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OPEN A compartment-based myocardial

density approach helps to solve
the native T1 vs. ECV paradox
in cardiac amyloidosis

Bishwas Chamling®, Michael Bietenbeck?, Stefanos Drakos?, Dennis Korthals?, Volker Vehof?,
Philipp Stalling®, Claudia Meier* & AliYilmaz***

Cardiovascular magnetic resonance (CMR) plays an important clinical role for diagnosis and therapy
monitoring of cardiac amyloidosis (CA). Previous data suggested a lower native T1 value in spite of

a higher LV mass and higher extracellular volume fraction (ECV) value in wild-type transthyretin
amyloidosis (ATTRwt) compared to light-chain amyloidosis (AL)—resulting in the still unsolved “native
T1vs. ECV paradox” in CA. The purpose of this study was to address this paradox. The present study
comprised N =90 patients with ATTRwt and N =30 patients with AL who underwent multi-parametric
CMR studies prior to any specific treatment. The CMR protocol comprised cine- and late-gadolinium-
enhancement (LGE)-imaging as well as T2-mapping and pre-/post-contrast T1-mapping allowing

to measure myocardial ECV. Left ventricular ejection fraction (LV-EF), left ventricular mass index
(LVMi) and left ventricular wall thickness (LVWT) were significantly higher in ATTRwt in comparison
to AL. Indexed ECV (ECVi) was also higher in ATTRwt (p=0.041 for global and p=0.001 for basal
septal). In contrast, native T1- [1094 ms (1069-1127 ms) in ATTRwt vs. 1,122 ms (1076-1160 ms) in AL
group, p=0.040] and T2-values [57 ms (55-60 ms) vs. 60 ms (57-64 ms); p=0.001] were higherin AL.
Considering particularities in myocardial density, “total extracellular mass” (TECM) was substantially
higher in ATTRwt whereas “total intracellular mass” (TICM) was rather similar between ATTRwt

and AL. Consequently, the “ratio TICM/TECM"” was lower in ATTRwt compared to AL (0.58 vs. 0.83;
p=0.007). Our data confirm the presence of a “native T1 vs. ECV paradox” with lower native T1 values
in spite of higher myocardial mass and ECV in ATTRwt compared to AL. Importantly, this observation
can be explained by particularities regarding myocardial density that result in a lower TICM/TECM
“ratio” in case of ATTRwt compared to AL—since native T1 is determined by this ratio.

Abbreviations

ATTRwt Wild-type transthyretin amyloidosis

CM Cardiomyopathy

CMR Cardiovascular magnetic resonance
LV-EF Left ventricular ejection fraction

ECV Extracellular volume fraction

LVMi Left ventricular mass index

LVWT Left ventricular wall thickness

LGE Late-gadolinium-enhancement
NT-proBNP  N-terminal pro brain natriuretic peptides
eGFR Estimated glomerular filtration rate
NYHA New York Heart Association

LV-GLS Left ventricular global longitudinal strain
RVEF Right ventricular ejection fraction
RVEDVi Right ventricular enddiastolic volume index
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Amyloidosis is a multifaceted, heterogeneous disease characterised by pathological accumulation of insoluble,
polymeric protein fibrils in the extracellular space of various tissues and organs. Deposition of amyloid fibrils
in the myocardium leads to an infiltrative/restrictive cardiomyopathy. The most common forms of amyloido-
sis infiltrating the human heart (cardiac amyloidosis, CA) are (a) immunoglobulin light chain (AL)' and (b)
transthyretin amyloidosis (ATTR)* which in turn comprises two subtypes: a hereditary form (ATTRv) caused
by the presence of a TTR gene mutation and a wild-type form (ATTRwt) caused by age-related instability of
wild-type TTR?.

Cardiovascular magnetic resonance (CMR) is a robust diagnostic tool enabling detailed work-up of different
cardiac diseases including LV hypertrophy of unknown origin. CMR was recently shown to offer a very high
diagnostic yield regarding the diagnosis of cardiac ATTR and AL amyloidosis**. Moreover, the severity of cardiac
involvement in amyloidosis can be assessed by measurement of LV wall thickness, LV mass and the degree of
late gadolinium enhancement (LGE) in CMR®%. In addition, CMR techniques such as LGE-imaging”®, pre-/
post-contrast T1-mapping with subsequent ECV calculation'®!! and feature tracking (FT) for strain analysis '?
allow to depict both the pattern and the extent of CA%'3-15,

Previous CMR studies addressing both ATTRwt and AL patients suggested a lower native T1 value in spite of
a relatively higher LV mass and higher ECV value in ATTRwt compared to AL—resulting in the “native T1 vs.
ECV paradox” in cardiac amyloidosis that is still unsolved's"". In the present study, we analysed multi-parametric
CMR data of ATTRwt and AL patients in order to independently test and verify the presence of the “native T1
vs. ECV paradox” in cardiac amyloidosis. Moreover, we tried to find out an explanation for this “native T1 vs.
ECV paradox” based on our comprehensive, multi-parametric CMR data and by considering particularities in
myocardial tissue composition and density.

