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Aims: Sleep disordered breathing (SDB) is known to cause left atrial (LA) remodeling.

However, the relationship between SDB severity and LA dysfunction is insufficiently

understood and may be elucidated by detailed feature tracking (FT) strain analysis of

cardiac magnetic resonance images (CMR). After myocardial infarction (MI), both the

left ventricle and atrium are subjected to increased stress which may be substantially

worsened by concomitant SDB that could impair consequential healing. We therefore

analyzed atrial strain in patients at the time of acute MI and 3 months after.

Methods and Results: 40 patients with acute MI underwent CMR and

polysomnography (PSG) within 3–5 days after MI. Follow-up was performed 3 months

after acute MI. CMR cine data were analyzed using a dedicated FT software. Atrial strain

(ε) and strain rate (SR) for atrial reservoir ([εs]; [SRs]), conduit ([εe]; [SRe]) and booster

function ([εa]; [SRa]) were measured in two long-axis views. SDB was defined by an

apnea-hypopnea-index (AHI)≥15/h. Interestingly, LA εs and εe were significantly reduced

in patients with SDB and correlated negative with AHI as a measure of SDB severity

at both baseline and follow-up. Intriguingly, patients that exhibited a reduced AHI at

follow-up were more likely to have developed improved atrial reservoir and conduit strain

(linear regression, p=0.08 for εs and εe). Patients with improved SDB (1AHI< −5/h)

exhibited a mean improvement of LA reservoir strain of +7.2 ± 8.4% whereas patients

with SDB deterioration (1AHI> + 5/h) showed a mean decrease of −5.3 ± 11.0% (p =

0.0131). Similarly, the difference for LA conduit function was+4.8± 5.9% (1AHI< −5/h)

vs−3.6± 8.8% (1AHI>+5/h). Importantly, conventional volumetric parameters for atrial

function (LA area, LA volume index) did not correlate with AHI at baseline or follow-up.
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Conclusion: Our results show that LA function measured by CMR strain but not by

volumetry is impaired in patients with SDB during acute cardiac injury. Consistent with

a mechanistic association, improvement of SBD at follow-up resulted in improved LA

strain. LA strain measurement might thus provide insight into atrial function in patients

with SDB.

Keywords: AHI, atrial strain, left atrium, cardiac magnetic resonance imaging, CMR, sleep-disordered breathing

INTRODUCTION

Sleep disordered breathing (SDB) is a highly prevalent disease,
especially in patients with heart failure (1, 2). SDB and especially
obstructive sleep apnea negatively affect the heart through
several closely interconnected mechanisms. Breathing against
the obstructed pharynx leads to stark negative intrathoracic
pressures with increased cardiac wall stress and increased
venous return and subsequent right ventricular distension (3).
In combination with hypoxia, this leads to stimulation of the
sympathetic nervous system which elevates blood pressure,
increases myocardial oxygen demand, and favors arrhythmias
(2). Intermittent hypoxia increases the production of myocardial
reactive oxygen species which can impair myocardial and
endothelial function (2). Also, hypoxia stimulates the formation
of myocardial fibrosis by activation of angiotensin II and
aldosterone (2). These detrimental mechanisms can cause
both acute (2, 4, 5) and chronic heart failure (2, 6, 7) and
consequentially, SDB is a predictor of worse cardiovascular
outcome in patients with cardiovascular disease (2). Our
group has demonstrated that SDB impairs myocardial salvage
in patients with acute myocardial infarction (MI) leading to
significantly larger scar tissue areas and altered ventricular
remodeling (8, 9).

