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Mechanical ventilation is an effective medical means in the treatment of patients with critically ill, COVID-19 and other
pulmonary diseases. During the mechanical ventilation and the weaning process, the conduct of pulmonary rehabilitation is
essential for the patients to improve the spontaneous breathing ability and to avoid the weakness of respiratory muscles and other
pulmonary functional trauma. However, inappropriate mechanical ventilation strategies for pulmonary rehabilitation often result
in weaning difficulties and other ventilator complications. In this article, the mechanical ventilation strategies for pulmonary
rehabilitation are studied based on the analysis of patient-ventilator interaction. A pneumatic model of the mechanical ventilation
system is established to determine the mathematical relationship among the pressure, the volumetric flow, and the tidal volume.
Each ventilation cycle is divided into four phases according to the different respiratory characteristics of patients, namely, the
triggering phase, the inhalation phase, the switching phase, and the exhalation phase. The control parameters of the ventilator are
adjusted by analyzing the interaction between the patient and the ventilator at different phases. A novel fuzzy control method of
the ventilator support pressure is proposed in the pressure support ventilation mode. According to the fuzzy rules in this research,
the plateau pressure can be obtained by the trigger sensitivity and the patient’s inspiratory effort. An experiment prototype of the
ventilator is established to verify the accuracy of the pneumatic model and the validity of the mechanical ventilation strategies
proposed in this article. In addition, through the discussion of the patient-ventilator asynchrony, the strategies for mechanical
ventilation can be adjusted accordingly. The results of this research are meaningful for the clinical operation of mechanical
ventilation. Besides, these results provide a theoretical basis for the future research on the intelligent control of ventilator and the
automation of weaning process.

mechanical ventilation, pulmonary rehabilitation, phases division, fuzzy control, patient-ventilator interaction

Citation: Hao L M, Li X, Shi, et al. Mechanical ventilation strategy for pulmonary rehabilitation based on patient-ventilator interaction. Sci China Tech Sci,
2021, 64: 869878, https://doi.org/10.1007/s11431-020-1778-8

fThese authors contributed equally to this work.
*Corresponding authors (email: renshuai@buaa.edu.cn; drxm301@163.com)

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 tech.scichina.com link.springer.com


https://doi.org/10.1007/s11431-020-1778-8
https://doi.org/10.1007/s11431-020-1778-8
http://tech.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11431-020-1778-8&amp;domain=pdf&amp;date_stamp=2021-02-05

870 Hao L M, et al.

1 Introduction

Mechanical ventilation is commonly used in the treatment of
critically ill patients. According to the reports, over 40% of
the patients in ICU need to be treated with the support of
mechanical ventilation [1,2]. In addition, the patients with
pulmonary diseases, such as chronic obstructive pulmonary
disease (COPD), also need ventilators to help them breathe
smoothly. Moreover, COPD has become one of the most
common causes of death in the world [3-5]. In addition,
pneumonia caused by the virus presents great challenges
with respiratory treatment. As of July 15th, 2020, more than
13.24 million people had been infected with COVID-19, and
there are more than 4.98 million confirmed cases in real time.
In the face of this unprecedented epidemic, mechanical
ventilation is still the most effective way to maintain the lives
of patients [6]. Therefore, it is urgent to solve the clinical
problems in mechanical ventilation.

During the process of mechanical ventilation, the venti-
lator supplies the air with a certain pressure or flow sup-
porting the patient’s breathing. Mechanical ventilation needs
to be operated at a certain intensity and in the limited time to
maintain patient’s life. The prolonged ventilation usually
leads to the weakness of respiratory muscles, which is
harmful to the improvement of the patient’s spontaneous
breathing ability, and even weakens the patient’s respiratory
function [7-10]. Hence, the patients need to gradually get rid
of their dependence on the ventilator under appropriate
conditions. Medically, the process of removing a patient
form the ventilator is defined as weaning [11]. The delay in
weaning often results in diaphragm failure, nosocomial in-
fection, pulmonary functional trauma and even the death of
life [12—16]. It is important to complete the weaning in time,
and the training of the patient’s spontaneous breathing ability
during the weaning process is helpful for the smooth wean-
ing [17]. This involves the pulmonary rehabilitation during
mechanical ventilation. Different from the pulmonary re-
habilitation in terms of physical exercise and psychological
guidance for patients, the pulmonary rehabilitation in this
paper refers to the maintenance and gradual recovery of the
patient’s spontaneous breathing ability through the adjust-
ment of the ventilator’s controlling parameters during me-
chanical ventilation.

