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Abstract

Objective Our study aimed to investigate the effects of different extracorporeal membrane oxygenation (ECMO)
blood flow rates on lung perfusion assessment using the saline bolus-based electrical impedance tomography (EIT)
technique in patients on veno-venous (VV) ECMO.

Methods In this single-centered prospective physiological study, patients on VV ECMO who met the ECMO wean-
ing criteria were assessed for lung perfusion using saline bolus-based EIT at various ECMO blood flow rates (gradually
decreased from 4.5 L/min to 3.5 L/min, 2.5 L/min, 1.5 L/min, and finally to 0 L/min). Lung perfusion distribution, dead
space, shunt, ventilation/perfusion matching, and recirculation fraction at different flow rates were compared.

Results Fifteen patients were included. As the ECMO blood flow rate decreased from 4.5 L/min to 0 L/min, the recir-
culation fraction decreased significantly. The main ElT-based findings were as follows. (1) Median lung perfusion sig-
nificantly increased in region-of-interest (ROI) 2 and the ventral region [38.21 (34.93-42.16)% to 41.29 (35.32-43.75)%,
p=0.003, and 48.86 (45.53-58.96)% to 54.12 (45.07-61.16)%, p=0.037, respectively], whereas it significantly decreased
in ROI'4 and the dorsal region [7.87 (5.42-9.78)% to 6.08 (5.27-9.34)%, p=0.049, and 51.14 (41.04-54.47)% to 45.88
(38.84-54.93)%, p=0.037, respectively]. (2) Dead space significantly decreased, and ventilation/perfusion matching
significantly increased in both the ventral and global regions. (3) No significant variations were observed in regional
and global shunt.

Conclusions During VV ECMO, the ECMO blood flow rate, closely linked to recirculation fraction, could affect
the accuracy of lung perfusion assessment using hypertonic saline bolus-based EIT.
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Introduction

A hypertonic saline bolus-based electrical impedance
tomography (EIT) technique has been employed to assess
regional lung perfusion at the bedside [1]. This method
facilitates the investigation of physiological responses to
various respiratory support strategies [2—5], while also
aiding in the prognostic evaluation of acute respiratory
distress syndrome and the detection of acute pulmonary
embolism [6, 7].

To perform this method, a hypertonic saline bolus
is injected during a brief apnea, serving as a contrast
agent that enhances the blood flow signal, thereby ena-
bling clinicians to quantitatively analyze lung perfusion
[1]. However, during veno-venous (VV) extracorporeal
membrane oxygenation (ECMO), recirculation occurs
when blood from the infusing cannula is withdrawn by
the draining cannula prior to entering the pulmonary
circulation [8, 9]. This phenomenon is closely associated
with ECMO blood flow rate and could affect the distribu-
tion of bolus saline across the regional lung [8]. Hence,
the feasibility of utilizing this method in patients on VV
ECMO remains uncertain. Our study aimed to examine
the effects of different ECMO blood flow rates on lung
perfusion assessment using the saline bolus-based EIT
technique.

Methods

Study design

Patients were included in this prospective, observational
study conducted from March 2023 to January 2024 at the
Department of Critical Care Medicine of Union Hospital,
Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China. The study was approved
by the Institutional Research and Ethics Committee
of Union Hospital (No. 2022-0851). Written informed
consents were obtained from the patients’ legal repre-
sentatives. The study was registered before enrollment at
Clinicaltrials.gov (NCT05778292).

Patients

The inclusion criteria were patients on VV ECMO for
severe respiratory failure, endotracheal mechanical
ventilation, and age > 18 and <70 years. The exclusion
criteria included contraindications to EIT (e.g., chest
surgical wounds dressing or presence of pacemaker);

refractory shock; severe cardiac dysfunction; mod-
erate or massive pleural effusion; pulmonary embo-
lism; severe chronic cardiopulmonary disease; body
mass index >35 kg/m?% and blood sodium concentra-
tion <130 or > 145 mmol/l.

