiologically low EF. We posit that a mild
decrease in LV EF, seen in the current baboon study,
likely does occur with age, even in humans, but may be
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Figure 3. Changes in left ventricular (LV) and right ventricular (RV) systolic and diastolic function
occurred with age
A, average LV ejection rate, normalized to BSA, significantly decreased with age (slope = −3.8 ml s−1 m−2 year−1)
but there were no significant differences between sexes. B, normalized average LV filling rate significantly decreased
with age (slope = −3.8 ml s−1 m−2 year−1) without a significant sex difference. C, average normalized RV ejection
rate also was reduced with age (slope = −4.1 ml s−1 m−2 year−1) and, D, there was an age-related decrease in
normalized average RV filling rate (slope = −4.1 ml s−1 m−2 year−1) without a significant sex difference for either
parameter. Linear regression (continuous line) was of data from male subjects (diamonds) and female subjects
(squares).
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Table 5. Right ventricular function and morphology

Parameter
Sex difference

in slope
Sex difference
in elevation

Age regression
P

Age regression
R2

Age regression
slope

Absolute values
RV EF (%) NS NS ∗∗∗ 0.33 −1.2
RV WTF (%) NS NS ∗∗ 0.15 −1.0
RV ESV (mL)† ∗ —

Male ∗∗∗ 0.39 1.2
Female NS — —

RV EDV (mL)† ∗∗ — (Age: Sex interaction, P = 0.04)
Male ∗∗∗ 0.33 1.5
Female NS — —

RV ESSI (ratio) NS NS ∗ 0.11 −0.016
RV EDSI (ratio) NS NS NS — —

Normalized to BSA
RV ESV/BSA (mL m−2) † ∗ — (Age: Sex interaction, P = 0.008)

Male ∗ 0.17 0.98
Female NS 0.10 0.12

RV EDV/BSA (mL m−2) † ∗∗ — (Age: Sex interaction, P = 0.006)
Male NS 4 × 10−5 0
Female ∗∗∗ 0.32 −2.3

RV AER/BSA (mL s−1 m−2) † NS NS ∗∗ 0.19 −3.6
RV AFR/BSA (mL s−1 m−2) † NS NS ∗∗∗ 0.22 −3.7

†Two-way ANOVA performed due to significant interaction between grouping variable (Age) and covariate (Sex). ∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.005. AER, average ejection rate; AFR, average filling rate; BSA, body surface area; EDSI, end-diastolic sphericity index; EDV,
end-diastolic volume; EF, ejection fraction; ESSI, end-systolic sphericity index; ESV, end-systolic volume; WTF, wall thickening fraction.

difficult to detect in clinical studies without extensive
controls for confounding factors. Many investigators have
reported subtle changes of systolic dysfunction, such
as impairment of fibre shortening (Onose et al. 1999),

torsion (Lumens et al. 2006) and blunted tension/pressure
development during contraction with age (Lakatta et al.
1975), suggesting our finding of decreased function
has a mechanical basis. Age-related decreases in stroke
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Figure 4. Right ventricular (RV) function became impaired with age
A, RV ejection fraction decreased with age (slope = −1.2% year−1, P = 2 × 10−5). B, congruent findings were
noted in RV wall thickening fraction (slope = −1% year−1, P = 0.008). No sex effects were measured.
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volume and cardiac output after normalization (Fig. 2B
and C) are related findings. These results contrast with
some of the human cardiac ageing literature, in which
preserved stroke volume with age was reported (Lakatta
& Levy, 2003). Similar changes have been reported in
prior cardiac MRI ageing studies of healthy men and
women (Hees et al. 2002; Nitikin et al. 2006; Cheng et al.
2009).

Similarly, decreased peak blood flow velocity
and decreased flow acceleration have been reported

downstream in the ascending aorta (Kelly et al. 1989).
It is highly likely that these subtle systolic abnormalities
contribute to diminished systolic capacity at rest, which
become exacerbated during stress. It is known that
peak ejection fraction during exercise decreases in older
populations (Schulman et al. 1992). We note that even
though LV WTF and LV EF are strongly correlated in
the present study (r = 0.75, P < 0.0001), the decrease
in LV WTF with age does not reach significance, further
suggesting systolic decline may be difficult to detect.

