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7.0T cardiac magnetic resonance imaging of right ventricular
function in rats with high-altitude deacclimatization
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Background: High-altitude deacclimatization syndrome (HADAS) is a severe public health issue. The
study of the changes in right ventricular function caused by high-altitude deacclimatization (HADA) is of
great significance for the prevention and treatment of HADAS.

Methods: Six-week-old, male Sprague Dawley (SD) rats were randomly divided into the plain, plateau
and the HADA group. Rats in the plateau and plain group were exposed to altitudes of 3,850 and 360 m,
respectively, for 12 weeks. Rats in HADA group were exposed to the plateau altitude of 3,850 m for 12 weeks
and subsequently transported to the plain altitude of 360 m for 4 weeks. Right ventricular ejection fraction
(RVEF), end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), and myocardial
strain parameters, including the global longitudinal strain (GLS), global radial strain (GRS), and global
circumferential strain (GCS), were evaluated by 7.0T cardiac magnetic resonance (CMR). The levels of red
blood cell (RBC), hemoglobin (HGB), and hematocrit (HCT) in the blood were measured, and hematoxylin-
eosin (HE) staining was used to observe the pathological changes in the myocardium.

Results: In rats in the plateau group, the right ventricular fibrous space was slightly widened, and partial focal
steatosis were observed. However, in the HADA group, only a few focal steatoses were found. Rats in the plateau
group had elevated levels of RBC, HGB and HCT, increased right ventricular end-diastolic volume (RVEDV),
right ventricular end-systolic volume (RVESV) and right ventricular stroke volume (RVSV), and decreased right
ventricular global longitudinal strain (RVGLS), right ventricular global circumferential strain (RVGCS), and right
ventricular global radial strain (RVGRS) compared to rats in the plain group (P<0.001). The RVEDV, RVGCS,
and RVGRS in the HADA group basically returned to the plain state. Interestingly, the RVESV in the HADA
group was higher, while the RVSV, RVEE, and RVGLS were lower than those in the other two groups.
Conclusions: After 12 weeks of exposure to high-altitude environment, there were some pathological
changes and the whole contractile strain of the right ventricle was observed. Some pathological changes
in the myocardial tissue and stroma recovered after returning to the plain for 4 weeks. However, the right

ventricular systolic function and strain did not recover completely.
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Introduction

When people who live in the plain area enter a plateau
environment with high-altitude for a period of time, a
series of functional and structural changes occur to the
body to adapt to the plateau environment. When they
return to the plain, the adaptability to the plateau hypoxia
environment is gradually eliminated, and functional,
metabolic, and even structural changes appear to re-adapt
to the plain environment. This is known as high-altitude
deacclimatization (HADA) (1-5). Epidemiological studies
show that about 50-80% of high-altitude immigrants and
natives will suffer from high-altitude deacclimatization
syndrome (HADAS) after returning to the plain, and
this is characterized by dizziness, palpitation, drowsiness,
fatigue, chest tightness, arrhythmia, and other clinical
manifestations (1,3). These symptoms can persist for several
years, and some people may even have to return to the
plateau (6,7). The severity and incidence of HADAS are
positively correlated with altitude. HADAS has serious
impacts on the health, quality of life, and working ability
of people at high altitude. Therefore, efforts to understand
this chronic altitude sickness, constructing border areas to
protect the health of people returning to the plain from
high-altitude, reducing the acclimatization time, and
alleviating symptoms, are crucial in achieving national
health.

Cardiac magnetic resonance (CMR) technology has
been widely used in the diagnosis of clinical cardiovascular
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diseases (8). Cardiac film sequence can collect real-time and
dynamic data of cardiac function, and accurately evaluate
changes in cardiac function. CMR tissue tracking (CMR-
T'T) is a major focus in magnetic resonance imaging (MRI)
cardiac function research. Compared with ejection fraction
(EF) which is commonly used in clinics, CMR-TT can
detect and evaluate cardiac function damage earlier, and
is also a sensitive index for the diagnosis of many kinds of
heart diseases (9,10). 7.0T CMR cine sequence can not
only accurately evaluate cardiac function parameters, but
also have better tissue contrast and superior display effect
for local fine structures (11-13). It has been widely used in
animal imaging experiments (14,15).

