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Background: To investigate the feasibility of using native longitudinal relaxation
time (T1) mapping values, derived from the Picture Archiving and
Communication System (PACS), for assessing diffuse myocardial fibrosis in
patients with coronary heart disease (CHD).

Materials and methods: Patients with CHD group were retrospectively enrolled
as the experimental group, while age- and sex-matched healthy individuals were
included as the control group. Based on the results of late gadolinium
enhancement (LGE) sequence from cardiac magnetic resonance (CMR)
imaging, the CHD group was further stratified into two subgroups: the LGE
positive group (LGE+) and the LGE negative group (LGE-). The correlation
between native T1 values and extracellular volume (ECV) values were assessed
using the Pearson correlation coefficient.

Results: A total of 60 patients with coronary heart disease (age 54.03 + 9.86
years) were included in the analysis, of whom 30 had late gadolinium
enhancement (LGE+) and 30 did not (LGE-). The control group consisted of
42 healthy subjects (age 52.14 + 7.41 years). Compared with the control group,
both native T1 and extracellular volume (ECV) values were significantly
increased in the CHD group (P<0.05). The native T1 value was positively
correlated with the ECV value (r=0.711, P<0.01). In the LGE+ subgroup,
native T1 and ECV values were significantly higher than those in the control
group (P<0.001). The area under the receiver operating characteristic curve
(AUC) for native T1 was 0.763. The optimal diagnostic threshold for native T1,
as measured by the Picture Archiving and Communication System (PACS), was
1,275.50 ms, with a sensitivity of 93.3% and a specificity of 63.3%.

Conclusions: The diagnostic performance of scanner-generated native T1
Mapping demonstrates robust accuracy and holds potential as a non-invasive
tool for evaluating diffuse myocardial fibrosis in patients with CHD.
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1 Introduction

In recent years, the incidence of coronary heart disease (CHD)
has remained high, and the affected population is becoming
increasingly younger (1, 2). CHD is mainly associated with two
different myocardial pathologies, including focal myocardial
injury, known as myocardial infarction and diffuse injury (3-5).
Both types of injury are closely related to adverse cardiovascular
events (6, 7). Diffuse fibrosis was often overlooked due to its
subtle clinical symptoms. The gold standard for detecting
myocardial fibrosis was histopathological analysis of tissue
samples. However, due to its invasive nature and sampling
errors, it was not widely applicable in routine clinical practice (8).

Cardiac magnetic resonance imaging (CMR) played a crucial role
in evaluating different degrees of myocardial edema and fibrosis as a
non-invasive imaging modality (9, 10). Recently, late gadolinium
enhancement (LGE) on CMR has become the gold standard for
diagnosing focal myocardial infarction. However, it is less effective
in differentiating diffuse myocardial fibrosis (11-13). Previous
studies have shown that extracellular volume (ECV) based on CMR
longitudinal relaxation time (T1) mapping technology can serve as
for diffuse fibrosis,
correlation with histology (14-16). However, the calculation of

a quantitative marker showing strong
ECV requires the acquisition of hematocrit (HCT) and the use of
specialized cardiac post-processing software, which limits its clinical
application (17, 18). Thus, it is urgent to find a simpler method.

The Picture Archiving and Communication System (PACS) image
workstations are computer systems used primarily by diagnosticians to
view, diagnose, and analyze images. The images generated by the
scanner can be transmitted to the PACS via the network. Previous
studies have reported that T1 value measured on PACS workstations
can be used to assess diffuse myocardial fibrosis in patients
with non-ischemic cardiomyopathies, such as hypertrophic
cardiomyopathy (19, 20). However, its application in the assessment
of diffuse myocardial fibrosis in patients with common coronary
heart disease is rare. If this approach is feasible, radiologists would
not need to purchase additional expensive cardiac post-processing
software to assess chronic diffuse myocardial fibrosis in patients with
CHD, thereby saving costs and simplifying the workflow.

Based on this, the main purpose of this study is to compare the
consistency and correlation between the average native T1 value
measured by PACS and the ECV values calculated by dedicated
cardiac software. This comparison aims to explore the feasibility
and advantages of using scanner-generated native T1 values for
the assessment of diffuse myocardial fibrosis in patients with

CHD on PACS workstations.