Research is often focused on cardiac ventricular function,
however, emerging evidence indicates that LA function plays
an important role in cardiovascular performance and that LA
dysfunction is associated with adverse cardiovascular outcome
such as a higher risk for cardiovascular events (10), new
onset of atrial fibrillation (11), stroke (12), reduced exercise
tolerance in heart failure (13), and higher mortality after MI
(14). SDB does not only affect the ventricles but also the
atria. Due to their thinner and less muscular walls, the atria
are more susceptible to the intrathoracic pressure changes in
SDB resulting in LA enlargement (LA area and LA volume
index) (15, 16). Due to methodological shortcomings, the direct
volumetric evaluation of atrial function (i.e., ejection fraction)
is currently not recommended for routine diagnostics (17).
In contrast, analysis of myocardial deformation by feature
tracking strain analysis provides a tool for the evaluation of
atrial function. Echocardiographic strain analysis has revealed
that LA function is reduced in patients with SDB compared

Abbreviations: AHI, apnea-hypopnea-index; CMR, cardiac magnetic resonance
imaging; CI, confidence interval; eGFR, estimated glomerular filtration rate; LA,
left atrium; LV, left ventricle; MI, myocardial infarction; SDB, sleep-disordered
breathing; SD, standard deviation; STEMI, ST-elevation myocardial infarction;
ε, strain; SR, strain rate.

to healthy individuals (18, 19). However, echocardiographic
evaluation of atrial function is often hampered as it is difficult
to capture the complete atria and atrial walls in many patients
due to often insufficient acoustic windows. Additionally, as
the atria are the farthest chambers from the ultrasonic probe,
technical limitations may further reduce the usefulness of
echocardiography for the quantification of atrial function. In
contrast, cardiac anatomy – especially of the atria – can be
accurately visualized in cardiac magnetic resonance imaging
(CMR). Feature tracking analysis can be applied to CMR cine
data and atrial strain can be derived (20, 21). This method has
recently been successfully used for the characterization of LA
function in healthy individuals (22) and in patients with acute
myocarditis (23), heart failure with preserved ejection fraction
(13) or tako-tsubo syndrome (24). Impaired LA function was
associated with morbidty and mortality in patients with tako-
tsubo syndrome (24), in the general population (25), and in
patients with heart failure (25). On a mechanistical level, reduced
LA strain is associated with histologically assessed fibrofatty
remodeling (26).

However, currently there is no data on atrial strain and the
influence of SDB during acutemyocardial ischemia.We therefore
investigated the influence of SDB on atrial strain by CMR in
patients presenting with acute MI and at 3-month follow up.
Interestingly, at each time point atrial function was decreased in
patients with SDB. However, the change in SDB severity from
baseline to follow-up correlated with the change in atrial strain
function, suggesting a close causal connection between SDB
severity and atrial function.

METHODS

Weperformed a sub-analysis of a prospective observational study
in patients with acuteMI that were enrolled at UniversityMedical
Center Regensburg (Regensburg, Germany) betweenMarch 2009
and March 2012. Details of the study design have been published
previously (27).

Key inclusion criteria for this sub-analysis were as follows:
patients (age 18–80 years) with a first acute MI and PCI treated at
the University Hospital Regensburg within 24 h after symptom
onset were eligible for inclusion. Exclusion criteria were
previous MI or previous PCI, indication for surgical myocardial
revascularization, cardiogenic shock, contraindications for CMR,
and severe comorbidities (e.g., lung disease, stroke, treated SDB).
The study protocol was reviewed and approved by the local
institutional ethics committee (Regensburg, 08–151) and is in
accordance with the Declaration of Helsinki and Good Clinical
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Practice. A written informed consent was obtained from all
patients prior to enrolment.

After screening, of 252 consecutive patients who underwent
percutaneous coronary intervention (March 2009 and March
2012), 74 patients were eligible for the prospective observational
study which involved an evaluation of cardiac function and SDB
severity at the time of MI (baseline) and 3 months later (follow-
up). Thirty four patients were excluded from this sub-analysis
due to missing CMR at baseline (n = 18) or follow-up (n = 7),
missing polysomnography at follow-up (n= 1), or unfeasible LA
strain analysis (n = 8). Only patients with complete baseline and
follow-up data were included. The final sub-analysis included 40
patients, who were divided into two cohorts depending on AHI
at baseline (AHI<15/h [n = 16] and AHI≥15/h [n = 24]) and
AHI at follow-up (AHI<15/h [n= 24] and AHI≥15/h [n= 16])
(Figure 1).

