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Background: Apical sparing of left ventricular (LV) strain can occur in light-chain cardiac amyloidosis 
(AL-CA). We employed indicators of the strain ratio of the apex to base (RAB) and the relative apical sparing 
of strain (RAS) on the basis of LV global and segmental strain to distinguish AL-CA from hypertrophic 
cardiomyopathy (HCM).
Methods: In all, 36 AL-CA patients, 37 HCM patients, and 36 healthy controls underwent 3.0 T cardiac 
magnetic resonance (CMR) examination. We compared LV strain parameters from CMR tissue tracking 
(CMR-TT), including global and segmental peak radial strain (PRS), peak circumferential strain (PCS), 
and peak longitudinal strain (PLS); the peak systolic strain rate in radial, circumferential, and longitudinal 
directions (PSSR_R, PSSR_C, PSSR_L); and the peak diastolic strain rate in radial, circumferential, and 
longitudinal directions (PDSR_R, PDSR_C, PDSR_L). We also assessed the values of RAB and RAS. 
Differences in all groups were compared using an independent t-test and a nonparametric rank sum test. 
Results: In the comparison of global strain parameters, all the peak strain, systolic, and diastolic peak 
strain rates of the AL-CA group significantly decreased compared with those of the HCM and healthy 
control groups (all P<0.001). The values of PSSR in all directions were lower in the AL-CA than in the 
HCM patients (PSSR_R, P<0.001; PSSR_C, P=0.004; PSSR_L, P=0.010) . In the analysis of segmental 
strain parameters, all peak strains in the basal segment showed significant differences between the AL-CA 
and HCM groups (all P<0.001). Some strain rate parameters in the basal segment were also noted to be 
significantly different (PSSR_R, P<0.001; PSSR_L, P<0.001; PDSR_R, P=0.015; PDSR_C, P=0.020). Both 
the RAB and RAS of peak strain in all directions showed significant differences between the AL-CA and 
HCM groups (all P<0.001). The RAB of the radial and circumferential PSSR showed statistical differences 
between the 2 groups (P<0.001 and P=0.001). The RAS in the radial direction of both the PSSR and PDSR 
was statistically different (P=0.003 and P=0.012).
Conclusions: The CMR-TT technique can be used to quantitatively compare global and segmental strain 
differences between AL-CA and HCM. In addition, RAB and RAS are reliable parameters for assessing the 
apical sparing pattern and thus, for distinguishing AL-CA from HCM.
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Introduction

Amyloidosis is a multisystem disease caused by extracellular 
accumulation of misfolded proteins and can lead to the 
loss of normal tissue architecture and function. The 
most frequent type is light-chain amyloidosis, which 
can potentially involve any organ. In patients with light-
chain cardiac amyloidosis (AL-CA), cardiac involvement 
can lead to ventricular hypertrophy and impaired systolic 
and diastolic function (1,2). Owing to the ventricular 
hypertrophy caused by amyloid deposition, cardiac 
amyloidosis is often misdiagnosed as hypertrophic 
cardiomyopathy (HCM). In clinical practice, given the 
differences in treatment options and the long-term 
prognosis for these two conditions, it is critically important 
to differentiate AL-CA from HCM.

Currently, endomyocardial biopsy (EMB) is the gold-
standard diagnostic method for AL-CA. However, 
because of the invasiveness of this method and safety 
concerns (3), noninvasive diagnostic methods, including 
echocardiography (ECG), cardiac magnetic resonance 
(CMR), positron emission tomography (PET), and single-
photon emission computed tomography (SPECT), are 
favored in daily clinical practice (4). Among these, CMR 
is a versatile approach with high tissue contrast, spatial 
resolution, and signal-to-noise ratio. CMR also provides 
detailed information on myocardial structure, function, 
perfusion, and viability (5,6). In addition, CMR allows 
disease characterization by late gadolinium enhancement 
(LGE) and so has important value in the clinical diagnosis 
of AL-CA. In this regard, a diffuse, delayed enhancement 
pattern is noted in AL-CA patients,  while patchy 
enhancement is detected in HCM (7,8). However, early AL-
CA may not have a typical LGE pattern, and contrast agents 
may be contraindicated due to renal amyloid deposition. 
Therefore, to avoid renal injury caused by contrast agents, it 
is important to use non-contrast agent methods to evaluate 
AL-CA and distinguish it from HCM.

