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Changzhi 046000, China Methods: Sixty-two patients with IDA were selected and divided into two groups

based on hemoglobin (Hb) concentration: Group B with Hb>9 g/dL and group C
with 6 g/dL <Hb <9 g/dL. Thirty-three healthy individuals were used as the control
(Group A). The global longitudinal strain (GLS), global work index (GWI), global con-
structive work (GCW), global waste work (GWW), global work efficiency (GWE) were
derived using LV-PSL analysis. Receiver operating characteristic (ROC) curves were
constructed for MW parameters to detect abnormal left ventricular systolic function
in IDA patients.

Results: Compared to group A, GWI and GCW were reduced in group B (both
P<0.01). Compared with groups B and A, GLS, GWI, GCW and GWE, and E/A were

all diminished, and GWW, LVEDV, LVESV, and E/mean €'were all increased in group C
(all P<0.01). GLS was positively correlated with GWI, GCW, and GWE (r=0.679, 0.681,
and 0447, all P<0.01), and negatively associated with GWW (r=—0.411, all P<0.01).
For GWI, area under the ROC curve (AUROC) was 0.783. The optimal GWI threshold
for detecting abnormal LV systolic function in IDA was1763 mmHg%, with sensitivity
of 0.71 and specificity of 0.78.

Conclusions: LV-PSL allows noninvasive quantitative assessment of early impaired LV
systolic function in IDA patients with preserved LV ejection fraction, and GWI has high
sensitivity and specificity compared with other parameters.
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Introduction

Anemia is a condition in which the volume of red blood cells in the human peripheral
blood is reduced below the lower limit of the normal range, resulting in a lower level
of hemoglobin (Hb). The WHO estimates that about 1/4 of the global population,
mainly preschool children and females, suffer from anemia, making it still a major
public health problem worldwide [1, 2]. Among these, iron deficiency is the underly-
ing cause of most anemias, which currently affects about 1.6 billion people world-
wide, or 24.8% of the global population [3]. Therefore, Iron deficiency anemia (IDA) is
one of the most predominant types of anemia worldwide [4].

Iron deficiency anemia is very common in daily clinical practice, with symptoms
such as weakness, fatigue, dizziness, headache, tinnitus, palpitations and shortness
of breath. These symptoms are mild at first, so patients often do not notice them. As
the degree of iron deficiency and anemia worsens, these symptoms will also gradu-
ally worsen. Several observational studies have shown that iron deficiency and anemia
are considered independent risk factors for cardiovascular disease (CVD) in the gen-
eral population, leading to higher morbidity and mortality [5, 6]. Long-term anemia
can cause abnormal changes in cardiac structure and function [7]. Early IDA treat-
ment can improve the prognosis of CVD, repair the myocardium, promote myocar-
dial effective work, and restore the patient’s activity endurance [8, 9]. Therefore, early
assessment of cardiac trends in IDA patients can help guide medical therapy and pre-
vent cardiovascular events.

The left ventricular pressure—strain loops (LV-PSL) technique is a new noninvasive
method for assessing myocardial function based on the principle of two-dimensional
speckle tracking. Compared to the traditional left ventricular ejection fraction (LVEF)
and global longitudinal strain (GLS) obtained by two dimensional speckle tracking,
LV-PSL accounts for afterload effects on LV myocardial contraction. This improves
the accuracy of assessing myocardial function [10]. The reliability of LV-PSL has been
demonstrated in healthy and cardiovascular disease groups, but it has not been stud-
ied in IDA [11-13]. The aim of this study was to investigate the application of the
noninvasive LV-PSL technique for quantitatively assessing early changes in left ven-
tricular systolic function in patients across a spectrum of IDA severities.

Results

Study population and clinical characteristics

Demographic characteristics of the three groups are presented in Table 1. There were
no statistically significant differences in gender, age, heart rate, systolic blood pres-
sure, diastolic blood pressure, BMI, and duration of IDA between the groups with dif-
ferent degrees of IDA and the control group (all P>0.05).