Polysomnography
All patients underwent polysomnography using standard
polysomnographic techniques (Alice System; Respironics,

Pittsburgh, PA, USA) as described before (8, 9, 28, 29). Shortly,
respiratory efforts were measured by means of respiratory
inductance plethysmography, and airflow was measured with
a nasal pressure cannula. Sleep stages, arousals, apneas, and
hypopneas were analyzed by an experienced sleep technician
blinded to the clinical data according to the criteria of the
American Academy of Sleep Medicine (30). Apnea was defined
as cessation of inspiratory airflow for≥10 s. Hypopnea definition
A was used (≥30% reduction in airflow and ≥4% desaturation)
(30). Apnea-hypopnea index (AHI) was defined as the number
of central or obstructive apnea and hypopnea episodes per
hour of sleep (30). The median time to PSG after acute MI
was 3 days.

CMR Imaging
CMR studies were performed 3–5 days after the MI on a clinical
1.5 Tesla scanner (MAGNETOM; Avanto, Siemens Healthcare
Sector, Erlangen, Germany) using a phased array receiver coil
during breath-hold and that was ECG-triggered. Cine short-
axis and long-axis slices were obtained with a steady-state–free

FIGURE 1 | Flow diagram of patients included in the study for analysis at baseline and follow-up. AHI, apnea-hypopnea index; PCI, percutaneous coronary

intervention.
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precision gradient-echo sequence (SSFP-sequence; trueFISP; slice
thickness 8mm, inter-slice gap 2mm, repetition time 60.06ms,
echo time 1.16ms, flip angle 60◦, matrix size 134 x 192 and
readout pixel bandwidth 930Hz pixel−1). The number of Fourier
lines per heartbeat was adjusted to allow the acquisition of 25
cardiac phases covering systole and diastole within a cardiac
cycle. Calculation of cardiac volumes and ejection fraction was
performed commercially available software (syngoArgus, version
B15; Siemens Healthcare Sector). LV volumes and LV ejection
fraction were measured in the serial short axis slices (average of 8
short-axis segments; excluding papillarymuscles). Atrial volumes
were analyzed in the long axis views.

CMR Feature Tracking
Atrial myocardial feature tracking was performed semi-
automatically using a dedicated software (cvi42, Circle
Cardiovascular Imaging Inc., Calgary, Canada). LA borders
were manually traced in the 2- and 4-chamber long-axis views
using LV end-diastole as the reference phase. If necessary, manual
adjustments were performed to obtain optimal wall tracking.

Analysis of LA myocardial deformation was performed
deploying the commonly used Lagrangian strain definition (20).
Longitudinal atrial strain was computed as (L1-L0)/L0, where
L0 is the resting/reference length (LV end diastole) and L1 is
the change of atrial myocardial length throughout the cardiac
cycle. LA strain was analyzed for total strain (εs, corresponding
to atrial reservoir function), passive strain (εe, corresponding
to atrial conduit function), and active strain (εa, corresponding
to atrial booster function) (Figure 2). Strain rate was calculated
as change in ε over time: peak positive strain rate (SRs,
corresponding to atrial reservoir function), peak early negative
strain rate (SRe, corresponding to atrial conduit function), and
peak late negative strain rate (SRa, corresponding to atrial booster
function) (Supplementary Figure 1).

