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Introducing a free-breathing MRI method to assess
peri-operative myocardial oxygenation and function

A volunteer cohort study
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Jan O. Friess, Sandra Terbeck, Gabor Erdoes, Adrian T. Huber, Balthasar Eberle and Kady Fischer

BACKGROUND Induction of general anaesthesia has many
potential triggers for peri-operative myocardial ischaemia
including the acute disturbance of blood gases that frequent-
ly follows alterations in breathing and ventilation patterns.
Free-breathing oxygenation-sensitive cardiovascular mag-
netic resonance (OS-CMR) imaging may provide the oppor-
tunity to continuously quantify the impact of such triggers on
myocardial oxygenation.

OBJECTIVE To investigate the impact of breathing patterns
that simulate induction of general anaesthesia on myocardial
oxygenation in awake healthy adults using continuous OS-
CMR imaging.

DESIGN Prospective observational study.

SETTING Single-centre university hospital. Recruitment from
August 2020 to January 2022.

PARTICIPANTS Thirty-two healthy volunteers younger than
45 years old were recruited. Data were analysed from n=29
(69% male individuals).

INTERVENTION Participants performed a simulated induc-
tion breathing manoeuvre consisting of 2.5min paced
breathing with a respiration rate of 14 breaths per minute,
followed by 5 deep breaths, then apnoea for up to 60s inside
a magnetic resonance imaging scanner (MRI). Cardiac
images were acquired with the traditional OS-CMR se-
quence (OSbh-cine), which requires apnoea for acquisition
and with two free-breathing OS-CMR sequences: a high-

resolution single-shot sequence (OSfb-ss) and a real-time
cine sequence (OSfb-rtcine).

MAIN OUTCOME MEASURES Myocardial oxygenation re-
sponse at the end of the paced breathing period and at the
30 s timepoint during the subsequent apnoea, reflecting the
time of successful intubation in a clinical setting.

RESULTS The paced breathing followed by five deep
breaths significantly reduced myocardial oxygenation,
which was observed with all three techniques (OSbh-cine
—6.0 £2.6%, OSfb-ss —12.0+5.9%, OSfb-rtcine —5.4
+7.0%, all P< 0.05). The subsequent vasodilating stimulus
of apnoea then significantly increased myocardial oxygen-
ation (OSbh-cine 6.8 +-3.1%, OSfb-ss 8.4 +5.6%, OSfb-
rtcine 15.7+10.0%, all P<0.01). The free-breathing
sequences were reproducible and were not inferior to the
original sequence for any stage.

CONCLUSION Breathing manoeuvres simulating induction
of general anaesthesia cause dynamic alterations of myocar-
dial oxygenation in young volunteers, which can be quantified
continuously with free-breathing OS-CMR. Introducing these
new imaging techniques into peri-operative studies may
throw new light into the mechanisms of peri-operative per-
turbations of myocardial tissue oxygenation and ischaemia.
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KEY POINTS

e Induction of general anaesthesia has many poten-
tial triggers for peri-operative myocardial ischaemia
including acute disturbances of blood gases that
frequently follow alterations in breathing and
ventilation patterns. Pinpointing the underlying
cause is difficult because of a lack of
measuring techniques.

e Myocardial oxygen-supply mismatch can now be
spatially mapped, continuously and noninvasively,
using free-breathing oxygenation-sensitive cardio-
vascular magnetic resonance (OS-CMR) imaging.

e In a prospective observational study, free-breath-
ing OS-CMR was used to image spontancously
breathing healthy individuals to investigate the
effects of voluntary breathing manoeuvres simu-
lating an anaesthesia induction sequence on
myocardial oxygenation.

e Paced breathing followed by five deep breaths
resulted in myocardial de-oxygenation, while
subsequent apnoea exerts an opposite effect by
increasing myocardial oxygenation.

e Free-breathing OS-CMR imaging techniques will
now be used peri-operatively to investigate the
dynamics of myocardial oxygenation and possibly
the evolution of peri-operative ischaemia in
patients undergoing induction of
general anaesthesia.

