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A B S T R A C T   

Objective: Anti-gravity straining maneuver (AGSM) helps to reduce the occurrence of gravity-induced visual 
disturbances and loss of consciousness. An objective assessment of the AGSM is still missing during ground 
training. This study evaluated the feasibility of using electrical impedance tomography (EIT) to assess the per-
formance of AGSM. 
Methods: Eight undergraduates and eight teachers majoring in aerospace medicine were included in the study. An 
experienced professor from the department of aerospace medicine reviewed the key points of AGSM with each 
subject. EIT measurement was performed during AGSM. The global and regional ventilation were used to 
investigate the characteristics of AGSM. The professor and the subjects rated the performance of AGSM according 
to the maneuver requirements of AGSM (maximum 16 points) before and after reviewing the ventilations from 
EIT. 
Results: For global ventilation, the relative depth of gas exchange and duration of exhalation of the teachers were 
larger than those of the students (p < 0.01), and stability of the teachers was better as well (p < 0.001). No 
difference in the duration of gas exchange and leakage during exhalation between the teachers and the students 
was found. For regional ventilation, the teachers had significantly increased ventral ventilation during AGSM 
implementation (p < 0.001) whereas students did otherwise. Additionally, the differences of rating scores with 
and without EIT were also significant. Significant reductions were found in rating scores with EIT assessed by the 
professor (4.5 ± 2.0, p < 0.001) and by the students themselves (3.9 ± 2.2, p < 0.001). The scores were sys-
tematically higher when the students rated themselves compared with the professor’s rating (p < 0.001 for both 
with and without EIT). 
Conclusion: These findings demonstrated that EIT could objectively characterize the maneuver details of AGSM, 
which might provide a potential tool for real-time assessment of AGSM quality in an objective manner.   

1. Introduction 

The operation of high-performance aircraft frequently produces high 
and sustained alterations of the gravitational gradient on pilots that 
result from agile maneuvers, such as quick turns and movements [1]. 
Unfortunately, high gravity (G) imposes substantial physiological de-
mands on the pilot because it can induce dramatic shift of volume status 
of human cardiovascular system [2]. In particular, high G in the direc-
tion from head to toe, known as + Gz, forces the blood of the pilot to 

pool in the lower extremities, thus decreasing cerebral blood flow and 
potentially causing cerebral hypoxia [3]. With the increasing magnitude 
of the G force, the pilot can develop vision disturbances such as pe-
ripheral visual loss or blackout, and even suffer from G-induced loss of 
consciousness (G-LOC) if without proper protection [4–6]. During the 
period of G-LOC, the pilot is incapacitated to control the aircraft, which 
is very likely to cause fatal flight accidents [7,8]. So far, G-LOC has been 
the major threat to the pilot of modern high performance aircraft [9]. 

In order to increase the capability of the pilot against G-LOC, experts 
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of aerospace medicine have designed several pieces of apparatus, 
including anti-G suits, reclined seats and positive pressure breathing 
systems [10,11], but anti-gravity staining maneuver (AGSM) is widely 
recognized as one of the most effective measures [12,13]. AGSM consists 
of two components: muscular contraction and respiration maneuver 
(RM). The muscle component requires the pilot to strain skeletal muscles 
(mainly lower body parts) to prevent blood pooling in the lower ex-
tremities. Simultaneously, the pilot needs to take a preparatory inspi-
ration of less than 1 s and forcefully exhale for 3–4 s against a completely 
closed glottis to increase intrathoracic pressure in order to achieve the 
elevation of systemic arterial blood pressure of aortic valve at the heart 
level, thereby minimizing the reduction of blood pressure at the head 
level [14]. By constantly tensing muscles and cyclically repeating RM, 
the pilot can maintain adequate cerebral blood perfusion to withstand 
the sustained hyper + Gz force. Numerous studies on the efficacy of 
AGSM have demonstrated that AGSM can provide additional protection 
of up to 4G if properly executed, whereas poor AGSM is the most com-
mon factor of G-LOC accidents [15–17]. Therefore, the pilot should be 
familiar with AGSM and be able to successfully perform it throughout 
the period of exposure to hyper + Gz forces. 

AGSM is a learned technique with specific action requirements, so 
the pilot should be taught and trained to maximize the effectiveness of 
AGSM on the ground, for example, with the help of a human centrifuge 
[18,19]. In AGSM, RM is the most skillful and improper RM can even 
have an adverse effect on the proficiency of AGSM. Hence, in order to 
improve training efficiency of AGSM, it is imperative to real-time eval-
uate RM of the pilot in ASGM implementation during ground training 
[19]. At present, AGSM performance of the pilot is monitored and 
assessed by a subjective observation of the training commander during 
ground training, but the subjective observation method could not 
objectively quantify the details of RM, resulting in not providing accu-
rate advice to pilots. Consequently, a portable, radiation-free, and 
noninvasive medical device is still highly required for continuous eval-
uation of RM of the pilot during AGSM training. 

