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Abstract

Background: The aim of this study was to investigate the relationship between dia-
betes mellitus (DM) and left atrial (LA) remodelling in a group of patients with heart
failure and reduced ejection fraction (HFrEF), and their combined impact on cardiac
events (CE).

Methods: This study included 136 consecutive HFrEF patients (65 + 11 years), 36
had DM, and 86 had increased LA stiffness (LASt). All patients underwent complete
conventional and tissue Doppler echocardiographic measurements were made in-
cluding LA volumes and function. LASt was calculated using the formula: LASt = E/€’
ratio / PALS.

Results: At 55 + 37 months follow-up, free survival from CE was 69% in patients
without DM and 44.4% in those with DM (p < .0001). The CE free survival was lower
in patients with increased LASt compared to normal LASt, (50 versus. 80%, p < .001),
irrespective of the presence of DM (27 versus. 71%, p < .001).The best cut-off value
of LASt for predicting CE in the group as a whole was > 0.82% [81% sensitivity,
72% specificity and AUC 0.82 (p < .001)]. LASt = 0.82% also predicted CE in no
DM patients [78% sensitivity, 71% specificity and AUC 0.80 (p < .001)] and was a
stronger predictor in DM patients [85% sensitivity, 71% specificity and AUC = 0.847
(p <.001)].

Conclusion: High LA stiffness is associated with poor clinical outcome in patients
with HFrEF. Diabetes has an additional incremental value in determining clinical out-

come in those patients.
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1 | INTRODUCTION

Heart failure (HF) is a known widespread epidemic and constitutes
a major public health problem. (Bytyci & Bajraktari, 2015) Diabetes
mellitus (DM), a well-established risk factor for coronary and myo-
cardial disease, is closely related to HF through many mechanisms,
(Nagoshi et al., 2011) for example impaired cardiac glucose metab-
olism which leads to left ventricular (LV) systolic and diastolic dys-
function. (Rosano et al., 2008) Patients with the two conditions
combined are known to have higher risk of mortality and cardiac
events (CE). (MacDonald et al., 2008) In patients with HF and re-
duced ejection fraction (HFrEF), studies have shown significant
reduction of left atrial (LA) function as shown by deformation mea-
surements, which implicate clinical outcome and prognosis. (Bytyci
et al., 2014; Rossi et al., 2018).

In HF, the commonly seen LA enlargement is associated with
worse symptoms, frequent atrial fibrillation, reduced quality of
life and poor prognosis. (Dini et al., 2002) In addition to structural
changes, LA cavity remodelling and dysfunction also play an im-
portant clinical role in these patients. Impaired LA function results
in raised pulmonary venous pressures (Bytyci et al., 2019) and in-
creased LA stiffness (LASt), a marker of myocardial fibrosis, which
is an important substrate for arrhythmias. (Khurraml et al., 2016)
However, the clinical value of those parameters in prognostic strat-
ification of HFrEF patients and the additional role of DM has not
yet been fully ascertained. The aim of this study was to investigate
the relationship between DM and LA remodelling in HFrEF and their

combined impact on CE.

2 | METHODS
2.1 | Study population

We studied 136 consecutive patients with clinical signs and symp-
toms of HF (New York Heart Association—NYHA class I-lll), and
LV EF < 40%, according to the current ESC guidelines. (Ponikowski
et al., 2016) Patients were divided into those with (n = 36) and with-
out (n = 100) DM, as well as with (n = 68) or without (n = 68) in-
creased LASt, based on a previous suggested cut-off value of 0.99%,
(Kurt et al., 2009) various combinations and permutations consti-
tuted subgroups. All patients were referred to the Cardiac, Thoracic
and Vascular Department of the University of Pisa, Italy between
January 2013 and December 2018, for thorough clinical assessment
for potential diagnosis of HF, and all received detailed Doppler echo-
cardiographic examination.