The study of HADA is still in its infancy. Since the
pathophysiological mechanism of HADA occurs on the
basis of high-altitude acclimatization, these events must
be studied together rather than as isolated events. Our
previous investigation (16) demonstrated that a high-
altitude hypobaric hypoxia environment exerts different
effects on the structure, function, and strain of the right
ventricle of rat hearts. This current study used 7.0T CMR
cinematography and CMR-TT technique to further
investigate the recovery of right ventricular function after
returning to a plain oxygen-enriched environment for
a period of time. This imaging evidence will provide a
theoretical basis for the study of cardiac changes in HADA.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-5991/rc).

Methods
Experimental animals

A total of 30 6-week-old, male, specific pathogen-free (SPF)
Sprague Dawley (SD) rats were purchased from Chengdu
Dossy Experimental Animals Co., Ltd. (Chengdu, China).
Rats were randomly divided into 3 groups (n=10 per group)
and kept at different altitudes. Rats in the plain group were
housed in Chengdu, Sichuan, at an altitude of 360 m for
12 weeks. Rats in the plateau group were maintained in
Yushu, Qinghai, at an altitude of 3,850 m for 12 weeks.
Rats in the HADA group were kept in the plateau for
12 weeks, followed by 4 weeks in the plain. All rats were
housed individually in a laboratory environment at 18-26 °C
and 45-70% humidity, with free access to food and water.
This study was conducted according to the guidelines
for Nursing and Use of Experimental Animals (17). The
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study was approved by the Ethics Committee of Qinghai
Provincial People’s Hospital (approval No. 2022-26) and
conducted in accordance with relevant provisions of ethical
principles such as animal protection and animal welfare
and the Drug Inspection and Testing in Qinghai Province
Institutional Guidelines for the Care and Use of Animals. A
protocol was prepared before the study without registration.

CMR imaging

All scans were performed on a 7.0T Bruker Biospec
70/30 MRI scanner (Bruker, Germany) equipped with
radiofrequency birdcage coils of 72 mm inner diameter
(I.D.) and surface array receiving coils of 56 mm I.D. The
rats were placed in a sealed glass container and anesthetized
with 2-3% lurane premixed in oxygen on a Matrx'"" VIP
3000 small animal anesthesia machine (Midmark Co., USA).
The chest of the rat was positioned in the center of the coil.
The electrocardiograph (ECG) electrode was inserted into
the forelimb and the right hindlimb, and the respiratory
sensor was placed on the abdomen. After the respiratory and
ECG signals were stable, the chest three-plane positioning
sequence was scanned, and the standard left ventricular
short axis position was determined after scanning the four-
chamber view of the reference image. The Cine-Flash-
flc imaging data were obtained from the short-axis plane
from the apex to the bottom of the heart. The images of the
continuous short axis, two-chamber and four-chamber heart
of the left and right ventricles were obtained by imaging
8 layers of rat heart from apical to fundus. The following
imaging parameters were set: echo time 2.5 ms, repetition
time 8 ms, flip angle 20°, slice thickness 1.5 mm, visual field
range (FOV) 50 mm x 50 mm, matrix size 256x256, and
excitation times (NEX) = 4.

Data acquisition

The CMR-TT imaging data were processed using the cvi42
software (Circle Cardiovascular Imaging Inc., Canada)
by a radiologist with substantial CMR experience. The
software automatically identified the end-diastolic and end-
systolic phases of the heart, and on this basis, the endo-
and epicardial borders at end-systole and end-diastole were
carefully drawn out. The cvi42 SD short model was used to
calculate the left and right ventricle functional parameters
including the end-diastolic volume (EDV), end-systolic
volume (ESV), stroke volume (SV), and EF. The cvi42
Tissue Tracking model was used to calculate the left and
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right ventricular myocardial strain parameters including the
peak global longitudinal strain (GLS), global radial strain
(GRS), and global circumferential strain (GCS).

Histopathology

After the CMR data acquisition was completed, the rats
were sacrificed by potassium chloride injection, and
the heart tissue was collected, washed, fixed in 10%
formaldehyde, and embedded in paraffin. Paraffin slices
were prepared, dewaxed, stained with hematoxylin-eosin
(HE), and analyzed under light microscopy.