Electrical impedance tomography (EIT) is a functional imaging 
method which could recover variations in electrical bio-impedance in-
side human body in relation to physiological and pathological changes 
[20,21]. In EIT, safe currents are injected into human body through an 
array of external electrodes attached on body surface and the boundary 
voltages resulting from internal tissues are collected for image recon-
struction. Due to its unique advantages of non-invasiveness, non--
radiation, portability and real-time imaging, EIT has been widely used in 
monitoring lung function in terms of real-time changes in the global 
ventilation and the distribution of regional ventilation [22–25]. Besides, 
other features of EIT, such as easy operation and small-size [26,27], 
allow for the use in the human centrifuge training. However, the feasi-
bility of using EIT to evaluate RM has not been investigated yet. 

In this study, the AGSMs of eight undergraduates and eight teachers 
were continuously monitored using EIT in our laboratory under a +1.0 
Gz environment. Then the global and regional lung ventilations of all 
subjects were calculated from EIT measurements and AGSM perfor-
mances of the subjects were evaluated by an experienced professor and 
students themselves with and without EIT. Finally, the global and 
regional ventilations between teachers and students were compared and 
rating scores with and without EIT were analyzed. 

2. Methods and materials 

2.1. Subjects 

The study protocol was approved by the Ethics Committees of the 
Fourth Military Medical University, Xi’an, Shaanxi, People’s Republic of 
China (KY20213415-1). All subjects were informed with the study 
protocol and signed the written consent form prior to the study. 

Sixteen healthy male volunteers majoring in aerospace medicine 
were included, thereof 8 undergraduates and 8 teachers who were all 

familiar with the technique of AGSM. All the volunteers underwent a 
thorough medical screenings involving smoking history and clinical 
examinations focusing on respiratory system. Pulmonary function test 
was carried out for all the volunteers to confirm normal lung function 
(ChestGraph HI-101, Chest M.I., Inc., Tokyo, Japan). 

2.2. Experimental procedure 

Before the start of the formal experiment, with the help of an expe-
rienced professor from the department of aerospace medicine, each 
subject first reviewed the implementation procedures for L-1 AGSM 
(referred as AGSM hereinafter) with particular emphasis on respiration 
maneuver. The breathing procedures for L-1 AGSM are as follows. First, 
the pilot takes a preparatory breath to inflate the lung, followed by 
forced exhalation against the completely closed glottis (maintaining for 
3–4 s). Then, the pilot makes a rapid air exchange (within less than 1 s) 
and repeats the above forced exhalation. 

Subsequently, the subjects practiced AGSM repeatedly until the 
professor considered qualification of the subject. Next, the participant 
wore anti-G suits, helmet and mask for simulation of real flight cockpit 
environment. The air of normal atmospheric pressure at the altitude of 
our laboratory (345 m) was delivered to the subject through the mask by 
directly opening the gas pipe port of the mask to the air. The participant 
was harnessed into a simulated flight cockpit with a flight seat, with 
instructions to step on the paddle and hold the joystick. After the 
completion of above steps, the subject was asked to complete the 
following actions in sequence: breathing calmly for 1 min, breathing 
with inhalation as deep as possible for five breath cycles, breathing 
calmly for 1 min, implementing AGSM for 1 min, and restoring calm 
breathing for about 5 min. During the implementation of AGSM, EIT 
measurements were carried out. 

At last, the professor and the subject rated AGSM performance ac-
cording to the items listed in Table 1 based on subjective evaluation 
(that is, without the help of EIT), and then rated the performance again 
after observing the EIT results (that is, with the help of EIT). The 
experimental procedure for each subject is shown in Fig. 1. 

2.3. EIT system protocol 

2.3.1. EIT electrode application 
Sixteen self-adhesive and disposable Ag/AgCl electrodes (Baisheng 

Medical Co., Ltd., Guangdong, China) were equally attached around the 
thorax surface in the fourth intercostal space. The method for deter-
mining the locations of the sixteen EIT electrodes was as follows. First, 
the circumference in the fourth intercostal space was measured, and the 
distance (denoted by L) between adjacent electrodes was calculated by 
dividing the circumference by 16. Next, electrode pairs of Electrode 1 
and 16 as well as Electrode 8 and 9 were placed on both sides of the 
sternum and the spine, respectively, in the fourth intercostal space, and 
the distance between the two electrodes in a pair was equal to L. Finally, 

