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Abstract
Background
Functional mitral regurgitation (FMR) in type 2 diabetes mellitus (T2DM) patients induced by left ventricular (LV) enlargement and mitral valve abnormality may aggravated the impairment in left atrial (LA) compliance. Thus, this study aimed to depict how FMR and LV dysfunction affect LA compliance in T2DM patients with FMR.

Materials and methods
A total of 148 patients with T2DM and 49 age- and sex-matched normal controls  underwent cardiac magnetic resonance examination. LA longitudinal strain and LA and LV functional indices were compared among controls and different T2DM patients. The multivariate analysis was used to identify the independent indicators of LA longitudinal strain.

Results
T2DM Patients without FMR had a lower total LA empty fraction (LAEF) compared with the controls (all P < 0.05). T2DM patients with mild and moderate FMR showed increased LA volume (LAV) and LV volume while decreased LAEF, LA strain, and LV ejection fraction (P < 0.05). T2DM patients with severe FMR showed markedly increased LAV and LV volume while decreased LAEF, LA strain, and LVEF (P < 0.05). In T2DM patients with FMR, reservoir strain (εs) was independently correlated with LV end-diastolic volume (LVEDV) (β = − 0.334) and regurgitation degree (β = − 0.256). The passive strain (εe) was independently correlated with regurgitation degree (β = − 0.297), whereas the active strain (εa) was independently correlated with LVESV (β = − 0.352) and glycated haemoglobin (β = − 0.279).