Currently, the predominant basis for routine clinical 
assessment of left ventricular (LV) function is left ventricular 
ejection fraction (LVEF), which reflects the relative 

change in LV volume (9). To evaluate LV function more 
comprehensively, it is necessary to trace the characterization 
of LV mechanics via a noninvasive evaluation of myocardial 
strain (i.e., the assessment of myocardial strain or intrinsic 
deformation) (10,11). In this context, strain is defined as the 
change in fiber length divided by the original length, and it 
can be quantified according to the orientation of myocardial 
fibers (radial, circumferential, and longitudinal) (12).  
Myocardial strain imaging has a high prognostic value for 
the identification and risk stratification of a wide range of 
cardiac conditions. Under certain conditions, its decline 
precedes that of LVEF (13,14). CMR tissue tracking 
(CMR-TT), an emerging method in myocardial strain 
analysis, is a simple and robust method used to determine 
LV strain, which is based on routinely acquired steady-
state free precession (SSFP) sequences. Feature-tracking-
based software packages have become widely available, 
allowing the quantification of radial, longitudinal, and 
circumferential myocardial strains with high levels of 
accuracy and reproducibility (15,16).

This study aimed to quantify the differences in global 
and segmental myocardial strain parameters between AL-
CA and HCM patients using the CMR-TT technique for 
the purpose of differential diagnosis.

Methods

Study population

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
retrospective study was approved by the Ethics Committee 
on Scientific Research of Shandong University Qilu 
Hospital, and individual consent for this retrospective 
analysis was waived. We retrospectively analyzed 36 patients 
with AL-CA between May 2012 and May 2022 (28 men and 
8 women, with an average age of 58±10 years). A diagnosis 
of AL-CA was made based on a biopsy of subcutaneous 
fat or an involved organ (by Congo red staining under 
a polarized light microscope with a positive result 
indicated by apple green birefringence characteristics), 
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the detection of a monoclonal protein in the serum or 
urine, and/or a monoclonal population of plasma cells in 
the bone marrow. Furthermore, the diagnostic criteria 
for CA were based on the 10th International Symposium on 
Amyloid and Amyloidosis (17) as follows: LV wall thickness 
>12 mm without another known cause as shown by ECG 
or CMR. We further included 37 patients with HCM  
(27 men and 10 women, with an average age of 55±8 years).  
According to the 2020 American Heart Association/
American College of Cardiology (AHA/ACC) diagnostic 
and treatment guidelines for HCM (18), 2-dimensional (2D) 
ECG or CMR showed that the maximum end-diastolic 
thickness at any part of the left ventricle was ≥15 mm, and 
as there was no other cause of myocardial hypertrophy, this 
could be diagnosed as HCM. In addition, there were 36 
age-matched healthy controls (23 men and 13 women, with 
an average age of 55±6 years). The exclusion criteria were 
chronic diseases, including cardiovascular disease, diabetes, 
hypertension (>140/90 mmHg); and a family history of 
arrhythmia. All patients and controls had glomerular 
filtration rates >30 mL/min and had no contraindications 
for magnetic resonance (MR) scanning. 

CMR acquisition

All participants underwent magnetic resonance imaging (MRI) 
scanning using a 3.0-T scanner (GE Signa HDX 3.0 T; GE 
Healthcare, Chicago, IL, USA) and were placed in the supine 
position. The scan protocol included stacks of cine images and 
myocardial LGE (Magnevist; Bayer Healthcare, Wayne, NJ, 
USA). Images were acquired with retrospective ECG gating 
during end-expiratory breath holding. Acquisition of 2-, 3-, 
and 4-chamber long-axis and 9–11 short-axis slices covering 
the LV was performed. The key parameters were as follows: 
repetition time (TR)/echo time (TE), 10 ms/1.4 ms; flip 
angle (FA), 45°; matrix, 256×224; field-of-view (FOV), 350– 
400 mm; and slice thickness, 8 mm. Myocardial LGE images 
were acquired with a 2D phase-sensitive inversion-recovery 
(PSIR) gradient-echo pulse sequence 10 minutes after the 
intravenous injection of gadolinium. Long- and short-axis 
slices were acquired at the same position as that for the cine 
images. Sequence parameters were as follows: TR/TE/FA, 
2R/3.1 ms/15°; matrix, 256×224; FOV, 350–400 mm; and 
slice thickness, 8 mm.

