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Editorial on the Research Topic

Bedside Visual Image Technologies for Respiratory and Circulatory

Management in Intensive Care Settings

Cardiovascular and pulmonary systems are themajor systems that suffer from critical

diseases and injuries among patients. Accessible and accurate tools providing diagnosis

and monitoring information are warranted to assist individualized therapy and decision

making. Up-to-date, novel imaging techniques emerge thanks to the advancement in

the field, including novel imaging modalities that have not been widely used in clinical

practice. Bedside visual image technologies, including electrical impedance tomography

(EIT) for ventilation and perfusion, and critical care ultrasound for alveolar atelectasis

and cardiac output assessments, have gained great attentions in ICU/operating theater.

In the current Research Topic, we are happy to collect one review, two case reports, one

simulation, and five clinical studies investigated in more than 250 subjects to update our

knowledge in the field.

Interactions among cardiovascular, pulmonary and other systems are often

complicated. Many diseases could lead to multiple-organ failure. One example is

hepatopulmonary syndrome, which causes pulmonary vascular dysfunction secondary

to liver cirrhosis (1). Evidence of intrapulmonary vascular dilatation is one of the

diagnostic criteria for hepatopulmonary syndrome. Therefore, imaging examination

could be one of the critical measures to identify pulmonary vasodilatation. In the current

Research Topic, Luo and Du reviewed the recent advance diagnostic imaging techniques

for hepatopulmonary syndrome, including ultrasound, dynamic pulmonary perfusion

imaging, pulmonary angiography, and computed tomography. They discussed the pros

and cons of the current techniques and pointed out the need and room for further

development of imaging techniques.
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FIGURE 1

Combination of chest EIT and lung ultrasound for respiratory and circulatory managements in ICU. TAPSE, Tricuspid annular plane systolic

excursion; PAH, pulmonary arterial hypertension; ARDS, acute respiratory distress syndrome; V-Q, ventilation-perfusion; PEEP, positive

end-expiratory pressure; ECMO, extracorporeal membrane oxygenation.

In addition to the multiple-organ interactions, treatment of

cardiopulmonary diseases may introduce some psychological

impairments (2). Some studies indicated that revisiting the

ICU treatment period could be helpful via providing patients

with necessary information (3). Vlake et al. demonstrated

in a patient recovered from COVID-19 that virtual reality

intervention provided a valuable adjunct to improve patient’s

psychological status. The development and application of the

virtual reality module require an interdisciplinary cooperation.

To increase the effectiveness, the module might need to

be constructed individually to meet the experience of the

patient groups. Therefore, it is a promising field that requires

further investigation.

The rest of the papers in the Research Topic are either

ultrasound or EIT related, which implicates rapid development

in these two imaging modalities. The use of medical ultrasound

for cardiovascular system can date back to 1960s (4). To date,

ultrasound is used as a diagnostic tool as well as guiding

tool for certain maneuvers. To evaluate the right ventricle

filling state, Zhao et al. used echocardiography to dynamically

monitor central venous pressure and the size of right ventricle.

They were able to clarify the correlation between left ventricle

stroke volume and negative fluid balance in 71 patients with

elevated central venous pressure via comparing hemodynamic

and echo parameters at baseline and after negative fluid balance.

Ultrasound-guided catheterization has been used for a decade

but the success rate may depend on arterial depth (5). Tian

et al. retrospectively analyzed 119 patients and demonstrated

a potential correlation between first-attempt success and

arterial depth.

EIT is a novel non-invasive bedside imaging modality (6).

EIT can be used to monitor the ventilation distributions during

the entire ventilation support period. A recently important

milestone is the evidence from two randomized-controlled

trials that EIT-guided positive end-expiratory pressure (PEEP)

settings may improve outcomes (length of hospital stay,

mortality etc.) in patients with acute respiratory distress

syndrome (ARDS) (7, 8). Li et al. evaluated the possibility

to predict weaning outcome in patients with delayed upper

abdominal surgery. Another team tested the ability of EIT to

predict outcome of high flow nasal cannula therapy. These

studies broadened the use of EIT to support the respiratory

management in ICU. Lung perfusion assessed with EIT helps

physicians to understand the ventilation-perfusion matching

status and identify the potential reasons for respiratory failure

(9). Hypertonic saline bolus is injected via central venous

catheter to augment the impedance signal. Wang et al. shared

their experience inmanaging a patient with high-risk pulmonary
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embolism. Not only adult patients can benefit from EIT.

Ren et al. compared PEEP titration with global and regional

compliance calculated with EIT data in pediatric ARDS. We

believe more and more EIT applications in pediatric patients

may be published when the device manufactures provide EIT for

such patient group. Various requirements need to be considered

for different applications and different patient groups, such as

electrode size, position, noise suppression, baseline drift and

moving artifacts. Yang et al. presented mathematical method to

overcome some of the issues during practical EITmeasurements.

Although the effectiveness was only validated in limited patient

data but the results were promising.

Although medical ultrasound has been reported since

several decades, due to the lack of bedside tools, lung ultrasound

became one of the hot topics in recent years (10, 11). Lung

and heart ultrasound provides different information compared

to EIT: ultrasound could provide morphology information of

cardiopulmonary lesions, cardiac systolic and diastolic function,

special signs of etiologies, whereas EIT could make a rapid

functional assessment of regional lung ventilation, perfusion

and the corresponding matching. Development of personalized

medicine and clinical decision may benefit from the information

of both bedside techniques. In clinical practice, we propose

to combine these two techniques to manage patients with

cardiopulmonary dysfunctions (Figure 1). By combining EIT

and ultrasound, we can make a holistic management for the

circulatory and respiratory failure. Further studies are warranted

to examine whether the proposed workflow can improve

patient outcomes.
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Intensive Care Unit-Specific Virtual
Reality for Psychological Recovery
After ICU Treatment for COVID-19;
A Brief Case Report
Johan H. Vlake 1,2, Jasper van Bommel 1, Merel E. Hellemons 3, Evert-Jan Wils 2,

Diederik Gommers 1 and Michel E. van Genderen 1,2*
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A substantial number of ICU survivors are expected due to the SARS-CoV-2 outbreak,

who are at risk for psychological impairments, such as post-traumatic stress disorder

(PTSD), anxiety, and depression. We designed a COVID-19 intensive care unit-specific

virtual reality (ICU-VR) intervention and tested it on one of our COVID-19 patients.

The impact of event scale-revised and the hospital anxiety and depression scale

showed that this patient suffered from PTSD, anxiety, and depression on the day of the

intervention. One week after receiving ICU-VR, levels of PTSD, anxiety and depression

had normalized, and stayed normalized until 6 months after discharge. In conclusion,

innovative technologies, such as VR, have the potential to improve psychological

rehabilitation, and should therefore be considered by clinicians for the treatment of

ICU-related psychological sequelae after COVID-19.

Keywords: COVID-19, post-intensive care syndrome, critical care, virtual reality, post-traumatic stress disorder,

anxiety, depression

INTRODUCTION

In December 2019, a novel coronavirus, SARS-CoV-2, was first found inWuhan, China, and rapidly
spread around the world. The outbreak has officially been declared a pandemic by theWorldHealth
Organization in March 2020 (1). ICU-admission rates were reported as high as 16% (2). Because
a majority of patients treated in the ICU for COVID-19 survive (survival rate in our ICU: 76%), a
large group of ICU survivors can be anticipated.

One-third of general ICU survivors develop psychological impairments, such as post-traumatic
stress disorder (PTSD), anxiety, and depression, due to their ICU stay (3, 4). These impairments
are part of the post-intensive care syndrome (PICS), and cause a decrease in health-related
quality of life and a patient’s ability to return to their former life. Known risk factors for these
impairments are prolongedmechanical ventilation, benzodiazepines, and a prolonged ICU stay (5).
These factors were all present during COVID-19 ICU treatment, and clinicians must therefore be
prepared for an increase in the incidence of COVID-19 stress-related psychopathological sequelae
(6). Due to the large number of COVID-19 ICU-survivors, a uniform, low-time-consuming and
easy-to-implement treatment modality is needed.

Virtual reality (VR) is a relatively new technique that has been proven to be effective for treating
several psychological impairments, including PTSD and anxiety disorders (7–10). VR has three
major advances; first, it represents a means of addressing the limitations of imaginal exposure

7

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2020.629086
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2020.629086&domain=pdf&date_stamp=2021-02-05
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:m.vangenderen@erasmusmc.nl
https://doi.org/10.3389/fmed.2020.629086
https://www.frontiersin.org/articles/10.3389/fmed.2020.629086/full


Vlake et al. Brief Report: ICU-VR After COVID-19

and overcomes the inability to engage in sufficient detail and
affective magnitude to recreate the traumatic event, a significant
hurdle of imaginal exposure; second, it is an appropriate tool for
patient information delivery, and can thus be used to provide
additional treatment information, of which post-ICU patients
are in need; and third, using VR, one can truthfully reconstruct
phases of ICU treatment to replace and adjust possible delusional
memories, the largest contributor to psychological distress (11–
13). As such, Virtual Reality could be a valuable adjunct to
improve psychological recovery and health-related quality of life
after ICU treatment for COVID-19 (13, 14). Here, we describe
the effect of an intensive care unit-specific VR intervention in the
first patient that visited our COVID-19 outpatient clinic.

MATERIALS AND METHODS

We developed a COVID-19 intensive care unit-specific virtual
reality (ICU-VR) intervention based on previous findings.
A similar VR-module was tested safe in healthy volunteers
and demonstrated beneficial effects in sepsis survivors (15,
16). In short, the content of ICU-VR was determined by
an interdisciplinary team of ICU physicians and nurses, a
psychologist, a psychiatrist, and a post-ICU patient. We adapted
this module suitable for COVID-19 ICU survivors by adding
additional COVID-19 specific aspects of ICU treatment (i.e.,
mechanical ventilation in prone position, tracheostomy and
isolation measures) and information regarding SARS-CoV-2.
The COVID-19 ICU-VR intervention thereby consists of six
scenes; (1) the ICU physician and nurse welcome the patient
in front of the ICU, where the patient is virtually installed in
an ICU bed. After being brought to and installed in the ICU
room, explanation is given (2) about the surveillance monitor,
medication pumps, intubation (including tracheal tube suction),
mechanical ventilation, and prone positioning; (3) about the
peripheral drip, central line, arterial line, gastric tube, and
tracheotomy, including its procedures; (4) about the treatment
team and their responsibilities, (5) about isolation measures and
personal protection equipment, and (6) about SARS-CoV-2 and
COVID-19 (Figures 1A–F).

We tested the module in a COVID-19 patient after ICU
treatment. Seven days after hospital discharge, he underwent the
ICU-VR intervention twice during his visit to the outpatient
clinic. After the first VR session, the patient directly asked to see
the VR module for a second time. Hereafter he was given the
opportunity to ask questions and to discuss the experience.

The hospital anxiety and depression scale (HADS) and impact
of event scale-revised (IES-R) were used to assess anxiety-,
depression-, and post-traumatic stress-related symptoms on the
day of the COVID-19 outpatient clinic visit, directly prior to
receiving the intervention, and 7 days and 6months after hospital
discharge (17, 18).

RESULTS

The patient was male, 57 years old, known with non-insulin
dependent diabetes type 2, severe obstructive apnea syndrome,

and no psychiatric history. He was initially admitted for
respiratory insufficiency caused by a diffuse bilateral COVID-
19 pneumonia, after being ill for 5 days. After 2 days of
ICU treatment including deep sedation and ventilation in
prone positioning, he deteriorated and was transferred to our
hospital. After a consecutive treatment of 20 days in our ICU,
he underwent a tracheostomy for weaning failure and started
weaning in combination with intensive physiotherapy. The
patient was eventually discharged from the ICU after 39 days and
from the hospital after 54 days.

Seven days after discharge, he received the ICU-VR
intervention twice. Prior to receiving ICU-VR, the IES-R sum
score was 56, indicating severe PTSD, and the HADS depression
and anxiety score were 9 and 13, indicating clinically relevant
depression and anxiety, respectively. One week after receiving the
COVID-19 specific ICU-VR, the IES-R score was 24, indicating
none to mild PTSD, the HADS depression score was one,
and the HADS anxiety score was three, indicating neither
clinically relevant anxiety nor depression. More importantly,
the patient stated that ICU-VR had helped him to better
grasp ICU treatment, helped him to put his delusional
memories into perspective, and thereby helped him to better
cope with ICU-related psychological sequelae. He experienced
the intervention as an enervating treatment modality and
would recommend it to all patients treated for COVID-19
in the ICU.

Six months after hospital discharge, the patient suffered from
critical illness polyneuropathy, had some pulmonary residual
abnormalities on CT, but no decline in pulmonary function
(FVC: 4.24, 82%; FEV1: 3.09, 78%). He did not suffer from
psychological impairments with a still normalized IES-R score
and HADS anxiety and depression scores. He partially started
working again.

DISCUSSION

This is the first report of intensive care unit-specific virtual
reality to reduce psychological distress and improve health-
related quality of life after ICU treatment for COVID-19.
The patient described showed a considerable decrease in post-
traumatic stress disorder-, anxiety-, and depression-related
symptomatology, shortly after seeing the VR module. Moreover,
he reported that the intervention had helped him put his
delusional memories into perspective and make sense of what
happened to him during ICU treatment.

In the psychology field, VR is becoming an accepted treatment
modality for several non-ICU-related psychological disorders
(10). Although we are aware that the current report does not
provide empirical evidence, it suggests that, especially during the
current demand of care, an innovative technique, such as VR,
can be considered to improve psychological well-being after ICU
treatment. A larger, formally powered, randomized controlled
trial should definitely demonstrate the effectiveness of our
COVID-19 ICU-VR intervention. We are currently performing
such a trial (Netherlands Trial Register, http://www.trialregister.
nl/, identifier: NL8835).
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FIGURE 1 | Impression of the COVID-19 Intensive Care Unit-specific Virtual Reality intervention. Screenshots of the COVID-19 Intensive Care Unit-specific Virtual

Reality intervention; (1) the ICU physician and nurse welcome the patient in front of the ICU (A), where the patient is virtually installed in an ICU bed. After being brought

to and installed in the ICU room, explanation is given about (2) the surveillance monitor, medication pumps, intubation (including trachea tube suction) (B), mechanical

ventilation, and prone positioning (C); (3) about the peripheral drip, central line, arterial line, gastric tube, and tracheotomy, including its procedures (D); (4) about the

treatment team and their responsibilities, (5) about isolation measures and personal protection equipment (E), and (6) about SARS-CoV-2 and COVID-19 (F).

Anxiety- and stress-related disorders are common in ICU
survivors, and literature suggests that these are predominantly
caused by delusional memories, sensory overload, and amnesia
(19–21). A recent study by Di Nicola et al. added important
knowledge and suggested a role of serum 25-hydroxyvitamine
D levels and suggested a role of serum 25-hydroxyvitamine D
levels in the development of symptoms of psychological stress

(22). Although the role of serum 25-hydroxyvitamine D in the
development of psychological sequelae after ICU treatment has
not previously been examined, it could be hypothesized that low
serum levels during ICU treatment could influence psychological
outcomes. Future studies should examine this hypothesis, and the
possibility to prevent psychological PICS by normalizing serum
levels of vitamin D.
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It should be acknowledged that we used self-reported
questionnaires to assess the patient’s psychological well-being.
These questionnaires are commonly used in, and accepted
for, patients after critical illness and are as such validated
in critical care survivors (23, 24). One should however take
into account that formal assessment of psychological disorders
requires a consultation with a psychologist or psychiatrist.
Additionally, although the decrease in psychological distress was
substantial and can therefore be expected to be at least partially
explained by the intervention, we were unable to formally rule
out that other factors may have influenced the decrease in
psychological sequelae.

In conclusion, innovative technologies, such as VR, have the
potential to improve psychological rehabilitation, and should
therefore be considered by clinicians for the treatment of ICU-
related psychological sequelae after COVID-19.
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Non-decreased Left Ventricle Stroke
Volume After Negative Fluid Balance
in Critically Ill Patients: A Single
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Study Group (CCUSG)

Department of Critical Care Medicine, Peking Union Medical College Hospital, Peking Union Medical College, Chinese

Academy of Medical Sciences, Beijing, China

Background: Optimal adjustment of cardiac preload is essential for improving left

ventricle stroke volume (LVSV) and tissue perfusion. Changes in LVSV caused by central

venous pressure (CVP) are the most important concerns in the treatment of critically

ill patients.

Objectives: This study aimed to clarify the changes in LVSV after negative fluid balance

in patients with elevated CVP, and to elucidate the relationship between the parameters

of right ventricle (RV) filling state and LVSV changes.

Methods: This prospective cohort study included patients with high central venous

pressure (CVP) (≥8 mmHg) within 24 h of ICU admission in the Critical Medicine

Department of Peking Union Medical College Hospital. Patients were classified into two

groups based on the LVSV changes after negative fluid balance. The cutoff value was

10%. The hemodynamic and echo parameters of the two groups were recorded at

baseline and after negative fluid balance.

Results: A total of 71 patients included in this study. Forty in VI Group (LVOT VTI

increased ≥10%) and 31 in VNI Group (LVOT VTI increased <10%). Of all patients,

56.3% showed increased LVSV after negative fluid balance. In terms of hemodynamic

parameters at T0, patients in VI Group had a higher CVP (p < 0.001) and P(v-a)CO2

(p < 0.001) and lower ScVO2 (p < 0.001) relative to VNI Group, regarding the echo

parameters at T0, the RVD/LVD ratio (p < 0.001), DIVC end−expiratory (p < 0.001), and

1LVOT VTI (p < 0.001) were higher, while T0 LVOT VTI (p < 0.001) was lower, in VI

Group patients. The multifactor logistic regression analysis suggested that a high CVP

and RVD/LVD ratio ≥0.6 were significant associated with LVSV increase after negative

fluid balance in critically patients. The AUC of CVP was 0.894. A CVP >10.5 mmHg

provided a sensitivity of 87.5% and a specificity of 77.4%. The AUC of CVP combined

with the RVD/LVD ratio ≥0.6 was 0.926, which provided a sensitivity of 92.6% and a

specificity of 80.4%.
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Conclusion: High CVP and RVD/LVD ratio ≥0.6 were significant associated with RV

stressed in critically patients. Negative fluid balance will not always lead to a decrease,

even an increase, in LVSV in these patients.

Keywords: central venous pressure, fluid management, echocardiography, right ventricle size, right ventricle

filling

INTRODUCTION

In the management of hemodynamic instability, optimal
adjustment of cardiac preload is essential for improving stroke
volume (SV) and tissue perfusion. Fluid management in critical
patients is crucial for prognosis, as both inadequate fluid or
fluid overload can lead to negative outcomes (1). In particular,
fluid overload and high CVP are associated with poor outcomes
in critically ill patients (2). Some studies have concluded that
elevated CVP is associated with increased mortality in critically
ill patients (3). Conversely, early reductions in CVP during
treatment may help maintain good organ function and result
in a higher survival rate (4). Negative fluid balance is the most
common clinical intervention to reduce CVP. Based on the
Frank-Starling mechanism and venous return theory proposed
by Guyton, venous return should match cardiac output (CO)
as determined by the mean systemic filling pressure (MSFP)
and the CVP gradient (5, 6). Changes in CO due to CVP are
important concerns for the treatment of critically ill patients.
The trend of changes between CVP and CO is not consistent in
different conditions. Nevertheless, increases in COwith decreases
in CVP occur in routine clinical work, which are indicative
of improvement of heart function and pulmonary circulation,
especially right heart function.

Right heart function is essential for venous return (7, 8). The
healthy human RV fills at or below its unstressed volume, such
that RV end-diastolic volume changes occur without any changes
in RV diastolic wall stretch.With increased volume loading of the
RV, right ventricular end-diastolic pressure (RVEDP) and LVSV
both increased. When RV reaches the flat part of the pressure-
volume curve, the RV further increases in size will lead a leftward
ventricular septal (VS) shift (9). VS shift can result in decreased
LVSV, leading to a phenomenon colloquially termed “falling off
the Starling curve” (7).

According to the understanding of fluid responsiveness (FR),
assessing the filling state of the RV is key to judging the
volume status. However, evaluation of the filling state remains
a challenge. Dynamic monitoring of CVP and assessment of
RV size via echocardiography are currently used as indices of
RV filling state (10–13). In our previous retrospective study,
the patients with increased cardiac output (CO) and decreased
CVP achieved negative fluid balance, but the effect of cardiotonic
drugs couldn’t be rule out (14). The changes of LVSV after
negative fluid balance is still unknown in patients with high
CVP. CVP has been used as a surrogate of right ventricle filling
pressure, but CVP as a single measure is highly questionable: (1)
It remains unclear what level of CVP is deleterious and may be
considered a trigger for intervention; (2) The effect of varying

intrathoracic pressure in mechanically ventilated patients, and
might not reflect preload directly. Several studies have reported
that fluid overload can increase RV size [the right to left
ventricular end-diastolic dimensions (RVD/LVD) ratio is ≥0.6]
(15–17). Furthermore, the relationship between hemodynamic
parameters and LVSV changes after negative fluid balance is
unclear. We therefore aimed to assess the changes of LVSV
after negative fluid management and to elucidate the relationship
between the parameters of right ventricle (RV) filling state and
LVSV changes.

MATERIALS AND METHODS

Study Design and Patient Enrollment
This is a post-hoc analysis of data collected during a prospective
cohort study at the Critical Care Department of Peking
Union Medical College Hospital. All patients with abnormally
high CVP (i.e., outside the normal range of 0–7 mmHg)
within 24 h of ICU admission from July 2017 to December
2017 were included in the study. All the patients authorized
us to use their clinical data. The research protocol was
reviewed and approved by Ethics Committee of Peking Union
Medical College Hospital (PUMCH-S617).

Inclusion and Exclusion Criteria
The inclusion criteria were (1) CVP ≥8 mmHg and (2) age >18
years. The exclusion criteria were (1) negative balance therapy
was not performed; (2) non-curative goals of therapy, (3) a
history of cardiac disease, pulmonary hypertension, or precaval
malformations, and (4) abdominal hypertension.

Study Protocol
All patients were treated as follows:

All enrolled patients underwent the routine procedures of
the Critical Care Department of Peking Union Medical College
Hospital. Arterial and venous lines were inserted. Time 0 (T0)
is defined as the time of patient enrollment, and Time 1 (T1)
is defined as a negative fluid balance of 500ml. Central venous
and arterial blood gases analysis were performed at T0 and T1.
Patients were divided into two groups according to the LVOT
VTI changes after negative fluid balance: VI Group comprised
patients with 1LVOT VTI(T1-T0)/T0 LVOT VTI ≥10% (VI)
and VNI Group comprised patients with 1LVOT VTI(T1-T0)
/T0 LVOT VTI <10%(VNI).

• Hemodynamic monitoring methods: The lines of central
venous and arterial were inserted, CVP, central venous oxygen
saturation (ScVO2), central venous-arterial carbon dioxide
difference [P(v-a)CO2], and serum lactate levels (lac) were
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FIGURE 1 | (A) Right to left ventricular diastolic dimensions ratio (RVD/LVD ratio); (B) diameter of the inferior vena cava; (C) left ventricular eject fraction EF; (D)

tricuspid annular plane systolic excursion TPASE; (E) left ventricular outflow tract velocity time integral VTI.

tested (detailed were showed in Supplementary Material 1).
Bladder pressure was used as a surrogate of intra-
abdominal pressure (IAP), IAP ≥12 mmHg is defined as
abdominal hypertension.