Table 1 
Rating score table for the quality assessment of L-1 anti-gravity staining 
maneuver.  

key-points Scoring 

Relative depth of gas exchange (>80% of 
vital capacity) 

1 – 
unacceptable 

2 – borderline 
acceptable 

3 – acceptable 4 – perfect 
Duration of gas exchange (<1s) 1 – 

unacceptable 
2 – borderline 
acceptable 

3 – acceptable 4 – perfect 
Duration of exhalation against closed 

glottis (3–4s) & stability 
1 – 
unacceptable 

2 – borderline 
acceptable 

3 – acceptable 4 – perfect 
leakage during exhalation (should be 

minimum) 
1 – 
unacceptable 

2 – borderline 
acceptable 

3 – acceptable 4 – perfect  
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the rest of the electrodes were equidistantly attached in sequence (Fig. 2 
(a)). All electrode positions were kept away from the spine and sternum 
to minimize the reduction of the current entering the thorax (Fig. 2(b)). 

In order to reduce the effects of electrode-skin contact impedance on 
EIT measurement, a self-adhesive elastic bandage (McDavid-4575, 
Bellwood, USA) with a length of 1.5 times of the chest circumference 
was employed to wrap the chest twice to enhance electrode stability 
(Fig. 2(c)). The electrodes were connected to the EIT system through an 
electrode wire. 

2.3.2. EIT data measurement 
The portable EIT system developed in our group for lung imaging 

was employed to perform EIT data measurement, which operates at an 
acquisition rate of 20 frames/s. The injected current is 750 μA with a 
frequency of 50 kHz. The measurement stability is better than 0.1% for 
long-term application of 3 h and the signal-noise ratio is greater than 70 
dB. For use in the human centrifuge, in addition to the small size of 
system (6.2 × 4*0.6 cm3), the lithium battery power supply strategy and 
the Bluetooth technology were adopted to realize wireless EIT data 
transmission in real time. Additionally, in order to enhance the sensi-
tivity of impedance changes of central region inside the chest, the EIT 
data acquisition protocol of opposite current driving-adjacent voltage 
measurement mode was selected [28]. 

2.3.3. EIT data preprocessing and image reconstruction 
For each subject, the duration of EIT data collection can be as long as 

approximately 30 min. Therefore, the acquired EIT data was inevitably 
influenced by some practical factors, such as the change of electrode- 
skin interface temperature and electromagnetic interference. In order 
to alleviate these effects, a 3rd band pass filter with a passband fre-
quency range from 0.15 Hz to 10 Hz was designed to preprocess the EIT 
data because the frequency range during calmly breathing and AGSM 
implementation was from 0.2 Hz to 0.4 Hz, which is based on the 
calculation results of actual EIT data. 

The EIT images were reconstructed with the GREIT (Graz consensus 
Reconstruction algorithm for EIT) algorithm [29]. Before image recon-
struction, a real chest model was established in order to ensure the ac-
curacy of the imaging results. First, based on the CT image of a male 
thorax, the realistic thorax and lung contours were segmented by the 

method we proposed recently [30]. Then a finite element model was 
established by using Netgen software, which consisted of 10,171 trian-
gular finite elements in total. Second, the 16 electrodes with 10 mm 
diameter were set to the surface of thorax and the locations were cor-
responding to the real placement of electrodes in this study. The two 
lowest points on the ventral and dorsal sides were considered to repre-
sent the sternum and the spine (Fig. 3(a)), which were used as markers 
to set all electrode locations by adopting the evenly spaced approach 
(Fig. 3(b)). Third, the opposite current driving-adjacent voltage mea-
surement mode was applied to perform EIT simulation. 

GRETI algorithm aims to use the boundary voltage change ΔV to 
calculate the optimal linear distribution of impedance changeΔρin the 
chest [29]: 

Δρ=R⋅ΔV (1)  

where ΔV = Vtimaging − Vtreference and Δρ = ρtimaging
− ρtreference

, which denote the 
voltage/impedance change between the reference time point treference and 
the imaging time point timaging. Ris the optimal reconstruction matrix, 
which is obtained by adopting training and learning strategies, i.e. 
minimizing the following error through a set of “training target” under a 
predefined noise level [31]: 

e2= Ew[‖Δρ̃ − R⋅ΔV‖
2
] (2)  

where ∂e2/∂R = 0 is the desired image of impedance change, R is the 
boundary voltage change of the “training target”, and W is the weight 
matrix, which adjusts the weight of each target in the set of “training 
target”. 