Exclusion criteria were as follows: atrial arrhythmia, history of
congenital heart disease, pacemaker implantation, valvular sur-
gery, cardiac transplantation, chronic obstructive pulmonary dis-
ease (COPD) or recent acute coronary syndrome, stroke, poor echo
window and age < 18 years. The study was approved by the local
institutional review board, and all patients gave written informed

consent before enrolment in the study. The study was conducted in

Functional Imaging
accordance with institutional policies, national legal requirements,
the revised Helsinki Declaration and was approved by the local insti-
tutional review board (20,110,015,213).

2.2 | Data collection

Detailed history and clinical assessment were obtained in all pa-
tients, in whom routine biochemical tests were also performed,
including complete blood count, blood glucose, electrolytes and kid-

ney function, as well as weight and height measurements.

2.3 | Echocardiographic examination

All echocardiographic examinations were made by one experi-
enced sonographer, using an iE33 X5-matrix Ultrasound echocar-
diograph or an Epic Ultrasound echocardiograph (Philips, Andover,
Massachusetts) equipped with a multi-frequency transducer and
harmonic imaging software as appropriate. All measurements were
performed according to the recommendations of the European
Association of Echocardiography / American Association of

Echocardiography. (Lang et al., 2015).

2.4 | LA structure and function measurements

LA size was measured at end-ventricular systole when the LA was
at its largest dimensions, in both the long-axis view (anterior-poste-
rior diameter) and the 4-chamber view (longitudinal and transverse
diameters). LA volumes were measured using the Simpson method
from the apical 4- and 2-chamber views, in line with the recommen-
dations of the American Society of Echocardiography and European
Society of Cardiology. (Lang et al., 2015) LA maximum volume (LAV
max) was measured at end-systole, just prior to mitral valve opening
by tracing the LA inner border excluding the area under the mitral
valve annulus, and LA minimum volume (LAV min) was measured at
end-diastole, directly after mitral valve closure. LA maximum volume
index (LAVI max) was defined as LAV max divided by body surface
area. Likewise, LAV min was measured and LAVI min calculated.
(Galderisi et al., 2017).

2D speckle tracking software (Q-LAB version 6.0, TMQ, Philips
Medical Systems, Andover, MA) was used to trace the LA endocar-
dial border in the apical 4-chamber view, as recommended by the
EACVI/ASE/Industry Task Force to standardize deformation imaging
(Badano et al., 2018) while taking care to exclude the LA appendage
and pulmonary veins from the LA cavity, and a composite LA longi-
tudinal reservoir strain curve throughout the cardiac cycle was gen-
erated. Peak atrial longitudinal strain (PALS) was derived from the
composite LA strain curve. LASt was calculated using the formula
(Figure S1) (Kurt et al., 2009):

LASt = E/e’ /PALS
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2.5 | LV and RV structure and function
measurements

LV volumes and EF were calculated from the apical 2- and 4-cham-
ber views using the modified Simpson's method. (Lang et al., 2015)
Pulsed-wave Doppler mitral velocity recordings were obtained from
the apical four-chamber view by positioning a 1-2 mm sample vol-
ume by the tips of the mitral valve leaflets, in diastole. Peak early
and late LV diastolic velocities were measured as was E-wave decel-
eration time (DT). RV long-axis myocardial velocities were also stud-
ied using Doppler myocardial imaging technique and conventional
protocols. LV E/e’ was calculated as the ratio between trans-mitral
peak E-wave velocity and mean lateral and septal LV myocardial ve-
locities. Linear internal measurements of the LV were made from the
parasternal long-axis view, carefully obtained perpendicular to the
LV long axis, and measured at the level of the mitral valve leaflet
tips. Mitral regurgitation severity was assessed by colour, continu-
ous-wave Doppler and other conventional quantitative parameters
including the relative mitral regurgitation jet area into the LA. The
flow velocity profile was graded: mild, moderate, or severe, accord-
ing to the guidelines of the American Society of Echocardiography
(Zoghbi et al., 2003) and European Society of Cardiology. (Lancellotti
et al., 2013) Likewise, tricuspid regurgitation was assessed using col-
our Doppler and continuous-wave Doppler techniques. Retrograde
trans-tricuspid peak pressure drop > 35 mmHg was taken as an evi-
dence for pulmonary hypertension. (Rudski et al., 2010).