• Echocardiography: Echocardiography was also performed at
T0 and T1 by competent attending physicians or fellows,
who had at least 3 years of experience in echocardiography
performance and interpretation. An ultrasound system
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equipped with an array probe (X-Porte, Sonosite, Bothell,
WA, USA) was used. At least five standard views (acoustic
windows) were obtained and recorded for each scan (Figure 1)
(detailed were showed in Supplementary Material 1).
All the reviews were confirmed by two competent
attending physicians.

• Clinical treatment: The method of negative fluid balance
(application of diuretic drugs or continuous renal replacement
therapy) was determined by the physician. No changes were
made that may cause changes in CVP. In the case of patient
hypoxia, the inhaled oxygen concentration was adjusted to
ensure SPO2 >95%, PaO2 >60 mmHg.

Data Collection
Clinical data were extracted from the ICU computerized database
and medical records, including patients’ socio-demographic
data, biometric parameters, comorbidities, respiratory support
mode, and Acute Physiology and Chronic Health Evaluation
II score, SOFA score. Hemodynamic parameters [heart rate,
mean arterial blood pressure, CVP, ScVO2, P(v-a)CO2, and lac]
and echo parameters [such as tricuspid annular plane systolic
excursion (TAPSE), diameter of the inferior vena cava (DIVC

end−expiratory), left ventricular eject fraction (LVEF), RVD/LVD

ratio, left ventricle outflow tract velocity-time integral (LVOT
VTI), mitral annular plane systolic excursion (MAPSE), mitral
diastolic filling Eatly (Em), mitral diastolic filling Atrial (A m),
and early diastolic velocity of the mitral annulus Ea m] were
recorded at T0 and T1, were also recorded at the same time. The
primary outcome of the study was to clarify LVOT VTI changes
after negative fluid management in patients with high CVP. The
secondary outcome was to evaluate the relationship between the
relationship between the parameters of RV filling state and LVOT
VTI changes after negative fluid management.

Statistical Analysis
Statistical analysis was performed using SPSS software version
20.0 for Windows (IBM, Armonk, NY). Considering this is a
post-hoc analysis of data, sample size was calculated through
events per variable (EPV) method. EPV of 5–10 is usually used
to estimate sample size in the literature. At most 6 candidate
variables could be included in the multivariate modeling process
when half of patients will present positive result. The data
distribution test and the homogeneity of variance test were
performed on the data. Results for continuous variables with
a normal distribution (e.g., age, Acute Physiology and Chronic
Health Evaluation II score) are reported as the mean ± standard
deviation. Student’s t-test was used to compare means between
two groups. Results for continuous variables that were not
normally distributed are reported as the median (25th and
75th percentiles) and compared using non-parametric tests.
Qualitative data were expressed as proportions; testing for
differences was performed using a chi-square test or Fisher’s
exact test. The paired sample t-test was used for comparisons
between groups before and after treatment. The correlation
between RV variables and LVOTVTI changes was analyzed using
Pearson correlation analysis. Risk factors associated with VI
were identified in univariate and multivariate logistic regression

analysis, variables with a P < 0.2 were subjected to a multivariate
analysis with backward stepwise models to measure the odd risk
(OR) and 95% confidence intervals (CIs). Receiver operating
characteristic (ROC) curves were used to determine the ability
of the indices to predict LVOT VTI increase >10% after
negative fluid balance. The areas under the ROC curves (AUCs)
were compared using DeLong’s test. The AUC, sensitivity, and
specificity are expressed as values with 95% CI. A p < 0.05 was
considered to be statistically significant.

RESULTS

Demographic and Clinical Characteristics
of Patients
During the study period, a total of 154 patients were admitted
with CVP ≥8 mmHg. Of these, 65 did not meet the study
criteria (28 didn’t undergo negative fluid management, 26 had
underlying heart disease, 5 had abdominal hypertension, 6 with
non-curative goals of therapy). In addition, 9 were excluded due
to poor TT image quality or incomplete image acquisition; 6
were excluded due to inconsistent judgments of the ultrasound
results by the two physicians; and 3 were excluded due to
new tachyarrhythmia during the trial. Thus, the final sample
for analysis comprised 71 patients (33 males, 38 females)
(Figure 2). Overall, 40 (56.3%) patients were grouped to VI
Group, 31 (43.7%) patients were grouped to VNI Group. The
demographical and clinical characteristics of all patients are
shown in Table 1. Except for the P/F ratio (p < 0.05), there were
no significant differences in other demographic characteristics
between the two groups. In terms of hemodynamic parameters
at T0, patients in VI Group had a higher CVP and P(v-a)
CO2 and lower ScVO2 relative to VNI Group (all p < 0.05).
No group differences were observed for HR, MAP, or lactate
levels. Regarding the echo parameters at T0, the RVD/LVD

ratio ≥0.6, DIVC end−expiratory, 1LVOT VTI were higher, while
T0 LVOT VTI was lower, in VI Group (all p < 0.05). There
were no group differences in LV systolic and diastolic function,
RV systolic fuction, and tricuspid regurgitation as shown in
Table 2.

Comparison of Hemodynamic Parameters
at T0 and T1 Between Patients With Rv
Dilation or Not
The analysis showed there was a significant
difference in proportion of RVD/LVD ratio ≥0.6 (RV
dilation) between the two groups. We compared the
hemodynamic parameters at T0 and T1 between
patients with RVD/LVD ratio ≥0.6 (RV dilation) or not
(non-RV dilation).

As shown in Figure 3, CVP, DIVC end−expiratory, and
RVD/LVD ratio decreased significantly in both groups
after negative fluid management (p < 0.05). None of
the patients in our study experienced tissue perfusion
insufficiency. Flow related parameters [LVOT VTI, P(v-
a)CO2, ScVO2] improved in patients with RVD/LVD

ratio ≥0.6 (p < 0.05), and the lactate level decreased
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FIGURE 2 | Flow chart.

in patients with RVD/LVD ratio <0.6 (p < 0.05). In
addition, the P/F ratio increased significantly in both
groups (p < 0.05).

Correlation Between RV Parameters and 1

LVOT VTI/T0 LVOT VTI
Figure 4 presents the individual parameter values for RV
and 1 LVOT VTI/T0 LVOT VTI among all patients.
CVP, RVD/LVD ratio, and DIVC end−expiratory were
significantly correlated with 1 LVOT VTI/T0 LVOT
VTI [r = 0.64 (p < 0.05), 0.64 (p < 0.053), and 0.59 (p
< 0.05), respectively]. By contrast, no relationship was
observed between LV systolic and diastolic functions,

RV systolic function and tricuspid regurgitation and 1

LVOT VTI/T0 LVOT VTI.

Risk Factors for a LVOT VTI Increase ≥10%
at T1
The multifactor logistic regression analysis was used to examine
possible risk factors for the changes of LVOT VTI after
negative fluid management. All relevant variables were taken into
account (including demographics and clinical characteristics,
hemodynamic and ECHO findings). P(v-a) CO2 and ScVO2

were excluded, as they are derived variables of LVOT VTI, P/F
was exclude as it was consequence variables of RV stressed.
The results of univariate analysis suggested that the P-value of
CVP, RVD/LVD ratio, LVOT VTI, DIVC end−expiratory and E m
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TABLE 1 | The demographic and clinical characteristics of the patients included in this study at T0.

Variable All patients (N = 71) VI group (N = 40) VNI group (N = 31) P-value

Gender (male/female) 71 (33/38) 40 (18/22) 31 (15/16) 0.321

Age (years) 49 ± 16 48 ± 16 50 ± 14 0.334

SOFA Score (mean ± SD) 9.1 ± 4.5 9.2 ± 4.5 8.9 ± 4.4 0.384

APACHE II Score (mean ± SD) 16 ± 5 17 ± 5 15 ± 5 0.173

Underlying disease n (%)

Coronary artery disease 13 (18.3) 7 (17.5) 6 (19.4) 0.540

Hypertension 28 (39.4) 17 (42.5) 11 (35.5) 0.362

Diabetes mellitus 24 (33.8) 16 (40) 8 (25.8) 0.158

Choric renal failure 12 (16.9) 8 (20) 4 (12.9) 0.218

Choric liver failure 4 (5.6) 3 (7.5) 1 (3.2) 0.409

Stroke 8 (11.3) 4 (10) 4 (12.9) 0.493

Cancer 6 (8.5) 4 (10) 2 (6.5) 0.466

Primary disease n (%)

Sepsis 34 (47.9) 20 (50) 14 (45.1) 0.435

gastrointestinal bleeding 3 (4.2) 2 (5) 1 (3.2) 0.596

Traumatic brain injuries 3 (4.2) 2 (5) 1 (3.2) 0.596

Acute coronary syndrome 9 (12.7) 5 (12.5) 4 (12.9) 0.616

Post-operative of gastrointestinal tumors 5 (7.0) 3 (7.5) 2 (6.5) 0.621

Post-operative of urinary system 10 (14.1) 4 (10) 6 (19.4) 0.217

Post-operative of gynecologic cancer 7 (9.9) 4 (10) 3 (9.7) 0.642

RASS Score −2.33 ± 1.16 −2.45 ± 1.23 −2.37 ± 1.19 0.674

Proportion of organ failure

PaO2/FiO2 (mmHg) 240.62 ± 46.19 214.10 ± 39.63 274.84 ± 28.09 <0.001

Acute kidney injury n (%) 16 (22.5) 9 (22.5) 7 (22.5) 0.607

Acute myocardial injury n (%) 10 (14.1) 6 (15) 4 (12.9) 0.541

Acute liver injury n (%) 4 (5.6) 3 (7.5) 1 (3.2) 0.409

Interventions

CRRT (n %) 8 (11.3) 5 (12.5) 3 (9.7) 0.507

Ventilation modes n (%)

Non-invasive ventilation 13 (18.3) 8 (20) 5 (23.8) 0.256

Invasive ventilation 58 (81.7) 32 (80) 26 (74.2) 0.354

Vasoactive drugs (n %) 36 (50.7) 20 (50.0) 16 (51.6) 0.542

Fluid input (T0–T1) (ml) 86 ± 15 85 ± 14 87 ± 16 0.482

T1–T0 time (minute) 63 ± 14 58 ± 15 64 ± 16 0.275

Quantitative data are expressed as the mean± SD or median interquartile (25–75) %. Qualitative data are expressed as n (%). APACHE II, Acute Physiology and Chronic Health Evaluation

II; Sofa Score, Sequential Organ Failure Assessment Score; PaO2, arterial oxygen pressure; FiO2, fraction of inspiration oxygen; CRRT, continue renal replacement therapy; RASS Score,

Richmond Agitation-Sedation Scale Score.

was <0.2 (Table 3). Then these variables were subjected to the
multivariate logistic regression analysis with backward stepwise
model. The results suggested that a high CVP and RVD/LVD ratio
were significant associated with LVSV increase after negative
fluid balance in critically patients (p < 0.05). The OR of CVP and
RVD/LVD ratio were 2.425 (95% CI, 1.458–4.003) and 8.588 (95%
CI, 1.947–37.887), respectively (Table 3).

Effect of Risk Parameters for Predicting a
LVOT VTI Increase >10% at T1
The AUC of CVP for predicting a LVOT VTI increase >10% at
T1 was 0.883 (95%CI 0.804–0.902). The best diagnostic threshold
was 10.5 mmHg, which provided a sensitivity of 87.5% and a
specificity of 77.4% (Figure 5).

The regression equation for all of the risk parameters is:
Logit (P)=−10.474+ CVP ∗ 0.886+ RVD/LVD ratio ∗ 2.854

(≥0.6= 1, <0.6= 0).
The AUC of CVP combined with RVD/LVD ratio for

predicting a LVOT VTI increase >10% at T1 was 0.926 (95%
CI 0.866–0.96). The best diagnostic threshold was 0.3689,
which provided a sensitivity of 92.5% and a specificity of
80.6% (Figure 5).

DISCUSSION

The main findings of our study are as follows: (1) Negative
fluid balance will not always lead to a decrease, even an
increase, in patients with high CVP, especially combined with
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TABLE 2 | The hemodynamic and echo characteristics of all the included patients at T0.

Variable All patients (N = 71) VI group (N = 40) VNI group (N = 31) P-value

Hemodynamic parameters

Central venous pressure CVP (mmHg) 11.42 ± 2.27 12.74 ± 1.98 9.74 ± 1.32 <0.001

Mean arterial blood pressure MAP (mmHg) 75.70 ± 8.724 75.72 ± 8.48 75.68 ± 8.06 0.981

Heart rate HR (bpm) 94.06 ± 15.86 95.83 ± 16.28 91.77 ± 15.24 0.289

P(v-a)CO2 (mmHg) 5.42 ± 1.98 6.43 ± 1.63 4.11 ± 1.59 <0.001

ScVO2 % 68.44 ± 7.71 64.32 ± 5.45 73.76 ± 6.94 <0.001

Arterial blood lactate level lac (mmol/l) 3.23 ± 0.79 3.30 ± 0.83 3.13 ± 0.73 0.353

Echo parameters

LVOT VTI (T0) 18.38 ± 2.72 16.94 ± 1.59 20.23 ± 2.76 <0.001

Left ventricular eject fraction EF % 62.08 ± 5.04 62.13 ± 4.99 62.03 ± 5.17 0.939

MAPSE (cm) 1.34 ± 0.28 1.33 ± 0.21 1.36 ± 0.37 0.428

E/A m 1.12 ± 0.36 1.21 ± 0.57 1.08 ± 0.29 0.539

E m (cm/s) 68 ± 19 71 ± 19 65 ± 11 0.029

A m (cm/s) 62 ± 20 63 ± 22 61 ± 18 0.673

E/Ea m 10.52 ± 2.19 11.74 ± 1.36 10.09 ± 3.27 0.126

Tricuspid vale regurgitation (TVR) n (%) 29 (40.4) 19 (47.5) 10 (32.3) 0.167

+* n (%) 26 (36.6) 17 (42.5) 9 (29.0) 0.094

++*
*n (%) 3 (4.2) 2 (5) 1 (3.2) 0.243

DIVC end−expiratory (cm) 1.93 ± 0.28 2.08 ± 0.25 1.75 ± 0.21 <0.001

TAPSE (cm) 2.16 ± 0.26 2.15 ± 0.28 2.18 ± 0.25 0.765

RVD/LVD ratio ≥0.6 n (%) 35 (49.3) 29 (72.5) 6 (20) <0.001

P(v-a)CO2, central venous-arterial carbon dioxide difference; ScVO2, central venous oxygen saturation; MAPSE, mitral annular plane systolic excursion; DIVC end−expiratory, diameter

of the inferior vena cava; TPASE, tricuspid annular plane systolic excursion; LVOT VTI, T0 left ventricle outflow tract velocity time integral T0; RVD/LVD ratio, right to left ventricular

end-diastolic dimensions ratio; Em, mitral diastolic filling Eatly; A m, mitral diastolic filling Atrial; Ea m, early diastolic velocity of the mitral annulus.
*TVR <2.8 m/s.

*
*TVR ≥2.8 m/s.

FIGURE 3 | Hemodynamic parameters between T0 and T1 in the two groups, *indicates a p < 0.05 between the two groups. CVP, central venous pressure; LVOT

VTI, left ventricular outflow tract velocity time integral; DIVC end−expiratory, diameter of the inferior vena cava; P(V-A)CO2, central venous-arterial carbon dioxide

difference; ScVO2, central venous oxygen saturation; P/F, arterial partial pressure of oxygen to fractional concentration of inspired oxygen; RVD/LVD ratio, right to left

ventricular diastolic dimensions ratio.

RVD/LVD ratio ≥0.6. (2) The underling mechanism may be
related to the filling state of RV. Our results suggested high CVP
and RVD/LVD ratio (≥0.6) were significantly associated with

RV stressed, CVP ≥10.5 combined with RVD/LVD ratio ≥0.6
can predict higher LVSV derived from negative fluid balance.
(3) We found that the patients with high CVP can benefit
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FIGURE 4 | Correlation between 1LVOT VTI/T0 LVOT VTI and RV parameters, 1LVOT VTI/T0LVOT VTI = T1LVOT VTI-T0 LVOT VTI/T0LVOT VTI, its relationship with

CVP (A), RVD/LVD ratio (B), TAPSE (C), DIVC end−expiratory (D). VTI, velocity time integral; CVP, central venous pressure; TPASE, tricuspid annular plane systolic

excursion; RVD/LVD ratio, right to left ventricular diastolic dimensions ratio; DIVC end−expiratory, diameter of the inferior vena cava.

from oxygenation index improvement through dehydration
treatment, CVP can be used as a clinical safety mechanism to
avoid fluid overload.

In our study, the intervention was performed in a short period
of time (63 ± 14min), while other factors affecting CVP were
unchanged. Notably, 56.3% of our patients showed increased
VTI after negative fluid balance, 43.7% showed decreased or
unchanged VTI, which is not exactly the same as the comment
cognition. As the Starling curve does not have descending
branches, it cannot explain the increase in LVSV after negative
fluid management. Thus, we assume that patients experienced
RV stressed. A negative fluid balance can reduce RV volume,
resulting in a rightward VS shift, an increase in left ventricular
end-diastolic volume, and an increase in LVSV.

In terms of the hemodynamic and echo parameters in our
cohort, CVP, P(v-a)CO2, ScVO2, RVD/LVD ratio, LVOT VTI,
and DIVC end−expiratory differed significantly between the two
groups at T0. A high CVP value and RVD/LVD ratio ≥0.6
were significantly associated with RV stressed. Antoine Vieillard-
Baron also found RV failure was frequent (42% of cases) when
defined by the association of RV dilatation (RV/LV EDA ≥0.6)
with systemic congestion (CVP ≥8 mmHg) in septic shock
patients, and only 20–30% patients responded to fluid (18, 19).
Due to its geometrical complexity, assessment of RV volume

is a very difficult task. Although quantitative validation is
lacking, RVD/LVD ratio has prognostic value in multiple patient
populations, including acute pulmonary embolism, idiopathic
pulmonary arterial hypertension, and post-left ventricular assist
device implantation, the correlation of RV linear dimensions
with RV end-diastolic volumes appears to worsen with increased
preload (20–22). RVD/LVD ratio has been shown to be an
indicator of RV size, and can thus provide reliable information
about RV shape and size. A ratio ≥0.6, regardless of whether
RV is within the normal reference limits, may relate to certain
conditions such as RV stressed (20). Our results are similar to
those of previous studies (23). Our measurement method is more
clinically operable and repeatable. However, in patients with
pulmonary embolism and chronic pulmonary hypertension, only
RVEDA/LVEDA >1 indicates RV stressed (24, 25). When R/V
ratio is applied clinically, it should be considered in combination
with the patient’s underlying disease and ventricular septal
morphology. We also identified high CVP was significantly
associated with RV stressed. The gold standard for evaluating RV
filling pressure is invasive monitoring using a centrally placed
venous catheter (26). Since the filling pressure and LVSV of
the RV do not have a linear relationship, it has recently been
acknowledged that CVP is ineffective for evaluating a patient’s
fluid responsiveness (27–29). While the absolute value of CVP
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TABLE 3 | Logistic regression analysis for possible risk factors of LVOT VTI increased ≥10% after negative fluid balance.

Variables Univariate logistic regression analysis Univariate logistic regression analysis

OR 95% CI for OR P value OR 95% CI for OR P value

Lower Upper Lower Upper

Central venous pressure

CVP (mmHg)

2.920 1.813 4.703 <0.001 2.425 1.458 4.033 0.001

RVD/LVD ratio ≥0.6 23.250 6.427 84.112 <0.001 8.588 1.947 37.887 0.005

DIVC end−expiratory (cm) 860.978 34.924 21225.283 <0.001 1.846 0.012 294.155 0.813

TAPSE (cm) 1.320 0.221 7.902 0.761

LVOTs VTI T0 0.495 0.351 0.697 <0.001 0.689 0.452 1.051 0.084

LVEF (%) 1.004 0.914 1.102 0.938

MAPSE (cm) 1.123 0.879 1.105 0.687

E m (cm/s) 1.049 1.003 1.098 0.036 1.019 0.953 1.090 0.574

Am (cm/s) 1.006 0.846 1.423 0.635

E/Ea 0.987 0.684 1.256 0.578

Tricuspid vale regurgitation (TVR)

+ 0.553 0.204 1.500 0.245

++ 0.633 0.055 7.323 0.715

Mean arterial blood

pressure MAP (mmHg)

1.001 0.945 1.060 0.981

Heart rate HR (bpm) 1.017 0.986 1.049 0.286

Arterial blood lactate level

lac (mmol/l)

1.337 0.728 2.455 0.348

Demographics and clinical characteristics

SOFA Score 1.012 0.910 1.126 0.821

APACHE II Score 0.941 0.856 1.034 0.209

Primary disease

Sepsis/septic shock 0.824 0.322 2.109 0.824

Acute coronary syndrome 1.037 0.254 4.236 0.960

Traumatic brain injuries 0.633 0.055 7.323 0.715

Gastrointestinal bleeding 0.633 0.055 7.323 0.715

MAPSE, mitral annular plane systolic excursion; DIVC end−expiratory, diameter of the inferior vena cava; TPASE, tricuspid annular plane systolic excursion; LVOT VTI T0, left ventricle

outflow tract velocity time integral T0; RVD/LVD ratio, right to left ventricular end-diastolic dimensions ratio; Em, mitral diastolic filling Eatly; A m, mitral diastolic filling Atrial; Ea m, early

diastolic velocity of the mitral annulus; APACHE II, Acute Physiology and Chronic Health Evaluation II; Sofa Score, Sequential Organ Failure Assessment Score.

alone cannot predict fluid responsiveness, it is necessary to
understand that CVP is a marker of pressure and a regulating
factor of venous return. Thus, an increase in CVP can be
used as a clinical safety mechanism to avoid fluid overload and
high RV filling pressure (30). In the present study, we found
that a high CVP may reflect that the RV volume load has
exceeded the normal range; failure to appreciate this limit may
result in a VS rightward shift and reduced LVSV. It has been
proposed that, once CVP has exceeded 10–14mm Hg in non-
intubated patients with acute RV myocardial infarction, further
volume loading is detrimental. A mean CVP >14 mmHg is
almost always associated with a reduced RVSWI (31, 32). Garcia-
Montilla et al. (33) reported that the optimal RV filling pressure
in patients with acute respiratory distress syndrome (ARDS) is
13 ± 2mm Hg. Furthermore, they demonstrated that once CVP
reaches 15 mmHg, further increments in filling pressure did
not increase RVSPG; rather, due to overstretching of myocardial
fibers, RVSPG decreased. These values may be considered the
optimal RV filling pressure in patients with acute RV infarction

or ARDS. Our results suggest that CVP>10.5 mmHg can predict
whether VTI increases after a negative fluid balance in patients
without underlying cardiac disease with high sensitivity but
low specificity, when combined with RVD/LVD ratio ≥0.6 the
predictive ability improved.

Notably, none of our patients experienced tissue perfusion
insufficiency after negative fluid balance. However, the
oxygenation index improved in both groups—especially VI
Group. It is well-known that fluid overload may lead to
pulmonary edema and failure of weaning from mechanical
ventilation. A milestone study by National Heart, Lung, and
Blood Institute Acute Respiratory Distress Syndrome (ARDS)
Clinical Trials Network et al. (34) showed that a conservative
fluid management protocol aimed to lower CVP resulted
in a major reduction in net fluid balance, improving lung
function and shortening the duration of mechanical ventilation.
Clinicians should be alert to high CVP as it may indicate
increased RV tension and leftward VS, potentially leading to
increased left ventricular filling pressure and pulmonary edema.
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FIGURE 5 | The receiver operating characteristic (ROC) curves and the area under the ROC curve (AUC) for prediction of VTI increase after negative fluid balance. The

“red model” included CVP and RVD/LVD ratio, while the “blue model” only included CVP. The AUC was 0.926 and 0.894, respectively. VTI, velocity time integral; CVP,

central venous pressure; RVD/LVD ratio, right to left ventricular diastolic dimensions ratio.