The previous research in a review has summarized the
clinical method used to train the inspiratory muscle. For
example, lighter sedation protocols can be applied for the
patients in mechanical ventilation to activate the diaphragm
[18]. But this method is not effective enough to exercise the
patient’s respiratory muscle thoroughly. Clinically, there are
some commonly used methods to exercise patient’s sponta-
neous breathing ability, such as inspiratory resistive training,
threshold pressure training, and adjusting triggering sensi-
tivity [19-21]. During the period of weaning from mechan-
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ical ventilation, there are several ways to undertake
inspiratory muscle training, such as isocapnic/normocapnic
hyperpnoea training, the application of devices that impose
resistive, or threshold loads [22]. Some literature also pro-
vides survey reports on the effects of inspiratory muscle
training [23-25]. However, these strategies focus on im-
proving the state of the respiratory muscles, without making
adjustments to the control parameters of mechanical venti-
lation, and lacking a more comprehensive improvement of
the effect of ventilation therapy.

In addition, with the development of artificial intelligence,
some novel computer technology has also been applied to the
pulmonary rehabilitation and the weaning process. There-
fore, some novel mechanical ventilation strategies have been
proposed. Prasad et al. [26] used the reinforcement learning
method to learn a simple ventilator weaning policy from the
clinical examples. They have proposed a data-driven ap-
proach to optimize the weaning process of the patients in
ICU. This method is novel and effective, but it requires a
mass of data as the basis for machine learning, which in-
creases the difficulty of its clinical operation.

In this paper, the mechanical ventilation strategy for pul-
monary rehabilitation in mechanically ventilated patients is
studied from the perspective of patient-ventilator interaction.
The process of pulmonary rehabilitation in mechanical
ventilation aims to train and improve the patient’s sponta-
neous breathing ability, so as to prevent the decline of re-
spiratory function caused by prolonged dependence on the
ventilator. However, the improvement of the patient’s self-
breathing ability must be confronted with the ventilator to
some extent. Therefore, the ventilator parameters need to be
adjusted constantly to accommodate the patient’s sponta-
neous breathing while encouraging the patient to breathe
autonomously. The past research results have been carried
out in terms of clinical dosage and clinical data mining [27—
29]. The research in this paper is based on the pneumatic
model of patient-ventilator interaction. The ventilator works
in a pressure support ventilation mode (PSV). And each
breathing cycle is divided into four different phases. Ac-
cording to the patient-ventilator interaction phenomenon in
different phases, the mechanical ventilation strategy for
pulmonary rehabilitation is adjusted. The results of this paper
are the basis of the research on fuzzy adaptive control in
mechanical ventilation and personalized ventilation strategy
in the future studies.

2 Materials and methods

2.1 Pneumatic model of patient-ventilator interaction

The mechanical ventilation system can be regarded as the
interaction process between the patient and the ventilator. In
the previous research, we had studied the modelling of the
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mechanical ventilation system [30—33]. The interaction re-
lationship between the patient and the ventilator can also be
studied as a pneumatic model. This model consists of two
connected pneumatic systems, namely the ventilator pneu-
matic system and the patient pneumatic system. As shown in
Figure 1, the former is made up of the fan that provides the
air, the pressure and flow sensors that monitor the air supply
status, the signal acquisition and the control centre. The latter
is made up of the vacuum pump corresponding to the dia-
phragm, the elastic container corresponding to the lungs and
the throttle. The vacuum pump provided the power for
spontancous breathing. The elastic container can reflect the
compliance characteristic of the lungs. The cross-sectional
area of the throttle reflects the air resistance characteristic of
the respiratory system. The ventilator pneumatic system and
the patient pneumatic system are connected by a tube, whose
compliance and resistance can be ignored under ideal con-
ditions.