Introduction

There is increasing awareness of the association be-
tween anaesthesia and peri-operative myocardial injury
in cardiac (MICS) and noncardiac surgery (MINS).I’2
Some of these events can be attributed to complications
such as type I myocardial infarction, accompanied by a
rise in cardiac troponins."” However, the majority of
cases are thought to be linked to type Il myocardial
ischaemia caused by oxygen supply and demand mis-
match,>* even in the absence of a stenotic coronary
artery. Pinpointing type II myocardial ischaemia as
the underlying cause for MINS is difficult because of
a lack of techniques to both spatially and temporally
map its onset, and to quantify the imbalance between
oxygen supply and demand.

There are several factors that may contribute to type II
ischaemia. Anaemia, hypotension, tachycardia and
hypercoagulation are all known contributors, however,
their sequence and relative importance may differ from
patient to patient.”~’” Recently the role of blood gas
alterations has been discussed. Hypocapnia and hyper-
oxia both have vasoconstrictive effects on the coronary
vasculature, whereas hypercapnia is a vasodilator. Alter-
ing blood gases by inducing hyperventilation and apnoea

induces reversible ischaemia in spontancously breathing
patients with known coronary artery disease, something
that may be aggravated by inter-territorial steal.>1% Al-
though most studies investigate the stable phases of
general anaesthesia, blood gas changes are especially pro-
nounced during induction. Spontaneously breathing
patients will often be asked to breathe at a higher rate
or depth prior to induction to promote preoxygenation.'!
During induction, hypoventilation or apnoea may ensue,
followed by occasionally overly vigorous or inadequate
manual bag ventilation and then apnoea for intubation.
Little has been reported on the influence of such respira-
tory patterns on the oxygenation balance of myocardial
tissue owing to a lack of noninvasive techniques for high
resolution in-vivo interrogation of tissue oxygenation in
thoracic organs.

Noninvasive oxygenation-sensitive cardiac magnetic res-
onance (OS-CMR) imaging has now proven suitable for
investigating such effects, displaying high-resolution
changes in myocardial oxygenation on a millimetre scale.
In-vitro, translational and patient studies have already
employed OS-CMR to investigate responses to typical
peri-operative events such as controlled changes of FiO,
and CO, partial pressure, haematocrit, blood flow and
arterial pressure.”'?~1> However, previous CMR techni-
ques were often limited to image acquisition only during
apnoea as chest motion from significant breathing reduced
image quality or required long acquisition times. This
approach could not be employed to investigate blood
gas changes in continuously breathing or ventilated
patients. Advances with CMR have now led to multiple
techniques that can overcome the requirement for apnoeic
periods while acquiring data with every heartbeat.'®!” For
the purposes of conducting research related to anaesthesia,
we have optimized these free-breathing techniques to
continuously interrogate myocardial oxygenation. OS-
CMR may now open a window for quantifying and linking
peri-operative myocardial ischaemia to specific triggers
during anaesthesia.'®

The goal of this study was to investigate the effects of
voluntary breathing manoeuvres simulating an anaesthe-
sia induction sequence, on myocardial oxygenation in
healthy adults using free-breathing OS-CMR imaging.
We hypothesised that deep paced breathing would re-
duce myocardial oxygenation in healthy individuals,
whereas apnoea would have an opposing effect. Second-
ary goals were to compare the free-breathing sequences
to the gold-standard breath-hold imaging sequence and
to investigate the reproducibility of free-breathing OS-
CMR imaging during induction-like breathing. These
goals were intended to validate the use of the free-
breathing technique for a future CMR-based study into
the onset of prodromal stages of myocardial ischaemia,
and their association with events during general anaes-
thesia.

Eur J Anaesthesiol 2024; 41:480-489



482 Guensch et al.

EJA

Methods

Study design

Thirty-two healthy awake adults were prospectively en-
rolled in a single centre observational study. Inclusion
criteria included the ability to give informed consent, age
between 18 and 44 years, general good health and ab-
sence of known cardiovascular or respiratory disease or
risk factors, and no contraindications to CMR. This study
was approved by the Cantonal Research Ethics Board of
Bern, Switzerland (#2020-00738) on 02 June 2020.

