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Background: Cardiac light-chain amyloidosis (AL CA) portends poor prognosis. Contrast cardiac magnetic resonance (CMR) with late gadolinium enhancement (LGE) imaging is an important tool in recognizing AL CA. But contraindications to contrast CMR would significantly restrict its clinical application value. Our study aims to construct a convenient risk score to help identify cardiac involvement in patients at risk of AL CA. Moreover, we also investigate whether this risk score could provide prognosis information.

Materials and Methods: Sixty-three patients at risk of AL CA were retrospectively included in our study. Basic clinical characters, lab results, 12-lead electrocardiogram data, and cardiac magnetic resonance image data were collected. AL CA was diagnosed according to typical CA LGE pattern. Logistic analysis was used to figure out predictive parameters of AL CA and their β coefficients, further constructing the risk score. Receiver operating characteristics (ROC) curve was used to find the cut-off point best distinguishing AL CA+ from AL CA–patients. Bootstrapping was used for internal validation. All patients were divided into high-risk and low-risk group according to the diagnostic cut-off point, and followed up for survival information. Kaplan-Meier plots and log-rank test were performed to analyze if this score had prognostic value.

Results: The risk score finally consisted of 4 parameters: pericardial effusion (PE) (1 point), low electrocardiographic QRS voltages (LQRSV) (1 point), CMR-derived impaired global radial strain (GRS) (<15.14%) (1 point) and increased left ventricular maximum wall thickness (LVMWT) (>13 mm) (2 points). Total score ranged from 0 to 5 points. A cut-off point of 1.5 showed highest accuracy in diagnosing AL CA with an AUC of 0.961 (95% CI: 0.924–0.997, sensitivity: 90.6%, specificity: 83.9%). Kaplan-Meier plots and log-rank test showed that the high-risk group had significantly poor overall survival rates.

Conclusion: In patients at risk of AL CA, a risk score incorporating the presence of PE, LQRSV, and CMR-derived impaired GRS and increased LVMWT is predictive of a diagnosis of AL CA by LGE criteria. This risk score may be helpful especially when contrast CMR is not available or contraindicated, and further studies should be considered to validate this score.
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INTRODUCTION

Light-chain amyloidosis (AL) is the most common type of systemic amyloidosis (1). Abnormal monoclonal plasma cell proliferation is the major cause of AL amyloidosis and on rare occasion, malignant lymphoproliferations would also lead to this disease (2, 3). Multi-organ involvement is one of the characteristics of AL amyloidosis, which makes the therapy complicated.

AL CA was proved to affect prognosis most, constituting the major cause of death (4). It is reported that, without treatment, the median survival time of AL CA patients was 6 months since the presentation of symptoms (5). However, atypical symptoms in the early stage and deficient recognition of cardiac involvement make AL CA an underdiagnosed disease (6). Therefore, the majority of AL CA patients receive their initial specific treatment at the late stage, which has limited contribution to sound prognosis. Early detection of AL CA may alter the therapy protocol, potentially altering the prognosis (7).

Endomyocardial biopsy (EMB) is the reference standard to diagnose AL CA. It could provide an access to pathology result. Despite the edge of EMB, the clinical application of EMB is greatly restricted by its invasive nature, technical difficulties, and potential sample error (8). Actually, imaging methods are more widely applicated than EMB, for they allow for noninvasive and repeatable global evaluation of cardiac amyloidosis burden. Contrast cardiac magnetic resonance (CMR) with Late-gadolinium-enhancement (LGE) imaging is a commonly used noninvasive imaging method to diagnose and evaluate cardiac amyloidosis (CA). For AL CA patients, amyloidosis deposition increases extracellular volume (ECV) of myocardium, which leads to the wash-out delay of contrast agent in the lesion area compared to normal myocardial tissue (9), resulting in increased signal intensity on T1-weighted imaging. While the characteristic LGE distribution shows high accuracy in diagnosing cardiac involvement (10), the high occurrence rate of renal dysfunction among patients at risk of AL CA may render these patients unsuitable candidates for LGE-imaging (11). In addition, the side effects of gadolinium injection have been discussed before (12, 13). Hence, effective and widely applicable method is still urgently desired to facilitate the diagnosis of AL CA.

In our study, we aimed to construct a risk score helping discover cardiac involvement in patients with risk of AL CA, especially in those with contraindications to contrast CMR scan. Furthermore, we also tested the ability of this risk score in prognosticating outcomes of these patients.



MATERIALS AND METHODS


Patients

AL CA could occur in patients with diagnosed AL amyloidosis or other diseases with potential to proceeding into secondary AL amyloidosis, including multiple myeloma (MM), lymphocytic lymphoma (LPL)/Waldenstrom macroglobulinemia (WM), and monoclonal gammopathy of undetermined significance (MGUS) (14, 15). These patients would be defined as “at risk of AL CA” and undergo CMR scan when there were heart-related abnormalities in echocardiography, ECG, and lab tests (cardiac biomarkers) or when their clinicians considered there was necessity to exclude the presence of AL CA, especially in patients with proved systemic AL. Sixty-nine patients at risk of AL CA underwent CMR scan between October 2012 and August 2021 were initially integrated into our study (n = 69). Six patients met the following exclusion criteria were then excluded: Absence of LGE imaging (n = 3); poor image quality (n = 1); previous history of dilated cardiomyopathy (n = 1); coexistence with rheumatic valvular heart disease (n = 1). Ultimately, sixty-three patients were included (Figure 1). AL CA would be diagnosed if typical CA LGE pattern was observed. Typical LGE pattern was defined as: circumferential entire sub-endocardium involvement with different degree extension to surrounding myocardium, diffuse myocardial enhancement without myocardium nulling, or a scattering patchy pattern on LGE-imaging (14). Thirty-two patients were considered AL CA+ and thirty-one patients AL CA- according to the typical LGE criteria. Among AL CA+ patients, 18 (56%) patients had extra-cardiac biopsy proved amyloid deposition; 11 (34%) patients were with monoclonal protein identified by serum or urine immunofixation while extra-cardiac biopsy was negative or not performed in our hospital; 3 (9%) patients were with characteristic circumferential subendocardial LGE or diffuse LGE which could not be explained by other causes rather than CA.