Conclusion
FMR may aggravate LA and LV dysfunction in T2DM patients. Regurgitation degree was an independent determinant of the εs and the εe, LVEDV was an independent determinant of the εs, and LVESV was an independent determinant of the εa in T2DM patients with FMR.
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Background
Functional mitral regurgitation (FMR) is reported as the most common heart valve disease in type 2 diabetes mellitus (T2DM) and accounts for 32% of this population [1]. FMR in T2DM patients induced by left ventricular (LV) enlargement, mitral annular dilation, papillary muscle displacement and mitral valve insufficiency is a common comorbidity in T2DM patients and is independently associated with an increased risk of mortality risk [2]. Epidemiologic studies show that the mild FMR leads to a 3.3-fold and the moderate to severe FMR leads to a 5.1-fold increase in all-cause mortality of T2DM patients [3, 4]. The exploration of the FMR contribution to myocardial abnormalities is important to the clinical management and risk evaluation in T2DM patients.
Most previous studies on myocardial abnormalites in T2DM patients with FMR have focused on the LV. However, the left atrium (LA) plays an important role in LV filling and regulating cardiac output regulation during the whole cardiac cycle [5]. T2DM with FMR may have blood flowing back into the LA from the LV during ventricular systole, thereby aggravating the impaired LA compliance, and conversely affecting the LV function [4, 6]. LA function has been shown independently correlated with the risk of hospitalisation for heart failure and mortality and may provide information in LV diastolic function assessment [7–9]. The exploration of FMR contribution to myocardial abnormalities and atrioventricular coupling is important for the clinical management and risk evaluation of T2DM patients.
Decreased LA strain was detected in T2DM although the LA volume was normal [10]. However, data on impaired LA strain and LV diastolic function coupling in the population of T2DM with FMR and the atrioventricular coupling remains limited. Moreover, LA function measures were proved as a sensitive early markers of dysfunctional LV diastolic and impaired LA strain impairment as measured by speckle tracking echocardiography as one of the first signs of diastolic dysfunction [10, 11].
Cardiac magnetic resonance (CMR) can provide an accurate morphological and functional LA and LV estimation in a ‘one-stop-shop’ scan [12, 13]. Growing evidence has been proven that CMR-derived strain can offer superior multiplanar imaging and real-time tracking of myocardial deformation regardless of limited acoustic window and operator dependence [14–16]. Therefore, this study aimed to depict how FMR aggravates the impaired LA compliance and LV function and to investigate the atrioventricular coupling in T2DM patients with FMR.
Materials and methods
Study population
This study included 204 patients who are clinically diagnosed with T2DM (based on the current American Diabetes Association guidelines: patients with fasting plasma glucose levels of ≥ 7.0 mmol/L, random plasma glucose levels of ≥ 11.1 mmol/L, or glycated haemoglobin (HbA1c) levels of ≥ 6.5%) and who underwent CMR scans in our hospital from December 2017 to December 2020 [17]. A total of 56 patients were excluded from the study because of ischaemic heart disease, rheumatic heart disease, congenital heart disease, primary cardiomyopathy and other heart valve diseases, CMR contraindications, poor image quality and incomplete scan Finally, a total of 148 T2DM patients with an average age of 58.2 ± 10.8 years and a body mass index (BMI) of 24.7 ± 3.7 kg/m2 were included. Among them, 54 (36.5%) cases had FMR (17 mild cases, 18 moderate cases and 19 severe cases) and 94 (63.5%) cases had no FMR (Additional file 1). Moreover, 49 age- and sex-matched normal individuals were enrolled in the control group [34 males and 15 females; mean age: 55.5 ± 6.8 years; BMI: 22.5 (20.4, 24.7) kg/m2].
Clinical data, including gender, age, height, weight, blood pressure, resting heart rate, fasting plasma glucose (FPG), HbA1c, months with diabetes, total cholesterol, triglycerides, high-density lipoprotein, low-density lipoprotein and antidiabetic drugs (biguanides, sulfonylureas, α-glucosidase inhibitors, glucagon-like peptide-1/dipeptidyl peptidase-4 inhibitors, sodium-glucose cotransporter 2 inhibitors and insulin), were collected from the digital medical records. The baseline information of the control group was collected before the CMR scans. The BMI was calculated as weight (kg) divided by the square of height (m) [18]. Blood pressure and resting heart rate was recorded as an average of three measurements in the right arm in a sitting position after a 10-min resting period.
CMR examination
We used a 3.0 T whole-body scanner (Skyra; Siemens Medical Solutions, Erlangen, Germany) with a 32-channel body phased-array coil to conduct a CMR scan in the supine position. A series of 8–12 continuous short-axis views of LV and a four- or two-chamber long-axis views of the left heart was obtained using steady-state free precession (slice thickness: 8.0 mm; field of view: 360 × 300 mm2; matrix size: 256 × 166 pixels; flip angle: 40°; repetition time: 2.81 ms; and echo time: 1.22 ms).
Image post-processing
Volumetric and functional analysis
Two experienced radiologists performed the image post-processing on commercial software (cvi42; Circle Cardiovascular Imaging, Inc., Calgary, AB, Canada). Firstly, The endocardial contour of the LA, left and right ventricle was manually delineated in the end-diastolic and end-systolic images of the LV. Additionally, the long and short diameters of the LA were measured. LA volumetric analysis was performed according to the biplane area-length method. The system automatically calculated the maximum LA volume (LAVmax), LA volume prior to atrial contraction (LAVpac) and minimum LA volume (LAVmin). Then, LA function indices were calculated, including total LA emptying fraction (LAEF), passive LAEF and active LAEF [19]. The LV parameters, including LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV stroke volume (LVSV), LV ejection fraction (LVEF), LV mass and right ventricluar stroke volume (RVSV), were also automatically computed according to the standardized image interpretation and post-processing [20].
LA strain analysis
Tissue tracking technology was used to track each myocardial voxel on the horizontal 4-chamber long-axis and vertical 2-chamber long-axis cine slices. Then the software automatically analysed the global longitudinal strain indices of the LA, including reservoir strain (εs), passive strain (εe), active strain (εa), peak positive strain rate (SRs), peak early negative strain rate (SRe) and peak late negative strain rate (SRa) [19].
FMR diagnosis and classification in T2DM patients
The regurgitation signal could be identified on the short axis, four-chamber long axis and two-chamber long axis views on cine sequence as a high-speed black retrograde signal from the LV to the LA through the mitral valve during ventricular systole [21]. The regurgitation fraction (RF) was calculated by using LVSV and RVSV according to the following the formula: RF = (LVSV − RVSV)/LVSV [22]. T2DM patients with FMR were further divided into mild (RF of < 30%), moderate (RF of 30%–50%) and severe (RF of ≥ 50%) regurgitation according to the calculated results [14, 23].
Reproducibility of LA strain
The intra-observer variability in the LA strain indices was assessed by an experienced investigator by comparing the measurements from 60 randomly selected cases analysed by the same observer after one month. The inter-observer variability was evaluated by comparing the measurements from the same population by another independent double-blinded experienced observer.
Statistical analyses
All continuous variables are showed as the mean ± standard deviation. Comparisons between two groups were analysed using Student’s t-test or the Mann–Whitney U test as appropriate. Comparisons between more than two groups were made with one-way analysis of variance. The frequency (percentage) was used to represent the categorical variables, and the Chi-square test was used to compare the constituent ratio between different groups. Spearman’s test was used to analyse the correlation between LA strain and LV function indices. LV variables with P < 0.05 and no collinearity in univariate analysis along with clinical characters (FPG, HbA1c, months with diabetes, regurgitation degree) were included in the backward multiple linear regression model adjusted by age, BMI, and resting heart rate. Inter-observer and intra-observer variability of LA strain were assessed by the intraclass correlation coefficient (ICC). All analyses were performed by a two-tailed test, and P < 0.05 was considered statistically significant.
Results
Baseline characteristics of the study cohort
Table 1 shows the baseline characteristics, fasting plasma glucose (FPG), glycated haemoglobin (HbA1c), months with diabetes, blood lipid levels, regurgitation degrees, and medication. T2DM patients with FMR were older [60.2 ± 11.9 years vs. 55.2 ± 6.8 years] and had significantly higher weight [66.7 ± 9.7 kg vs. 60.4 ± 10.7 kg] and BMI [25.4 ± 4.9 kg/m2 vs. 23.2 ± 3.7 kg/m2] compared with those in the normal control (P < 0.05). T2DM patients without FMR had higher weight [65.9 ± 10.7 kg vs. 60.4 ± 10.7) kg], BMI [24.3 ± 2.9 kg/m2 vs. 23.2 ± 3.7 kg/m2] and systolic blood pressure [128.7 ± 19.6 mmHg vs. 119.4 ± 5.2 mmHg] than the normal ones (P < 0.05). patients with FMR patients suffered through longer months with diabetes than patients without FMR patients [12.8 ± 5.5 months vs. 8.3 ± 7.0 months, P < 0.05] (Fig. 1).Table 1Clinical characteristics of the study population


	 	Normal (n = 49)
	T2DM

	Without FMR (n = 94)
	With FMR (n = 54)

	Gender, male (%)
	34 (69.4)
	65 (69.1)
	34 (62.9)