CMR imaging analyses

The SSFP sequence images were imported into Circle 

CVI42 software (Circle Cardiovascular Imaging Inc., 
Calgary, AB, Canada). The parameters were measured 
by 2 experienced radiologists (with more than 3 years of 
experience). For the analysis of short- and long-axis images, 
the software automatically detected the endocardium and 
manually delimited the epicardial boundary. Papillary 
muscles and trabeculations were excluded from the 
myocardial mass and included in the ventricular volume. 
General CMR parameter measurements and CMR-TT 
analyses were performed. The CMR-TT analysis method is 
illustrated in Figure 1.

General CMR parameters were exported as Microsoft 
Excel tables, including the left ventricular end-diastolic 
volume index (LVEDVi), left ventricular end-systolic 
volume index (LVESVi), LVEF, left ventricular end-
systolic myocardial mass index (LVMi), right ventricular 
end-diastolic volume index (RVEDVi), right ventricular 
end-systolic volume index (RVESVi), right ventricular 
ejection fraction (RVEF), left atrial maximum volume index 
(LAmaxi), left atrial minimum volume index (LAmini), and 
left atrial ejection fraction (LAEF).  

LV global strain parameters were obtained, including 
peak radial strain (PRS), peak circumferential strain (PCS), 
and peak longitudinal strain (PLS). Strain rate parameters 
were also acquired, including peak systolic strain rate in 
the radial, circumferential, and longitudinal directions 
(PSSR_R, PSSR_C, PSSR_L); and peak diastolic strain rate 
in the radial, circumferential, and longitudinal directions 
(PDSR_R, PDSR_C, PDSR_L). The LV segmental strain 
parameters were further measured in different segments 
of the myocardium (basic, middle, and apical). Two indices 
were used to evaluate the changing trend of strain from the 
apex to the base region. The first index was the strain ratio 
of the apex to base (RAB), calculated as the apical strain/
basal strain (19). The other index was the relative apical 
sparing of strain (RAS), which was calculated as follows: 
apical strain/(basal strain + middle strain) (20).

Statistical analysis

All statistical analyses were performed using the IBM 
SPSS for Windows v. 23 (IBM Corp., Armonk, NY, USA) 
software package. Continuous variables (measurement 
data) with a normal distribution are presented as the mean 
± standard deviation. A t-test and nonparametric rank 
sum test were used for the analysis. All tests were two-
sided, and values of P<0.05 were considered statistically 
significant.
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Results

Baseline characteristics

The comparison of baseline characteristics among AL-CA 
patients, HCM patients, and healthy controls is shown in 
Table 1. The age and gender of the AL-CA patients, HCM 
patients, and healthy controls were matched (P=0.334 and 
P=0.636, respectively). The patients with AL-CA had higher 
levels of N-terminal pro B-type natriuretic peptide (NT-
proBNP) and cardiac troponin-I (cTnI) than did those with 
HCM (P=0.008 and P=0.009, respectively). The patients 
with AL-CA also showed characteristics of pleural effusion, 
pericardial effusion, and low limb conduction voltage on 
ECG. Although there was no significant difference in the 
interventricular septum (IVS) thickness between the AL-
CA and HCM patients (P=0.248), the LVEF of the patients 
with AL-CA was significantly lower than that of the patients 
with HCM (P<0.001). Moreover, two-thirds of the patients 
with AL-CA were New York Heart Association (NYHA) 
functional class III to IV, and most of the patients with 
HCM were NYHA functional class I to II (29/37, 78.3%). 
The ratio of early LV inflow wave to early diastolic annulus 
wave (E/e’) of the patients AL-CA measured by ECG was 
significantly higher than that of the patients with HCM 
(P<0.001).

General CMR parameters 

The CMR cine-derived general cardiac parameters are 
presented in Table 2. The AL-CA and HCM patients were 
matched for LV mass index, with no significant difference 
between the 2 groups (82.08±23.36 vs. 75.30±19.88 g/m2; 
P=0.191). In addition, no significant differences were noted 
between the AL-CA and HCM groups in the LVEDVi 
(76.30±18.84 vs. 78.71±17.31 mL/m2; P=0.577). The LVEF 
was significantly lower in the AL-CA than in the HCM 
group (45.94%±9.76% vs. 64.06%±7.84%; P<0.001), while 
the LVESVi was significantly higher in the AL-CA than 
in the HCM group (40.82±13.16 vs. 28.71±11.04 mL/m2; 
P<0.001). Significant differences were observed between the 
AL-CA and HCM groups in all right ventricular and left 
atrial functional parameters (RVEDVi, P=0.004; RVESVi, 
P<0.001; RVEF, P<0.001; LAmaxi, P=0.004; LAmini, 
P<0.001; LAEF, P<0.001).