To better understand our novel approach, we need to make us aware of LV mass calculations by CMR: they
are based on a pre-specified “myocardial density” factor (usually 1.055 g/ml) and allow to calculate LV “mass”
based on a contoured 3D volume of the LV. Importantly, this approach does not consider any potential differ-
ences in “myocardial density” or “gravity”, caused by e.g. the presence of specific cardiomyopathies (such as
cardiac amyloidosis) ... nor does it account for any differences in myocardial density between the intracellular
vs. extracellular space of the myocardium. Considering the fact that amyloid fibrils accumulate in the “extracel-
lular” space of the myocardium only, the undifferentiated use of the aforementioned myocardial density factor of
“1.055 g/ml” for volume-based calculations of myocardial mass are neither appropriate nor acceptable. Therefore,
we tried to address this issue by a different approach.

Methods and materials

Patient characteristics and study design. In the present single-centre study, we carefully analysed the
clinical, laboratory and CMR imaging data of 120 amyloidosis patients who were not treated with any disease
specific therapy prior to our CMR study. All patients underwent comprehensive cardiac work-up including a
multi-parametric CMR study and only patients with biopsy and/or bone scintigraphy-based proof of cardiac
involvement were included. Cardiac biomarkers (N-terminal pro brain natriuretic peptide, NT-proBNP) as well
as renal parameters (eGFR, estimated glomerular filtration rate) were obtained on the day of CMR at our spe-
cialised “cardiac amyloidosis unit” at the University Hospital Muenster, Germany.

All patients enrolled were assigned into two groups: (a) ATTRwt amyloidosis (79 male/11 female, 79+ 5 years)

and (b) AL amyloidosis (20 male/10 female, 66 + 8 years) on the basis of established diagnostic algorithms (com-
prising e.g. immunofixation, bone scintigraphy, endomyocardial biopsy)'*. All patients with AL amyloidosis
showed presence of elevated monoclonal proteins with elevated free light chains either in blood, urine or both.
The other group of patients enrolled had either histologically proven ATTR and/or positive bone scintigraphy
(in addition to positive CMR) in the absence of monoclonal gammopathy. A hereditary form of ATTR (ATTRv)
was ruled out by genetic analysis and only patients with wild-type ATTR (ATTRwt) were included.
Ethics approval and consent to participate. Written informed consent was obtained from all the
patients for the publication of any images or data included in this article. The study protocol is in accordance
with the ethical guidelines of the 1975 Declaration of Helsinki and with the laws and regulations of Germany.
The protocol was approved by the local ethics committee (Ethikkommission der Arztekammer Westfalen-Lippe)
of the University Hospital Muenster, Germany (ID 2019-437-f-S).

The study protocol complies with the Declaration of Helsinki. Ethics approval was obtained from local author-
ities and written informed consent was obtained from the participants.

CMR acquisition, T1 and ECV measurement. CMR studies were performed on a 1.5-T system (Ambi-
tion, Philips Healthcare, Best, The Netherlands). CMR data acquisition was performed according to the stand-
ardized protocols®. Our CMR protocol comprised a cine steady-state free precession pulse sequence for ven-
tricular function and a two-dimensional (2D) inversion recovery fast spoiled gradient-echo sequence 10-15 min
after administration of a gadolinium-based contrast agent (Gadobutrol 0.15 mmol/kg) for detection of myo-
cardial pathology as described earlier?!. Image analysis and interpretation was performed using commercially
available software (cvi42 version 5.12.0, Circle Cardiovascular Imaging, Calgary, Alberta, Canada). Analysis of
ventricular volumes and function as well as LV mass was made by contouring short-axis cine images.

In addition, a modified Look-Locker inversion recovery (MOLLI) T1-mapping sequence was applied in basal,
mid and apical short-axes prior to contrast agent administration and ~ 20 min thereafter to determine native T'1
and ECV values as described previously*'. Motion corrected native and post-contrast T1-maps were generated
from the pre- and post-contrast T1-sequences. Motion corrected and segmented ECV maps were generated
from the native and post-contrast segmented T1-maps, using the patient’s haematocrit level, measured on the
same day as described by us elsewhere?'. For T2-mapping, similar to T1 mapping, motion corrected but only
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native pre-contrast sequences were used. “Global” T1, T2 and ECV values were calculated by averaging all 16
segments from three short-axis slices.

In addition, (a) relative intracellular volume (ICV) was calculated with the formula ICV =[1-ECV]; (b) “total
intracellular mass” (TICM) was calculated with the formula TICM = [ICV X total LV myocardial volume x myo-
cardial density] and (c) “total extracellular mass” (TECM) with the formula TECM = [ECV x total LV myocar-
dial volume x myocardial density] as described in previous works'®?%. Noteworthy, when calculating TICM, we
used the well-known myocardial density value for humans of 1.055 g/ml. However, when calculating TECM,
we used a different myocardial density value of 1.38 g/ml, since this value is expected to be more appropriate in
case of extracellular “protein” accumulation—as is the case in an extracellular infiltrative disease such as cardiac
amyloidosis®.