2.6 | Follow-up

Cardiovascular clinical events (CE) were prospectively reported
during follow-up. Information on patients' clinical outcome was ob-
tained through clinical visits, personal communication with general
physicians, and telephone interviews with patients and relatives, by
trained research nurses. The primary study end point was cardiac
events, combination of death and hospitalization for worsening HF,
and secondary end points were cardiac death and hospitalization.

2.7 | Statistical analysis

Data are summarized using frequencies (percentages) for categorical
variables and mean + standard deviation for continuous variables or
median interquartile (IRQ) ranges, when appropriate continuous data
were compared with two-tailed Student t test and discrete data with
chi-square test. Analysis of variance and Bonferroni statistical tests
were used to compare quantitative variables between more than
two groups. Correlations were tested with Pearson coefficients.
Patients’ survival curves were estimated using the Kaplan-Meier
product limit, which were also compared between groups using the
log-rank test. A significant difference was defined as p value < 0.05
(2-tailed). Statistical analysis was performed with SPSS Software
Package version 22.0 (IBM Corp., Armonk, NY, USA).

3 | RESULTS
3.1 | Clinical and echocardiographic data

One hundred thirty-six patients were included in the study, with a
mean follow-up period of 55 + 37 months (Figure S2). Patients’ mean
age was 66 + 11 years, 29% were females, NYHA class 1.92 + 0.73,
and 84.6% had raised BNP > 125pg/ml. 41% of patients were hyper-
tensives, 26.5% were diabetics, and 33.1% had chronic renal failure.

Mitral regurgitation was present in 28 patients (20.6%) (Table S1).

3.2 | Clinical and echocardiographic data of patients
with and without DM

The age, gender, LV end-systolic dimension (LVEDD), LV end-dias-
tolic dimension (LVESD), LV EF and BNP level did not differ between
patients with and without DM. Patients with DM had higher NYHA
functional class (p = .02), worse right ventricle systolic longitudinal
function-RVs' (p = .01), higher LV E/e’ ratio (p = .02) and LA stiffness
(p =.002, Table S2) than those without DM.

3.3 | Clinical and echocardiographic data of patients
with and without increased LASt

Patients with increased LASt had larger LV dimensions (LVEDD
p = .02 and LVESD p = .03, LVEDV p = .002 and LVESV p < .001)
with lower EF (p = .001), higher E/e’ ratio (p < .001) and reduced
RV e’ (p =.009) compared to those with normal LASt. Also, patients
with increased LASt had larger LA volumes (LAV max and LAVI max
p < .001 for both) and reduced LA strain (p < .001) (Supplement 4).

3.4 | Theimpact of combined DM and LASt on
clinical and echocardiographic data

Patients with neither DM nor increased LASt had smaller LVEDD
(p =.03), larger LVESV (p = .03), lower E/e’ ratio (p < .001), smaller
LA volumes (LAV max and LAVI max, p = .01 for both) and higher
LA strain (p < .001) compared to the other groups. Patients with
raised LASt, irrespective of DM had similar rise in E/e’ ratio
(p < .001) and in addition, had larger LVESV (p = .03), larger LA
volumes (LAV max and LAVI max p = .01 for both) and worse LA
function (LA strain, p < .001) compared to the two groups with
normal LASt (Table 1).

3.5 | Cardiac events
After a mean follow-up of 55 + 37 months, 26 (19.1%) patients

died. Throughout the follow-up, 51 (37.5%) experienced at least
one CE and 25 (18.4%) hospitalization (Table 2). At follow-up,
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TABLE 1 Comparison of clinical and
echocardiographic data of HFrEF with and
without DM/LASt

Variable

Clinical data
Age (years)
Sex (female, n, %)
NYHA class
AH (n, %)
CRF (n, %)

Haemoglobin
(g/dI)

Creatinine (mg/
dl)

BNP pg/ml

BNP > 125 (n, %)
Echocardiographic data

LV EDD (cm)

