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Background: Anorexia nervosa (AN) is accompanied by bradycardia, low blood pressure (BP) and cardiac morphological remodeling. Systolic and diastolic functions are relatively preserved when assessed by standard ultrasound methods. However, novel advances based on speckle tracking echocardiography (STE), that could detect subtle and early alterations of left ventricular (LV) function, remained poorly used in AN patients.

Objective: The aim of this study was to assess the cardiac function of AN patients by evaluating LV myocardial strains, myocardial work (MW) and LV mechanical dispersion. We hypothesized that LV strains and global myocardial work would be decreased and LV twisting mechanisms enhanced to preserve the systolic function.

Methods: Fifty-nine adolescents including 26 women AN patients (14.6 ± 1.9 yrs. old) with a mean duration of AN of 19 ± 9 months and 33 controls (14.1 ± 2.0 yrs. old) underwent STE to assess LV morphology and myocardial regional strains.

Results: The global longitudinal strain (GLS) was higher in AN patients compared to controls (−18.8 ± 2.0 vs. −16.9 ± 2.8%, p = 0.006). The area under the pressure-strain loop, representing the global MW was not altered but was shifted to the left and downwards in AN patients, due to their lower BP and higher GLS. Intraventricular mechanical dispersion was similar in both groups. Circumferential strains, twisting/untwisting mechanics were preserved.

Conclusion: Our results strongly support that the cardiac morphological remodeling observed in our AN patients was associated with normal ventricular regional myocardial functions. Only GLS was higher in AN patients, but its clinical significance remains to be demonstrated.
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INTRODUCTION

Anorexia nervosa (AN) is characterized by important weight loss, severe malnutrition and body composition abnormalities (1). Most cases are observed in females aged between 12 and 25 years (1). Cardiovascular complications in AN are frequent, occurring in up to 80% of patients, and some can be life-threatening (2). The most common abnormalities reported are sinus bradycardia, hypotension and electrocardiographic abnormalities (3). A left ventricular (LV) remodeling has also been observed, characterized by a diminished wall thickness due to the loss of cardiac muscle (2). Regarding global diastolic function, a specific LV filling profile is usually observed, with decreased A wave and increased E/A ratio, on account very likely to sinus bradycardia (2, 4). Systolic function is often unchanged, with normal LV stroke volume and ejection fraction (EF) (5). However, most of studies in AN patients referred to standard ultrasound methods, precluding any conclusion regarding their myocardial regional function.

Myocardial strain analyses from speckle tracking echocardiography (STE) have emerged as a reliable technique for studying myocardial mechanics (6). Although they enable detecting subtle alterations in systolic function when EF is still preserved (6), their relative load dependency makes the myocardial deformation indices unable to account for changes in afterload observed in AN patients. To overcome this limitation, global myocardial work (GMW), estimated from construction of LV pressure-strain loops (LV-PSL), has recently emerged as an interesting echocardiographic tool for assessing the myocardial function (7–9). LV-PSL are strongly correlated with myocardial glucose metabolism (7) and thus could be altered in AN patients with caloric deprivations.

Non-uniform contractions of LV myocardial walls due to a decline of synchronicity affect myocardial performance. In AN patients, previous studies showed structural myocardial abnormalities with possible presence of fibrosis (10–12). Since strong interactions between myocardial fibrosis and conduction disorders have been demonstrated (13–15), we questioned a potential increase of LV mechanical dispersion in this specific population. The LV mechanical dispersion can be assessed not only from the segmental analysis of timing of LV strains (8, 13, 16), but also from the myocardial work, by differentiating the myocardial constructive work (MCW) and the myocardial wasted work (MWW) to estimate myocardial work efficiency (MWE) (7, 17).