Feature tracking analysis. For the assessment of global LV deformation, three-dimensional (3D) LV
global longitudinal strain (LV-GLS) derived from feature tracking (FT) was obtained using a validated algo-
rithm integrated in the analysis software?®. Landmarks for LV base (at the mitral valve ring) and apex were
defined at end-diastole in all long-axis slices. Endocardial and epicardial borders were manually contoured in
the end-diastolic frame in the three long-axis slices and in three short-axis slices, the most basal slice without
through-plane distortion from the LV outflow tract, a mid-ventricular and an apical slice. Both the landmarks
and the contours were automatically propagated throughout the cardiac cycle and manually corrected in case of
inaccuracies. Subsequently, relative apical longitudinal strain (LS) was calculated based on the following equa-
tion: average apical LS / (average basal LS + mid LS), as defined by Phelan et al.>.

Statistical analysis. As all data were non-normally distributed and therefore, non-parametric tests were
used. Most variables are presented as medians and interquartile ranges (median * interquartile range), few other
parameters like ejection fraction (EF) and strain are expressed as change (%) from baseline (BL)—also men-
tioned in Tables 1 and 2. Differences between groups were calculated with the Mann-Whitney U test. Statistical
analysis was performed with SPSS (version 27.0, IBM Corp., Armonk, NY). A p-value <0.05 was considered
statistically significant. All figures were drawn by Prism Version 8 (GraphPad Software, La Jolla, USA).

Results

Details of clinical parameters as well as multi-parametric CMR findings are shown in Table 1. As ATTRwt amy-
loidosis is more common in older male patients, there was a significant difference in age (p <0.001) and gender
distribution (p <0.001) between the two groups. Body mass index (BMI) showed a marginal difference (p=0.044)
whereas other parameters like eGFR (p=0.59) and clinical assessment of NYHA classification (p=0.34) showed
no significant differences between the two groups. Similarly, NT-proBNP serum values were elevated in both
groups showing no substantial difference (p=0.33).

Assessment CMR-based volumetric parameters. An overall better cardiac function was observed in
the AL group regarding LVEF [52% vs. 58%, p=0.012; Fig. 1A], LV-EDVi [86 ml/m? vs. 75 ml/m?, p=0.003]
and LV-ESVi [39 ml/m? vs. 32 ml/m? p=0.010]. Similarly, left ventricular mass (LVMi) [91 g/m? vs. 81 g/m?,
p=0.004; Fig. 1B] and left ventricular wall thickness (LVWT) [19 mm vs. 16 mm, p <0.001; Fig. 1C] were higher
in ATTRwt compared to AL. All other CMR volumetric parameters—except from right ventricular ejection
fraction (RVEF)—showed similar results like left ventricular parameters as illustrated in Table 1.

Assessment of CMR-based strain parameters. 3D-LV-GLS was reduced in both groups
[-8.0% in ATTRwt vs.—7.2% in AL] without a statistically relevant difference (p=0.68). The “apical-to-
(basal + midventricular)”-ratio of left ventricular regional longitudinal strain (LV-RLS) (reflecting the degree of
apical sparing) showed a minor, however, significant difference between both groups [0.80 vs. 0.93, p=0.036] as
illustrated in Fig. 1D. The most pronounced impairment of LV-RLS was measured in the basal LV segments in
both groups [-6.6% in ATTRwt vs.—5.9% in AL; p=0.64].

Assessment of CMR-based T1-mapping and ECV parameters. As illustrated in Table 1, values of
native myocardial T1 and T2 were increased in both groups. A comparison of both groups showed significantly
higher native T1- and T2-values in AL patients compared to ATTRwt ones: T1 global: 1,094 ms in ATTRwt vs.
1,122 ms in AL (p=0.026; Fig. 2A); T2 global: [57 ms in ATTRwt vs. 60 ms in AL (p=0.001; Fig. 2B).

Accordingly, global myocardial ECV was elevated in both groups [56% in ATTRwt vs. 51% in AL; normal
range: 25-31%], with borderline significance (p =0.053). However, when LV mass was taken into consideration,
indexed ECV values turned out to be substantially higher in ATTRwt compared to AL [48% vs. 43%, p=0.041,
Fig. 2C,D].