Accurate fluid therapy for patients with high CVP (systemic
congestion) will not lead to hypoperfusion, but will be beneficial
for other organs.

This study has some limitations. First, it was a single- center,
prospective cohort study. In addition, the sample size is limited,
and may have thus systematically excluded some participant
groups. As a pragmatic study, this population had similar
characteristics to previous clinical audits using the same inclusion
criteria. Although RVD/LVD ratio entered to the equation and
the P < 0.05, but the range of 95% CI for OR was widely. A
study with larger sample size is needed to confirm our findings.
Secondly, although we excluded patients with any pre-existing
heart disease based on clinical records or echocardiography,
some patients might have developed subclinical heart disease
after their last echocardiography. Thirdly, the determination of
RV volume load may be imperfect, more accurate RV volume
measurement should be performed in the future study. Fourthly,
as all the participants were enrolled within 24 h of entering the
ICU, the treatments prior to inclusion were implemented in other
departments, the detailed information could not be obtained
accurately, we will paymore attention to the collection of relevant
information in future studies.

CONCLUSION

In general, this study challenges traditional fluid resuscitation,
which is frequently used in everyday practice. We found negative
fluid balance will not always lead to a decrease, even an increase,
in LVSV in patients with high CVP (≥8 mmHg) especially

combined with RVD/LVD ratio ≥0.6. The underling mechanism
may be related to the filling state of RV. High CVP value
and RVD/LVD ratio ≥0.6 were significantly associated with RV
stressed. Further studies of whether precise fluid management
can improve patients’ 28-day mortality, shorten ICU stay, or
shorten the duration of mechanical ventilation are required.
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Objective: Spatial and temporal ventilation distributions in patients with acute respiratory

failure during high flow nasal cannula (HFNC) therapy were previously studied with

electrical impedance tomography (EIT). The aim of the study was to explore the possibility

of predicting HFNC failure based on various EIT-derived parameters.

Methods: High flow nasal cannula failure was defined reintubation within 48 h after

HFNC. EIT was performed with the patients spontaneously breathing in the supine

position at the start of HFNC. EIT-based indices (comprising the global inhomogeneity

index, center of ventilation, ventilation delay, rapid shallow breathing index, minute

volume, and inspiration to expiration time) were explored and evaluated at three time

points (prior to HFNC, T1; 30min after HFNC started, T2; and 1 h after, T3).

Results: A total of 46 subjects were included in the final analysis. Eleven subjects

had failed HFNC. The time to failure was 27.8 ± 12.4 h. The ROX index (defined as

SpO2/FiO2/respiratory rate) for HFNC success patients was 8.3 ± 2.7 and for HFNC

failure patients, 6.2 ± 1.8 (p = 0.23). None of the investigated EIT-based parameters

showed significant differences between subjects with HFNC failure and success. Further

subgroup analysis indicated that a significant difference in ventilation inhomogeneity was

found between ARDS and non-ARDS [0.54 (0.37) vs. 0.46 (0.28) as evaluated with GI,

p < 0.01]. Ventilation homogeneity significantly improved in ARDS after 60-min HFNC

treatment [0.59 (0.20) vs 0.57 (0.19), T1 vs. T3, p < 0.05].

Conclusion: Spatial and temporal ventilation distributions were slightly but insignificantly

different between the HFNC success and failure groups. HFNC failure could not be

predicted by changes in EIT temporal and spatial indexes of ventilation distribution within

the first hour. Further studies are required to predict the outcomes of HFNC.

Keywords: high flow nasal cannula, electrical impedance tomography, acute respiratory failure, ventilation

distribution, outcome prediction
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INTRODUCTION

High flow nasal cannula therapy may help avoid invasive
mechanical ventilation in patients with hypoxemia (1). Recent
studies have indicated that a high flow nasal cannula (HFNC)
improves respiratory drive and lung mechanics and enhances
CO2 removal (2, 3). HFNC introduces low levels of airway
pressure, which increase end-expiratory lung volume and
improve oxygenation and regional lung aeration (4). However,
in cases of HFNC failure, a delay in mechanical ventilation
may result in deterioration in patient outcomes. Therefore, early
prediction of HFNC outcomes is important in order for clinicians
to decide the need for mechanical ventilation. Higher simplified
acute physiology score II, the severity of hypoxemia, and C-
reactive protein level may be correlated with HFNC failure (5, 6).
A simple index calculated as the ratio of SpO2/FiO2 to respiratory
rate may be able to identify HFNC failure after a 12-h trial (7).
This index does not directly reflect ventilation status and may,
therefore, require a longer period to identify the HFNC failure.

Electrical impedance tomography (EIT) is a novel
noninvasive, radiation-free, bedside method for monitoring
ventilation changes related to different lung conditions. These
include lung regional recruitment and overdistension during
positive end-expiratory pressure (PEEP) titration in patients with
acute respiratory distress syndrome (8–11). Various EIT-based
parameters were proposed to evaluate the status of ventilation
in patients with spontaneous breathing (12, 13). In addition,
previous studies have shown that EIT can be used to assess the
effect of HFNC on regional ventilation (14, 15).

This study aimed to describe the evolution of spatial
and temporal ventilation distributions in patients with acute
respiratory failure (ARF) during the first hour of HFNC.
Furthermore, we examined the possibility of predicting HFNC
failure based on regional ventilation information derived from
the EIT.

METHODS

Subjects and Measurement
The study protocol was approved by the ethics committees
of Renji Hospital, School of Medicine, Shanghai Jiao Tong
University (KY2021-057-B). Written informed consent was
obtained from all the subjects before the study.

Patients who were treated with HFNC after ICU admission
from 2021.05.27 to 2021.06.20 were screened. Only patients
with acute respiratory failure ARF (respiratory rate >25
breaths/min, PaO2/FiO2 < 300mmHg) were included. Exclusion
criteria included age <18 years, pregnancy, and lactation
period, weaning from the ventilator, intubation required,
tracheotomy, bronchoscopy, absence of commitment to pursue
full life support, and any contraindication to the use of EIT
(pacemaker, automatic implantable cardioverter defibrillator, and
implantable pumps).

High flow nasal cannula was performed with Optiflow
(Fisher and Paykel Healthcare, East Tamaki, New Zealand) or
HFNC module in V300 or V500 (Dräger Medical, Lübeck,
Germany). The initial flow setting was 50–60 L/min with heated

and humidified oxygen (FiO2 = 1). When peripheral oxygen
saturation was over 92%, FiO2 was reduced gradually. The
flow was reduced in the first hour only if the patient felt
uncomfortable with the rate. HFNC failure was defined as
exacerbation after HFNC, which led to intubation within 48 h.
The indications for invasive mechanical ventilation included
the level of consciousness (Glasgow coma score < 12),
cardiac arrest/arrhythmias and severe hemodynamic instability
(norepinephrine> 0.1µg/kg/min), and a persistent or worsening
respiratory condition. This was defined as at least two of the
following conditions: failure to achieve correct oxygenation
(PaO2 < 60 mmHg despite HFNC flow ≥ 30 L/min and FiO2

of 1), respiratory acidosis (PaCO2 > 50 mmHg with pH <

7.25), respiratory rate > 30 bpm or inability to clear secretions.
The ROX index [defined as SpO2/FiO2/respiratory rate (7)] was
calculated 1 h after HFNC.

Electrical impedance tomography was performed with the
patients spontaneously breathing in the supine position at
the start of HFNC. An EIT electrode belt with 16 electrodes
was placed around the thorax at the 4th intercostal space,
and one reference electrode was placed on the abdomen
(PulmoVista 500, Dräger Medical, Lübeck, Germany). Electrical
alternating currents were applied in a sequential rotating
process. The frequency and the amplitude of the currents
were determined automatically according to the background
noise of the measurement environment. The resulting surface
potential differences between neighboring electrode pairs were
measured and recorded at 20Hz for 1 h. Image reconstruction
using this algorithm was performed using the software of the
manufacturer (EIT Data Review Tool, Dräger Medical, Lübeck,
Germany). The EIT data were analyzed offline with customized
software programmed with MATLAB R2015 (The MathWorks
Inc., Natick, MA).

EIT Data Analysis
Functional EIT (fEIT)-tidal variation (TV) was calculated by
subtracting the end-expiration from the end-inspiration image,
representing the variation during tidal breathing. Tidal images of
1min were averaged to increase the signal-to-noise ratio.

TVi =
1

N

N
∑

n=1

(

Zi,Ins,n − Zi,Exp,n
)

(1)

where TVi is the pixel i in the fEIT image; N is the number of
breaths within the analyzed period; and 1Zi,Ins and 1Zi,Exp are
the pixel values in the raw EIT image at end inspiration and end
expiration, respectively. When TVi< 0, a value of 0 was assigned
to TVi.

Several EIT-based indices were explored and evaluated at
three time points (before HFNC, T1; 30min after HFNC started,
T2; 1 h after, T3). They are explained in detail in the remainder
of this section. To investigate the changes from the baseline
and treatment, the differences of the EIT indices between
the time points were calculated and normalized to the values
at T1. The normalized values were denoted as 1T3−T1 and
1T3−T2, respectively.
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The global inhomogeneity (GI) index is calculated from
the tidal EIT images to summarize the heterogeneity of
ventilation (16).

GI =

∑

l∈lung

∣

∣TVl −Median(TVlung)
∣

∣

∑

l∈lung TVl
(2)

where TV denotes the value of the differential impedance in the
tidal images; TV l is the pixel in the identified lung area; pixel l is
considered as a lung region if TV l >10% × max (TV). TV lung

denotes all pixels representing the lung area. A high-GI index
implies high variation among pixel tidal impedance values.

The center of ventilation (CoV) depicts the ventilation
distribution influenced by gravity or various lung diseases
(relative impedance value weighted with a location in the
anteroposterior coordinate) (17):

CoV =

∑

(yi × TVi)
∑

TVi
× 100% (3)

where TVi is the impedance change in the fEIT image for pixel
i; yi is the height of pixel i, and the value is scaled such that the
bottom of the image (dorsal) is 100% and the top (ventral) is 0%.

The tidal image was divided into four horizontal, anterior-
to-posterior segments of equal height (regions of interest, ROI).
The ventilation distributions in these regions were calculated and
denoted asROIs 1-4. The regional ventilation delay (RVD) index
characterizes the regional ventilation delay as pixel impedance
rising time compared to the global impedance curve (18), which
may be used to assess tidal recruitment/derecruitment.

RVDl =
tl,40%

Tinspiration, global
× 100% (4)

where tl,40% is the time required for pixel l to reach 40%
of its maximum inspiratory impedance change. Tinspiration, global

denotes the inspiration time calculated from the global
impedance curve.

Besides the conventional EIT-based indices, we constructed
further parameters that are relevant to spontaneously breathing
patients but are difficult to record without additional devices.
The rapid shallow breathing index (RSBI) is defined as the
ratio of the respiratory rate to tidal volume. Since the change
in tidal volume can be estimated by the measured impedance,
RSBIEIT was calculated as the ratio of the respiratory rate to tidal
impedance variation in arbitrary units. Similarly, minute volume
was estimated as the multiplication of the respiratory rate and
tidal impedance variation in arbitrary units (MVEIT). Inspiration
time over expiration time (I:E) was calculated based on the global
impedance—time curves.

Statistical Analysis
Normal distribution was assessed with the Kolmogorov-Smirnov
normality test. Normally distributed results were presented as the
mean ± SD. Non-normally distributed results were presented
as median (interquartile range). The Kruskal–Wallis test was
used to compare the parameters at different time points. The

Mann–Whitney test was used to compare the EIT parameters
between the HFNC success and failure groups. Because EIT
can only deliver relative impedance changes, therefore, only the
changes in RVD, RSBIEIT , and MVEIT were compared between
groups. A p < 0.05 was considered statistically significant.
Bonferroni correction was used to adjust the p-value for multiple
comparisons of different time points or ROIs.

RESULTS

A total of 48 subjects were included in the study. Two patients
were excluded from the final analysis due to poor EIT data quality
(intensive patient movement). The demographics and outcomes
of the 46 subjects are summarized in Table 1. Totally, 11 patients
had failed HFNC. The time to failure was 27.8± 12.4 h. The ROX
index for HFNC success patients was 8.3 ± 2.7 and for HFNC
failure patients, 6.2 ± 1.8 (p = 0.23). Twelve patients had a fever
(body temperature > 37◦C). Two of them were > 38.5◦C. Of
the HFNC success patients, 21 were not sedated. Of the HFNC
failure patients, five were not sedated. No significant differences
were found (p= 0.40).

Table 2 summarizes the main causes of ARF and the
comorbidities of the study subjects. ARF was mainly caused by
acute respiratory distress syndrome (ARDS) and pneumonia.
Hypertension was the most common comorbidity.

None of the investigated EIT-based parameters showed
significant differences between the subjects with HFNC failure
and success. Table 3 summarizes the absolute values of the
EIT-derived parameters at different time points (GI, CoV, and
I:E). Figure 1 shows the trends of EIT parameters at different
time points. Figures 2, 3 compare the EIT-based parameters at
different time points between the groups with HFNC failure and
success. In the failure group, ventilation was distributed slightly
toward the dorsal regions, as indicated by CoV (Figure 2, middle;
p > 0.05). Ventilation delay decreased in both failure and success
groups compared to T1, but, as compared to T2, the ventilation
delay was worse at T3 in the failure group (Figure 2, bottom; p >

0.05). Elevated RSBIEIT and shorter inspiration time (lower I:E)
were found in the failure group at T3 compared to T1 (Figure 3,
top; p > 0.05). MVEIT decreased in the HFNC failure group
compared to that in T2, while the median in the success group
was higher (Figure 3middle; p > 0.05).

Further subgroup analysis indicated that significant difference
in ventilation inhomogeneity was found between ARDS and non-
ARDS [0.54 (0.37) vs. 0.46 (0.28) as evaluated with GI, p < 0.01].
Ventilation homogeneity significantly improved in ARDS after
60min HFNC treatment [0.59 (0.20) vs 0.57 (0.19), T1 vs. T3,
p < 0.05].

DISCUSSION

In the present study, we have examined the ability to predict
the outcome of HFNC within the first hour of treatment using
EIT. Differences in spatial and temporal ventilation between the
HFNC failure and success groups were observed, but they were
not statistically significant.
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TABLE 1 | Demographics and outcomes of the studied subjects.

Pat. No. Age Gender APACHE II Height (cm) Weight (kg) init. init. ROX HFNC Dead

FiO2 PaO2 success

1 53 F 10 160 56 0.90 72 6.67 1 0

2 39 M 8 172 88 0.80 92 8.95 1 0

3 77 F 12 159 57 0.55 97 5.00 1 0

4 74 M 8 175 68 0.55 78 8.82 0 1

5 82 M 10 177 68 0.80 87 5.94 1 0

6 89 M 16 174 65 0.40 56 6.96 1 0

7 82 M 18 170 68 0.55 68 12.82 1 0

8 67 M 14 173 69 0.70 45 8.67 1 0

9 50 M 8 168 59 0.80 69 7.68 1 0

10 67 M 24 173 68 0.55 82 9.90 1 0

11 35 M 25 170 85 1.00 184 4.44 1 0

12 67 M 20 172 69 0.50 69 5.35 0 0

13 75 M 15 176 64 0.50 47 4.69 0 0

14 72 M 22 178 63 0.60 73 6.94 0 1

15 65 F 15 158 56 1.00 84 4.78 0 0

16 79 M 18 171 59 1.00 64 6.65 0 1

17 76 F 24 158 63 0.60 73 3.07 0 1

18 52 M 24 172 70 0.55 70 6.40 1 0

19 66 M 13 174 69 0.60 51 5.22 1 0

20 72 M 18 175 73 0.60 84 9.26 1 0

21 66 M 21 173 69 0.40 68 4.85 0 0

22 77 M 24 178 65 0.45 61 7.84 1 0

23 83 M 18 169 82 0.80 232 6.94 1 0

24 69 M 24 173 69 1.00 58 6.67 1 0

25 62 M 17 176 68 0.50 65 6.74 1 0

26 66 M 16 174 71 0.50 130 9.26 1 0

27 72 M 18 172 61 0.45 68 8.25 1 0

28 68 M 16 170 58 0.50 100 7.25 1 1

29 77 F 12 155 49 0.50 67 6.27 1 0

30 73 M 17 172 79 0.55 63 6.17 0 1

31 77 M 25 173 72 0.55 83 5.29 1 0

32 51 F 24 155 55 0.60 84 8.98 1 0

33 57 M 25 168 58 0.60 68 7.84 1 0

34 66 F 18 155 57 0.50 65 8.51 1 0

35 66 M 14 173 65 0.50 82 11.70 1 0

36 63 M 17 174 68 0.50 67 8.17 0 1

37 31 F 20 161 56 0.40 57 6.11 1 0

38 54 M 14 175 68 0.50 70 18.46 1 0

39 63 F 13 156 63 0.33 89 10.00 1 0

40 52 M 14 172 65 0.70 153 7.57 1 0

41 82 M 24 172 55 0.50 60 11.53 1 0

42 67 F 17 158 65 0.50 69 8.61 0 0

43 74 M 18 178 59 0.50 62 11.00 1 0

44 52 M 24 169 64 0.50 65 9.51 1 0

45 73 M 24 174 59 0.90 50 8.08 1 0

46 58 F 24 158 51 0.70 83 10.42 1 0

Mean 66 M:F 18 169 65 0.61 80 7.83 s:f d:a

SD 13 35:11 5 7 8 0.18 34 2.65 35:11 7:39

Pat. No., patient number; SD, standard deviation; M, male; F, female; APACHE II, Acute Physiology and Chronic Health Evaluation II; init, initial; FiO2, fractional inspired oxygen; PaO2,

arterial oxygen partial pressure; s:f, success vs. failure; d:a, dead vs. alive.

FiO2 and PaO2 are values recorded during oxygen therapy before high flow nasal cannula (HFNC).

ROX index, SpO2/FiO2/respiratory rate HFNC success was marked 1 and failure marked 0.

Dead marked subjects died in the ICU.
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Previous studies indicated that HFNC failure may lead to
intubation delay and increase hospitalization time and mortality.
Roca et al. showed that the HFNC failure rate in patients with

TABLE 2 | Summary of primary etiology for ARF and the comorbidities.

HFNC success HFNC failure

n = 46 35 11

Primary etiology for ARF

ARDS 15 5

Pneumonia 12 5

Cardiogenic pulmonary edema 7 0

Pulmonary embolism 1 1

Comorbidity

Hypertension 12 7

Congestive heart failure 5 4

Cerebral vascular disease 4 2

Chronic kidney disease 4 3

Chronic pulmonary disease 4 0

Diabetes 7 4

ARF, acute respiratory failure; ARDS, acute respiratory distress syndrome.

TABLE 3 | A summary of the absolute values of electrical impedance tomography

(EIT)-derived parameters and the comparison between groups at different time

points.

HFNC success HFNC falure p

GI T1 0.48 (0.38–0.68) 0.54 (0.41-0.68) 0.63

T2 0.48 (0.42–0.71) 0.50 (0.40–0.62) 0.78

T3 0.50 (0.39–0.71) 0.50 (0.39–0.65) 0.94

CoV (%) T1 45.4 (42.4–48.8) 44.0 (42.1–46.1) 0.61

T2 46.8 (41.9–49.8) 44.3 (42.2–46.1) 0.39

T3 46.6 (41.3–49.8) 45.4 (43.1–46.3) 0.72

I:E T1 0.64 (0.53–0.71) 0.73 (0.48–0.82) 0.36

T2 0.58 (0.5–0.68) 0.64 (0.47–0.80) 0.61

T3 0.61 (0.48–0.70) 0.64 (0.48–0.71) 0.88

severe pneumonia was up to 28% (19). Rello et al. found that,
in patients with confirmed 2009 influenza A/H1N1v infection,
the mortality in the HFNC failure group was 27%, whereas the
mortality in initially intubated patients was only 20% (20). Kang
et al. revealed in a retrospective study that the mortality was
significantly higher in patients intubated after 48-h HFNC failure
compared with those who were intubated within 48-h HFNC
(21). The extubation rate was lower in the HFNC failure after
48 h. Recent studies have indicated that the mortality rate in
intubated patients after HFNC failure was around 30–50% (22).
When the respiratory drive of the patient was too high, the
high-flow rate might induce overdistension (23). EIT has been
used to monitor the ventilation during HFNC. A recent study
has indicated that EIT can help to identify the overdistension
caused by HFNC (15). Besides, EIT can observe pendelluft
and diaphragm activities and monitor the corresponding lung
injury, which may help to identify the respiratory drive of the
patient (24–26).

In previous studies, EIT has been used mainly as a monitoring
tool to demonstrate its superiority over other ventilation modes.
For example, HFNC was found to be superior to conventional
oxygen therapy or noninvasive ventilation in regard ventilation
distribution, end-expiratory lung volume, and respiratory rate,
etc., (27, 28). However, the ability to predict the HFNC outcomes
has yet to be explored. Previously, the so-called ROX index was
proposed (19). The ROX index is relatively easy to obtain and
has great potential to predict HFNC outcomes within a few hours
after initiating HFNC (7, 19). However, it seems that its effective
cutoff value varies depending on the time point of observation
and disease. For our study patients (mainly lung healthy subjects
after abdominal surgery), the specificity of ROX at 1 h was low
(0.36), which is not enough to identify HFNC failure. On the
other hand, HFNC results in ventilation redistribution within
a brief period as demonstrated in previous studies [e.g., (4,
15)]. Therefore, we took the challenge, attempting to predict
the outcome of HFNC within the first hour of treatment. For
the selection of EIT-based parameters, we have tested some of
the most widely used EIT indices, such as GI and CoV (29).
In addition, the equivalent parameters RSBIEIT , MVEIT , and I:E
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FIGURE 1 | Illustration of electrical impedance tomography (EIT)-derived parameters at different time points between high flow nasal cannula (HFNC) success and

failure groups. GI, the global inhomogeneity index; CoV, center of ventilation; I:E, inspiration to the expiration time. T1, before HFNC; T2, 30min after HFNC started;

T3, 1 h after HFNC started.
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FIGURE 2 | Change of conventional EIT-based parameters at different time

points. T1, before HFNC; T2, 30min after HFNC started; T3, 1 h after HFNC

started. All values were normalized to that at T1. The boxes mark the quartiles

with median marked red, while the whiskers extend from the box out to the

most extreme data value within 1.5* the interquartile range of the sample. The

red crosses are outliers. Green dashed lines marked the value of 0. GI, the

global inhomogeneity index. Lower than 0 means the ventilation becomes

more homogeneous. CoV, the center of ventilation. Higher than 0 means that

the ventilation distribution moves toward dorsal regions. RVD, regional

ventilation delay. Higher than 0 means the delay is getting worse.

were evaluated because the ventilated volume was not usefully
monitored during HFNC.

We found that ventilation was distributed slightly toward
the dorsal regions in the failure group (Figures 1, 2, CoV).
Previous studies suggested that ventilation distribution in the
dorsal regions might be associated with diaphragm activity (25).
The differences found in CoV might indicate an increased
respiratory effort in the failure group, which implied an
unsatisfactory oxygen delivery. Due to the nature of the study
(observational design), we did not include the measurements
of transdiaphragmatic pressure or diaphragmatic ultrasound to
confirm this speculation. A similar trend of RSBIEIT was observed
that might as well support our hypothesis (Figure 3, RSBI).