Traditional echocardiographic parameters
Traditional echocardiographic characteristics of IDA patients and healthy controls
are compared in Table 2. LVEDV, LVESV, and E/mean e’ were all increased in Group
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Table 1 Demographic characteristics of the study population

Demographic Group A (n=33) GroupB(n=30) GroupC(n=32) x2/Fvalue P value
characteristics

Male: female ratio 10/23 6/24 6/26 146 048
Age (years) 4394152 444491 448481 0.55 0.95
Duration of IDA (years) 0 6.4044.29 4784264 324 0.77
Body mass index (kg/m?2) 23.28+3.02 24094283 24.07 +£3.00 0.79 0.46
Heart rate 7327+£10.73 75.13+8381 78.09+11.07 1.73 0.18
SBP (mmHg) 120124733 123274797 123.624+7.12 215 0.12
DBP (mmHg) 7521£499 76.23 +6.66 73.78+6.14 133 0.27

TmmHg =0.133kPa, Group A: healthy patients, Group B: Patients with mild iron deficiency anemia (adult males 9 g/

dL <Hb <13 g/dL, adult females 9 g/dL <Hb <12 g/dL), Group C: Patients with moderate iron deficiency anemia (both adult

males and females 6 g/dL <Hb <9 g/dL)

Table 2 Two-dimensional ultrasound and Doppler flow image parameters of the study population

Echocardiographic Group A (n=33) Group B (n=30) Group C(n=32) H/Fvalue  Pvalue
parameters

LVDd(mm) 42.65+3.89 43.00£3.70 4432+£351 1.79 0.17
LVDs(mm) 27.85+2.70 27924336 28.02+220 032 097
IVSD (mm) 8.824+0.88 885+ 1.11 9.114+0.98 0.79 046
LVPWD(mm) 823+£1.18 835+1.10 886+1.17 2.60 0.80
LVEDV(ml) 91.85+£14.30 9203+£11.74 112,61 +£22.48%# 15.73 <0.01
LVESV(ml) 33.85+6.58 3400+£6.15 4397 £10.30%# 16.85 <0.01
LVEF (%) 63.09+4.74 62.90+5.06 61.03£4.10 1.88 0.16
E/A 1.30+0.39 1.214+£041 0.86£0.21%# 14.20 <0.01
E/mean €' 8.32(6.949.12) 849 (6.99,9.72) 9.88(8.48,12.00)*# 13.03 <001

LVDd left ventricular end-diastolic diameter, LVDs left ventricular end-systolic diameters, /VSD interventricular septal

end-diastolic thickness, LVPWD left ventricular posterior wall end-diastolic thickness, LVEDd left ventricular end-diastolic
diameter, LVEDs left ventricular end-systolic diameter, LVEF left ventricular ejection fraction, E/A ratio of peak early and late

diastolic velocities
" P<0.05 versus control group
#P<0.05 versus case group B

Table 3 Myocardial work parameters of the study population

Myocardial work  Group A (n=33) Group B (n=30) Group C(n=32) Fvalue P value
parameters

GLS (%) —2048+1.58 —1960+2.24 — 1747 +1.88% 21.28 <0.01
GWI (mm Hg%) 1890.03+£174.77 1752.80+220.99* 1554.25+237.48%# 20.52 <0.01
GCW (mm Hg%) 2246.15+163.31 2136.004170.28* 1964.00£261.51*# 15.24 <0.01
GWW (mm Hg%) 96.88+42.41 118.03+48.24 155.94 £ 64.61*# 1048 <0.01
GWE (%) 94914+1.76 944341387 92.53+£2.85%# 10.36 <0.01

GLS global longitudinal strain, GW/I global work index, GCW global constructive work, GWW global wasted work, GWE global

work efficiency
" P<0.05 versus control group

#P<0.05 versus case group B
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Fig. 1 A LV-PSL analysis of the control group (GWI 1940 mmHg%, GCW 2221 mmHg%, GWW 81 mmHg%,
GWE 96%)
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Fig. 2 B LV-PSL analysis graph for mild anemia group (GWI 1619 mmHg%, GCW 1939 mmHg%, GWW
159 mmHg%, GWE 92%)

C compared with Groups A and B, and E/A was reduced, with a statistically signifi-
cant difference (all P<0.01). These conventional echocardiographic parameters were
not statistically different between Groups A and B (all P>0.05). Left ventricular ejec-

tion fraction (LVEF) was similar across all three groups (all P>0.05).

