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Abstract: Lung rehabilitation is safe and feasible, and it has positive beneﬁts in
weaning the machine as soon as possible, shortening the time of hospitalization
and improving the prognosis of children with mechanical ventilation. However,
at present, the traditional medical concept is deep-rooted, and doctors' understanding of early rehabilitation is inadequate. It is necessary to make in-depth exploration in the relevant guidelines and expert consensus to formulate standardized
early rehabilitation diagnosis and treatment procedures and standards for
mechanically ventilated children. In the paper, a structured graded lung rehabilitation program is constructed for children with mechanical ventilation to improve
their respiratory function, shorten the time of mechanical ventilation and pediatric
intensive care unit (PICU) hospitalization, and reduce their anxiety, based on the
principal component analysis of functional pneumonia data. Scientiﬁc evaluation
and dynamic monitoring ensure the safety of the implementation of the program
and promote the prognosis and prognosis of the disease. The proposed lung rehabilitation program provides a reference basis for the formulation of lung rehabilitation guidelines for children with mechanical ventilation. And It has important
reference signiﬁcance for clinical pulmonary rehabilitation to alleviate the concerns of clinicians and lay the foundation for the large-scale promotion of early
lung rehabilitation.
Keywords: Lung rehabilitation; mechanical ventilation; principal component analysis