Statistical Analysis
Unless indicated otherwise, descriptive data are expressed as
means ± SD or as frequencies and percentages of each category.
Groups were compared using Student’s T-test for continuous
variables and the Chi-square or Fisher’s exact test for categorial
variables. Linear regression models were calculated to assess the

FIGURE 2 | LA reservoir and conduit function were reduced in patients with SDB. (A) Original recording of cardiac magnetic resonance imaging feature tracking

tracings of left atrial global longitudinal strain in a patient presenting with acute MI without SDB (left) and with SDB (right). Gray arrows indicate the individual

components of LA strain: reservoir (εs), conduit (εe), and booster (εa). (B) Mean data for LA reservoir, conduit, and booster strain as dichotomized scatter plots. In

patients with SDB, there was a significant decrease in LA reservoir and conduit strain. LA booster strain was not different between both groups. Dichotomized scatter

plots include p-values and Cohen’s d.
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correlation of AHI and strain as well as with various volumetric
and functional LA parameters. Scatter plots with regression lines
were used to visualize the relationships between variables. All
reported p-values are two-sided (except for one-sided t-tests for
change in AHI from baseline to follow-up in Figure 4A). P-values
< 0.05 were considered statistically significant. Statistical analysis
was performed in SPSS (SPSS Statistics for Windows, Version
26.0 Armonk, NY: IBM Corp.) and Graphpad Prism (Version
6.01 for Windows, GraphPad Software, La Jolla California USA).

RESULTS

Study Population
Of 252 consecutive patients with MI, 40 were eligible for this
analysis (Figure 1). Patient characteristics stratified for an AHI
at baseline of <15/h or ≥15/h are shown in Table 1. Patients
with SDB (AHI>15/h) had a slightly higher body-mass index
(29.65 vs 27.26 kg/m², p = 0.006), increased nt-pro BNP levels
at discharge (p = 0.005), increased left ventricular (LV) mass
index (p = 0.001). LV ejection fraction was reduced in patients
with SDB without reaching statistical significance (p = 0.062).

Of the 16 patients with no SDB at baseline, two worsened and
had SDB at follow-up. Of the 24 patients with SDB at baseline,
10 improved and had no SDB at follow-up.At follow-up, patients
with SDB had increased nt-pro-BNP-levels (p= 0.028), impaired
renal function (p = 0.012), decreased LV ejection fraction (p =

0.002), and increased values for LVmass index (p= 0.036) as well
as LV end-diastolic volume (p= 0.022, Supplementary Table 1).

All patients received similar medication according to current
guidelines for the management of acute MI and heart failure
(31, 32). Interestingly, only at follow-up systolic and diastolic
blood pressure was reduced in patients with SDB (systolic 115
± 9 mmHg vs 125 ± 14 mmHg; diastolic 68 ± 8 mmHg vs 76 ±
11 mmHg).

Association Between SDB Severity and
Left Atrial Function
Interestingly, during the hospitalization for acute MI (i.e.,
baseline), patients with SDB exhibited significantly lower LA
strain and strain rate as a measure of LA reservoir and conduit
function (Figure 2; Supplementary Figure 1). There was also
a significant negative correlation between AHI as measure of

TABLE 1 | Baseline characteristics stratified for patients with and without SDB (AHI>15/h).

AHI<15/h (N = 16) AHI≥15/h (N = 24)