Assessment of total cell volume and relationship between intracellular and extracellular myo-
cardial mass. Using the aforementioned global ECV value, we subsequently calculated the relative ICV
value as well as absolute TICM and TECM values as illustrated in our methods section. Importantly, when
selectively looking at male patients, total myocardial volume (reflected by the aforementioned LV myocardial
mass) as well as TECM were substantially higher in ATTRwt compared to AL (131.9 g vs. 111.1 g; p=0.02;
Fig. 3), whereas TICM was not significantly different between ATTRwt and AL (81.4 g vs. 77.1 g; p=0.47). Con-
sequently, the ratio [TICM/TECM] was significantly lower in case of ATTRwt when compared to AL (0.58 vs.
0.83; p=0.007; Table 2).
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Parameter ATTRwt n AL n p value
Age (years) 80 (76-83) 90 67 (60-70) 30 <0.001
Males / females 79/ 11 90 20/ 10 30 <0.001
BMI (kg/mz) 26 (24-29) 90 24 (22-28) 30 0.044
eGFR (CKD-EPI) (mL/min/1.73 m?) 58 (45- 60) 90 58 (33-60) 30 0.59
NYHA class 2 (1.0-3.0) 90 2.0 (1.0-3.0) 30 0.34
NT-proBNP (pg/ml) 2,164 (1,293-4,116) | 90 2,863 (1,375-5,271) | 30 0.33
Major CMR findings

LV-EF (%) 52 (47-58) 90 58 (50-61) 30 0.012
LV-EDVi (ml/m?) 86 (76-97) 90 |75 (65-88) 30 0.003
LV-ESVi (ml/m?) 39 (32-50) 90 32 (26-40) 30 0.010
LV mass index (g/mz) 91 (79-105) 90 81 (61-98) 30 0.004
Max. LV thickness (mm) 19 (18-21) 90 |16 (14-18) 30 <0.001
RV-EF (%) 52 (46-56) 90 57 (46-64) 30 0.11
RV-EDVi (ml/m?) 83 (69-100) 90 73 (64-82) 30 0.006
RV-ESVi (ml/m?) 40 (30-52) 90 34 (24-39) 30 0.019
3D global longitudinal peak strain (%) -8.0 (-9.38 to -6.15) | 85 -7.2(-9.98 t0 -6.18) | 30 0.68
Apical / (basal + mid)

strain ratio (3D), n 0.80 (0.66-0.91) 85 0.93 (0.75-1.10) 30 0.036
Global native T1

[950-1050 ms] 1094 (1069-1127) 86 1122 (1076-1160) 30 0.026
Basal septal native T1

[950-1050 ms] 1089 (1054-1119) 86 1114 (1084-1150) 30 0.040
Global native T2

(50236 ms] 57 (55-60) 82 | 60 (57-64) 28 0.001
Basal septal native T2

(50-56 ms] 54 (51-58) 82 | 57(53-61) 28 0.009
Global ECV

[25-319] 56 (49-61) 83 |51 (43-60) 25 0.05
Global ECV index 48 (36-59) 83 43 (27-51) 25 0.041
Basal septal ECV

[25-31%] 62 (52-68) 83 51 (43-62) 25 0.002
Basal septal ECV index 54 (40-66) 83 42 (28-48) 25 0.001

Table 1. Baseline patient characteristics of wtATTR and AL patients. All data are given as median

(interquartile range), if not mentioned otherwise. Units are mentioned in small brackets (). Normal range of
values are mentioned in large brackets []. BMI—body mass index; eGFR (CKD-EPI)—estimated glomerular

filtration rate according—chronic kidney disease epidemiology collaboration; NYHA—New York Heart
Association; NT-proBNP—N-terminal pro brain natriuretic peptides; CMR—cardiovascular magnetic

resonance; LV—Ileft ventricle; RV—right ventricle; EF—ejection fraction; EDVi—enddiastolic volume index;
ECV—extracellular volume fraction, p<0.05 is considered as significant; n=respective number of patients

with available parameters.

Parameter ATTRwt ‘ n ‘ AL ‘ n ‘ p value
(A) Total ATTRwt and AL group including both genders

Extracellular volume (ECV) 0.56 (0.49-0.61) 83 | 0.51 (0.43-0.60) 25 |0.10
Relative intracellular volume (ICV) 0.44 (0.39-0.51) 83 | 0.49 (0.43-0.60) 25 10.10
Total intracellular mass (TICM) in g 77.2 (64.9-93.7) 83 | 71.2(52.4-90.8) 25 10.21
Total extracellular mass (TECM) in g 127.7 (105.0-159.0) |83 | 102.5(72.3-123.4) |25 | 0.002
Ratio TICM / TECM 0.60 (0.49-0.80) 83 |0.73(0.58-1.01) 25 10.10
(B) Selective consideration of “male” patients

Parameter ATTRwt n | AL n | pvalue
Extracellular volume (ECV) 0.57 (0.49-0.61) 73 | 0.48 (0.40-0.56) 15 | 0.007
Relative intracellular volume (ICV) 0.43 (0.39-0.51) 73 1 0.52(0.45-0.60) 15 | 0.007
Total intracellular mass (TICM) in g 81.4 (65.5-96.8) 73 | 77.1(70.8-97.7) 15 | 0.47
Total extracellular mass (TECM) in g 131.9 (113.6-161.4) |73 |111.1(77.0-131.7) |15 | 0.02
Ratio TICM / TECM 0.58 (0.49-0.80) 73 | 0.83 (0.61-1.16) 15 | 0.007

