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Background: Visualization of diffuse myocardial fibrosis is challenging and mainly relies on histology.
Cardiac magnetic resonance (CMR), which uses extracellular contrast agents, is a rapidly developing
technique for measuring the extracellular volume (ECV). The objective of this study was to evaluate the
feasibility of the synthetic myocardial ECV fraction based on 3.0 T CMR compared with the conventional
ECV fraction.

Methods: This study was approved by the local animal care and ethics committee. Fifteen beagle models
with diffuse myocardial fibrosis, including 12 experimental and three control subjects, were generated
by injecting doxorubicin 30 mg/m’ intravenously every three weeks for 24 weeks. Short-axis (SAX) and
4-chamber long-axis (LAX) T1 maps were acquired for both groups. The association between hematocrit
(Hct) and native T'1y;,,4 was derived from 9 non-contrast CMR T1 maps of 3 control beagles using regression
analysis. Synthetic ECV was then calculated using the synthetic Het and compared with conventional ECV
at baseline and the 16" and 24™ week after doxorubicin administration. The collagen volume fraction (CVF)
value was measured on digital biopsy samples. Bland-Altman plots were used to analyze the agreement
between conventional and synthetic ECV. Correlation analyses were performed to explore the association
among conventional ECV, synthetic ECV, CVE, and left ventricular ejection fraction (LVEF).

Results: The regression model synthetic Het = 816.46*R1,;,,4 - 0.01 (R’=0.617; P=0.012) was used to
predict the Het from native T1,;,,4 values. The conventional and synthetic ECV fractions of experimental
animals at the 16" and 24" week after modeling were significantly higher than those measured at the baseline
(31.4%+2.2% and 36.3%+2.1% vs. 22.9%=1.7%; 29.9%+2.4% and 36.1%2.6% vs. 22.0%=2.4%; all with
P<0.05). Bland-Altman plots showed a bias (1.0%) between conventional and synthetic ECV with 95% limits
of agreement of -2.5% to 4.4% in the per-subject analysis (n=21) and a bias (1.0%) between conventional
and synthetic ECV with 95% limits of agreement of -2.4% to 4.3% in the per-segment analysis (n=294).
Conventional and synthetic ECV were well correlated with CVF (r=0.937 and 0.925, all with P<0.001,
n=10).

Conclusions: Our study showed promising results for using synthetic ECV compared with the
conventional ECV for providing accurate quantification of myocardial ECV without the need for blood

sampling.
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Introduction

Myocardial fibrosis is a common end-point in a wide range
of pathological processes affecting heart muscle (1). It can
present in the form of focal fibrotic scars caused by myocyte
death (apoptosis, autophagy, or necrosis) or as diffuse
fibrosis due to expansion of the collagen fiber network
around individual myocytes or myocyte bundles (2,3).

Cardiovascular magnetic resonance (CMR) with late
gadolinium enhancement (LGE) is an established gold
standard noninvasive technique for evaluating focal fibrosis,
featuring high spatial resolution, high contrast-to-noise
ratio, and possible whole heart coverage using three-
dimensional (3D) scanning sequences; CMR has also begun
to be used for prognostic evaluation (3,4). Nevertheless,
there is a high demand for the development of new
techniques to quantify diffuse fibrosis better. Recently,
CMR T1 mapping with extracellular volume (ECV) fraction
estimation has shown the potential for detecting and
quantifying both focal and diffuse changes in myocardial
structure. This technique is increasingly used to identify the
etiology for a wide range of cardiomyopathies (5-11).

Myocardial ECV fraction has become increasingly
associated with diffuse myocardial fibrosis and is emerging
as a marker for myocardial tissue remodeling that can
provide a physiologically intuitive unit of measurement
(12,13). However, conventional methods for ECV
quantification require blood hematocrit (Hct) samples and
laboratory analysis, the inconvenience of which may pose a
barrier for easy clinical application (14).