Mean ± SD Mean ± SD p-Value

Age [years] 54.18 ± 10.72 56.08 ± 9.75 0.574T

Body-mass index [kg/m2] 27.26 ± 1.68 29.65 ± 3.48 0.006T

Male [n, %] 13 (81.2%) 22 (91.6%) 0.372F

Arterial hypertension [n, %] 9 (56.2%) 14 (58.3%) 0.896Chi

Diabetes mellitus [n, %] 2 (12.5%) 5 (20.8%) 0.681F

Hypercholesterolemia [n, %] 6 (37.5%) 7 (29.1%) 0.581Chi

Current smoking [n, %] 11 (68.8%) 10 (41.7%) 0.117F

Apnea-hypopnea-index [1/h] 6.1 ± 3.36 30.35 ± 14.2 <0.001T

STEMI [n, %] 11 (68.8%) 10 (41.7%) 0.117T

Creatinine kinase max [U/L] 1 620.87 ± 1 538.91 2 380.08 ± 1 426.27 0.125T

nt-pro-BNP at discharge [pg/mL] 550.72 ± 410.81 1 377.73 ± 1 227.03 0.005T

eGFR [mL/min/1.73 m2 ] 94.33 ± 16.69 90.37 ± 20.52 0.507T

Resting heart rate [1/min] 72 ± 13.73 79.26 ± 17.19 0.152T

Systolic blood pressure [mmHg] 127.06 ± 25.42 132.45 ± 18.85 0.474T

Diastolic blood pressure [mmHg] 79.62 ± 12.91 79.04 ± 12.1 0.886T

LV ejection fraction [%] 49.42 ± 7.87 44.67 ± 6.89 0.062T

LV ejection fraction < 35% [n, %] 0 (0%) 2 (8.3%) 0.508F

LA area [cm2] 26.31 ± 3.55 24.82 ± 4.24 0.264T

LA volume index [mL/m2] 25.60 ± 13.98 28.04 ± 13.50 0.592T

LA ejection fraction [%] 35.43 ± 7.52 29.76 ± 8.74 0.049T

LV mass index [g/m2] 68.54 ± 10.98 83.47 ± 14.80 0.001T

LV end-diastolic volume [mL] 152.67 ± 32.52 172.22 ± 40.45 0.104T

ACE-inhibitor/angiotensin-receptor blocker [n, %] 15 (93.7%) 24 (100%) 0.400F

β-blocker [n, %] 16 (100%) 22 (91.6%) 0.501F

Loop diuretics [n, %] 5 (31.2%) 10 (41.6%) 0.740F

Mineralocorticoid receptor antagonists [n, %] 7 (43.7%) 14 (58.3%) 0.365Chi

BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; LA, left atrium; LV, left ventricle; SD, standard deviation; SDB, sleep-disordered breathing; STEMI, ST-elevation

myocardial infarction. Bold values mean statistical significance calculated by the two-sided Student‘s t-test (T), Chi-Square-test (Chi), or Fisher‘s exact test (F).

Frontiers in Medicine | www.frontiersin.org 5 February 2022 | Volume 9 | Article 759361

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


Wester et al. SDB Reduced LA Strain After MI

SDB severity and the magnitude of LA reservoir and conduit
strain and strain rate suggesting a causal role of SDB in
impaired LA function (Figure 3; Supplementary Figure 2). In
contrast, LA booster function was not affected by SDB (Figure 3;
Supplementary Figure 2).

We then tested if strain analysis could provide a more detailed
evaluation of atrial function than conventional volumetric LA
parameters. Intriguingly, there was no correlation of LA area and
AHI (Table 2) possibly because of hemodynamic confounding

due to LV dysfunction. In fact, LV dysfunction correlated
significantly with AHI (Table 2).

Association Between SDB and Left Atrial
Strain at Follow-Up
We then sought to evaluate the time course of the association
between SDB severity and left atrial function from baseline
to the 3-month follow-up as this might provide insights
into the causal relationship between SDB and LA function.

FIGURE 3 | LA function correlates negatively with the apnoe-hypopnoea-index (AHI). Shown are scatter plots of AHI and LA reservoirs, conduit, and booster strain at

baseline and follow-up. We performed two analyses for the follow-up data. First, patients were stratified patients for AHI measured at baseline to evaluate the

intra-individual development of SDB and strain over time (middle panel). In this stratification, the correlation of AHI and LA reservoir strain was lost at follow-up.