Table 2. Closer consideration of total intracellular and extracellular myocardial mass and their respective

myocardial distribution ratio. Significant values are in bold.
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Figure 1. Graph illustrating the differences between ATTRwt and AL amyloidosis group regarding (A) left
ventricular ejection fraction (LV-EF), (B) left ventricular mass index (LVMi), (C) left ventricular wall thickness
and (D) apical sparing; p-value <0.05 is considered as significant.
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Figure 2. Graph illustrating the differences between ATTRwt and AL amyloidosis group regarding (A) global
T1-mapping values, (B) global T2-mapping values, (C) global indexed extracellular volume and (D) indexed
extracellular volume basal septal; p-value < 0.05 is considered as significant.

Discussion

The major results of this study do not only confirm previous data regarding structural differences in cardiac
ATTR vs. AL, but also expand our understanding of those essential differences that can be non-invasively assessed
by multi-parametric CMR: (1) The present data confirm the presence of the “native T1 vs. ECV paradox” in
cardiac ATTR compared to AL, since a lower myocardial native T1-value was observed in ATTRwt patients—in
spite of higher myocardial mass and higher global ECV-values—compared to AL patients. (2) A more detailed
analysis of “intracellular” and “extracellular” myocardial mass revealed that total myocardial mass as well as
“total extracellular mass” (TECM) were substantially higher in ATTRwt compared to AL, whereas “total intra-
cellular mass” (TICM) was not significantly different between ATTRwt and AL. Consequently, the ratio [TICM/
TECM]—which decisively determines the extent in change of native T1—was significantly lower in case of
ATTRwt when compared to AL (Fig. 4).
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Figure 3. Example of cardiovascular magnetic resonance (CMR) images of AL amyloidosis (upper panel) and
ATTRwt (bottom panel) showing cine-images in 4-chamber view in diastole, LGE in 4-chamber view, LGE

in short axis as well as corresponding extracellular volume fraction (ECV) maps in a basal short-axis view
respectively.

ATT th Total extracellular

mass (TECM) = 132g
Total extracellular

mass (TECM) = 111g

tal intracellular

Total intracellular
mass (TICM) =81g

| mass (TICM) = 77g

Ratio [TICM/TECM]
=0.83

Ratio [TICM/TECM]
=0.58

1) Myocardial ,mass” is different from ,volume” and dependent on ,myocardial density” that in
turn is different in the intra- vs. extracellular myocardial space (!).

2) Total myocardial volume as well as ,total extracellular mass” (TECM) are much higher in ATTRwt
compared to AL ... whereas ,total intracellular mass“ (TICM) is quite similar in ATTRwt and AL (!).

3) HENCE: The ratio [TICM/TECM] is substantially lower in ATTRwWt compared to AL (!).

4) THEREFORE: Native T1 - that is determined by the ratio [TICM/TECM] - is higher in AL compared
to ATTRwt in spite of higher myocardial mass and higher ECV values in ATTRwt (!)

Figure 4. Central illustration of the major study results.

The "native T1 vs. ECV paradox" in cardiac ATTR vs. AL amyloidosis. As discussed in detail
previously'’, the London group published several studies addressing the use of T1-mapping and ECV measure-
ment (in order to depict structural changes) in patients with cardiac amyloidosis in the last years”*!%!213 Based
on this groups data regarding native T1 and LV mass in ATTR vs. AL, a "native T1 vs. ECV paradox" emerged
in CA patients. Noteworthy, our present data are in line with the aforementioned CMR data from the London
group and confirm the presence of the “native T1 vs. ECV paradox” in cardiac ATTR compared to AL: lower
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myocardial native T1 values were observed in ATTRwt—in spite of higher myocardial mass and higher global
ECV values—compared to AL.

In order to address this important question, we need to recapitulate some methodological aspects of CMR-
based volume/mass quantification. “Volumetric” analyses in CMR are usually performed based on cine-CMR
images by contouring of endocardial as well as epicardial LV myocardial borders. After receiving a 3D myocardial
“volume” of the LV, the respective software uses a pre-specified “myocardial density” factor (usually 1.055 g/ml)
in order to calculate LV “mass” based on the aforementioned 3D volume. Importantly, this approach does not
consider any potential differences in “myocardial density”, caused by e.g. the presence of specific cardiomyopa-
thies (such as cardiac amyloidosis) ... nor does it account for any differences in myocardial density between the
intracellular vs. extracellular space of the myocardium. Since amyloid fibrils accumulate in the “extracellular”
space of the myocardium only, the undifferentiated use of the aforementioned myocardial density factor of
“1.055 g/ml” for volume-based calculation of myocardial mass is not appropriate. Therefore, we tried to address
this issue by a different approach ...

