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Abstract: Various cardiovascular diseases can be detected and diagnosed using echocardiography. The demand 
for cardiovascular system research using nonhuman primates is increasing, but echocardiographic references for 
nonhuman primates are limited. This report describes the first comparison of echocardiographic reference values 
in 247 normal cynomolgus monkeys (135 females, 112 males) over a wide age range. Echocardiography, 
electrocardiography, blood pressure and chest X-ray images were acquired under immobilization with intramuscular 
ketamine hydrochloride, then cardiac structure, function, and flow velocity were assessed. Cardiac hormone levels 
were also tested. We found that cardiac structures positively correlated with weight, that the size of these structures 
stabilized after reaching maturity and that cardiac output increased according to heart size. In contrast, fractional 
shortening of the left ventricle, ejection fraction and flow velocity showed no significant correlations with weight or 
age, and age and E wave correlated negatively. These findings appear sufficiently similar to those in humans to 
suggest that cynomolgus monkeys can serve as a suitable model of human cardiac disease. Our data should also 
prove useful for surveying cardiac dysfunction in monkeys.
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Introduction

Cardiovascular disease (CVD) is a common cause of 
death in humans and other animals and rates of mortal-
ity due to CVD are increasing among humans. modern 
medicine is rapidly developing but the various types of 
CVD are difficult to treat, and CVD negatively impacts 
the quality of life for patients. the prevalence of these 
issues will increase because societies around the world 
are rapidly aging and aging is associated with various 
types of CVD. thus, social concerns about CVD have 
been raised, and improvements in the diagnosis and treat-
ment of CVD are needed. usually, CVD is diagnosed in 

humans and other animals using echocardiography, ra-
diography, electrocardiography, and biochemical param-
eters including cardio-specific hormones [20, 21]. echo-
cardiography is the most common means of diagnosing 
CVD because it can detect abnormal myocardial motion 
and noninvasively and rapidly visualize blood flow in 
real time.

Nonhuman primates are optimal experimental animals 
because of their similarity to humans in terms of anato-
my and physiology. in addition, their cardiovascular 
system resembles that of humans and their body size is 
appropriate for examinations; thus, experimental mon-
keys are necessary to develop cardiovascular medicines 
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for humans [1, 29, 36]. in addition, general aging and 
growth patterns of monkeys, including cynomolgus mon-
keys (Macaca fascicularis) resemble those of humans, 
while the rate of aging in these monkeys is 3 times that 
in humans [26, 37]. the underlying diseases in monkeys 
need to be diagnosed and treated as soon as possible, 
because they are extremely valuable experimental ani-
mals.

although echocardiographic parameters in nonhuman 
primates have been investigated [18, 29, 32, 34, 36], 
these studies investigated small cohorts with limited age 
ranges and primate species other than cynomolgus mon-
keys. the pathophysiological background of CVD can 
be spontaneous, autoimmune, heritable and age-related. 
Some cardiomyopathies associated with growth have 
been investigated in experimental animals at various 
stages of life [31]. therefore, the reference age stages 
should be established to explain and aid in the treatment 
of various cardiomyopathies. the echocardiographic 
reference data derived from young to elderly monkeys 
would help to clarify the pathophysiology of various 
age-related CVD. echocardiographic reference values 
do not appear to have been reported previously for el-
derly monkeys. We therefore analyzed echocardiograph-
ic data for a wide range of ages in monkeys, because 
age-related CVDs are reportedly increased specifically 
in the elderly stage [33, 36].

the medical research demand for cynomolgus mon-
keys is increasing, because they are smaller than other 
macaques, and because they have a nonseasonal breed-
ing cycle, which means they can be bred more easily.

the tsukuba Primate research Center has the largest 
colony of cynomolgus monkeys maintained in a closed 
environment for biomedical research in japan, at about 
1,800. these monkeys are bred in the same environment 
and they are used for various investigations such as vac-
cinology, infectious diseases, gene therapy, intractable 
diseases, regenerative medicine, and aging. in fact, many 
advanced clinical studies have been implemented glob-
ally using this colony [1, 3, 38]. in addition, spontaneous 
CVD has frequently been found in this colony [17]. the 
establishment of survey techniques adjusted for cyno-
molgus monkey would be useful to detect spontaneous 
CVD monkeys, in addition to being highly useful in the 
development of cardiovascular medicine.

as noted above, echocardiography is a noninvasive 
approach that is commonly applied to evaluate cardiac 
structures and functions. using echocardiography for 
annual medical checks might help to maintain the health 
of the colony because CVD can be quickly identified. 
However, echocardiographic reference data for cyno-
molgus monkeys remain limited. thus, the present study 

aimed to establish echocardiographic reference values 
using 247 experimental cynomolgus monkeys with a 
broad age range. This is the first comparison of echocar-
diographic reference values between young and elderly 
monkeys that should support investigations into various 
cardiomyopathies and medical studies.

