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Abstract

In this study, we investigated the changes in the right-to-left shunt (RLS) of
the patent foramen ovale (PFO) at different phases of the Valsalva maneuver
and analyzed the possible mechanisms. The study population consisted of 57
patients with symptoms highly suggestive of a PFO. These patients had been
diagnosed with apsychia, migraine with aura, cerebral infarction, transient
ischemic attack (TIA), and cerebral ischemia with unknown cause. Routine
echocardiography was performed in all patients to rule out a cardiac malforma-
tion. Contrast-transcranial Doppler (c-TCD) and contrast-enhanced transtho-
racic echocardiography (c-TTE) were used to visualize and quantify the RLS.
The standard apical four chamber view was used to observe the changes of E
peak, A peak, and velocity-time integral (VTI) ratio of tricuspid blood flow
during the strain phase and release phase of the Valsalva maneuver. Paired
t-test was used to compare E peak, A peak, and VTI ratio of tricuspid blood
flow during the different phases. The right-to-left shunt across the PFO
(PFO-RLS) was graded in the two phases and compared by Kruskal-Wallis
test. Compared with the strain phase of the Valsalva maneuver, the parame-
ters of E, A, and VTI in diastolic period in patients with PFO-RLS at the re-
lease phase were significantly increased [54.30 + 13.65 cm/s vs 100.35 + 21.11
cm/s, 42.21 + 12.32 cm/s vs 57.30 + 18.88 cm/s, 10.34 + 3.27 cm/s vs 19.58 +
4.56 cm/s, respectively], and the difference was statistically significant. The
positive consequence of PFO-RLS, as diagnosed by c-TTE with the Valsalva
maneuver at the release phase of the Valsalva maneuver, was significantly
higher than that at the strain phase of the Valsalva maneuver. At the begin-
ning of release phase of the Valsalva maneuver, decreased intrathoracic pres-
sure led to increased venous backflow into the right atrium. Thus,
high-velocity blood flow rapidly pushed the PFO open, which resulted in a
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significant increase in the PFO-RLS. Therefore, the increase of the PFO-RLS
during the Valsalva maneuver is caused by the impact of high-velocity blood
flow the PFO.
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Patent Foramen Ovale, Right to Left Shunt, Valsalva Maneuver, High-Velocity
Blood Flow

1. Introduction

A patent foramen ovale (PFO) is a unique form of atrial septal communication
and a congenital heart disease. It is a stealth shunt caused by incomplete fusion
of the primum atrial septum and the secundum atrial septum after birth. Pre-
vious studies have shown that about 27% of the general population has a PFO
[1] [2]. A PFO is related to many clinical diseases, such as transient ischemic at-
tack, migraine, cerebral infarction, and apsychia with unknown cause [3] [4] [5]
[6]. The existence of the right-to-left shunt (RLS) and shunt volume across the
PFO during the resting state and under the stress state have become important
issues in clinical research in recent times [7]. Several studies have shown that
contrast-enhanced transthoracic echocardiography (c-TTE) with Valsalva ma-
neuver can effectively detect the presence of an RLS and determine the shunt
volume in patients with PFO in the resting and stress states [8] [9]. Studies have
investigated the RLS with the help of a Valsalva maneuver and attributed it to an
elevation in right atrial pressure [10]. However, we have observed in clinical prac-
tice that the RLS is not obvious when the right atrial pressure is significantly ele-
vated at the strain phase of the Valsalva maneuver, while the RLS increased when
the right atrial pressure decreased in the release phase. Therefore, we have a dif-
ferent theory regarding the PFO-RLS mechanism, and this study aimed to provide

an alternative explanation for the PFO-RLS, as seen during the Valsalva maneuver.

2. Materials and Methods
2.1. Patient Population

We performed a prospective study that included 57 patients (26 men and 31
women, mean age 39 * 13 [16 - 65] years) with a high suspicion of a PFO. We
collected the patents samples from the Second Affiliated Hospital of Medicine
School, Xi'an Jiaotong University, during November 2016 to June 2017, and the
patents had been diagnosed with conditions such as apsychia, migraine with au-
ra, cerebral infarction, transient ischemic attack and cerebral ischemia with un-
known cause. All patients were examined by computed tomography (CT) or
magnetic resonance imaging (MRI) to exclude intracranial, extracranial, and
pulmonary vascular malformations. Routine transthoracic echocardiography

was used to exclude structural cardiac abnormalities. Contrast-transcranial
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Doppler (c-TCD) and contrast-enhanced transthoracic echocardiography
(c-TTE) were also used. All patients were taught and made to practice the Val-
salva maneuver. Patients were also informed of the patients of the examination
methods and procedures. Patients with an acute infection, serious cardiac and
renal insufficiency, atrial fibrillation, serious heart valve disease, blood hyper-
coagulable state, superior vena cava and right atrial thrombosis, or cognitive
dysfunction, and those who were unable to perform the Valsalva maneuver dur-
ing c-TTE, were excluded. All the patients or their relatives had previously given
signed informed consent. The study protocol was performed with approval by
the ethics committee of the Second Affiliated Hospital of Xi’an Jiaotong Univer-
sity and was performed in accordance with the CONSORT 2010 guidelines.