2 Methods
2.1 Study population

The retrospective study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This study was

approved by and registered with the Medical Science Research
Ethics Committee, and individual consent for this retrospective
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analysis was waived. Inclusion criteria enquired participants to
(a) be diagnosed with stable CHD after undergoing an invasive
coronary angiography (ICA), (b) conducted CMR examination
within two weeks before or after ICA. Exclusion criteria included
(a) other heart diseases (hypertensive cardiomyopathy, diabetes,
etc.), (b) presence of congenital heart disease or valvular disease,
and (c) concomitant conduction block or arrhythmia.

2.2 Cardiac magnetic resonance image

All subjects underwent 3.0 T magnetic resonance imaging (MRI,
MAGNETOM Trio, Siemens Healthcare, Erlangen, Germany).
Applied balanced steady-state free precession (bSSFP) sequence to
acquire cine images including the short axis, long axis, four-
chamber, and two-chamber views. The scan parameters were as
follows: field of
view = 325 mm x 400 mm, matrix =256 x 256, and in-plane voxel
size=15mm. A breath-hold, ECG-gated modified Look-Locker
inversion recovery (MOLLI) sequence with patterns of 5b(3b)3b
was utilized to obtain native and post T1 mapping at the three

slice thickness=6 mm, echo time=1.7 ms,

short-axis levels of the left ventricle (basal, middle, and apex). The
scanning parameters were as follows: FOV =360 mm x 300 mm,
matrix =169 x 256, TR=3249ms, TE=1.1ms;
inversion time=120 ms, inversion angle=35° and acceleration

minimum

factor = 2. The injection dose of gadoteric acid meglumine was
2.0 ml/kg with a flow rate of 3.0 ml/s via the elbow vein. After
injection, 10 ml of normal saline was injected as a flush. LGE
imaging of the myocardium was performed 10 min later using a
phase-sensitive inversion recovery (PSIR) prepared fast low-angle
shot (FLASH) sequence. The scanning parameters were as
follows: TE=1.93 ms, TR=500-800 ms, slice thickness=8 mm,
FOV =300 mm x 400 mm, matrix = 256 x 140.

2.3 Image analysis

We imported the images into the CVI42 (Circle Cardiovascular
Imaging Inc., Calgary, Alberta, Canada) post-processing software to
observe cardiac function parameters. The endocardial and epicardial
boundaries of the left ventricle were meticulously delineated at each
level on the short-axis 3D module, excluding papillary muscles,
intracavitary blood pools, and epicardial adipose tissue, to
accurately obtain traditional cardiac functional parameters. These
parameters encompassed left ventricular ejection fraction (LVEF),
left ventricular end systolic volume (LVESV), left ventricular end
diastolic volume (LVEDV), left ventricular stroke volume (LVSV),
cardiac index (CI), and cardiac output (CO). In the T1 mapping
module, the endocardial and epicardial boundaries of the left
ventricle were separately delineated on both native T1 and post-
contrast T1 maps, employing the same methodology as described
for the short-axis 3D module.

Afterwards, we calculated synthetic HCT values using
the formula Synthetic HCT =[562 * (1/T1lblood)] +0.098 (21).
Finally, we determined the overall left ventricular ECV using the
formula, ECV = (1 — HCT) * (1/Tlenhancement myocardium — 1/
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Tlnative myocardium)/(1/T1 enhancement blood pool — 1/T1native
blood pool) (22).

The measurements of scanner-generated native T1 were
performed on the PACS workstation (INFINITT Healthcare,
Seoul, South Korea) using the 17-segment analysis method
recommended by the American Heart Association (AHA) (23).
The native T1 values of the myocardial basal, mid, and apical
layers were measured across a total of 16 segments. For each
segment, three regions of interest (ROIs) were selected, with each
ROI having an area ranging from 2.50 to 3.50 mm?® (24). The
values for each segment or layer were derived by averaging the
mean values of the ROIs defined within their respective ranges.