FIGURE 3 | Change of EIT-based parameters for spontaneous breathing at

different time points. T1, before HFNC; T2, 30min after HFNC started; T3, 1 h

after HFNC started. All values were normalized to that at T1. The boxes mark

the quartiles with median marked red, while the whiskers extend from the box

out to the most extreme data value within 1.5* the interquartile range of the

sample. The red crosses are outliers. Green dashed lines marked the value of

0. RSBI, rapid shallow breathing index. Higher than 0 means the subject is

breathing more rapidly or shallowly. MV, minute volume. Lower than 0 means

the minute volume becomes less at T3. I:E, inspiration to the expiration time.

Lower than 0 means the inspiration time is getting shorter.

When the respiratory muscle was fatigued, the inspiration time
became shorter andMVdecreased at T3 compared to the baseline
(Figure 3). Ventilation delay at T3 decreased in both failure
and success groups compared to T1, but, as compared to T2,
it deteriorated in the failure group (Figure 2 RVD). The RVD
index was initially developed and evaluated during low-flow
maneuvers (16). We suspect that, during spontaneous breathing,
the inspiration time is too short to have a stable RVD value. A
recent study has shown that the coefficient of variation for RVD
in healthy subjects was high (30), which might be the reason why
no significant difference could be found in the present study.

Another potential parameter that could be used to evaluate the
effect of HFNC is the change in end-expiratory lung impedance
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(1EELI), which is associated with end-expiratory lung volume.
Mauri et al. evaluated the lung mechanics during HFNC in 17
patients with respiratory failure (2). They found that 1EELI
increased and MV decreased with an increasing flow rate during
HFNC.We did not explore the parameter1EELI for two reasons:
(1) As suggested by a previous study (15), HFNC may introduce
overdistension as well. Overdistension would lead to an increased
EELI but decreased tidal volume, which may explain the finding
in the study of Mauri (2). (2) In our study, the impedance
value was not normalized to volume so that the 1EELI was not
inter-patient comparable.

Unfortunately, none of the explored EIT-based parameters
showed statistical significance when comparing the HFNC
success and failure groups. We suspected that a large portion
of the included subjects was admitted to ICU after abdominal
surgery. Their lung function might be satisfactory, but the pain
from the wound might have influenced their respiratory muscles.
Moreover, the sample size was small, and only a few patients
required intubation. Since this was the first attempt to use EIT to
predict an HFNC outcome, no a priori information was available
to calculate the sample size. The study could be underpowered
depending on which parameter was being evaluated. Further
studies can be designed based on the current findings. The subject
group must be carefully selected. Another limitation of the study
design was that only the first hour of EIT data was recorded so
that the observation period was very short. It is unclear whether
the changes in spatial and temporal ventilation distribution at a
later time point could predict the HFNC outcomes.

CONCLUSION

Spatial and temporal ventilation distributions were slightly but
insignificantly different for HFNC success and failure groups.

HFNC failure could not be predicted by changes in EIT temporal
and spatial indexes of ventilation distribution within the first
hour. Further studies are required to develop an early indicator
to predict the outcome of HFNC.
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Electrical impedance tomography (EIT) is a non-invasive, radiation-free and bedside

imaging tool that is widely used for real-time monitoring of lung ventilation. Recently,

it has been proposed for use in quantitative assessment of regional lung perfusion

with hypertonic saline bolus injection and consequently for pulmonary embolism (PE)

detection. Here, we present a case of high-risk PE in a postoperative patient, in which

EIT monitoring provided us with useful information for diagnosis and decision-making,

especially with the challenge of anticoagulation and risk of bleeding.

Keywords: electrical impedance tomography, pulmonary embolism (MeSH), postoperative, beside,

anticoagulation, bleeding

INTRODUCTION

Pulmonary embolism (PE) is the third most frequent acute cardiovascular syndrome worldwide
after myocardial infarction and stroke (1). High-risk PE, as indicated by the presence of
hemodynamic instability, is a life-threatening situation that requires an immediate emergency
diagnostic and therapeutic strategy at its occurrence (2). Furthermore, rapid and bedside methods
to monitor pulmonary perfusion are actual demands for clinical decision-making during the
management of high-risk PE. For example, postoperative patients with a complication of high-
risk PE are more likely to experience hemorrhage during thrombolysis or large-dose anticoagulant
therapy, necessitating the discontinuation of the anticoagulant therapy. However, for such patients,
discontinuing intense anticoagulant therapy could lead to progression of the embolism and cause
death. In this circumstance, rapid and bedside methods to monitor pulmonary perfusion will be
especially helpful to gather more convincing and direct indications to make decisions.

Electrical impedance tomography (EIT) is a non-invasive, radiation-free imaging tool that is
widely used for real-time monitoring of lung ventilation. EIT image reconstruction is based on the
estimation of the resistivity changes that occur across the lungs with breathing (3). In several recent
clinical studies, it has been proposed for use in quantitative assessment of regional lung perfusion
with hypertonic saline bolus injection and consequently for PE detection (4, 5). Here, we present a
case of EIT-guided management of high-risk PE in the intensive care unit (ICU) of Peking Union
Medical College Hospital.
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TABLE 1 | Data of PE-related monitoring at different stages of PE recovery.

Day 1 Day 2 Day 5 Day 12

Milestone Admission After thrombolysis Oxygenation improved Relief from dyspnea and

weaning

Heart rate, b.p.m. 114 76 104 96

MAP, mmHg 67 79 80 86

NE, ug/kg/min 1 0.2 0.413 0

CVP, mmHg 10 7 5 5

Pv-aCO2, mmHg 5.4 0.5 5.6 6.4

ScvO2, % 69.4 84.2 65.4 72.6

Lac, mmol/L 2 0.7 0.8 0.5

WBC, 109/L 7.70 7.98 11.52 13.77

P/F ratio, mmHg 156 161 291 347

D-Dimer, mg/L 28.5 318.5 4.92 11.37

Hb, g/L 129 122 93 88

Cr, mmol/L 152 161 133 272

cTnI, ug/L 0.051 0.065 0.027 <0.017

Respiratory conditions PC 13 cmH2O, PEEP 6 cmH2O, FiO2

45%, f 20 c.p.m.

PC 12cmH2O, PEEP 6 cmH2O,

F FiO2 45%, f 18 c.p.m.

PS 12cmH2O, PEEP 10

cmH2O, FiO2 40%, RR

13 c.p.m.

Venturi, FiO2 31%, RR

15 c.p.m.

MV 11.0 L/min 10.1 L/min 7.6 L/min -

Percentage of pulmonary perfusion by EIT (right vs. left), %

ROI 1 3 vs. 8 6 vs. 6 5 vs. 7 5 vs. 3

ROI 2 10 vs. 33 14 vs. 19 16 vs. 29 22 vs. 25

ROI 3 12 vs. 27 23 vs. 23 16 vs. 20 14 vs. 21

ROI 4 4 vs. 4 5 vs. 3 4 vs. 3 5 vs. 5

Shunt, % 35.34 9.96 17.76 14.63

Dead space, % 28.82 5.31 4.14 7.19

V/Q match, % 35.84 84.73 78.10 78.18

LU findings L6: tissue-like signs L6: tissue-like signs L6 and R6: tissue-like signs R4, L6, and R6: tissue-like

signs

CT scan findings Consolidation in the lower left lung - - Consolidation in the lower

bilateral lung.

TVR, m/s 3.4 2.9 2.0 Poor ultrasonic conditions.

CO, L/min 8.1 4.8 5.3 Poor ultrasonic conditions.

Events Thrombolysis Continuous anticoagulant

therapy to achieve the APTT at

50–70 s.

Severe bleeding of the lower

gastrointestinal tract.

Suspension of anticoagulant

therapy.

Suspension of anticoagulant

therapy.

CASE DESCRIPTION

A 64-year-old man with a history of bladder cancer and prostate
cancer, who had successfully undergone laparoscopic radical
cystectomy and ileum conduit urinary diversion during this
admission, was referred to the ICU due to sudden hypoxemia
and extreme dyspnea on the sixth postoperative day. The patient
had a respiratory rate (RR) of 40 times per minute and pulse
oxyhemoglobin saturation (SpO2) of 87% under 10 L/min oxygen

Abbreviations: SpO2, pulse oxyhemoglobin saturation; b.p.m., beats per minute;

c.p.m., counts per minute; VC, volume control; VT, tidal volume; PEEP, positive

end-expiratory pressure; MAP, mean artery pressure; P/F, artery partial pressure of

oxygen; FiO2, fraction of inspired oxygen ratio; ROI, region of interest; LU, Lung

ultrasound; ScvO2, Central venous oxygen saturation.

supplied by an oxygen storage mask. In addition, the patient
had a heart rate (HR) of 114 b.p.m., blood pressure (BP) of
149/73 mmHg, and body temperature of 37.6◦C. After sedation,
intubation was performed on the patient, and mechanical
ventilation was then administered (VC mode, VT 400ml, PEEP
5 cmH2O, FiO2 40%). Continuous infusion of norepinephrine
(NE) at a rate of around 1 ug/kg/min was given to the patient
to maintain an MAP of 80 mmHg. Continuous infusion of
Cisatracurium, a muscle relaxant, at 3 mg/h was later given to
control the excessive inspiratory effort. Laboratory evaluation
revealed an elevated D-D dimer concentration of 28.5 mg/L
(Other lab results shown in Table 1). The Wells score was 7 (HR
≥ 100 b.p.m., surgery, active cancer, alternative diagnosis less
likely than PE) and PE was strongly suspected. After informed
consent was obtained, bedside EIT with hypertonic saline (10%)
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FIGURE 1 | EIT images of the functional ventilation distribution (dark blue areas indicated low ventilated regions and white areas indicated high ventilated regions),

functional perfusion distribution (red areas indicated high-perfusion regions and blue areas indicated low-perfusion regions), and distribution of the regional

ventilation/perfusion ratios (Ventilated regions were defined as pixels with impedance changes higher than 20% of the maximum tidal impedance variation in the

functional ventilation image. Perfused regions were defined as pixels higher than 20% of the maximum bolus-related impedance change in the functional perfusion

image. Gray areas indicated regions with high ventilation and low perfusion. Red areas indicated low ventilation and high perfusion regions. Yellow areas indicated

good ventilation-perfusion matching). (A) On admission, there was a significant ventilation defect in the dorsal lung and perfusion defect in the right lung, leading us to

(Continued)
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FIGURE 1 | perform CTPA for PE confirmation. The ventilation defect was later treated with lung recruitment and tracheal suction. (B) Ventilation improved after lung

recruitment and tracheal suction. Regional perfusion in the right lung was restored after thrombolysis. (C) On Day 5, there was a ventilation defect in the left dorsal

lung, with a significant shunt observed in the image of the ventilation/perfusion (V/Q) ratio distribution. (D) On Day 12, there were ventilation defects in the dorsal lung.

The lung perfusion demonstrates symmetric in both lungs.

FIGURE 2 | (A) CTPA at admission demonstrated multiple embolisms in the right pulmonary trunk and right pulmonary artery branches (embolisms in the right

pulmonary artery branches not shown). Red arrows highlight the locations of the emboli. (B) On Day 12, CTPA revealed reduced embolisms in the right pulmonary

trunk and right pulmonary artery branches, and improved artery visualization could be observed. Red arrows highlight the locations of the emboli.

bolus infusion was performed to assess the regional pulmonary
perfusion for PE detection. From the EIT pulmonary perfusion
images, there was a significant perfusion defect in the right lung
with dead space accounting for 28.82% (Figure 1A). Considering
the life-threatening emergency of the suspected PE that requires
urgent thrombolysis after its confirmation, we took the risk to
transfer the patient for a CT pulmonary angiography (CTPA)
examination. The CTPA showed multiple embolisms in the
right pulmonary trunk, right pulmonary artery branches, and
left artery branches (Figure 2A). During the screening of deep
venous thrombosis, multiple calf muscle venous thrombosis was
observed in the lower right extremities, which could be the source
of PE.

Since the diagnosis of PE, the PESI score of the patient was 194
(64 years old, male sex, cancer, pulse rate≥ 110 b.p.m., systolic BP
< 100mmHg, RR> 30 c.p.m., arterial oxyhemoglobin saturation
< 90%) with risk strata of Class V (very high mortality risk) (6).

Bedside transthoracic echocardiography (TTE) was performed to
evaluate the right ventricle function in particular. The systolic
D-shaped left ventricle was observed from the parasternal short-
axis view. The right ventricle (RV) was not clearly displayed in
the apical four-chamber section, with an estimated ratio of less
than 1:1 between the RV and the left ventricle (LV). The tricuspid
valve regurgitation (TVR) was 3.09 m/s. The systolic function
of RV measured by TAPSE was 2.3 cm. The left ventricular
outflow tract (LVOT) velocity-time integral (VTI) was 24.5 at
an HR of 105 b.p.m., and the estimated cardiac output (CO)
was 8.07 L/min (Figure 3). Thrombolysis (alteplase 50mg) was
initiated immediately, three hours after which continuously-
infused heparin was given to the patient to achieve the activated
partial thromboplastin time (APTT) at 50–70 s.

After thrombolysis, another EIT with hypertonic saline bolus
infusion was performed to observe lung perfusion. The EIT
image showed that regional perfusion was restored in the right
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FIGURE 3 | Bedside TTE before thrombolysis. (A) The right ventricle was not clearly displayed, with an estimated ratio of less than 1:1 between the RV and the LV.

(B) The TVR was 3.09 m/s. (C) The systolic function of the RV measured by TAPSE was 2.3 cm. (D) The LVOT VTI was 24.5 at an HR of 105 b.p.m. and the

estimated CO was 8.07 L/min.

lung (Figure 1B). Meanwhile, bedside TTE revealed that the
TVR was reduced to 2.9 m/s, and the RV did not further
enlarge. All the evidence supported the efficacy of thrombolysis
and anticoagulant therapy, thus the anticoagulant therapy was
continued, with the patient’s condition closely monitored. On
the fifth day after thrombolysis (and since ICU admission),
the patient experienced massive lower gastrointestinal bleeding,
with his hemoglobin levels decreasing from 108 g/L to 88 g/L.
The patient was in shock due to an estimated blood loss of
800ml in one day, with an HR of 104 b.p.m. and MAP of
around 80 mmHg, receiving a continuous infusion of NE at
0.413 ug/kg/min. According to EIT, the pulmonary perfusion had
recovered and appeared bilaterally symmetric on the same day,
while the hypoxemia of the patient improved from a P/F ratio of
161 to 291 mmHg. Therefore, the coagulant therapy was stopped.
Meanwhile, the pulmonary ventilation image of EIT revealed a
new ventilation defect in the left dorsal lung, with a significant
shunt accounting for 17.76% in that area (Figure 1C). Combined

with the lung ultrasound findings, tissue-like signs were detected
in the L6 and R6 regions using a six-zone scanning protocol
(Figure 4), while lung sliding and A-lines were observed in the
other regions.

It was concluded that there could be consolidation in the
dorsal region of bilateral lungs. Therefore, intermittent prone
positioning and physical vibration were performed on the chest
to help expel the sputum, and re-expand the collapsed lung.
The bleeding did not stop until Day 10. On Day 12, the
anticoagulant therapy was still suspended due to the high risk
of bleeding. However, the patient was relieved from dyspnea,
the oxygenation index improved further to a P/F ratio of 347
mmHg, and weaning had been successfully processed. The
patient was taken for another CTPA examination, after which
we performed EIT with hypertonic saline bolus infusion. CTPA
revealed that the emboli in the right trunk, right pulmonary
artery branches, and left artery branches had decreased in
size, and the pulmonary artery was more visualized in the
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FIGURE 4 | On Day 5, lung ultrasound was performed to find the cause of ventilation defect in the left dorsal lung. Tissue-like signs were found in the region of (A) R4,

(B,C) L6, and (D) R6.

angiography (Figure 2B). The pulmonary perfusion image of
EIT revealed homogeneous perfusion in both the left and right
lungs, indicating that the pulmonary perfusion of the lung
did not worsen without anticoagulation (Figure 1D). Based on
this information, we decided to continue closely monitoring
the patient’s condition without anticoagulation. The following
day, the patient was extubated. The monitor revealed that
the RR was 17 c.p.m., SpO2 was 99% under 2 L/min oxygen
supplied by a nasal cannula, HR was 80-90 b.p.m., and BP
was 148/76 mmHg with no vasopressor. The patient was
relieved from hypoxemia and dyspnea, and recovered from
hemorrhage. On Day 15, he was finally transferred to the
general ward. The anticoagulation therapy was not restarted
until Day 20, and the respiratory condition of the patient
remained stable.

DISCUSSION

The 30 day mortality of high-risk PE (with PESI Class V or
sPESI ≥ 1 point) is between 10.9 and 24.5% (2). In this case,

EIT was used as a valuable bedside tool for clinical decision-
making during the management of high-risk PE. As a result,
the patient was successfully cured of the vital respiratory failure
and circulatory shock caused by PE. Although CTPA has long
been the traditional confirmation test of PE (3), for critical PE
patients who are frequently in shock and have severe hypoxemia,
the potential danger of transferring patients for CTPA has put
clinicians and patients in a dilemma. A higher risk of contrast-
induced nephropathy caused by CTPA is also a concern for
patients with acute or chronic kidney disease complications.
The EIT method for generating pulmonary perfusion images
is a first-pass kinetic approach that involves administering a
bolus of 10ml hypertonic saline as a contrast agent through
a central venous catheter during a breath-hold (7). It is
inexpensive, portable, radiation-free, with minimal risk, and not
restricted by the patients’ posture. As a substitute for CTPA,
its results have been proven to be highly reproducible (8),
and its diagnostic efficacy of PE has recently been reported. A
recent prospective observational study between PE and non-PE
patients with acute respiratory failure has found that a higher
dead space percentage, lower intrapulmonary shunt percentage,
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and lower V/Q match can predict the presence of PE. The
cutoff value of 30.37% for dead space percentage resulted in
a sensitivity of 90.9% and a specificity of 98.6% for the PE
diagnosis (4).

In this case, when PE was highly suspected, bedside EIT
was performed to assess regional pulmonary perfusion instead
of transferring the patient who had severe dyspnea and
hemodynamic instability for CTPA. The pulmonary perfusion
image of EIT revealed a significant perfusion defect of
the right lung and urged us to perform CTPA. This is
the first case report that PE had been early diagnosed by
EIT, which further triggered a CTPA confirmation test. The
perfusion defect detected by EIT was consistent with the
CTPA findings, although the percentage of dead space detected
in this case was lower than the previous study (4). One
possible explanation is that poor ventilation of the dorsal
lung caused by pulmonary atelectasis resulted in a lower
calculated dead space percentage. Thus, the diagnosis of PE
cannot be excluded even with a lower dead space percentage
in such patients. The ventilation defect detected in the right
lung at the occurrence of PE was suspected to be regional
atelectasis, due to severe respiratory stress of the patient. After
restraining excessive respiratory effort with the muscle relaxant,
tracheal suction and lung recruitment, the ventilation defect was
quickly reduced, as evidenced by the second EIT examination
(Figures 1A,B).

In this case, the first question we faced was whether
thrombolysis was having a sufficient effect, especially since
clinical manifestations did not change prominently after they
occurred. The pulmonary perfusion image of EIT revealed
key information on the improvement of pulmonary perfusion.
Combined with the improved TTE results, it answered
our question and determined continuous anticoagulant
therapy. When the patient experienced life-threatening lower
gastrointestinal bleeding on Day 5, the anticoagulant therapy
had to be stopped. However, the patient was still at high risk
of PE with a Wells score of 7, and having another attack of
PE could be deadly. The following anticoagulant therapy after
thrombolysis in PE treatment aims at reducing the embolic
burden and relieving the vascular obstruction, which could
be indicated by the stable bilaterally symmetry pulmonary
perfusion by EIT. In this case, the stability of pulmonary
perfusion acquired by EIT was found to be consistent with
the continued improvement of the patient’s oxygenation
index, dyspnea, and weaning, suggesting bedside monitoring
of pulmonary perfusion could be of much value. Although
the value of EIT for PE diagnosis has been widely reported,
this is the first time EIT has been used as a valuable tool for
clinical decision-making on the adjustment of anticoagulant
therapy in a postoperative high-risk PE patient with a high
risk of bleeding. Furthermore, it should be noted that the
assessment of pulmonary perfusion by EIT cannot be replaced
by CTPA in terms of the functional evaluation of lung perfusion.
Smaller emboli were still present in situ according to the
follow-up CTPA, but there was no indication of changing
pulmonary perfusion.

On Day 5, a prominent ventilation defect with a pulmonary
shunt was discovered during EIT monitoring. Combined with
the lung ultrasound findings, regional consolidation was highly
suspected, which was later verified by the follow-up CT scan
(Figure not shown). Following that, the targeted treatment was
initiated to re-expand the collapsed lung. Despite pulmonary
perfusion, assessment of pulmonary ventilation by EIT also
plays a key role in the diagnosis and treatment of different
causes of dyspnea and hypoxemia. Therefore, we diagnosed
lung consolidation and initiated targeted treatment for lung
consolidation. Although lung consolidation did not appear to
improve based on the later EIT image on Day 12, due to
EIT, the therapy was expanded to include a broader range
of respiratory treatments, instead of being limited to only
PE treatment.

The role of EIT monitoring in the management of
postoperative high-risk PE is a classic case of its practicability
in critical settings. When patients are at high risk of transfer for
CTPA, EIT with hypertonic saline bolus infusion could aid in
the diagnosis of PE. Furthermore, EIT could be an important
indication of pulmonary perfusion to guide or back up the
adjustment of anticoagulant therapy when faced with a conflict
between anticoagulation and the risk of bleeding. In addition,
when combined with perfusion, EIT evaluation of pulmonary
ventilation can aid in the diagnosis of other respiratory
conditions, for example, lung consolidation. However, we cannot
ignore the disadvantages of the technique, including low-
resolution, complex image reconstruction procedure, limited
field of view, and incompatibility with certain patients, such
as those with a pacemaker (7). In this case, breath-holding
was found to be particularly difficult for patients with dyspnea.
Furthermore, EIT is unable to reflect the exact anatomical
location of PE and detect small emboli. Therefore, it could
be misleading to use it as the only indication to decide
against anticoagulant therapy. In this case, the therapeutical
decision was made based on a variety of clinical data, including
but not limited to EIT. A full understanding of EIT in as
many aspects as possible is required for its application in the
clinical scenarios.

In conclusion, EIT could provide useful information for
clinical decision-making in the context of both pulmonary
perfusion and pulmonary ventilation during the diagnosis and
treatment of high-risk PE, especially with the challenge of
anticoagulation and risk of bleeding, which may benefit critically
ill patients in the future.
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Electrical Impedance Tomography
Predicts Weaning Success in Adult
Patients With Delayed Upper
Abdominal Surgery: A Single-Center
Retrospective Study
Jiajia Li 1†, Fan Zeng 1†, Fuxun Yang 1†, Xiaoxiu Luo 1, Rongan Liu 1, Yinjie Ren 1,

Yunping Lan 1, Yu Lei 1, Gaoping Zhao 2* and Xiaobo Huang 1*

1Department of Intensive Care Unit, Sichuan Academy of Medical Sciences and Sichuan Provincial People’s Hospital,

Chengdu, China, 2Department of Gastrointestinal Surgery, Sichuan Academy of Medical Sciences and Sichuan Provincial

People’s Hospital, Chengdu, China

Objective: To evaluate the predictive value of electrical impedance tomography (EIT) in

patients with delayed ventilator withdrawal after upper abdominal surgery.