5

40

30

20

N
or

m
al

iz
ed

 R
V

 E
nd

 –
 S

ys
to

lic
 V

ol
um

e 
(m

L 
m

–2
)

30

40

60

80

70

50

F M F M

N
or

m
al

iz
ed

 R
V

 E
nd

 –
 D

ia
to

lic
 V

ol
um

e 
(m

L 
m

–2
)

60

50
r=0.41
P=0.04 r=0.007

P= NS

r=-0.31
P=0.15

r=-0.56
P=0.006

A B

10

Age (years)

15 20

5

0.6

0.3

R
V

 E
nd

 S
ys

to
lic

 S
P

he
ric

ity
 In

de
x 

(P
er

ce
nt

) F M
1.2

0.9

r=-0.33
P=0.02

C

10

Age (years)

15 20

5 10

Age (years)

15 20

Figure 5. RV remodelling occurs with ageing
A, end-systolic RV volume, normalized to BSA, changed with age (P = 0.0004), exhibiting Sex:Age interactions
(P = 0.008). RV ESV/BSA for males, but not for females, increased significantly with age (slope = 1 ml m2 year−1,
P = 0.04). B, the opposite change with age in normalized end-diastolic RV volume was observed (P = 0.0002).
RV ESV/BSA for females, but not males, decreased significantly with age (slope = −2.3 ml m2 year−1, P = 0.006.
C, end-systolic sphericity index decreased with age (slope = −0.016, P = 0.02), without sex differences, but
end-diastolic sphericity index did not change with age.
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Our findings of gradual impairment of LV diastolic
function, evidenced by decreases in normalized peak
and average filling rates, are in line with the clinical
and animal literature. Diminishing diastolic function is
believed to originate from an age-dependent increase in
cardiac fibrosis, which leads to stiffening of the ventricles.
Rodent studies have confirmed the presence of cardiac
fibrosis with age (Thomas et al. 2001). An inverse linear
correlation between age and resting peak LV filling rate has
been documented, which persists with exercise (Schulman
et al. 1992). This is consistent with the results reported in
the present study. Using CMRI tissue tagging, persistent
rotation and torsion during myocardial relaxation and
diastole have been noted in older subjects as well as a slower
rate of fibre lengthening (Oxenham et al. 2003). A decrease
in the filling rate in early diastole has been noted in older
human subjects (Hollingsworth et al. 2012). Ultrasound
studies have reported diastolic dysfunction with advancing
age in the form of decreased mitral valve leaflet diastolic
closure slope (E-F slope) (Olivetti et al. 1991), decreased
early trans-mitral flow velocity and a decrease in the mitral
early to late (E/A) flow ratio (Swinne et al. 1992). These
changes persist with exercise and are thought to be intrinsic
to the ageing heart, not explicable by other pathological
changes or lack of training and exercise (Swinne et al.
1992; Kitzman et al. 1991). Relatedly, left atrial volume
and amount of blood ejected during atrial systole increase
with age (Triposkiadis et al. 1995). A multiple regression
analysis identified the ratio of peak velocity blood flow
from LV relaxation in early diastole to peak velocity
flow in late diastole caused by atrial contraction (the
E/A ratio) as the most powerful correlate of maximal
oxygen consumption (V̇O2max) in normal human subjects
(Vanoverschelde et al. 1993). Additionally, multivariate
analysis demonstrated that E/A > 1.5 above baseline is
associated with a twofold increase in all-cause mortality
and a threefold increase in cardiac mortality independent
of covariates (Bella et al. 2002). Preservation of LV diastolic
function has been reported in a human study evaluating
the effects of caloric restriction (Meyer et al. 2006).

Right ventricular function

Since the RV has a thinner wall and a more complex shape,
i.e. triangular or crescentic depending on the viewing
angle, evaluation of the RV chamber is more difficult
(Taffet et al. 1997). This may contribute to the measured
correlation of RV WTF with RV EF being weaker (r =
0.75 vs. r = 0.50) in the present study. The morphology
of the RV is strongly dependent on LV health since the
interventricular septum functionally belongs to the left
ventricle. The age-related decrease in RV EF contradicts
the human literature, in which RV EF is preserved or
increased with advancing age secondary to decrease in
both RV ESV and EDV (Kawut et al. 2011; Fiechter et al.

2013). In the present study, ES volume and ED volume
demonstrated sexually dimorphic changes with age. In
the females, both normalized RV ES and RV ED volumes
were decreased, although only reaching significance at
ED (Fig. 5B), whereas increased ES volumes were seen
in the males (Fig. 5A). Despite these differences, RV ED
sphericity index was stable and RV ES sphericity index
decreased with age for both males and females (Fig. 5C).
The measurement of reduced RV diastolic filling rate
with age is consistent with the literature and similar to
age-related changes found in the LV (Kukulski et al. 2000).

Sex differences in cardiac ageing

Differences in cardiac functional changes with ageing
between sexes are subtle but appear biologically
significant. Figure 6 compares the BSA-normalized LV
volume–time curves over the cardiac cycle for males and
females in the ADL and OLD groups. These data were first
averaged over the 25–30 heartbeats of the CMRI scan for
each subject and then averaged over all animals in each
group. In older males, there is a tendency towards larger
LV volume and an extension of the duration of systole
(Fig. 6A). In females the left ventricular volume tends to
decrease, and the overall R–R interval is increased, with a
substantial increase in the duration of diastole over systole
(Fig. 6B). A similar process with increased normalized
RV volume in males and reduced RV volume in females
apparently occurs in the right ventricle (Fig. 5).