By setting ∂e2/∂R = 0, the reconstruction matrix R can be computed 
as: 

R=Ew[Δρ̃ ⋅ ΔVT](Ew[ΔV⋅ΔVT])
− 1 (3) 

Given a training distribution t, the desired impedance change dis-
tribution and boundary voltage change can be expressed as: 

Δρ̃=Dt (4)  

ΔV= Jt + n (5)  

Fig. 1. Diagram of experimental procedure for each subject.  

Fig. 2. EIT electrode application. (a) Schematic diagram of EIT electrodes placement in the human experiments. (b) Placement of sixteen electrodes. (c) 
Enhancement of electrode stability with a self-adhesive elastic bandage. 
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where D is the mapping matrix between the training target set t and the 
desired reconstruction distribution Δρ̃, J is the Jacobian or sensitivity 
matrix of the forward model, and n is the noise. Thus, 

R = Ew[Δρ̃⋅ΔVT](Ew[ΔV⋅ΔVT])
− 1

 = (DEw[ttT]JT)(JEw[ttT]JT + Ew[nnT])
− 1

 = (DΣ*
t JT)(JΣ*

t JT + λΣn)
− 1

(6)  

where Σ*
t = Ew[ttT] is the covariance of the training sets and Σn =

Ew[nnT] is the noise covariance. λ Is used to scale the noise covariance for 
a desired noise performance. In this study, we predefined the noise 
figure to be 0.5 recommended by the authors of GREIT algorithm [29], 
and the reconstruction matrix R was computed from the established 
chest model with EIDORS toolbox and stored in advance [32]. 

2.4. EIT image analysis 

2.4.1. Global ventilation during AGSM implementation 
EIT images were reconstructed offline. For imaging reconstruction 

during AGSM implementation, the EIT images of 8 respiratory cycles 
from the end-expiratory moment of the first respiratory cycle to that of 
the ninth were reconstructed for all the subjects. During AGSM imple-
mentation, the end-expiratory moments of all respiratory cycles were 
recorded for each subject. The reference time point timaging was chosen as 
the end-expiratory moment of the first respiratory cycle, while the im-
aging time point timaging referred to a certain moment within the 8 res-
piratory cycles. Additionally, for imaging reconstruction during deep 
breathing, the definition of the reference time point treference was the same 
as that in AGSM implementation, and a certain moment within the 5 
respiratory cycles were taken as the imaging time point timaging. 

Considered that there is a good linear correlation between EIT 
impedance change and ventilation volume variation [33], the imped-
ance sum of all pixels of EIT images against time was calculated to 
evaluate the global ventilation during AGSM implementation. Also, 
according to the maneuver requirements of AGSM, the following five 
indexes were proposed.  

● Relative depth of gas exchange 

It is assessed by the percentage of the inspiratory volume during 
AGSM implementation to maximum inspiratory volume during deep 
breathing, which is calculated by ρ1 − ρ4

ρmax
⋅100%, where ρ1 and ρ4 represent 

the impedance of EIT image reconstructed at the moment of the 
maximum inspiratory volume and the moment of the minimum expi-

ratory volume, respectively, during AGSM implementation (Fig. 4(a)). 
ρmax Denotes the maximum impedance change caused by the maximum 
inspiratory volume during deep breathing, which is obtained by calcu-
lating the average of five peak impedance changes of the five deep 
breaths, i.e., ρmax = mean(ρ1

max, ρ2
max, ..., ρn

max, ..., ρ5
max), where ρn

max is the 
peak impedance change of the nth deep breath. For example, ρ1

max is the 
peak impedance change of the first deep breath, obtained by ρ1

max = ρ5 −

ρ6, where ρ5 and ρ6 represent the impedance at the end-inspiratory 
moment and the end-expiratory moment within the first deep breath, 
respectively. The average of relative depth of gas exchange in the eight 
breathing cycles is taken as the final value.  

● Duration of gas exchange. 

It is assessed by the period between the end of inhalation and the 
start of exhalation in the same breathing cycle during AGSM, which is 
calculated by t8 − t1, where t1 is the moment at the end of inhalation 
(Fig. 4(a)). The average of duration of exhalation against closed glottis 
in the eight breathing cycles is taken as the final value.  

● Leakage during exhalation against closed glottis. 

It is assessed by the percentage of leaked gas volume to the inspi-
ratory volume during AGSM, which is calculated by ρ1 − ρ2

ρ1 − ρ4
⋅100%, where 

ρ2 is the impedance of EIT image reconstructed at the moment of the 
minimum volume between the end of inhalation and the start of exha-
lation in the same breathing cycle. In practice, it is often difficult to 
identify the time point t7 at the end of muscle contraction. Therefore, the 
independent impedance change ρ7 − ρ2 caused by gas leakage during 
forced exhalation cannot be directly calculated. Nevertheless, this 
impedance change is contained in the impedance change ρ1 − ρ2, which 
can be used to indirectly assess gas leakage. The average of leakage 
during exhalation against closed glottis in the eight breathing cycles is 
taken as the final value.  