Methods: We retrospectively analyzed data of patients who were ventilated >24 h after

upper abdominal surgery between January 2018 and August 2019. The patients were

divided into successful (group S) and failed (group F) weaning groups. EIT recordings

were obtained at 0, 5, 15, and 30min of spontaneous breathing trials (SBTs) with

SBT at 0min set as baseline. We assessed the change in delta end-expiratory lung

impedance and tidal volume ratio (1EELI/VT) from baseline, the change in compliance

change percentage variation (|1(CW-CL)|) from baseline, the standard deviation of

regional ventilation delay index (RVDSD), and global inhomogeneity (GI) using generalized

estimation equation analyses. Receiver operating characteristic curve analyses were

performed to evaluate the predictive value of parameters indicating weaning success.

Results: Among the 32 included patients, ventilation weaning was successful in

23 patients but failed in nine. Generalized estimation equation analysis showed that

compared with group F, the 1EELI/VT was lower, and the GI, RVDSD, and (|1(CW-CL)|)

were higher in group S. For predicting withdrawal failure, the areas under the curve of

the 1EELI/VT, (|1(CW-CL)|), and the RVDSD were 0.819, 0.918, and 0.918, and 0.816,

0.884, and 0.918 at 15 and 30min during the SBTs, respectively.

Conclusion: The electrical impedance tomography may predict the success rate

of ventilator weaning in patients with delayed ventilator withdrawal after upper

abdominal surgery.

Keywords: success rate of weaning, upper abdominal surgery, electrical impedance tomography, mechanical

ventilation, predict
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INTRODUCTION

Patients who are mechanically ventilated during upper
abdominal surgery need to be weaned off of mechanical
ventilation as soon as possible after they recover spontaneous
breathing, which helps patients recover quickly. However,
some patients experience varying degrees of post-operative
lung function impairment because of reduced ventilatory
muscle activity, diaphragmatic dysfunction, and decreased lung
compliance (1). Older patients with preoperative lung disease or
decreased lung function often require delayed extubation. The
rapid shallow breathing index, occlusion pressure at 100ms, and
spontaneous breathing trials (SBTs) have been commonly used
to predict weaning. However, the measured values of the rapid
shallow breathing index and occlusion pressure at 100ms can
be inaccurate because of the patient’s posture, airway stenosis,
fever, and other factors. SBTs are commonly used in clinical
practice, and its outcome is evaluated by objective parameters,
such as the respiratory rate to tidal volume ratio (respiratory
rate/VT) and arterial blood gases. Patients who pass the SBT
can attempt ventilator weaning and endotracheal tube removal.
However, some patients develop respiratory failure after weaning
and need ventilator-assisted therapy. In patients requiring
prolonged mechanical ventilation therapy, the rate of weaning
failure is >10% (2). Failure to wean can increase the risk of
mechanical ventilation complications and even increase the
length of hospital stay and mortality. Therefore, it is necessary to
identify a more specific way to evaluate the weaning process.

Electrical impedance tomography (EIT) is a new-generation,
non-invasive functional imaging technology for real-time
monitoring of pulmonary ventilation in patients. Based on
different electrical impedances of tissues, gas, and liquid (which
are increased by air and reduced by fluids and cells), real-time
monitoring of pulmonary ventilation changes at the bedside is
achieved by computer imaging technology (3, 4). Bickenbach
et al. showed EIT enables monitoring of regional ventilation
distribution during SBTs and is suitable to estimate whether an
SBT probably will be beneficial for an individual patient (5).
Recent clinical evidence has shown that the different etiologies
of acute respiratory failure (ARF) have different regional lung
ventilation and perfusion characteristics, as measured by the
saline contrast EIT method (6). Zhang et al. demonstrated that
EIT could identify the diverse effects of a high-flow nasal cannula
on regional lung ventilation in post-extubation situations, which
might be helpful to guide HFNC therapy in clinical practice
(7). EIT is expected to become a new detection method for
aiding mechanical ventilation withdrawal (5, 8). Accordingly, the
purpose of this study was to evaluate the predictive value of the
EIT in patients with delayed ventilator withdrawal after upper
abdominal surgery.

MATERIALS AND METHODS

Patients
This retrospective study included intensive care unit patients
who had undergone upper abdominal surgery between January
1, 2018 and August 31, 2019. They were stratified into successful

weaning (group S) and weaning failure groups (group F). The
inclusion criteria were as follows: (1) age > 18 years, (2)
postoperative mechanical ventilation >24 h, (3) SBT performed
before weaning, and (4) EIT monitoring performed during
weaning. The exclusion criteria were as follows: (1) poor EIT
images unsuitable for data analysis and (2) currently pregnant.
The Ethics Committee of Sichuan Provincial People’s Hospital
approved the study. We have obtained the consent of all patients.

Weaning Process
An SBT was considered when the patient met the weaning
criteria: (1) the primary disease causing respiratory failure
was controlled; (2) partial pressure of oxygen (PaO2)/fraction
of inspired oxygen (FiO2) ≥ 150 mmHg, with positive end-
expiratory pressure ≤8 cm H2O]; (3) stable hemodynamic state
[heart rate (HR)≤ 140 bpm, 90 mmHg < systolic blood pressure
<160 mmHg, and no vasoactive drugs]; (4) strong ability of
spontaneous breathing and coughing; (5) body temperature <

38◦C; (6) no obvious respiratory acidosis [pH > 7.3, HCO−
3

<30 mmol/L, or partial pressure of carbon dioxide (PaCO2)
<45 mmH2O]; (7) hemoglobin level ≥ 80 g/L; and (8) good
mental status. Before beginning the SBT, the ventilator settings
were adjusted to the pressure support ventilation mode, and the
parameter settings were as follows: pressure support= 8 cmH2O,
FiO2 = 40%, positive end-expiratory pressure ≤ 5 cmH2O, and
oxygen saturation (SpO2) maintained at ≥ 92%; the ventilation
time in the whole pressure support ventilation mode was longer
than 30min. For patients then underwent the SBT, ventilator
therapy was discontinued while endotracheal intubation was
retained. Oxygen was administered through the tracheal tube
with oxygen-enriched humidified air for 30min at a rate of 2–4
L/min; the vital signs and SpO2 of the patients were monitored.
Blood gas analysis was performed after 30min. An SBT was
classified as failed when any of the following conditions were
met: (1) aggravation or recurrence of the primary disease (judged
by a competent doctor); (2) respiratory rate ≥ 35 breaths/min,
an increase of 50% from baseline, or ≤ 8 breaths/min; (3)
hemodynamic instability (systolic blood pressure > 180 or <

90 mmHg, or pulse > 140 beats/min); (4) basal HR or blood
pressure change rate > 20% or FiO2 > 0.5, PaO2 < 60 mmHg,
or PaCO2 increase > 10 mmHg; (5) pH < 7.32 or pH decrease
> 0.07; and (6) anxiety, sweating, or irritability (judged by the
doctor in charge). Patients who passed the SBT were extubated
and administered oxygen using a nasal catheter or mask at a
rate of 2–4 L/min. For patients who did not pass the SBT,
the doctor chose the appropriate ventilation mode to continue
mechanical ventilation according to the situation and recorded
the weaning failure. Weaning failure was defined as follows:
(1) failed SBT, (2) re-treatment with invasive or non-invasive
ventilation within 48 h after extubation, and (3) death within 48 h
after weaning. Acute Physiology and Chronic Health Evaluation
II score, HR, mean arterial pressure (MAP), arterial blood gases
index (pH, PaO2, PaCO2, and lactate levels), oxygenation index
(PaO2/FiO2), and SpO2 were recorded before weaning on the
same day. We collected age, sex, type of sugery, Acute Physiology
Score II values, SBT’s result. At the same time, the HR, respiratory
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rate, MAP, SpO2, PaO2, PaCO2, at 0, 5, 15, and 30min of SBTs
were collected in both study groups.

EIT Data Acquisition and Analysis

When the patient met the weaning criteria, a silicon 16-electrode
EIT belt of proper size was placed around the patients’ chest
between the 4th and 6th ribs and connected to the EIT device
(PulmoVista 500; Dräger Medical GmbH, Lübeck, Germany).
EIT scans are represented by 32× 32 color-coded matrix images.
A low pass filter with a cutoff frequency of 50 min−1 was applied
to exclude cardiac-related variations. During all study phases, EIT
data were generated by application of electrical current at 25 kHz,
recorded by an EIT device. EIT measurements were started at the
beginning of SBT and obtained for 5min at 0, 5, 15, and 30min
during SBT. The last 2min of each record were analyzed. We
recorded the SBT data at 0min as the baseline value. With the
generated tidal images, four horizontal layers from the ventral
to the dorsal side were defined as regions of interest (ROI)
and numbered from 1 to 4. Global inhomogeneity (GI) was
measured as previously described (9, 10). The end-expiratory
lung impedance (EELI) was defined as the average end-expiratory
global impedance values of 10 consecutive breaths in SBT. With
SBT at 0min set as baseline, the change in end-expiratory lung
impedance (1EELI) was defined as the difference between the
EELI value at other time points (SBT at 5, 15, and 30min) and
the EELI value at baseline time (11, 12). We recorded the tidal
volume of five subsequent breathing cycles at the last 1min
before SBT and calculated the average value as tidal volume (VT).
1EELI/VT was defined as 1EELI divided by VT.

The standard deviation of the regional ventilation delay index
(RVDSD) was used to express regional ventilation distribution.
The global impedance-time curve 1Z(t) was as the sum of the
impedance changes of all pixels. The RVDSDwas assessed by EIT
as previously described (13, 14). We calculated compliance win
(CW) and compliance loss (CL), expressed as a percentage, from
the EIT recordings (15). Compliance change percentage variation
(|1(CW-CL)|) was defined as the difference between CW and CL
regarding SBT at 5, 15, and 30min compared to SBT at 0 min.

Regional distribution of ventilation measurements was
recorded on the PulmoVista 500 during monitoring sessions.
Each recording was transferred to a USB storage device. Data
were downloaded from the USB storage device to a Windows
(Microsoft, Redmond, Washington) based personal computer.
The EIT data were analyzed offline using the EIT Data Analysis
Tool 6.1 and 6.1.20 (Dräger Medical GmbH, Lübeck, Germany)
and MATLAB 8.3 (The Mathworks, Natick, MA, USA).

Statistical Analysis
Mean data were analyzed using SPSS software (version
22.0; IBM Corp., Armonk, NY, USA). Normally distributed
data are presented as means ± standard deviations. Non-
normally distributed data are presented as medians (interquartile
intervals). Normally distributed and non-parametric continuous
variables were compared using the Student’s t-test and Mann–
Whitney U-test, respectively. Basic clinical parameters were
tested by the Wilcox non-parametric test. Repeated data were
analyzed with a generalized estimation equation. The receiver

operating characteristic curve was used to assess the accuracy of
successful weaning. Cutoff values were obtained by calculating
the Youden index, and the sensitivity and specificity were
also determined. Considering the small sample size in this

TABLE 1 | Baseline characteristics of patient is at SBT 0min.

S (n = 23) F (n = 9) p

Age (year) 58.48 ± 12.76 64.44 ± 15.13 0.31

Mechanical ventilation

hours (h)

60.00 ± 45.91 72.00 ± 36.72 0.19

APACHE II 12.70 ± 4.54 12.33 ± 3.46 0.80

ASA index

I, n (%) 16(69.5) 6(66.7) 1.00

≥II, n (%) 7(30.4) 3(33.3) 1.00

Type of surgery

High surgical aggression,

n (%)

12 (52.2) 4 (0.44) 1.00

Pancreaticodoudenectomy,

n (%)

3(13.0) 1(11.1)

Esophagectomy, n (%) 4(17.4) 2(22.2)

Total gastrectomy, n (%) 5(21.7) 1(11.1)

Intermediate surgical

aggression

11 (47.8) 5 (55.5) 1.00

Total colectomy, n (%) 5(21.7) 2(22.2)

Rectal resection, n (%) 2(8.7) 0(0)

Major liver resection, n (%) 4(17.4) 3(33.3)

Chronic disease

Hypertension, n (%) 6(26) 2(22.2)

Diabetes, n (%) 5(21.7) 1(11.1)

Chronic kidney disease,

n (%)

2(8.7) 0

Chronic liver disease,

n (%)

3(13.0) 1(11.1)

Chronic obstructive

pulmonary disease, n (%)

4(17.4) 1(11.1)

Smoking status

Never, n (%) 3(13.0) 1(11.1)

Former, n (%) 16(69.5) 6(66.7)

Current, n (%) 4(17.4) 2 (22.2)

RSBI 90.13 ± 14.18 109.11 ± 13.77 0.006

P0.1 3.10 ± 0.82 3.56 ± 1.00 0.224

HR (times/min) 87.17 ± 15.50 90.11 ± 18.41 0.753

RR (times/min) 18.17 ± 2.79 20.33 ± 1.94 0.107

MAP (mmHg) 82.13 ± 11.76 85.41 ± 16.04 0.378

SpO2 (%) 99.52 ± 1.16 97.67 ± 2.12 0.002

pH 7.42 ± 0.07 7.43 ± 0.07 0.737

PaO2 (mmHg) 112.58 ± 31.10 120.07 ± 51.47 0.917

PaCO2 (mmHg) 39.40 ± 4.88 37.41 ± 6.72 0.450

PaO2/FiO2 281.45 ± 77.76 300.17 ± 128.68 0.917

Lac (mmol/L) 1.65 ± 0.68 1.51 ± 0.76 0.571

APACHE II, acute physiology and chronic health evaluation II; PaCO2, arterial partial

pressure of carbon dioxide; RSBI, rapid shallow breathing index; P0.1, occlusion pressure

at 100ms; HR, heart rate; RR, respiratory rate; MAP, Mean arterial pressure; SpO2,

saturation of pulse O2; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial

pressure of carbon dioxide; Lac, lactic acid; ASA, American Society of Anesthesiologists.
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study, the positive and negative likelihood ratios were calculated
using MedCalc software (version 19.0; MedCalc Software Ltd.,
Ostend, Belgium) to reduce the impact on sensitivity and
specificity and evaluate the predictive value of each prediction
index. Positive-predictive value, negative-predictive value, and
diagnostic accuracy were also calculated. A P < 0.05 was
considered statistically significant.

RESULTS

A total of 32 patients (22 men and 10 women) were included in
this study. There were 23 patients in group S and 9 in group F.
In group F, within 48 h after extubation, 5 patients received non-
invasive ventilation only, 3 patients received invasive ventilation,
and 1 patient was reintubated after failing to maintain with
non-invasive ventilation. There were no significant differences in
age, mechanical ventilation time, Acute Physiology and Chronic
Health Evaluation II score, baselineHR,MAP, or values of arterial
blood gases indices between the two groups (P > 0.05) for the
SBT baseline (0min) values (Table 1). However, there was a
statistically significant difference in SpO2 between the two groups
before the SBTs (P < 0.05) (Table 1). At the end of the SBTs,
there were no differences in HR, MAP, PaO2/FiO2, PaCO2, or pH
between the two groups (Table 2).

Generalized estimation equation analysis showed that
1EELI/VT was lower in group F than in group S (P = 0.01) and
was not associated with the measurement time (P = 0.17). The
GI, RVDSD, and |1(CW-CL)| were higher in group F than in
group S (P = 0.00, P = 0.00, P = 0.00) and were associated with
the measurement time (P = 0.00; P = 0.00, P = 0.01). The value
of 1EELI/VT, GI, RVDSD, |1(CW-CL) | were show in Table 3.

The areas under the curve (AUCs) of the1EELI/VT of SBTs at
5, 15, and 30min were 0.742,0.819,0.816, respectively. The cutoff
value of the 1EELI/VT of SBTs was−0.89 at SBT15min, and the
sensitivity and specificity for predicting weaning successful were
88.89 and 65.22%, respectively. The AUC of the |1(CW-CL)| of
SBTs at 5min was 0.981. The cutoff value of the |1(CW-CL)| of
SBTs at 5min was more than 7.7; the sensitivity and specificity for
predicting weaning failure was 88.89 and 100%, respectively, the
positive-predictive value was 100%, and the accuracy was 0.89.
The AUC of the |1(CW-CL)| of SBTs at 15min was 0.981; the
cutoff value of the |1(CW-CL)| of SBTs at 15min was more than
7.4; the sensitivity and specificity for predicting weaning failure
was 100 and 95.65%, respectively; the positive-predictive value
was 90%; and the accuracy was 0.96. The AUC of RVDSD of
SBTs at 30min was 0.918; the cutoff value of RVDSD of SBTs
at 30min was more than 15.7; the sensitivity and specificity for
predicting weaning failure was 100 and 78.26%, respectively; the
positive-predictive value was 64.3%; and the accuracy was 0.78
(Figure 1).

DISCUSSION

In this study, we found that compared to group S, 1EELI/VT
was lower, and the GI, RVDSD, and |1(CW-CL)| were higher
in group F. In the early stage of SBT, the |1(CW-CL)|, as

well as 1EELI/VT, have a good predictive value of the failure
rate of weaning, while the RVDSD has a good predictive value
of the failure rate of weaning in the end stage of SBT. The
present findings suggest that EIT, a new method to evaluate
pulmonary gas distribution, might be a potential tool that
could aid patients undergoing upper abdominal surgery with
ventilatory weaning.

Because of the pain and repeated diaphragmatic stimulation
experienced intraoperatively, pulmonary complications in
patients are significantly higher after upper abdominal surgery
than after cardiac surgery (16). In addition, due to the effects of
anesthesia, mechanical ventilation, and changes in intrathoracic
and abdominal pressure, the occurrence of early postoperative
atelectasis is almost inevitable. Notably, early ventilator
withdrawal can effectively prevent the occurrence of ventilator-
associated pneumonia (17). Accordingly, for patients with
mechanical ventilation after upper abdominal surgery, clinicians
need to actively find an appropriate time to speed up the process
of ventilator withdrawal to reduce the delayed extubation.
Therefore, an ideal predictor of weaning is urgently needed in
clinical settings.

EIT has been a major breakthrough in the field of biomedical
engineering in recent decades. Because the electrical impedances
of tissues, gas, and liquid are different, the computer collects
the electrical impedance information and reconstructs it into
an image. Accordingly, an image of the gas distribution in
the process of lung ventilation is obtained. During mechanical
breath, at the initial stage of inspiration, the increase in
airway pressure causes the gas to enter the gravity-independent
zone, while in the later stage of inspiration, the continuously
inhaled gas is gradually distributed to the gravity-dependent
zone. The context is more complicated during spontaneous
breath. Therefore, alveolar ventilation has three characteristics:
time distribution, spatial distribution, and global distribution.
To date, EIT is the only method that can monitor the
entire pathophysiological process of alveolar ventilation in real-
time and dynamically at the bedside. Theoretically, it can
reflect the whole lung and local conditions. In this study,
the 1EELI/VT, RVDSD, |1(CW-CL)|, and GI were used to
evaluate weaning.

EIT can be used to monitor the compliance of local alveoli
to increase or decrease and is not affected by positive pressure
ventilation, which is more convenient for patients undergoing
SBT. 1EELI represents the variation in end-expiratory lung
impedance during the SBT. The decrease in1EELI suggested that
there may be part of the alveoli collapsed or the VT decreased.
Because the EELI are infected by VT, we chose to use VT to
reduce this heterogeneity. 1EELI/VT reflected the change in
end-expiratory lung impedance per unit volume at the different
SBT time points, which may guide patients with ventilatory
weaning. Our study found that compared to patients under
successful weaning, patients experiencing weaning failure were
characterized by greater 1EELI/VT loss during STB, probably
because alveolar collapse occurred more in group F, thereby
resulting in decreased end-expiratory volume and reduced EELI.
Longhini et al. (18) and Mauri et al. (19) also showed that 1EELI
was significantly higher in patients with successful weaning,
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TABLE 2 | Patient’s characteristics and arterial blood gases in patients at the end of SBT.

S (n = 23) F (n = 9) p

HR (times/min) 88.91 ± 13.71 95.89 ± 18.14 0.25

RR (times/min) 19.82 ± 2.91 20.22 ± 3.93 0.76

MAP (mmHg) 83.4 ± 13.15 85.56 ± 12.89 0.63

SpO2 (%) 99.13 ± 1.91 97.33 ± 3.57 0.18

pH 7.41 ± 0.05 7.42 ± 0.06 0.96

PaO2 (mmHg) 110.76 ± 30.74 93.44 ± 38.39 0.19

PaCO2 (mmHg) 42.07 ± 5.38 45.06 ± 14.13 0.55

PaO2/FiO 285.3 ± 74.90 259.10 ± 92.00 0.41

Lac (mmol/L) 1.61 ± 0.58 1.80 ± 1.15 0.63

SBT, Spontaneous Breathing Trial; HR, Heart rate; RR, respiratory rate; MAP, mean arterial pressure; SpO2, Pulse oxygen saturation; PaO2, arterial partial pressure of oxygen; PaCO2,

arterial partial pressure of carbon dioxide; PaO2/FiO2, arterial partial pressure to inspired fraction of oxygen ratio; Lac, lactic acid.

TABLE 3 | EIT data in patients with extubation success and failure.

SBT 0 SBT 5 SBT 15 SBT 30

1EELI/VT

Extubation success (n = 23) 0 −0.81 ± 0.26 −0.81 ± 0.27 −0.81 ± 0.26

Extubation failure (n = 9) 0 −1.02 ± 0.19 −1.13 ± 0.20 −1.10 ± 0.19

P-value of extubation success vs. failure 0.03 0.00 0.01

RVD SD

Extubation success (n = 23) 9.35 ± 1.62 11.66 ± 2.59 11.60 ± 1.64 13.12 ± 2.22

Extubation failure (n = 9) 10.72 ± 2.08 13.44 ± 1.94 14.88 ± 3.07 16.73 ± 1.06

P-value of extubation success vs. failure 0.29 0.07 0.00 0.00

1(CW-CL)

Extubation success (n = 23) 0 2.72 ± 2.32 3.60 ± 3.82 2.38 ± 2.45

Extubation failure (n = 9) 0 16.78 ± 8.22 21.10 ± 9.21 11.38 ± 6.57

P-value of extubation success vs. failure 0.00 0.00 0.00

GI

Extubation success (n = 23) 0.51 ± 0.14 0.67 ± 0.18 0.71 ± 0.18 0.76 ± 0.19

Extubation failure (n = 9) 0.65 ± 0.15 0.70 ± 0.14 1.13 ± 0.24 1.14 ± 0.24

P-value of extubation success vs. failure 0.02 0.60 0.00 0.00

1EELI/Vt, change from baseline of the end-expiratory lung impedance/the tidal volume in percentage; RVDSD, standard deviation of regional ventilation delay index; 1(CW-CL),

compliance change percentage variation; GI, global inhomogeneity.

consistent with our findings. RVDSD can show the time delay of
the pulmonary ventilation area, which can be used as a parameter
to reflect the time distribution of pulmonary ventilation. Muders
et al. (13) observed a positive correlation between RVDSD
and computed tomography imaging. The greater areas of the
collapsed alveoli, the greater the value of RVDSD. In addition,
Muders et al. found that due to increased alveolar collapse and
overall lung heterogeneity, patients with failed weaning might
not be able to maintain adequate alveolar ventilation. In our
study, we found that the RVDSD values of SBTs in group F
were higher than those in group S. Moreover, at the end of
SBT, using the cutoff of 15.7, the AUC for predicting failure
withdrawal was 0.91, the sensitivity was 100%, and the specificity
was 78%, suggesting that the RVDSD maybe a good indicator at
the end of SBT. GI—the proportion of the sum of the impedance
value of the whole lung pixel and the average impedance value
to the sum of the pixel impedance value in the whole lung

area—is a parameter used to evaluate the ventilation state of
the whole lung. In our study, the GI index of the two groups
increased with increases SBT time, and the GI index of group
F increased more significantly than that of group S. It is likely
that during T-tube ventilation, part of the alveoli collapsed
due to the lack of positive pressure ventilation. In group F,
the adjustment of spontaneous respiration could not maintain
the normal opening of alveoli, especially near the diaphragm,
thereby leading to an increase in uneven gas distribution in
the lungs and a decrease in alveolar ventilation, which resulted
in weaning failure. Pulmonary compliance is important in the
regulation of pulmonary ventilation. Previous studies found that
poor pulmonary compliance during SBT was associated with
extubation failure, with poor accuracy for predicting weaning
success, especially when weaning was based on the value of
decreased compliance alone (20, 21). Our study found that the
|1(CW-CL)| was significantly higher in patients with failed
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FIGURE 1 | A ROC of prognostic variables for patients. 1EELI/Vt, change from baseline of the end-expiratory lung impedance/the tidal volume in percentage;

RVDSD, standard deviation of regional ventilation delay index; 1(CW-CL), compliance change percentage variation; GI, global inhomogeneity.

weaning than in those with successful weaning. Especially in
the early time of SBT, the value of |1(CW-CL)| with failure
group was more obviously. It may be related to excessive or
weak spontaneous breathing. Excessive spontaneous breathing
can easily lead to ventilator fatigue and self-induced lung damage,
while weak spontaneous breathing may lead to carbon dioxide
retention; both excessive and weak spontaneous breathing lead
to failed ventilator weaning. In our study, we considered that
|1(CW-CL)| may be a good prediction parameter in the early
stages of SBT.