Myocardial work parameters and correlation analysis
Myocardial work parameters for the 3 groups are shown in Table 3. Compared to
Groups A and B, Group C exhibited significantly decreased GLS, GWI, GCW, and GWE
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Fig. 3 CLV-PSL analysis graph for moderate anemia group (GWI 1306 mmHg%, GCW 1774 mmHg%, GWW
203 mmHg%, GWE 89%)

Table 4 Repeatability test for each parameter of GLS and left ventricular myocardial work done

parameter Intra-observer variability inter-observer variability

ICC 95% ClI ICC 95% Cl
GLS 0.905 0.783~0.958 0.843 0.645~0.931
GWI 0913 0.802~0.962 0917 0.811~0.963
GCW 0.924 0.827 ~0.966 0911 0.797~0.961
GWW 0.943 0.872~0.975 0939 0.861~0.973
GWE 0.896 0.764~0.954 0.878 0.723~0.946

and a significant increase in GWW (all P<0.01). Group B showed reduced GWI and
GCW compared with Group A (both P<0.01).The LV PSL curves for the three groups
are shown in Figs. 1, 2, 3. Correlation analysis showed that GLS was positively correlated
with GWI, GCW, and GWE (r=0.679, 0.681, and 0.447, all P<0.01), and negatively cor-
related with GWW (r=— 0.411, P<0.01).

Intra- and inter-observer variability

Intra- and interobserver variabilities in the myocardial work parameters are shown in
Table 4. The intra-observer correlation coefficients (/CC) between LV GLS and GWI,
GCW, GWW, and GWE were 0.905, 0.913, 0.924, 0.943, and 0.896, respectively. Between
different observers, ICCs were 0.843, 0.917, 0.911, 0.939, and 0.878, respectively. These
results demonstrate good reproducibility of the noninvasive LV-PSL technique for evalu-
ating left ventricular myocardial work indices in relation to GLS analyzed by 2D-speckle
tracking echocardiography.

Receiver operating characteristic (ROC) curve analysis
Based on ROC curve analysis of main MW parameter, AUROC of GWI, GCW, GWW
and GWE were 0.784, 0.741, 0.711 and 0.659, respectively. GW1I was the best diagnostic
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Fig. 4 Area under the ROC curve of GLS and LV myocardial work parameters for the diagnosis of IDA: the

AUC of the GWI was superior to the other parameters, with sensitivities, specificities, and optimal thresholds
of 71%, 78%, and 1763 mmHg%, respectively

index for identifying impaired LV myocardial function in IDA patients with preserved
LV ejection fraction. The sensitivity and specificity were 71% and 78%, respectively. The
optimal threshold of GWI was 1763 mmHg% (Fig. 4).

Discussion

Iron deficiency anemia is a commonly overlooked complication in patients with heart
failure [15—17]. In this case, the body does not have enough iron to produce hemoglobin,
resulting in the blood not being able to effectively carry oxygen to all parts of the body,
which further burdens the heart [18]. Therefore, in order to better evaluate left ventricu-
lar function in patients with iron deficiency anemia, many echocardiographic methods
have been proposed. In recent years, two-dimensional and three-dimensional speckle
tracking LV-GLS has become a routine measurement method to evaluate LV function
in patients with iron deficiency anemia, which can indicate the early changes of left ven-
tricular myocardial function before LVEF changes. The results of this study showed that
the GLS of the moderate anemia group was lower than that of the control group and the
mild anemia group, which was consistent with the results of ZHOU et al. [7], indicating
that the myocardial contractility of patients with moderate IDA was impaired even if
LVEF was within the normal range. Abnormal GLS is associated with the development
of HE, mortality and LV remodeling [19]. Decreased strain rate is a marker of decreased
contractility. The underlying reason may be that GLS is mainly dominated by endocar-
dial longitudinal myocardial fibers supplied by small vessels at the end of coronary arter-
ies and is more susceptible to ischemia and hypoxia. Results in decreased systolic and
diastolic function of the left ventricle. In addition, IDA causes the heart to be in a state
of high cardiac output for a long time, which increases the pre- and post-load of the left
ventricle, leading to a gradual decline in myocardial systolic function and GLS.