Materials and Methods

Animals
We clinically assessed 247 healthy cynomolgus mon-

keys (female, n=135; male, n=112) using echocardiog-
raphy, electrocardiography, blood pressure (BP), chest 
X-rays and blood tests that included cardiac hormones 
(tables 1, 2 and Fig. 1). For clinical evaluations, we used 
a 3-channel electrocardiograph (D300; Fukuda me, to-
kyo, japan) to record standard 6-lead electrocardiograms 
(eCgs), and a sphygmomanometer (BP1000D; Fukuda 
me) to record BP. Concentrations of the cardiac hor-
mones human atrial natriuretic peptide (haNP) and hu-
man brain natriuretic peptide (hBNP) were examined 
using auto-enzyme immunoassay device (aia-360 and 
aia-900; tosoh Corp., tokyo, japan). the monkeys 
were individually housed in stainless-steel cages and 
bred at the tsukuba Primate research Center. the hous-
ing conditions comprised: temperature, 23–27°C; humid-
ity, 50–70%; 12 air changes/h; and 12/12-h light/dark 
cycles. their daily diet consisted of 70 g of Cmk-2 
monkey chow (CLea japan, inc., tokyo, japan) and 200 
g of fruit unless otherwise indicated. all monkeys were 
annually assessed by standard blood tests, chest auscul-
tation and standard physical examinations. this facility 
has kept around 1,800 monkeys constantly since 1978, 
with about 200 normal births obtained annually. mon-
keys in this colony originated from indonesia, malaysia 
and the Philippines, with strains maintained by the “ro-
tation line breeding system by different countries of 
origin” [10]. this study used only healthy monkeys 
showing no abnormalities on eCg, x-ray (Fig. 1) or 
blood tests, including cardiac hormones (table 2), com-
pared with our previous reports [21, 22].

this study proceeded according to the rules for ani-
mal Care and management of the tsukuba Primate re-
search Center, the guiding Principles for animal ex-
periments using Nonhuman Primates formulated by the 
Primate Society of Japan [10, 23] and the guide for the 
Care and Use of Laboratory Animals [13]. the animal 
Welfare and animal Care Committee of the National 
institute of Biomedical innovation, Health and Nutrition 
(NiBioHN, osaka, japan) approved the study protocol.
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Echocardiography procedures
all echocardiographic assessments proceeded on mon-

keys immobilized using intramuscular injection of ket-
amine hydrochloride at 10 mg/kg body weight (Daiichi 
Sankyo Propharma, tokyo, japan). ketamine immobi-
lization is a popular method for examination in nonhu-
man primates. We checked eCg and BP before the 
echocardiographic examination, and the results are 
shown in table 2. monkeys were placed in the right and 
left lateral recumbent positions using a cut-out table and 
echocardiographic images were acquired from below 
using Prosound SSD-4000 or Prosound α7 ultrasonog-
raphy systems (Hitachi Health Care manufacturing Co., 

Ltd., kashiwa, japan). Standard dimensional echocar-
diographic views were obtained from the right paraster-
nal and left apical windows.

measured items, techniques and technical terms fol-
lowed the recommendations of the american Society of 
Echocardiography [19]. We initially measured the car-
diac parameters of left atrial diameter (LaD), aortic 
diameter (aoD), interventricular septum (iVS), left 
ventricular inner dimension (LViD) and left ventricular 
posterior wall thickness (LVPW). the LaD and aoD 
were measured at the maximal expansion and diastolic 
phases, respectively. other sections were measured twice 
at the diastolic and systolic phases. Cardiac function was 

Fig. 1. Chest x-rays and electrocardiograms (ECGs) indicate no abnormal findings. In this study, we applied screening 
tests such as chest X-ray (a) and eCg (B) for all monkeys. this x-ray suggests that the monkey has no cardiac 
or pulmonary dysfunction (a). this eCg, which is enhanced to double the amplitude of each wave, shows no 
cardiac load or electrophysiological abnormalities (B). Similar x-ray and eCg results were seen for all monkeys.