The patient’s spontaneous breathing is driven by the effort
of the diaphragm and other respiratory muscles, such as in-
tercostal muscles [34-36]. This effort can produce negative
pressure inside the chest, which triggers the ventilator to
work. The change of pressure inside the thorax caused by the
effort of respiratory muscles is represented as P, .. This
change in pressure produces a change in the volume of lungs.
According to the ideal gas state equation (PV=mRT) [37], the
volume change results in another change of pressure, which
is represented as P;. The equilibrium state of the thoracic
environment is set as atmospheric pressure, Papy. Pruscle a0d
P, together affect intrapulmonary pressure, P, The ven-
tilator operates in PSV mode. The difference between P,
and Py, produces the airflow in the airway and the ventilation
tube. Inhale (Q;,) when Py, is greater than P and exhale
(Qow) When P is greater than Py. The pressure in the
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airway is represented as P,y. The relationship among these
pressure parameters is shown in Figure 2.

According to the diagram above, the mathematical formula
can be derived as the following. And based on the ideal gas
state equation, the differential relationship between pressure
and volume or volumetric flow can be further derived. The
derivation principle has been explained in previous studies
and will not be elaborated here [30,38—41]. The mathema-
tical model is illustrated in the following equations.

(1) Intrapulmonary pressure

P

chest

=B+ Posele ™ Patm- (1)

m

(2) Pressure integral equation under volume influence
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L
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(3) Volumetric flow equation
P, down _
]

When Py, is greater than P, the patient inhales. At this
time, Py, is Py and Pyyyy, 18 Peey. In contrast, the patent
exhales, and P, is equal to Pg,y. In the formula, p is the air
density (kg/m3), and r is equal to 0.528, which is the critical
pressure ratio.

(4) Respiratory mechanical parameters

Compliance (C) and resistance (R,) are the two most im-
portant respiratory mechanical parameters. The compliance
can reflect the interaction between the pressure and the vo-
lume in the lung cavity (as shown in eq. (4)). In the pneu-
matic model, the air resistance is inversely correlated with
the cross-sectional area of the throttle (4.). The influence of
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Figure 1

(Color online) Schematic diagram of the pneumatic model of the patient-ventilator interaction. The ventilator pneumatic system: (a) fan; (b) flow

sensor; (c) pressure sensor; (d) signal acquisition module; (e) control centre. The patient pneumatic system: (f) throttle; (g) elastic container; (h) vacuum

pump.
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Ventilator
Py

Figure 2 Mathematical diagram of a mechanical ventilation system. The
airflow of the ventilator is affected by the pressure difference between the
thorax and the airway.

air resistance on ventilation flow can be reflected in eq. (3).

_dp
C=q (4)

According to the equations above, the pressure waveform
of the mechanical ventilation system can be obtained. As
shown in Figure 3, the action of P, . causes the initial
negative pressure of P,.. P; satisfies the ideal gas equation
with the lung volume during respiration. P,y can be mea-
sured directly by sensors and other external devices. The
pressure relationship in this part lays a foundation for the
identification of respiratory mechanics parameters.

2.2 Pulmonary rehabilitation strategies at different
phases of each breathing cycle

During the mechanical ventilation in PSV mode, each
breathing cycle can be divided into four phases based on the
respiratory properties. As shown in Figure 4, these four di-
visions respectively are: (1) triggering phase; (2) inhalation
phase; (3) switching phase; (4) exhalation phase. The trigger
phase corresponds to the process in which the patient’s
spontaneous breathing triggers the ventilator to work. The
inhalation phase corresponds to the process in which P,y
rises to the plateau pressure while maintaining pressure
support. The switch phase corresponds to the transition be-
tween inhalation and exhalation, and determines the patient’s
I/E ratio. The exhalation phase corresponds to the patient’s
exhalation and usually presents the value of positive end-
expiratory pressure (PEEP).

In the process of pulmonary rehabilitation, there are dif-
ferent parameter values corresponding to different ventila-
tion stages, and different ventilation strategies should be
adopted.