However, due to the load-dependent nature of GLS, it is difficult to distinguish
whether it is the actual myocardial damage or the changes in cardiac function caused
by the change in load [20]. Therefore, new and more comprehensive ultrasound detec-
tion techniques are needed. Russell et al. combined speckle-tracking strain analysis with
noninvasive left ventricular pressure curves to form a left ventricular pressure—strain
loop (LV-PSL), in which strain represents distance and wall pressure represents force, to
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derive continuous changes in myocardial work throughout the cardiac cycle independent
of afterload [21]. Previous studies have shown a good correlation between noninvasively
measured left ventricular pressure (cuff pressure) and invasively measured left ventricu-
lar pressure [22]. In this study, GWI and GCW in group B were reduced compared with
group A, while GLS did not change, indicating that GWI and CCW are more sensitive
than GLS and LVEF in evaluating myocardial systolic function. With the aggravation
of anemia, GWI and GCW in group C were lower than those in group A and B, and
GWW was higher than that in group A and B. GWE was the ratio of GCW to the sum
of GCW and GWW, which was also significantly reduced. It indicated that the myocar-
dial systolic function of patients with moderate anemia was further reduced, suggesting
that LV dysfunction may occur in the early stage of myocardial damage in patients with
anemia even if LVEF was preserved. The possible reason is that iron deficiency can lead
to the decrease of collagen synthesis in myocardial cells, resulting in the change of pres-
sure—volume relationship and the decrease of myocardial elasticity [23]. Elcioglu et al.
[24] also found that young women with low ferritin levels, regardless of anemia, showed
reduced left ventricular systolic function in the early stage. In addition, IDA can lead
to myocardial ischemia and hypoxia symptoms, impaired energy metabolism and mito-
chondrial biosynthesis, accumulation of anaerobic fermentation products such as lactic
acid, and disorder of intracellular ion homeostasis, resulting in cell edema, fine structure
changes, loss of normal contract-relaxation ability, and eventually lead to the decrease
of GWI, GCW, GWE and the increase of GWW [25]. The decrease of Hb can lead to
the activation of the sympathetic nervous system, and the heart is in a state of overload
for a long time, thus aggravating myocardial hypoxia. At the same time, the activation
of renin—angiotensin—aldosterone system leads to the increase of peripheral circulatory
resistance, which causes vasoconstriction and sodium retention, and then increases the
volume load and pressure load of the left ventricle, and eventually leads to the decline of
global cardiac function. Hiemstra et al. showed that the rhythm of myocardial contrac-
tion mainly affected GWW [26]. There was no significant difference in GWW and GWE
between group B and group A, which may be due to the fact that although there was a
certain degree of systolic dysfunction in mild IDA patients, the cardiac systolic function
was still in the compensatory period, and the myocardial contraction rhythm was still
synchronous, showing no significant difference in the overall futility of the left ventricle.
Although the GCW decreased, the proportion of GWW in GWE was small, and there
was no significant change in GWW.

In this study, GLS was positively correlated with GWI, GCW, and GWE, and nega-
tively correlated with GWW, indicating that myocardial work parameters and GLS have
a high agreement in evaluating LV systolic function. In addition, the results of this study
also showed that the ICC of the global left ventricular myocardial work parameters
GWI, GCW, GWW and GWE were all within and between observers. 0.75, indicating
good reproducibility.