2.2. c-TTE Imaging

The study used the color Doppler ultrasound diagnostic apparatus, the Nether-
lands Philips IE33 (Philips Healthcare, DA Best, The Netherlands) with S5-1
adult heart probe (frequency: 2 - 5 MHz). A pressure-measuring device made
from a table sphygmomanometer was used. The cuff of the table sphygmoma-
nometer was removed; the finer end of a disposable plastic hose was connected to
the rubber tube of the sphygmomanometer, and the wider end was used as the
suction end. The device was used to monitor the intrathoracic pressure when pa-

tients performed the Valsalva maneuver and were blowing into the plastic hose.

2.3. Preparation of Agitated Saline

A 10 ml syringe was used to extract 8 ml normal saline, while another 10ml sy-
ringe was used to extract 1 ml of air. The two syringes were connected to
three-limb tubes while extracting 1 ml of blood from the patient. The valve di-
rection of the three-limb tubes was adjusted. Saline and air were mixed in two
syringes, and the syringes were pushed back and forth at least 20 times to pro-

duce a fine and evenly mixed liquid filled with microbubbles [10].

2.4. Examination Methods

Patients were asked to lie in the left recumbent position at a 45 degree angle.
They were examined with routine echocardiography and electrocardiography.
The apical four-chamber view was recorded. When the heart rate of the patients
stabilized, the sampling container was placed on the right ventricular side of the
tricuspid valve. The pulse Doppler was used to observe the blood flow spectrum
at the tricuspid valve during the resting state, the strain phase and the release
phase of the Valsalva maneuver. The tricuspid E peak value, A peak value, and
velocity-time integral (VTI) were measured three times in the diastolic period,
and the results were averaged. To monitor the strain phase and the release phase
of the Valsalva maneuver, patients were asked to remain in the left recumbent
position at 45 degrees, and were made to hold the plastic hose of the pres-

sure-measuring device, while sucking on the wider end of the hose. The patients
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were instructed to perform the suction maneuver without allowing for any lea-
kage. Patients performed the standard Valsalva maneuver and blew vigorously
until a pressure of 40 mmHg (1 mmHg = 0.133 kPa) was reached, while holding
their breath for about 15 seconds [11]. During this period, the blood flow spec-
trum image at the tricuspid valve in the strain phase of the Valsalva maneuver
was recorded. Patients were kept in the original position and were asked to blow
out air rapidly, while the tricuspid valve blood flow spectrum was recorded. All
patients performed the Valsalva maneuver at least twice. After every measure-
ment, patients were asked to remain in the same position and rest for 5 minutes.

This was repeated until the cardiac function returned to the initial state.

2.5. c-TTE Method and PFO-RLS Grading

Patients were asked to assume the left recumbent position at a 45 degree angle,
and were examined with routine echocardiography. The apical four-chamber
view was taken. When the heart rate of patients had stabilized, agitated saline
was pushed through the established intravenous pathway in the left upper limb
in a bolus. Microbubbles in the left atrium and left ventricle were observed. This
examination was performed during the resting state and during the standard
Valsalva maneuver and was repeated once or twice. RLS grading was based on
the number of microbubbles in the left atrium and left ventricle observed in a
single frame image. Level 0—there is no microbubble in the left atrium and left
ventricle, represented as “-”; level 1 (small RLS)—1 to 10 microbubbles per frame
image in the left atrium and left ventricle, represented as “+”; level 2 (medium
RLS)—11 to 30 microbubbles per frame image in the left atrium and left ventricle,
represented as “++7; level 3 (large RLS)—more than 30 microbubbles per frame
image in the left atrium and left ventricle or the left atrium and left ventricle are
almost filled with microbubbles, resulting in a significant reduction in atrial and

ventricular transparency, represented as “+++” [9].

2.6. Statistical Analysis

A statistical analysis was conducted with the software SPSS 21.0. The tricuspid
blood flow spectrum parameters E, A, and VTI showed normal distribution.
Measurement data was shown as mean * standard deviation (x s ). Paired
t-test was used to compare the E, A, and VTI of the blood flow spectrum during
the resting state, the strain phase, and the release phase of the Valsalva maneuv-
er. The measurement data was depicted in percentage. Kruskal-Wallis test was
used to compare the PFO-RLS grading in the strain phase and the release phase.
A pvalue less than 0.05 was considered statistically significant.