1 Introduction
Mechanical ventilation is one of the important measures to treat critically ill children. It has been
reported that about 30% of children in the pediatric intensive care unit (PICU) receive mechanical
ventilation [1,2]. The Mechanical ventilation techniques also carry a series of problems while saving
more lives, such as ventilator-associated pneumonia, post-ICU syndrome (PICS), and decreased
respiratory function [3,4]. Among them, respiratory function decline is the most insidious, indirectly
manifested as prolonged mechanical ventilation, difﬁculty in weaning, and secondary intubation after
weaning. Wang et al. [5] reported that 41.7% of the children retained in PICU had difﬁculty in weaning
This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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from the machine. Other studies [6–8] have found that the diaphragm of patients began to atrophy after
18 hours of mechanical ventilation treatment and became the cause of delayed weaning. Khemani et al.
[9] studied 409 children treated with mechanical ventilation in PICU and analyzed the inﬂuencing factors
of extubating failure. And the results showed that 43 (8.3%) children were reintubated within 48 hours
after extubating, about 35% had diminished respiratory muscle strength at extubating
(aPiMax≤30cmH2O). The risk of reintubation was three times that of children with fair respiratory muscle
strength (aPiMax>30cmH2O) (14% vs 5.5%; p=0.006). Respiratory muscle weakness is a cause of
difﬁculty in weaning mechanically ventilated children and an independent risk factor for reintubation
[10–12]. How to improve respiratory muscle strength, improve respiratory function, and achieve early
weaning is the key goal of PICU. It is related to the long-term prognosis and quality of life of children.
Early and effective implementation of pulmonary rehabilitation can reduce the infection rate, shorten the
time of mechanical ventilation, and improve respiratory function [13–15].
In 2013, American Thoracic Association (ATS) and European Respiratory Association (ERS) proposed
a new deﬁnition of lung rehabilitation: "Lung rehabilitation (pulmonary rehabilitation, PR) is a
comprehensive intervention program based on a comprehensive assessment of patients and tailor-made".
It included but not limited to exercise training, education, and behavioral changes. The aim is to improve
the physiological function and psychological environment of patients with chronic respiratory diseases,
and to encourage patients to practice healthy behaviors for a long time [16–18]. With the promotion and
application of lung rehabilitation, the efﬁcacy of lung rehabilitation in chronic respiratory diseases has
been conﬁrmed. Lung rehabilitation is mainly used in chronic respiratory diseases, which can improve the
physical and mental health of patients with chronic respiratory diseases and promote patients to improve
their health behavior. As a comprehensive and comprehensive rehabilitation intervention, pulmonary
rehabilitation is only carried out in chronic respiratory diseases, while acute severe respiratory diseases
need to restore respiratory function as soon as possible and optimize the clinical outcome. Therefore, it is
necessary to carry out corresponding studies to explore the feasibility and effect of lung rehabilitation in
acute severe diseases.
The roadmap of this paper is organized as follows: Section 2 introduces early lung rehabilitation and
principal component analysis method. Section 3 introduces the data collection of children with
mechanical ventilation, and the principal component analysis method of functional data is used to analyze
the collected functional data for children with mechanical ventilation. In Section 4, the structured graded
pulmonary rehabilitation for children with mechanical ventilation is elaborated, according to the results of
the principal component analysis method. Finally, the conclusion is given in Section 5.
2 Related Work
2.1 Early Lung Rehabilitation
The latest version of the lung rehabilitation statement proposes to expand the scope of use of lung
rehabilitation, further clarify the effect of lung rehabilitation on critically ill patients and explore the
adjustment of lung rehabilitation program according to the disease [16]. The research of Moss et al.
[19–21] has shown that the intervention of early respiratory rehabilitation can slow down respiratory
muscle atrophy and signiﬁcantly shorten the time of mechanical ventilation and ICU stay. The metaanalysis of Orona et al. [22–24] included 28 studies on the effect of inspiratory muscle training on ICU
patients. Compared with the control group, the inspiratory muscle strength and expiratory muscle strength
of the patients with inspiratory muscle training (IMT) were signiﬁcantly increased. And the length of
hospital stays, and mechanical ventilation time were shorter than those of the control group. The results
of randomized controlled trials conducted showed that 71% of IMT patients were weaned successfully,
which was signiﬁcantly better than that of the control group (47%). Effective respiratory muscle exercise
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can have high respiratory muscle strength and endurance, promote the reconstruction and recovery of
pulmonary function in patients with mechanical ventilation, improve the success rate of weaning, reduce
the risk of secondary intubation and the time of mechanical ventilation. Pehlivan et al. [25–27] carried
out lung rehabilitation treatment for 39 patients who received lung transplantation 3 weeks before
operation. The results showed that the 6-minute walking distance, physical function, and emotional role
parameters of the simpliﬁed quality of life questionnaire were signiﬁcantly improved after rehabilitation
treatment. Yohannes et al. [28–30] enrolled 165 patients with chronic obstructive disease with an average
age of 72 and completed an 8-week community lung rehabilitation program that included aerobics and
education programs and were followed up for two years. The study explores the effects of 8-week
pulmonary recovery on respiratory function, anxiety, depression and quality of life after two years. The
results showed that an effective 8-week pulmonary recovery program could continuously improve
patients’ anxiety and quality of life over a two-year period.
For adult lung rehabilitation, the corresponding research has been carried out. Wang et al. [31–33]
constructed an early lung rehabilitation program for adult patients with mechanical ventilation and
evaluated the clinical effect. According to the patient's sedation score and oxygenation index, the program
is divided into four levels. It includes posture management, respiratory muscle training, psychological
support and other four dimensions. There are great differences in physiology between children and adults.
So, it is necessary to construct a lung rehabilitation program in line with the physiological characteristics
of children. Lang et al. [34–36] put forward comprehensive rehabilitation strategies for children with
mechanical ventilation from the aspects of posture management, motor function recovery, respiratory
muscle training, sleep management, and psychological support. But they lacked speciﬁc evaluation and
intervention time. And there was no speciﬁc explanation to the implementer. Wang et al. [37–39]
performed individual respiratory rehabilitation on 23 children who were treated with mechanical
ventilation in PICU. The results showed that respiratory rehabilitation had signiﬁcant signiﬁcance in