Table 2. Blood pressure, heart rate and cardiac hormones in cynomolgus monkeys

BP Heart rate  
(Beat/min)

Cardiac hormone

SBP (mmHg) DBP (mmHg) mBP (mmHg) haNP (pg/ml) hBNP (pg/ml)

mean ± SD

immature 103.6 ± 14.05 54.09 ± 12.86 74.87 ± 13.04 163.19 ± 29.31 27.86 ± 23.10 2.26 ± 3.25
mature 107.67 ± 15.94 54.73 ± 13.02 81.04 ± 14.09 162.30 ± 21.44 24.54 ± 1.66 5.72 ± 12.91
elderly 110.55 ± 10.07 63.42 ± 9.29 81.08 ± 9.16 171.87 ± 30.54 26.87 ± 16.55 5.63 ± 7.57

total 106.43 ± 12.83 56.12 ± 12.83 78.32 ± 13.16 164.54 ± 27.19 26.43 ± 20.60 4.15 ± 9.07

SBP, systolic blood pressure; DBP, diastolic blood pressure; mBP, mean blood pressure; haNP, human atrial natriuretic peptide; 
hBNP, human brain natriuretic peptide.

Table 1. mean weight and age of cynomolgus monkeys

n
Weight (kg) age (year)

mean ± SD range mean ± SD range

immature 90 3.24 ± 0.97 1.41–5.68 4.09 ± 1.46 0.0–6.4
mature 114 4.60 ± 1.15 2.22–7.49 11.78 ± 3.66 6.5–19.3
elderly 43 4.56 ± 1.41 2.00–8.85 23.72 ± 2.58 19.9–31.5

total 247 4.10 ± 1.31 1.41–8.85 11.06 ± 7.35 0.0–31.5
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assessed as stroke volume (SV; diastolic minus systolic 
left ventricular volume), cardiac output (Co; stroke vol-
ume × heart rate), fractional shortening of the left ven-
tricle (FS; diastolic LViD - systolic LViD)/diastolic 
LVID) and left ventricular ejection fraction (EF; [dia-
stolic minus systolic left ventricular volume]/diastolic 
left ventricular volume.

The outflow velocity of the aortic (AV) and pulmonary 
(PV) valves and the inflow velocity of the tricuspid valve 
(TV) were measured. We determined the inflow veloc-
ity of the mitral valve by measuring peak blood flow 
velocity during early diastole, e waves and late diastole 
caused by atrial contraction, a waves, and the ratio of e 
waves to a waves (e/a). When only one wave was found 
in the mitral valve, the maximum velocity was consid-
ered as E wave inflow velocity.

Statistical analysis
The monkeys were examined and then classified as 

immature (age <8 years old), mature (≥8 to<20 years 
old), and elderly (>20 years old) according to previ-
ously reported conventions [16, 24, 28]. these groups 
and sex differences were assessed using one-way analy-
sis of variance (aNoVa) and tukey corrections. Data 
are expressed as means with standard deviations. rela-
tionships between parameters, body weight and age were 
analyzed using Pearson correlation coefficient. the 
value of “r” was shown as a correlation, and values of 
P<0.05 were considered indicative of statistically sig-
nificant relationships in tables and graphs. All data were 
statistically analyzed using iBm SPSS Statistics 20 
(iBm, armonk, Ny, uSa).

all echocardiographic values were obtained from 
monkeys at tsukuba Primate research Center. all tables 
contain means and reference ranges for all monkeys, and 
three groups of reference ranges are shown. Correlation 
coefficients indicating significant relationships between 
body weight or age and other parameters are indicated. 
reference ranges for measured parameters were deter-
mined by calculating 95% confidence intervals (CIs) to 
cover 99% of all future values.

Results

all monkeys were assessed BP and eCg, and we con-
firmed that no abnormal signs were evident during im-
mobilization. No abnormal eCg results such as arrhyth-
mias were present in any monkeys. BP remained stable 
and immobilization was adequately maintained, suggest-
ing that ketamine immobilization had no adverse effects 
in this study. in addition, examination of cardiac hor-
mones haNP and hBNP to detect cardiac abnormalities 

showed no out-range values (table 2). in contrast, heart 
rate was unaffected by age (Table 2).