Blood tests

Blood samples were collected from the caudal vein, and the
levels of red blood cells (RBC), hemoglobin (HGB), and
hematocrit (HCT) were measured.

Statistical analysis

The SPSS software (version 23.0) was used for data analysis.
All results are presented as mean and standard deviation
(SD). The normality test and variance homogeneity test
were performed. One way analysis of variance (ANOVA)
was used to compare the data among the three groups,
and independent sample #-test was used to compare the
data between the two groups. A P value less than 0.05 was
considered statistically significant.

Results
Hematological parameters

Moving to a high-altitude can cause hyperventilation and
tachycardia to cope with the low pressure and hypoxia
environment (18). Residents living in high-altitude regions
usually have elevated levels of RBC, HGB, and HCT to
compensate for the low partial pressure of oxygen (19,20).
In this study, the levels of RBC, HGB, and HCT in the
blood of rats exposed to a high-altitude environment for
12 weeks were significantly increased, indicating that these
rats acquired a greater capacity for blood oxygen transport
to adapt to the high-altitude hypobaric and hypoxic
environment. Interestingly, in the HADA group, after
returning from the plateau to the plain for 4 weeks, the
blood oxygen transport capacity returned to normal levels

(P<0.001; Table 1; Figure 14-1C).
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Table 1 A comparison of the hematological data for the rats

Sun et al

. High-altitude deacclimatization

Index Plain group Plateau group HADA group F value P value
RBC count, 10%/L 8.81+0.48" 9.66+0.45 8.63+0.31/ 17.26 0.000
HGB, g/L 161.40+6.13/ 174.70£7.09 163.90+4.437 13.95 0.000
HCT, % 47.67+2.09n 53.60+2.37 48.56+1.75" 23.42 0.000

The data are presented as mean + standard deviation. A, P<0.001, relative to plateau group. RBC, red blood cell; HGB, hemoglobin; HCT,

hematocrit; HADA, high-altitude deacclimatization.
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Figure 1 The serum RBC count, HGB, and HCT levels of the rats. A, P<0.001, relative to plateau group. RBC, red blood cell; HGB,
hemoglobin; HCT, hematocrit; HADA, high-altitude deacclimatization.

Figure 2 A typical cardiac magnetic resonance image, heart scan, and data measurement images for the rats. (A) A four-chamber view. (B)

Right ventricular endo-and epicardial borders at end-diastole.

Right ventricular function

Since right ventricular end-diastolic volume (RVEDV),
right ventricular end-systolic volume (RVESV), right
ventricular stroke volume (RVSV), and right ventricular
ejection fraction (RVEF) are important parameters

© Annals of Translational Medicine. All rights reserved.

of cardiac function, these

were assessed using CMR

(Figure 2A4,2B). After 12 weeks of continuous exposure

to high-altitude, the plateau
RVEDYV, RVESYV, and RVSV

rats had significantly higher

values compared to the plain

rats (P<0.05). The RVEF value also increased, however, this
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Figure 3 The right ventricular functions of the rats. *, P<0.05, relative to the plain group; A, P<0.05, relative to plateau group; *, P<0.05,

relative to HADA group. RV, right ventricular; RVEDYV, right ventricular end-diastolic volume; RVESYV, right ventricular end-systolic

volume; RVSV, right ventricular stroke volume; RVEF, right ventricular ejection fraction; HADA, high-altitude deacclimatization.

Table 2 A comparison of the function of the right ventricle in rats

Index Plain group Plateau group HADA group F value P value
RVEDV, mL 0.38+0.09/ 0.53+0.06 0.43+0.057 9.54 0.001
RVESV, mL 0.13+0.04 0.18+0.02* 0.20+0.05* 7.74 0.002
RVSV, mL 0.25+0.06" 0.35+0.06 0.23+0.047 14.85 0.000
RVEF, % 65.45+3.93" 66.35+3.97" 53.65+8.16 15.41 0.000
RVGCS, % —-20.42+3.55" -16.07+3.22 -20.29+3.127 5.61 0.009
RVGLS, % -18.75+5.62 -12.81+2.30* -12.75+4.88* 5.88 0.008
RVGRS, % 49.47+7.541 34.97+8.92 45.99+10.87/ 6.74 0.004