[image: Figure 1]
FIGURE 1. The flowchart of patient selection.


Our study conformed to the declaration Helsinki and was approved by our institutional review board.



Data Collection

Clinical data nearest to the CMR scan were collected through our electric history system, including baseline characteristics, lab results and 12-lead electrocardiogram (ECG) results. Low electrocardiographic QRS voltages (LQRSV) was defined as QRS amplitude of ≤10 mm in all the precordial leads or ≤5 mm in all standard limb leads (16). Left ventricular maximum wall thickness (LVMWT) and left atrial antero-posterior diameter (LAAPD) were measured on CMR image.



CMR Scan Protocol and Image Analysis

All patients underwent CMR scan on 1.5 T clinical scanners (Signa Excite HD, GE, Boston, America; Avanto, Siemens Healthineers, Erlangen, Germany). Routine CMR scan protocol was described before (17). In brief, cine images of short axis, 2-chamber, 3-chamber, 4-chamber and outflow tract were acquired via steady-state free proceeding (SSFP) sequence (slice thickness = 8 mm, slice space = 2 mm, TR = 3.5 or 47.52 ms, TE = 1.5 or 1.11 ms, flip angle = 45° or 56°, Cardiac phases= 20 or 25). LGE image was obtained 8–10 min after the injection of 0.15 mmol·Kg−1 gadolinium (Beilu, Beijing, China). In addition, other routine sequences, including dark-blood T1, dark-blood T2 were also gained.

Routine function analysis as well as strain analysis was measured on CMR image, for part of functional data, like strain, were not routinely evaluated on echocardiography. CMR image post-processing was performed on a commercial post-processing software CVI 42 (Circle Cardiovascular Imaging; Calgary, Canada). The endocardium and epicardium of left ventricle were first contoured automatically by the software, and then adjusted by radiologists. Routine function parameters were acquired in Function SAX model, while strain parameters in Strain model. Global strain parameters were included for analysis, including global circumferential strain (GCS), global longitudinal strain (GLS) and global radial strain (GRS). We recorded GCS and GLS value with the absolute value for statistical analysis.

Presence of typical CA LGE pattern was independently determined by two radiologists with 3-year experience (Radiologist A) and 5-year experience (Radiologist B) in CMR diagnosis, respectively. When opinions of the two radiologists differed, a decision was reached by consensus or consultation with another more experienced investigator.



Follow-Up

Patients were followed up for survival information through clinical electric history system or phone call. The primary end point was all-cause death. The final follow-up date was September 30, 2021. Follow-up duration was the time interval between the day of CMR scan and the day of death or study closure, whichever came first.



Statistical Analysis

All statistical analyses were performed on SPSS 26.0 (IBM, Armonk, NY, USA). Continuous variables distributing normally were expressed as mean ± standard deviation (SD), otherwise they were expressed as median (inter-quartile). Categorical data were represented by frequencies and percentages. Student's t-tests or Mann-Whitney U test was performed for the comparison of continuous data between AL CA+ and AL CA- patients, while Fischer exact test was used to compare categorical data. All the continuous variables were transformed into categorical variables according to receiver operating characteristic (ROC) curve and cut-off value before logistic analysis (18). Univariable and multivariable logistic regression models were utilized to figure out independent predictors of AL CA. A risk score was constructed based on the predictors of AL CA and their corresponding regression coefficients. The score of every parameter was determined by the ratio of its β coefficient and the smallest β coefficient (19). The total score of individuals was calculated according to the established score. ROC curve was used to evaluating the accuracy of the diagnostic risk score in recognizing AL CA. Internal validation of this risk score was performed using bootstrapping method with 1,000 replicates on R version 4.0.5 (http://www.R-project.org). All patients were then grouped into high-risk group or low-risk group according to the diagnostic cut-off score. Kaplan-Meier plots and log-rank test were further used to test whether the risk score could provide extra prognosis information in addition to diagnostic value.




RESULTS


Patient Characteristics

The baseline characteristics of patients were listed in Table 1. Our study finally consisted of 63 patients at risk of AL CA, including MM (n = 37), primary AL (n = 19), LPL/ WM (n = 5), and MGUS (n = 2). As shown in Table 1, no significant difference was found in age, sex, basic surface area (BSA), hypertension, and diabetes between AL CA+ and AL CA- group.


Table 1. Baseline characteristics of patients at risk of AL CA.
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Lab Results and ECG Finding

N-terminal pro b-type natriuretic peptide (NT-pro BNP) in AL CA+ group is remarkably higher than that in AL CA- group [2,524 (649, 4,614) vs. 165 (58, 735) pg/mL, P < 0.001]. Since our institution used <0.01 rather than the exact value to record Troponin I when its level was lower than 0.01, we recorded Troponin I level as elevated or not elevated according to the recommended cut-off value of 0.11. In our study, elevated Troponin I was found in 12 AL CA+ patients while none AL CA- patients exhibited elevated Troponin I (P < 0.001). Creatinine and D-Dimer were not significantly different between AL CA+ and AL CA- patients (all P > 0.05).

Twelve AL CA+ and four AL CA- patients displayed low QRS voltage (LQRSV) on 12-lead ECG. The proportion of LQRSV between 2 groups were statistically different (P = 0.041).