There were some indications that subjects in the ADL
group had not reached full maturity with respect to heart
function. With the ADL group included, sphericity indices
were stable. However, in the ADL group, highly variable
LV morphology was noted at end-diastole. With the ADL
group omitted, females had lower initial values of LV MI
(YNG:F, 66.3 ± 5.9 g m−2; MID:F, 70.7 ± 9.6 g m−2)
than males, which decreased significantly (F = 7.7, P =
0.005) with age (OLD:F 56.0 ± 3.5 g m−2). A significant
change in LV MI with age was not found (F = 1.3,
P = 0.31) in males (YNG:M, 83.3 ± 6.6 g m−2; MID:M,
80.2 ± 12.8 g m−2; OLD:M, 74.0 ± 14.2 g m−2). Without
considering the ADL group, a more consistent LV spherical
morphological trend was apparent, which revealed an
increase in LV end-diastolic sphericity with advancing age
(r = 0.53, P < 0.005). This morphological transition of the
LV to a more globular form with post-adolescent ageing
is suggestive of structural remodelling. Across all ages
the systolic LV sphericity index was inversely correlated
with the RV sphericity index at end-systole (r = −0.47,
P = 0.0009). However, there was a positive correlation
between the RV and LV sphericity indexes at end-diastole
(r = 0.38, P = 0.008). These associations suggest that
the heart’s adaptations to maintain LV function through
remodelling in normal ageing may have some impact on
right ventricular systolic function.
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It is possible that right ventricular remodelling may
be a factor in the well-documented increase in systolic
pulmonary artery pressure and vascular resistance that
occur with ageing (Davidson & Fee, 1990; Armstrong
et al. 2010). These changes are believed to be primarily
due to a general increase in pulmonary arterial stiffness
(Haddad et al. 2008). Future studies should be undertaken
in these baboon cohorts to evaluate direct, mechanistic
relationships between changes in RV morphology and
function with regard to the pulmonary vascular changes
that occur with ageing.

Summary

This study has several limitations. The animals were
studied under anaesthesia, which requires careful
monitoring and adjustment to maintain stable heart
rate and blood pressure. Blood pressure measurements
were not available for the OLD group. Only resting
values of heart function were studied, which constrains
full characterization of the cardiovascular system since
only a fraction of the cardiovascular capacity is utilized
at rest. Given that maximal exercise capacity has been
shown to decrease with age (Lakatta & Levy, 2003),
adding pharmacological stress during CMRI scanning (i.e.
adenosine or dobutamine) would likely reveal more sub-
tle deviations from normal cardiac function with ageing.
This cross-sectional study revealed differences in cardiac
function parameters with adequate effect sizes to produce
significant results. However, longitudinal studies of the
same animal would add considerable statistical power,
and presumably, greater sensitivity to ageing changes.
Fortunately, most of these subjects in the current project’s
cohorts remain alive and future measurements in the

same subjects at different ages are still possible. In
addition, advanced CMRI methods such as stress–strain
analysis with tissue tagging, extracellular volume
measurements with gadolinium contrast administration,
and four-dimensional quantitative flow could significantly
improve the scope and depth of our understanding of
ageing-related changes in cardiac function.

Within primates, the old-world monkeys represent
a superfamily that shares much similarity to humans.
Baboons are the species closest to humans now that
experimental studies on great apes are unavailable because
of ethical concerns. In this regard, baboons (Papio spp.)
are an asset to medical research. Important to cardio-
vascular research, baboons are omnivorous like humans,
are terrestrial and exhibit forms of bipedalism. Metabolic
syndrome and CVD spontaneously occur in primates
(Vandeberg et al. 2009). They are also like humans in
terms of development with generally singleton gestations,
maternal nutrition load in pregnancy and lengthy neonatal
nursing behaviour. Additionally, baboons are some of
the largest primates, which is of importance considering
the direct impact of body size upon cardiovascular
demand. As in humans, morphometric methods have
been examined and were shown to be predictive of body
composition in the baboons, another advantage in this
species (Vandeberg et al. 2009). Genetically, baboons’
similarity to humans is evidenced at the overall DNA
sequence level, individual gene sequence level, as well as
chromosomal loci arrangement (Cox et al. 2017).

The life course data obtained in this study demonstrate
that there are significant normative changes in both right
and left ventricular heart function with ageing in the
baboon, which generally correspond to the changes seen in
human studies. Unlike in human studies, which are limited
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by the difficulty in controlling for potential confounds,
factors such as diet and amount and normality of the
character of exercise have been well-controlled in this
cohort. These normative data potentially could allow
factors influencing biological versus chronological age to
be identified. Generally, the CMRI results reported here
support the baboon as a robust and appropriate model for
studying the effects of ageing and its comorbidities, with
the ability to produce useful information on the efficacy
of various treatments that could be used in humans.
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