Cardiac structure
table 3 and Figure 2 show that cardiac structure cor-

related with weight and age. Namely, all parameters for 
cardiac structures increased with growth. in particular, 
aoD, iVSd, LVPWd and LVPWs changed remarkably 
with growth, then stabilized after reaching maturity. in 
contrast, LaD did not appear to increase with age and 
the La/ao ratio decreased with growth (Figs. 2a and 
C). These findings of cardiac expansion with growth are 
similar to previous findings [9]. in addition, cardiac 
structures displayed sexual differences in several param-
eters (Supplementary table 1). in particular, LViD and 
LAD were suspected to be affected by the greater body 
size of males. growth of body size with aging also dif-
fered between sexes. the immature to mature stages 
were particularly affected by sex, with LV size extended 
in males. However, these sizes became almost equal 
between sexes in the elderly stage (Supplementary table 
1).

Cardiac function
table 4 shows mean cardiac function parameters and 

their correlations with body weight and age. Both SV 
and Co, like cardiac structures, correlated with body 
weight and increased with growth (Figs. 3a and B). on 
the other hand, eF was not associated with body weight 
(table 4, Figs. 3C and D). However, only FS correlated 
slightly with aging despite being constant. in addition, 
several cardiac functional parameters differed between 
sexes (Supplementary table 2). SV and Co showed par-
ticular increases with increasing body weight. in con-
trast, eF and FS were increased in females, unlike the 
influence of body weight.

Inflow and outflow velocity
table 4 and Figures 4a–C show that the inflow and 

outflow velocities of AV, PV and TV in the cardiac valves 
of cynomolgus monkeys did not fluctuate with growth 
and increasing body weight, whereas the e wave cor-
related negatively with age and body weight (Figs. 4D 
and g). the aV and tV and a wave did not change with 
aging (Figs. 4A–C, E and H). PV outflow velocity in-
creased slightly with age (table 4). the e/a ratio de-
creased with age and increased along with body weight 
(Figs. 4F and i), indicating that these parameters cor-
related with growth.

e/a ratio varied in each age, but remained within the 
normal range for humans and other animals. in addition, 
cardiac stricture and SV were elevated in mature males 
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(Supplementary table 2). those results were suggested 
to be related to the body size of monkeys.

Discussion

This report is the first to describe echocardiographic 
references for a large breeding colony of healthy cyno-
molgus monkeys with a broad range of ages and no 
cardiovascular dysfunction. electrophysiological assess-
ments have suggested that cardiac functions are similar 
between humans and cynomolgus monkeys [2]. only a 
few reports have described echocardiographic reference 
values for cynomolgus monkeys [18, 29, 32, 36], and 
standardized echocardiographic reference values are 

incomplete, because those studies used small colonies 
and monkeys with a limited age range. However, echo-
cardiography offers a graphic, real-time means of intra-
vital imaging and has more potential for diagnosis than 
electrocardiography. therefore, echocardiographic refer-
ence values for cynomolgus monkeys are urgently re-
quired for cardiovascular and other types of investiga-
tions. this study used 247 healthy cynomolgus monkeys 
that had been examined beforehand to ensure the absence 
of obvious pathology. all monkeys were immobilized 
by ketamine and lacked underlying diseases. BP showed 
no statistical difference in each age, but tended to in-
crease with aging. Furthermore, the BP of macaques is 
reportedly lower than that of humans, and our data sup-

Fig. 2. Changes in cardiac structures including La and ao diameter with age and weight. graph shows cardiac 
structures related to La and ao. results of aNoVa (a–C). LaD remains essentially stable at all ages, 
with a slight tendency toward an increase in the mature group compared immature group (a). aoD and 
La/ao ratio increased in all aging stages (B, C). especially, aortic diameter at dilation increased remark-
ably with aging and growth (B) and La/ao ratio concomitantly decreased (C). Diameter of LV walls (C, 
D). iVSd and LVPW increased until reaching maturity and then stabilized (D–F). Statistical outliers are 
plotted outside of the error bar. *P<0.05, **P<0.01, ***P<0.001; one-way aNoVa and tukey’s test.