Experimental procedure

Participants underwent a single CMR visit (3.0 tesla clini-
cal scanner, Siemens MAGNETOM Prisma, Siemens
Healthineers, Germany). Baseline images were acquired
while participants breathed ambient air at their natural
pace and depth, without any specific instruction. After-
wards, participants were instructed to perform a breathing
manoeuvre of paced breathing at a respiration rate of 14 for
150s followed by five deep breaths and then apnoea at
end-expiration (Fig. 1). A second rapid pacing breathing
protocol was also performed for comparison (Supplemental
Figure 1, htep://links.lww.com/EJA/A920). For consisten-
¢y, an audio file with voice commands and metronomes
guiding the pace of the breathing was played to head-
phones worn by the participant inside the MRI. The
breathing manoeuvre was then repeated and imaged with
different OS-CMR imaging techniques (detailed imaging
settings are provided in Supplemental Methods, http://
links.lww.com/EJA/A920).

CMR imaging

Technique 1: breath-hold cine (OSbh-cine)

"This traditional acquisition requires a breath-hold as it is
based on a segmented approach that reconstructs images
over four to six heartbeats. The heart must be in a
consistent position with a regular heartbeat interval.
Voxel size was 2.0 x 2.0 x 10.0 mm?>, and a cine of the
cardiac cycle was obtained with a temporal resolution of

Fig. 1 Breathing manoeuvre protocol.

40.7 ms (corresponding to a framerate of 25 images per
second, Fig. 2).19:20

Technique 2: free-breathing single-shot imaging (OSfb-ss)
"This variant was acquired over a single heartbeat and has
a higher spatial resolution of 1.4 x 1.4 x 6.0 mm>. How-
ever, the entire cardiac cycle is not imaged and only a
single frame in diastole is obtained, requiring 450 to
475 ms for this frame.

Technique 3: free breathing real-time cine (OSfb-rtcine)

A full cardiac cycle cine was acquired within a single
heartbeat at a temporal resolution of 49.8 ms (framerate of
20 images per second), and voxel size of 2.5x2.5x8.0 mm”’
[Video 1: Oxygenation-Sensitive Sequences. The three
sequence variants are shown during apnoea and deep
breathing. While the current breath-hold cine (left) cannot
acquire good images while breathing, the two new free-
breathing variants (centre and right) can acquire data with
chest motion, with the real-time cine (right) also acquiring
multiple images throughout the cardiac cycle, http://links.
lww.com/EJA/A921].

All participants (7 =32) were imaged with the gold stan-
dard breath-hold cine (OSbh-cine) and single shot
sequences [free-breathing single-shot imaging (OSf5-
ss)]. Of these, 12 underwent all three variants, including
the real-time imaging [free breathing real-time cine (OSf2-
rtcine)]. A free-breathing acquisition was then repeated a
second time with the OSfb-ss or OSfb-rtcine sequence to
investigate reproducibility of the new techniques. This
was performed in random order, with at least a 5-min pause
between runs. Using heart rate, pulse oximetry and verbal
feedback from participants, recovery between experimen-
tal periods was confirmed and a new baseline was acquired.

CMR image analysis

Images were analysed throughout the breathing man-
ocuvres, and the signal was reported as %-change from
the corresponding stage. For calculating the change in

Breathing patterns simulating anaesthesia induction

Breathing pattern
Breath-hold CMR =
Free-breathing CMR

Key endpoints

Rest ——» Paced breathing (RR=14, 150s)

N\

Continuous

——— 5 Deep breaths —» Long apnoea —» Rest

LR
t 4
2° 1°

(End deep-breathing) (30s apnoea)

Participants were instructed to follow the breathing patterns depicted in the figure with paced breathing guided by a metronome. Apnoea was
performed in end-expiration and held for up to 60 s if possible. The OSbh-cine requires acquisition during a breath-hold period and is thus unable to
follow oxygenation changes during breathing. The free-breathing sequences (OSfb-ss and OSfb-rtcine) acquired data continuously during sustained

respiration (black bars).
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Fig. 2 Cine vs. single-shot.
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The pictogram displays when images are acquired throughout the cardiac cycle with each bar indicating a single frame. With a heart rate of 60 bpm, the
duration of the cardiac cycleis 1 s (RR, interval between two R-spikes in the electrocardiogram). Both the breath-hold (OSbh-cine, frame rate = 25 )
and real-time (OSft-rcine, frame rate 21s™") cines acquire multiple images throughout the cardiac cycle, whereas the single shot sequence only
acquires one single frame in diastole requiring a longer acquisition window (OSfb-ss, one still image).