Another important factor influencing LV myocardial performance is LV twist. During systole, contraction of the cardiomyocytes induced not only LV longitudinal, but also circumferential and radial strains (18, 19). Moreover, due to the complex orientation of the myocardial fibers, LV twists consequently to the opposing rotations of the base and the apex. Twisting of the LV, which could be assessed non-invasively by STE, is essential to maintain EF and efficiency of systolic function (20). It plays also a crucial role during diastole, with elastic energy stored during systole abruptly released during untwisting, generating an intraventricular pressure gradients very early in diastole and allowing filling to proceed at low filling pressure (18–20). It has been well-demonstrated that LV twisting mechanics was altered under various pathological states (20, 21), but its evaluation has never been done in AN patients.

In this context, the objective of the study was to compare the cardiac function of AN patients with healthy controls using novel advances in STE. We hypothesized that (1) LV strains and LV GMW would be decreased in AN patients, (2) LV intraventricular mechanical dispersion would be increased, and (3) LV twisting mechanisms would be enhanced to preserve their systolic function.



METHODS


Study Population

The study, prospective, included female patients with AN who had been diagnosed in a pediatric department of a university hospital in France between March 2019 and January 2020. All patients ranged from 10 to 18 years and fulfilled the DSM V criteria for AN (American Psychiatric Association) (22). The control group was composed of healthy adolescent girls with normal body mass and free from eating disorders. The BMI z score was calculated for all participants by specific formula (23). Patients and control subjects with chronic disease, congenital heart defect, positive family history of cardiac disease were excluded. Written informed consent was obtained from the study participants and their guardians. The Ile de France Ethics Committee approved the protocol for this study (18.12.05.66738 CAT 2).



Anthropometrical and Body Composition Assessments

Body height and body mass were measured. BMI was calculated as body mass.body height−2 and body surface area (BSA) was calculated according to Boyd (24). Blood pressure (BP) and HR were measured using an automatic device (General electric, Dynamap PRO 300 V2, Boston). Bradycardia was defined by HR <50 bpm, as in guideline on the evaluation and management of patients with bradycardia (Task force of 2018) (25). Systolic arterial hypotension was defined by systolic BP (SBP) below the 5th percentile and/or 90 mmHg (26). Body composition, including body fat mass with abdominal fat thickness (AFT) and lean mass, was evaluated by a bio-impedance system, validated for the measurement of body composition in children (27) (BioparHom, Z-Métrix, France).



Echocardiographic Recordings

Echocardiography was carried out with the subject in left lateral decubitus position, with Vivid Q ultrasound systems (GE Healthcare, Horten, Norway) using a 3.5-MHz transducer (M4S probe). Cine loops were recorded in parasternal long axis and apical (5, 4, 3 and 2 chambers) views and saved for blinded offline analysis (EchoPac, BT203 version, GE Healthcare). Grayscale images were saved at a frame rate of 80–90 frames.sec−1 and color tissue velocity images at a frame rate of 120–140 frames.sec−1. 2D echocardiographic measurements were performed in accordance with the guidelines of the American Society of Echocardiography (28). All echocardiographic data were averaged from measurements obtained on 3–5 cardiac cycles.



LV Morphology and Global Function

LV diameters and myocardial thickness were measured from the parasternal long axis view. LV mass was estimated using Devereux formula and indexed to height2.7 as recommended in the pediatric population (29, 30). LV diastolic function was assessed from peak early (E wave) and atrial (A wave) transmitral flow velocities and from peak E' and A' TDI velocities, at the mitral annular level in the different apical views. LV volumes and EF were assessed using the Simpson's biplane method. Stroke volume and cardiac output (CO) were assessed from 5 chamber and parasternal long axis views, and then indexed to the BSA. Systemic vascular resistances were calculated by the formula mean arterial pressures divided by cardiac output, according the Poiseuille Law.