The data are presented as mean =+ standard deviation. *, P<0.05, relative to the plain group; /A, P<0.05, relative to plateau group; *, P<0.05,

relative to HADA group. RVEDV, right ventricular end-diastolic volume; RVESYV, right ventricular end-systolic volume; RVSYV, right ventricular
stroke volume; RVEF, right ventricular ejection fraction; RVGCS, right ventricular global circumferential strain; RVGLS, right ventricular
global longitudinal strain; RVGRS, right ventricular global radial strain; HADA, high-altitude deacclimatization.

did not reach statistical significance (P>0.05). These data
suggested that the right ventricular pumping function of the
plateau rats was compensated so as to adapt to the hypoxic
environment. Four weeks after returning to the plain, the
RVEDYV and RVSV values of the HADA group basically
returned to that observed in plain rats. Interestingly, the
RVESYV value of the HADA group was higher than that of
the plain and plateau group, while the RVSV and RVEF
values were lower than that in the plain and plateau groups.
These results suggested that the right ventricular systolic
function did not recover completely, and the ventricular
systolic function was irreversible impaired (Figure 34-3C;
Table 2).

© Annals of Translational Medicine. All rights reserved.

Right ventricular strain

Myocardial strain is an important index used to evaluate
myocardial dysfunction in patients with heart failure, of which
GLS is a reliable index to reflect cardiac systolic function (21).
CMR-TT imaging showed that the RVGCS, RVGRS, and
RVGLS values of the rats in the plateau group were lower
than that in the plain group (Figure 44,4B). In the HADA
group, 4 weeks after returning to the plain from the plateau,
the RVGCS and RVGRS values basically returned to levels
that were comparable to the plain rats. It is interesting that
the RVGLS value of the HADA group was significantly lower
than that of the plain group. A study has found that when
healthy people in the plain reached an altitude of 5,050 m, their
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Figure 4 A typical CMR-TT image for analysis of myocardial strain. (A,B) Long-axis four-chamber view at end-diastole (A) and end-systole

(B) to quantify the right ventricular myocardial strain. CMR-T'T, cardiac magnetic resonance tissue tracking.
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Figure 5 Right ventricular myocardial strain parameters of the rats. *, P<0.05, relative to the plain group; », P<0.05, relative to plateau

group. RVGCS, right ventricular global circumferential strain; RVGLS, right ventricular global longitudinal strain; RVGRS, right

ventricular global radial strain; HADA, high-altitude deacclimatization.

RVGLS decreased significantly (22). All these data showed that
the hypoxic environment can cause overall strain and damage to
the right ventricle, and this cannot be fully reversed even after
returning to the plain (Figure 5A-5C; Table 2).

Pathology of the myocardial tissue

HE staining was performed to assess the histology of
the ventricular myocardium. The right ventricular
myocardium of rats in the plain group was normal, as
were the tissue of the muscle strips and the morphology
and interstitium of the cardiomyocytes. Furthermore, the
nucleus was clear (Figure 64). There was slight muscle strip
separation, myocardial steatosis in rats in the plateau group

© Annals of Translational Medicine. All rights reserved.

(Figure 6B,6C). These pathological changes detected in
the right ventricular myocardium in plateau rats were
consistent with damage of right ventricular function. In the
HADA rats, at 4 weeks after returning to the plain, there
were no obvious abnormal changes to the histology of the
heart, except for a small amount of steatosis (Figure 6D),
indicating that some pathological changes in the myocardial
tissue and interstitium had recovered.

Discussion
Analysis of the bematological parameters

High-altitude acclimatization is the physiological stress

Ann Transl Med 2023;11(2):116 | https://dx.doi.org/10.21037/atm-22-5991
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Figure 6 Hematoxylin and eosin staining of the right ventricle in the plain group and the plateau group. (A) The normal myocardial fibers

of the right ventricle in rats in the plain group under high magnification (x40). (B,C) The right ventricular myofibril of rats in the plateau

group observed under high magnification (x40). The black arrows indicate cardiomyocytic steatosis. (D) The right ventricular myofibril of

rats in the HADA group observed under high magnification (x40). The black arrow indicates myocardial cell vacuolar degeneration. HADA,

high-altitude deacclimatization.