signal because of paced breathing, the baseline image
obtained prior to the breathing manoeuvre was used as
the reference. All cardiac cycles during apnoea were
analysed and for the change in signal during apnoea,
the reference was the image obtained at the start of
apnoea. For the free breathing periods, because of move-
ment of the chest from the breathing motion, only images
with the correctly angled short-axis anatomy (in-plane
with end-expiratory images of the left ventricle, Supple-
mental Figure 3, hetp://links.lww.com/EJA/A920) were
analysed. Analysis was performed with cvi*? (version 5.14,
Circle Cardiovascular Imaging, Calgary, Canada) by
researchers with two (CDU) and greater than 10years
(KF) experience in reading and interpreting these spe-
cific OS-CMR images. Within an individual participant,
at least 4 weeks passed between the analysis of each of
the runs. For the statistical analysis, the myocardial
oxygenation response was assessed at predefined key
timepoints, at the end of the paced breathing period
and at the 30s timepoint during the subsequent apnoea.
The latter was considered the primary endpoint as this
was the point most likely to reflect the time of successful
intubation in a clinical setting, which usually marks the
end of the induction sequence with commencement of
mechanical ventilation. Myocardial de-oxygenation was
defined as a drop (<0%) in signal intensity between two
OS-CMR images.

Statistical analysis

General linear models were used to assess if an oxygen-
ation response was detected by the sequences for each
of the breathing manoeuvre steps. The myocardial re-
sponse between the newly developed free-breathing
sequences (OSfb-ss and OSfb-ricine) were compared with
the standard breath-hold cine (OSéd/-cine), using ANOVA

accounting for multiple comparisons. Reproducibility of
the free-breathing sequences was assessed with intraclass
correlations (ICC) for absolute agreement and with
Bland—Altman testing. GraphPad Prism version 9.0
(GraphPad Software, USA), and IBM SPSS Statistics
26 (IBM, USA) were used for statistical analysis.

Results

Participant characteristics

Thirty-two participants were recruited. Three were ex-
cluded, one because of protocol development, one because
of heart-rate gating errors and the third because the breath-
hold in end-expiration was not consistently performed.
In the remaining 29 patients, all OS images could be
analysed at the predefined time-points. The mean [range]
age was 29vyears [21 to 43], mean+SD BMI was 23.7
+2.8kg m % and »=20 (69%) were male individuals.

Myocardial oxygenation during paced breathing

The induction simulation with induction-like paced
breathing with five paced deep breaths resulted in a
significant decrease in myocardial oxygenation measured
by all three imaging methods (OSbk-cine —6.0 £ 2.6%,
P<0.01; OSfb-ss —12.0+£5.9%, P<0.01; OSfb-ricine
—5.4+£7.0%, P=0.01; Fig. 3; Supplemental Figure 2,
htep://links.lww.com/EJA/A920). During this phase, heart
rate increased from 57 +8 to 71 £ 13 bpm (P < 0.01).

Myocardial oxygenation during apnoea

Apnoea following paced breathing resulted in a signifi-
cant recovery of myocardial oxygenation at the 30's time-
point (OSbh-cine: 6.8+ 3.1%, OSfb-ss: 8.4+ 5.6%, OSfb-
rtcine: 15.7 +10.0 all P < 0.01, Fig. 3). This also coincided
with a normalisation of the heart rate to 60 =8 bpm. For
all breathing manoeuvre components, the free-breathing

Eur J Anaesthesiol 2024; 41:480-489
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Fig. 3 Myocardial oxygenation changes during induction like breathing.
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Mean + SD responses in myocardial oxygenation are shown for all three
sequences, the gold-standard breath-hold sequence (OSbh-cine), and
the two new free-breathing sequence variants (OSfb-ss and OSfb-
rtcine). With the hypocapnic manoeuvre of deep breathing, a reduction
in myocardial oxygenation was observed, whereas subsequent apnoea
increased myocardial oxygenation. Asterisk (*) indicates a significant
change (P < 0.05) in myocardial oxygenation for the stage. t indicates a
significantly different response (P<0.05) in comparison to the gold-
standard sequence (OSbh-cine).