In our study, ROC curve analysis showed that GWI had the best diagnostic perfor-
mance of each MW parameter for mild and moderate IDA, and the AUC of GWI was
0.783, indicating that GWI could accurately evaluate left ventricular systolic function
in IDA patients. The best cut-off value of GWI for the diagnosis of left ventricular sys-
tolic dysfunction in IDA patients was 1763 mmHg %, with a sensitivity of 0.71 and a
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specificity of 0.78. In conclusion, LV-PSL can provide reference value for early detection
of left ventricular systolic dysfunction in IDA patients with preserved left ventricular
ejection fraction.

Limitations There are some limitations in this study: (1) the sample size is relatively
small. Further studies with larger sample sizes are needed; (2) IDA patients were mostly
young women. Therefore, the results may not generalize to other age groups and males;
and (3) LV-PSL parameters are based on 2D measurements, whereas myocardial motion
involves 3D multidirectional fibers, introducing spatial constraints.

Conclusion

Prolonged anemia induces LV remodeling and systolic dysfunction. Noninvasive LV-PSL
allows early detection of altered myocardial mechanics in IDA patients with preserved
LVEE. ROC analysis showed GWT has high AUC, sensitivity and specificity, outperform-
ing other parameters for detecting LV systolic changes. This reproducible technique pro-
vides a new comprehensive imaging approach for early diagnosis and treatment efficacy
assessment in IDA.

Methods

Study population

This prospective study enrolled consecutive IDA patients diagnosed at Heping Hospital
Affiliated to Changzhi Medical College from March 2022 to June 2023. Inclusion cri-
teria included: (1) Microcytic hypochromic anemia: adult males with Hb<13 g/dl and
adult females with Hb <12 g/dl; erythrocyte morphology showing hypochromic mani-
festations: mean corpuscular volume (MCV)<80fL; mean corpuscular Hb (MCH)
level <27 pg; and MHC concentration (MCHC) <32%. (2) Clear iron deficiency etiology
and clinical manifestations of iron deficiency anemia such as pallor, fatigue, fatigue, leth-
argy, dizziness, and tinnitus. (3) LVEF>50%. (4).No regular anemia treatment. Exclu-
sion criteria were: (1) history of hypertension, coronary atherosclerosis, myocardial
infarction, congenital heart disease, significant heart valve disease, valvular stenosis or
greater than mild valvular regurgitation affecting left ventricular systolic function, (2)
cardiac injury due to hyperlipidemia, diabetes, hyperthyroidism, and cirrhosis, (3) severe
arrhythmia or heart rate > 100 beats/min, (4) pregnant patients, and (5) incomplete clini-
cal data or poor echocardiographic image quality. According to the diagnostic guidelines
for iron deficiency anemia, all patients with iron deficiency anemia were diagnosed by
the hematologist’s doctor, obstetrician and gynecologist, and gastroenterologist. There
were 41 patients with gynecological diseases, such as uterine fibroids, endometriosis,
and increased menstrual bleeding, 15 patients with digestive system diseases such as
gastroduodenal ulcer, gastric polyps, and subtotal gastrectomy, and 6 patients with IDA
of malnutrition. Finally, 62 IDA patients were included (male to female ratio 1:4.2; mean
age, 38.76+8.59 years. disease duration, 1-20 years). In addition, 33 healthy controls
undergoing physical examination were enrolled (male to female ratio 1:2.3; mean age,
43.9415.2 years) after confirming no abnormalities on history, examination, electrocar-
diography, echocardiography, and laboratory tests.
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The 62 IDA patients were further divided into two groups by Hb level: Group B
(n=30, adult males 9 g/dL < Hb <13 g/dL, adult females 9 g/dL < Hb <12 g/dL; mean age,
44.4+9.1 years; disease duration, 1 year to 20 years), Group C (n=32,6 g/dL<Hb<9g/
dL; mean age, 44.8 £ 8.1 years; disease duration, 1 year to 15 years).

The study was approved by the Ethics Committee of Heping Hospital Affiliated to
Changzhi Medical College (CMZC-2022-03-07-S15), and all subjects provided informed
consent before participation.