Our study has some limitations. First, we did not monitor
the increase in intra-abdominal pressure, which may have
affected pulmonary compliance, diaphragmatic movement, and
transpulmonary pressure, thus affecting the patient’s spontaneous
breathing. Notably, the phenomenon of increased abdominal
pressure was not recorded in any patient after physical
examination. Second, this study was a retrospective study,
and the weaning method used was an SBT; therefore, it was
impossible to compare the related guiding indicators of EIT and
the predictive values of SBTs for weaning. These limitations need
to be addressed in future clinical studies.

CONCLUSIONS

This study found that GI, the RVDSD, and the |1(CW-
CL)| of SBTs were higher, while 1EELI/VT was lower, in
group F than in group S. In the early stage of SBT, the
|1(CW-CL)|, as well as 1EELI/VT, may have good predictive
values for weaning failure rate, while the RVDSD may have
a good predictive value for weaning failure rate in the end

stage of SBT. These findings suggest that EIT may became a
predictor of ventilator weaning in patients undergoing upper
abdominal surgery.
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Hepatopulmonary syndrome (HPS) is a serious pulmonary complication of progressive

liver disease that leads to a poor clinical prognosis. Patients with HPS may develop

acute respiratory failure, which requires intensive care and therapy. At present, the only

effective treatment is liver transplantation; therefore, early diagnosis and timely treatment

are of considerable significance. The three main features of HPS are liver disease,

oxygenation disorder, and intrapulmonary vascular dilatation (IPVD). Diagnosing HPS is

challenging due to the difficulty in detecting the presence or absence of IPVD. As such,

imaging examination is very important for detecting IPVD. This paper reviews the imaging

methods for diagnosing HPS such as ultrasound, dynamic pulmonary perfusion imaging,

pulmonary angiography, and computed tomography.

Keywords: hepatopulmonary syndrome, diagnostic imaging, liver disease, IPVD, pulmonary vasodilation

INTRODUCTION

When liver disease progresses to a certain stage, it is followed by the onset of pulmonary
vasodilation, pulmonary gas exchange disorder, decrease in the arterial oxygen partial pressure, and
clinical manifestations, which is called hepatopulmonary syndrome. In 1956, Rydell and Hoffbauer
first reported a patient with liver cirrhosis complicated with a pulmonary arteriovenous fistula and
described the pathophysiology of hypoxemia (1). In 1977, Kennedy and Knudson first used the
term “hepatopulmonary syndrome (HPS)” to describe pulmonary vascular disease secondary to
liver cirrhosis and it has been used thereafter (2). Subsequently, Sherlock further elaborated on
hepatopulmonary syndrome (3). There is a clear connection between hypoxemia and liver disease.
In presence of liver disease, it appears that pulmonary vasodilatation (PV) leads to a mismatch
between ventilation/perfusion and diffusing capacity. The diagnostic criteria for HPS: (1) presence
of liver disease, (2) evidence of intrapulmonary vascular dilatation (IPVD), which is also the basic
pathological change, and (3) a pulmonary bubble arterial oxygen differential pressure [P [A-a] O2

gradient] that is≥15 mmHg (or>20 mmHg if age≥65 years). The severity of HPS can be classified
according to the PaO2 into either mild (PaO2 ≥80 mmHg), moderate (PaO2 60–79 mmHg), severe
(PaO2 50–59 mmHg), or very severe (PaO2 <50 mmHg) (4). HPS mostly occurs in patients
with liver cirrhosis, with an incidence rate of 9.45–42.5% (5–10). HPS is a serious pulmonary
complication of end-stage liver disease. The mortality of patients with HPS is significantly high and
the prognosis is poor (10). Early detection and timely treatment may help improve the prognosis.
HPS should be considered if there is abnormal pulmonary arterial oxygenation in the presence of
liver disease; however, abnormal blood oxygen saturation alone is not enough to diagnose HPS (9).
The focus of clinical diagnosis is to identify evidence of PV in patients with chronic liver disease
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complicated with hypoxemia. Therefore, clinical assessment
must be combined with the results of imaging examination.
This paper presents a comprehensive review of the latest
developments in the diagnostic imaging of HPS.

PROGRESS IN ULTRASOUND USE FOR
THE DIAGNOSIS OF HPS

With the onset of HPS, patients have a higher cardiac
output and hyperdynamic circulation, resulting in corresponding
changes in the cardiac structure. HPS can be indirectly
diagnosed by measuring the cardiac structure using cardiac color
Doppler ultrasound. Zamirian conducted a cardiac B-ultrasound
examination on adult patients with confirmed HPS and found
that the left atrial volume (LAV) was increased significantly. In
patients with liver cirrhosis, HPS is considered if the measured
LAV is >50ml, and sensitivity and specificity are estimated to
be 86.3 and 81.2%, respectively (11). This is mainly due to the
right to left shunt in patients with HPS, resulting in increased
cardiac output and increased left heart volume (11). A previous
study proved that increased LAV can reflect the presence of HPS
in patients with liver cirrhosis, and increased systemic blood
velocity through the mitral valve can also indirectly indicate
the presence of HPS (12). Moreover, Soulaidopoulos found that
absolute left ventricular (LV) global longitudinal strain (GLS)
values are significantly lower in patients with HPS compared to
cirrhotic patients without HPS (13). Furthermore, results from a
previous study suggest that systolic pulmonary artery pressure,
right ventricle wall width, and early filling (E) and late filling (A)
ratio (E/A ratio) can predict IPVD (14). The right ventricular
diastolic dysfunction rate also increases significantly in patients
with liver cirrhosis, especially in patients with HPS (15). As HPS
can cause changes in the cardiac structure, cardiac ultrasound
measurement can help in making an indirect diagnosis. This
method is simple and convenient and especially suitable for
preliminary screening of HPS in primary medical units (16).

PROGRESS IN CONTRAST ENHANCED
ECHOCARDIOGRAPHY (CEE) FOR THE
DIAGNOSIS OF HPS

The hand vibration method is used to produce microbubbles
with a diameter ≤90µm in normal saline, followed by injection
into an upper limb vein of the patient. If the patient does not
have a right to left shunt, the microbubbles will be captured
and absorbed by the pulmonary capillary bed, and will not
be able to reach the left cardiac system. Conversely, if the
subject has pulmonary capillary dilation or a right to left
shunt, the microbubbles will reach the left cardiac system, and
can be detected in the left heart by ultrasonic examination.
This method is called contrast-enhanced echocardiography. At
present, the commonly used methods are contrast-enhanced
transthoracic echocardiography (CTTE) and contrast-enhanced
transesophageal echocardiography (CTEE). CTTE is a simple,
non-invasive technique, low cost, and safe. However, CTEE is
an invasive procedure that is relatively complex and entails a

high cost. However, CTEE can provide excellent image quality,
has a higher sensitivity that can improve the detection rate,
and is significantly better for the diagnosis of PV compared to
CTTE (17–19).

Some researchers have attempted to increase the sensitivity
of CEE by changing the operation mode. For example, CEE
examination in a standing position is observed to be better than
that in a supine position, which may be due to the expansion
of the pulmonary basal blood vessels and increased blood flow
because of gravity (20, 21). Moreover, 3D CEE can obtain more
2D images and provide more data for analysis. CEE has a higher
sensitivity and can better diagnose HPS compared to CTEE (22).
A previous study estimated the erythrocyte pulmonary transit
time (PTT) by detecting the time from the right atrium to the left
atrium by CEE. It was found that PTT may be a useful parameter
for evaluating arterial oxygenation in patients with chronic liver
disease with early HPS (23). Another study also revealed that
contrast enhanced transcranial Doppler was more sensitive for
the detection of IPVD with a low false positive rate (24).

CEE is the most commonly used diagnostic imaging method
for PV and the right to left shunt. It is simple, convenient,
minimally invasive, and highly sensitive. At present, it is the
gold standard for diagnosis. CEE also has some limitations. As
an example, since many patients with liver cirrhosis may have
normal blood gas content, the positive detection rate for such
patients is only 40% by CEE. Further, other diseases of the
lung can also lead to abnormal gas exchange. Therefore, using
CEE, positive findings in the lungs alone are not enough for the
diagnosis of HPS.

PROGRESS IN TECHNETIUM
99M-LABELED MACROAGGREGATED
ALBUMIN (TC-MMA) DYNAMIC LUNG
PERFUSION SCAN FOR THE DIAGNOSIS
OF HPS

Dynamic pulmonary perfusion imaging is one of the common
methods for diagnosing pulmonary vascular abnormalities in
HPS. Technetium labeled human serum albumin polymer
particle is a large albumin particle with a diameter >20µm. A
certain amount of Tc-MMA is injected into the peripheral vein of
the patient at one time. The whole process of the radionuclide
passing through cardiopulmonary vessels is recorded in the
anterior and posterior positions by the γ camera during
cardiovascular dynamic imaging. After 5min, the posterior and
anterior positions are taken for whole-body imaging, and the
computer is used for synchronous data collection and imaging.
The whole-body and bilateral lung radioactivity counts are
calculated by the region of interest method, and the right
to left shunt ratio of Tc-MMA is also calculated. Tc-MMA
persists in the capillary beds with a diameter of 8–15µm,
and when the pulmonary capillaries show abnormal dilation
and arteriovenous communication, Tc-MMA can pass through
the abnormally dilated pulmonary vessels. This can help in
obtaining extrapulmonary organ imaging and determining the
intrapulmonary partial flow, which can help to diagnose patients
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with HPS (25, 26). Zhao et al. evaluated the sensitivity, specificity,
and accuracy of the brain and systemic uptake of 99mTc-MAA
in IPVD, and found that the whole-body uptake was better than
simple brain uptake (27). The overall sensitivity of 99mTc-MAA
in the diagnosis of HPS is 18.9% in all HPS cases, which is
relatively low, but it is 66.7% in severe to very severe cases.
Consequently, it can be used in patients with pulmonary disease
and severe to very severe HPS (28).

Tc-MAA perfusion lung scan is more sensitive than CEE
in detecting an intrapulmonary shunt in children with HPS
(29). Some studies have suggested that there is no significant
difference between the two in detecting an intrapulmonary shunt
in children with HPS (6). In general, the detection sensitivity of
99mTc-MAA is lower than that of CEE, although its specificity
is higher than that of CEE for the diagnosis of HPS. However,
the greatest limitation of this imaging examination is that it
cannot distinguish between an intracardiac and intrapulmonary
shunt, nor can it evaluate cardiac function and pulmonary artery
pressure. In addition, it can produce false positive results because
non-bound technetium can pass through the vessels with a
normal width.

PROGRESS IN PULMONARY
ANGIOGRAPHY FOR THE DIAGNOSIS OF
HPS

Pulmonary angiography refers to selective pulmonary
angiography carried out by puncture of peripheral blood
vessels (usually femoral veins) and insertion of catheters.
According to the different angiographic manifestations and
pathophysiological characteristics, HPS can be divided into
type I and type II (30). In type I, normal or diffuse, small,
spider-like branching dilatations can be seen in the early stage.
With the progression of dilatation, blotchy or spongy diffuse
dilatation can be observed. Type II is relatively rare, showing
anatomic arteriovenous malformations similar to spider nevus
(31). Pulmonary angiography can directly reveal the dilated
blood vessels and can also be used for embolization and other
treatments (32). In addition, the determination of PTT by
pulmonary angiography is very useful for the diagnosis of
HPS, with higher sensitivity compared to the Tc-MAA lung
perfusion scan, and may even be used to quantify the degree of
intrapulmonary shunting (33).

Pulmonary angiography has not been widely used in clinical
settings as it is invasive and expensive. It is mainly used in
patients with persistent hypoxemia who have a poor response
to inhaled pure oxygen and need intrapulmonary vascular
embolization. In some HPS patients, PV is microscopic, and
pulmonary angiography may not reveal any abnormality.

ADVANCES IN THE COMPUTED
TOMOGRAPHY (CT) DIAGNOSIS OF HPS

The principal manifestations of chest CT in HPS include
thickening and distortion of the lung basal texture, medium-
sized nodular or reticular nodular shadows at the bottom of

the lung, arteriovenous malformations, cardiac enlargement, and
pulmonary artery widening (34). In addition to the number
and location of pulmonary arteriovenous malformations, CT
can also display the lung parenchyma pattern such as a mosaic
pattern, which is characterized by alternating low attenuation
areas (pulmonary vessels with reduced diameter) and high
attenuation areas (pulmonary vessels with normal diameter).
This mosaic pattern of the lung parenchyma is speculated to be
associated with HPS and may be a potentially useful marker for
the diagnosis of HPS, but still needs to be confirmed by large
research studies (34).

High-resolution CT (HRCT) can show the expansion of the
subpleural vessels that extend to the pleura, which is helpful
for the diagnosis of HPS (35). Chest HRCT can also help in
the diagnosis of HPS by calculating the ratio of the pulmonary
artery to the bronchial diameter in the basal segment of the
right lower lobe (36). Some studies have shown that although
the arterial bronchial ratio of the basal segment in patients with
liver disease is greater than that in the normal control group, this
vasodilation is not serious in patients with HPS (37), and the
incidence is low (7). CT cannot adequately distinguish if liver
disease is complicated by HPS. For example, in a patient with
HPS complicated with emphysema, an intrapulmonary shunt
examination by 99mTc-MAA showed that the systemic shunt
rate was 43% and there was no vasodilation on chest CT (38).
Therefore, more research data are needed to support CT imaging
for HPS.

In one study, lung images were obtained by single-photon
emission computed tomography and CT. After merging, the
images revealed that there were subpleural reticular nodular
shadows and/or dilated blood vessels at the bottom of the lung
in patients with HPS. This seems to be a characteristic CT
manifestation of intrapulmonary arteriovenous communications
in the lungs of HPS patients (39).

DISCUSSION

With the development of HPS in patients with liver disease, there
are different degrees of abnormal dilatation of the pulmonary
vessels. The rapid and accurate diagnosis of HPS through
an imaging examination is particularly important. Routine
cardiac B-ultrasound can indirectly diagnose HPS by measuring
the changes in the ventricular structure. At present, contrast
echocardiography and Tc-MAA dynamic lung perfusion imaging
can indirectly indicate the existence of an intrapulmonary right
to left shunt. It is the most used examination method in the
clinic, with a high sensitivity but low specificity. Pulmonary
angiography can directly show the changes in the pulmonary
vessels with high sensitivity and specificity, but it is more
traumatic, expensive, and limited in application. CT can directly
show the morphological changes in the pulmonary vessels,
and facilitate the diagnosis of HPS based on specific signs.
Although there are still some controversies, it can help in
the diagnosis of HPS. With the recent developments in multi-
energy computed tomography (MECT) diagnostic technology,
it has been used in the clinical diagnosis of various diseases
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of the whole body, especially vascular imaging. Researchers
have applied MECT in the diagnosis of pulmonary vascular
disease because it provides additional information for assessing
the pulmonary vascular system (40). MECT provides new
avenues for research and may become a new diagnostic method
for HPS.

Overall, the progress of research on the diagnostic imaging
of HPS has been relatively slow. In the future, there is a need
to increase the clinical and basic research on HPS to further
deepen the understanding of its pathogenesis and investigate new
examination techniques to improve diagnostic efficiency.
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Objective: Electrical impedance tomography (EIT) is a bedside tool for lung ventilation

and perfusion assessment. However, the ability for long-term monitoring diminished due

to interferences from clinical interventions and motion artifacts. The purpose of this study

is to investigate the feasibility of the discrete wavelet transform (DWT) to detect and

remove the common types of motion artifacts in thoracic EIT.

Methods: Baseline drifting, step-like and spike-like interferences were simulated to

mimic three common types of motion artifacts. The discrete wavelet decomposition was

employed to characterize those motion artifacts in different frequency levels with different

wavelet coefficients, and those motion artifacts were then attenuated by suppressing

the relevant wavelet coefficients. Further validation was conducted in two patients

when motion artifacts were introduced through pulsating mattress and deliberate body

movements. The db8 wavelet was used to decompose the contaminated signals into

several sublevels.

Results: In the simulation study, it was shown that, after being processed by DWT,

the signal consistency improved by 92.98% for baseline drifting, 97.83% for the

step-like artifact, and 62.83% for the spike-like artifact; the signal similarity improved

by 77.49% for baseline drifting, 73.47% for the step-like artifact, and 2.35% for

the spike-like artifact. Results from patient data demonstrated the EIT image errors

decreased by 89.24% (baseline drifting), 88.45% (step-like artifact), and 97.80% (spike-

like artifact), respectively; the data correlations between EIT images without artifacts and

the processed were all > 0.95.

Conclusion: This study found that DWT is a universal and effective tool to detect and

remove these motion artifacts.

Keywords: thoracic electrical impedance tomography, discrete wavelet transform, motion artifacts, chronic

obstructive pulmonary disease, acute respiratory distress syndrome
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INTRODUCTION

Electrical impedance tomography (EIT) images the internal
impedance distribution from current stimulations and voltage
measurements on the body surface (1). As it is a non-invasive
and radiation-free imaging modality that can be used in real-
time at the bedside, the medical community is very interested in
this technique and attempts to apply it into clinical practice, such
as monitoring lung ventilation of ICU patients (2), observing
the progress of brain injury (3), early detection of breast cancer
(4), etc. Among these medical applications, thoracic EIT for ICU
patients is one of the most active and promising areas (5), and
it focuses explicitly on several directions, including titration of
tidal volume or positive end-expiratory pressure, comparison
of various ventilation modes, evaluation of lung recruitability
and effect of recruitment maneuver, evaluation of suctioning
or rehabilitation, monitoring the ventilation distribution for
patients with spontaneous breathing, perioperative monitoring
and evaluation of regional lung function, etc. (6). In pulmonary
and critical care medicine, thoracic EIT is increasingly accepted
in hospitals because it can provide different measures of lung
function on a regional level and visualize their distribution
within the chest, which other established techniques cannot
substitute (7).

However, EIT is currently close to but not yet a routine
clinical examination method. One of the critical factors limiting
its daily use is that EIT might be inherently vulnerable to
the source of interference signals, especially to motion artifacts
in clinical settings (8). Motion artifacts caused by patients’
deliberatemovement, medical treatment or nursing are inevitable
and may often hinder acquiring, evaluating, and interpreting EIT
data (9).

FIGURE 1 | The common types of motion artifacts in clinical EIT. Left: baseline drifting, a slow-varying signal added to the EIT data, often generated by a source of

repetitive signals, e.g., an air suspension mattress. Middle and right: the step-like and spike-like artifacts, two types of abrupt varying artifacts, often caused by

patients’ deliberate body movements or nursing.

Specifically, for thoracic EIT, motion artifacts mainly include
three types: baseline drifting, step-like signal, and spike-like
signal. The baseline drifting is a slow-varying disturbance,
typically generated by repetitive interferences. The pulsating air
suspension mattress that repetitively inflates and deflates is a
common source of such artifact (9) (Figure 1, left). The step-
like signal is a frequent disturbance where the baseline of the
impedance signal changes suddenly due to the influence of
body movement (e.g., postural change) and does not return
to the previous level after the body movement (Figure 1,
middle). The spike-like signal is also a frequent disturbance
in which the baseline of the impedance signal does return
to the previous level after the movement (Figure 1, right).
However, to our knowledge, there is currently no study
focusing on eliminating motion artifacts in chest EIT for
clinical use.

Therefore, we aim to establish a universal signal processing
framework for removing these three common types of clinical
motion artifacts for chest EIT. The present study introduced
the engineering field’s discrete wavelet transform (DWT)
into our framework and validated it with simulation and
patient data.

METHODS

In this section, we introduced the EIT imaging formula and then
modeled EIT measured data, which were corrupted by motion
artifacts, with DWT; the motion artifacts were subsequently
removed by processing the coefficients of DWT. Our framework
of motion artifact removal was finally validated with simulation
and patient data.
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FIGURE 2 | The DWT scheme for EIT motion artifact removal. In the DWT decomposition, the noisy EIT signal is decomposed into a slow-varying signal a1 (n)and a

fast-varying signal d1(n) at the first level. This processing is repeated with respect to ai (n) until those three types of motion artifacts can be portrayed by ai (n) and di (n).

In the DWT rebuild, we first set these ai (n) and di (n) corresponding to motion artifacts to be zeros and then rebuild the EIT signal using the remaining ai (n) and di (n).

The reconstructed EIT signal would eliminate the motion artifacts.

EIT Imaging Formula
In EIT, 16 electrodes are usually employed to excite the currents
and measure the voltages. We used the “adjacent excitation”
mode in this study so that for each frame x, 16 × 13 = 208 data
could be measured. Namely, there are 208 channels of EIT data
against time. Next, we can present dynamic and linear EIT image
reconstruction by the following formula:

y = B(xc − xref )

where xc denotes the voltage measurements in the current
frame while xref represents the measurements of the reference
frame. y reflects the impedance variation distribution between
the current frame and the reference frame. B is the inversion of
sensitivity matrix (10).

Modeling Motion Artifacts With DWT
Given that xmeasured(n) is one channel of EIT data affected by
motion artifacts, we can represent it as (11–13):

xmeasured(n) = xbreathing(n)+ xmotion(n)

where xbreathing(n) is boundary voltage variation from breathings
and xmotion(n) is the motion-artifact component.

The DWT processing is shown in Figure 2. It is composed
of two parts: decomposition and rebuild (12, 14, 15). In

decomposition processing, using the so-called wavelet functions
and the scaling functions, DWT decomposes the noisy EIT
signal (corrupted by motion artifacts) into a relatively slow-
varying signal a1(n) (approximation coefficients) and a fast-
varying signal (detail coefficients) at the first step. Theoretically,
the obtained signals often represent a type of motion artifact. e.g.,
d1(n) may reflect the step-like artifacts. Next, we continued to
decompose a1(n) to obtain the second-level slow-varying signal
a2(n)and the fast-varying signal d2(n). We repeat decomposing
the slow-varying signal ai(n) at each level until all three types
of motion artifacts are correctly portrayed by ai(n) or di(n). In
addition, as the baseline drifting can be considered a slow-varying
signal, it would be depicted by as(n).