Second, patients were stratified for AHI measured during follow-up to assess the influence of AHI on LA strain (right panel). In this stratification, the negative correlation

between AHI and La reservoir strain was highly significant. These results show that the AHI may be the main predictor of LA reservoir strain in contrast to other

individual factors. Correlation scatter plots include p-values (bold letters signify statistical significance p < 0.05) and adjusted R2-values.
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Therefore, we performed two analyses for the follow-up data.
First, we stratified patients for AHI measured at baseline to
evaluate the intra-individual development of SDB and strain over
time. Interestingly, the association between SDB and reduced
atrial function being it LA reservoir or conduit (Figure 3)
was substantially weaker compared to the baseline analysis
(Figure 3). However, if patients were stratified for AHI measured
during follow-up, the association of follow-up LA strain with
follow-up AHI was of comparable magnitude as to association
at baseline. Importantly, in contrast to LA booster at baseline,
the magnitude of LA booster at follow-up correlated significantly
negative with follow-up AHI (Figure 3).

A possible explanation for the different association of LA
strain with AHI at baseline and follow-up may result from a

different frequency of apnea events during both time points. In
fact, there was a significant reduction in mean AHI from baseline
to follow-up (Figure 4A).

To test if a change in AHI may be causally linked to a change
in LA strain, we performed a correlation of the 1AHI with
the 1LA reservoir and 1LA conduit function which showed a
strong negative trend but missed statistical significance (linear
regression, p = 0.08 and B = −0.1834 for εs; p = 0.08 and B =

−0.1316 for εe, Figures 4B,D). As a rule of thumb, in our model,
an improvement of AHI of 10/h is linked to an improvement
in LA reservoir function of +1.8 percentage points and of +1.3
percentage points in LA conduit function. After dichotomization,
patients with improved SDB from baseline to follow-up (1AHI<
−5/h) were significantly more likely to develop improved atrial

TABLE 2 | Linear regression of AHI with volumetric LA parameters and volumetric ventricular parameters.

Linear regression analysis at baseline Linear regression analysis at follow-up

With AHI at baseline With AHI at baseline With AHI at follow-up

B 95% CI R2 (adj.) P value B 95% CI R2 (adj.) P value B 95% CI R2 (adj.) P value

LA diastolic

area

0.625 −2.330 to 1.080 −0.013 0.461 −0.134 −6.224 to 55.100 −0.028 0.863 1.290 −0.120 to 2.690 0.065 0.072

LA volume

index

0.180 −0.185 to 0.623 0.006 0.279 −0.120 −0.640 to 0.303 −0.013 0.473 −0.060 −0.538 to 0.375 −0.024 0.718

LV ejection

fraction

−0.800 −1.500 to−0.110 0.107 0.025 −0.717 27.633 to 86.196 0.127 0.015 −0.840 −1.340 to−0.330 0.217 0.002

AHI, apnea-hypopnea-index; CI, confidence interval; LA, left atrium; LV, left ventricle. Bold values mean statistical significance p < 0.05.

FIGURE 4 | Changes in AHI and LA strain from baseline to follow-up. (A) Significant reduction of AHI between baseline and follow-up. (B–E) Show differences in

strain values from baseline to follow-up organized vertically for LA εs, εe, and εa and horizontally for mean difference; correlation of differences in AHI and strain; and

strain values dichotomized for reduction or increase in AHI (> ±5/h, respectively). p-values for total mean difference are calculated with the one-sided Student’s t-test.

Comparison between dichotomized groups were calculated with the two-sided Student’s t-test. Bold p-values signify statistical significance p < 0.05.
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strain (Figure 4C). Patients with improved SDB (1AHI< −5/h)
exhibited a mean improvement of LA reservoir strain of +7.2
± 8.4% whereas patients with SDB deterioration (1AHI>
+5/h) showed a mean decrease of −5.3 ± 11.0% (p = 0.0131)
(Figures 4C,E).

DISCUSSION

Our data shows that the measurement of atrial strain by feature
tracking analysis of CMR imaging provides a more sensitive and
robust marker for atrial function than conventional volumetric
LA parameters. At the time of MI and at the 3-month follow-
up, atrial function was decreased in patients with SDB. Moreover,
the change in SDB severity from baseline to follow-up correlated
with the change in atrial strain function, suggesting a close causal
connection between SDB severity and atrial function.