	Age, years
	55.2 ± 6.8
	57.1 ± 9.9
	60.2 ± 11.9a

	Height, cm
	161.0 ± 6.4
	164.5 ± 8.5
	162.8 ± 10.5

	Weight, kg
	60.4 ± 10.7
	65.9 ± 10.7a
	66.7 ± 9.7a

	BMI, kg/m2
	23.2 ± 3.7
	24.3 ± 2.9a
	25.4 ± 4.9a

	SBP, mmHg
	119.4 ± 5.2
	128.7 ± 19.6a
	125.7 ± 25.3

	DBP, mmHg
	79.9 ± 7.6
	79.9 ± 12.6
	76.9 ± 18.6

	Rest heart rate, bmp
	74.1 ± 10.0
	77.0 ± 12.3
	77.8 ± 14.6

	FPG, mmol/L
	–
	9.8 ± 4.9
	9.3 ± 4.9

	HbA1c, %
	–
	7.9 ± 1.9
	8.2 ± 1.5

	Months with diabetes, months
	–
	8.3 ± 7.0
	12.8 ± 5.5b

	 TC, mmol/L
	–
	4.6 ± 1.9
	4.2 ± 1.7

	 TG, mmol/L
	–
	2.1 ± 2.3
	2.0 ± 1.4

	 HDL, mmol/L
	–
	1.2 ± 0.5
	1.0 ± 0.4

	 LDL, mmol/L
	–
	2.5 ± 1.3
	2.4 ± 1.2

	T2DM with mild regurgitation, n (%)
	–
	–
	17(31.5)

	T2DM with moderate regurgitation, n (%)
	–
	–
	18 (33.3)

	T2DM with severe regurgitation, n (%)
	–
	–
	19 (35.2)

	Medication, n
	 	 	 
	 Biguanides
	–
	49
	25

	 Sulfonylureas
	–
	6
	8

	 α-Glucosidase inhibitor
	–
	21
	14

	GLP-1 receptor and DPP-4 inhibitors
	–
	9
	8

	SGLT-2 inhibitors
	–
	12
	5

	Insulin
	–
	33
	19


a, P < 0.05, T2DM vs. Normal; T2DM, type 2 diabetes mellitus; FMR, functional mitral regurgitation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein
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Fig. 1Calculation of left atrial volume and function. The left atrial endocardial contour (orange curve) was delineated and the long and short diameters (yellow line) of the LA were measured at the end of left ventricular systole (A1,2), before left atrial systole (B1,2) and end of left ventricular diastole (C1,2) of the four-chamber long axis (A1, B1, C1) and two-chamber long axis (A2, B2, C2) images of CMR slices. And the left atrial volume (LAV) and left atrial emptying fraction (LAEF) according to the formula. a: the short diameter of the left atrium; b: the long diameter of the left atrium; L: the shorter length of the long axis of the left atrium in two-chamber or four-chamber cardiac planes


Table 2 showed the comparison among normal individuals and T2DM patients with different FMR stages. Figure 2 showed CMR cine pseudo-colour images and CMR-derived strain curves of LA strain in normal individuals and T2DM patients with and without FMR.Table 2Comparison of left atrial and ventricular CMR characteristics among study groups


	 	Normal (n = 49)
	T2DM

	Without FMR (n = 94)
	With mild FMR (n = 17)
	With moderate FMR (n = 18)
	With severe FMR (n = 19)

	LA parameters

	 LAVmax, mL
	57.8 ± 16.2
	63.9 ± 26.5
	98.8 ± 33.7ab
	97.2 ± 41.7ab
	149.9 ± 90.3abcd

	 LAVpac, mL
	39.7 ± 13.0
	46.4 ± 23.5
	80.9 ± 32.1ab
	79.2 ± 39.0ab
	128.0 ± 95.0abcd

	 LAVmin, mL
	23.1 ± 7.8
	29.4 ± 19.3
	59.9 ± 29.2ab
	62.2 ± 35.6ab
	106.9 ± 95.1abcd

	 Total LAEF, %
	60.0 ± 8.4
	52.2 ± 14.5a
	41.6 ± 13.3a
	39.8 ± 19.0ab
	32.1 ± 19.5abc

	 Passive LAEF, %
	30.4 ± 19.4
	27.7 ± 15.3
	19.6 ± 6.4a
	20.3 ± 10.0a
	13.2 ± 9.4ab

	 Active LAEF, %
	38.9 ± 22.3
	39.0 ± 14.2
	27.5 ± 15.5a
	22.4 ± 16.9a
	28.4 ± 21.6ab

	LA strain, %

	 εs
	48.4 ± 16.9
	39.9 ± 18.4a
	24.5 ± 10.3ab
	22.0 ± 15.2ab
	14.7 ± 11.2abc

	 εe
	30.1 ± 14.7
	19.3 ± 9.3a
	9.2 ± 5.1ab
	8.9 ± 5.4ab
	6.4 ± 5.5abc

	 εa
	18.3 ± 7.1
	20.7 ± 12.3
	15.3 ± 9.0a
	13.1 ± 11.2ab
	8.3 ± 6.7abc

	LA SR (1/s)