● Stability 

It is assessed by the impedance change at the end of exhalation, 

which is calculated by mean(abs(ρend
1 − ρe)

ρe
,

abs(ρend
2 − ρe)

ρe
, ⋯,

abs(ρend
m − ρe)

ρe
, ⋯,

abs(ρend
8 − ρe)

ρe
)⋅100%, where ρend

m denotes the impedance at the end of exha-

lation of the mth respiratory circle, for example, ρend
1 = ρ4 in the first 

respiratory circle and ρend
2 = ρ3 in the second respiratory circle (Fig. 4); 

ρe is the average of impedance at the end of exhalation of the eight 

Fig. 3. EIT electrodes setting in the chest model for imaging reconstruction. (a) Positions of the sternum and the spine in the chest model. (b) Locations of all EIT 
electrodes in the chest model. 
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respiratory cycles, i.e., ρe = mean(ρend
1 ,ρend

2 ,⋯,ρend
m ,⋯,ρend

8 ); abs( •) rep-
resents the absolute value and mean( •) represents average. 

Then, the professor and the students rated their performances ac-
cording to the items in Table 1 based on the global ventilation. 

2.4.2. Regional ventilation during AGSM implementation 
In order to assess regional ventilation during AGSM implementation, 

the expiratory EIT image during this period was calculated for each 
subject. First, the end-expiratory moment of the first respiratory cycle 
was chosen as the reference time point treference. Second, the expiratory 
EIT image at the middle moment of forced exhalation in each respiratory 
cycle was reconstructed, such as t1

m in the first respiratory cycle. Third, 
the average image of the 8 expiratory EIT images corresponding to the 8 
respiratory cycles during AGSM was obtained by calculating the mean 
value of the pixels at the same position in the 8 expiratory EIT images. 
Finally, this average image was taken as the final expiratory EIT image 
for each subject. 

The right fraction of ventilation was calculated as the sum of all pixel 
values in the right half of the expiratory EIT image over the sum of all 
pixel values from the expiratory EIT image, and the ventral fraction of 
ventilation was also calculated as the sum of all pixel values in the 
ventral half of the expiratory EIT image over the sum of all pixel values 
from the expiratory EIT image. Finally, the right and ventral fraction of 
ventilation were used to assess the regional ventilation (Fig. 2(b)). 

2.5. Statistical analysis 

First, the five indexes (relative depth of gas exchange, duration of gas 
exchange, duration of exhalation against closed glottis, leakage during 
exhalation against closed glottis and stability) of the teachers were 
compared with those of the students using student’s two-sample t-test. 
Second, the regional ventilation indexes (the right and ventral fraction 
of ventilation) of the teachers and the students were compared using 
one-way ANOVA with the post-hoc test. Third, the rating scores with and 
without EIT were compared using Bland-Altman plots and student t-test. 
The differences of rating scores assessed by the professor and the sub-
jects themselves were also compared. SPSS 22 (IBM Software, Armonk, 
NY, USA) was employed for statistical analysis and a p-value <0.05 is 
considered statistically significant. 

3. Results 

3.1. Comparison of lung ventilation between the teachers and the students 

Fig. 5 shows the global lung ventilation of the teachers and the stu-
dents, as well as the results of comparison. The relative depth of gas 
exchange of the teachers was significantly larger than that of the stu-
dents (p < 0.05). For the teachers, all of them had a relatively high depth 
of gas exchange (>75%) and only two was below the perfect level 
(80%). But for the students, only one had perfect depth of gas exchange. 
As for the duration of gas exchange, the significant difference between 
the teachers and the students was not found (p > 0.05). The duration of 

Fig. 4. EIT image analysis. (a) Schematic diagram of lung ventilation from EIT images during anti-gravity straining maneuver. (b) Illustration of the evaluation of 
regional ventilation in a tidal variation image of an individual during spontaneous breathing. AU, arbitrary unit. 
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gas exchange of two teachers and four students were all greater than 1 s 
(perfect level). The exhalation duration of all the teachers was greater 
than 2.5 s, which was significantly greater than that of the students (p <
0.01). Six teachers were in perfect level (within 3–4 s), whereas all the 
students were not. The leakage during exhalation of both the teachers 
and the student was greater than 5% and there was no significant dif-
ference in leakage during exhalation between the teachers and the stu-
dents, exhibiting that both the teachers and the students had a certain 
degree of air leakage when they forcefully exhaled. Additionally, the 
stability of the teachers was smaller than that of the students (p < 0.05). 