Atrial Strain Is a Robust Marker for Atrial
Dysfunction After Ischemic Damage in
Patients With SDB
Ischemic damage in MI mainly involves both ventricles
depending on the culprit lesion. Atrial damage in MI may mostly
be secondary to the impaired ventricular function and systemic
effects during MI such as increased activation of the sympathetic
nervous system and of inflammatory pathways. However, direct
hypoxic damage in the atria may be present more frequently than
is generally suspected, as histopathological studies have reported
the incidence of concomitant atrial infarction in 0.7% to 42%
of cases (33). Atrial and ventricular hemodynamics are closely
connected and mutually dependent (34). On the one hand,
passive LA function suffers from LV impairment, and on the
other hand, LA size, contractility, and compliance are important
for optimal LV filling (34). Therefore, it seems plausible that
contractile impairment of the left ventricle upon MI would also
result in atrial contractile dysfunction as well as that any atrial
damage might further reduce LV function and cardiac output.
This atrial damage may be aggravated by concomitant SDB both
acutely and chronically.

Currently, assessment of the LA function is routinely
performed by volumetric measurement of LA size or volume
(34). However, those parameters do not directly describe atrial
function. In our cohort, diastolic LA area and LA volume
index did neither correlate with AHI at baseline nor at follow-
up (stratified for AHI at baseline or stratified for AHI at
follow-up) (Table 2). Current guidelines for echocardiographic
LA quantification do not include measurement of LA ejection
fraction as a functional parameter due to methodological
difficulties (17). In contrast to these conventional parameters
of atrial function, LA strain analysis in CMR cine data offers
a reliable tool to measure atrial function in healthy individuals
(22). In patients with acute myocarditis, reduced LA strain has
been found to be a sensitive parameter of atrial dysfunction
(23). To our knowledge, the effect of SDB on atrial function
assessed by CMR-derived atrial strain has not yet been implored.
Here, we show that patients with severe SDB (AHI>15/h) exhibit
significantly impaired atrial strain upon acute MI. Moreover,

AHI also negatively correlates with LA function (Figure 3;
Supplementary Figure 2) suggesting a cause-effect relationship
between the severity of sleep apnea and LA dysfunction.

Our group has shown that SDB is associated with reduced
LV ejection fraction and that SDB negatively affects cardiac
remodeling in this cohort. There was a clinically relevant
reduction in the severity of SDB in patients whose LV
ejection fraction improved in the 12 weeks following myocardial
infarction whereas the AHI was unchanged in patients whose LV
ejection did not improve (27). The salvage index was reduced
in patients with SDB and consequentially, the infarct size was
significantly larger at follow-up in patients with SDB (8). Also,
structural remodeling was negatively affected by obstructive
sleep apnea (9). It might be suspected that SDB would also
negatively affect atrial function over the time course from
baseline to follow-up. We have therefore also analyzed the
longitudinal change in LA strain after 3 months of follow-up.
Intriguingly, we could show that the association between the
initial AHImeasured duringMI and atrial strainmeasured after 3
months was lost (Figure 3; Supplementary Figure 2). However,
the AHI measured during follow-up significantly correlated with
LA function at follow-up (Figure 3; Supplementary Figure 2).
These observations suggest that that LA function was not
yet permanently impaired, but rather that SDB has a direct
influence on atrial function and that short-term fluctuations in
SDB severity or AHI may produce corresponding changes in
atrial function.