Morphology and Function

Pericardial effusion (PE) was more often observed in AL CA+ patients compared to AL CA- patients [23 (72%) vs. 5 (16%), P < 0.001]. LVMWT was thicker in AL CA+ patients than AL CA- patients [17 (14, 20) vs. 11 (9, 13) mm, P < 0.001]. LAAPD (39 ± 9 vs. 38 ± 6 mm, P = 0.796), left ventricular end-diastolic volume (LVEDV) [124 (97, 163) vs. 128 (109, 177) ml, P = 0.216] and left ventricular end-systolic volume (LVESV) [54 (39, 94) vs. 50 (38, 79) ml, P = 0.731] were similar between AL CA+ and AL CA- group. Left ventricular stroke volume (LVSV) in AL CA+ group was statistically lower than that in AL CA- group [62 (45, 78) vs. 80 (62, 97) ml, P = 0.005].

Left ventricular ejection fraction (LVEF) is the most common used parameter in the evaluation of cardiac function. In the comparison between AL CA+ and AL CA- patients, AL CA+ group had lower LVEF than AL CA– group [52 (44, 59) vs. 59 (50, 67)%, P = 0.020]. GRS [13.9 (8.6, 23.1) vs. 28.1 (18.3, 34.1)%, P < 0.001], GCS (12.7 ± 5.1 vs. 17.6 ± 4.0%, P < 0.001) and GLS (6.4 ± 2.5 vs. 10.6 ± 3.4%, P < 0.001) were significantly decreased in AL CA+ patients compared to AL CA- patients.



Predictors of AL CA

The cut-off value and AUC of all continuous variables were listed in Table 2. Before logistic analysis, all continuous variables were transformed into dichotomous variable according to their corresponding best cut-off value. Table 3 showed the logistic analysis results. In the univariable analysis, the following parameters were with P value < 0.05: NT-pro BNP > 452 pg/mL, LQRSV, PE, LVMWT >13 mm, LVSV < 65.10 ml, LVEF < 55.89%, GRS < 15.14%, GCS < 15.88%, and GLS < 9.03%. In the multivariable analysis, independent predictors of AL CA were LQRSV (β = 3.26, OR = 26.06, P = 0.024), PE (β = 2.38, OR = 10.79, P = 0.049), LVMWT >13 mm (β = 4.51, OR = 90.56, P = 0.001), and GRS < 15.14% (β = 2.728, OR = 15.30, P = 0.038).


Table 2. AUC of all variables in differentiating AL CA+ patients from AL CA- patients.
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Table 3. Logistic analysis result for independent predictors of AL CA.
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Construction of the Risk Score

The above-mentioned predictors of AL CA were assigned with point according to their β coefficients. As a result, the risk score incorporated LQRSV (1 point), PE (1 point), GRS < 15.14% (1 point), and LVMWT > 13 mm (2 points) was constructed (shown in Figure 2). The total score of individuals would be acquired by summing up the respective score of all the parameters.


[image: Figure 2]
FIGURE 2. Details of the risk score.




Diagnostic and Prognostic Value of the Risk Score

Performance of the risk score was evaluated by ROC curve. ROC curve showed that the total score with a cut-off point of 1.5 points were with highest AL CA diagnostic accuracy with an AUC of 0.961 (95% CI: 0.924–0.997, sensitivity: 90.6%, specificity: 83.9%) (Figure 3). Internal validation based on bootstrapping demonstrated an optimism-corrected AUC of 0.944 for the risk score.


[image: Figure 3]
FIGURE 3. ROC analysis of the total score recorded by the risk score in identifying AL CA patients.


Patients at the risk of AL CA were divided into high-risk group (total score > 1.5 points) and low-risk (total score < 1.5 points) group using the diagnostic cut-off point. The median follow-up duration patients were 14 months [interquartile range (IQR): 6–24 months]. Eighteen patients including 14 AL CA+ patients and 4 AL CA- patients were dead during follow-up. Kaplan-Meier curve suggested that the high-risk group had poorer overall survival (OS) rate compared to the low-risk group. Log-rank test indicated the prognosis difference between high-risk and low-risk group was statistically different (P < 0.001) (Figure 4).


[image: Figure 4]
FIGURE 4. Kaplan-Meier curve of the overall survival rate in high-risk and low-risk group.





DISCUSSION

In our study, we construct a risk score helping diagnose cardiac involvement in patients at risk of AL CA. The risk score consists of four easily-acquired but important parameters: PE (1 point), LQRSV (1 point), CMR-derived impaired GRS (< 15.14%) (1 point) and increased LVMWT (>13 mm) (2 points). After summing up the score of individual, a total score larger than 1.5 points showed high performance in recognizing AL CA according to LGE criteria. On the basis of the established risk score, we further grouped all possible AL CA patients into high-risk group (total score > 1.5 points) and low-risk group (total point < 1.5 points). OS rate in high-risk group was remarkably lower than that in low-risk group.

Timely identification of cardiac involvement in patients at risk of AL CA is critical to the clinical management, whatever the primary cause of AL CA. For patients with primary systemic AL amyloidosis, cardiac involvement means higher early death rate after autologous stem cell transplant (ASCT), initial low dose of chemotherapy, poor tolerance for immunomodulatory drugs (IMiDs), and necessity to implement extra measures that concur to blood volume control (20). MM-associated AL amyloidosis, is the most important constituent of secondary AL amyloidosis. However, little is known about the appropriate management of MM-associated AL CA. Close surveillance and avoidance of treatment-related cardiac toxicity would contribute to delaying the progression of heart failure, leading to improved outcomes among MM patients with concurrent AL CA (21).

PE, LQRSV, CMR-derived impaired GRS and increased LVMWT are common abnormalities among AL CA patients (22). The presence of these abnormalities has an indication of suspected AL CA.