Table 3. mean values and correlations among cardiac structures

all age immature mature elderly Correlation

mean ± SD reference 
range mean ± SD reference 

range mean ± SD reference 
range mean ± SD reference 

range Weight age

LaD (cm) 1.33 ± 0.26 1.30–1.36 1.30 ± 0.22 1.24–1.33 1.41 ± 0.26 1.33–1.44 1.28 ± 0.28 1.20–1.34 .427*** .021
aoD (cm) 0.87 ± 0.19 0.85–0.85 0.78 ± 0.14 0.75–0.81 0.92 ± 0.18 0.87–0.94 0.96 ± 0.20 0.90–1.01 .421*** .328***
La/ao ratio 1.58 ± 0.29 1.53–1.60 1.69 ± 0.29 1.60–1.73 1.56 ± 0.26 1.50–1.59 1.38 ± 0.27 1.30 -1.46 -.040 -.325***
iVSd (cm) 0.46 ± 0.12 0.44–0.47 0.43 ± 0.10 0.41–0.45 0.47 ± 0.13 0.44–0.49 0.49 ± 0.13 0.45–0.52 .351*** .188**
iVSs (cm) 0.62 ± 0.15 0.60–0.64 0.60 ± 0.14 0.57–0.63 0.64 ± 0.17 0.60–0.66 0.63 ± 0.13 0.58 -0.67 .323*** .130*

LViDd (cm) 1.63 ± 0.34 1.59–1.68 1.54 ± 0.30 1.46–1.59 1.76 ± 0.32 1.69–1.81 1.56 ± 0.31 1.46–1.65 .487*** .056
LViDs (cm) 1.03 ± 0.26 1.00–1.07 0.99 ± 0.20 0.93–1.02 1.11 ± 0.28 1.05–1.16 0.96 ± 0.24 0.87–1.03 .359*** -.030
LVPWd (cm) 0.44 ± 0.13 0.42–0.46 0.39 ± 0.11 0.38–0.43 0.45 ± 0.12 0.43–0.48 0.48 ± 0.15 0.44–0.53 .324*** .223***
LVPWs (cm) 0.60 ± 0.14 0.58–0.61 0.55 ± 0.11 0.53–0.58 0.62 ± 0.13 0.60–0.65 0.61 ± 0.16 0.55–0.66 .321*** .191***

*P<0.05, **P<0.01, ***P<0.001. iVSd, interventricular septum at diastole; iVSs, interventricular septum at systole; La/ao, left atrium/aorta 
diameter; LViDd, left ventricular inner dimension at diastole; LViDs, left ventricular inner dimension at systole; LVPWd, left ventricular posterior 
wall thickness at diastole; LVPWs, left ventricular posterior wall thickness at systole.



ECHOCARDIOGRAPHY IN MONKEYS

341|Exp. Anim. 2020; 69(3): 336–344

port that finding [11].
the indices of cardiac structures such as LaD and 

IVS significantly increased with body weight (Table 3). 
the aoD and LVPW enlarged with age between the 
immature and mature groups (Figs. 2B, e and F). the 
size of cardiac structures is considered to constantly 
change with growth, and our data also showed that car-
diac volume increased with body weight [8, 9]. those 
results were observed only in matured males (Supple-
mentary table 1). on the other hand, the LaD changed 
constantly and the La/ao ratio obviously decreased 

with aging (Figs. 2A and C). These findings were similar 
to those in humans and other animals [30] and are con-
ceivably a result of the increase in the size of cardiac 
structures. also, the consistent, but not extreme increase 
in LVPW together with iVSd (Figs. 2D and e) resembles 
the situation in humans. this increase might similarly 
reflect the ratio of growth in cynomolgus monkeys as it 
does in humans [30].

Cardiac functions, especially SV and Co increased 
with body weight and age (Figs. 3a and B), which were 
thought to result from a concurrent increase in the size 

Fig. 3. age-related changes in LV systolic function. this graph shows the relationship between LV function 
and aging. The X-axis range of coefficient lines indicates the 95%CI. Left ventricular systolic function 
was not obviously affected by aging, whereas SV (A), CO (B), EF (C) and FS (D) slightly increased 
with age. SV increases with aging and Co remains stable at all ages in humans, whereas our data show 
that SV and Co constantly increased with aging. Findings of eF and FS were similar to those in humans.