LV global and segmental peak strain parameters

The peak strain parameters of the radial, circumferential, 
and longitudinal directions were acquired automatically 
and are illustrated in the form of curves and bull’s-eye 
charts (Figure 1). As shown in Table 3, the global radial, 
circumferential, and longitudinal peak strains of LV 

Figure 1 Cardiac magnetic resonance tissue tracking of a patient with light-chain cardiac amyloidosis (female, 50 years old). (A) Endocardial 
(red) and epicardial (green) contours were drawn in the end-diastolic phase on short-axis, 4-, 3-, and 2-chamber stacked slices. (B) Polar map 
views and curve graphs were adopted for strain analysis. LV, left ventricular; A, anterior; R, right; S, superior; IR, inferior right; SA, short 
axis; LA, long axis; LV, left ventricular; AHA, American Heart Association; 2D, two-dimensional.
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was significantly decreased in the patients with AL-CA 
compared with those with HCM (all P<0.001). Significant 
differences between the AL-CA and HCM patients were 
also noted in the PSSR (PSSR_R, P<0.001; PSSR_C, 
P=0.004; PSSR_L, P=0.010). However, no significant 
differences between the AL-CA and HCM groups were 
observed in the PDSR (PDSR_R, P=0.378; PDSR_C, 
P=0.481; PDSR_L, P=0.990).

The segmental strain parameters of the AL-CA and 
HCM groups were compared (Table 4). Significant 
differences were observed in the basal and middle segments 

in the PRS and PCS between the 2 groups (all P<0.001). 
However, no statistically significant differences in the PRS 
and PCS were noted in the apical segments between the 
2 groups (P=0.142 and P=0.266, respectively). The PLSs 
of the AL-CA and HCM groups showed a significant 
difference in the basal segment (P<0.001) but not in 
the middle or apical segments (P=0.121 and P=0.203, 
respectively). The values of PSSR_R in the basal and 
middle segments and PSSR_L in the basal segment showed 
significant differences between the AL-CA and HCM 
groups (PSSR_R basal, P<0.001; PSSR_R middle, P<0.001; 

Table 1 Baseline characteristics of AL-CA patients, HCM patients, and healthy controls

Baseline  
characteristics

AL-CA  
(n=36)

HCM  
(n=37)

Healthy controls  
(n=36)

P value  
(AL-CA vs. HCM)

P value  
(all groups)

Age (years) 58±10 55±8 55±6 0.230 0.334

Male 28 (77.78) 27 (72.97) 23 (63.89) 0.634 0.636

BMI (kg/m2) 24.08±3.11 25.80±2.49 23.65±1.74 0.012 0.003

NT-proBNP (g/L) 7,773.18±7,861.27 763.18±522.68 NA 0.008 NA

cTnI (ng/L) 71.37±136.85 3.42±3.57 NA 0.009 NA

NYHA NA <0.001 NA

NYHA I 2 (5.56) 15 (37.84)

NYHA II 10 (27.78) 14 (35.14)

NYHA III 14 (38.89) 8 (21.62)

NYHA IV 10 (27.78) 0 (0)