shortening intubation time. However, the program only involved respiratory muscle training. And it did
not pay attention to the psychological status of children. The treatment experience of PICU brings
anxiety, fear and other negative emotions to the children. And all the children have different degrees of
post-traumatic stress after discharge, which has an impact on their study and life [40]. Paying attention to
the psychological state of children and giving comfort, support and encouragement can alleviate the
above symptoms and optimize the clinical outcome.
To sum up, at present, there are few studies on the rehabilitation of children's mechanical ventilation
respiratory function. There are no relevant guidelines and operating norms, the existing intervention
methods are single, and there is a lack of appropriate evaluation indicators. At present, a systematic and
scientiﬁc lung rehabilitation program has not been established.
2.2 Principal Component Analysis
The main purpose of the principal component analysis method is to explain most of the information in
the original data with fewer variables, that is, it is expected that many highly correlated variables in the hands
will be transformed into unrelated variables, which can be selected from less than the original data. But
several new variables that can explain most of the original data information are the so-called principal
components, and which are the comprehensive indicators we use to explain the data.
Let X P
¼ ðX1 ; X2 ;   ; Xp Þis a p-dimensional random vector, mean vector E ð X Þ ¼ l, covariance matrix
Varð X Þ ¼ . The linear transformation of X is as follows.
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If the ﬁrst principal component is not enough to represent most of the information of the original p
variables, consider f2. In order to make f2 with the maximum interpretation ability for the part of the
information that is not explained by f1 in the original information, it is to ﬁnd α2 to maximize Var(f2)
under the condition of double constraints.
X
(4)
a1 ¼ 0; aT2 a2 ¼ 1
Covðf2 ; f1 Þ ¼ aT2
The corresponding f2 is called as the second principal component of X. Similarly, the third principal
component, the fourth principal component can be obtained.
3 Principal Component Analysis for Functional Data of Children with Pulmonary Rehabilitation
3.1 Data Collection of Children with Mechanical Ventilation
3.1.1 Data Collection
This study is a non-simultaneous control study. Using convenient sampling method, 30 children with
mechanical ventilation treated in PICU of the afﬁliated Children's Hospital of Nanjing Medical University
from January to December 2018 and January to December 2019 were selected as subjects. Among them,
15 children included in 2018 were given routine rehabilitation care, while those who met the inclusion
criteria were given structured graded lung rehabilitation program in 2019 as the experimental group.
Inclusion criteria: 13 years old≤age≤18 years old; 2 mechanical ventilation time ≥ 24 hours; exclusion
criteria: (1) neuromuscular diseases caused by genes; (2) cognitive abnormalities or developmental
retardation; (3) multiple fractures; (4) contraindications of other lung rehabilitation therapy. This study is
a non-simultaneous randomized controlled study. 15 children who met the inclusion criteria from January
to December 2018 were selected as the control group, and 15 children who met the inclusion criteria
from January to December 2019 were selected as the experimental group.
3.1.2 Treatment and Intervention Method
In the experimental group, the structured graded lung rehabilitation program was given based on routine
treatment and nursing after mechanical ventilation for 24 hours. Every morning, the attending doctor,
responsible nurse, rehabilitation doctor and therapist make rounds to evaluate the patient's condition,
airway and muscle strength one by one. After the doctor has issued the corresponding doctor's order, the
responsible nurse carried out early lung rehabilitation and records for the child according to the
rehabilitation plan. The researchers were responsible for the supervision and management of the whole
process. During the implementation of lung rehabilitation, they closely monitored the vital signs of
children, and formulated safety principles. If the ﬂuctuation of vital signs more than 20% of the normal
range, or if the child appears pale, dizziness, chest tightness, and palpitations, it will stop immediately.
The whole process of lung rehabilitation was dynamically evaluated and managed. The content of daily
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rehabilitation was timely adjusted according to the condition and tolerance of the children. And the principle
of individual nursing was followed.
In the control group, routine rehabilitation nursing was given based on symptomatic treatment. That is water
pillow was used to protect sacro-coccyx skin, turn over and pat the back once in 2 hours, suck sputum in time or
as needed according to doctor's advice. And the ventilator pipeline nursing is done. The turn-over pad and soft
pillow are utilized to change position every 2 hours, and the soft pillow is used to prevent foot drop. According to
the recovery of children, children are assisted to sit up training and bedside standing training.
3.2 Principal Component Analysis of Functional Data for Children with Mechanical Ventilation
The dimensionality reduction of functional data is performed by the principal component basis
expansion and truncation of Xi ðt Þ. The speciﬁc operation is as the following. At ﬁrst, the observed
discrete data must be functionalized, and each function curve is regarded as a sample curve to perform
function principal component analysis. Let the continuous curve be Xi ðt Þ; i ¼ 1; 2;    ; n, and i represents
the i-th observation. The principal components of each curve are as the following formula.
Z
ni ¼ ’ðt ÞXi ðtÞdt; i ¼ 1; 2;   ; n
(5)
where ’ðtÞ is the weight function. The function value Xij corresponds to the data Xij ,j ¼ 1; 2;    ; n in the
classical multivariate principal component analysis. The solution of functional principal components is
similar to the case of classical principal component analysis, and the maximization problem is solved
under certain restricted conditions.
Z
2
1 Xn
1 Xn
2
n ¼ max
(6)
Xi ðt Þ’1 ðt Þdt
max
i¼1 i1
i¼1
n
n
Z
2
s:t: k ’ðt Þ k¼ ½’1 ðt Þ2 dt ¼ 1
(7)
If there is one that satisﬁes this constraint and reaches the maximum, the corresponding ni1 is called the
ﬁrst principal component of Xi ðtÞ, which is the projection of Xi ðtÞ in the direction ’ðtÞ, and ’ðt Þ is the
characteristic function (weight function) of the ﬁrst principal component. Similarly, when the solution of
the k-th principal component meets the following constraints, the maximization problem is solved.
Z
2
1 Xn
1 Xn
2
n ¼ max
(8)
Xi ðt Þ’k ðt Þdt
max
i¼1 ik
i¼1
n
n
From the above construction process, it is found that multiple weight functions satisfy the orthogonal
constraint conditions.
Z
’h ðt Þ’l ðt Þdt ¼ 0; h 6¼ l
(9)
In order to get the weight function of functional principal component analysis, the covariance function of
the function should be used to ﬁnd the coefﬁcient of the weight function, according to the covariance
function.
1 Xn
X ðt ÞXi ðsÞ
(10)
GX ðs; t Þ ¼
i¼1 i
n1
The characteristic equation of the weight function in functional principal component analysis can be
obtained.
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Z
GX ðs; t Þ’ðt Þdt ¼ ’ðsÞ