LV Global, Regional Strains and Dyssynchrony

Global longitudinal strain (GLS), circumferential strains (CS), diastolic longitudinal strain rate (LSrdiast) and twist mechanics (apical and basal rotations, peak twist and untwisting rate) were obtained as previously detailed (31). Data were normalized to percentage of systolic duration to avoid differences in heart rate and cine loop frame rates and to provide averaged strain curves during the cardiac cycle for AN and control groups. LV twist was calculated as the difference between apical and basal rotations at each percentage of systolic duration and untwist, occurring during diastole, was calculated. In order to assess the dynamics of global LV twist and its relation to radial displacement throughout the cardiac cycle, we constructed twist-displacement loops. Averaged radial displacement data from six segments in basal and in apical short-axis planes were summed and divided by 2 to obtain the mean value of radial displacement. We considered GLS, circumferential strains and LV twist as indices of myocardial systolic function, LSrdiast as index of LV relaxation (32) and peak untwisting rate as an index of LV diastolic suction.



LV Mechanical Dispersion and Myocardial Work Quantification

From a 17-segments model from apical 4, 3 and 2 chamber views to assess LV regional strains and time to peak (TTP) strains (18), LV mechanical dispersion was assessed by the standard deviation (SD) of the TTP (in ms) over the 17 segments (SD 17S).

Myocardial work (MW) and related parameters were estimated using the Automatic function imaging of the EchoPac software (Figure 1). MW was estimated as a function of time throughout the cardiac cycle by the combination of LV strain data (recorded on the apical 4, 3 and 2 chambers) obtained by STE and a non-invasively estimated LV pressure curve as described and validated by Russell et al. (7, 8). Peak arterial pressure measured with a cuff-manometer was assumed to be equal to peak systolic and diastolic LV pressures and to be uniform throughout the ventricle. MW was then quantified by calculating the rate of segmental shortening by differentiating the strain curve and multiplying the resulting value by the instantaneous LV pressure.


[image: Figure 1]
FIGURE 1. Example of non-invasive estimation of the LV myocardial work from the left ventricular longitudinal strains on apical views and the timing of mitral and aortic valve events.


MW was calculated from mitral valve closure until mitral valve opening. During LV systole, segmental shortening contributes to the final LV ejection, whereas segmental stretch or lengthening does not contribute to LV ejection. As a result, the work performed by the myocardium during segmental shortening represents MCW, whereas the work performed by the myocardium during stretch or segmental lengthening represents energy loss, which is defined as MWW (9). During isovolumic relaxation, segmental lengthening contributes to LV relaxation, whereas segmental shortening does not. As a result, the work performed by the myocardium during segmental shortening, which does not promote LV relaxation, was considered MWW (9). On the opposite, the work performed by the myocardium during segmental lengthening was considered segmental MCW (9). The global MWE was finally obtained as follow:

[image: image]
 

Statistical Analysis

All values were expressed as mean ± SD. Statistical analyses were performed using Medcalc (version 19.1, Medcalc Software). One-way analysis of variance (ANOVA) was used to compare groups, after checking the normality of distribution of each variable by Shapiro-Wilk test. In the absence of normal distribution, the nonparametric Kruskal-Wallis test was used. Statistical significance for all analyses was assumed at p < 0.05.




RESULTS


Clinical Characteristics

Twenty-six female AN patients, with an illness duration of 19 ± 9 months, and 33 controls were included. Table 1 shows the main clinical characteristics and the body composition of AN patients and controls. As expected, patients with AN had significantly lower body mass, BMI and BSA than controls. Percentage of body fat mass was lower and of lean mass was higher in AN patients compared to controls. AN patients showed significantly lower resting HR and lower systolic BP than the controls. Eight AN patients (30.8 %) had sinus bradycardia and 7 (26.9 %) had systolic hypotension.


Table 1. Baseline characteristics of AN patients and controls.
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Left Ventricular Morphology and Function

Data of LV morphology and function are presented in Table 2. LV posterior wall thickness, LV mass, LV mass index to height2.7 were lower in AN patients compared to controls. There was no difference in the LV septum thickness, relative wall thickness (RWT), LV end-diastolic and end-systolic volume. AN patients presented with lower CO index, lower A wave with higher E/A ratio. Stroke volume index and EF were not different between groups. Systemic vascular resistances were higher in AN patients compared to controls.