In AL CA patients, a PE of any size was more often observed with pleural effusion (23, 24). It is still not comprehensively known what the exact mechanism of PE formation is. Right ventricular failure during AL CA process can lead to the PE and this mechanism reasonably explains the common coexistence of pleural effusion in AL CA patients (23). Moreover, it has also been proposed that the presence of PE is the result of myocardial edema generally attributing to the amyloid infiltration and consecutive inflammation (25). When patients come to clinic for pericardial and pleural effusion with undetermined reason, it is necessary for clinicians to help their patient perfect relevant examinations in order to exclude the existence of AL CA.

Increased wall thickness following amyloid deposition is an important sign of cardiac involvement in patients with suspected AL CA. The degree of hypertrophy is associated with the degree of cardiac infiltration (26). The echocardiography criteria to diagnose AL CA is the left ventricular wall thickness >12 mm in the absence of any other causes of hypertrophy (27). In our study, the best cut-off value of LVWMT distinguishing AL CA+ patients from AL CA- patients is 13 mm. This value is a little higher than the established value. The disparity may be partially explained by the difference of inclusion patients. Hypertension was not listed as an exclusion criterion in our study. We acknowledged that hypertension can influence the wall thickness (28) even if hypertension was all well-controlled. Nevertheless, it is the real-world situation, considering the high prevalence of hypertension. Additionally, we measured LVWMT on CMR images, which is more reproducible than on echocardiography (29). The possible existed measure differences due to various imaging tools may lead to different results.

LQRSV is a common ECG finding in AL CA patients with reported incidence rate of 20 to 74% (30). Of note, LQRSV alone is not specific for AL CA. It can also be found among patients with other cardiac and extra-cardiac disease and even in the healthy (31). In our patients, there were 4 patients free of AL CA presenting LQRSV. Generally, patients with hypertrophic myocardium due to hypertension or hypertrophic cardiomyopathy (HCM) present high QRS voltage (HQRSV) abnormality on 12-lead ECG (32). Nevertheless, in AL CA patients, there is a contradiction phenomenon of the coexistence of hypertrophic myocardium and LQRSV (33). The difference of QRS voltage presentation between AL CA and other myocardial hypertrophic diseases can be explained by the different mechanism of hypertrophy. In patients with hypertension or HCM, presence of myocyte hypertrophy leads to HQRSV (34, 35). However, in AL CA patients, myocardial hypertrophy is caused by the extracellular amyloid deposition and no actual hypertrophic myocyte exists (36). Our study result is consistent with previous findings: If a patient with suspected AL CA has concomitant increased LVMWT (>13 mm) and LQRSV, the total score of this patient is 2 points, larger than the cut-off point 1.5. The risk score would indicate high likelihood of cardiac involvement in this patient.

Amyloid deposition in heart would impair cardiac function. LVEF has long been the cornerstone to measure cardiac function. However, in the early stage of cardiac involvement, only slight diastolic dysfunction exists, which cannot be detected by LVEF (37). Strain has been proved as a sensitive and robust marker of cardiac dysfunction in a series of clinical scenarios. It allows for a more direct function evaluation of left ventricle than traditional LVEF (38). GCS, GLS, and GRS are the major components of strain evaluation. GCS and GLS are respectively determined by the circumferential and longitudinal length change of myocardial fibers, while GRS describes the deformation of myocardial fibers to the center of the heart cavity, which reflects the thickness change of myocardial fibers (39, 40). GRS in our study is an independent predictor of AL CA. CMR-derived impaired GRS is the result of AL amyloid deposition. Abnormal amyloid aggregation in the myocardium would affect the thickening of myocardial fibers in cardiac cycle, through direct toxicity, ischemic impairment as well as increased ECV. A single center study with 60 healthy Chinese people indicated that the normal CMR-derived GRS value is 37.7 ± 9.6%. The best cut-off value of GRS differentiating AL CA+ and AL CA- patients according to our research was 15.14%, far below the normal value, indicating severe function impairment in AL CA patients.

In our study, the constructed risk score stressed the importance of overall assessment for clinical abnormalities in diagnosing AL CA. Indeed, single abnormality during clinical evaluation is not specific for AL CA, when considered separately. Our risk score would improve diagnostic confidence of clinicians by incorporating 4 common abnormalities rather than a single abnormality. Contrast CMR with LGE imaging is irreplaceable in the noninvasive evaluation of cardiac involvement among patients at risk of AL CA (10). Nonetheless, its clinical value is often restricted by its contraindications, like impaired renal function. There is high co-occurrence rate of renal amyloidosis in patients with CA (41). Therefore, though the risk score cannot take the place of the gold standard EMB, it can be clinically significant by promoting further confirming tests and even EMB, especially in patients with contraindications to contrast CMR.

In addition to the diagnosis of AL CA, prognosis information is also paramount to patients as well as their clinicians. The prognostic value of PE (24, 42), LQRSV (31), impaired strain (43, 44) and LVMWT (45) has been previously described alone. Nonetheless, to our knowledge, the joint prognostic value has not yet been discussed. The established risk score consists of these four parameters. Prognosis value investigation of this risk score partially allows for the combined prognostic evaluation of the four parameters. As expected, in patients at risk of AL CA, high total score is a poor prognosis marker. Since cardiac involvement has been widely proved to negatively affect the outcome among patients at risk of AL CA, it is plausible to speculate that patients with high risk of AL CA are more likely to suffer poor prognosis compared to those with low risk. Hence, the risk score has prognosis stratification value in patients with risk of AL CA.