Fig. 6 shows the regional lung ventilation of the teachers and the 
students, as well as the results of comparison. For the teachers, during 
AGSM implementation, the ventilation on the ventral side was increased 
while the ventilation on the dorsal side was reduced (p < 0.01, Fig. 6 

(d)), but the ventilation on the right and left sides did not significantly 
change (p > 0.05, Fig. 6(c)). For the students, the lung ventilation on 
ventral and dorsal sides could be clearly seen, but the difference in 
ventilation between calm breathing and AGSM implementation was not 
observed (p > 0.05, Fig. 6(c) and (d)). Additionally, during calm 
breathing, no significant difference in the right and ventral fraction of 
ventilation between the teachers and the students was found (p > 0.05, 
Fig. 6(c) and (d)). However, during AGSM implementation, the ventral 
fraction of ventilation of the teachers was significantly different from 
that of the students (p < 0.01, Fig. 6(d)), while the right fraction of 
ventilation was not (p < 0.01, Fig. 6(c)). 

Fig. 5. Comparison of global ventilation between the teachers and the students during AGSM implementation. (a) Relative impedance of one teacher during AGSM 
implementation. (b) Relative impedance of one student during AGSM implementation. (c) Comparison of relative depth of gas exchange. (d) Comparison of duration 
of gas exchange. (e) Comparison of duration of exhalation. (f) Comparison of leakage during exhalation. (g) Comparison of stability. 
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3.2. Comparison of rating scores of AGSM performance 

Bland-Altman plots were carried out to assess the agreement be-
tween the rating scores with and without the visualization of EIT. 
Analysis results suggested that 100% differences were in the 95% limits 
of agreement for both the professor’ rating (Fig. 7(a)) and the subjects’ 
rating (Fig. 7(b)), indicating that there was a high concordance between 
subjective rating and rating after EIT observation. Also, with the help of 
EIT, the score drop assess by the professor was 4.5 ± 2.0 (p < 0.001) and 
that by the subjects themselves was 3.9 ± 2.2 (p < 0.001), implying that 
more details that help assess the respiratory status of AGSM could be 
revealed by using EIT. Moreover, Bland-Altman plots further showed 
that the scores were systematically higher for the subjects’ own rating 
compared with the professor’s rating (Fig. 7(c) and (d); p < 0.001 for 
both with and without EIT), exhibiting a significant difference in the 
understanding of AGSM between the professor and the subjects. 

4. Discussions 

The efficiency of AGSM is of critical importance to improve the G- 
tolerance of pilots of high performance aircraft, which can prevent the 
onset of visual disturbances and G-LOC. It is thus highly essential to 
develop new tools to real-time monitor and evaluate ASGM during 
ground training in order to enhance training effectiveness. In this study, 
we employed the EIT technique to continuously monitor the breathing 
state of the pilot during AGSM implementation, analyzed the global and 
regional ventilation of the teachers and the students between calm 
breathing and AGSM implementation, and also compared the assess-
ments from the experienced professor and the students for AGSM per-
formance with and without EIT, respectively. 

The results of global ventilation showed that the relative depth of gas 
exchange and duration of exhalation of the teachers were larger than 
those of the students, and stability of the teachers was better than that of 
the students, but no difference in the duration of gas exchange and 
leakage during exhalation between the teachers and the students was 
found. These findings indicated that the students carried out a 

Fig. 6. Comparison of regional ventilation between the teachers and the students during calm breathing and AGSM implementation. (a) EIT images of one teacher 
during calm breathing and AGSM implementation. (b) EIT images of one student during calm breathing and AGSM implementation. (c) Comparison of right fraction 
of ventilation. (d) Comparison of ventral fraction of ventilation. 
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shallower, faster and unstable breathing in the execution of AGSM and 
they also implied that the three aspects may be the key and difficult 
points for learning and mastering AGSM. Moreover, in most respiratory 
cycles during AGSM implementation (Fig. 5(a)), the impedance value at 
the end of inhalation (the first peak) was approximately equal to that at 
the start of exhalation (the second peak). However, the second imped-
ance peak was sometimes higher than the first one (within the third and 
sixth cycles, as shown in Fig. 5(a)). The possible reasons for this phe-
nomenon may be as follows. When the respiratory muscles and 
abdominal muscles were relaxed, occasional negative pressure gener-
ated in the lungs might lead to the entrance of a small volume of air into 
the lungs. Additionally, we found that chest impedance gradually 
increased from 15 s to 25 s, which may be resulted from greater amount 
of inhaled air than that of exhaled air during this period (Fig. 5(b)). For 
regional ventilation, we found that the ventral ventilation significantly 
increased for the teachers during AGSM implementation. The most 
likely explanation for the change of regional ventilation is that 1) the 
dorsal part of diaphragm was higher than the ventral one, 2) the forced 
exhalation makes the ventral diaphragm fall lower, 3) more air enters 
into the ventral side of lung. However, the ventral ventilation of the 
students did not significantly change during AGSM. Therefore, the 
regional ventilation may be a new key index to evaluate AGSM from the 
perspective of muscle contraction. 