Fig. 4 Case example of myocardial oxygenation changes.

variants performed as well or better than the gold-stan-
dard OSbh-cine method (Fig. 3). An example of an indi-
vidual participant is shown in Fig. 4.

Reproducibility of free-breathing sequences

With this OSfb-ss sequence, an ICC of 0.94, P<0.01
(Fig. 5) was observed between the two runs with a bias
of 1.3 £5.7% from the first to the second run. Repetitive
acquisitions for the OSfb-rtcine, yielded an ICC of 0.93,
P <0.01 and bias of —1.0+7.0%.

Discussion

In spontaneously breathing healthy individuals, a volun-
tary breathing protocol simulating typical respiratory
manocuvres during induction of general anaesthesia
had a significant and dynamic effect on myocardial oxy-
genation. A significant reduction in myocardial oxygen-
ation was induced by the 2.5min period of paced
breathing followed by five deep breaths, a manoeuvre
similar to the breathing patterns that patients are
instructed to follow prior to induction. During the subse-
quent apnoea, which is representative of conditions oc-
curring prior to and during airway management and

. 30s Apnoea

. 5 Deep breaths

Deep breathing (RR=14) + 5 deep breaths Apnoea Recovery
20
S
e
3 O ———=s==oooooITo T
S
0
(@)
-20 T T
0 60 120
20

Osfb—ss (%)
o
\

-20 , | , | -
0 60 120
20
s
)
S 0
2
n
o
-20 T T T T T
0 60 120 180 240 -0 0%
Time (s) 0S %

The change in myocardial oxygenation is shown for all three sequences in the same individual during three repeated runs of a simulated induction
breathing protocol. Dashed line indicates that data were not acquired during the paced breathing for the original breath-hold oxygenation-sensitive cine
(top, OS-bhcine), whereas data were acquired throughout the entire manoeuvre for both free-breathing variants, the single-shot (middle, OSfb-ss) and
real-time cine (bottom, OSfb-rtcine). Colour maps depict the %-change in myocardial oxygenation between baseline and at the end of five deep
breaths, and for the change from the five deep breaths to 30 s of apnoea. Cines are displayed at end-systolic frames, whereas only a diastolic frame was

available for the single shot. RR, respiration rate.
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Fig. 5 Reproducibility of free-breathing oxygenation-sensitive sequences.
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Both the free breathing single shot sequence [(a) OS7b-ss] and the free-breathing real-time cine [(b) OSfb-ricine] demonstrate excellent ICC between
repeated runs of the breathing manoeuvres. Line of identity (x=y) depicted by red.

intubation, myocardial oxygenation significantly in-
creased. These changes were measured and spatially
mapped, continuously and noninvasively, using free-
breathing OS-CMR imaging.

Basics of the OS-CMR signal

Although the application of OS-CMR is relatively new to
anaesthesia research, these techniques were introduced
into neuroimaging studies and then cardiac imaging
studies in the 1990s, and have since been validated with
numerous invasive and noninvasive comparators.”*17%¢
OS-CMR relies on the paramagnetic properties of the
local de-oxyhaemoglobin (dHDb) fraction, which acts as an
endogenous contrast agent.!*?> When a physiological
stimulus is applied, the corresponding change in signal
intensity in comparison to a baseline image at a prede-
fined steady state depicts the change in tissue oxygen-
ation. If the dHD fraction in the microcirculation of the
myocardium increases, the signal intensity of the myo-
cardium will decrease. This will occur if blood flow or
oxygen content of the tissue declines, adversely tipping
the delicate oxygen balance. This decline in signal in-
tensity is what we observed with the paced breathing
followed by five deep breaths.