2.4 Statistical analysis

All statistical analyses were performed using the commercial
software SPSS (Version 25; IBM Corp., Armonk, NY, USA). The
normality of measurement data was assessed using the Shapiro-Wilk
test. Normally distributed measurement data was presented as
mean + standard deviation (X + S), and the independent sample
t-test was applied for group comparisons. For non-normally
distributed measurement data, median (interquartile range) was used,
and the non-parametric. The Pearson correlation coefficient was used
to examine the correlation between native T1 and ECV image

10.3389/fcvm.2025.1553919

parameters in each group. Receiver operating characteristic (ROC)
curves were generated for native T1 value to determine the optimal
thresholds, specificity, and sensitivity. The intra-class correlation
coefficient (ICC) was used to assess the consistency of delineated
native T1 values. P < 0.05 was considered statistically significant.

3 Results
3.1 Participants characteristics

In the CHD group, a total of 60 patients (54.03 + 9.86 years
old) were included in the analysis, and 42 patients in the control
group (52.14+7.41 years old). The flow chart is shown in
Figure 1. There were no significant differences in age, sex, height,
weight, systolic blood pressure, and diastolic blood pressure
between the CHD group and the control group, as well as
between the LGE+ and LGE-groups. (P> 0.05) (Tables 1, 2).

3.2 Comparison of cardiac function, native
T1 value and ECV between CHD group and
control group

There was no statistical significance in LVEDV, CO and CI
between CHD group and control group (P>0.05). In the CHD
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FIGURE 1
The flowchart of study population.
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TABLE 1 The demographic
control group.

characteristics of CHD group and
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TABLE 3 Comparison of cardiac function, native T1 value and ECV
between CHD group and control group.

Parameters CHD Control P t Parameters CHD Control P t
(n = 60) (n=42) (n=60) (n=42)
Age (year) 5403+9.86 | 52.14+7.41 0.06 3.28 LVEDV (ml, X + s) 114.86 +33.04 105 +16.33 0.08 1.79
Gender (male/total) 43 (71%) 21 (50%) 0.11 —2.50 LVESV (ml, % + s) 52.76 +26.12 41+9.09 <0.01%* | 320
Height (mm) 164.54+6.55 | 16238+8.09 | 0.14 1.49 LVSV (ml, X + s) 61.93 +15.84 67.88 +13.87 0.05* | —1.97
Weight (kg) 67.95+11.17 | 6526 +8.74 0.20 1.30 CO (L/min, % + s) 4.40+1.22 470121 0.22 -1.20
Systolic pressure (mmHg) 77.30 £ 10.06 75.52 +7.37 0.33 1.00 CI (L/min/m? X + s) 2.52+0.82 2.72+0.63 0.19 —1.30
Diastolic pressure (mmHg) | 121.5+14.67 | 116.67 1035 | 0.70 1.84 LVEF (%, X + s) 543 +10.14 61.17£532 | <0.01** | —4.44
ECV (%, % + s) 29.76 +2.70 2800+3.00 | <0.01** | 3.06
Native T1 (ms, ¥ + 5) | 1,286.03+35.15 | 1,256.16 £30.90 | <0.01** | 4.54

TABLE 2 Patient demographic characteristics of LGE+ group and LGE
— group.

Parameters LGE+ LGE— P t
(n =30) (n=30)

Age (year) 53.53£8.7 55.53 £10.8 0.24 -1.18
Gender (male/total) 15 (50%) 15 (50%) 0.40 —0.85
Height (mm) 165.32 £6.05 163.77 £7.01 0.36 0.92
Weight (kg) 68.38 +10.77 67.52+11.73 0.77 0.30
Systolic pressure (mmHg) 77.33 £11.62 11.27 +8.42 0.98 0.03
Diastolic pressure (mmHg) | 120.73 £15.17 | 122.27 + 14.35 0.69 —0.40

group, the values of LVESV, ECV, and scanner-generated native T1
were all higher than those in the control group, while the LVSV
and LVEF were lower (P<0.05). The ECV value of the CHD
group and the control group were 29.76 +2.7 and 28.00 + 3, and
the scanner-generated native T1 value were 1,286.03 +35.15 and
1,256.16 + 30.9, respectively (Table 3).