In this study, we explored the relationship between
the longitudinal relaxation of blood and blood Het based
on 3T CMR and then generated an immediate synthetic
ECV calculation without blood draws. The performance
of the synthetic ECV fraction was evaluated and compared
with the conventional ECV fraction based on 3T CMR.
Additionally, we investigated the impact of slice position
and orientation on the ECV measurements owing to the
current recommendations on T'1 mapping and ECV, which
suggested adding a long axis map to aid the analysis (15).
The objective of this study was to evaluate the feasibility
of noninvasive synthetic myocardial ECV fraction
quantification of doxorubicin-induced myocardial fibrosis
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based on 3T CMR compared with the conventional ECV
fraction.

Methods
Experimental set-up and research subjects

The detailed animal experiment flow is shown in Figure 1.
This study was approved by the Local Animal Care and
Use Committee. Fifteen female beagles were prospectively
selected and randomly assigned to the experimental group
(n=12) and control group (n=3). All beagles underwent
CMR before doxorubicin administration. Then, 3 of the
12 experimental animals were sacrificed for pre-modeling
histological analysis. The remaining experimental (n=9)
and control dogs (n=3) received doxorubicin (doxorubicin
hydrochloride, Cayman Chemical, Ann Arbor, MI, USA)
30 mg/m’ body surface area intravenously, every 3 weeks,
until a cumulative dose of 240 mg/m’ body surface area was
reached (16). Unfortunately, 2 of the experimental dogs
died from acute heart failure during the period of modeling,
and all of their data (including pretreatment images) were
excluded from the statistical analysis. After 16 weeks of
modeling, the remaining subjects (n=10) underwent CMR,
and 3 experimental subjects were sacrificed for histological
biopsy. The remaining experimental (n=4) and control dogs
(n=3) were continued with myocardial fibrosis modeling
and underwent CMR again at the 24" week. Finally, all
remaining experimental beagles (n=4) were sacrificed for
histological biopsy.

CMR examination preparation

Anesthesia was performed using an intramuscular injection
of a mixture of xylazine hydrochloride (2.0 mg/kg,
Rompun, Bayer, Seoul, Korea) and ketamine hydrochloride
(1.0 mg/kg, Hospira, Lake Forest, CA, USA). Sublingual
metoprolol (1.25 mg/kg, AstraZeneca, London, UK) was
given to reduce the heart rate. Before CMR, the forelimb
vein of each beagle was prepared for intravenous contrast
agent injection, and blood was drawn for laboratory Het
analysis. The electrocardiogram (ECG) electrodes were
placed on the chest of the beagles, and the dogs were free-
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Figure 1 Flow chart of the animal studies.

breathing during the CMR scanning.

CMR imaging protocol

The CMR images were obtained using a 3T MRI scanner
(Verio, Siemens, Erlangen, Germany) using a 32-channel
cardiovascular array coil (InVivo, Orlando, FL, USA).
Cine, native, and post-contrast T'1-mapping images were
acquired together with the LGE CMR. Steady-state free
precession (SSFP) cine sequences were acquired in short-
axis (SAX) views to analyze cardiac function. The scanning
parameters included retrospective ECG gating, repetition
time (TR) =45.6 ms, echo time (TE) =1.66 ms, a field of
view (FOV) =219 mmx260 mm, matrix =256x256 pixels,
slice thickness =6 mm, spatial resolution=1.0x0.9 mm’, and
flip angle =50°. An 11-heart-beat modified Look-Locker
sequence with inversion recovery [MOLLI, 5(3)3 scheme,
SSFP readout]| was used for the CMR T'1 measurement, as
described previously (14). The T1-mapping acquisition of
a 4-chamber long-axis (4-ch LAX) view and 3 SAX views
were performed before and 15 min after the gadopentetate
dimeglumine injection (0.15 mmol/kg) at a rate of 2.0 mL/s
followed by a 10 mL saline flush. The parameters used were
retrospective ECG gating, TR =351.2 ms, TE =1.14 ms,
FOV =222 mmx260 mm, slice thickness =4 mm for the 4-ch
LAX images and 6 mm for the SAX views, matrix =150x192
pixels, resulting in a spatial resolution of 1.7x1.2 mm’, and
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flip angle =35°. Using the phase-sensitive inversion recovery
prepared SSFP sequence, LGE images of 4-ch LAX and
SAX views were performed 8 min after the contrast agent
injection. The parameters included retrospective ECG
gating, TR =577 ms, TE =1.67 ms, FOV =211 mmx
260 mm, matrix =156x256 pixels, slice thickness was as
the same as the T'1 mapping scanning, spatial resolution
=1.6x1.0 mm’, flip angle =20°, and average acquisition time
was about 10 s per slice.