LV ESD (cm)

EDV (ml)

ESV (ml)

LV EF (%)

E/e' ratio

E-wave DT
(msec)

TAPSE (cm)
PAPS, mmHG

Mitral
regurgitation
(n, %)

LAV max (ml)
LAVI max (ml/m?)
LA strain, %
LASt (%)

Functional Imaging

Gr-1 Gr-ll Gr-lll Gr-IV P
DM-, DM-,

LAST- LAST+ DM+, LAST- DM+, LAST+  value
(n = 54) (n =46) (n=14) (n=22)

64 +12 64 +12 66 +£9.1 67 +7.2 NS
15 (27.7) 7(15.2) 5(35)1 29" 0.02
1.81+0.6 1.85+0.7 20+0.7 2.27+0.7 NS
21(38.9) 20 (43.5) 8(57.4) 7(31.8)" 0.03
13 (24.1) 20(43.4)8  4(28.6) 8(36.3) 0.01
134+18 135+18 13.6 + 1.7 129 +1.9 NS
105+3.3  123+34 103+ 3.3 119 + 3.4 NS
403 + 46 569 + 53 397 + 37 558 + 48 NS
43(79.6) 41(89.1) 12 (85.7) 19 (86.3) NS
59+0.7 64+078  62+06 6.3+0.7 0.03
47+11 52+0.8 49+0.7 51+0.8 NS
190 + 47 220 + 65 181 + 35 214 + 65 NS
129 + 40 158 + 578 121+ 21} 150 + 51 0.03
32+6.8 29 +7.2 34+ 49 30+5.1 0.04
11.5+39 18.6+72% 124+48% 216+10°° <0.001
194 + 71 172 + 60 174 + 64 137 + 36 0.003
19+ 3.5 17 + 3.7 19+2.5 18 + 3.6 NS
35+9.8 38+11 37+91 47 + 12 54! 0.002
6(11.1) 14 (30.4) & o (o) 8(36.3)" 0.01
68 + 24 89 £35¢ 73+ 24 99 +45" 0.01
36+ 13 46 +17°8 38 + 12/ 51+22" 0.01

238+79 12.6+53% 253+91¢ 10.2 +4.6%*f  <0.001
0.54+0.2 173+11® 0.52+016  2.8+2365k <0.001

Note: a) p < .001; Gr. | versus Il b) p <.001; Gr. | versus Ill ¢) p < .001; Gr. | versus IV, d) p < .001;
Gr. Il versus Il e) p < .001; Gr. Il versus IV f) p < .001; Gr. Il versus. IV g) p < .05; Gr. | versus Il h)
p < .05; Gr. | versus i) p < .05; Gr. | versus IV j) p < .05; Gr. Il versus lll k) p < .05; Gr. Il versus IV )

p < .05; Gr. lll versus. IV

Group | (DM-, LASt-): HFrEF without DM and without increased LASt; Group Il (DM-, LAST+):
HFrEF without DM and with increased LASt; Group Il (DM+, LASt-):HFrEF with DM and without
increased LASt; Group IV (DM+, LASt +): HFrEF with DM and with increased LASt; DM: diabetes
mellitus; NYHA: New York Heart Association; AH: arterial hypertension; DM: diabetes mellitus;
CRF: chronic renal failure; LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic
dimension; EDV: end-diastolic volume; ESV: end-systolic volume; TAPSE: tricuspid annular plane
systolic excursion; LA: left atrium; LAV max/LAVI max: left atrial maximal volume/indexed.

the CE free survival was 69% in no DM patients and 44.4% in
DM patients (X? 12.7; p < .0001, Figure 1a). The CE free sur-
vival was also lower in patients with increased LASt, irrespec-
tive of the presence of DM: 1) no DM with normal LASt (85%);
2) no DM with increased LASt (50%); 3) DM with normal LASt

(71%); and 4) DM with increased LASt (27%) (X% 29.6; p < .0001,
Figure 1b).