Study protocol

Patients who met the weaning criteria according to
the Extracorporeal Life Support Organization Guide-
lines for VV ECMO were enrolled if they fulfilled the
inclusion and exclusion criteria [10]. The weaning cri-
teria included oxygenation capacity, ventilatory reserve,
PaO, buffer, and response to an oft-sweep gas challenge
[10]. Pre-membrane blood gas analyses were performed
after turning off the ECMO sweep gas for 2-3 h.

Patients were deeply sedated and paralyzed, undergo-
ing controlled mechanical ventilation during the trial
period. Before reducing ECMO blood flow, the ECMO
gas flow rate was set to 2 L/min and the fraction of oxy-
gen delivered by ECMO to 1.0. The ECMO blood flow
rate was then gradually decreased from 4.5 L/min to
3.5 L/min, 2.5 L/min, 1.5 L/min, and finally to 0 L/min
(by briefly clamping the ECMO blood flow circuit for
saline injection), with approximately 30-min intervals
between each step (Additional file 1: Fig. S1). Adjust
the fraction of inspired oxygen delivered by the venti-
lator, without modifying other ventilator parameters,
to maintain a pulse oxygen saturation of at least 97% at
each ECMO blood flow rate. Data, including EIT meas-
urements, pre- and post-membrane blood gas analyses,
vital signs, and blood sodium concentrations, were col-
lected at each ECMO blood flow step.

EIT functional images and data (detailed procedures
refer to Additional file 1) were generated using the Pul-
moVista 500 (Drager Medical, Libeck, Germany). After
collecting baseline data for 2 min with EIT, an end-
expiratory breath hold was performed. Two seconds
post-occlusion, a 10 ml bolus of 5% NaCl solution was
rapidly injected within 2 s through the central venous
catheter. Ventilated and perfused regions were defined
as pixels exceeding 10% of the maximum on the func-
tional ventilation and perfusion maps, respectively. For
quantitative analysis, the lungs were sub-segmented
into ventral and dorsal regions, defined from ventral to
dorsal as region-of-interest (ROI) 1, ROI 2, ROI 3, and
ROI 4.
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The recirculation fraction within the ECMO circuit
was estimated using the SvO, method [8] (Additional
file 1).

Study outcomes
The primary outcome was regional perfusion distribution
at each ECMO blood flow rate. The secondary outcomes
included ventilation/perfusion (V/Q) matching, dead
space, shunt, and recirculation fraction at each ECMO
blood flow rate.

Statistical analysis

A formal sample size calculation was not performed and,
similar to prior physiological research, 15 patients were
enrolled [2, 3, 11, 12]. Categorical data were summarized
as frequencies and proportions. Continuous data were
presented as medians (25-75th) or means + standard
deviations according to the normality of data checked by
the Shapiro—Wilk test. To compare the data obtained at
each ECMO blood flow rate, either repeated measures
ANOVA or the Friedman test was used, with subsequent
post-hoc Bonferroni’s or Dunn’s multiple comparisons
applied as appropriate. Nonparametric Spearman cor-
relation analysis was employed to assess the correlation
between various ECMO flow rates and recirculation
fractions. A two-tailed p value of less than 0.05 was con-
sidered statistically significant. Statistical analyses were
computed with GraphPad Prism 9.0 (GraphPad Software,
San Diego, CA, USA).

Results

Fifteen patients (13 male, 2 female) were included in the
study. All patients were treated with femoro-jugular VV
ECMO. More detailed clinical characteristics are avail-
able in Additional file 1: Table S1. No significant varia-
tions in heart rate, mean arterial pressure, pulse oxygen
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saturation, or blood sodium ion concentration were
observed corresponding to reductions in ECMO blood
flow (Additional file 1: Table S2). Higher ECMO blood
flow rate was associated with higher recirculation frac-
tion (Additional file 1: Fig. S2).