CMR image quality control

Quality evaluation of all CMR images and image post-
processing were performed independently by 2 observers
(each with >5 years of experience in CMR image
interpretation), who were blinded to the clinical data.
Based on visual assessment of image artifacts and boundary
sharpness between the myocardium and cavity of the left
ventricle (LV), the image quality of T'1 maps were classified
as good (no artifacts with clear boundary, score =3),
adequate (minimal or moderate artifacts, score =2), or poor
(severe artifacts, score =1).

To extract myocardial T'1 values, regions of interests
(ROIs) for signal intensity measurement were drawn
automatically on the myocardium as well as in the
blood pool of the SAX view using cvi42 software
(Circle Cardiovascular Imaging, Calgary, AB, Canada)
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T1 maps and post-contrast T1 maps using dedicated software (Circle Cardiovascular Imaging, CVI42). ECV, extracellular volume; AHA,

American Heart Association.

(Figure 2). We also drew ROIs in myocardium and blood
pool at the intersections of SAX and 4-ch LAX views to
compare the native T1 and ECV values from the SAX view
against those extracted from the corresponding LAX view.
The ROIs were placed at the center of the myocardial wall
(the midmural was above 10% from the endocardial and
epicardial borders) carefully to avoid signal contamination
from adjacent blood. None of the study subjects had focal
LGE in the ROIs.

Myocardial ECV was then calculated using the following

equation,
ECV:[ U S N .
T lpustfmyo T ]prcfmyo T ]pespbluod T lplcfblood
where T1 .y and T1 ., denoted the T1 values

of myocardium before and after administration of the
Gadolinium contrast agent (GBCA), and T'1 . ;5,4 and
T1 051000 Were the corresponding T1 values of the
blood (17). Function and volumes were measured from SAX
views of the LV using the cvi42 software.

Synthetic hematocrit and ECV

A linear relationship between the longitudinal relaxivity
(R1 =1/T1) of blood and lab measured Hct has been
found in prior studies and can be determined by the water
fractions of plasma and the erythrocyte cytoplasm (18-20).
Therefore, a regression model could be used to predict
the Het from Ty, values using native T'l maps of the 3
control beagles with the corresponding laboratory blood
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Hct. Native T1,,,,4 values were measured from SAX views
of the midventricular LV. Synthetic Het (Hetgygpei) wWas
then obtained using the equation describing the linear
regression between native T1y,,,, and lab measured Het.
Conventional Het was substituted by the synthetic Het to
derive the synthetic ECV

1 1 1 1
ECV, . = - = -
Sheie [Tl Tl J [Tl Tl

post-myo pre-myo post-blood pre-blood

J x(1- HCtSynthcdc) [2]

Then we compared synthetic ECV to the conventional
ECV with laboratory blood Het and correlated them with
the reference standard of the histological CVE.

Histologic analysis

After CMR examination, specimens from the middle LV
septum segments of the experimental beagles were collected
and fixed in 10% formalin. And then these specimens were
dehydrated with alcohol in increasing concentration and
embed in paraffin wax. After these processes, sectioning
was performed. The corresponding part at the SAX plane
of the midventricular LV level was selected using a slice
thickness of 5 pm followed by Masson staining. Quantitative
analyses were conducted on digital biopsy samples using
QuantCenter 2.1 software 3DHISTECH, Budapest,
Hungary). To calculate the CVE, ROIs were manually
drawn in a Masson-stained slice corresponding to the CMR
ROI areas in the midventricular LV septum myocardium;
we then calculated the average CVF value, which was
taken as a surrogate of the dog’s global CVF value. Two
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Table 1 Baseline characteristics of the beagles in each experimental group

Characteristics Pre-modeling subjects (n=10)

16-week models (n=7) 24-week models (n=4)