Table 4. Mean values and correlations among cardiac function and inflow velocity

all age immature mature elderly Correlation

mean ± SD
reference 

range
mean ± SD

reference 
range

mean ± SD
reference 

range
mean ± SD

reference 
range

Weight age

SV (ml) 4.13 ± 2.37 3.83–4.43 3.18 ± 1.55 2.88–3.51 4.99 ± 2.50 4.57–5.48 3.67 ± 2.58 2.86–4.44 .527** .074
Co (l/min) 0.62 ± 0.37 0.57–0.67 0.47 ± 0.25 0.43–0.53 0.70 ± 0.35 0.66–0.80 0.61 ± 0.77 0.47–0.78 .481** .143**
eF (%) 73.87 ± 9.26 72.71–75.03 73.65 ± 7.26 72.25–75.36 73.58 ± 10.60 71.35–75.22 75.31 ± 8.40 73.02–78.35 −.031 .118
FS (%) 37.85 ± 7.78 36.88–38.83 36.75 ± 6.05 35.72–38.40 38.04 ± 8.67 36.37–39.50 38.95 ± 7.62 36.91–41.89 .039 .144*

AV outflow velocity (m/s) 0.78 ± 0.17 0.76–0.80 0.82 ± 0.17 0.78–0.86 0.76 ± 0.16 0.72–0.78 0.76 ± 0.20 0.73–0.84 −.023 −.069
PV outflow velocity (m/s) 0.90 ± 0.21 0.87–0.92 0.92 ± 0.19 0.86–0.95 0.87 ± 0.20 0.82–0.90 1.00 ± 0.23 0.92–1.08 .088 .178**
e wave of mV (m/s) 0.72 ± 0.20 0.69–0.74 0.8 ± 0.20 0.76–0.84 0.66 ± 0.17 0.63–0.70 0.67 ± 0.22 0.60–0.74 −.250** −.261**
a wave of mV (m/s) 0.54 ± 0.17 0.51–0.57 0.52 ± 0.15 0.49–0.58 0.52 ± 0.16 0.50–0.58 0.54 ± 0.17 0.47–0.64 .075 .079
e/a 1.29 ± 0.46 1.21–1.37 1.51 ± 0.52 1.34–1.64 1.26 ± 0.40 1.15–1.33 0.95 ± 0.27 0.83–1.08 −.287* −.600*
TV inflow velocity (m/s) 0.54 ± 0.21 0.51–0.57 0.47 ± 0.29 0.53–0.61 0.35 ± 0.30 0.48–0.57 0.31 ± 0.29 0.43–0.58 −.003 −.089

*P<0.01, **P<0.001. A wave of MV, atrial wave of mitral valve; AV outflow velocity, aorta valve outflow velocity; CO, cardiac output; E wave of MV, early wave of 
mitral valve; EF, ejection fraction; FS, fractional shortening of left ventricle; PV outflow velocity, pulmonary valve outflow velocity; TV inflow velocity, tricuspid valve 
inflow velocity.
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of the heart with physical growth. those changes were 
particularly apparent in males (Supplementary table 2). 
Previous studies have found that Co does not change, 
whereas SV increases with aging in humans [12, 25]. 
However, SV and Co slightly increased with aging and 
growth, then stabilized after reaching maturity. Heart 
rate affects CO because they are calculated as SV × heart 
rate. However, heart rates do not change with aging in 
cynomolgus monkeys [22]. We suggest that the nature 
of changes in Co in the present study was due to this 
influence. FS and EF, both representing important indi-
ces of cardiac function, did not change with age or 
weight (Figs. 3C and D), indicating that cardiac perfor-
mance also did not change with age and weight. Neither 
FS nor EF is affected by the size of the body or heart in 
humans. therefore, these results suggested that FS and 
eF can be used to diagnose cardiac disease at any age in 
cynomolgus monkeys [32]. that FS and eF in cynomol-
gus monkeys remained unchanged by aging is the same 
as findings in humans [7]. However, these results do not 

support the notion that cardiac systolic function remains 
unchanged because velocities reduced and cardiac inter-
actions with the vascular system were altered. Cardiac 
functions (SV, CO, EF and FS) showed no significant 
differences between age groups (Table 4). This increase 
in cardiac functions was suggested to be related to BP 
elevation with aging, such as the effects of vessel stiff-
ness. Cardiac functions showed sexual differences in 
some point of functions. in particular, SV and Co were 
high in males. on the other hand, eF and FS displayed 
significantly high levels in females (Supplementary 
Table 2). As previously reported in humans [35], females 
showed high eF, particularly in the senior stage. How-
ever, these results are reportedly affected by sex-related 
background factors of hormone and other physiological 
differences [19, 35]. Further discussion is required in 
this regard.