Compartment-specific myocardial density—an essential, however, overlooked issue. First,
we need to address the important issue of myocardial structure and the relationship between “composition”
and “density”. Unfortunately, detailed data regarding the relationship between myocardial composition—with
a specific focus on extracellular vs. intracellular compartments—and compartment-specific myocardial density
are still missing (not only in case of cardiac amyloidosis)*. However, a detailed and convincing estimate of
myocardial tissue composition based on pre-established laws for density, volume and compartment composition
does already exist®. According to this model, the major three constituents that affect individual compartment/
tissue density are a) proteins (+solutes), b) water and c) fat—and of course their distribution and relationship.
In case of a “normal” myocardial composition, the respective tissue density is around 1.053 g/ml according to
this model—which is convincingly close to the aforementioned value of 1.055 g/ml that is known for human
myocardium. However, if the percentage (concentration) of proteins (+ solutes) increases in this model (due to
e.g. dehydration or due to e.g. amyloid deposition), then the respective compartment density also increases and
approaches values of up to 1.40 g/ml. This substantial change in tissue density needs to be considered when we
are approaching an “infiltrative” cardiac disease such as cardiac amyloidosis.

Our novel approach in solving the "native T1 vs. ECV paradox". T1-mapping based measurement
of global myocardial ECV allows to calculate the extent of myocardial ICV by the simple formula ICV=[1-
ECV]. Importantly, the aforementioned calculation of the myocardial ECV proportion (and subsequent ICV
proportion) is based on pre- and post-contrast T1-maps and therefore not dependent on volume- or mass-
based analyses. Thereafter, we defined “total intracellular mass” (TICM) of the myocardium by the formula
TICM =[ICV x total LV myocardial volume x myocardial density]. In this context, the parameter “total LV myo-
cardial volume” was correctly derived from our volumetric short-axis cine-stack analysis. Similarly, “total extra-
cellular mass” (TECM) was defined by the formula TECM = [ECV X total LV myocardial volume x myocardial
density]. Such a detailed approach for analyzing TICM and TECM allowed us to further consider structural
differences between the intra- vs. extracellular space based on the individual “myocardial density factor”. Tak-
ing into account some minor hypothetical inaccuracy, we supposed that structural changes in case of cardiac
amyloidosis primarily take place in the extracellular space—but not in the intracellular space—since amyloid
fibrils only accumulate in the extracellular compartment. Therefore, we used the well-known myocardial density
value for humans of 1.055 g/ml when calculating TICM. In contrast, when calculating TECM, we used a differ-
ent myocardial density value of 1.38 g/ml as a best estimate, since this value is expected to be more appropriate
in case of extracellular “protein” accumulation®.

Using such a detached approach for quantification of TICM and TECM allowed us to subsequently calcu-
late the ratio between TICM and TECM for ATTRwt and AL that turned out to be “lower” in case of ATTRwt
compared to AL in spite of higher myocardial mass and higher global ECV values in ATTRwt. And since this
ratio [TICM/TECM] is expected to decisively determine the extent in change of native T1, we may explain the
“native T1 vs. ECV paradox” in cardiac amyloidosis (relatively lower native T1 values in case of ATTRwt) by the
aforementioned lower ratio [TICM/TECM] in ATTRwt compared to AL. In other words, since amyloid deposits
are particularly dense (and presumably denser than collagen-based fibrosis), a greater deposition in the extra-
cellular compartment (supposed in case of ATTRwt due to higher TECM) is associated with a relatively lower
increase in T1, since T1 is driven by the relative extent of TICM in comparison to TECM—if the extracellular
free water content is relatively reduced by dense and insoluble amyloid deposits (whereas the intracellular free
water content should rather stay untouched).

And not to forget the T2-mapping results. From a simplified pathophysiological point-of-view, car-
diac AL is different from cardiac ATTR and not only characterized by “extracellular” accumulation of (light-
chain) amyloid fibrils, but also by toxic effects that are caused by those light-chains, subsequently leading to
myocardial inflammation as well as intra- and extracellular edema (including myocyte swelling). Hence, in case
of “active” cardiac AL, we expect a predominance of the aforementioned toxic effects in addition to extracellular
light-chain accumulation. Consequently, these effects should also result in “increased” native T2 values in case
of AL when compared to ATTRwt. Noteworthy, our present findings of increased myocardial T2 values in case
of AL (compared to ATTRwt) are in line with previous data from the London group?, but contradict recent
data from Cuddy et al.”’. Obviously, more extensive multi-center data are strongly required to better assess this
important issue.
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Clinical value and outlook. Today, CMR does not only play an important clinical role for diagnosis of
CA, but also for therapy monitoring since specific therapeutic options (being mostly highly expensive) are avail-
able today. Obviously, we need to (a) better understand the complex interplay between amyloid deposits in the
extracellular myocardial space and subsequent changes in myocardial function ... and (b) to better monitor such
structural and functional changes—if possible at the cellular level. In this context, our present data illustrate that
multi-parametric CMR does not only allow to accurately assess cardiac function in patients with CA, but also
allows to accurately assess and monitor structural changes in the extracellular as well as intracellular compart-
ment of these patients by considering disease-specific particularities regarding compartment-based “composi-
tion” and “density”. Such detailed information may play a decisive role when assessing the individual cardiac
disease course and monitoring therapy response when approaching an “infiltrative” cardiac disease such as CA.
Obviously, future studies addressing compartment-specific myocardial tissue densities are strongly required in
order to better assess and understand this important issue.