Weight (kg) 8.3+0.9
Sex Female
Heart rate (beats/min) 99+6
Hematocrit (%) 49.1+1.5
CVF (%) 3.6+0.8 (n=3)
LV systolic function
EDV (mL) 24.1+1.9
ESV (mL) 11.51.2
SV (mL) 12.6+1.6
LVEF (%) 52.1+4.3

7.1+1.0* 9.1+0.8

Female Female

837 82+10
45.9+1.3 43.9+1.6"

23.1£1.7 (n=3)* 30.5+2.7 (n=4)"

26.6+0.8" 26.7+0.9
14.0+0.7* 15.3+0.5%
12.5+0.7 11.4+0.8
47.1+2.1 42.8+1.7

Values are given as mean = SD. *, 16-week models vs. pre-modeling subjects, P<0.05. *, 24-week models vs. pre-modeling subjects,
P<0.05. CVF, collagen volume fraction; LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; LVEF, left

ventricular ejection fraction.

pathologists analyzed the histological data with 5 years of

experience.

Statistical analyses

Statistical analyses were performed using SPSS (version
25.0, IBM Corp., Chicago, IL, USA) and MedCalc (version
19, Ostend, Belgium). Continuous data with a normal
distribution were presented as mean and standard deviation
(mean = SD). Categorical variables were described as
frequencies or percentages. Bland-Altman plots were used
to analyze the agreements among conventional ECV,
synthetic ECV, CVF values, and the agreement between
and ECV values derived from the SAX

views and corresponding LAX views. Pearson correlation

native T'1

myo

analysis was used to determine the association among
native T1,,,, conventional ECV, synthetic ECV, CVEF,
Hct, and LV ejection fraction (LVEF). The significance
of the differences between the 2 correlation coefficients
was tested using the Fisher r-to-z transformation. The
changes in CVF were evaluated using a one-way analysis
of variance (ANOVA), while the variations in native T1,,,,
conventional ECV, and synthetic ECV were evaluated
using repeated ANOVA. Inter-observer agreement was
assessed using the intraclass correlation coefficient (ICC).
A P value of <0.05 was considered statistically significant.
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Results

Characteristics of the studied subjects in the experimental
group

Table 1 shows the characteristics of the subjects in the
experimental group. The CVF and end-systolic volume
(ESV) of experimental subjects increased during the
modeling, while Hct decreased (all P<0.05). In the per-
subject analysis, both conventional and synthetic ECV
was inversely related to the Het (n=21, including 10
subjects at pre-modeling, 7 subjects at the 16™ week,
and 4 subjects at the 24" week, r=-0.814 and -0.768, all
P<0.001) and LVEF (n=21, r=-0.801 and -0.738, all with
P<0.001).

Quality of the CMR T1-mapping images

We analyzed a total of 336 SAX segments and 126 LAX
segments of the LV. Of these, 404 segments (87.4%, SAX
n=294, LAX n=110) satisfied the diagnostic requirements.
Results showed that 300 segments (64.9%) were good (score
=3), 104 segments (22.5%) were adequate (score =2), and 58
segments (12.6%) were poor (score =1). The poor segments,
which might have been due to respiratory motion and could
influence the accuracy of measurements, were thus excluded

from further image analysis.
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CMR ECV analysis

The association between conventional Hect and native
T'1y140a Was derived from 9 non-contrast CMR T'1 mappings
of the control subjects. The linear regression equation was
derived as: synthetic Het =816.46xR1-0.01 with R’=0.617,
and P=0.012, where R1 represents the native 1/T1 value of
the blood (Figure 3).