	 SRs
	0.4 ± 2.8
	1.2 ± 2.0
	0.8 ± 1.1
	1.2 ± 0.7
	0.9 ± 0.6

	 SRe
	 − 2.4 ± 0.9
	 − 1.9 ± 1.4a
	 − 1.3 ± 0.9a
	 − 1.0 ± 0.8ab
	 − 0.6 ± 0.6abc

	 SRa
	 − 0.6 ± 2.6
	 − 1.3 ± 2.2
	 − 1.0 ± 1.6
	 − 1.4 ± 1.1
	 − 1.0 ± 1.2

	LV parameters

	 LVEDV
	122.2 ± 27.1
	132.7 ± 42.8
	182.2 ± 64.1a
	200.6 ± 78.2ab
	214.6 ± 85.9ab

	 LVESV
	45.4 ± 12.6
	54.1 ± 30.7
	104.6 ± 52.0ab
	125.6 ± 84.4ab
	140.4 ± 83.1abc

	 LVSV
	76.9 ± 18.7
	78.6 ± 23.0
	77.7 ± 17.0
	80.5 ± 31.2
	74.2 ± 23.1

	 LVEF
	62.6 ± 5.9
	60.6 ± 10.1
	45.6 ± 11.6ab
	45.3 ± 19.3ab
	40.2 ± 19.5ab

	 LVM
	73.1 ± 19.2
	96.2 ± 32.5a
	121.6 ± 338.9ab
	116.5 ± 45.0ab
	108.3 ± 37.8a


a, P < 0.05, compared to normal; b, P < 0.05, compared to T2DM without FMR; c, P < 0.05, compared to T2DM with mild FMR; T2DM, type 2 diabetes mellitus; FMR, functional mitral regurgitation; LA, left atrium; LV, left ventricle; LVEDV, left ventricle end-diastolic volume; LVESV, left ventricle end-systolic volume; LVSV, left ventricle stroke volume; LVEF, left ventricle ejection fraction; LVM, left ventricle mass; LAVmax, maximum left atrial volume; LAVpac, left atrial volume prior to atrial contraction; LAVmin, minimum LA volume; LAEF, left atrium emptying fraction; εs, left atrial reservoir strain; εe, left atrial passive strain; εa, left atrial active strain; SRs, peak positive strain rate; SRe, peak early negative strain rate; SRa, peak late negative strain rate


[image: ]
Fig. 2CMR cine pseudo-colour images and strain-time curves of LA strain in normal individuals and T2DM patients with and without FMR. A1-3: T2DM with FMR, female, 64 years old, εs = 7.5%, εa = 1.8%; B1-3: patient with T2DM without FMR, male, 56 years old, εs = 31.8%, εa = 17.1%; C1-3: normal individual, female, 51 years old, εs = 38.1%, εa = 17.3%. CMR, cardiac magnetic resonance; T2DM: type 2 diabetes mellitus; FMR: functional mitral regurgitation; εs: left atrial reservoir strain; εa: left atrial active strain