Moreover, the results of Bland-Altman plots showed high concor-
dance between subjective rating (without EIT) and rating with the help 
of EIT, but we found that the rating scores by both the professor and the 
subjects with the help of EIT were significantly lower than those without 
EIT. In fact, before the formal experiment, the subjects had practiced 

ASGM many times under the guidance of the professor, and the rating 
scores by both the professor and the subjects were also above the 
acceptable level. These results suggested that the subjective observation 
method could not accurately evaluate AGSM, even for the experienced 
professor. The potential reasons may be that subjective observation 
could only provide a subjective interpretation but could not objectively 
quantify technical details of AGSM, such as the duration of gas ex-
change, the duration of exhalation against closed glottis, the stability of 
exhalation against closed glottis and so on. With EIT, lung ventilation 
during AGSM implementation was real-time monitored and the quan-
tified parameters of lung function related to AGSM were also extracted. 
After reviewing these quantified parameters, the subjects clearly 
observed the entire process of breathing state in AGSM implementation 
and quickly realized the problems that may not be observed 
subjectively. 

The purpose of AGSM implementation is to maintain adequate ce-
rebral blood perfusion through maintaining arterial blood pressure by 
tensing muscles and repeating specific breathings. Previous experience 
suggests the training of AGSM should be monitored and assessed ac-
cording to the four criteria described above, including relative depth of 
gas exchange, duration of gas exchange, duration of exhalation against 
closed glottis & stability, and leakage during exhalation. Gillingham 
et al. and Kobayashi et al. applied the head-level blood pressure and 
cerebral near-infrared spectroscopy to investigate the difference be-
tween ineffective and effective straining [34,35]. Although these 
methods can evaluate the effectiveness of AGSM, it cannot directly 
reflect the breathing state of pilots during AGSM implementation, which 
makes it impossible to provide valuable information for pilots to 

Fig. 7. Bland-Altman plots summarized the rating scores of the AGSM performance. (a) Differences in ratings by the professor with and without the help of EIT. (b) 
Differences in ratings by the subjects themselves with and without the help of EIT. (c) Difference between the professor’s rating and the subjects’ rating without EIT 
observation. (d) Difference between the professor’s rating and the subjects’ rating after EIT observation. w, with; w/o, without; Prof., professor; Sub., subjects. The 
blue solid lines mark the mean values whereas the black dashed lines mark the ±1.96 SD. The numbers next to the data points indicate the number of over-
lapping points. 
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improve their AGSM. Chen et al. employed the analytic method of 
electromyography to study the muscle groups that consisted of inspi-
ratory and expiratory muscles [19]. The electromyography of respira-
tory muscles can measure the duration of inhalation and exhalation, but 
it cannot measure relative depth of gas exchange and leakage during 
exhalation. Evidently, EIT can continuously monitor the breathing state 
(global and regional ventilation) of pilots during AGSM implementation 
and quantitatively evaluate these important parameters in AGSM 
assessment, showing the potential of EIT to real-time assess AGSM. 

The depth of gas exchange directly determines the magnitude of the 
increase in intrathoracic pressure. A previous study concluded that the 
intrathoracic pressure increased at greater inspiratory volumes [36]. 
Usually, an effective AGSM should be performed with over 80% of 
maximum inspiratory volume. Our results showed the relative depth of 
gas exchange (the percentage of maximum inspiratory volume) of the 
students is 74.8%, which was less than the perfect level (>80%). In 
addition to relative depth of gas exchange, the students seems to have 
performed a faster AGSM because the duration of each breathing cycle of 
the students is 2.56 s, which was slightly less than the recommended 
value (3 s–4 s) [34]. Considering that all the subjects performed AGSM 
under a +1.0 G environment, AGSM carried out by pilots in real flights 
with sustained high + Gz could have a shallower and faster breathing 
and would be less effective because of stress and anxiety. Moreover, to 
maintain sufficient cerebral blood flow, AGSM contains a forced exha-
lation against completely closed glottis. Nevertheless, we found the 
percentage of leaked gas during exhalation of the students was as high as 
14.9%, indicating there existed a relatively common gas leakage among 
the students when performing AGSM. This means the glottis did not 
close completely, which would severely affect the increase in intratho-
racic pressure [19]. However, it should be noted that all the students 
have completed the systematical study of aviation medicine course, 
clearly understood every details of AGSM, and have also conducted 
actual AGSM training of no less than 5 h accumulated. These facts 
indicate that, it is still imperative to real-time evaluate AGSM of pilots in 
ground training and guide them to improve the effectiveness of AGSM 
even if the subjects/pilots consider his AGSM to be qualified, and EIT 
may be a promising tool for quantitative assessment of AGSM. 