response of the body to protect tissues and cells from injury
after entering the high-altitude environment. In this study,
the levels of RBC, HGB, and HCT in the blood of rats
increased significantly after exposure to high altitude for
12 weeks, indicating that the rats increased the capacity
of blood oxygen transport to meet the oxygen demand of
tissues under the hypoxic environment. Studies have shown
that when individuals enter the hypoxic environment, the
stress response regulates the cardiovascular system through
nerves, body fluids, and the endocrine system, resulting
in an increase in heart rate, pulmonary artery pressure,
and peripheral blood erythrocytes, thereby increasing the
oxygen-carrying capacity of RBCs to meet the oxygen
demand of tissues (23-25). Moreover, hypoxia can induce
increased erythropoietin (EPO) synthesis mediated by
hypoxia-inducible factor (HIF), which then stimulates
the production of RBCs and increases the levels of HGB
and HCT (26). This series of physiological changes are
compensatory changes.

Four weeks after returning to the plain environment, the
values of RBC, HGB, and HCT in HADA rats decreased
to levels that were slightly lower than observed in the
plain rats, indicating that the blood oxygen transport

© Annals of Translational Medicine. All rights reserved.

ability of these rats had returned to normal levels after
re-adaptation and regulation of hypoxia/reoxygenation
(H/R). It should be noted that the physiological processes
related to HADA are time dependent. Indeed, the adaptive
changes and acquired hypoxia tolerance do not reverse
immediately after returning to the plain area, but gradually
recover over time (3). The results of previous multicenter,
randomized, controlled studies showed that the severity
and duration of HADAS were positively correlated with
altitude, the period of high-altitude acclimatization, and
labor intensity at high altitude (6). It was the best choice to
enter the plateau through ladder adaptation training. If the
stepwise adaptation to low altitude areas could be selected
for deacclimatization, the deacclimatization time and
symptoms could be reduced. (7). However, a previous study
has shown that after returning to the plain, the indexes
of blood pressure, heart rate, and hemorheology of the
migrants at high altitude were lower than those of healthy
people in the plain, which is similar to the phenomenon
of “overcorrection” (27). In this current study, similar
interesting results were observed. It may be that this is part
of the overall changes in the process of body re-adaptation,
which may be related to hypoxia/ reoxygenation injury.

Ann Transl Med 2023;11(2):116 | https://dx.doi.org/10.21037/atm-22-5991
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The effects of bigh-altitude bypoxia on right ventricular
function and strain

Increased numbers of RBCs can help to improve the
oxygen-carrying capacity and oxygen transport capacity of
blood at high altitude, which compensates for the effect
of hypobaric hypoxia on tissues. However, the increased
erythropoiesis caused by hypoxia is a double-edged sword.
Excessive increases in RBC, HGB, and HCT can lead to
increased blood viscosity, increased blood flow resistance,
decreased blood flow velocity, and increased cardiac
afterload, which can result in a vicious circle of reduced
cardiac output and contradictory hypoxia, eventually
leading to high-altitude heart disease (HAHD) (28).
Hypoxic pulmonary hypertension and thickening of the
pulmonary arterioles are the central links and fundamental
characteristics of the pathogenesis of HAHD. Long-
term hypoxia stimulation can lead to pulmonary artery
hyperplasia and pulmonary vascular remodeling (29,30).
Pulmonary vascular remodeling can lead to an irreversible
increase in pulmonary artery pressure and right ventricular
afterload, resulting in right ventricular hypertrophy and
decreased function (31,32). In this current study, compared
with plain rats, plateau rats at high altitude had significantly
increased RVEDYV, RVESV and RVSYV, slightly elevated
RVEF, and significantly decrease, RVGLS, RVGCS, and
RVGRS after 12 weeks, indicating that in order to adapt
to high-altitude hypoxia, the right ventricular pumping
function increased compensatively, and the right ventricle
was damaged due to increased output and afterload.
At the same time, it also indicated that the myocardial
strain changed in the early stages of heart disease, since
myocardial strain is more sensitive than EF in the detection
of cardiac function.