In accordance, the magnitude of the time-dependent change
in AHI from initial investigation to follow-up correlated with
the magnitude of atrial function (Figures 3B,D). Unfortunately,
there are variations in AHI values between consecutive
polysomnographies that are inherent to the method. Chediak
and colleagues reported a mean AHI difference of 3/h in
two consecutive nights (35) and Levendowski and colleagues
found a mean difference for the AHI of 6/h when the two
measurements were 1 month apart (36). Based on the above
mentioned empirical data, we determined changes in AHI >

±5/h between baseline and 3-month follow-up to be clinically
significant and stratified patients for improvement, deterioration,
or no difference of SDB severity. According to this stratification,
a statistically significant difference between atrial strain values
(reservoir and conduit) in patients with worsened or improved
AHI can be observed (Figures 3C,E).

There are some circumstantial factors that have to be
considered when comparing the measurements for AHI and
atrial strain at baseline and follow-up. First, MI leads to acute
heart failure and abrupt changes in LV hemodynamics which
instantly affect atrial function. Reduced LV ejection fraction
results in reduced displacement of the atrioventricular plane
which is a major contributor to passive LA reservoir function.
Thus, reduced LV ejection fraction contributes to reduced LA
reservoir function. Reduced LV ejection fraction and forward
heart failure elevate atrial pressure which also affects atrial
function. This notion is supported by our observation of
increased nt-pro-BNP levels for patients with SDB and reduced
atrial strain at baseline (Table 1). Second, SDB is associated with
reduced LV ejection fraction and the burden of SDB is reduced
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when the LV function recovers after myocardial infarction (27).
These observations suggest that the AHI measured at the initial
hospital admission during MI might be overestimated and that
patients that would normally not qualify for SDB exhibit an
increased AHI which then, over the time to the follow-up,
normalizes again. This view is strengthened by the shifting
percentage of patients with an AHI >15/h that drops from
initially 60% (24 of 40) to 40% (16 of 40) at follow-up (Figure 1).

Despite these considerations, our data shows a moderate
correlation of AHI and LA function at two different points in
time, thus strongly suggesting that SDB is connected to LA
dysfunction in the acute and chronic setting of cardiac disease.

Study Limitations
All CMR cine data were captured in three different planes
in the two- and four chamber views. For the calculation of
strain, the plane best depicting atrial geometry was chosen.
However, the strain analysis was performed on cine images that
were originally intended to provide optimal quantification of
the left ventricle. Thus, the geometry of the atria might not be
optimally represented, and the strain be miscalculated. This was
the case in eight patients which have therefore been excluded
from the analysis. A selection bias toward less severe cases may
occur due to the exclusion criteria which excluded severe lung
disease and treated SDB.

CONCLUSION

Our results show that LA function measured by CMR strain
analysis is impaired in patients with SDB both chronically and
during states of acute cardiac injury such as MI. Correlation
between AHI and strain values was more robust at follow-up
suggesting that disruptive factors may obscure the relationship
of SDB and atrial dysfunction in states of acute cardiac
injury. Interestingly, conventional volumetric parameters of
atrial function such as LA area and LA volume index did
not correlate with AHI at baseline or follow-up. LA strain
measurement thus provides additional insight into atrial function
at acute and chronic cardiac injury and SDB.

CLINICAL OUTLOOK

“Sleep-disordered breathing and especially obstructive sleep
apnea are highly prevalent and clinically relevant cardiovascular
risk factors. As they result in impaired cardiac and particularly
atrial function, it is crucial to identify patients at risk with
polysomnography. Our group has recently shown that the
magnitude of the ECG parameter P-wave terminal force in lead
V1 is associated with the apnea-hypopnea index and may thus
serve as a readily available parameter to identify patients that

should be screened for SDB by polysomnography (37). Treatment
options for obstructive sleep apnea include automatic positive
airway pressure, which has recently been shown to improve
cardiopulmonary exercise capacity and left ventricular ejection
fraction in patients with heart failure with reduced ejection
fraction (38). The results of this observational study reported here
have led to the initiation of the interventional TEAM-ASV-I trial
(39). It is, therefore, crucial to efficiently screen cardiac patients
to identify and treat sleep-disordered breathing.
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