The best cut-off LASt value for predicting CE in the group as a whole
was = 0.82% [81% sensitivity, 72% specificity and AUC 0.82 (p < .001)]
(Figure 2a). LASt > 0.82% also predicted CE in no DM patients [78%



212 Clinical Physiology and BYTYCI ET AL.
Functional Imaging

TABLE 2 Rate of outcomes in HFrEF patients with and without DM
End point Overall DM- DM+ LAST- LAST+
CE 51 (37.5%) 31 (31%) 20 (55.5%) 12 39
Death 26 (19.1%) 15 (15%) 11 (30.5%) 6 20
Hospitalization 25 (18.4%) 16 (16%) 9 (25%) 6 19

Overall DM-, LAST- DM-, LAST+ DM+, LAST- DM+, LAST+

CE 51 (37.5%) 8(14.8) 23 (50%) 4(28.5) 16 (72.7)
Death 26 (19.1%) 3(5.55) 12(26.1) 3(21.4) 8(36.3)
Hospitalization 25 (18.4%) 5(9.25) 11(23.9) 1(7.14) 8(36.3)

Abbreviations: DM-: without diabetes; DM+: with diabetes; LASt-: without increased LASt; LASt+: with increased LASt; DM: diabetes mellitus; LASt:

left atrial stiffness; CE: cardiac events (death and hospitalization).
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FIGURE 1 Survival free from all in patients CE in HFrEF patients: a) HFrEF patients without DM and HFrEF with DM (X (Nagoshi
etal., 2011) 12.7; p < .0001); b) survival free from CE in patients CE in different groups of HFrEF

sensitivity, 71% specificity, AUC 0.80 (p < .001)], but in DM patients the
same LASt cut-off was a stronger predictor of CE [85% sensitivity, 71%
specificity and AUC = 0.847 (p < .001)] (Figure 2b & 2c).

3.6 | Impact of DM on CE in patients with
increased LASt

Cardiac events were significantly higher in patients with increased LASt
compared to those with normal LASt (59% versus.17.2%, p < .001). CE
in patients with DM were more than in no DM (58.3% versus. 31.0%,

p =.001). When DM was tested as a potential confounder to increased

LASt, the CE were higher compared to increased LASt alone (73.9 ver-
sus. 30.7, p <.001). The prevalence of CE was also higher when DM was
included in the model (51% versus. 38%, p < .001) (Table 3).

3.7 | Reproducibility

The reproducibility of LASt measurements in different territories
and coefficient of variation (CV) was calculated in 10 random pa-
tients by two independent operators, blinded to each other's meas-
urements. The CV was < 10% consistent with low variability and safe
measurements, (Brunzendorf & Behrens, 2007) (Table S3).
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(a) LASt >0-82% in predicting CE
in HFrEF patients
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FIGURE 2 The best cut-off LASt value for predicting CE
4 | DISCUSSION
4.1 | Findings

The main findings in this study are summarized as follows: a)
HFrEF patients without DM or increased LASt had smaller

1 - Specificity

LV dimensions and volume, smaller LA dimensions and bet-
ter LA function compared to other groups; b) patients with in-
creased LASt have raised LV filling pressures and worse LA
and RV cavity functions; and c) the CEs free survival is lower
in patients with increased LA stiffness, particularly in those
with DM.
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TABLE 3 Theimpact of LASt and DM in cardiac events

DM + versus DM-

CE + versus. CE- (%) 58.3 versus. 31.0, p = .001
RR 1.88(1.25-2.81p = 0.001)

PPV (%)
NPV (%)

58.3 (44.3-71.1)
69.5 (63.5-73.9)
66.2(57.5 - 74.1)
38.3(30.1 - 46.9)

Accuracy (%)

Prevalence of CE (%)

LASt + versus. LASt- DM+, LASt+

versus. DM-LASt-

59 versus.17.2, p < .001 73.9 versus. 30.7,

p <.001

3.90 (2.40-6.64,
p <.001

74.0(58.4 - 85.1)
77.8 (58.1-89.8)

77.2(69.2- 83.9)
51.2(35.1 - 67.1)

3.32(1.35-8.16, p = .008)

69.1(58.7 - 77.9)
82.7 (75.1-88.3)
76.1(59.7- 87.6)
38.2(30.0 - 44.7)

Abbreviations: DM: diabetes mellitus; LASt: left atrial stiffens; CE: cardiac events; (+): presence; (-): absence: RR: relative risk; PPV: positive predictive

value; NPV: negative predictive value.