Study limitations. Obviously, the myocardial density factor of 1.38 g/ml that we used for calculation of
TECM was not validated by any histopathological analyses within this study, since this was—unfortunately—
technically not possible. This definitely needs to be done—if possible—within the scope of future studies. We
discussed this issue in detail with our collaborating pathologists; unfortunately, an easy approach to determine
extracellular vs. intracellular myocardial density based on biopsy samples does not exist so far. However, even
if the respective myocardial density factor for the extracellular space in case of CA will be somewhat lower than
1.38 g/ml, we are convinced that the respective value (in advanced CA) will be much higher than 1.055 g/ml
which is the well-known and mostly used myocardial density value for humans. Moreover, our AL group was
rather small (N=30 patients) since we only included those AL patients who were not treated with any disease
specific therapy prior to our CMR study. Finally, future studies need to carefully assess possible gender differ-
ences regarding the findings of the present study.

Conclusions

Our data confirm the presence of a “native T1 vs. ECV paradox” with lower native T1 values in spite of higher
myocardial mass and ECV values in ATTRwt compared to AL. Importantly, this observation may be explained
by a lower TICM/TECM “ratio” in case of ATTRwt compared to AL—since native T1 is determined by this
ratio. Since non-invasive imaging methods such as CMR-based mapping are not only used for the diagnosis of
cardiac amyloidosis, but also enable non-invasive monitoring of cardiac amyloidosis progression (or regression),
a better understanding of mapping-based CMR results and of myocardial structure (with a particular focus on
compartment-based “composition” and “density”) is crucial.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 18 October 2022; Accepted: 12 December 2022
Published online: 16 December 2022

References
1. Palladini, G. & Merlini, G. What is new in diagnosis and management of light chain amyloidosis?. Blood 128, 159-168 (2016).
2. Grogan, M. et al. Natural history of wild-type transthyretin cardiac amyloidosis and risk stratification using a novel staging system.
J. Am. Coll. Cardiol. 68, 1014-1020 (2016).
3. Ruberg, F. L. & Berk, J. L. Transthyretin (TTR) cardiac amyloidosis. Circulation 126, 1286-1300 (2012).
4. Maurer, M. S., Ruberg, F. L. & Weinsaft, ]. W. More than meets the eye: time for a new imaging paradigm to test for cardiac amy-
loidosis. J. Card. Fail. 24, 87-89 (2018).
5. Maceira, A. M. et al. Cardiovascular magnetic resonance in cardiac amyloidosis. Circulation 111, 186-193 (2005).
6. Syed, L. S. et al. Role of cardiac magnetic resonance imaging in the detection of cardiac amyloidosis. JACC Cardiovasc. Imag. 3,
155-164 (2010).
7. Perugini, E. et al. Non-invasive evaluation of the myocardial substrate of cardiac amyloidosis by gadolinium cardiac magnetic
resonance. Heart 92, 343-349 (2006).
8. Dungu, J. N. et al. CMR-based differentiation of AL and ATTR cardiac amyloidosis. JACC Cardiovasc. Imag. 7, 133-142 (2014).
9. Maceira, A. M. et al. Cardiovascular magnetic resonance in cardiac amyloidosis. Circulation 111, 186-193 (2005).
10. Fontana, M. et al. Native T1 mapping in transthyretin amyloidosis. JACC Cardiovasc. Imag. 7, 157-165 (2014).
11. Iwaya, T. et al. Multimodality assessments of wild-type transthyretin cardiac amyloidosis with no ventricular hypertrophy. ESC
Heart Fail https://doi.org/10.1002/ehf2.14220 (2022).
12. Amzulescu, M. S. et al. Myocardial strain imaging: review of general principles, validation, and sources of discrepancies. Eur. Heart
J. Cardiovasc. Imag. 20, 605-619 (2019).
13. Chatzantonis, G. et al. Diagnostic value of cardiovascular magnetic resonance in comparison to endomyocardial biopsy in cardiac
amyloidosis: a multi-centre study. Clin. Res. Cardiol. 110, 555-568 (2021).
14. Yilmaz, A. et al. Diagnosis and treatment of cardiac amyloidosis: position statement of the German Cardiac Society (DGK). Clin.
Res. Cardiol. 110, 479-506 (2021).
15. Toannou, A. et al. Impact of Earlier Diagnosis in Cardiac ATTR Amyloidosis Over the Course of 20 Years. Circulation 146(22),
1657-1670. https://doi.org/10.1161/CIRCULATIONAHA.122.060852
16. Martinez-Naharro, A. et al. Magnetic resonance in transthyretin cardiac amyloidosis. . Am. Coll. Cardiol. 70, 466-477 (2017).
17. Yilmaz, A. The, “native t1 versus extracellular volume fraction paradox” in cardiac amyloidosis: answer to the million-dollar ques-
tion?. JACC Cardiovasc. Imag. 12, 820-822 (2019).
18. Fontana, M. et al. Differential myocyte responses in patients with cardiac transthyretin amyloidosis and light-chain amyloidosis:
A cardiac MR imaging study. Radiology 277, 388-397 (2015).