The inflow and outflow velocities of the TV, PV and 
aV did not change with body weight or age (Figs. 4a–C). 
Systolic functions such as SV, Co, FS and eF are main-

Fig. 4. Inflow and outflow velocity according to age and body weight. This graph shows the relationships of in- or 
outflow velocity and aging. The x-axis range of coefficient lines indicates the 95%CI. Flow was stable in TV 
(A), slightly increased in PA (B), and somewhat decreased in AV with age (C). Like LV systolic functions, inflow 
and outflow velocity of cardiac valves were stable and not affected by aging due to various buffer mechanisms. 
E waves apparently decreased with aging (D), and E/A ratio showed the same tendency (F) due to the influence 
of changes in e waves. in contrast, a waves remained stable at all ages (e). e and a waves also decreased as 
body weight increased (G, H), but E/A ratio clearly decreased with age (I). These findings showed that atrial 
systolic function compensates for LV diastole function, and suggest that e waves consequently decrease.
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tained at rest, whereas diastolic functions of the mV 
change (Figs. 4D–I). E wave velocity significantly de-
creased with advancing age and increasing body weight 
(Figs. 4D and g), whereas the a wave was stable with 
all ages (Figs. 4e and H). the e/a ratio obviously de-
creased with aging in the present study (Figs. 4F and i). 
The filling ratio during early diastole decreases from a 
young age in human [4, 6, 20]. this is mainly due to an 
increase in isovolumic relaxation time. additionally, 
these changes might be due to aging with valvular fibro-
sis and a decline in ventricular functions [14, 33]. more-
over, the decrease in MV inflow velocity with increasing 
body weight was thought to result from the distribution 
bias of lighter weight monkeys in the immature group. 
e/a ratio varied by age and sex (Supplementary table 
2). e/a ratio is an important parameter, indicating car-
diac overload. However, we considered fluctuations in 
e/a ratio do not appear particularly relevant to the study 
of monkeys, because these changes remain within the 
normal range of reference values for humans and other 
animals.

the decline of cardiac functions (especially diastolic 
function) with aging are thought to result from diastolic 
disorders according to calcium ion dynamics in cardiac 
myocytes, cardiac fibrosis and changes in internuncial 
collagen with age [5, 15]. in addition, age-related chang-
es in the endocrine environment such as the renin-an-
giotensin system are thought to cause diastolic functions 
to decline. However, the reasons for diastolic disorders 
remain unclear from the perspective of the molecular 
mechanisms of myocytes in cynomolgus monkeys. 
Hence, further molecular biology analyses are necessary.

We assumed that the inflow velocity from the MV to 
the left ventricle decreases due to a decrease in the e 
wave induced by declining cardiac diastolic function 
(Figs. 4D–i). on the other hand, the a wave tended to 
increase with aging, but these changes did not reach the 
level of statistical significance (Table 3). We estimated 
that the systolic function of the La compensated for the 
declining diastolic function of the LV by increasing the 
a wave, and thus maintaining Co. moreover, prolonged 
e wave deceleration was suggested. We were unable to 
measure e wave deceleration because cynomolgus mon-
keys have rapid heart rates. Compensatory buffer systems 
noted in the present study have also been identified in 
humans [22, 27]. monkeys seem to have a similar car-
diovascular system to that of humans and a buffering LV 
diastolic function that differs from that of other animals.

The present study clarified echocardiographic refer-
ence values, as well as age-dependent changes in car-
diac function using echocardiography in cynomolgus 
monkeys over a wide range of ages and in both sexes. 

echocardiography represents an important clinical diag-
nostic modality for humans and for medical studies of 
experimental animals. Additionally, interest in the effects 
of aging in cardiovascular systems is increasing. our 
findings will be of value to clinical research in humans, 
and to experimental studies of nonhuman primates.
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