Pleural effusion 19 (52.78) 1 (2.70) 0 (0) <0.001 <0.001

Pericardial effusion 27 (75.00) 2 (5.41) 0 (0) <0.001 <0.001

Smoker 13 (36.11) 14 (37.84) 12 (33.33) 0.879 0.931

SBP (mmHg) 108±16 127±11 121±6 <0.001 <0.001

DBP (mmHg) 70±9 80±10 83±6 0.001 <0.001

ECG low voltage 14 (38.89) 0 (0) 0 (0) <0.001 <0.001

Echocardiography

IVS (mm) 16.67±2.83 17.84±4.61 8.81±1.28 0.248 <0.001

LVEF (%) 43.89±9.38 61.70±13.01 60.93±6.45 <0.001 <0.001

MR 30 (83.33) 7 (18.92) 0 (0) <0.001 <0.001

TR 29 (80.56) 9 (24.32) 0 (0) <0.001 <0.001

E/e’ 25.16±11.36 9.13±8.77 7.81±1.17 <0.001 <0.001

The values are presented as mean ± standard deviation or number (percentages). AL-CA, light-chain cardiac amyloidosis; HCM, 
hypertrophic cardiomyopathy; BMI, body mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; cTnI, cardiac troponin 
I; NYHA, New York Heart Association; SBP, systolic blood pressure; DBP, diastolic blood pressure; ECG, echocardiography; IVS, 
interventricular septum; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; TR, tricuspid regurgitation; E/e’, ratio of early left 
ventricular inflow wave to early diastolic annulus wave.
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PSSR_L basal, P<0.001). There were no significant 
differences in the other PSSR parameters between the 2 
groups. Among the segmental PDSR parameters, only 
PDSR_R and PDSR_C in the basal segments showed 
significant differences between the AL-CA and HCM 
groups (PDSR_R basal, P=0.015; and PDSR_C basal, 
P=0.020). No statistical differences in any of the apical 

strain parameters were observed (all P>0.05).  

RAB and RAS analysis

The RAB and RAS were used to depict the apex-sparing 
features of patients with AL-CA (Table 5). Both RAB 
and RAS in the radial, circumferential, and longitudinal 

Table 2 General CMR parameters of AL-CA patients, HCM patients, and healthy controls

General CMR 
parameters

AL-CA  
(n=36)

HCM  
(n=37)

Healthy controls  
(n=36)

P value  
(AL-CA vs. HCM)

P value  
(all groups)

LVEDVi (mL/m
2
) 76.30±18.84 78.71±17.31 70.09±11.03 0.577 0.201

LVESVi (mL/m
2
) 40.82±13.16 28.71±11.04 25.52±6.47 <0.001 <0.001

LVEF (%) 45.94±9.76 64.06±7.84 64.1±7.53 <0.001 <0.001

LVMi (g/m
2
) 82.08±23.36 75.30±19.88 43.18±9.34 0.191 <0.001

RVEDVi (mL/m
2
) 81.44±17.20 70.18±14.05 71.82±12.51 0.004 <0.001

RVESVi (mL/m
2
) 45.55±14.78 25.63±8.66 28.44±6.46 <0.001 <0.001

RVEF (%) 44.46±10.01 63.53±8.13 60.57±5.77 <0.001 <0.001

LAmaxi (mL/m
2
) 57.87±20.47 44.23±18.18 33.74±10.50 0.004 <0.001

LAmini (mL/m
2
) 41.34±17.88 21.58±12.44 13.02±6.31 <0.001 <0.001

LAEF (%) 28.38±13.55 53.51±10.32 62.31±9.43 <0.001 <0.001

The values are presented as mean ± standard deviation. CMR, cardiac magnetic resonance; AL-CA, light-chain cardiac amyloidosis; 
HCM, hypertrophic cardiomyopathy; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; 
LVEF, left ventricular ejection fraction; LVMi, left ventricular myocardial mass index; RVEDVi, right ventricular end-diastolic volume index; 
RVESVi, right ventricular end-systolic volume index; RVEF, right ventricular ejection fraction; LAmaxi, left atrial maximum volume index; 
LAmini, left atrial minimum volume index; LAEF, left atrial ejection fraction. 

Table 3 Global LV strain comparison of AL-CA patients, HCM patients, and healthy controls

LV strain
AL-CA  
(n=36)

HCM  
(n=37)

Healthy controls  
(n=36)

P value  
(AL-CA vs. HCM)

P value  
(all groups)

PRS (%) 19.85±5.74 30.93±7.14 36.96±7.93 <0.001 <0.001

PCS (%) −13.16±2.70 −17.67±2.56 −20.3±2.28 <0.001 <0.001

PLS (%) −7.21±4.35 −11.81±3.40 −15.7±2.79 <0.001 <0.001

PSSR_R (1/s) 1.28±0.71 2.09±0.81 2.16±0.57 <0.001 <0.001

PSSR_C (1/s) −0.87±0.40 −1.11±0.27 −1.09±0.19 0.004 <0.001

PSSR_L (1/s) −0.50±0.51 −0.74±0.24 −0.86±0.27 0.010 <0.001

PDSR_R (1/s) −1.25±1.40 −1.50±0.97 −2.19±0.72 0.378 <0.001

PDSR_C (1/s) 0.77±0.69 0.85±0.27 1.97±0.22 0.481 <0.001

PDSR_L (1/s) 0.52±0.60 0.52±0.29 0.79±0.16 0.990 <0.001

The values are presented as mean ± standard deviation. LV, left ventricle; AL-CA, light-chain cardiac amyloidosis; HCM, hypertrophic 
cardiomyopathy; PRS, peak radial strain; PCS, peak circumferential strain; PLS, peak longitudinal strain; PSSR, peak systolic strain rate; 
PDSR, peak diastolic strain rate; R, radial; C, circumferential; L, longitudinal.
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Table 4 Segmental LV strain parameters of AL-CA patients, HCM patients, and healthy controls 