The respiratory effort aims at the establishment of a high intratho-
racic pressure to maintain sufficient cerebral blood flow, which is a 
crucial component of AGSM and can be invalid or may even reduce the G 
tolerance of pilots if performed in a wrong way. Some studies assessed 
the respiratory effort by using the electromyography technique to 
measure the activities of the respiratory muscles strained in AGSM [19, 
37]. This protocol provides the possibility to evaluate contraction of 
inspiratory and expiratory muscles. Except for the electromyography 
technique, the near-infrared spectroscopy method was applied to mea-
sure cerebral oxygen to reflect the change in cerebral blood flow during 
AGSM, which could directly assess the efficacy after implementing 
AGSM [35,38]. In the future, a comprehensive assessment tool that 
combines electromyography, EIT and near-infrared spectroscopy, will 
be developed to systematically evaluate AGSM from a 
multi-dimensional perspective involving the activity of the respiratory 
muscles, the accuracy of respiratory effort and the ultimate effectiveness 
of respiratory effort. 

In this study, we established a finite element model of a male thorax 
based on a real chest CT image for image reconstructions of all the 
subjects. Due to the absence of an individualized thorax model for each 
subject, model errors were inevitable in the reconstructed images [39]. 
In order to evaluate the impact of model errors on practical applications, 
Zhao et al. used EIT measurements of seven mechanically ventilated 
patients with ARDS to compare three parameters (linearity, global 
ventilation distribution and regional ventilation distribution) of the EIT 
images [40], which were reconstructed by filtered back-projection with 
a circular model, GREIT reconstruction algorithm with a circular model 
and GREIT reconstruction algorithm with an individualized thorax 
structure, respectively. They concluded that the reconstruction model 

had no influence on the results of image analysis from a practical 
application perspective, although the reconstructed images were 
affected by the chest structure. Therefore, the analysis results of the EIT 
images in this study are reliable. 

According to the maneuver requirements of AGSM, five EIT indexes 
were proposed to objectively evaluate the maneuver details of AGSM: 
relative depth of gas exchange, duration of gas exchange, duration of 
exhalation against closed glottis, stability and leakage during exhala-
tion. These five indexes were essentially similar to the evaluation 
criteria of AGSM proposed by previous studies, which included the 
duration of a breathing cycle, the depth of inhalation, the completeness 
of closing the glottis, and the onset rate of inspiration [19,37]. Thus, 
these five indexes are grounded in scientific findings. Additionally, by 
comparing AGSM performance between the teachers and the students, 
we found significant differences in these indexes between the two 
groups. These findings further indicated the objective practicality of 
these five indexes. In brief, the five EIT indexes proposed in this study 
can objectively reflect the maneuver details of AGSM. 

In this study, we utilized EIT to real-time monitor AGSM under a 
+1.0 Gz environment. Results showed that global ventilation could 
accurately reflect the respiratory process during AGSM implementation 
and regional ventilation could reflect the muscle contraction. However, 
because the physiological and psychological loads of pilots at 1 +G 
condition are significantly different from those at the sustained high + G 
environment [41–43], the air forces of almost all countries have 
designed AGSM training programs at high + Gz environment simulated 
by human centrifuge to teach the fighter pilots how to perform an 
effective AGSM. In the future, we will further verify the ability of EIT to 
real-time evaluate AGSM at the high + Gz environment. Additionally, to 
directly offer quantitative assessment of AGSM performed by pilots, we 
plan to develop a rating score system by quantifying the impacts of the 
five proposed indexes and determining the weight of each index. In the 
future, we will validate its effectiveness with a large sample in the 
future. 

5. Conclusion 

In this study, we explored the feasibility of using EIT technique to 
continuously monitor and quantitatively evaluate AGSM on sixteen 
subjects in the 1 +G environment. Results showed that global and 
regional ventilations of the teachers are significantly different from 
those of the students and the rating scores by both the professor and the 
subjects with the help of EIT were significantly lower than those without 
EIT. These results suggested that EIT could objectively characterize the 
maneuver details of AGSM, which might be a promising tool for the real- 
time assessment of AGSM during ground training and thus provide 
valuable information for pilots to improve the effectiveness of their 
AGSM. Future studies will be focused on verification of EIT at the high +
Gz environment and the development of rating score system, which are 
expected to increase the applicability of EIT to assess AGSM of pilots. 
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