After doxorubicin injection, the ECV values increased
and were significantly different among groups (conventional
ECV: 22.9%+1.7% for the pre-modeling group,
31.4%+2.2% for the 16th-week group, and 36.3%=2.1%
for the 24th-week group; corresponding synthetic
ECV: 22.0%%2.4%, 29.9%+2.4%, and 36.1%+2.6%; all
P<0.05, n=294 in per-segment analysis). The laboratory
Hct correlated well with the synthetic Hct across all
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Figure 3 Correlation R1 of blood vs. Het. The regression line
between hematocrit (Hct) and pre-contrast R1 of the blood was
linear with a R’=0.617, P<0.001.
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the analyzed subjects (n=21; r=0.599; P<0.05). A good
correlation was found between conventional ECV and
synthetic ECV across all the analyzed segments (n=294;
r=0.959; P<0.001). Bland-Altman plots showed a bias
(1.0%) between conventional and synthetic ECV with 95%
limits of agreement from -2.5% to 4.4% in the per-subject
analysis (n=21) and a bias (1.0%) between conventional and
synthetic ECV with 95% limits of agreement from -2.4%
to 4.3% in the per-segment analysis (n=294) (Figure 4). The
correlation coefficient for the inter-observer agreement of
conventional ECV calculation was high [ICC =0.958 (95%
CI: 0.947-0.966)]. The native T1,,, values of the 16"-week
and 24"-week groups were significantly higher than those
obtained from the pre-modeling group (1,175.1+7.0 ms,
1,207.9+5.0 ms, and 1,229.8+4.8 ms for the groups of pre-
modeling, 16™ week and 24™ week, P<0.001, n=192 in per-
segment analysis).

There were no significant differences in native T1,,,
and ECV values between SAX and 4-ch LAX acquisitions
using MOLLI (all P>0.05, n=110 in per-segment analysis).
Bland-Altman plots showed a bias (0.4 ms) and 95% limits
of agreement (-16.4 to 17.1 ms) for native T'1,,, values and
a bias (-0.1%) and 95% limits of agreement (-2.3% to 2.0%)
for ECV values between SAX and 4-ch LAX acquisitions
(Figure 55 n=110 in per-segment analysis). There was no
specific focal LGE in all of the analyzed segments.

Histology analysis

Figure 6 shows the histological results of typical beagles in
the experimental groups. The myocardial cells of the pre-
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Figure 4 Validation of synthetic ECV vs. conventional ECV. Bland-Altman plots showed a small bias (1.0%) between conventional and

synthetic ECV with 95% limits of agreement from -2.5% to 4.4% in per-subject analysis (n=21; left) and a small bias (1.0%) between

conventional and synthetic ECV with 95% limits of agreement from -2.4% to 4.3% in per-segment analysis (n=294; right). ECV,

extracellular volume.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Quant Imaging Med Surg 2021;11(2):510-520 | http://dx.doi.org/10.21037/qims-20-501



516 Zhou et al. Synthetic ECV quantifying diffused myocardial fibrosis

A © 25 . B g st .
T 20f ° +196SD 3 . %1950
§ 15F © o & 171 o 2 %Oo 2.0
r o
10 o 8o 3 1L © 600
-g — 5k ° ° oo%o o he) oo g °
3 g 9%0 %%, Mean 5] I S & o 80{)%0 & Mean
é = or o &8 o 0.4 é or - ‘%%QU 0,7 0
OF ¢ ¥ % ¥ o 41 R LRGN
Y L o
S 1o} go % ° 5 -1 i 0 &, ° Q’Qg
§ _15L 0% ~1.96 SD § s o o % _igesp
2 | S 164 1) . :
g -20 o 5 F o -2.3
5 —25 ]l 1 1 1 1 1 1 1 L E —3 0 1 1 L L 1 1 o: L 1
11001125 11501175 1200 1225 1250 1275 1300 0 5 10 15 20 25 30 35 40 45
Mean of SAX and LAX native T1(ms) Mean of SAX and LAX ECV (%)
o
= 25F r
C © +1.96 SD D 2 %
(>> 22,0 g +1.96 SD
Q  20f R - 5 20 N 20.6
E °? T
5 15fF g _15¢ °
=3 X
g E: 10 5 Mean g% 10 L ° ° Mean
gL 10.0 7> 9.2
[SX®] o o ks o © o
5 5+ oo © Sr o
8 ° g o
< oG -1.96 SD g or -1.96 SD
9] ) E
£ 5L ’ o sl -2.2
o . 1 L 1 L L ! ! 1 i L L
0 10 20 30 40 0 10 20 30 40
Mean of Conventional ECV and CVF (%) Mean of synthetic ECV and CVF (%)