2.2.1 Triggering phase

To reflect the patient’s inspiratory effort, a novel variable,
PT, is defined in this article. The mathematical expression of
PT is shown in eq. (5). This variable is expressed in the
respiratory waveform as the area of the part enclosed by the
pressure baseline and the negative pressure at the beginning
of ventilation. This part is shown as the the shaded area in

Sci China Tech Sci  April (2021) Vol.64 No.4

T T T T T
25 4 —Puw A
4 4 Pchest
20 4 - =B _
) == Prsce
= 154
[
)
o 104
>
2
g %
04 . - — - — - o — o — —
‘\ / \ /
. \
-5 \.J \./ 4
T T T T T
0 1 2 3 4 5 6
Time (s)

Figure 3 (Color online) Pressure waveform of the mechanical ventilation
system. The four curves with different line type represent the air pressure in
different parts of the ventilation system.
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Figure 4 (Color online) The phases of a single ventilation period. Each
breathing cycle is divided into four different periods, namely, (a) triggering
phase; (b) inhalation phase; (c¢) switching phase; (d) exhalation phase.

Figure 4. As the integration of P,y and time, the PT’s unit is
expressed as “cmH,0O-s”. The physical meaning of this
variable is the patient’s effort to produce negative pressure
while inhales in the trigger phase. By adjusting the trigger
sensitivity, the value of PT varied with the intensity of the
patient’s spontaneous breathing. The higher value of PT in-
dicates the stronger the ability of the patient to breathe au-
tonomously.

PT = jO’”PAWdz. (5)

Figure 5 shows the pressure waveforms at different levels
of pressure support and spontaneous breathing intensity. The
part enclosed by the dotted line reflects different PT values,
representing different breathing intensities of the patient. The
process of pulmonary rehabilitation needs to gradually re-
duce the trigger sensitivity, to increase the PT value, and to
reduce the degree of pressure support in response. From
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Figure 5 (Color online) Pressure waveforms in PSV mode at different
levels of pressure support and spontaneous breathing intensity. The part
marked by the dotted line reflects the inhalation effort in the triggering
phase.

PSV1 to PSV3, the absolute value of the trigger pressure
gradually increases, the corresponding PT value gradually
increases, and the plateau pressure gradually decreases (as
shown in Figure 5).

2.2.2  Inhalation phase

The inhalation phase corresponds to the increase in the
support pressure of the ventilator and the maintenance of the
plateau pressure. During the pulmonary rehabilitation, the
plateau pressure of supporting pressure should be gradually
reduced, corresponding to the improvement of the patient’s
spontaneous breathing ability and the decrease of trigger
sensitivity. In this article, a novel respiratory pressure sup-
port strategy is proposed based on fuzzy logic for the first
time. By establishing the fuzzy relationship among the value
of PT, the trigger pressure (P;) and the plateau pressure (Pg),
the pressure support degree can be appropriately determined.

1,
(x) =3 0<x<i
luNE 1 s — —39
3
3x, Ofxf%,
Usp(x) =
2 1 2
3{?‘4’§SXS?
Hpr = (6)
3-lx—=|, lfxfz,
_ 3 3 3
Upe(x) = )
3-(1—-x), §§x§1,
_2
(=3 2 x<l
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3

According to clinical experience, four critical values of PT
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can be determined, which are 0, 1/3, 2/3 and 1 (¢cmH,O-s).
The variable, PT, is divided into four fuzzy sets: NE (very
little inhalation effort), SE (less inhalation effort), ME
(medium inhalation effort), LE (large inhalation effort). The
corresponding membership function is shown in eq. (6). The
simulation results are shown in Figure 6.

Similarly, three critical values of the trigger pressure
(Pyi) are determined, namely 1, 2 and 3 (cmH,0). P, is
divided into three fuzzy sets: HT (high trigger sensitivity),
MT (moderate trigger sensitivity), LT (low trigger sensitiv-
ity). The corresponding membership function is shown in eq.

).

Upr (V) =2y, 1<y<2,

_ _y-L 1<y<2,
Ui = (V) = {3_% 2<y<3, (7

ur() =y-2, 2<y<3.