Comparison of CMR indices between T2DM patients without FMR and normal individuals
T2DM without FMR had lower total LAEF [52.2 ± 14.5% vs. 60.0 ± 8.4%], εs [39.9 ± 18.4% vs. 48.4 ± 16.9], lower εe [19.3 ± 9.3% vs. 30.1 ± 14.7%] and  SRe [− 1.9 ± 1.4 1/s vs. − 2.4 ± 0.9 1/s]. For LV indices, only LVM was significantly increased than normal individuals [91.6 (71.8, 115.0) g vs. 73.1 ± 19.2 g, P < 0.05]. The rest indices in T2DM patients without FMR were similar as that in normal individuals (all P > 0.05).
Myocardial abnormalities of LA and LV in T2DM patients with mild FMR
T2DM patients with mild FMR had increased LAVmax (98.8 ± 33.7 mL vs. 63.9 ± 26.5 mL, 57.8 ± 16.2 mL), LAVpac [80.9 ± 32.1 mL vs. 46.4 ± 23.5 mL, 39.7 ± 13.0 mL] and LAVmin [59.9 ± 29.2 mL vs. 29.4 ± 19.3 mL, 23.1 ± 7.8 mL] while decreased εs [24.5 ± 10.3 vs. 39.9 ± 18.4%, 48.4 ± 16.9) %] and εe [9.2 ± 5.1% vs. 19.3 ± 9.3%, 30.1 ± 14.7%] compared both with patients without FMR and normal individuals (all P < 0.05). Besides, passive LAEF [19.6 ± 6.4% vs. 30.4 ± 19.4%], active LAEF [27.5 ± 15.5% vs. 38.9 ± 22.3%] and εa [15.3 ± 9.0% vs. 18.3 ± 7.1%] began to decline in patients with mild FMR compared to normal individuals (all P < 0.05). For LV indices, patients with mild FMR had obviously increased LVEDV (182.2 ± 64.1 mL vs. 122.2 ± 27.1 mL), increased LVESV [104.6 ± 52.0 ml vs. 45.4 ± 12.6 mL], increased LVM [121.6 ± 338.9 g vs. 73.1 ± 19.2 g] and decreased LVEF (45.6 ± 11.6% vs. 62.6 ± 5.9%) compared to normal individuals and T2DM patients without FMR (all P < 0.05).
Myocardial abnormalities of LA and LV in T2DM patients with moderate FMR
T2DM patients with moderate FMR had progressively decreased total LAEF [39.8 ± 19.0% vs. 52.2 ± 14.5%, 60.0 ± 8.4%], εa [13.1 ± 11.2%, 20.7 ± 12.3%, 18.3 ± 7.1%], and SRe [− 1.0 ± 0.8 1/s vs. − 1.9 ± 1.4 1/s, − 2.4 ± 0.9 1/s] compared to both T2DM patients without FMR and normal individuals (all P < 0.05). For LV indices, patients with moderate FMR had progressively increased LVEDV [200.6 ± 78.2 mL vs. 132.7 ± 42.8 mL, 122.2 ± 27.1 mL] and decreased LVEF [45.6 ± 11.6% vs. 60.6 ± 10.1%, 62.6 ± 5.9%] compared to both patients without FMR and normal individuals (all P < 0.05).
Myocardial abnormalities of LA and LV in T2DM patients with severe FMR
For LA indices, T2DM patients with severe FMR had marked increase in LAVmax, LAVpac and LAVmin compared with normal individuals, patients without FMR, and T2DM with mild/moderate FMR (all P < 0.05). Moreover, patients with severe FMR had marked decrease in total LAEF (32.1 ± 19.5% vs. 41.6 ± 13.3%, 52.2 ± 14.5%, 60.0 ± 8.4%), εs [14.7 ± 11.2% vs. 24.5 ± 10.3%, 39.9 ± 18.4%, 48.4 ± 16.9%], εe [6.4 ± 5.5% vs. 9.2 ± 5.1%, 19.3 ± 9.3%, 30.1 ± 14.7%], εa [8.3 ± 6.7% vs. 15.3 ± 9.0%, 20.7 ± 12.3%, 18.3 ± 7.1%] and SRe [-0.6 ± 0.6 1/s vs. − 1.3 ± 0.9 1/s, − 1.9 ± 1.4 1/s, − 2.4 ± 0.9 1/s) than patients with mild FMR, patients without FMR and normal individuals respectively (all P < 0.05). Additionally, the passive LAEF [13.2 ± 9.4% vs. 27.7 ± 15.3%, 30.4 ± 19.4%] and active LAEF [28.4 ± 21.6% vs. 39.0 ± 14.2%, 38.9 ± 22.3%] were progressively decreased compared with T2DM patients without FMR and normal subjects (all P < 0.05).
For LV indices, T2DM patients with severe FMR had markedly increased LVEDV [214.6 ± 85.9 mL vs. 132.7 ± 42.8 mL, 122.2 ± 27.1 mL] and LVESV [140.4 ± 83.1 mL vs. 54.1 ± 30.7 mL, 45.4 ± 12.6 mL] while decreased LVEF [40.2 ± 19.5% vs. 60.6 ± 10.1%, 62.6 ± 5.9%] compared to both T2DM patients without FMR and normal individuals (all P < 0.05).
Influencing factors of LA strain in T2DM patients with FMR
Firstly, the εs was negatively correlated with LVEDV (R = -0.378, P < 0.05) and LVESV (R = -0.369, P < 0.05) and positively correlated with LVEF (R = 0.310, P < 0.05) in T2DM patients with FMR (P < 0.001). No correlation was found between εs and LVSV and LVM (P = 0.677, 0.361, respectively). Moreover, there was no correlation between εe and LV indices (P = 0.124, LVEDV; 0.202, LVESV; 0.768, LVSV; 0.337, LVEF; 0.361, LVM; respectively). Additionally, The εa was negatively correlated with LVEDV (R = − 0.397, P < 0.05) and LVESV (R = -0.405, P < 0.05), and positively correlated with LVEF (R = 0.349, P < 0.05)) in T2DM patients with FMR (all P < 0.05). No correlation was found between the εa and LVSV and LVM (P = 0.687, 0.459, respectively). Figure 3 showed  scatter plots that illustrates the correlations between the εs or the εa and LV function indices.[image: ]
Fig. 3Correlations between the εs or the εa and LV function indices. LA, left atrium; εs, left atrial reservoir strain; εa, left atrial active strain; LVEDV, left ventricle end-diastolic volume; LVESV, left ventricle end-systolic volume; LVEF, left ventricle ejection fraction; r, correlation coefficient


The multivariate analysis showed that the εs was independently correlated with the LVEDV [β = − 0.334; 95% confidence intervals (CI) = − 0.099 to − 0.013] and regurgitation degree [β = − 0.256; 95% CI = − 7.993 to − 0.027]. The εe was independently correlated with the regurgitation degree (β = − 0.297; 95% CI = − 3.872 to − 0.007). Finally, the εa was independently correlated with the LVESV (β = − 0.352; 95% CI = − 0.074 to − 0.014) and the HbA1c (β = − 0.279; 95% CI = − 3.259 to − 0.255) (Table 3).Table 3Multivariate analysis between LA strain and regurgitation degree or LV indices in T2DM with FMR patients


	 	εs (Adjusted R2 = 0.207)
	εe (Adjusted R2 = 0.189)
	εa (Adjusted R2 = 0.242)

	β
	P
	95% CI for B
	β
	P
	95% CI for B
	β
	P
	95% CI for B

	FPG
	0.123
	0.335
	–
	0.058
	0.686
	–
	0.124
	0.329
	–

	HbA1c
	 − 0.213
	0.088
	–
	 − 0.069
	0.634
	–
	 − 0.279
	0.023
	 − 3.259, − 0.255

	Months with diabetes
	 − 0.003
	0.983
	–
	 − 0.154
	0.275
	–
	0.080
	0.526
	–

	Regurgitation degree
	 − 0.256
	0.049
	 − 7.993, − 0.027
	 − 0.297
	0.049
	 − 3.872, − 0.007
	 − 0.234
	0.058
	–