3. Results

3.1. The Socio-Demographic and Clinical Characteristics
of the Patients

AS shown in Table 1, we performed this study that included 57 patients (26 men
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and 31 women, mean age 39 + 13 [16 - 65] years) with a high suspicion of a
PFO. And the patents had been diagnosed with conditions such as apsychia, mi-
graine with aura, cerebral infarction, transient ischemic attack and cerebral

ischemia with unknown cause.

3.2. PFO-RLS at Different Phases of the Valsalva Maneuver

As seen in Table 2, a large PFO-RLS was detected at the release phase of the
Valsalva maneuver, in 43 out of 57 cases (75.4%). However, at the strain phase a
large PFO-RLS was detected in 11 out of 57 cases (19.3%), there was none or
only a small RLS at the strain phase, seen in 46 cases (80.7%). This indicates that
a large PFO-RLS was detected at the release phase of the Valsalva maneuver,
while the PFO-RLS was not obvious during the strain phase. The positive con-
sequence of PFO-RLS was significantly increased at the release phase of the Val-

salva maneuver (Figure 1).

Table 1. The socio-demographic and clinical characteristics of the patients and PFO-RLS
grading, tricuspid blood flow spectrum parameters at during different phases of Valsalva

maneuver.
Variable Cases(n = 57)

Age (y)

16 - 65 57
Sex

Female 31 (54.4%)

Male 26 (45.6%)
Medical history

apsychia 24 (42.1%)

migraine with aura 24 (42.1%)

cerebral infarction 12 (21.1%)

transient ischemic attack and cerebral
. L. 35 (61.4%)
ischemia with unknown cause

the strain phase of the the release phase of the

PFO-RLS grading

Valsalva maneuver Valsalva maneuver

0 30 (52.6%) 9 (15.8%)

1 16 (28.1%) 5(8.8%)

2 7 (12.3%) 11 (19.3%)
3 4 (7.0%) 32 (56.1%)

Tricuspid blood flow spectrum parameters

E (cm/s) 54.30 £ 13.65 100.35 + 21.11
A (cm/s) 4221 £12.32 57.30 £ 18.88
VTI (cm/s) 10.34 +3.27 19.58 + 4.56
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Table 2. PFO-RLS during Valsalva maneuver achieved by c-TTE [case(%)].

Time Case Level 0 Level 1 Level 2 Level 3
=) (+) (++) (+++)
The strain phase 57 30 (52.63%) 16 (28.07%) 7 (12.28%) 4 (7.02%)
The release phase 57 9 (15.79%) 5 (8.77%) 11 (19.30%) 32 (56.14%)

TISD.T MIt14

A2 TISOT MI14
351

51Hz i (1]
15em =

v}

Figure 1. TTE with bubble study during the strain phase (A) and the release phase of the Valsalva maneuver

(B).

3.3. Changes in Tricuspid Blood Flow during the Different Phases
of the Valsalva Maneuver

Compared to the resting state of the Valsalva maneuve, E, A, and VTI on the
tricuspid blood flow spectrum decreased at the strain phase of the Valsalva ma-
neuve. However, compared with the strain phase of the Valsalva maneuve, E
value, A value, and VTI on the tricuspid blood flow spectrum increased at the
release phase of the Valsalva maneuve, and the observed high-velocity blood
flow was almost double of what was observed during the resting state (Table 3,
Figure 2). The difference was statistically significant (P < 0.05). This indicates
that the tricuspid blood flow accelerated during release phase of the Valsalva
maneuve, then in the release phase of the Valsalva maneuve a large PFO-RLS

was detected.

4. Discussion

Clinical intervention in PFO is dependent on the presence of PFO-RLS and on
the shunt volume. Echocardiography is a commonly used technique; however,
routine color Doppler flow imaging is only sensitive for left-to-right shunts with
relatively high velocity, while a PFO-RLS with relatively low velocity is detected
with difficulty. At present, c-TTE is often used to detect and grade PFO-RLS [12].
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Table 3. Comparison of tricuspid blood flow spectrum parameters during the resting
state and at different phases of Valsalva maneuver (X +s ).

Time Case E(cm/s) A(cm/s) VTI (cm/s)
The resting state 57 61.14 +12.82 41.89 £10.41 11.74 + 3.06
The strain phase 57 54.30 + 13.65 4221 £12.32 10.34 £3.27
The release phase 57 100.35 £ 21.11 57.30 + 18.88 19.58 £ 4.56

Note: E represents the blood flow velocity of E peak value. A represents the blood flow velocity of A peak
value. VTI represents velocity-time integral.