3.3 Comparison of the cardiac function,
native T1 values, and ECV among different
subgroups

There was no statistically significant difference in CO and CI
between the LGE+ group and the LGE— group subgroups
(P>0.05). In the LGE+ group, the values of LVEDV, LVESV,
LVSV, ECV, and native T1 were significantly higher than those
in the LGE— group (P<0.05). The value of LVEF in LGE+
group was lower than that in LGE— group (P <0.05). The ECV
value of the LGE+ group and the LGE— group were 31.34 +1.93
and 28.17 +2.43, respectively, and the scanner-generated native
T1 value were 1,300.22 +25.86 and 1,271.83 + 37.79, respectively
(Table 4). Typical examples were illustrated in Figure 2.

3.4 Analysis of diagnostic efficacy, optimal
threshold, and correlation with ECV values
of native T1 among subgroups

For subgroups of LGE+ and LGE—, the area under ROC curve of
scanner-generated native T1 was 0.763, the optimal threshold of native
T1 was 1,275.50 ms, the sensitivity was 93.3%, and the specificity was
63.3% (Figure 3A). For CHD and normal groups, the area under ROC
curve of native T1 was 0.758. The optimal threshold of native T1 was

Frontiers in Cardiovascular Medicine

*P<0.05.

**P<0.01.

LVEDV, left ventricle end diastolic volume; LVESV, left ventricle end systolic volume; LVEF,
left ventricular ejection fraction; CI, cardiac index; CO, cardiac output; LVSV, left ventricular
stroke volume; ECV, extracellular volume.

TABLE 4 Comparison of cardiac function, native T1 value and ECV
between LGE+ group and LGE— group.

Parameters LGE+ LGE- P t
(n = 30) (n =30)

LVEDV (ml, x + s) 129.62 + 35.6 100.1 +22.44 <0.01** 3.84
LVESV (ml, % + s) 62.51 £29.6 43.02+17.73 | <0.01** | 3.10
LVSV (ml, X + s) 66.76 +16.92 57.1+13.30 0.02* 2.50
CO (L/min, X + s) 4,63+1.24 416 +1.17 0.14 1.50
CI (L/min/m? % + s) 2.68+0.88 236 +0.74 0.13 1.52
LVEF (%, X =+ s) 5137 £9.70 57.23 £9.85 0.02* | —2.32
ECV (%, X + ) 3134+1.93 28.17+243 | <0.01* | 560
Native T1 (ms, ¥ + s) | 1,300.22 +25.86 | 1,271.83+37.79 | <0.01** | 3.40

*P < 0.05.

*P<0.01.

LVEDV, left ventricle end diastolic volume; LVESYV, left ventricle end systolic volume; LVEF,
left ventricular ejection fraction; CI, cardiac index; CO, cardiac output; LVSV, left ventricular
stroke volume; ECV, extracellular volume.

1,275.07 ms, the sensitivity was 66.7%, and the specificity was 78.6%
(Figure 3B). Finally, the value of scanner-generated native T1 is
positively correlated with the value of ECV, r=0.711 (Figure 4).

4 Discussion

We assessed the feasibility of this approach to evaluate
myocardial diffuse fibrosis by examining the correlation between
scanner-generated native T1 values measured directly via PACS
workstations and ECV values obtained using heart-specific
software. In this study, we demonstrated that patients with CHD
without significant myocardial infarction already exhibited
varying degrees of diffuse fibrosis. Moreover, a higher degree of
diffuse fibrosis was observed in patients with focal myocardial
infarction. Additionally, we established a diagnostic threshold
range for scanner-generated native T1 values in CHD-related
focal myocardial infarction. This method is non-invasive, non-
contrast-agent-based, and easy to implement, representing an
effective approach for evaluating myocardial diffuse fibrosis.