Conversely, in the rebuild processing, we constructed the EIT
signals with a bunch of ai(n) and di(n), also using the wavelet
function and the scaling function. Nevertheless, we need to set
ai(n) and di(n) in relation to the corresponding motion artifacts
to be zeros before rebuild. As such, those three types of motion
artifacts in EIT signals can be appropriately removed.

In this study, we empirically selected the db8 function as
mother wavelet by comprison, and the mathematical scheme is
described in detail in the Supplementary Material.

Simulation Validation
To evaluate the performance of the proposed framework for
motion artifact removal, we first carried out experiments
using simulated data with Matlab 2016b (MathWorks, Inc.,
Natick, USA).
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FIGURE 3 | Generation of the simulation data. The first row shows simulated respiratory and cardiac signals, the second row the simulated baseline drifting artifact,

the third row the simulated step-like artifact, the last row the simulated spike-like artifact.

We generate a 1-D sine wave signal containing typical
oscillations to simulate EIT breathing oscillations with additional
Gaussian noise:

xsimulate(t) =
1

2

2
∑

i=1

µi sin(ωit)+ λσ (t)

where ω = 2π f , µ represents the oscillation amplitude of the
sine wave, σ (t) denotes Gaussian white noise, λ represents the
amplitude of the Gaussian white noise, and the amplitude range
for xsimulate(t) is from −1 to 1. Here we include two sine waves
in the mixed signal: (1) respiratory signal, f = 0.25Hz, µ = 0.9;
(2) cardiac signal, f = 1Hz, µ = 0.2. The sampling frequency
of the simulated signal was set to 20Hz and the length was
5,000 samples.

Finally, three time-series data were mixed into xsimulate, which
mimics the three forms of motion artifacts: baseline drifting,
step-like signals and spike-like signals (As shown in Figure 3).

After the DWT rebuild, evaluations were carried out to
estimate the agreement between the processed signal y(t) and
the original simulated signal without motion artifacts x(t). The
parameters percent root difference (PRD) and coefficient of
determination (R2) were defined as follows (16). PRD evaluates
the consistency between x(t) and y(t); The greater PRD is, the
smaller the consistency is. R2 evaluates the similarity between x(t)
and y(t); the largerR2 means the greater similarity.

PRD = 100%×

√

√

√

√

√

N
∑

i=1

(x(ti)− y(ti))
2

(

N
∑

i=1

x2(ti)

)−1

R2 =

N
∑

i=1

(

y(ti)− x(t)
)2

N
∑

i=1

(

x(ti)− x(t)
)2
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FIGURE 4 | The processed signals in simulation using DWT. The first row shows the result about baseline drifting removal, the second row about step-like artifact

removal, the last row about spike-like artifact removal.

TABLE 1 | The evaluation parameters before and after being processed in the

simulation.

PRD R2

Drifting 1.8653 4.3202

Drifting-processed 0.1310 0.9726

Step-like artifact 1.6701 3.7737

Step-processed 0.0362 1.0011

Spike-like artifact 0.1578 1.0151

Spike-processed 0.0586 0.9913

Patient Data Validation
The clinical data were acquired in the pulmonary and critical
care department of Xijing Hospital, Fourth Military Medical
University, Xi’an, China. This study was approved by the
human research ethics committee of the Fourth Military
Medical University (KY20203282-1), and written informed
consent was obtained from patients’ nearest relatives. In this
scenario, two male patients were included. An EIT electrode
belt was attached around the thorax in the fourth intercostal
space. The EIT system (PulmoVista 500, Draeger Medical,
Luebeck, Germany) was used for recording at a sampling
rate of 20Hz. Image reconstruction was performed using the
Graz consensus reconstruction algorithm for EIT (GREIT)
algorithm (17).

Patient 1 had moderate acute respiratory distress syndrome.
He was mechanically ventilated under volume-control mode. In
the EIT data from Patient 1, baseline drifting by a pulsating
mattress and the typical step-like artifacts were observed.

Patient 2, with moderate chronic obstructive pulmonary
disease, undertook pulmonary rehabilitation. In the EIT data
from Patient 2, we found the typical spike-like artifacts caused
by his deliberate movements.

After the DWT rebuild, the EIT images before and after being
processed were quantitively evaluated for similarity as follows,

Imageerror =

∑

|Ai − Bi|
∑

|Ri|

where A and B represent two different EIT images and R denotes
the EIT image reconstructed using EIT data with no artifacts. The
smaller Imageerror is, the more similar the two images are.

Imagecorr =

∑

m

∑

n

(

Amn − Ā
) (

Bmn − B̄
)

√

(

∑

m

∑

n

(

Amn − Ā
)2
)(

∑

m

∑

n

(

Bmn − B̄
)2
)

where A and B represent two different EIT images; Amn and Bmn

denote the pixel values of mth row and nth column in the image
A and B, respectively; Ā and B̄ are the mean values of an image A
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FIGURE 5 | The DWT processing results for baseline drifting removal in patient data. The first row shows the DWT processing result in EIT measured data. The blue

line represents the drifting artifact in typical patient data, the red line the corrected data without drifting. The second row includes EIT images without the artifact, with

the artifact, and after being processed.

and B, respectively. The Imagecorr ranges from −1 to 1.1 means
the complete positive correlation.

RESULTS

Simulation Validation
The processing results for the simulated data are shown in
Figure 4 and Table 1. In baseline detrending, approximation
coefficients of Level 6 were excluded in the signal rebuild. In step-
like signal correction, only detail coefficients of Level 1 were used
to identify the exact location of abrupt changes. Finally, the detail
coefficients of Level 1 to the Level 4 were included to perform
spike removal. As shown in Figure 4, all three types of simulated
artifacts were effectively restrained after being processed. The
proposed framework yielded an improvement in signal quality in
all three cases. Specifically, it can be demonstrated that the data
consistency evaluated by PRD for the drifting removal improved
by 92.98%, for the step-like artifact by 97.83%, and for the spike-
like artifact by 62.86%; the data similarity assessed by R2 for the
drifting removal improved by 77.49%, for the step-like artifact by
73.47%, and for the spike-like artifact by 2.35%.

Patient Data Validation
Figure 5 shows the processed results of baseline drifting removal.
We can observe the significant artifacts caused by baseline
drifting from the boundary voltages and EIT images. After being

processed, the artifacts in the boundary voltages and EIT images
are notably reduced. In addition, due to the influence of baseline
drifting (the purple region in EIT images), we cannot identify
whether the ARDS patient’s regional lung ventilation distribution
only includes the ventral side, i.e., whether the patient’s lungs are
only ventilated on the ventral side. Nevertheless, we can confirm
this after EIT data was processed.

Similarly, Figure 6 and 7 show step- and spike-like artifact
removal processing, with improvement in the averaged
waveform of all channels of EIT data and reconstructed EIT
images, respectively. As expected, both measurements and
images were considerably improved by restoring intrinsic
ventilation distribution.

The evaluation parameters for EIT images before and after
being processed are listed in Table 2. The image errors decreased
by 89.24% (baseline drifting), 88.45% (Step-like artifacts),
and 97.80% (Spike-like artifacts). After being processed, the
correlations between EIT images without artifacts and the
processed ones were all > 0.95.

DISCUSSION

Thoracic EIT provides unique information on regional lung
ventilation and aeration changes of patients for clinicians at
the bedside. However, frequent movement interferences in
clinical environments would inevitably compromise EIT data
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FIGURE 6 | The DWT processing results for step-like artifact removal in patient data. The first row shows the DWT processing result in EIT measured data. The blue

line represents the step-like artifact in typical patient data, the red line the corrected data without the step-like artifact. The second row includes EIT images without

the artifact, with the artifact, and after being processed.

and consequently affect the assessment and interpretation of
pulmonary physiological or pathological status. In this study, for
three common types of motion artifacts in chest EIT, we, for the
first time, proposed to utilize the DWT as a universal framework
to remove them. The method was evaluated with both simulated
and real patient data. Reduction of ∼90% errors in most of the
tested scenarios suggested that the proposed method would be
potentially applicable and helpful in clinical practice.

The underlying reason for the DWT having a promise
to detect and remove these body movement interferences in
thoracic EIT is that the motion artifacts may have distinct
features in amplitude and duration from the normal ventilation
EIT signal. This difference is further highlighted in the wavelet
domain due to the inherent localization property of the DWT.
When performing DWT to decompose a specific channel of
EIT signal into sublevels, a segment of approximation wavelet
coefficients (corresponding to lower frequency signals) and
several segments of detail wavelet coefficients (corresponding to
higher frequency signals) were finally obtained. Furthermore,
it was shown that those three types of motion artifacts were
on the different sublevels. Namely, those motion artifacts
could be portrayed and rebuilt using the related sublevels
of wavelet coefficients. Therefore, we may attenuate them
efficiently by suppressing the corresponding wavelet coefficients
or abandoning them after detecting them. In fact, due to
DWT’s inherent advantages, it had not only been suggested for

removing the motion artifacts for brain EIT (18) but also for
other biosignals like functional near-infrared spectroscopy (11),
cardiac electrophysiology (19), magnetocardiography (14), etc.

Theoretically, those motion interferences may change the
external pressure exerted on the EIT electrodes and affect both
the current injection and voltage measurement through these
electrodes. It would eventually lead to changes in electrode-
skin contact impedance. Currently, there are two directions of
methods addressing this issue.

Several researchers attempted to improve EIT imaging
algorithms using complete electrode models. Their ideas are to
separate contact impedance changes from image reconstruction
and reduce their effects on specific elements in the finite
element models (20–22). These proposed methods to eliminate
contact impedance artifacts might also improve clinical data
quality affected by body movements. Also, some researchers
may consider updating the EIT reference data when motion
artifacts occur. They used synthetic reference data to replace the
actual EIT reference state to cancel those artifacts to a certain
extent (23).

Another direction to solve the issue is signal processing
methods on biosignals, which is the path we chose in this study.
The reason for choosing the DWT method in this study is that
DWT can portray three different body motion artifact signals
simultaneously in different wavelet domains; by one discrete
wavelet transform, the characteristics of three types of motion
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FIGURE 7 | The DWT processing results for spike-like artifact removal in patient data. The first row shows the DWT processing result in EIT measured data. The blue

line represents the spike-like artifact in typical patient data, the red line the corrected data without the spike-like artifact. The second row includes EIT images without

the artifact, with the artifact, and after being processed.

artifact signals can be presented simultaneously; furthermore,
by attenuating these wavelet coefficients that respond to those
artifacts and reconstructing the original signal, the effects of
those artifact signals can be reduced simultaneously. In short, one
DWT can filter out three kinds of motion artifacts at the same
time. Besides the wavelet-based approaches, Wiener filtering has
also been suggested for removing motion artifacts in fNIRS
if prior knowledge of the original signal’s power spectrum is
known (24). Kalman filtering has also been applied to fNIRS
and photoplethysmography with a prior assumption on the
distribution of noise that models the artifacts (25). Scholkmann
et al. also proposed an ad hoc algorithm in fNIRS, in which the
moving standard deviation scheme was used to detect motion
artifacts and spline interpolation was used to model and correct
them (16). Specifically, the signal processing method based on
sparse and redundancy representation, e.g., robust PCA,might be
a new direction to address the issue if we canmodel the measured
data as a low-rank matrix (26).

This study has several limitations. First, real-time processing
by DWTwas not considered, and all the analyses were performed
offline. The reason is that the purpose of this preliminary study
mainly focused on the feasibility of DWT to detect and remove
the motion artifacts. From the present results, we would continue
this work in an attempt to perform DWT in real-time. Second,
in this study, we dealt with only one type of movement artifact
at a time. Therefore, it is necessary to confirm whether the
DWT method could simultaneously detect and attenuate or

TABLE 2 | The evaluation parameters before and after being processed in the

patient data validation.

Error Correlation

Baseline drifting Data w. vs. w/o artifacts 1.58 0.45

Data w/o artifact vs. DWT 0.17 0.99

Step-like artifacts Data w. vs. w/o artifacts 0.94 0.23

Data w/o artifact vs. DWT 0.10 0.99

Spike-like artifacts Data w. vs. w/o artifacts 11.57 0.09

Data w/o artifact vs. DWT 0.25 0.96

remove three types of movement artifacts. Third, except for the
pulsatingmattress, the sources of interference from other nursing
and monitoring devices were not considered, e.g., impedance
pneumography, continuous cardiac output monitor. Therefore,
we need to determine whether these interferences could be
reduced or removed using the DWT in future studies.

CONCLUSION

Thoracic EIT in clinical practices may often be disturbed by
different body movements. The typical artifacts caused by body
movements include baseline drifting (by a pulsating mattress),
step-like and spike-like impedance signals. This study found that
DWT is a universal and effective tool to detect and remove or

Frontiers in Medicine | www.frontiersin.org 8 January 2022 | Volume 9 | Article 81759059

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang et al. Removing Thoracic EIT Motion Artifacts

attenuate these motion artifacts. In future studies, simultaneous
processing of those three types of motion artifacts in real-time
needs further consideration.
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of Medical Sciences and Peking Union Medical College, Beijing, China

Objective: This study aimed to determine the associations between the first-attempt

success and arterial depth in ultrasound-guided radial artery catheterization (RAC) with

dynamic needle tip positioning (DNTP) technique. This study also aimed to further explore

the cut-off depth correlated to improved first-attempt success catheterization in less time.

Methods: The cases undertaken by RAC within the DNTP technique between March

2019 and July 2020 were extracted from our institutional cohort database. Relevant

variables were collected, including patients’ demographics and catheterized information.

Univariable and multivariable logistic regression analyses were performed to determine

the association. The receiver operating characteristic (ROC) curve and the Youden

index were used to explore the cut-off values of the arterial depth. Categorized cases

according to the cut-off values, the Kaplan-Meier analysis, and the log-rank test were

used to determine the difference of first-attempt success with limited catheterized time

between groups.

Results: In this study, 119 patients were enrolled and 98 achieved first-attempt success.

The first-attempt success catheterization was observed to be correlated to arterial depth

(p < 0.01, odds ratio 6.47). An optimal cut-off depth of 2.25mm was found using the

Youden index (0.53) by ROC curve (area under curve 0.77). Arterial depth of more than

2.25mm was correlated to improved first-attempt success catheterization in less time

(log-rank p < 0.01).

Conclusion: To achieve first-attempt success catheterization using the DNTP

technique, an arterial depth of more than 2.25mm was associated with less

catheterized time.

Keywords: ultrasonography, radial artery, catheterization, dynamic needle tip positioning, depth
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INTRODUCTION

In anesthesia, intensive care, and emergent medicine, radial
artery catheterization (RAC) is a significant procedure, that
allows real-time blood pressure administration and provides
convenient blood sampling when needed. The ultrasound-guided
catheterization has been widely accepted for the superiority
of enhancing the success rate and reducing requirements
for attempts and time (1–5), especially encountered the
patients with hemodynamic unstable, obesity, edema, or
with the artery of small size, tortuous, or spasm (6, 7).
Nevertheless, further improvements remain moving forward
to wrestle with complex circumstances and ensure consistency
in outcomes.

Among the growing applications of ultrasound-guided
techniques, the dynamic needle tip positioning (DNTP)
technique was first reported using in RAC in 2012 (8). The
DNTP technique is a modified short-axis, out-of-plane,
ultrasound-guided technique. It focuses on discriminating the
needle tip during artery puncturing until the tip of the catheter
be inserted into the center of the artery (8–10). As mentioned
in the meta-analysis of 12 randomized control studies enrolled
2,432 adult participants, which suggests ultrasound-guided
DNTP technique and long-axis view performed better than
conventional short-axis technique in improving first-attempt
success (7). Though both the DNTP technique and long-axis
view are committed to discriminating the needle tip, using the
DNTP technique hardly worry about the time-consumption of
vascular imaging (11) and losing target because of thickness
artifacts (12).

Notably, the success rates of ultrasound-guided
catheterization varied between studies, and the associating
factors remained uncertain (13–21). Though few operators
identify the arterial depth before catheterization, it was
considered as associated with the performance of ultrasound-
guided RAC. In pediatric patients, the arterial depth was observed
to be associated with the success rates of the ultrasound-guided
short-axis RAC (22). The secondary analysis of our previous
randomized controlled trial demonstrated the associations of
the arterial depth and complications of DNTP or conventional
short-axis ultrasound-guided RAC in adults (23). Hence, it hasn’t
been well-established if the arterial depth is associated with the
first-attempt success of DNTP-guided RAC in adults and its
optimal cut-off value. Therefore, we retrospective reviewed the
records of the DNTP-guided RAC to determine the association
of the arterial depth and the first-attempt success, and further
explore the cut-off depth associated with improved first-attempt
success in less time.

METHODS

Study Design and Participants
A retrospective cohort study was conducted in Peking Union
Medical College Hospital, a tertiary comprehensive hospital.
This study was approved by the Institutional Review Board and
Ethics Committee (S-K1366, September 11, 2020), and the need
for informed consent was waived. Adult patients undergoing

elective surgery who required RAC and were fulfilled by a certain
anesthesiologist using the DNTP technique during March 2019
and July 2020were involved. The anesthesiologist who performed
all the cases was experienced in radial arterial catheterization
and fulfilled more than 50 DNTP-guided catheterizations
under supervision.

Data Collection
Data clinically relative to the first-attempt success catheterization
were collected. Data were obtained from the institutional
specialized cohort database of recording ultrasound-
guided vascular catheterization (Hospital Clinical Research
Database; Beijing Huiren Technology Development Co.,
Ltd., Beijing, China). The cohort database is currently
used for recording the clinical practices, which was
first built for our previous randomized controlled study
that compared the efficiency of different methods for
RAC (16).

Variables and Outcomes
Patient demographics and arterial characteristics were collected,
including sex, age, body mass index (BMI), history of coronary
artery disease (CAD), systolic blood pressure (SBP), diastolic
blood pressure (DBP), American Society of Anesthesiologists
(ASA) physical status grade, and arterial diameter and depth.
The diameter and depth of the artery were measured twice at
the site of puncturing before catheterization, and the mean of
measurements was recorded. The diameter was defined as the
distance between the anterior and posterior walls of the artery.
The depth was defined as the distance between the transducer and
the anterior wall of the artery.

The primary outcome is the first-attempt success, defined
as successful catheterization at the first attempt without
withdrawing the needle out of the skin. The secondary outcome is
the catheterized time, calculated between the needle puncturing
into the skin and fulfilled the catheterization with no more than
five attempts or 10 min.

Statistical Analysis
As a retrospective study, we estimated the statistical power using
the available sample size of 119 patients with 98 first-attempt
successes. With mean values of 2.8 and 2.195 of depth in the
success and failure groups and an SD value of 0.599 (median of
0.68 and 0.517), statistical power was 98.6%.

Variables considered as clinically significant were included in
multiple logistic regression analysis with forwarding selection
and results were performed as odds ratio (OR), 95% CI, and
p-value. By using the receiver-operating characteristic (ROC)
analysis, the Youden index was calculated to define the cut-
off value. Patients were further categorized based on the cut-off
value and the Kaplan-Meier curve and log-rank test were used
to compare the first-attempt success rates with limited operation
time. Statistical analysis was conducted using SPSS version 22
(IBMCorp, IL, USA). A two-sided P-value< 0.05 was considered
statistically significant.
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RESULTS

Overall, 119 patients were recruited, in which 98 (82.35%)
of them were fulfilled at the first attempt. Demographic
characteristics and catheterized information are shown in
Table 1. The results of binary logistic regression analysis are
shown in Table 2. Age, history of CAD, arterial diameter, and
depth were independently correlated to the first-attempt success
of RAC. After adjustment with age, history of CAD, and arterial
diameter, the depth remained significant effect on first-attempt
success (OR 6.47, 95% CI 2.16–19.41). The Hosmer-Lemeshow
goodness-of-fit statistic (P = 0.82) indicated that the model
was well-calibrated.

The cut-off value was analyzed by the ROC curve (Figure 1).
According to the criterion of maximizing the Youden index
(0.53), the optimal cut-off value for first-attempt success has
corresponded to the arterial depth of 2.25 mm.

TABLE 1 | Demographic characteristics and catheterized information.

Parameters Values (min-max)

Age (years) 60.21 (21–82)

Sex (male/female) 71/48

BMI (Kg/m2) 23.9 (15.4–36.7)

CAD (yes/no) 58/61

SBP (mmHg) 130 (84–174)

DBP (mmHg) 76 (45–127)

ASA grade (I/II/III/IV) 0/2/117/0

Diameter (mm) 2.49(1.3–3.5)

Depth (mm) 2.69(1.6–4.3)

First-attempt success (yes/no) 98/21

Overall success (yes/no) 115/4

Catheterization time (s) 110 (12–600)

BMI, body mass index; CAD, coronary artery disease; SBP, systolic blood pressure;

DBP, diastolic blood pressure; ASA grade, American Society of Anesthesiologists physical

status grade.

TABLE 2 | Factors associated with the first-attempt success of DNTP guided

RAC with multiple logistic regression analysis.

Dependent variable=first-attempt success catheterization or not

OR 95% CI P

Age (years) 0.94 0.89–1.00 0.03*

Sex (male/female) - - 0.87

BMI (Kg/m2) - - 0.75

CAD (yes/no) 3.58 1.04–12.32 0.04*

SBP (mmHg) - - 0.82

DBP (mmHg) - - 0.87

ASA grade (II/III) - - 0.92

Diameter (mm) 4.17 1.23–14.17 0.02*

Depth (mm) 6.47 2.16–19.41 <0.01*

OR, odds ratio.
*Statistically significant.

As shown in Figure 2, to achieve first-attempt success, a
significantly shorter catheterized time was required for the
deeper artery group compared with the shallow group (log-rank
P < 0.01).

DISCUSSION

The current study determined the association between the depth
and the success rates of DNTP-guided RAC in adults. The
previous study among pediatrics has reported the association
between the increased depth and the improved success of
catheterization using the conventional ultrasound-guided short-
axis technique (22). The reason was that the needle tip can
be well-adjusted to puncture into the center when there was
enough distance from the anterior arterial wall. In addition,
the key to the success of DNTP is identifying the needle tip,
hence, it’s less likely to distinguish the hyperechoic needle
tip from the similar subcutaneous tissues when they are
close to each other. These factors probably explained why
the depth associated with the catheterization success of the
DNTP technique.

According to the current study, it was estimated an optimal
depth of more than 2.25mm was associated with an improved
first-attempt success rate of DNTP-guided catheterization. It
was demonstrated that the depth of 2–4mm improved the
success rates of conventional short-axis ultrasound-guided RAC
in children younger than 3 years old (22). We considered
that the difference might be due to differences in methods

FIGURE 1 | ROC curve of the predictive model for the first-attempt success of

radial artery catheterization (RAC) by the arterial depth. ROC curve with an

AUC value of 0.77 (95% CI: 0.66–0.89). ROC, receiver-operating characteristic

ROC; AUC, area under the ROC curve.
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FIGURE 2 | Kaplan-Meier curve estimates the differences of time required for the first-attempt success grouped by the arterial depth.

used for catheterization, as a 95% success rate of DNTP-
guided RAC was reported in arteries deeper than 4mm
(18). In patients with a deep artery, the success rates of
conventional short-axis ultrasound-guided RAC might be low.
The visualization of the needle tip was slashed because a
steeper puncture angle was required to achieve the deep
artery with constant ultrasonography. The DNTP technique
enables positioning the needle tip by moving the transducer,
therefore the puncture angle can be adjusted according
to the visualization of the ultrasonography instead of the
advancement trajectory. On the other hand, to our minds,
distinguishing the needle tip in a routine procedure using
a catheter with an outer diameter of 1.1mm is not easy.
Because it means that similar hyperechoic images of the
arterial anterior wall and the needle tip are required to be
distinguished within a distance of 0.6mm. As the result has not
previously been described, further research on the current topic
is recommended.