	LVEDV
	 − 0.334
	0.011
	 − 0.099, − 0.013
	–
	–
	–
	 − 0.069
	0.838
	–

	LVESV
	 − 0.061
	0.861
	–
	–
	–
	–
	 − 0.352
	0.005
	 − 0.074, − 0.014

	LVEF
	0.063
	0.739
	–
	–
	–
	–
	0.021
	0.939
	–


The regression model was adjusted by age, BMI, and heart rate. P < 0.05 in univariate analysis and entered into the multivariate model. T2DM, type 2 diabetes mellitus; FMR, functional mitral regurgitation; LA, left atrium; LV, left ventricle; LVEDV, left ventricle end-diastolic volume; LVESV, left ventricle end-systolic volume; LVEF, left ventricle ejection fraction; εs, left atrial reservoir strain; εe, left atrial passive strain; εa, left atrial active strain; CI, confidence intervals. There was no correlation between LVSV / LVM with LA strain, thus they did not enter the multivariate model



Reproducibility of LA PS
ICC analysis showed that CMR tissue tracking technique was effective in measuring LA εs (within observer: ICC = 0.959, 95% CI = 0.948–0.959; between observer: ICC = 0.886, 95% CI = 0.816–0.934), εe (within observer: ICC = 0.948, 95% CI = 0.911–0.971; between observer: ICC = 0.858, 95% CI = 0.774–0.918), εa (within observer: ICC = 0.950, 95% CI = 0.916–0.972; between observer: ICC = 0.865, 95% CI = 0.783–0.921), SRs (within observer: ICC = 0.914, 95% CI = 0.853–0.952; between observer: ICC = 0.779, 95% CI = 0.660–0.868), SRe (within observer: ICC = 0.894, 95% CI = 0.820–0.941; between observer: ICC = 0.739, 95% CI = 0.604–0.842) and SRa (within observer: ICC = 0.903, 95% CI = 0.834–0.946; between observer: ICC = 0.755, 95% CI = 0.627–0.853).
Discussion
This study verified that FMR may aggravate myocardial abnormalities in T2DM patients, and further characterized the atrioventricular coupling in T2DM patients with FMR. The following were demonstrated: (1) T2DM patients without FMR had normal LV function and impaired LA reservoir and conduit function compared with normal individuals. (2) FMR may aggravate LA and LV impairment and further deteriorate active LA function. (3) The LA enlargement and dysfunction were synchronous with LV dysfunction. (4) The regurgitation degree was an independent determinant of the εs and the εe. The LVEDV was an independent determinant of the εs. The LVESV was an independent determinant of the εa.
T2DM is susceptible to coexist with multi-system dysfunction, with cardiac dysfunction being one of the primary comorbidity. Sustained hyperglycaemia causes myocardial extracellular matrix deposition, increases myocardial cell oxygen consumption of myocardial cells, myocardial hypertrophy and myocardial interstitial fibrosis, leading to the myocardial overall deterioration [24]. Previous studies have been reported the LA morphological and functional abnormalities in T2DM patients [25, 26]. This study proved that T2DM patients with normal morphology also had significantly decreased total LAEF, εs, εe, and SRe, which suggests that the most obvious LA dysfunction induced by T2DM mainly occurs in the reservoir and conduit phase. LV stiffness increases in the early stage and LV compliance decreases when T2DM is not accompanied by FMR, resulting in declined blood flow from the LA to the LV in the early and middle diastole, leading to LA enlargement, decreased reservoir and conduit strain and maintained active strain, to compensate for the LV filling volume in the late diastole [27, 28].
Secondly, we found that FMR may aggravate LA and LV dysfunction. We found enlarged LA and LV in T2DM patients with mild FMR, meanwhile, the εa, active LAEF and LVEF began to decline. Moreover, LA compliance is synchronized with LV dysfunction and progressively decreased with increased regurgitation degree. The blood flowed back into the LA and rapidly raised the venous pressure and volume when T2DM is combined with FMR. The myometrium length of the LA myocardium exceeds the optimal length, the LA contractile decreases and the function of the LA in each phase reduces [28]. It was quite different from the strain characteristics of the LA in patients with primary mitral regurgitation. Borg et al. [29] reported that the strain of LA in the reservoir, conduit and active phase increased to in different degrees in patients with chronic primary mitral regurgitation. This further confirmed that the way of LA myocardial impairment in T2DM patients with FMR is progressive and without compensation.
Moreover, multivariate analysis revealed that the regurgitation degree was an independent determinant of the εs and the εe, the LVEDV was an independent determinant of the εs, and the LVESV and the HbA1c were both independent determinants of the εa. The atrioventricular coupling has been reported by Steele et al. in adolescents and young adults who are obese and with T2DM. They demonstrated an independent association between LA strain with LV diastolic function [10]. Additionally, Sun et al. also proved that the major cause of LA remodelling is elevated LV filling pressure [30]. Thus, focusing on the FMR contribution to myocardial abnormalities and the atrioventricular coupling may facilitate the clinical management and risk evaluation of T2DM patients.
This study has several limitations. Firstly, this is a single-centre study, but the sample size is adequate to support the conclusion. Secondly, this study did not conduct a long-term follow-up, and no case of atrial fibrillation was observed in our patients. Therefore, the prognostic effect of LA strain on atrial fibrillation in T2DM patients will be studied in the future. Finally, this study did not obtain pathological specimens to confirm the relationship between the LA mechanical changes and LA myocardial fibrosis; thus, related animal experiments will be conducted in the future.
In conclusion, FMR may aggravate impaired LA compliance and LV function in T2DM patients with regurgitation degree progression. The regurgitation degree was an independent determinant of the εs and the εe, and the LVEDV was an independent determinant of the εs, and the LVESV was an independent determinant of the εa.
Acknowledgements
Not applicable.