Table 2. Left ventricular morphology and function in AN patients and controls.
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Left Ventricular Strains and Myocardial Work

LV strains and MW are presented in Figure 2 and Table 3. GLS was higher in AN patients compared to controls, whereas no difference were observed on circumferential strains. In AN patients, the LV-PSL was shifted to the left and downwards, consequently to the decrease of their LV pressures and the increase of their GLS. However, the area under the loop, reflecting the GMW, was similar between groups (1,657 ± 335 vs 1,737 ± 287 mmHg.% in AN patients and controls, respectively).


[image: Figure 2]
FIGURE 2. Longitudinal strain and global myocardial work in AN patients and controls. GLS, global longitudinal strain; LV, left ventricular; GMW, global myocardial work. Difference between groups: **P < 0.01.



Table 3. Left ventricular strains and twisting mechanics in AN patients and controls.
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Left Ventricular Mechanical Dispersion

The SD17S, an overall marker of intraventricular mechanical dispersion, was similar between groups (Table 4). No difference was observed between groups regarding MCW. The MWW was also similar and consequently the MWE was unchanged.


Table 4. LV dyssynchrony assessed by LV strains and myocardial work in AN patients and controls.
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LV Twisting Mechanics

LV twisting mechanics are presented in Figure 3 and Table 3. LV rotations and twist were similar between groups. Peak untwisting rate tended to be lower in AN patients despite difference did not reached statistical significance. Twist-radial displacement loops showed a similar pattern in both groups. After a small initial clockwise twist at the onset of ejection, twist increased linearly throughout systole. Early diastole was characterized by rapid untwisting despite small radial displacement, and then untwisting was smaller whereas displacement was larger from mid to late diastole. These results strongly supported that the untwisting efficiency and the suction effect was preserved in AN patients.


[image: Figure 3]
FIGURE 3. Twist and untwist mechanisms in AN patients and controls. Basal rotation, apical rotation and twist, function of time (%of systolic duration). Twist – untwist rate, function of time (% of systolic duration). Twist function of radial displacement.





DISCUSSION

It was well-described that AN was associated with cardiac alterations (3, 5, 33). In our study, we confirmed that AN patients had lower LV mass and lower CO secondary to bradycardia. Using STE, the main objective of our study was to get insight into their regional myocardial function, including MW and LV twisting mechanics. We observed that, in AN patients, (1) GLS was higher but GMW unchanged, (2) intraventricular mechanical dispersion, assessed from time to peak strains and MWE, remained similar compared to controls, (3) twisting mechanics were preserved.


Higher Global Longitudinal Strain but Unaltered Global Myocardial Work in AN Patients

The first main result of our study was that the GLS, which allows a more sensitive analysis of systolic function than EF (34), was significant higher in AN patients compared to controls. This is an unexpected result since in various pathological states the GLS is usually decreased (35). To our knowledge, only one previous study evaluated GLS in AN patients and found a similar GLS between AN patients and controls (36). Discrepancies from our results could be explained by a different BMI z score between our group and their two groups of AN patients (i.e., −1.78 vs. −0.44 and −1.01). The severity of the disease could have an impact on the LV myocardial function.

The increase in GLS could results from a complex interplay between several factors including hypotension, low resting HR and cardiac hypotrophy. In the present study, we assessed the MW, a new echocardiographic tool based on both an assessment of LV strain and an estimation of LV intraventricular pressures (9, 37). Contrary to GLS, we did not observed difference on GMW between our AN patients and controls. Indeed, despite the different pressure-strain loops (i.e., shifted to the left and downward in AN patients due to their higher strains and their lower SBP), area, representing the GMW, were similar between the 2 groups. This second main result strongly supported that the increase in GLS of AN patients were probably linked with their lower SBP. The key role of cardiac afterload on GLS has been demonstrated in hypertensive patients or in animals in which a decrease of GLS was observed consequently to an increase in afterload (35, 38, 39). Low HR in our AN patients could also be involved in their higher GLS, as observed in endurance athletes, in whom resting bradycardia was associated with an increase in GLS (35, 38). In pediatric populations, advancing age leads to a decrease of HR concomitantly with an increase of GLS (40), suggesting also a potential link between HR and GLS. The low LV mass of our AN patients could be another factor explaining their increased GLS. Indeed, in animals, the increase in the LV dimensions was associated with an decrease in GLS (39). In our study, LV mass of patients with AN was lower compared to controls. A previous study observed that the lower LV mass in patient with AN was linked to high growth hormon, low IGF-1 and low thyroid hormon levels (41). However, our results failed to demonstrate significant correlations between GLS and posterior wall thickness, LV mass or SBP.