There are a few inherent drawbacks of our study. First, our risk score was constructed on the basis of single center data with limited sample size. Though internal validation with bootstrapping method confirmed the performance of the risk score in recognizing AL CA, a multi-center prospective study is still necessary to validate our findings and construct a stable and widely applicated risk score. Second, patients who came for CMR scan may represent a status of relatively higher likelihood of cardiac involvement compared to those who did not. In addition, those without contrast CMR scan were excluded. Patient selection bias may exist. Third, both LVMWT and GRS were measured on CMR images rather than echocardiography. For patients unable to receive contrast CMR scan, echocardiography would be considered prior to Non-contrast CMR. However, Non-contrast CMR still keeps its superiority to echocardiography in the aspect of reproductivity and operator-independence. Further work is necessary to verify whether this risk score tool can be interchangeable between CMR and echocardiography. Fourth, in our study, we used typical LGE pattern rather than the gold standard EMB to diagnose AL CA. Though LGE is the visible result of amyloidosis deposition, it cannot be observed when the deposition is scarce (46). In addition, there were reported cases with coexistence of AL amyloidosis and cardiac transthyretin amyloidosis (ATTR CA) (47). Though the coexistence is rare, the lack of histological CA typing and gene sequencing would potentially make ATTR CA patients mistakenly included, further influencing the accuracy of this risk score tool.



CONCLUSIONS

In conclusion, our study established a risk score based on PE, LQRSV, CMR-derived impaired GRS and increased LVMWT. When contrast CMR with LGE imaging is unavailable or contraindicated, this risk score is promising in early and accurately detecting cardiac amyloid deposition in patients at risk of AL CA. Furthermore, this risk score is also of prognostic value. For patients with high total score, different therapy and close follow-up should be considered. Future large-scale prospective study is warranted to validate our findings.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of Sir Run Run Shaw Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

YW and CP: conceptualization, data curation, and investigation. YW and WZ: formal analysis and methodology. HH and WZ: funding acquisition and resources. HH: project administration and supervision. WZ, CH, and JF: software. CH and JF: validation. JF: visualization. YW: writing-original draft. HH, CH, and JF: writing-review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the National Natural Science Foundation of China (Grant No. 81873908, HH) and the Project Supported by Scientific Research Fund of Zhejiang University (XY2021032 and XY2021034).



ACKNOWLEDGMENTS

We thank UMBA MABOMBO Pierre for the language polish.



REFERENCES

 1. Castiglione V, Franzini M, Aimo A, Carecci A, Lombardi C, Passino C, et al. Use of biomarkers to diagnose and manage cardiac amyloidosis. Eur J Heart Fail. (2021) 23:217–30. doi: 10.1002/ejhf.2113

 2. la Torre A, Reece D, Crump M, Atenafu E, Chen C, Prica A, et al. Light chain amyloidosis (AL) associated with B cell lymphoma a single center experience. Clin Lymphoma Myeloma Leuk. (2021) 21:e946–59. doi: 10.1016/j.clml.2021.07.003

 3. Yabe M, Ozkaya N, de Jong D, Aypar U, Ritorto M, Barbé E, et al. Localized peritumoral AL amyloidosis associated with mantle cell lymphoma with plasmacytic differentiation. The Am J Surg Pathol. (2021) 45:939–44. doi: 10.1097/PAS.0000000000001684

 4. Muchtar E, Gertz MA, Kumar SK, Lacy MQ, Dingli D, Buadi FK, et al. Improved outcomes for newly diagnosed AL amyloidosis between 2000 and 2014: cracking the glass ceiling of early death. Blood. (2017) 129:2111–9. doi: 10.1182/blood-2016-11-751628

 5. Staron A, Zheng L, Doros G, Connors L, Mendelson L, Joshi T, et al. Marked progress in AL amyloidosis survival: a 40-year longitudinal natural history study. Blood Cancer J. (2021) 11:139. doi: 10.1038/s41408-021-00529-w

 6. Dorbala S, Cuddy S, Falk R. How to image cardiac amyloidosis: a practical approach. JACC Cardiovasc Imaging. (2020) 13:1368–83. doi: 10.1016/j.jcmg.2019.07.015

 7. Kharoubi M, Bézard M, Galat A, Le Bras F, Poullot E, Molinier-Frenkel V, et al. History of extracardiac/cardiac events in cardiac amyloidosis: prevalence and time from initial onset to diagnosis. ESC Heart Fail. (2021) 8:5501–12. doi: 10.1002/ehf2.13652

 8. Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M, Kuhl U, et al. The role of endomyocardial biopsy in the management of cardiovascular disease: a scientific statement from the American Heart Association, the American College of Cardiology, and the European Society of Cardiology Endorsed by the Heart Failure Society of America and the Heart Failure Association of the European Society of Cardiology. Eur Heart J. (2007) 28:3076–93. doi: 10.1093/eurheartj/ehm456

 9. Fontana M, Pica S, Reant P, Abdel-Gadir A, Treibel TA, Banypersad SM, et al. Prognostic value of late gadolinium enhancement cardiovascular magnetic resonance in cardiac amyloidosis. Circulation. (2015) 132:1570–9. doi: 10.1161/CIRCULATIONAHA.115.016567

 10. Syed I, Glockner J, Feng D, Araoz P, Martinez M, Edwards W, et al. Role of cardiac magnetic resonance imaging in the detection of cardiac amyloidosis. JACC Cardiovasc Imaging. (2010) 3:155–64. doi: 10.1016/j.jcmg.2009.09.023

 11. Bollée G, Guery B, Joly D, Snanoudj R, Terrier B, Allouache M, et al. Presentation and outcome of patients with systemic amyloidosis undergoing dialysis. Clin J Am Soc Nephrol. (2008) 3:375–81. doi: 10.2215/CJN.02470607

 12. McDonald R, Levine D, Weinreb J, Kanal E, Davenport M, Ellis J, et al. Gadolinium retention: a research roadmap from the 2018 NIH/ACR/RSNA workshop on gadolinium chelates. Radiology. (2018) 289:517–34. doi: 10.1148/radiol.2018181151

 13. Jost G, Frenzel T, Boyken J, Lohrke J, Nischwitz V, Pietsch H. Long-term excretion of gadolinium-based contrast agents: linear vs. macrocyclic agents in an experimental rat model. Radiology. (2019) 290:340–8. doi: 10.1148/radiol.2018180135