LV strain AL-CA (n=36) HCM (n=37) Healthy controls (n=36) P value (AL-CA vs. HCM) P value (all groups)

PRS (%)

Basal 17.17±7.37 35.82±11.37 41.71±10.82 <0.001 <0.001

Middle 20.00±6.52 28.17±7.38 30.82±6.19 <0.001 <0.001

Apical 31.81±11.59 36.28±13.86 48.34±15.36 0.142 <0.001

PCS (%)

Basal −11.62±3.48 −18.80±3.33 −21.5±2.67 <0.001 <0.001

Middle −13.35±2.95 −16.96±2.91 −18.5±2.15 <0.001 <0.001

Apical −17.96±3.87 −19.00±3.99 −23.1±3.57 0.266 <0.001

PLS (%)

Basal −8.04±7.60 −19.33±4.11 −23.1±3.82 <0.001 <0.001

Middle −4.99±5.92 −7.31±6.64 −10.1±4.60 0.121 <0.001

Apical −8.04±7.04 −9.73±3.60 −13.70±3.18 0.203 <0.001

PSSR_R (1/s)

Basal 1.28±0.65 2.31±0.75 2.36±0.72 <0.001 <0.001

Middle 1.27±0.83 2.06±0.89 1.84±0.48 <0.001 <0.001

Apical 2.53±2.21 2.85±1.35 3.10±1.33 0.463 0.082

PSSR_C (1/s)

Basal −0.93±0.37 −1.11±0.49 −1.16±0.22 0.077 0.001

Middle −0.90±0.52 −1.10±0.33 −1.01±0.18 0.051 0.054

Apical −1.54±0.96 −1.40±0.40 −1.36±0.40 0.441 0.790

PSSR_L (1/s) 

Basal −0.63±0.98 −1.30±0.41 −1.41±0.43 <0.001 <0.001

Middle −0.51±0.61 −0.47±0.74 −0.72±0.34 0.809 0.078

Apical −0.72±0.74 −0.89±0.57 −0.94±0.29 0.275 0.208

PDSR_R (1/s)

Basal −1.09±1.54 −2.38±2.68 −2.98±−0.98 0.015 <0.001

Middle −1.07±2.00 −1.43±1.00 −1.95±0.70 0.341 <0.001

Apical −2.03±3.29 −2.06±1.80 −3.05±1.84 0.957 0.001

PDSR_C (1/s)

Basal 0.66±0.75 1.08±0.75 1.15±0.26 0.020 <0.001

Middle 0.82±0.87 0.87±0.45 1.09±0.25 0.783 0.005

Apical 1.04±1.53 1.11±0.65 1.40±0.35 0.809 0.004

Table 4 (continued)
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Table 5 Comparison of RAB and RAS of AL-CA patients, HCM patients, and healthy controls 

Variables AL-CA (n=36) HCM (n=37) Healthy controls (n=36) P value (AL-CA vs. HCM) P value (all groups)

RABpeak strain (%)

Radial 2.08±0.96 1.08±0.44 1.19±0.36 <0.001 <0.001

Circumferential 1.66±0.55 1.03±0.27 1.08±0.18 <0.001 <0.001

Longitudinal 0.90±0.56 0.52±0.23 0.61±0.16 <0.001 <0.001

RABpeak systolic strain rate (%)

Radial 2.24±1.70 1.26±0.50 1.37±0.52 <0.001 <0.001

Circumferential 1.80±0.98 1.15±0.50 1.20±0.35 0.001 <0.001

Longitudinal 0.83±0.55 0.74±0.66 0.69±0.15 0.601 0.019

RABpeak diastolic strain rate (%)

Radial 1.18±3.60 1.05±0.91 1.08±0.40 0.908 0.002

Circumferential 0.94±2.41 1.25±0.69 1.25±0.29 0.391 0.216

Longitudinal 0.68±0.93 0.64±0.57 0.71±0.28 0.519 0.208

RASpeak strain (%)