Based on the formula above, the membership function of
the trigger pressure can be simulated as shown in Figure 7.

When the ventilator works in PSV mode, the plateau
pressure (Pg) usually reflects the degree of pressure support.
The higher the plateau pressure is, the stronger the support
degree of the ventilator is. The plateau pressure is divided
into five critical values of 12, 14, 16, 18, and 20 (cmH,0).
According to the critical values, the plateau pressure is di-
vided into 5 fuzzy sets, namely Pgl, Pg2, Pg3, Pg4 and Pg5,
which represent five different pressure support levels. The
corresponding membership function is shown in eq. (8). And
the simulation results based on the equation are shown in
Figure 8.

ug =52 2sz<u,
@, 12<z<14,

Upo(2) = _
: “TZ), 14<z<16,
@, 14<z<16,

Up = HUps(z) = _ (8)

i ’ % 16<z<18,
@, 16 <z<18,

ﬂR4(Z) = _
’ Q()TZ), 18 < z < 20,

~18
ps(e) = & 5 ) 18<z<20,

According to the clinical experience of mechanical venti-
lation during pulmonary rehabilitation, the fuzzy rules of
ventilator’s controlling strategy are designed. The fuzzy
rules table is shown in Table 1. The fuzzy sets of Pg can be
determined by the corresponding fuzzy sets of P,; and PT.
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Degree of membership
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Figure 6 (Color online) Simulation of PT’s membership function.
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Figure 7 (Color online) Simulation of P;’s membership function.

Degree of membership
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Figure 8 (Color online) Simulation of Ps’s membership function.

Table 1 Fuzzy rules table of the ventilator’s controlling strategy

PT
Plateau pressure (Pg)
NE SE ME LE
HT PS5 P4 P4 PS5
Trigger pres-
ware (P MT P2 P2 P3 Pg4
LT Pl Pl P2 P2

2.2.3  Switching phase
The switching of inhalation and exhalation in the process of
mechanical ventilation depends on the peak volumetric flow

Sci China Tech Sci  April (2021) Vol.64 No.4

(Qpear) and the switching coefficient (k). When the volu-
metric flow drops to k*Q., the support pressure of the
ventilator starts to drop from the plateau pressure to the
PEEP. The value of £ is usually 5%—10%.

,_ PT’
k'= T, k. )

When performing mechanical ventilation for pulmonary
rehabilitation, as the patient’s spontaneous breathing ability
is strengthened, the patient’s inspiration-to-expiration ratio
changes, so that the switching coefficient (k) can be in-
creased appropriately. It is determined that the initial
switching coefficient is k, and the corresponding PT value is
PT,, then when the patient’s PT value is PT’, the switching

coefficient corresponds to k' (as shown in eq. (9)).

2.2.4 Exhalation phase

In the exhalation phase, in order to offset the impact of en-
dogenous positive pressure, the ventilator is usually required
to provide a certain pressure support, which is clinically
called PEEP. In the process of pulmonary rehabilitation, as
the patient’s breathing function recovers, there is sufficient
ability to expel excess gas from the chest cavity, so the
support for PEEP can be gradually reduced. A relationship
can be established between the adjustment of the PEEP and
the trigger pressure. Determine that the initial PEEP is
PEEP,, and the trigger sensitivity of the corresponding
ventilation cycle is P;,. Then, when the trigger sensitivity is
adjusted to Py, try to adjust the PEEP to PEEP’, as shown in

PtriO

PEEP’ = P

PEEP,, (10)

Based on the control strategy of the mechanical ventilation
for pulmonary rehabilitation, an experimental prototype of
the ventilator is established in this research. The prototype
consists of a power, a turbo fan, a motor driver, the control
centre (STM32), a tube, a pressure and flow sensor, and a
lung simulator (as shown in Figure 9). Besides, with a lung
simulator (ASL5000), this experimental prototype can be
used to verify the effectiveness of the ventilation strategies
based on fuzzy logic and patient-ventilator interaction.