 14. Bhatti S, Watts E, Syed F, Vallurupalli S, Pandey T, Jambekar K, et al. Clinical and prognostic utility of cardiovascular magnetic resonance imaging in myeloma patients with suspected cardiac amyloidosis. Eur Heart J Cardiovasc Imaging. (2016) 17:970–7. doi: 10.1093/ehjci/jew101

 15. Agha AM, Palaskas N, Patel AR, DeCara J, Parwani P, Iliescu C, et al. Cardiac magnetic resonance predicting outcomes among patients at risk for cardiac AL amyloidosis. Front Cardiovasc Med. (2021) 8:626414. doi: 10.3389/fcvm.2021.626414

 16. Mussinelli R, Salinaro F, Alogna A, Boldrini M, Raimondi A, Musca F, et al. Diagnostic and prognostic value of low QRS voltages in cardiac AL amyloidosis. Ann Noninvasive Electrocardiol. (2013) 18:271–80. doi: 10.1111/anec.12036

 17. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich MG, et al. 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) 22:19. doi: 10.1186/s12968-020-00610-6

 18. Zhang H, Hu S, Wang X, Liu W, He J, Sun Z, et al. Using diffusion-weighted MRI to predict central lymph node metastasis in papillary thyroid carcinoma: A Feasibility Study. Front Endocrinol. (2020) 11:326. doi: 10.3389/fendo.2020.00326

 19. Ben Ayed H, Koubaa M, Hammami F, Marrakchi C, Rekik K, Ben Jemaa T, et al. Performance of an easy and simple new scoring model in predicting multidrug-resistant enterobacteriaceae in community-acquired urinary tract infections. Open Forum Infect Dis. (2019); 6:ofz103. doi: 10.1093/ofid/ofz103

 20. Huang X, Liu Z. [To positively deal with the challenges brought by the diagnosis and treatment of systemic light chain amyloidosis]. Zhonghua yi xue za zhi. (2021) 101:1631–4. doi: 10.3760/cma.j.cn112137-20210425-00994

 21. Camilli M, La Vecchia G, Lillo R, Iannaccone G, Lamendola P, Montone R, et al. Cardiovascular involvement in patients affected by multiple myeloma: a comprehensive review of recent advances. Expert Rev Hematol. (2021) 14:1115–28. doi: 10.1080/17474086.2021.2003704

 22. Rapezzi C, Merlini G, Quarta C, Riva L, Longhi S, Leone O, et al. Systemic cardiac amyloidoses: disease profiles and clinical courses of the 3 main types. Circulation. (2009) 120:1203–12. doi: 10.1161/CIRCULATIONAHA.108.843334

 23. Damy T, Jaccard A, Guellich A, Lavergne D, Galat A, Deux J, et al. Identification of prognostic markers in transthyretin and AL cardiac amyloidosis. Amyloid. (2016) 23:194–202. doi: 10.1080/13506129.2016.1221815

 24. Binder C, Duca F, Binder T, Rettl R, Dachs T, Seirer B, et al. Prognostic implications of pericardial and pleural effusion in patients with cardiac amyloidosis. Clin Res Cardiol. (2021) 110:532–43. doi: 10.1007/s00392-020-01698-7

 25. Berk J, Keane J, Seldin D, Sanchorawala V, Koyama J, Dember L, et al. Persistent pleural effusions in primary systemic amyloidosis: etiology and prognosis. Chest. (2003) 124:969–77. doi: 10.1378/chest.124.3.969

 26. Martini N, Aimo A, Barison A, Della Latta D, Vergaro G, Aquaro G, et al. Deep learning to diagnose cardiac amyloidosis from cardiovascular magnetic resonance. J Cardiovasc Magn Reson. (2020) 22:84. doi: 10.1186/s12968-020-00690-4

 27. Gertz M, Comenzo R, Falk R, Fermand J, Hazenberg B, Hawkins P, et al. Definition of organ involvement and treatment response in immunoglobulin light chain amyloidosis (AL): a consensus opinion from the 10th International Symposium on Amyloid and Amyloidosis, Tours, France, 18–22 April 2004. Am J Hematol. (2005) 79:319–28. doi: 10.1002/ajh.20381

 28. Rodrigues J, Rohan S, Ghosh Dastidar A, Harries I, Lawton C, Ratcliffe L, et al. Hypertensive heart disease versus hypertrophic cardiomyopathy: multi-parametric cardiovascular magnetic resonance discriminators when end-diastolic wall thickness ≥ 15 mm. Eur Radiol. (2017) 27:1125–35. doi: 10.1007/s00330-016-4468-2

 29. Mohty D, Damy T, Cosnay P, Echahidi N, Casset-Senon D, Virot P, et al. Cardiac amyloidosis: updates in diagnosis and management. Arch Cardiovasc Dis. (2013) 106:528–40. doi: 10.1016/j.acvd.2013.06.051

 30. Sharma S, Labib S, Shah S. Electrocardiogram criteria to diagnose cardiac amyloidosis in men with a bundle branch block. Am J Cardiol. (2021) 146:89–94. doi: 10.1016/j.amjcard.2021.01.026

 31. Valentini F, Anselmi F, Metra M, Cavigli L, Giacomin E, Focardi M, et al. Diagnostic and prognostic value of low QRS voltages in cardiomyopathies: old but gold. Eur J Prev Cardiol (2020). doi: 10.1093/eurjpc/zwaa027. [Epub ahead of print].