Radial 18.82±7.17 37.13±11.26 43.28±10.77 <0.001 <0.001

Circumferential −10.25±3.63 −17.67±3.43 −20.27±2.72 <0.001 <0.001

Longitudinal −6.48±7.42 −17.85±4.55 −21.66±3.85 <0.001 <0.001

RASpeak systolic strain rate (%)

Radial 2.86±1.52 3.73±0.81 4.06±0.86 0.003 <0.001

Circumferential 0.44±1.12 0.19±0.62 0.19±0.45 0.236 0.007

Longitudinal 0.65±1.37 0.83±3.77 0.06±0.75 0.788 0.014

RASpeak diastolic strain rate (%)

Radial 0.65±2.60 −1.11±3.14 −1.32±1.17 0.012 <0.001

Circumferential 2.11±1.55 2.33±1.00 2.47±0.42 0.478 0.096

Longitudinal 1.81±1.83 2.12±1.46 2.56±0.51 0.437 0.118

The values are presented as mean ± standard deviation. AL-CA, light-chain cardiac amyloidosis; HCM, hypertrophic cardiomyopathy; 
RAB, strain ratio of apex to base; RAS, relative apical sparing of strain.

Table 4 (continued)

LV strain AL-CA (n=36) HCM (n=37) Healthy controls (n=36) P value (AL-CA vs. HCM) P value (all groups)

PDSR_L (1/s)

Basal 0.87±1.24 1.08±0.39 1.26±0.27 0.341 <0.001

Middle 0.39±0.91 0.40±0.49 0.71±0.23 0.959 <0.001

Apical 0.61±1.07 0.57±0.64 0.85±0.24 0.838 0.022

The values are presented as mean ± standard deviation. LV, left ventricle; AL-CA, light-chain cardiac amyloidosis; HCM, hypertrophic 
cardiomyopathy; PRS, peak radial strain; PCS, peak circumferential strain; PLS, peak longitudinal strain; PSSR, peak systolic strain rate; 
PDSR, peak diastolic strain rate; R, radial; C, circumferential; L, longitudinal. 
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directions of peak strain showed significant differences 
between the AL-CA and HCM groups (all P<0.001). 
Statistical differences were noted in the RAB of the PSSR_
R and PSSR_C (P<0.001 and P=0.001, respectively). The 
RAS of both the PSSR_R and PDSR_R were significantly 
different between the 2 groups (P=0.003 and P=0.012, 
respectively). No statistical differences were noted in the 
other RAB or RAS parameters between the 2 groups.

LV myocardial LGE pattern

All 36 patients with AL-CA had varying degrees of 
myocardial LGE, including 17 with subendocardial LGE 

and 19 with transmural LGE. Among the 37 patients 
with HCM, 33 patients showed patchy LGE in the 
hypertrophic myocardium, including 11 cases with single-
segment involvement and 22 cases with multiple-segment 
involvement. Myocardial LGE was not observed in any of 
the healthy controls (Figure 2).

Discussion

CMR provides multiple functional indices for cardiomyopathy. 
With the CMR-TT technique, the strain parameters in 
the radial, circumferential, and longitudinal directions 
can be quantified, and both global and segmental strain 

Figure 2 Myocardial LGE patterns of AL-CA, patients with HCM, and healthy controls. (A) A lack of myocardial LGE in healthy controls. 
(B) Intramyocardial patchy LGE in patients with HCM. (C,D) Subendocardial and transmural pattern LGE in patients with AL-CA. LGE, 
late gadolinium enhancement; AL-CA, light-chain patients with cardiac amyloidosis; HCM, hypertrophic cardiomyopathy.

A B

C D
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parameters can be further evaluated (21). The normal 
range of LV global and segmental strain based on a large, 
healthy population has been reported (22). In this study, 
we compared the differences in LV peak strain, PSSR, and 
PDSR in 3 directions between patients with AL-CA and 
those with HCM. We also assessed the segmental strain 
change from base to apex to obtain more comprehensive 
myocardial motion information from the perspective of 
biomechanics.