3 Results and discussion

The strategy of the mechanical ventilation for pulmonary
rehabilitation proposed in this study is not invariable. In the
clinical application process, appropriate adjustments should
be made at any time according to the performance of the
patient. During the process of pulmonary rehabilitation, there
will be different degrees of patient-ventilator asynchrony due
to the deviation of ventilator control parameters adjustment.
Common phenomena fall into the following three situations.
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3.1 Asynchrony phenomenon of ineffective triggering

When the trigger sensitivity adjustment method is used for
pulmonary rehabilitation training, if the trigger sensitivity is
set too low, the patient’s spontaneous breathing ability is
insufficient, and sufficient negative pressure cannot be
generated. At this time, an ineffective triggering phenom-
enon usually occurs. As shown in Figure 10, the solid line
represents the pressure waveform of ineffective triggering,
and the dotted line represents the normal triggering. Through
the detection of the plateau pressure in each cycle, the in-
effective triggering can be effectively measured.

The trigger sensitivity should be appropriately increased as
the occurrence of the ineffective triggering. According to the
control method based on fuzzy logic described above, a
reasonable degree of pressure support (Pg) can be determined
by the adjusted trigger pressure (P,;) and the patient’s PT
value. As shown in Figure 10, the trigger sensitivity of the
normal trigger is 2 cmH,0. As the trigger sensitivity in-
creases, the value of P,; decreases to 1 cmH,O and the pa-
tient’s PT value is smaller. Therefore, the value of Pg needs

B~ Control _

s’ center

\ Tube

Sensor :
Lung simulator

Figure 9 (Color online) Experimental prototype of the ventilator. This
prototype is controlled by a MCU and can work offline.
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Figure 10 (Color online) Ineffective triggering during pulmonary re-
habilitation. The solid line represents the pressure in airway under in-
effective triggering, and the dotted line represents the pressure in airway
under normal triggering.
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to be promoted properly, so as to provide more support to the
patient’s inspiratory.

3.2 Asynchrony phenomenon of double triggering

As the patient’s spontaneous breathing intensity increases,
the degree of pressure support of the ventilator can be gra-
dually reduced. This process aims to train the patient’s re-
spiratory ability. The inspiration-to-expiration ratio can be
adjusted by the increasing of the switching coefficient (k).
The adjustment of the & value can also adapt to the increase
of the patient’s breathing rate during the pulmonary re-
habilitation. If the value of £ is set too high, the patient will
be forced to switch to the exhalation phase before completing
the inhalation phase. At this point, if the negative pressure
generated by the patient’s breathing effort reaches trigger
sensitivity, it will trigger the second pressure support of the
ventilator, causing a double triggering asynchrony.

In addition, when the patient’s willingness to breathe
spontaneously increases suddenly, the peak volumetric flow
is higher than the normal level. Then it is possible to reach
the switching condition prematurely, resulting in insufficient
tidal volume, thus causing the asynchrony phenomenon of
double triggering.

To simulate the patient’s effort during double triggering
phenomenon, the trigger sensitivity is adjusted differently in
a breathing cycle. As shown in Figure 11, the initial trigger
sensitivity is 2 cmH,0, and then the trigger sensitivity in-
creases to 3.5 cmH,0. When the double triggering occurs,
the patient’s effort can also trigger the ventilator, even
though the trigger sensitivity has been promoted dramati-
cally. It proves that the double triggering is often accom-
panied by a sudden increase of patient’s breathing
willingness.

The double triggering asynchrony can be determined by
measuring the interval time between two adjacent triggers. If

25 T T

e - 7T —— Double trigger

204 | \ = = Normal trigger
Q
I
[S
S
S

0 1 2 3

Time (s)
Figure 11 (Color online) Double triggering during pulmonary re-

habilitation. The solid line represents the pressure in airway under double
triggering, and the dotted line represents the pressure in airway under
normal triggering.



876 Hao L M, et al.

the interval is less than half of the inhalation phase, it can
usually be regarded as a double triggering. When the double
triggering asynchrony occurs, the value of £ needs to be
lowered in time to increase the inspiratory time and ensure
sufficient tidal volume for the patient.