4.2 | Data interpretation

Our study shows that in patients with heart failure and reduced
ejection fraction, LV diastolic function and LA function were less
compromised in those with no DM or increased LASt compared to
patients with DM and/or increased LASt. (Kristensen et al., 2018)
Raised LASt is associated with LA cavity enlargement and com-
promised intrinsic myocardial properties. Such changes, in the
absence of mitral valve disease, reflect significant diastolic LV
disease and raised diastolic pressures. (Bytyci et al., 2020 Apr
25; Khurraml et al., 2016; Melenovsky et al., 2015) Being chronic
in nature and perpetual in deterioration, the LA response to in-
creased cavity pressure is in the form of enlargement, remodel-
ling and finally fibrosis. (Bytyci et al., 2019) These changes result
in worsening cavity function including contraction and stiffness,
which eventually result in raised cavity pressure and pulmonary
venous hypertension. (Bytyci et al., 2019) Our findings confirm
such patho-mechanism in showing worse LA function and signs
of raised cavity pressure in patients with raised LASt. The same
nature of disturbances seems to be even worse in patients with
addition DM. Diabetes is an important risk factor for coronary
and peripheral vascular disease, (Rosenkranz et al., 2016) through
many well-established mechanisms. (Chiha et al., 2012) Thus,
irrespective of the status of the coronary circulation in our pa-
tients, the results show that DM constitutes an additional risk
for worsening LA function, probably through microcirculation
disease. (Low Wang et al., 2016) Finally, our results show that
raised LASt is the strongest predictor of survival in our patients’
sample. We have previously shown that LA cavity enlargement
and myocardial fibrosis predict symptoms in patients with mitral
and aortic valve disease. (Nicoll et al., 2017) The main symptoms
in those patients were breathlessness and arrhythmias. The same
principle applies in this study, although none of our patients had
significant valve disease. A stiff left atrium cannot accommodate
raised cavity pressure, particularly in systole irrespective of mi-

tral regurgitation, which is transmitted to the pulmonary venous

circulation and the right heart, with resulting right ventricular
function disturbances, fluid retention and frequent hospitaliza-
tion. Our result supports such pathophysiology in showing ad-
ditional right ventricular systolic dysfunction in the group of
patients with raised LASt, particularly those with DM. (Henein
et al., 2015; Pinsky, 2016).

4.3 | Limitations

The relatively small number of patients is an important limitation
of this study, particularly with analysis and comparisons made
between four subgroups. The exact duration of the raised LASt
and DM was not known in our patients, variables which could in-
fluence their predictive accuracy of clinical events. The presence
and nature of coronary artery disease were not available for all
patients, who presented with clear clinical signs and symptoms of
heart failure which we think took over the priority for manage-

ment and prognostication.

4.4 | Clinical implications

Our findings show that increased LASt is associated with lower CE
free survival particularly in patients with DM. The LASt associa-
tion with cavity enlargement and raised pressures, our results urge
clinical pressure off-loading treatment, for example with vasodila-
tors, in patients with signs of raised LA pressure before further
worsening dysfunction which may become intractable. Indeed,
we and others have previously shown that patients with raised
LA pressure do badly compared with those with normal LA pres-
sure, particularly those who demonstrate persistently raised LA
pressure at fast heart rate, which suggests poor diastolic reserve.
(Nagueh et al., 1998) Finally, LA stiffness may serve as a good ex-
planation of symptoms and prognosticator in patients with HF a

reduced ejection fraction.
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5 | CONCLUSIONS

High LA stiffness is associated with poor clinical outcome in patients
with heart failure and reduced ejection fraction. Diabetes has an ad-
ditional incremental value in determining clinical outcome in those

patients.
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