The scanner-generated native T1 value measured by PACS are

well-suited for assessing the varying degrees of diffuse myocardial
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FIGURE 2
The performance of scanner-generated native T1 values in identifying different groups of patients with left ventricular myocardial short-axis CMR. (A1—
A3) = scanner-generated native T1 values measured via PACS. Al represents the native T1 value of normal subjects, with an average value of 1,250 ms.
A2 represents the native T1 value of LGE— patients, with an average value of 1,320 ms. A3 represents the native T1 values of LGE+ patients, with an
average value of 1,380 ms; (B1-B3) = late gadolinium enhancement (PACS), (C1-C3) = ECV obtained via the CVI post-processing software.

fibrosis in patients with CHD. In our study, we found a significant
correlation between the scanner-generated nativeTlmapping
values measured by PACS and ECV from CVI42 (r=0.711). This
finding aligns with previous studies examining non-CHD
populations. Puntmann et al. (25) believed that nativeT1 was more
effective than ECV in detecting the degree of fibrosis in patients
with cardiomyopathy. However, Cui et al. (26) pointed out that
ECV can distinguish between HCM and dilated cardiomyopathy
(DCM), and its efficacy was superior to native T1. The
discrepancies observed among various studies may be attributed to
the diverse scanning equipment employed by researchers, as well
as the varying sensitivity of different sequences and scanning
protocols to native T1 and ECV measurements (27, 28). The
corrected deep learn-based nativeTl and ECV values are least
affected by the order, supplier, and type of contrast agent used (29,
30). Additionally,
hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy

consistent with findings in studies of

(DCM), myocardial native T1 values varied across different disease

Frontiers in Cardiovascular Medicine

end stages. In our study, we also observed that the scanner-
generated native T1 value in the LGE+ group with focal myocardial
infarction was significantly higher than that in the LGE— group
(1,300.22 +25.86 ms vs. 1,271.83 +37.79 ms, p<0.05). Previous
studies on dilated cardiomyopathy (DCM) have demonstrated that
cardiomyopathy segments with late gadolinium enhancement
(LGE+) exhibit significantly higher native T1 and ECV values
compared to LGE— segments or healthy controls. Additionally, in
comparison with healthy controls, DCM patients with LGE—
segments showed significantly elevated myocardial native T1 and
ECV values (31). It has been reported in the literature that when
fibrosis reaches a certain level, dense collagen deposition, i.e.,
collagen scar tissue, will be formed, showing positive signs of LGE
on magnetic resonance imaging. This may be related to the
differences in collagen accumulation and changes in collagen
components in different stages of myocardial interstitial fibrosis (32).

At the same time, we also concluded that the threshold of
scanner-generated nativeTl value in the CHD group with
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FIGURE 3
ROC curve analysis between subgroups. (A) ROC curve analysis between LGE+ and LGE— groups; (B) ROC curve analysis of CHD group and healthy
control group.
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FIGURE 4
The correlation of scanner-generated native T1 and ECV between the CHD group.

myocardial infarction was 1,275.50. And the threshold changes and LGE— compared to the normal and CHD groups. Previous
were not significant among subgroups, but the sensitivity studies (33) showed that patients with hypertrophic
differences were quite apparent. The sensitivity of native T1  cardiomyopathy (HCM) with adverse endpoints were
values was significantly higher between the subgroups of LGE+  1,316.6+112.5ms, while those with HCM without adverse
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endpoints were 1,278.4 +64.6 ms (34). Similarly, DCM patients
exhibited longer mean native T1 values (1,283.44+72.10 ms vs.
1,221.80 + 58.80 ms) and a higher mean myocardial ECV values
(42.59+7.40% vs. 3224+5.01%) healthy
participants (31). These are all attempts to use plain scans to

compared  to

initially predict the occurrence of adverse events.

Several major limitations must be considered when interpreting
this study. Firstly, the lack of myocardial histopathological sections
as a standard for confirming the presence of diffuse fibrosis. That
may have had an impact on the results. Secondly, the relatively
small sample size may have caused an underestimation of fibrosis
process and prognosis in the coronary heart disease patients.
Thirdly, initially in our experiment, we did not compare the
consistency between the native T1 values derived from the post-
processing software and those generated by the scanner. Going
forward, we will increase the sample size to conduct a
consistency study between the two.

To sum up, directly measuring scanner-generated native T1
values through PACS, which eliminates the need for additional
contrast agent injection and the purchase of specialized cardiac
post-processing software, emerges as an eminently viable and
cost-effective alternative. This approach is particularly suitable for
patients with impaired renal function or allergies to contrast
agents, as well as for institutions lacking third-party post-
processing software. It holds significant clinical implications for
the assessment of diffuse myocardial fibrosis.
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