 32. Jain A, Tandri H, Dalal D, Chahal H, Soliman E, Prineas R, et al. Diagnostic and prognostic utility of electrocardiography for left ventricular hypertrophy defined by magnetic resonance imaging in relationship to ethnicity: the Multi-Ethnic Study of Atherosclerosis (MESA). Am Heart J. (2010) 159:652–8. doi: 10.1016/j.ahj.2009.12.035

 33. Rahman J, Helou E, Gelzer-Bell R, Thompson R, Kuo C, Rodriguez E, et al. Noninvasive diagnosis of biopsy-proven cardiac amyloidosis. J Am Coll Cardiol. (2004) 43:410–5. doi: 10.1016/j.jacc.2003.08.043

 34. Baxi A, Restrepo C, Vargas D, Marmol-Velez A, Ocazionez D, Murillo H. Hypertrophic cardiomyopathy from A to Z: genetics, pathophysiology, imaging, and management. Radiographics. (2016) 36:335–54. doi: 10.1148/rg.2016150137

 35. Nwabuo C, Vasan R. Pathophysiology of hypertensive heart disease: beyond left ventricular hypertrophy. Curr Hypertens Rep. (2020) 22:11. doi: 10.1007/s11906-020-1017-9

 36. Seward J, Casaclang-Verzosa G. Infiltrative cardiovascular diseases: cardiomyopathies that look alike. J Am Coll Cardiol. (2010) 55:1769–79. doi: 10.1016/j.jacc.2009.12.040

 37. Ferrari R, Böhm M, Cleland JG, Paulus WJ, Pieske B, Rapezzi C, et al. Heart failure with preserved ejection fraction: uncertainties and dilemmas. Eur J Heart Fail. (2015) 17:665–71. doi: 10.1002/ejhf.304

 38. Plana J, Galderisi M, Barac A, Ewer M, Ky B, Scherrer-Crosbie M, et al. Expert consensus for multimodality imaging evaluation of adult patients during and after cancer therapy: a report from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging. (2014) 15:1063–93. doi: 10.1093/ehjci/jeu192

 39. Maimaituxun G, Kusunose K, Yamada H, Fukuda D, Yagi S, Torii Y, et al. Deleterious effects of epicardial adipose tissue volume on global longitudinal strain in patients with preserved left ventricular ejection fraction. Front Cardiovasc Med. (2020) 7:607825. doi: 10.3389/fcvm.2020.607825

 40. Duncan AE, Alfirevic A, Sessler DI, Popovic ZB, Thomas JD. Perioperative assessment of myocardial deformation. Anesth Analg. (2014) 118:525–44. doi: 10.1213/ANE.0000000000000088

 41. Banypersad S, Moon J, Whelan C, Hawkins P, Wechalekar A. Updates in cardiac amyloidosis: a review. J Am Heart Assoc. (2012); 1:e000364. doi: 10.1161/JAHA.111.000364

 42. Yuda S, Hayashi T, Yasui K, Muranaka A, Ohnishi H, Hashimoto A, et al. Pericardial effusion and multiple organ involvement are independent predictors of mortality in patients with systemic light chain amyloidosis. Intern Med. (2015) 54:1833–40. doi: 10.2169/internalmedicine.54.3500

 43. Cohen O, Ismael A, Pawarova B, Manwani R, Ravichandran S, Law S, et al. Longitudinal strain is an independent predictor of survival and response to therapy in patients with systemic AL amyloidosis. Eur Heart J. (2021) 43:333–41. doi: 10.1093/eurheartj/ehab507

 44. Tadic M, Kersten J, Nita N, Schneider L, Buckert D, Gonska B, et al. The prognostic importance of right ventricular longitudinal strain in patients with cardiomyopathies, connective tissue diseases, coronary artery disease, and congenital heart diseases. Diagnostics. (2021) 11:954. doi: 10.3390/diagnostics11060954

 45. Kristen A, Perz J, Schonland S, Hansen A, Hegenbart U, Sack F, et al. Rapid progression of left ventricular wall thickness predicts mortality in cardiac light-chain amyloidosis. J Heart Lung Transplant. (2007) 26:1313–9. doi: 10.1016/j.healun.2007.09.014

 46. Karamitsos TD, Piechnik SK, Banypersad SM, Fontana M, Ntusi NB, Ferreira VM, et al. Noncontrast T1 mapping for the diagnosis of cardiac amyloidosis. JACC Cardiovasc Imaging. (2013) 6:488–97. doi: 10.1016/j.jcmg.2012.11.013

 47. Jhaveri T, Sarosiek S, Ruberg F, Siddiqi O, Berk J, Sanchorawala V. Once AL amyloidosis: not always AL amyloidosis. Amyloid. (2018) 25:139–40. doi: 10.1080/13506129.2018.1449104

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wu, Pu, Zhu, He, Fei and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-09-817456-t001.jpg
Variable

Age, years
Sex, male
BSA, m?
Hypertension
Diabetes
MM

Primary AL
LPLWM
MGUS
NT-pro BNP
Elevated troponin |
Creatinine
D-Dimer
LORSV
Pericardial effusion
LVMWT, mm
LAAPD, mm
LVEDV, ml
LVESV, ml
sV, ml
LVEF, %
GRS, %
GCS, %
GLS, %

Al patients (n = 63)

59+ 10
40 (63%)
1.68+0.18
25 (40%)
2(3%)

37 (59%)

19 (80%)
5(8%)
2(3%)

687 (104,3,521)
12 (19%)

76 (59, 94)
0.46 0.31, 1.18)
16 (25%)

28 (44%)
13(10,17)
38 (34, 49)
126 (100, 169)
52(39,92)
68 (53, 85)
56 (46, 65)
19.8(12.9, 28.9)
151 £5.2
85+36

AL CA+ Patients (n = 32)

50+ 10
21
1.69+0.22
11
0
18
12
1
0
2,524 (649, 4,614)
12 (38%)

73 (58, 88)
056 (0.33, 1.44)
12 (38%)

23 (72%)