Author contributions
YZ conceived of the study, and participated in its design and data acquisition and drafted the manuscript. XL contributed to the design and helped with the subjects collection. ZY and YL offered the funds and approved the final version to be published. Others participated in the data acquisition and helped with the statistical analysis. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (81771887, 81471722); 1·3·5 project for disciplines of excellence, West China Hospital, Sichuan University (ZYGD18013).

Availability of data and materials
The datasets used and analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The study complied with the Declaration of Helsinki and was approved by the biomedical research ethics committee of our hospital. Informed consents were obtained from all healthy volunteers, whereas that of the patient group was waived because of the retrospective nature of the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest.


References
	1.
Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1: diagnosis and classification of diabetes mellitus provisional report of a WHO consultation. Diabet Med. 1998;15(7):539–53.Crossref

	2.
Faggiano P, Ciliberto R. L’insufficienza mitralica funzionale [Functional mitral insufficiency]. Ital Heart J Suppl. 2000;1(10):1298–303.PubMed

	3.
Rossi A, Zoppini G, Benfari G, Geremia G, Bonapace S, Bonora E, Vassanelli C, Enriquez-Sarano M, Targher G. Mitral regurgitation and increased risk of all-cause and cardiovascular mortality in patients with type 2 diabetes. Am J Med. 2017;130(1):70-76.e1.Crossref

	4.
Kono T, Sabbah HN, Rosman H, et al. Left atrial contribution to ventricular filling during the course of evolving heart failure. Circulation. 1992;86(4):1317–22.Crossref

	5.
Thomas L, Abhayaratna WP. Left atrial reverse remodelling: mechanisms, evaluation, and clinical significance. JACC Cardiovasc Imaging. 2017;10(1):65–77.Crossref

	6.
Tao S, Ciuffo LA, Lima JAC, Wu KC, Ashikaga H. Quantifying left atrial structure and function using single-plane tissue-tracking cardiac magnetic resonance. Magn Reson Imaging. 2017;42:130–8.Crossref

	7.
Chirinos JA, Sardana M, Ansari B, Satija V, Kuriakose D, Edelstein I, Oldland G, Miller R, Gaddam S, Lee J, Suri A, Akers SR. Left atrial phasic function by cardiac magnetic resonance feature tracking is a strong predictor of incident cardiovascular events. Circ Cardiovasc Imaging. 2018;11(12): e007512.Crossref

	8.
von Roeder M, Rommel KP, Kowallick JT, Blazek S, Besler C, Fengler K, Lotz J, Hasenfuß G, Lücke C, Gutberlet M, Schuler G, Schuster A, Lurz P. Influence of left atrial function on exercise capacity and left ventricular function in patients with heart failure and preserved ejection fraction. Circ Cardiovasc Imaging. 2017;10(4): e005467.Crossref

	9.
Hoit BD. Assessment of left atrial function by echocardiography: novel insights. Curr Cardiol Rep. 2018;20(10):96.Crossref

	10.
Steele JM, Urbina EM, Mazur WM, Khoury PR, Nagueh SF, Tretter JT, Alsaied T. Left atrial strain and diastolic function abnormalities in obese and type 2 diabetic adolescents and young adults. Cardiovasc Diabetol. 2020;19(1):163.Crossref

	11.
Thomas L, Marwick TH, Popescu BA, Donal E, Badano LP. Left atrial structure and function, and left ventricular diastolic dysfunction: JACC State-of-the-Art Review. J Am Coll Cardiol. 2019;73(15):1961–77.Crossref

	12.
Vukomanovic V, Suzic-Lazic J, Celic V, Cuspidi C, Grassi G, Galderisi M, Djukic V, Tadic M. Is there association between left atrial function and functional capacity in patients with uncomplicated type 2 diabetes? Int J Cardiovasc Imaging. 2020;36(1):15–22.Crossref

	13.
Vo HQ, Marwick TH, Negishi K. MRI-derived myocardial strain measures in normal subjects. JACC Cardiovasc Imaging. 2018;11(2 Pt 1):196–205.Crossref

	14.
Truong VT, Palmer C, Wolking S, Sheets B, Young M, Ngo TNM, Taylor M, Nagueh SF, Zareba KM, Raman S, Mazur W. Normal left atrial strain and strain rate using cardiac magnetic resonance feature tracking in healthy volunteers. Eur Heart J Cardiovasc Imaging. 2020;21(4):446–53.PubMed

	15.
Tamargo M, Obokata M, Reddy YNV, Pislaru SV, Lin G, Egbe AC, Nishimura RA, Borlaug BA. Functional mitral regurgitation and left atrial myopathy in heart failure with preserved ejection fraction. Eur J Heart Fail. 2020;22(3):489–98.Crossref

	16.
Cameli M, Lisi M, Focardi M, Reccia R, Natali BM, Sparla S, Mondillo S. Left atrial deformation analysis by speckle tracking echocardiography for prediction of cardiovascular outcomes. Am J Cardiol. 2012;110(2):264–9.Crossref

	17.
Chamberlain JJ, Rhinehart AS, Shaefer CF Jr, Neuman A. Diagnosis and Management of Diabetes: Synopsis of the 2016 American Diabetes Association Standards of Medical Care in Diabetes. Ann Intern Med. 2016;164(8):542–52.Crossref