Figure 5 SAX vs. LAX acquisitions using MOLLI and conventional and synthetic ECV vs. CVE. In per-segment analysis (n=110), there
were no significant differences found in native T'1 with a bias of 0.4 ms and 95% limits of agreement from -16.4 to 17.1 ms (A) and no
significant differences found in ECV values with a bias of -0.1% and 95% limits of agreement from -2.3% to 2.0% (B). Bland-Altman plots
showed a bias (10.0%) between conventional ECV and CVF with 95% limits of agreement from -1.9% to 22.0% (C) and a bias (9.2%)
between synthetic ECV and CVF with 95% limits of agreement from -2.2% to 20.6% (D) in per-subject analysis (n=10). SAX, short-axis;

LAX, long-axis; ECV, extracellular volume; CVE, collagen volume fraction.

Figure 6 Example histological samples at the pre-modeling stage (A), 16th week (B), and 24th week (C). Masson’s trichrome staining (blue,
fibrosis; purple, myocardial fibers; original magnification x100). Histological studies showed that with an increased duration of modeling

time, diffuse interstitial fibrosis became increasingly serious and collagen volume fraction values were increased.
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modeling subjects were normal and orderly, while irregular
arrangements were observed in the modeling groups. Both
conventional ECV and synthetic ECV correlated well with
the histological CVF results (r=0.937 for the conventional
ECV; r=0.925 for the synthetic ECV; all P<0.001; n=10
in per-subject analysis) and did not reach a significant
difference using Fisher r-to-z transformation (z=0.17,
P=0.865). Bland-Altman plots showed a bias (10.0%)
between conventional ECV and CVF with 95% limits of
agreement from -1.9% to 22.0% and a bias (9.2%) between
synthetic ECV and CVF with 95% limits of agreement
from -2.2% to0 20.6% (Figure 5C,D).

Discussion

This study aimed to explore the feasibility of synthetic ECV
fraction based on 3T CMR compared with conventional
CMR ECV fraction in assessing doxorubicin-induced
diffuse interstitial myocardial fibrosis. Additionally, we
verified the consistency of SAX native T1,,, and ECV
values against those extracted from the corresponding LAX
image as recommended by the Society for Cardiovascular
Magnetic Resonance (SCMR) (15).

The ECV fraction, as derived from the ratio of T'1 signal
values, can provide a noninvasive tool for the quantification
of tissue alterations in myocardial disease, and represents
a physiological parameter. The ECV may also be more
reproducible using different field strengths, vendors, and
acquisition techniques than native and post-contrast T'1
values (14).

Currently, the capability of using CMR T1 mapping
along with ECV measurement to detect diffuse
myocardial fibrosis has been validated in a wide range
of cardiovascular diseases (CVDs), including acute and
chronic myocardial infarction (AMI and CMI) (21,22),
chronic aortic regurgitation (23), heart failure (HF) (24),
dilated cardiomyopathy (DCM) (25), and hypertrophic
cardiomyopathy (HCM) (26). Sado er al. reported native T'1
values in AMI, HCM, DCM, severe aortic stenosis (AS),
and cardiac immunoglobulin light chain amyloidosis (AL)
amyloidosis were high, and ECV values of AMI were among
the highest of all these CVDs. They also revealed that CMR
ECV could be a potentially useful marker for CVDs (27). In
a separate study, Radunski ez 4/. performed a comprehensive
comparison of the accuracy in diagnosing acute myocarditis
by conventional CMR techniques and novel mapping
techniques. They found that native T'1 and ECV of severe
myocarditis (new-onset HF or acute chest pain) were

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

raised. They also showed a better diagnostic accuracy
using T'1 mapping and in particular using the ECV (5).
Thus, previous studies have demonstrated the potential of
quantifying myocardial fibrosis using CMR T'1 mapping
and conventional ECV.