Recovery of right ventricular function and strain in rats
with HADA

Myocardial strain is the interaction between the systolic
and diastolic myocardium. Yan et #/. demonstrated that
cardiac fibroblasts express o-smooth muscle actin (SMA)
in a hypoxic environment, transforms to myofibroblasts
and induces myocardial fibrosis (33). Studies have shown
that the effects of high-altitude hypobaric and hypoxic
environments on the myocardium are reversible, and
the cardiac function and structure may be recovered to
a certain extent, for example, hypertrophic myocardial
fibers can gradually become smaller (34). Previous studies

© Annals of Translational Medicine. All rights reserved.
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on HADA mainly focused on the changes of clinical
symptoms, myocardial zymogram, hematological indicators
and their mechanisms. There were no similar studies in
right ventricular function caused by HADA at present.
Our study found that compared with plateau rats, the
RVEDV of HADA rats decreased. Interestingly, RVESV
increased, resulting in the decrease of RVSV and RVEF,
which indicated that after the transition from hypoxia to
normothermia, arterial oxygen saturation increased, the
body no longer needed more blood to transport oxygen to
various systems and organs, the heart preload decreased,
the diastolic function of the right ventricle was improved,
and the compliance was increased. However, the contractile
function was not restored nor improved. The RVEDV
and RVSV of HADA rats basically returned to the plain
state, indicating that the rats gradually adapted to the
plain oxygen-rich environment, and the right ventricle was
pumping according to the body’s demand. However, the
RVESV of HADA rats was significantly higher than that of
plain rats, and the RVEF was significantly lower than that
of plain rats, indicating that the right ventricular contractile
function did not fully recover when the rats returned to the
plain for 4 weeks, resulting in decreased EF (7).

Pulmonary hypertension caused by long-term hypoxia,
elevated right ventricular afterload, increase in right
ventricular dilatation and filling pressure, right ventricular
hypertrophy, and fibrosis can lead to decreased compliance,
resulting in a significant decrease in right ventricular
strain. In this study, 4 weeks after returning to the plain
normoxic environment, the RVGCS and RVGRS of HADA
rats increased significantly, but RVGLS did not recover,
indicating that there was partial recovery of myocardial
strain in plateau rats after a period of adaptation to the
normoxic environment.

Analysis of the myocardial pathological results

Previous studies on HADAS have focused on human
beings. However, since it is difficult to obtain relevant
pathological data, there are few reports on the pathological
characteristics of HADAS. In this study, histological
examination showed pathological changes in the right
ventricular myocardium at high altitude, including mild
muscle strip separation, cardiomyocyte steatosis. HADAS
occurs at low altitudes after subjects return from high-
altitude, and its occurrence and development involve
damage caused by H/R (35). Oxidative stress mediated
by H/R can induce the release of inflammatory mediators
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and activate many signal pathways, resulting in apoptosis
and tissue damage (36-40). Several studies have reported
that H/R causes injury and inflammatory response to the
nervous system and myocardium, and increases myocardial
enzyme levels (40-45). Patients with HADAS showed
inflammatory reaction and myocardial injury on the third
day after returning to the plain, with the elevated levels of
inflammatory mediators [tumor necrosis factor (I'NF)-a
and interleukin (IL)-17A] decreasing over time (3,7),
indicating that the inflammatory response induced by
H/R was involved in the occurrence of HADAS and
decreased over time.

Conclusions

In summary, under the stimulation of a hypoxic
environment for a long time, the right ventricular function
of rats changed to adapt to the high-altitude hypoxia
environment. However, 4 weeks after the rats were removed
from the high-altitude hypoxia environment and entered
the plain normoxic environment, the physiological changes
caused by hypoxia could not be reversed immediately due to
various body regulatory processes. Furthermore, the right
ventricular function could not be fully recovered.

Advantages and limitations

Based on the true replication of high-altitude hypobaric
and hypoxic environment, we observed the changes in
cardiac structure and function of rats under hypobaric
and hypoxic environments and obtained some relevant
pathological data. This study more accurately demonstrates
the pathophysiological characteristics of heart disease in
rats under high-altitude environments, and provides an
experimental and theoretical basis for the study of high-
altitude diseases in the future. There were some limitations
to this study, including the small sample size and short
exposure time at high altitude. Furthermore, the evolution
of right ventricular function and pathophysiology in rats
could not be studied in stages. Future studies may include a
larger sample size and longer exposure times.
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