Transthoracic echocardiogram

All echocardiographic images were acquired using a GE Vivid E95 color Doppler diag-
nostic ultrasound machine equipped with an M5S probe, and the images were acquired
and analyzed by two sonographers with more than 5 years of experience. First, all sub-
jects were placed in the left lateral position in a stationary resting state. At the same time,
the electrocardiogram was connected to measure the brachial artery blood pressure of
the bilateral upper limbs by the cuff method, and the bilateral mean value was calcu-
lated. All sections were acquired with reference to the recommendations of the Ameri-
can Society of Echocardiography Dynamic acquisition was performed after the images
were stabilized for display, and apical four-chamber, three-chamber, and two-chamber
images were stored for at least three or more consecutive cardiac cycles, with the frame
rate and depth of the acquisition to be consistent [14]. Left ventricular end-diastolic
diameter (LVDd), left ventricular end-systolic diameters (LVDs), interventricular septal
end-diastolic thickness (IVSD), and left ventricular posterior wall end-diastolic thickness
(LVPWD) were measured on parasternal left ventricular long-axis views, and peak early
diastolic mitral inflow velocities (E) and peak late diastolic mitral inflow velocities (A)
were measured on apical four-chamber cardiac views using Doppler ultrasound, along
with the velocity of early diastolic tissue motion in the left ventricular septum and the
lateral mitral annulus velocities, and E/A and E/mean e’ were calculated. Left ventricu-
lar end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV) and left
ventricular ejection fraction (LVEF) were measured in the standard apical four-chamber
and two-chamber views using the modified biplanar Simpson method.

Image analysis for ventricular global longitudinal strain and myocardial work

The acquired dynamic images were imported into Echopac version 203 for image analy-
sis, and the apical three-sectional images were sequentially selected to enter the auto-
matic functional imaging (AFI) analysis mode. The endocardial boundaries were traced
according to the prompts to create the region of interest, and the software displayed the
results of the automatic tracking. Where the tracing is unsatisfactory, the tracing points
can be slightly adjusted manually, and the system can automatically provide the global
longitudinal strain (GLS) of the left ventricle, which is the average of the peak strains of
the 17 segments, and the GLS cannot be estimated if two or more segments are excluded.
The myocardial work (MW) mode is then entered, and after inputting the brachial cuff
pressure the timing of valvular events is determined on the apical three-chamber cardiac
section: aortic valve closure time (AVC), aortic valve opening time (AVO), mitral valve
opening time (MVO), and mitral valve closure time (MVC). The software automatically
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constructed LV-PSL curves and global myocardial work index (GWTI), global construc-
tive work (GCW), global wasted work (GWW), and global work efficiency (GWE).

Intra- and inter-observer variability

To assess intra- and inter-observer variability, 25 subjects were randomly selected
from the three groups. Two experienced attending physicians independently per-
formed repeated measurements of all myocardial work parameters to determine
inter-observer variability. The same physicians repeated the measurements after a
7-day interval to determine intra-observer variability. Intra- and inter-observer vari-
ability were expressed as intraclass correlation coefficients (ICCs).

Statistical analysis

Statistical analysis was performed using SPSS Statistics version 26 (IBM SPSS
Inc., Chicago, USA). Normally distributed continuous data were expressed as
mean * standard deviation. Differences among the three groups were analyzed by
one-way ANOVA, and Post-hoc analysis between groups was conducted using either
the LSD-t test when the variances were equal or, the Dunnett’s ¢ test when the vari-
ances were unequal. Non-normally distributed data were expressed as median and
interquartile range and compared among groups using the Kruskal-Wallis H test.
Post-hoc pairwise comparisons were adjusted using the Bonferroni method. Corre-
lation between variables was assessed using Pearson’s or Spearman’s coefficients as
appropriate. Receiver operating characteristic (ROC) curves were constructed to
determine optimal sensitivity and specificity of myocardial work parameters. Optimal
thresholds were estimated using Youden’s index. P<0.05 was considered statistically
significant.
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