Conversely, factors leading to excess or luxury perfusion,
such as blood flow exceeding tissue demand created by
uncoupling of blood flow from metabolism through spe-
cific stimuli like apnoea-induced hypercapnia, will di-
minish the relative dHb fraction and a subsequent rise in
signal intensity can be quantified in the images. This has
been validated in anaesthetised swine, where OS-CMR
was compared with myocardial oxygen delivery (DO,)
and demand (MVO,;), which were invasively derived
from coronary blood flow and simultaneous arterial and

coronary sinus blood gas measurements. When DO, out-
weighed MVO; the signal intensity in OS-CMR images
increased. However, when this relationship inversed,
signal intensity dropped depicting a tissue oxygen defi-
cit.?’ In patients, OS-CMR has been compared with other
modalities quantifying oxygen supply or demand includ-
ing invasive haemodynamic measurements of fractional
flow reserve,”®?? and to noninvasive measurements of
myocardial perfusion, and myocardial energetics.’**! OS-
CMR has also been used to investigate how other physi-
ological stimuli may lead to temporary myocardial de-
oxygenation, including reduced haematocrit in which
there is a lower oxygen carrying potential, how hypoten-
sion and hypertension influence perfusion and workload
and how underlying myocardial injury with oedema and
fibrosis influence the response.!*1*31=** The majority of
studies apply pharmacological coronary vasodilators as a
stimulus, and in patients with coronary artery disease,
OS-CMR discriminates healthy myocardium from myo-
cardium subtended to a stenosed vessel, which responds
with an attenuated response or even a fall in signal
intensity because of the pharmacological stimu-
lus.?242829 Nyocardium has a particularly high baseline
oxygen extraction. Therefore, even a small decrease in
tissue oxygenation may indicate a critical O, deficit in
patients with an already compromised myocardial oxygen
supply.*® Already small deflections in 2,CO, significantly
affect myocardial perfusion and oxygenation to the same
extent or more than pharmacological vasodila-
tors.! 192036 Vasoactive breathing manoeuvres exploit-
ing the coronary vasomotor effect of systemic P,CO,
changes even detected myocardial de-oxygenation in
patients with coronary artery disease, heart failure, hy-
pertrophic cardiomyopathy and cardiac allograft vasculo-
pathy.!7203337:38 Thege de-oxygenation events have

Eur J Anaesthesiol 2024; 41:480-489
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been localised to the onset of transient regional
diastolic and systolic dysfunction, signifying that such
breathing manoeuvres can induce ischaemia detectable
with OS-CMR.** These studies investigated shorter
breathing protocols, and the data presented in this study
are the first to show that breathing manoeuvres similar to
those used in general anaesthesia induction protocols also
have a significant impact on myocardial oxygenation
fluctuations.

Impact of simulated induction breathing manoeuvres on
oxygenation of healthy myocardium

The goal of deep breathing during preoxygenation is to
use the functional residual capacity of the lungs as an
oxygen reserve during subsequent apnoea. This is a
safety measure to avoid hypoxaemia during intubation
or other intervention for airway management. Although
some centres advocate 3 min of preoxygenation with
normal or deep breathing, there are studies suggesting
that a few deep breaths over 60s or less may be equiva-
lent to preoxygenation with 3 min of normal breathing in
generating an appropriate safety margin.*” In patients
with a difficult airway, both approaches might be appro-
priate. Despite maintaining blood oxygenation, the ac-
companying hypocapnic stimulus decreases blood flow to
critical levels in CO,-sensitive vascular beds with tissues
prone to ischaemia.’>***! Thus, blood oxygenation as
monitored by pulse oximetry may not be indicative of
normal tissue oxygenation.'>** OS-CMR offers a unique
opportunity to interrogate myocardial tissue regarding
oxygenation. In this study, we could quantify that the
paced breathing followed by five deep breaths simulating
preoxygenation led to a short period of myocardial de-
oxygenation, even in healthy myocardium. Therefore,
changes in breathing patterns overseen by anaesthetists
every day may be predisposing patients to inducible
ischaemia. Our results demonstrate that with these two
free-breathing OS-CMR sequence versions, it is now
possible to take this method one step further and inves-
tigate how induction of anaesthesia affects myocardial
oxygen balance.