TIS0.9 Mi 0.7

M3

-
-140

b, JVMM%MW =

MMM. M.M'

Lo ek A A b o o

25mmis ' 92bpm

Figure 2. Tricuspid blood flow spectrum at resting state, the strain phase, and the release
phase. Resting state indicated the interval time between red arrow and yellow arrow;
strain phase referred to interval time between yellow arrow and blue arrow, and blue ar-
row afterward demonstrated the release phase of Valsalva maneuver.

¢-TTE with Valsalva maneuver can significantly increase the detection rate of
PFO-RLS [7] [8] [11].

This study showed that the PFO-RLS was not obvious during the strain phase
of the Valsalva maneuver, while the positive consequence of PFO-RLS was sig-
nificantly increased at the release phase. Previous studies often attributed this to
the pressure difference between the two atria. A large volume of blood flows
back to the right atrium in the release phase of the Valsalva maneuver, raising
the pressure in the right atrium relative to the left atrium, which causes the fo-
ramen ovale to open and the RLS to increase in magnitude [12] [13] [14].

We did not notice RLS in the strain phase of the Valsalva maneuver when the
right atrial pressure and intrathoracic pressure reached a balance of about 40
mmHg; however, RLS was significantly increased at the release phase when the

intrathoracic pressure and the right atrial pressure decreased with a quick reflux
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in the superior and inferior vena cave. This phenomenon seems to suggest that
the increase in RLS in the release phase of the Valsalva maneuver is mainly due
to the impact of the high-velocity blood flow in the right atrium.

Our explanation is as follows: at the beginning of the Valsalva maneuver, the
intrathoracic pressure quickly rises to 40 mmHg. According to Pascal’s law of
fluid pressure transfer, walls of both atria, in response to the increase in pres-
sure, transmit the increased pressure to the connected blood vessels. Therefore,
the superior and inferior vena cava reflux in the right atrium and the pulmonary
vein reflux in the left atrium are blocked. The intraatrial pressure and the bila-
teral intrathoracic pressure form a balance at 40 mmHg, keeping the foramen
ovale in its original state. As the Valsalva maneuver continues, reduced filling
causes a decrease in the right cardiac blood volume, as well as through the lung
tissue and into the left heart, resulting in a decrease in the left cardiac blood vo-
lume. Therefore, at the strain phase of the Valsalva maneuver, bilateral atrial
pressures increase while the blood flow volume decreases, which causes a “high
pressure and low volume” state in both atrial walls. At this time, the atrial pres-
sure difference between the left and right sides become relatively small, such that
the PFO-RLS across the foramen ovale becomes undetectable [12] [15].

Upon completion of the Valsalva maneuver, the intrathoracic pressure de-
creases suddenly, while the systemic circulation receives more blood volume due
to the instantaneous return of blood flow from the superior and inferior vena
cave to the right atrium, resulting in high-velocity blood flow. This study showed
that the VTI of the tricuspid blood flow was 19.58 cm/s in the release phase,
compared to 10.34 cm/s in the strain phase, and the observed high-velocity
blood flow was almost double of what was observed during the resting state.
Such high-velocity blood flow quickly opens the foramen oval valve, which in-
creases the PFO-RLS magnitude rapidly. This phenomenon is usually significant
in the first five cycles of the rapid release phase of the Valsalva maneuver [14]
[16]. After the five cardiac cycles, the high-velocity blood flow gradually de-
creases to normal levels, and the PFO-RLS is significantly reduced.

Therefore, we think that the PFO-RLS increase in the release phase of the
Valsalva maneuver is mainly due to the impact of high-velocity blood flow in the
right atrium, rather than due to the increase in right atrial pressure, as tradition-

ally believed.

5. Conclusion

In conclusion, as the positive intrathoracic pressure increases and the Valsalva
maneuver continues in the strain phase, the left and right heart chambers ex-
change blood through the pulmonary circulatory system; this reduces the pres-
sure difference between the left and right atria, such that the right atrial pressure
is slightly higher than or equal to the left atrial pressure, rendering the PFO-RLS
undetectable. The intrathoracic pressure decreases rapidly when the release

phase comes to an end, and blood flow into the right atrium increases, resulting
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in the opening of the foramen ovale valves, which in turn causes a significant in-
crease in the magnitude of the PFO-RLS. This study sheds some light on our
understanding of the hemodynamic changes in the PFO-RLS at different phases
of the Valsalva maneuver. The idea proposed in this study may be verified
through examination of pressure changes in the left and right atria, with and
without Valsalva maneuver, by cardiac catheterization. However, we cannot do
cardiac catheterization due to limited resources. We could not verify the pres-
sure changes in the left and right atria at different phases. In addition we will
continue to collect more sample sizes and we look forward to further deepening

and improving the follow-up work.
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