(11)

where  is the characteristic value of GRX ðs; t Þ, and ’ðsÞ is the characteristic function corresponding to the
characteristic value. Deﬁne G’ðsÞ ¼ GX ðs; t Þ’ðtÞdt, where G’ðsÞ is the integral transformation of
GX ðs; t Þ as the kernel, and G is called the covariance operator. Then G’ðsÞ ¼ ’ðsÞ. The function Xi ðtÞ
can be expressed as a linear combination of basic functions.
XK
n ’ ðt Þ
(12)
Xi ðt Þ ¼
k¼1 ik k
Thus, the covariance function can be written as the following.
ihXK
i 1
1 Xn hXK
n ’ ðsÞ
n ’ ðtÞ ¼ ’T ðsÞnT n’ðtÞ
GX ðs; t Þ ¼
i¼1
k¼1 ik k
k¼1 ik k
n
n
The linear combination of the basic functions of the weight function is expressed as.
XK
’ðt Þ ¼
b ’ ðtÞ ¼ T ðt Þb; b ¼ ðb1 ; b2 ;   ; bk Þ
k¼1 k k

(13)

(14)

The parameter vector is estimated. And the characteristic equation can be written as the following.
Z
1 T
n nWb ¼ b; where W ¼ ’ðsÞT ’ðt Þdt
(15)
n
From this, the weight function coefﬁcient vector b can be obtained, and then the principal component
weight function can be obtained.
4 Structured Graded Pulmonary Rehabilitation for Children with Mechanical Ventilation
A total of 24 children who were treated with mechanical ventilation in PICU from January to December
2018 were reviewed, excluding cases of age < 3 years (n=4), death (n=3) and gene-induced neuromuscular
diseases (n=4). A total of 15 children met the inclusion criteria, including 7 males and 8 females, with an
average age of 6.67 years. The diseases were composed of respiratory system (n=7), nervous system
(n=4), circulatory system (n=3) and trauma (n=1). The structured graded lung rehabilitation program was
formally implemented in PICU from January to December 2019. According to the inclusion criteria, a
total of 17 children received lung rehabilitation, in which 2 cases dropped out because their parents gave
up treatment. Finally, 15 children were included, which includes 10 males and 5 females, with an average
age of 5.57 years old. The diseases were composed of respiratory system (n = 7), nervous system (n=4),
circulatory system (n=3) and trauma (n=1).
In the research, a total of 518 times of lung rehabilitation were performed, during which there were no
unplanned extubating, fall, bed fall and other adverse events. And there were no abnormal ﬂuctuations in
heart rate, blood pressure and transcutaneous oxygen saturation. From the above analysis, we get the
following rehabilitation grading treatment strategy. Tab. 1 shows the basic rehabilitation measure. The
basic measure applies to lung rehabilitation for all children with invasive mechanical ventilation.
On the basis of the basic rehabilitation measure, the respiratory muscle training and full range joint
motion plan were added to the lung rehabilitation measures. And the primary lung rehabilitation measure
was formed. It is showed in Tab. 2.
Based on the primary rehabilitation measure, the resistance training, psychological support, and motor
function exercise are added to the lung rehabilitation measures. And the secondary lung rehabilitation
measure is formed and showed in Tab. 3.
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Table 1: Basic lung rehabilitation strategy
Grade