3.3 Asynchrony phenomenon of delayed switching

In the process of pulmonary rehabilitation, when the patient
recovers from controlled ventilation without spontaneous
breathing to assisted ventilation with triggering, the venti-
lator needs to adjust the inspiratory-to-expiratory ratio as the
frequency of the patient’s spontaneous breathing frequency
increases. Patients may experience switching asynchrony
when the ratio is not adjusted properly. If the value of k& is set
too low, the patient will still be in the inhalation phase when
he wants to exhale, causing the delayed switching asyn-
chrony.

As shown in Figure 12, the solid curves represent the
pressure curve and the flow curve in the ventilation cycle
with delayed switching. The part circled by the dotted line
indicates the characteristic of this phenomenon, that is, the
sudden increase in pressure at the end of the plateau pressure
and the corresponding scoop-shaped depression of the flow
waveform. Compared with the curve of the normal swich,
which is represented by the dotted line, the curve of delayed
switch has a significant lag in the switching time. The de-
layed switching asynchrony could be determined by mea-
suring these characteristics.

When the delayed switching occurs, the value of & should
be appropriately reduced in time to ensure a proper inhala-
tion-to-exhalation ratio. Ensuring the normal switching be-
tween the inhalation phase and the exhalation phase is an
important part of the mechanical ventilation strategy for
pulmonary rehabilitation.

Delayed switch
= = Normal switch

Py (cmH,0)

Time (s)

Sci China Tech Sci

Flow (L/min)
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4 Conclusions

Pulmonary rehabilitation is essential during the process of
mechanical ventilation. And when the patient weans from the
ventilator, pulmonary rehabilitation is helpful to train the
spontaneous breathing ability. This operation can effectively
avoid the weakness of the respiratory muscles during the
long-term mechanical ventilation [42]. In this research, the
mechanical ventilation strategies for pulmonary rehabilita-
tion are studied based on the patient-ventilator interaction.
Firstly, a pneumatic model of patient-ventilation interaction
is proposed to simulate the work of the mechanical ventila-
tion system. Based on the pneumatic model, the mathema-
tical relationship between the patient’s respiratory system
and the ventilator can be established. And the equations of
state for pressure, volumetric flow and tidal volume are
obtained in this article. An experimental prototype of the
ventilator is established to verify the correctness of the
pneumatic model and the effectiveness of the ventilation
strategy.

In this article, a novel fuzzy control method of the venti-
lator’s support pressure in PSV mode is proposed for the first
time. The fuzzy sets of the trigger sensitivity, the value of PT,
and the plateau pressure are respectively established. The
fuzzy rules are determined according to the clinical experi-
ence. Based on the fuzzy rules, the value of plateau pressure
that reflects the degree of the pressure support could be
obtained by the value of trigger pressure and PT. Among
them, PT is an integral quantity that can reflect the intensity
of the patient’s inhalation effort.

In addition, according to the patient’s respiratory me-
chanics characteristics, each breathing cycle is divided into
four phases, namely, (1) triggering phase, (2) inhalation
phase, (3) switching phase, (4) exhalation phase. The cor-
responding ventilation strategy for pulmonary rehabilitation
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Figure 12 (Color online) Delayed switching during pulmonary rehabilitation. The solid line represents the pressure in airway and the flow under delayed
switching, and the dotted line represents the pressure in airway and the flow under normal switching.
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is proposed based on the interaction between the patient and
the ventilator at each phase. At last, by analyzing the patient-
ventilator asynchrony phenomena during the pulmonary re-
habilitation process, the adjustment method of mechanical
ventilation strategy is proposed and discussed in detail.

The results of this research are of great help to the clinical
operation in mechanical ventilation. During the process of
pulmonary rehabilitation, the patient’s ability of spontaneous
breathing can be exercised by adjusting the control para-
meters of the ventilator. It can help the patient get rid of the
dependence on the ventilator effectively, so as to complete
the weaning more efficiently. It is also helpful for the re-
duction of the ventilator complications. Besides, this article
provides a theoretical basis for the future research on in-
telligent control methods of the ventilator.
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