EIT-derived data revealed that median lung perfusion
in ROI 2 and the ventral region significantly increased
[38.21 (34.93-42.16)% to 41.29 (35.32—43.75)%, p =0.003,
and 48.86 (45.53-58.96)% to 54.12 (45.07-61.16)%,
p=0.037, respectively), whereas in ROI 4 and dorsal
region, it significantly decreased [7.87 (5.42-9.78)% to
6.08 (5.27-9.34)%, p=0.049, and 51.14 (41.04-54.47)%
to 45.88 (38.84-54.93)%, p=0.037, respectively] with
the decrement of ECMO blood flow from 4.5 L/min to
0 L/min (Fig. 1). Dead space decreased significantly,
whereas V/Q matching increased significantly in ROI 1,
ROI 2, ventral, and global regions as ECMO blood flow
decreased (Fig. 2). No significant alterations in regional
lung ventilation distribution, end-expiratory lung imped-
ance, or regional and global shunt were observed follow-
ing reductions in ECMO blood flow. (Additional file 1:
Table S2).

Discussion

To the best of our knowledge, this is the first study to
investigate the effects of different ECMO blood flow rates
on hypertonic saline bolus-based EIT assessment for
lung perfusion in patients on VV ECMO.

Our study demonstrates that as ECMO flow rates
decrease from 4.5 L/min to 0 L/min, the fraction of lung
perfusion distribution measured by EIT significantly
increases in ROI 2 and the ventral region, while decreas-
ing in ROI 4 and the dorsal region. Specifically, there
were no significant alterations in the measured fraction
of lung perfusion distribution with ECMO blood flow
rate of 2.5 L/min or less, corresponding to a median
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Fig. 2 Dead space evolution in ROI'1 (A), ROI 2 (B), ventral region (C) and global region (D) in response to the decrease in ECMO blood flow rates.
Ventilation/perfusion matching evolution in ROI 1 (E), ROI 2 (F), ventral region (G) and global region (H) following the decrease in ECMO blood flow
rates. ECMO Extracorporeal membrane oxygenation, ROl Region of Interest. * Versus ECMO blood flow 0 L/min, p<0.05, * Versus ECMO blood flow

1.5 L/min, p<0.05
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recirculation fraction of no more than 23%. However,
caution is suggested when interpreting these results
since the recirculation fraction is influenced not only by
ECMO blood flow but also by cannula position, volume
status, and cardiac function [8, 9]. Higher ECMO flow
rates, which correspond to higher recirculation fractions,
could have a stronger influence on the distribution of
bolus saline across the regional lung, affecting the accu-
racy of lung perfusion assessment by saline bolus-based
EIT method.

When perfusion is integrated with ventilation, it pro-
vides a quantification of shunt (unventilated regions),
dead space (unperfused regions), and V/Q matching [1].
Our study further demonstrates that changes in ECMO
flow rates do not affect monitored shunt but have a signif-
icant impact on monitored dead space and V/Q match-
ing. This observation may be attributed to the alterations
in the distribution of bolus saline throughout the regional
lung during decreased ECMO flow rates, with no changes
detected in lung ventilation as assessed by end-expiratory
lung impedance and ventilation distribution.

Our study has several limitations. First, cardiac out-
put, which might influence monitored lung perfusion,
was not assessed in this cohort. However, considering the
short study duration, the patients being deeply sedated
and paralyzed, the stable circulatory conditions, and the
negligible effect of VV ECMO blood flow on systemic
circulation [10, 13], it is assumed that the cardiac output
remained constant during the trial period. Second, we did
not perform repeated measurements at each blood flow
rate to reduce experimental error. Given concerns about
the effects of brief, high-volume infusions of hypertonic
saline on blood osmolarity, we limited our measurements
to one per flow rate. Third, shunt and dead space regions
were defined as pixels less than 10% of the maximum of
the EIT functional ventilation and perfusion maps. Vari-
ations in pixel threshold definitions for shunt and dead
space in EIT software analysis might influence the study
outcomes. Nonetheless, this threshold is widely adopted
in current research [2, 5, 6]. Fourth, the sample size was
limited.

Conclusions

During VV ECMO, the ECMO blood flow rate, closely
linked to recirculation fraction, could affect the accu-
racy of lung perfusion assessment using hypertonic saline
bolus-based EIT.

Abbreviations

W Veno-venous
ECMO  Extracorporeal membrane oxygenation
EIT Electrical impedance tomography

V/Q Ventilation/perfusion
ROI Region-of-interest
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