However, conventional ECV measurement is
complicated, requiring venous blood sampling. The time-
consuming nature of venipuncture is the major obstacle
for deploying this technique in actual clinical practice;
therefore, simplification of ECV measurement is in demand.
Treibel et al. sought to generate a synthetic ECV fraction
using the relationship between Het and longitudinal
relaxation rate of blood-based on 1.5 T CMR (28).
They found that the synthetic ECV correlated well with
conventional ECV in participants with a wide range of
health complaints and CVDs (including hypertrophic
cardiomyopathy, severe aortic stenosis, and cardiac
amyloidosis). In another study, Robison et 4/ evaluated
the diagnostic accuracy of using ECV determined from
laboratory Het (Lab-ECV), a noninvasive point-of-care
Hct device (POC-ECV), and synthetic Het (synthetic-
ECV). They also found no significant differences among
Lab-ECV, POC-ECYV, and synthetic-ECV (29). Most of
the previous studies on synthetic ECV were based on the
use of 1.5 T CMR, while few studies have evaluated the
feasibility of synthetic ECV based on 3T CMR, especially
for chemotherapy-related cardiomyopathy. Replication of
studies would be required to evaluate the feasibility of this
synthetic method for both field strengths to accommodate
the inherent difference in T'1 values between 1.5 T and 3T
scanners.

Considering the immaturity of this synthetic method,
we evaluated the diffuse myocardial fibrosis in doxorubicin-
induced beagles using 3T CMR. Anthracyclines, a broad
spectrum of the anti-tumor drug, is widely used in the
treatment of malignant tumors but have the potential
to cause diffuse myocardial fibrosis and adverse cardiac
events (30). The beagle heart is more significant in size with
a thicker myocardium compared to the other commonly
used experimental animals, for example, rabbits. The
beagle’s heart rate (HR) is also slower compared to rabbits,
and that may reduce motion artifacts and therefore provide
more accurate validation of the ECV calculation. Also, we
used the simplified technique to calculate ECV without
serologic analysis, i.e., utilizing the relationship between
laboratory Het and native T'1,;,,4 values to derive a synthetic
Hct for immediate synthetic ECV calculation. Compelling
results have shown the promise of using the synthetic ECV
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technique, but the reliability of synthetic ECV derived
from 3T CMR in patients receiving doxorubicin treatment
requires further verification.

Although the T1,,4-based synthetic Hct and ECV
technique may be a convenient and concise research
tool, the studies of Shang et #/. on 3T CMR and Raucci
et al. on 1.5 T CMR revealed that ECV calculated from
synthetic Het can lead to significant miscategorization for
individual patients with subtly elevated ECV, children,
and young adults (31,32). Further, before undergoing a
CMR scan, most patients would require venipuncture for
the gadolinium IV insertion, so access to venous blood
may rarely be a problem. Hematocrit tests are simple,
inexpensive, and fast, which raises the question of whether
it should ever be omitted. Thus, it is advised that synthetic
ECV be used only in clinical or research settings where
laboratory Hcet cannot be obtained. The leading utility
of this method may be at follow up, serial examinations
for those exposed to cardiotoxic medications such as
doxorubicin, who require long-term serial evaluations
to monitor signs of early cardiotoxicity. It is essential
to interpret results based on the synthetic method
scrupulously.

"This study had some limitations. Firstly, the sample size
was small in both the experimental and control groups, and
the robustness of the synthetic method may need further
validation using a large dataset. The regression model
predicting Hct from native T'1-blood values was derived
from the native T'1 maps of just 3 control beagles with a
contemporaneous paired laboratory Het. This may not be
statistically robust, and we did not test the accuracy of this
regression model in other animal cohorts. Besides, only one
MOLLI sequence was evaluated; further studies are needed
to assess the synthetic ECV derived by estimating Het from
native T'ly,4 values acquired with other commonly used
CMR sequences, such as SAMOLLI, SASHA, ANGIE,
saturation preparation (AIR), or a combination of MOLLI
and SASHA (SAPPHIRE) (15). Moreover, further research
is required to carefully explore the efficacy of this synthetic
ECV method in a broader range of CVDs.

Conclusions

In conclusion, synthetic Hct derived from the regression
of blood Hct and native T1,,,., values allows accurate
quantification of the myocardial ECV fraction without
drawing blood in a beagle model of doxorubicin-induced
myocardial fibrosis. The synthetic ECV method can offer

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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an alternative option for myocardial tissue characterization.
Although this study has shown promising results from
using synthetic ECV, further multicenter and multi-
scanner studies are necessary to verify the reliability and

reproducibility of this synthetic ECV method.
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