	18.
Rolland-Cachera MF, Cole TJ, Sempé M, Tichet J, Rossignol C, Charraud A. Body Mass Index variations: centiles from birth to 87 years. Eur J Clin Nutr. 1991;45(1):13–21.PubMed

	19.
Kowallick JT, Morton G, Lamata P, Jogiya R, Kutty S, Hasenfuss G, Lotz J, Nagel E, Chiribiri A, Schuster A. Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility. J Cardiovasc Magn Reson. 2015;17:36.Crossref

	20.
Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich MG, Kim RJ, von Knobelsdorff-Brenkenhoff F, Kramer CM, Pennell DJ, Plein S, Nagel E. Standardized image interpretation and post-processing in cardiovascular magnetic resonance - 2020 update : Society for Cardiovascular Magnetic Resonance (SCMR): Board of Trustees Task Force on Standardized Post-Processing. J Cardiovasc Magn Reson. 2020;22(1):19.Crossref

	21.
Garg P, Swift AJ, Zhong L, Carlhäll CJ, Ebbers T, Westenberg J, Hope MD, Bucciarelli-Ducci C, Bax JJ, Myerson SG. Assessment of mitral valve regurgitation by cardiovascular magnetic resonance imaging. Nat Rev Cardiol. 2020;17(5):298–312.Crossref

	22.
Zhang Y, Yan WF, Jiang L, Shen MT, Li Y, Huang S, Shi K, Yang ZG. Aggravation of functional mitral regurgitation on left ventricle stiffness in type 2 diabetes mellitus patients evaluated by CMR tissue tracking. Cardiovasc Diabetol. 2021;20(1):158.Crossref

	23.
Krieger EV, Lee J, Branch KR, Hamilton-Craig C. Quantitation of mitral regurgitation with cardiac magnetic resonance imaging: a systematic review. Heart. 2016;102(23):1864–70.Crossref

	24.
Tadic M, Cuspidi C, Calicchio F, Grassi G, Mancia G. Diabetic cardiomyopathy: How can cardiac magnetic resonance help? Acta Diabetol. 2020;57(9):1027–34.Crossref

	25.
Li X, Dong Y, Zheng C, Wang P, Xu M, Zou C, Wang L. Assessment of real-time three-dimensional echocardiography as a tool for evaluating left atrial volume and function in patients with type 2 diabetes mellitus. Aging (Albany NY). 2020;13(1):991–1000.Crossref

	26.
Gulmez O, Parildar H, Cigerli O, Demirağ N. Assessment of left atrial function in patients with type 2 diabetes mellitus with a disease duration of six months. Cardiovasc J Afr. 2018;29(2):82–7.Crossref

	27.
Shang Y, Zhang X, Leng W, Lei X, Chen L, Liang Z, et al. Left atrium passive ejection fraction is the most sensitive index of type 2 diabetes mellitus-related cardiac changes. Int J Cardiovasc Imaging. 2018;34:141–51.Crossref

	28.
Yamaguchi M, Arakawa M, Tanaka T, Takaya T, Nagano T, Hirakawa S. Study on left atrial contractile performance–participation of Frank-Starling mechanism. Jpn Circ J. 1987;51(9):1001–9.Crossref

	29.
Borg AN, Pearce KA, Williams SG, Ray SG. Left atrial function and deformation in chronic primary mitral regurgitation. Eur J Echocardiogr. 2009;10(7):833–40.Crossref

	30.
Sun BJ, Park JH, Lee M, Choi JO, Lee JH, Shin MS, Kim MJ, Jung HO, Park JR, Sohn IS, Kim H, Kim HK, Cho GY, Park JS, Shim CY, Shin SH, Kim KH, Kim WS, Park SW. Normal Reference Values for Left Atrial Strain and Its Determinants from a Large Korean Multicenter Registry. J Cardiovasc Imaging. 2020;28(3):186–98.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12933_2022_1536_Fig1_HTML.png
_ 0.85x(alxb1)x(a2xh2)

LAV L

ail al a1 Total LAE x100%

~—— - . _
N 1 Passive LAEF = LAVMax—LAVpac) . ; g0,
A | o
- , ) Active LAEF = (LAVPac—LAVmIn) _ 00,
/ , OB . LAV,
\ b2

b2 a2 ‘b2
A2 ™ B3 a2 C3 a2 y

F= (LAVmax—LAVmin)
- LAV, ..






OEBPS/navigation.xhtml

    
      Contents


      
        		Atrioventricular coupling and left atrial abnormality in type 2 diabetes mellitus with functional mitral regurgitation patients verified by cardiac magnetic resonance imaging


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12933_2022_1536_Fig2_HTML.png
20.00%

=
X 5 . 0] s .
1o . -
€a=1.8% . 100 200 300 400 600 700h 100 200 300
600 800 1000

2 ‘ €s=38.1%

> oo e

€a=17.3%

500 700 800 900

Time (ms)

Time (ms)





OEBPS/images/12933_2022_1536_Fig3_HTML.png
LAes (%)

LA es (%)

LA es (%)

r=-0.378
401 T
20-
c T T T 1
0 100 200 300 400
LVEDV (ml)
60-
r=-0.369
40- :
20-
0 T T 1
0 100 200 300
LVESV (ml)
60-
° r=0.310
401 e
20-
0 1
0 100

LVEF (%)

LA¢ea (%)

LA¢a (%)

LAta (%)

r=-0.397

100 200 300 400

LVEDV (ml)

r=-0.405

304

20+

104

100 200 300

100

LVEF (%)





OEBPS/css/sidebar.gif