Assessment

Rehabilitation intervention

Basic
All children with severe
measure pneumonia undergoing
mechanical ventilation who
meet the inclusion and
exclusion criteria

1. Posture management
(1) keep the head of the bed raised 30°when the condition permits,
and turn over every 2 hours.
(2) keep the body in the functional position and avoid limb
dysfunction caused by long-term bedridden.
2. Airway clearance
(1) promoting expectoration: chest percussion, humidiﬁcation and
expectoration, atomization inhalation and postural drainage.
(2) standardized and effective sputum suction, complete sputum
suction with ﬁberoptic bronchoscope if necessary, and use
artiﬁcial airway with subglottic attraction for subglottic suction.
3. Other
Oral care, sedation and analgesia, drug therapy, nutritional
support, restricted ﬂuid replacement, etc.

Table 2: Primary lung rehabilitation strategy
Grade

Assessment

Rehabilitation intervention

Primary
measure

Richmond restlessness
sedation score
(Richmond AgitationSedution Scale, RASS)
score≤-2 or RASS
score = 2, or
oxygenation index(OI) ≤
200mmHg, or
circulatory instability
can be maintained by
medication, or muscle
strength < 2

1. Posture management
Routine change of posture, raising the head of the bed 5°- 10°every
day, twice a day, 10-15min/ times if the disease permits
2. Airway clearance
In the absence of contraindications, high-frequency vibration
expectoration or expectoration machine is used for children, twice a
day, 10-20min/ times, to remove airway secretions and avoid
airway blockage to further aggravate the disease.
3. Respiratory muscle training
Passive respiratory muscle training is performed for children, hands
are massaged by rolling and kneading methods to relax respiratory
muscle groups, and plucking method is used to stimulate
respiratory muscle groups. Combined with the respiratory
frequency of the children, do the separation manipulation and chest
passive movement of the upper and lower chest, passively move the
thoracic and abdominal muscles and stretch the intercostal muscles,
and slow down the respiratory muscle atrophy and weakness
caused by long-term bed rest and mechanical ventilation.
4. Full range joint motion
Passive movements of large joints of the whole body (ﬂexion,
extension, adduction, abduction, internal rotation, external
rotation), each movement is repeated 10 times, twice/d), including
shoulder joint, elbow joint, wrist joint, hip joint, knee joint, ankle
joint, etc.
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Table 3: Secondary lung rehabilitation strategy
Grade