The clinical significance of the increased GLS remains unclear. Despite this is purely speculative, the increase in GLS at rest could act to favor the stroke volume and thus the CO despite their low LVM and resting bradycardia. We could also question their reserve of GLS during exercise and thus their effort tolerance, since it has been well-described that in response to physical activity (42, 43) or under dobutamine stress (44) the increase in LV strains acted to maintain or improved the stroke volume (42). In this context, further studies would be helpful to understand how the specific heart of AN patients respond to exercise.



Intraventricular Mechanical Dispersion in AN Patients

Several case studies based on autopsy reported cardiac fibrosis in AN patients (10, 11). Interestingly, using cardiac MRI (12) and late gadolinium enhancement, Oflaz et al. (12) observed that 23% of AN patients had a presence of myocardial fibrosis (12). Since fibrosis is known to favor conduction abnormalities (13–15), we questioned if our AN patients had a higher LV mechanical dispersion compared to controls. Based on segmental STE analysis, we observed that the SD17S, an overall index of LV mechanical dispersion remained unchanged in AN patients. Additionally, we used an up-to-date method by quantifying both MCW and MWW to calculate MWE (8, 13). In patients with increased mechanical dispersion, MWW, work that is being done by the ventricle but does not contribute to LV ejection (8, 9), is significantly increased and MWE reduced (8, 9, 13). In our study, we did not find an increase in MWW in AN patients compared to controls, highlighting that their intraventricular mechanical dispersion was not increased.



Left Ventricular Twisting Mechanics in AN Patients

During systole, contraction of the cardiomyocytes generates opposite rotations of the LV base and the apex, inducing a LV twist (18–20). Despite its key role in both systolic and diastolic performance, twist mechanics have been largely neglected in previous studies. We hypothesized that LV rotations and twist could be modified in AN patients, since it was well-demonstrated that LV twist can be affected by changes in loading conditions (21, 45). More specifically, LV twist decreased when afterload increased and/or preload decreased (21). Another major finding of our study was that LV rotations and twist was unaltered in AN patients. This could be an additional mechanism favoring the maintenance of EF and stroke volume since LV twist, helps for bringing a uniform distribution of LV fiber stress and fiber shortening across the wall, and its disappearance has been clearly shown to increase oxygen demand and reduce the efficiency of LV systolic function (20, 21).

The LV twist allows energy to be stored in elastic component during systole, energy restored very early in diastole, creating an intraventricular pressure gradient that favors LV filling (45, 46). The LV twist-untwist thus links systole to diastole (i.e., systolic-diastolic coupling). In our AN patients, LV untwisting was preserved. The twist-displacement loops highlighted that, in both groups, substantial untwisting occurred despite a relatively small radial displacement in early diastole, whereas untwisting was markedly smaller during the late phases of diastole in spite of substantial radial displacement. This result strongly supported that, in AN patients, the ventricle untwists, rapidly recoiling, creating a diastolic suction that was probably fully effective, contributing to their normal LV diastolic function.




CONCLUSION

In our study, AN was accompanied by reduced HR and SBP, associated with cardiac remodeling characterized by a decrease in LV mass and wall thickness. However, the assessment of LV strains and MW, and also of LV twisting mechanics, brought new evidences that the cardiac function of adolescent AN patients was preserved. Of note, our study population was characterized by low BMI z score, but with a relatively short illness duration. So, it would be interesting to evaluate in the future the myocardial function of AN patients with a longer illness duration.
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