The current study also indicated that to achieve first-attempt
catheterization, the deeper arteries required less time. The
previous study of the DNTP technique in neonates demonstrated

trainees could achieve a higher success rate taking less time
by increasing depth with saline injection (21). The reason is
supposed, though a deeper artery associated with a potential
longer catheterized trajectory, clear identification of needle tip
saved the time.

Several limitations of this study should be underlined.
First, the same operator, who was sufficiently experienced
in ultrasound-guided arterial catheterization of the DNTP
technique, performed all the procedures. This limited the external
validity of the results. Since the objective of the current study
was to determine the association between arterial depth and
success catheterization, the different experiences of the operators
should be controlled. Interestingly, the consistent results were
demonstrated in trainee anesthesiologists that can achieve higher
success rates by increasing the arterial depth (21). Second, as a
retrospective study, we admitted that confounders other than the
finally included factors were not well-controlled in the analysis.
Future studies are needed to further investigate this subject.

In conclusion, the current study demonstrated associations
between the arterial depth and the first-attempt success of
ultrasound-guided RAC using the DNTP technique. An arterial
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depth of more than 2.25mm is associated with less time required
to achieve first-attempt success.
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Purpose: To investigate the difference in the positive end-expiratory pressure (PEEP)
selected with chest electrical impedance tomography (EIT) and with global dynamic
respiratory system compliance (Crs) in moderate-to-severe pediatric acute respiratory
distress syndrome (pARDS).

Methods: Patients with moderate-to-severe pARDS (PaO2/FiO2 < 200 mmHg) were
retrospectively included. On the day of pARDS diagnosis, two PEEP levels were
determined during the decremental PEEP titration for each individual using the best
compliance (PEEPC) and EIT-based regional compliance (PEEPEIT) methods. The
differences of global and regional compliance (for both gravity-dependent and non-
dependent regions) under the two PEEP conditions were compared. In addition, the
EIT-based global inhomogeneity index (GI), the center of ventilation (CoV), and standard
deviation of regional delayed ventilation (RVDSD) were also calculated and compared.

Results: A total of 12 children with pARDS (5 with severe and 7 with moderate pARDS)
were included. PEEPC and PEEPEIT were identical in 6 patients. In others, the differences
were only ± 2 cm H2O (one PEEP step). There were no statistical differences in global
compliance at PEEPC and PEEPEIT [28.7 (2.84–33.15) vs. 29.74 (2.84–33.47) ml/cm
H2O median (IQR), p = 0.028 (the significant level after adjusted for multiple comparison
was 0.017)]. Furthermore, no differences were found in regional compliances and other
EIT-based parameters measuring spatial and temporal ventilation distributions.
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Conclusion: Although EIT provided information on ventilation distribution, PEEP
selected with the best Crs might be non-inferior to EIT-guided regional ventilation in
moderate-to-severe pARDS. Further study with a large sample size is required to
confirm the finding.

Keywords: acute respiratory distress syndrome, lung protective ventilation, electrical impedance tomography,
pediatrics, respiratory compliance

INTRODUCTION

Pediatric acute respiratory distress syndrome (pARDS) was
proposed by the 2015 Pediatric Acute Lung Injury Consensus
Conference (PALICC) (1). The multinational survey data of the
pediatric acute lung injury and sepsis investigators (PALISI)
have shown that the mortality of pARDS is about 22–40% and
the mortality related to pARDS can reach more than 30% in a
pediatric intensive care unit (PICU) (2).

Similar to adult ARDS, the pathophysiological characteristics
of pARDS include the heterogeneity of lung lesions and
the formation of regional collapse in gravity-dependent areas.
At present, mechanical ventilation is still the main life-
supporting method for the treatment of ARDS. During
mechanical ventilation, unreasonable positive end-expiratory
pressure (PEEP) setting could cause excessive alveolar expansion
and periodic collapse–opening and release of inflammatory
mediators, resulting in ventilator-induced lung injury (VILI).
It may also lead to hemodynamic instability secondary to
right ventricular dysfunction (3, 4). PALICC recommends lung
recruitment and titration of the optimal PEEP in pARDS
(1). The optimal PEEP keeps alveolar from derecruitment in
gravity-dependent areas and introduces only limited alveolar
overdistension in non-gravity-dependent areas. In pARDS, the
question of how to titrate PEEP is still under debate.

Electrical impedance tomography (EIT) is an advanced non-
invasive ventilation monitoring technology at the bedside (5,
6). It can directly visualize whether the collapsed lung areas
can be opened after the lung recruitment maneuver, guide
the ventilator parameter settings, and minimize VILI. Several
recent reviews have summarized the applications of EIT in the
treatment of adult ARDS (7, 8). Two randomized controlled
studies indicated that EIT-guided PEEP titration may reduce
ARDS mortality (9, 10). In terms of children, Rosemeier et al.
reported that during lung recruitment and PEEP titration, EIT
could help to minimize regional alveolar overdistension and
collapse and improve oxygenation (11). However, EIT is not
widely used in PICU. We hypothesized that the traditional PEEP
titration method using dynamic respiratory system compliance
(Crs) could lead to similar PEEP and regional ventilation for lung
protection in pARDS.

MATERIALS AND METHODS

Study Design
This study was retrospective observational and was conducted
in the PICU of Shanghai Children’s Medical Center from 1

January 2020 to 31 December 2020. The Ethics Committee
of Shanghai Children’s Medical Center approved this study
(SCMCIRB-Y20200087). For all of the included children, written
informed consent was obtained from their legal guardians.

Patients
Children with moderate and severe pARDS diagnosed in
accordance with the 2015 PALICC (1) and treated with
invasive endotracheal intubation and lung protective ventilation
were included. The exclusion criteria were as follows: (1)
age > 18 years or weight < 7 kg; (2) uncorrected hemodynamic
instability or decompensated shock; (3) serious lesions and
trauma of the thorax and spine, surgical incision, and lesions
of the relevant parts of the skin, serious deformity of the
thorax, and inability to fix EIT bandage; (4) severe obesity and
Body Mass Index > 50; (5) implanted intrathoracic devices,
such as a cardiac pacemaker, cardiac defibrillator, or any other
surgical implant; (6) ongoing cardiac defibrillation; (7) congenital
heart disease, congenital diaphragmatic hernia, and severe
airway obstructive diseases; (8) sildenafil or inhaled nitric oxide
used to treat pulmonary hypertension for various reasons; (9)
severe craniocerebral injury, intracranial pressure monitoring, or
extraventricular drainage; and (10) high-frequency ventilation.

All of the children continued to receive midazolam, fentanyl
sedation, analgesia, and rocuronium neuromuscular block,
without spontaneous breathing. The choice of drugs, dosage,
and time of administration was determined by PICU attending
physicians. All of the patients were treated with low tidal volume
lung protection ventilation in the supine position. Pressure
control mode was adopted for mechanical ventilation, with a
targeted tidal volume of 4–6 ml/predicted body weight, and
FiO2 was titrated to obtain peripheral blood oxygen saturation
between 92 and 100%.

Electrical Impedance Tomography
Monitoring
Electrical impedance tomography measurement was performed
to monitor ventilation distribution at the bedside (Pulmovita
500, Dräger Medical, Lübeck, Germany). A belt with sixteen
electrodes was placed on the transverse section around the
patient’s chest. A reference electrode was placed on the abdomen.
The EIT image was continuously recorded and stored at
20 Hz. The respiratory data of the ventilator were transmitted
to the EIT device and recorded through the MEDIBUS
connection. The tidal ventilation image was divided into ventral
and dorsal regions.
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Positive End-Expiratory Pressure
Titration Procedures
The positive end-expiratory pressure titration was performed
within 6 h of pARDS diagnosis. No lung recruitment maneuver
was performed before the PEEP titration. The initial PEEP was
set at 15 cm H2O. The PEEP was reduced by a step of 2 cm H2O
and a length of 2 min until the PEEP reached 5 cm H2O.

“Optimal” PEEP was determined with EIT (PEEPEIT) and
Crs (PEEPC). PEEPEIT was selected to minimize regional
overdistention and collapsed based on regional compliance (12).
PEEPC was selected when Crs reached its maximum during the
decremental PEEP trial (13) (Figure 1).

Tidal relative impedance changes were normalized to tidal
volume in milliliters. Regional Crs for ventral and dorsal regions
were calculated as tidal impedance changes in ventral and
dorsal regions over driving pressure, respectively. Several EIT-
based parameters were calculated to assess the spatial and
temporal regional ventilation distribution. They were global
inhomogeneity (GI) index (14), center of ventilation (CoV),
(15) and the standard deviation of regional ventilation delayed
ventilation (RVDSD) (16).

Data reconstruction was conducted using the Draeger
reconstruction method via Draeger EIT Data Analysis Tool
(version 63, Dräger Medical, Lübeck, Germany), and the data
were analyzed using a customized software using Matlab (The
Math-Works, Natick, MA, United States).

Statistical Analysis
The data complying with normal distribution were presented
as mean ± SD. The monitoring parameters between the
two methods were compared with a paired-sample t-test.
Non-normally distributed data were represented by median
(interquartile range) and were compared with Wilcoxon signed-
rank test. SPSS 24.0 software package (SPSS, Chicago, Illinois,
United States) and MedCalc 11.4.3.0 software (Mariakel,
Belgium) were used for statistical analysis. The p-values lower
than 0.05 were considered to be statistically significant. The
Holm-Bonferroni method was used to adjust the significant levels
for multiple comparisons.

RESULTS

In 2020, there were 312 pediatric patients ventilated in our
department. Among them, only 54 patients were pARDS and
only 17 were moderate-to-severe. We illustrated the patient
enrollment process with the following flowchart (Figure 2).

We included a total of 12 children with pARDS, including 5
with severe pARDS and 7 with moderate pARDS. The clinical
characteristics of the 12 children are shown in Table 1.

There was no differences in global compliance at PEEPC
and that at PEEPEIT [28.7 (2.84–33.15) vs. 29.74 (2.84–33.47)]
ml/cm H2O, p = 0.028 (the Holm-Bonferroni method adjusted
significant level was 0.017). No differences were found in non-
dependent area (p = 0.028 adjusted level 0.025) and gravity-
dependent area (p = 0.207) (Table 2).

No differences were found in RVDSD, GI, and CoV between
PEEPEIT and PEEPC (RVDSD: 2.33 ± 3.65 vs. 2.75 ± 3.67,
p = 0.435; GI: 0.378 ± 0.693 vs. 0.384 ± 0.663, p = 0.522; CoV:
48.75 ± 6.09 vs. 48.67 ± 6.45, p = 0.723) (Figure 3).

DISCUSSION

In the present study, we compared the PEEP selected with
maximum global Crs and the EIT-based regional Crs methods in
pARDS. The PEEP levels selected with these two methods did
not differ. Both global and regional Crs and spatial and temporal
ventilation distribution were comparable. PEEP selected with best
Crs might be non-inferior to EIT-guided one with respect to
regional ventilation. When regional Crs is unavailable, global Crs
could be a practical surrogate to guide PEEP titration.

The traditional method of titrating PEEP is based on the
parameters of global parameters, including P-V curve inflection
points in the P-V loop and optimal results of blood gas
analysis (PaO2, PaCO2, and dead space fraction) (13, 17).
The computed tomography scanning method could provide
regional information (18) but it is impractical due to the
need for transportation and radiation exposure. PEEP titration
with transesophageal pulmonary pressure titration could be
promising. However, in a study of 200 patients with moderate-
to-severe ARDS, Beitler et al. (19) found that, when compared

FIGURE 1 | Left: After the positive end-expiratory pressure (PEEP) titration by the two methods, the difference of electrical impedance is displayed on the electrical
impedance tomography (EIT) diagram. Blue: compliance gain; Orange: compliance loss. Middle: PEEP titrated according to the regional compliance method. Right:
PEEP titrated according to global dynamic respiratory system compliance. R, right; L, left V, Ventral D, dorsal.
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FIGURE 2 | Flowchart of patient enrollment in this study. HFOV, High frequency oscillation ventilation; ECMO, Extracorporeal membrane oxygenation.

TABLE 1 | The clinical characteristics of 12 included children with Pards.

Patients Age (month) Gender Weight (kg) PaO2/FiO2 FiO2 PEEP Sputum etiology Blood etiology Underling diseases Outcome

1 16 Female 10 72.33 0.6 7 Enterobacter
aerogenes

Methicillin-resistant
staphylococcus

Post liver transplantation Survived

2 36 Female 17 76.22 0.9 9 Parainfluenza virus
Streptococcus
pneumoniae

Human staphylococcus Acute lymphoblastic
leukemia

Survived

3 108 Female 41 88.42 0.95 13 None Staphylococcus
epidermidis

Acute lymphoblastic
leukemia

Deceased

4 35 Male 13 88.43 0.7 9 Parainfluenza virus Epstein-Barr virus Lymphoma Survived

5 13 Male 9 91.25 0.8 9 None None High IgM
immunodeficiency
disease

Deceased

6 5 Male 8.5 125.8 0.5 6 Candida albicans None Rhabdomyosarcoma Survived

7 48 Male 18.3 141.83 0.6 9 Escherichia coli (CRE) None Acute lymphoblastic
leukemia

Survived

8 65 Male 20 143.33 0.6 10 Pneumocystis carinii None Acute lymphoblastic
leukemia

Survived

9 5 Male 8 143.33 0.6 6 Acinetobacter
baumannii, Klebsiella
pneumoniae

None Post liver transplantation Survived

10 84 Male 14.5 168.33 0.6 8 Pneumocystis carinii None Congenital
hypogammaglobulinemia

Survived

11 144 Male 40 175.11 0.6 9 Pneumocystis carinii None Acute lymphoblastic
leukemia

Survived

12 72 Female 23 181.67 0.6 7 Mycoplasma
pneumoniae

None None Survived

TABLE 2 | The comparison between the global compliance and regional compliance at PEEPEIT and PEEPC.

OD/CL Global dynamic respiratory system compliance P

PEEP 9.83 ± 2.17 10.05 ± 2.43 0.104

Global compliance T 28.7 (2.84–33.15) 29.74 (2.84–33.47) 0.028#

Non-gravity-dependent area compliance 12.2 (1.34–17.11) 12.46 (1.34–18.41) 0.028##

Gravity-dependent area compliance 13.82 (1.58–17.11) 14.93 (1.58–18.28) 0.207

#The Holm-Bonferroni method adjusted significant level was 0.017.
##The Holm-Bonferroni method adjusted significant level was 0.025.
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with the empirical PEEP-FiO2 method, the optimal PEEP by
transesophageal pulmonary pressure titration did not improve
the prognosis (p = 0.88) and mechanical ventilation time
(p = 0.85). This study showed that due to the heterogeneity
of ARDS lesions, the parameters reflecting only global lung
ventilation may not represent the regional lung lesions. The
optimal PEEP value is different not only before and after lung
injury but also between dorsal and ventral regions. Therefore, it
is necessary to monitor the compliance of different regions. EIT
provides information on regional ventilation at the bedside. Costa
et al. (12) and Meier et al. (20) reported that EIT can be used
to monitor regional compliance. Lowhagen et al. (21) proposed
a so-called “intra tidal gas distribution,” which divides regional
tidal impact into eight isovolume parts, to identify tidal changes
and overdistension in the lung regions. Zhao et al. (22) reported
better compliance value and oxygenation index (PaO2/FiO2) in
patients with ARDS in whom PEEP was titrated according to the
OD/CL method than those titrated with PEEP using P-V curve.
They also concluded that if the study population doubled and
the intergroup mortality remained unchanged, the mortality of
the PEEP group titrated according to the regional compliance
would be significantly lower. Recently, Hsu et al. (9) and He et al.
(10) reported that PEEP titrated by the regional Crs method can
reduce mortality when compared with traditional methods in
adult patients with ARDS.

Although pARDS and adult ARDS share the same pathological
and pathophysiological characteristics, the data of adult ARDS
clinical studies are not always applicable to the pARDS. The
pediatric and adult patients are different at least in the following
aspects: (1)the definition of pARDS in the PALICC is different
from adults ARDS in Berlin definition:(a) the definition of

FIGURE 3 | (A) No differences were found in the PEEP between PEEPEIT and
PEEPC. (B) No differences were found in the standard deviation of regional
delayed ventilation (RVDSD) between PEEPEIT and PEEPC. (C) No differences
were found in CoV between PEEPEIT and PEEPC. and (D) No differences
were found in GI Index between PEEPEIT and PEEPC.

pARDS eliminates the requirement of bilateral infiltration in
chest imaging; (b) use oxygen index (OI) and Oxygen saturation
index (OSI) instead of PaO2/FiO2 ratio with minimum PEEP
level; (c) pARDS is defined for special children with chronic
lung disease or cyanotic congenital heart disease (23). (2)
Compared with adults ARDS, the definition pARDS have lower
requirements for respiratory mechanical parameters. Taking
compliance as an example, the elasticity of the chest wall in
children is significantly reduced, and the elastin and collagen
components of the lung change with age (24). In addition, the
respiratory system compliance cannot be accurately calculated
because the tidal volume delivered to lungs is not accurately
measured in children:(a) there is serious air leakage around the
endotracheal tube, which may be minimized in patients with
severe pARDS because of the cuffed endotracheal tubes; (b)
the ideal weight measurement of children is more complex,
especially those with severe scoliosis; (c) the device and location
of the device (proximal airway vs. at the ventilator) to measure
tidal volume may result in different values for tidal volume,
based on the type of ventilator, circuit tubing used, compliance
of the patient, compliance of the tubing, and size of the
patient. For these reasons, PALICC does not recommend the
use of compliance in the definition of pARDS. (3) There are
few prospective studies on the optimal PEEP level of pARDS,
resulting in no unified recommended method for PEEP titration
in the treatment of pARDS with mechanical ventilation. The
risk of high PEEP may be related to the adverse results of
cardiopulmonary interaction caused by low chest wall elasticity in
children or newborns (25, 26). Khemani et al. (27) reported that
the PEEP setting lower than the recommended PEEP setting of
ARDSNet will increase the mortality of pARDS. The study from
Khemani et al. confirmed that PEEP was independently related to
the mortality of pARDS, and clearly pointed out the necessity of
prospective study on optimizing the PEEP in pARDS.

Due to the uniqueness of children and the limitations of
monitoring tools, the above-mentioned findings in adult ARDS
might not be directly applicable to pARDS. EIT pediatric
electrodes are still in development. Since global Crs is monitored
throughout the entire period of mechanical ventilation, it could
be used for PEEP titration in the absence of EIT.

It should be noted that the global dynamic respiratory
compliance used in our study could be different from the
static compliance measured during volume controlled and with
inspiratory hold. Stahl et al. (28) suggested that the application
of dynamic respiratory mechanics as a diagnostic tool in
ventilated patients should be more appropriate than using
static lung mechanics.

Several studies have reported that there is a correlation
between the OD/CL method and the global respiratory system
compliance method. Su et al. (29) showed in 18 patients with
ARDS that during the decline of PEEP, PEEP titrated by the
OD/CL method correlated with PEEP selected for the best
compliance of the respiratory system. In an animal study, Bikker
et al. (30) found a correlation between the optimal PEEP based
on the EIT regional compliance and PEEP titrated according to
the global compliance in eight porcine ALI models induced by
oleic acid. In addition, Puel et al. (31) reported that in patients
with severe ARDS undergoing venous-venous extracorporeal
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membrane oxygenation (V-V ECMO), the OD/CL was consistent
with PEEP compliance (PEEPcomp) titrated according to global
compliance. However, based on the fact that OD is more harmful
to patients than CL, some researchers revised the OD/CL balance
scheme and proposed “OD/CL15” that allows 15% CL. The ratio
definition minimizes the alveolar OD (32, 33). OD/CL15 leads to
the reduction of the optimal PEEP and increases the risk of lung
collapse. Franchineau et al. (34) examined 15 patients with ARDS
and found that the optimal PEEP set according to OD/CL15 was
different from the PEEP estimated by the optimal compliance
of the lung. It showed that the PEEP titration based on EIT
considered not only the global compliance but also the balance
between overdistension and collapse in different regions, whereas
the PEEP titrated according to the global optimal compliance
may not represent the optimal ventilator ventilation parameters.

In the present study, we evaluated three EIT-based parameters
to assess the spatial and regional ventilation distributions, namely
the GI, CoV, and RVDSD indices. Frerichs et al. (35) reported
that in neonatal respiratory distress syndrome (NRDS) the use
of pulmonary surfactant can transfer the CoV of children from a
non-gravity-dependent area to a gravity-dependent area. Another
study showed a significant difference between PEEP measured
according to GI and the value recommended by ARDSnet
guidelines, and PEEP value did not correlate with PaO2/FiO2
(36). RVD may reveal the degree of tidal recruitment if the PEEP
is inadequate (16). It may also be used to evaluate the diaphragm
activities during spontaneous breathing tests (37).

In the present study, no significant differences in CoV, GI,
or RVDSD between PEEPEIT and PEEPC were found, which
indicates that the ventilation heterogeneity of pARDS may not
be as large as that of adult ARDS.

This study has several limitations. First, the very small sample
size limited the conclusions. The huge variation in age (from
5 to 144 months) and therefore body height might be another
major limitation of this study. Karsten et al. (38) showed that the
clinical availability and rationality of EIT measurement depend
on appropriate belt position, impedance visualization, correct
analysis, and data interpretation. When EIT is used to estimate
global parameters, such as tidal volume or end expiratory lung
volume changes, the optimal electrode plane is between the 4th
and 5th intercostal spaces. In our study, due to the various age
and weights of children, the EIT belt was uniformly placed at
the connecting line at the nipple level. Brabant et al. (39) show
that the volume-impedance ratio may vary depending on the
PEEP levels. To ensure that the belt position was adequate and
PEEP-dependent volume-impedance ratio did not significantly
influence the results, we first evaluated whether the volume-
impedance ratios at different PEEP were significantly different.
With the adequate belt positioning, no difference in volume-
impedance ratios at different PEEP levels was found. Then, the
mean ratio of volume-impedance at all PEEP was used. Bikker
et al. (40) showed that induced cranio-caudal shift of lung tissue
may alter the proportion of the lung which is captured within the
EIT sensitivity region in adult patients with ARDS. In our study,
this effect of PEEP-induced cranio-caudal shifting may be even
more pronounced in patients with smaller lungs (e.g., 4 months)
compared to older/taller children. The small sample size and the
huge variation in lung size in this cohort may have led to the

non-significant result. According to the current research results,
future clinical trials should focus on increasing the number
of cases with pARDS, exploring the EIT on the global and
regional ventilation of pARDS, and guiding the implementation
of pulmonary protective ventilation strategy of pARDS.

CONCLUSION

During lung protection ventilation therapy in moderate-to-
severe pARDS, although EIT provided information of ventilation
distribution, PEEP selected with best Crs might be non-inferior
to EIT-guided one regarding regional ventilation in moderate-to-
severe pARDS. EIT can monitor lung regional compliance and
enrich the understanding of pARDS lung protection ventilation
by monitoring GI, CoV, RVD, and other parameters. More
patients should be included in future larger, possibly multicenter,
clinical trials to explore the clinical efficacy of EIT for lung
protective ventilation in pARDS.
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