Assessment

Rehabilitation intervention

Secondary
measure

-1 ≤ RASS ≤1 and
1. Posture management
200 mmHg ≤ O ≤
If the condition permits, raise the head of the bed 10°-15° every day,
300 mmHg or
and assist the patient to take the semi-sitting seat as soon as possible
circulation is
and gradually transition to the sitting position, twice a day for 10relatively stable, or 2 15 minutes.
<muscle strength ≤ 3 2. Respiratory muscle training
(1) Abdominal breathing: instruct the child to breathe through the
abdomen, dilate the abdomen as much as possible when inhaling,
and contract the abdomen inward as much as possible when
exhaling, twice a day, 10-15min.
(2) Lip contraction breathing: tell the child to hold his breath for 3s
after taking a deep breath, and his lips shrink into a whistling shape,
so that the gas can be exhaled slowly through the narrowed mouth.
The ratio of inspiratory to exhaled time is 1:2 or 1:3. 2 times/day,
20 groups/time.
(3) Active circulatory breathing technique: inhale deeply, then
exhale hard to loosen and remove the secretions in the peripheral
airway, and when the secretions enter the atmospheric tract, the
sputum is excreted through gasping or coughing. 2 times/day,
20 groups/time.
3. Exercise of motor function
(1) Assist exercise: tell the children to slowly lift one side of the
upper limb/lower limb to reach the maximum value of their existing
ability and put it down slowly after insisting on 5s-10s. In this
process, the trainer can give the child a supporting strength to help
the children complete the lifting and falling movements of the upper/
lower limbs. 2 times/day, 10/times/limbs.
(2) Anti-gravity movement: based on power-assisted sports training,
gradually transition to break away from the power-assisted support,
and complete the above-mentioned movements alone, and the speed is
faster than that of power-assisted sports. 2 times/day, 15/times/limbs.
4. Resistance training
Hold the strength ball or rubber ball in hand, exercise the forearm
ﬂexor muscle group and forearm extensor group; use elastic band to
stretch muscle, increase muscle strength, train pectoralis major and
biceps femoris. 2 times per day, 20 times per day.
5. Psychological support
Try to establish an effective way of communication with the child:
use gestures, lip language, nodding or shaking your head, prompt
cards and other expressions to actively build trust with the child.
2. Evaluate the psychological status of children in time, such as
depression, anxiety, fear, etc., and give corresponding
psychological intervention in time.
1.
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On the basis of the secondary rehabilitation measure, we added the family health education plan to the
lung rehabilitation measures. And the three-level lung rehabilitation measure is formed and showed in Tab. 4.

Table 4: Three-level lung rehabilitation strategy
Grade

Assessment

Three-level -1 ≤ RASS ≤1 and
measure
300 mmHg ≤ OI ≤
400 mmHg or
circulatory stability,
or muscle strength > 3

Rehabilitation intervention
1. Posture management
When the condition of the child permits, gradually transition from
sitting position to bedside sitting, and realize bed-chair transfer. The
training time and intensity depend on the tolerance of the child.
2. Respiratory muscle exercise
Ball blowing training: use small balls or whistles to increase
inspiratory muscle resistance and workmanship, and exercise
inspiratory muscle strength.
2. abdominal pressure training: 200g, 500g and 800g salt bags were
placed in the abdomen as appropriate to increase the pressure of
inspiratory and expiratory muscles during abdominal breathing
and improve respiratory function. 2 times per day, 10-15 times
per day.
1.

3. Exercise of motor function
Anti-gravity training: hip bridge exercise: abdominal force,
buttocks lifted upward from the bed surface, increasing
abdominal muscle and lumbar dorsal muscle strength; bedside
sitting leg lifting training: assisting children to sit at the
bedside, lower limbs drooping, doing unilateral lower limb
lifting, ﬂexion and stretching alone (same as above). 2 times/
day, 10-15/time/limb.
2. Resistance training: the children's upper and lower limbs or both
upper limbs were loaded with 300g, 600g and 1000g sandbags.
2 times/day, 10-15/time/limb.
3. When the muscle strength is≥4, it can help the child to stand by
the bed. 2 times a day, 5-10 minutes, depending on the tolerance
of the child.
1.

4. Psychological support
Give continuous psychological support and intervention to children.
5. Family health education
Explain the necessity of early rehabilitation to family members,
introduce the methods of home rehabilitation according to the
situation of children, work out individual home rehabilitation
programs with children and their parents, and follow up regularly.
5 Conclusion
Based on principal component analysis of functional pneumonia data, this paper constructed a structured
graded lung rehabilitation program for children with invasive mechanical ventilation and carried out graded
lung rehabilitation nursing for children according to their severity and functional status, to improve their

148

CSSE, 2022, vol.40, no.1

respiratory function, shorten the time of mechanical ventilation and PICU hospitalization, and reduce their
anxiety. Scientiﬁc evaluation and dynamic monitoring ensure the safety of program implementation and
promote the prognosis and prognosis of the disease. This study provides a reference basis for the
formulation of lung rehabilitation guidelines for children with mechanical ventilation. And It has
important reference signiﬁcance for clinical pulmonary rehabilitation.
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