The subendocardial myocardium parallel to the long 
axis of the heart mainly affects longitudinal strain, the 
oblique subepicardial myocardium mainly contributes to 
circumferential strain, and the radial strain consists of the 
combined action of all myocardial layers (23). In patients 
with AL-CA, amyloid is deposited in the subendocardial 
myocardium at an early stage of disease, which mainly 
affects long-axis strain. Therefore, a decrease in LV long-
axis strain is a classic index for the evaluation of myocardial 
amyloidosis (4,24). With disease progression, the extent 
of myocardial involvement expands, and transmural injury 
occurs in the late stage of disease. As a result, the reduction 
in PRS and PCS gradually becomes obvious (16). Previous 
evaluations of PRS and PCS in patients with amyloidosis 
concluded that PRS and PCS also have high diagnostic 
efficacy for amyloidosis (19,25). Our study showed that 
peak strain in 3 directions and PSSR in the radial and 
circumferential directions were effective in the differential 
diagnosis of AL-CA and HCM. The underlying reason is 
that amyloid deposition in patients with AL-CA involves 
the midmyocardium or even the subepicardial myocardium.

Myocardial  amyloidosis  i s  a  type of  restr icted 
cardiomyopathy characterized by abnormal LV filling and 
restricted relaxation (26). Patients with HCM also present 
with LV diastolic dysfunction due to abnormal hypertrophy 
and the disordered arrangement of cardiomyocytes, 
myocardial interstitial fibrosis, and a consequent decrease 
in myocardial compliance (27). While the gold standard 
for the measurement of LV diastolic function is cardiac 
catheterization, its clinical application is limited due to 
its invasiveness. ECG has become the optimal choice and 
can provide multiple indices, such as diastolic mitral flow 
characteristics, pulmonary venous flow pattern, and the Tei 
index (28,29). Using the CMR-TT technique, a series of 
LV systolic and diastolic strain parameters can be obtained 
in one step (30-32).

In our study, although the LVEF of patients with HCM 
was within the normal range, the value of PDSR in 3 

directions was lower than that in the healthy controls, which 
confirmed that diastolic function was impaired earlier than 
systolic function in patients with HCM. Moreover, none 
of the PDSR indices in the AL-CA or HCM groups were 
significantly different, indicating that global LV diastolic 
dysfunction was similar between the 2 groups. However, 
segmental strain analysis showed that the radial and 
circumferential PDSR values in the basal segment of the 
patients with AL-CA were significantly lower than in those 
with HCM, suggesting severe basal segmental diastolic 
impairments in the AL-CA group. 

A variety of myopathic processes, such as amyloidosis, 
HCM, and hypertension, can lead to LV hypertrophy 
and a reduction in global strain parameters. Therefore, 
the specificity of this technique is limited. Studies based 
on ECG and MRI found a characteristic apical-sparing 
pattern in patients with AL-CA (33,34), in which the apical 
longitudinal strain was relatively normal, whereas the basal 
and middle strains were reduced, suggesting that amyloid 
deposition in the apical region is less than that in the basal 
region. Therefore, the resistance to deformation may be 
lower (35). The segmental strain analysis of our study 
showed that the basal segmental strain parameters of the 
AL-CA group were lower than those of the HCM group, 
except for the circumferential PSSR and longitudinal 
PDSR, suggesting that amyloid lesions could impair motor 
function more significantly in the basal segment.

In evaluating the difference between basal and apical 
strains more explicitly, the RAB and the RAS have been 
applied as sensitive indicators (36). The RAB is simple to 
calculate and mainly involves the evaluation of the difference 
between the basal and apical strains (37). By contrast, 
the middle segmental strain can be included in the RAS 
calculation to make the evaluation more comprehensive and 
reasonable (38). In contrast to similar studies (34,37), we 
added the evaluation of the RAB and the RAS of the radial 
and circumferential strain parameters. Our results indicated 
that these parameters had the same value as the longitudinal 
strain parameters in the depiction of the apical sparing 
pattern of AL-CA. Notably, the RAB and the RAS of the 
peak radial systolic strain rate demonstrated good diagnostic 
efficacy and verified the value of the radial strain parameter 
in distinguishing between AL-CA and HCM (39).

Our study had several limitations. First, it employed 
retrospective cohort design with a small sample size. 
Second, the classification of HCM was not performed, 
which might have led to discrepancy upon application to all 
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patients with HCM. Third, not all patients with amyloidosis 
underwent EMB. However, additional criteria were adopted 
to confirm cardiac involvement. 

Conclusions

The CMR-TT technique can be used to quantitatively 
compare the global and segmental strain differences 
between AL-CA and HCM. In addition, the RAB and the 
RAS are reliable parameters for the assessment of the apical 
sparing pattern in distinguishing AL-CA from HCM.
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