Scientific Reports |

(2022) 12:21755 | https://doi.org/10.1038/s41598-022-26216-9 nature portfolio


https://doi.org/10.1002/ehf2.14220
https://doi.org/10.1161/CIRCULATIONAHA.122.060852

www.nature.com/scientificreports/

19. Yilmaz, A. Interpretation of CMR-based mapping findings in cardiac amyloidosis: please act with caution!. JACC Cardiovasc. Imag.
15, 604-606 (2022).

20. Kramer, C. M., Barkhausen, J., Flamm, S. D., Kim, R. J. & Nagel, E. Standardized cardiovascular magnetic resonance (CMR)
protocols 2013 update. J. Cardiovasc. Magn. Reson 15, 91 (2013).

21. Korthals, D. et al. CMR-based T1-mapping offers superior diagnostic value compared to longitudinal strain-based assessment of
relative apical sparing in cardiac amyloidosis. Sci. Rep. 11, 15521 (2021).

22. Moon, J. C. et al. Myocardial T1 mapping and extracellular volume quantification: A society for cardiovascular magnetic resonance
(SCMR) and CMR working group of the European society of cardiology consensus statement. J. Cardiovasc. Magn. Reson 15, 92
(2013).

23. Vinnakota, K. C. & Bassingthwaighte, J. B. Myocardial density and composition: A basis for calculating intracellular metabolite
concentrations. Am. J. Physiol. Heart Circ. Physiol. 286, H1742-H1749 (2004).

24. Bistoquet, A., Oshinski, J. & Skrinjar, O. Left ventricular deformation recovery from cine MRI using an incompressible model.
IEEE Trans. Med. Imag. 26, 1136-1153 (2007).

25. Phelan, D. et al. Relative apical sparing of longitudinal strain using two-dimensional speckle-tracking echocardiography is both
sensitive and specific for the diagnosis of cardiac amyloidosis. Heart 98, 1442-1448 (2012).

26. Kotecha, T. et al. Myocardial edema and prognosis in amyloidosis. J. Am. Coll. Cardiol. 71,2919-2931 (2018).

27. Cuddy, S. A. M. et al. Myocardial composition in light-chain cardiac amyloidosis more than 1 year after successful therapy. JACC
Cardiovasc. Imag. 15, 594-603. https://doi.org/10.1016/j.jcmg.2021.09.032 (2022).

Author contributions

B.C. participated in the C.M.R. exams, carried out the data and statistical analysis, and wrote some paragraphs
of the draft version of the manuscript. M.B., S.D., D.K., V.V. and C.M. participated in the C.M.R. exams and in
the analysis of the C.M.R. data. A.Y. designed and supervised the study, wrote major paragraphs of the manu-
script, critically reviewed the final manuscript and drafted the manuscript. All authors read and approved the
final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.Y.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21755 | https://doi.org/10.1038/s41598-022-26216-9 nature portfolio


https://doi.org/10.1016/j.jcmg.2021.09.032
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A compartment-based myocardial density approach helps to solve the native T1 vs. ECV paradox in cardiac amyloidosis
	Methods and materials
	Patient characteristics and study design. 
	Ethics approval and consent to participate. 
	CMR acquisition, T1 and ECV measurement. 
	Feature tracking analysis. 
	Statistical analysis. 

	Results
	Assessment CMR-based volumetric parameters. 
	Assessment of CMR-based strain parameters. 
	Assessment of CMR-based T1-mapping and ECV parameters. 
	Assessment of total cell volume and relationship between intracellular and extracellular myocardial mass. 

	Discussion
	The "native T1 vs. ECV paradox" in cardiac ATTR vs. AL amyloidosis. 
	Compartment-specific myocardial density—an essential, however, overlooked issue. 
	Our novel approach in solving the "native T1 vs. ECV paradox". 
	And not to forget the T2-mapping results. 
	Clinical value and outlook. 
	Study limitations. 

	Conclusions
	References