It should be noted that the breathing manoeuvres in this
study were performed without supplementary oxygen,
although preoxygenation with an F{O, of 1.0 is widely
used in combination with incentive deep breathing prior
to induction.** Oxygen itself is a coronary vasoconstrictor
and has been shown to decrease myocardial oxygenation,
as measured by OS-CMR in anaesthetised animal stud-
ies, in awake healthy controls and in chronic coronary
syndrome patients.”>** Future investigations need to
assess whether the combination of hyperoxia and hypo-
capnia during such periods of preoxygenation will have
incremental effects and whether supplementary oxygen
blunts vasodilation during apnoea.* The peri-operative
environment is quite complex for the heart because blood
gas changes are not the only factors at play. Heart rate, for

Eur J Anaesthesiol 2024; 41:480-489

example, can rise not only during the deep breathing of
preoxygenation,'®* but also during and after induction
especially if anaesthesia is too shallow. This can lead to an
increase in sympathetic tone with a subsequent increase
in heart rate and blood pressure leading to an increase in
myocardial oxygen consumption. An increase in heart
rate not only limits myocardial perfusion by shortening
diastole but is also associated with increased cardiac work
exposing the myocardium to a potential oxygenation
mismatch, and even ischaemia in patients with a suscep-
tible coronary status.*’ Bradycardia can also result from
vagal stimulation during intubation, potentially reducing
oxygen supply as well. With appropriate dosing of anaes-
thetics and opioids, these autonomic reflexes should be
sufficiently blunted. Additionally, peri-operative distur-
bances in myocardial perfusion pressure following peri-
ods of hypertension or hypotension will contribute to
fluctuations in myocardial oxygenation, especially once
anaesthetics are administered and normovolaecmia
becomes compromised.®**°

Advantages of the free-breathing OS-CMR sequences
One of the primary limitations of published OS-CMR
approaches was that they required either a breath-hold°
or quite long acquisition times when choosing a free-
breathing alternative. This implies that myocardial oxy-
genation could not be continuously monitored during
rapidly changing respiratory patterns, as seen during
induction of general anaesthesia. The advantage of the
fast single-shot and real-time imaging versions used in
this study is that these sequences acquire data from a
single heartbeat. They do not rely on reconstruction from
multiple heartbeats and are, therefore, less sensitive to
misregistration because of breathing motion and arrhyth-
mia. The free-breathing sequences used in this study were
initially designed for diagnostic imaging of patients unable
to tolerate breath-holds, and not to specifically assess
myocardial oxygenation. We optimised the settings of
these manufacturer-provided free-breathing sequences,
to enhance their oxygenation-sensitivity, creating a se-
quence variant for monitoring myocardial oxygenation.
Our analysis demonstrates that these two new oxygen-
ation-sensitive free-breathing sequences perform just as
well as the conventional sequence requiring a breath-hold.
Additionally, our reproducibility analysis demonstrated
that both new sequence variants yielded similar results
on repetition of the respiratory manoeuvres of the induc-
tion-like respiratory manoeuvres indicating that first, the
latter exert reproducible cardiac effects, and second, that
the free-breathing OS-CMR sequences can provide
reliable quantification.

The two free-breathing variants employed in this study
differ in several aspects. The single-shot sequence (OSf-
ss) acquisition window requires approximately 450 to
475 ms (Fig. 2), and is unable to account for myocardial
movement. Images can only be acquired during diastole
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when heart motion is minimal. If the heart rate increases
and diastole is shortened, the image quality worsens. This
can create problems as heart rate increases with deep
breathing, and will usually also change throughout the
course of induction.***” Nevertheless, the key advantage
of OSfb-ss is that it can acquire smaller voxels and thus
provide better spatial resolution, allowing a more detailed
regional assessment of the myocardium. In comparison,
the real-time sequence (OSfb-rzcine) is a cine. This means
that it acquires one image every 49.8 ms throughout the
entire cardiac cycle, capturing both motion and the OS
signal with good temporal resolution. Therefore, it is
much less susceptible to changes in heart rate and cardiac
movement. Because of the cine characteristic, both oxy-
genation and functional data can be acquired simulta-
neously, potentially allowing a more detailed assessment
of the onset and severity of the ischaemia.?*%’