17 (14, 20)
399
124 (97, 163)
54(39,94)
62 (45,78)
52 (44, 59)
13.9(8.6,23.1)
127 £56.1
64£25

AL CA- Patients (n = 31)

50+ 10
19
1.68+0.14
14
2
19
7
4
2
165 (58, 735)
0(0%)

80 (59, 124)
0.45 (0.30,0.92)
4(13%)

5 (16%)
119,13
3816
128 (109, 177)
5038, 79)
80 (62, 97)
59 (50, 67)
28.1 (18.3,34.1)
17.6£40
10684

P

0.998

0.721

0.836

0.382

0.238
/

/

/

/
<0.001
<0.001

0.173
0.375
0.041
<0.001
<0.001
0.796
0.216
0.731
0.005
0.020
<0.001

<0.001
<0.001

AL CA, cardiac light-chain amyloidosis; BSA, basic surface area; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radlal strain; LPL, lymphocytic lymphoma;
LAAPD, left atrial antero-posterior diameter; LQRSV, low efectrocardiographic QRS voltages; LVESV, left ventricular end-systolic volume; LVEDV, left ventricular end-diastolic volume;
LVYMWT, left ventricular maximum wall thickness; LVSV, left ventricular stroke volume; NT-pro BNP. N-terminal pro b-type natriuretic peptide; MGUS, monocional gammopathy of
undetermined significance; MM, multiple myeloma; WM, Waldenstrom macroglobulinemia.





OPS/images/fcvm-09-817456-t002.jpg
Variable Cut-off value

Age, years 63
Sex, male male
BSA, m? 1.52
Hypertension yes
Diabetes yes
NT-pro BNP 452
Elevated Troponin | yes
Creatinine 83
D-Dimer 1.28
LORsV yes

AuC

0.511
0.522
0.533
0.554
0.632
0777
0.688
0.600
0.565
0.623

Sensitivity

0.406
0.656
0.871
0.452
0.065
0.844
0.376
0.484
0313
0.375

Specificity

0.742
0.377
0177
0.656
1.000
0.710
1.000
0.719
0.839
0.871

Variable

Pericardial effusion
LVMWT, mm
LAAPD, mm

LVEDV, ml
LVESV, ml
sV, ml
LVEF, %
GRS, %
GCS, %
GLS, %

Cut-off value

yes
13
31
98.43
52.56
65.10
55.89
15.14
15.88
9.03

AuC

0.779
0.893
0.501
0.591
0.525
0.708
0.670
0.810
0.780
0.835

Sensitivity

0.719
0.781
0.903
0.903
0.631
0313
0.645
0.935
0.742
0.742

Specificity

0.871
0.903
0219
0.281
0.581
0258
0.656
0.594
0.781
0.844

AL CA, cardiac light-chain amyloidosis; AUC, area under the curve; BSA, basic surface area; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial
strain; LPL, lymphocytic lymphoma; LAAPD, left atrial antero-posterior diameter; LQRSV, low electrocardiographic QRS voltages; LVESV, left ventricular end-systolic volume; LVEDV, left
ventricular end-diastolic volume; LVMWT, left ventricular maximum wall thickness; LVSV, left ventricular stroke volume; NT-pro BNE N-terminal pro b-type natriuretic peptide.





OPS/images/fcvm-09-817456-g003.gif
10

08

0z

4 0961 (95%C1 092 -0997)

02 0: 06 08 10





OPS/images/fcvm-09-817456-g004.gif





OPS/images/fcvm-09-817456-t003.jpg
Variable

NT-pro BNP
LQRSV

Pericardial effusion
LvMwT

sV, ml

LVEF, %

GRS, %

GCS, %

GLS, %

B

258
1.40
285
351
1.85
1.24
3.05
233
2.74

Univariable analysis

OR

13.20
4.05
17.256
33.33
6.33
347
21.19
10.27
15.53

95% ClI

(3.86, 45.14)
(1.14,14.43)
(4,69, 63.45)
(7.77,142.97)
(.11, 18.97)
(1.28,9.78)
(4.29,104.67)
(3.21,32.81)
(4.46,54.09)

P

<0.001
0.031
<0.001
<0.001
0.01
0019
<0.001
<0.001
<0.001

326
238
451

2.728

Multivariable analysis

OR

26.06
10.79
90.56

15.30

95% ClI

(1.54, 441.15)
(1.01, 115.00)
(6.11,1,341.73)

(1.17,200.08)

0.024
0.049
0.001

0.038

AL CA, cardiac light-chain amyloidosis; Cl, confidence interval; GCS, global circumferential strain; GLS, global longitucinel strain; GRS, global racial strain; LORSV, low
electrocardlographic QRS voltages; LVMWT, left ventriculer meximum wall thickness; LVSV, left ventricular stroke volume; NT-pro BNP, N-terminal pro b-type natriuretic peptice; OR,

odds ratio.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Risk Score to Diagnose Cardiac Involvement and Provide Prognosis Information in Patients at Risk of Cardiac Light-Chain Amyloidosis



		Introduction



		Materials and Methods



		Patients



		Data Collection



		CMR Scan Protocol and Image Analysis



		Follow-Up



		Statistical Analysis







		Results



		Patient Characteristics



		Lab Results and ECG Finding



		Morphology and Function



		Predictors of AL CA



		Construction of the Risk Score



		Diagnostic and Prognostic Value of the Risk Score







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

A Risk Score to Diagnose Cardiac
Involvement and Provide Prognosis
Information in Patients at Risk of
Cardiac Light-Chain Amyloidosis





OPS/images/fcvm-09-817456-g001.gif
Pasents sk of carioc AL N CHR.
o O 2072 and A 2521 (69






OPS/images/fcvm-09-817456-g002.gif
Larsy 1 point

re 1 point
GRS<15.14% 1 point
LVMWT>13mm 2 points










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