Study limitations

A key limitation with OS-CMR s that the signal does not
provide an absolute value. Only changes of signal inten-
sity are obtained to follow the myocardial oxygenation
response to a given stimulus. Therefore, a baseline or
reference image is required. Also, further research is
needed to investigate the clinical relevance of the mea-
sured de-oxygenation events. Although the images ap-
pear on the scanner screen within seconds and thus allow
cursory visual assessment of functional changes, quanti-
fication of (relative) myocardial oxygenation change still
requires off-line analysis and user input, which can intro-
duce an operator bias. Thus, for instance, interventions to
improve oxygenation based on emerging OS-CMR find-
ings cannot yet be made in a real-time automated fashion.
Rather, this technique currently provides insight into
whether and when de-oxygenation does occur, and in
the future, will shed light on the potential of preoxygena-
tion routines or haemodynamic changes®* to modulate
myocardial oxygen balance during induction of general
anaesthesia or sedation. Finally, this research was con-
ducted in awake healthy participants performing a pre-
defined breathing protocol in room air.

Potential for anaesthesia research

CMR is not feasible for the everyday peri-operative
environment, but advanced imaging techniques are in-
creasingly present in the operating room. Our findings
demonstrate their utility as a comprehensive research tool
to assess the cardiac effects of induction of general
anaesthesia and other preoperative interventions and
procedures. We have recently published the first findings
from employing free-breathing OS-CMR sequences to
continuously investigate myocardial oxygenation during
the induction of general anaesthesia in two patients.'®
With this technique, we were able to demonstrate that
complex oscillations of myocardial oxygenation occurred
in a patient without cardiovascular disease and in one
with coronary artery disease. These were triggered by

specific interventions during the induction sequence
despite maintaining adequate blood-oxygen saturation
and they corresponded with changes in end-tidal CO,.
Specifically, the patient with a significant coronary ste-
nosis exhibited inducible regional ischaemia, indicated
by regional de-oxygenation localised with wall motion
abnormalities in the territory at risk.'® These preliminary
findings are evidence that OS-CMR can be used in a peri-
operative setting as a research tool. This could be impor-
tant for understanding the onset of ischaemia, as clinical
assessment of incipient peri-operative myocardial ischae-
mia comes with limitations, in part because patients
under general anaesthesia cannot inform the medical
team about symptoms. ECG abnormalities may not arise
or may not appear until late in the ischaemic cascade.*®
Similarly, high-sensitivity troponin assays are used to
diagnose MINS and MICS but will take at least
90 min after cellular damage has occurred to be detect-
able.”* Consequently, troponin assays cannot offer better
time resolution in pinpointing the onset and trigger of
myocardial ischaemia than imaging techniques that can
provide data every few seconds. Cardiovascular anaes-
thetists have been able to routinely perform peri-opera-
tive echocardiography, and have wused this more
accessible modality to detect early sequelae of myocar-
dial ischaemia such as new-onset regional diastolic and
systolic dysfunction. But echocardiography is not able to
explore an oxygenation deficit that precedes new-onset
mechanical dysfunction. The OS-CMR is a promising
technique for assessing myocardial oxygenation during
anaesthesia induction directly without relying on surro-
gate markers. As a technology, MRI is rapidly moving
towards interventional and peri-operative applications,*’
and the field of anaesthesia will certainly benefit by
incorporating advanced imaging into research studies.

Conclusion

Fluctuations in myocardial oxygenation can be monitored
continuously and noninvasively using novel free-breath-
ing OS-CMR imaging techniques in awake healthy
volunteers. Voluntary breathing manoeuvres simulating
the induction sequence of general anaesthesia have a
dynamic effect on myocardial oxygenation in spontane-
ously breathing healthy participants. Paced breathing
followed by five deep breaths results in myocardial de-
oxygenation, whereas subsequent apnoea exerts an op-
posite effect by increasing myocardial oxygenation. To
assess if these findings translate to a clinical setting, these
techniques will now be applied peri-operatively to inves-
tigate the dynamics of myocardial oxygenation and pos-
sibly the evolution of peri-operative ischaemia in patients
undergoing induction of general anaesthesia.
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