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PURPOSE

This study aimed to evaluate the associations between serum N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels and conventional and tissue-characterization cardiac magnetic reso-
nance (CMR) imaging parameters.

METHODS

This retrospective, single-center study included 204 patients who underwent CMR and had
NT-proBNP measured within 7 days before or after the examination. Patients were categorized into
three groups based on NT-proBNP levels: normal (< 125 pg/mL), high (125-500 pg/mL), and ex-
tremely high (> 500 pg/mL). A comparison of CMR-derived structural and functional parameters,
including left ventricular ejection fraction, myocardial mass, left atrial (LA) diameter, late gadolini-
um enhancement (LGE), extracellular volume (ECV), and short tau inversion recovery (STIR)-based
T2 signal-intensity (SI) ratio, was performed across groups. Associations were assessed using ordinal
and multinomial logistic regression analyses.

RESULTS

Higher NT-proBNP levels were associated with increased myocardial mass, wall thickness, LA en-
largement, and reduced systolic function. The LGE burden, LA cavity diameter, and ECV increased
significantly across NT-proBNP groups. In adjusted multinomial logistic regression, the ECV and LA
cavity diameter were independently associated with both the high and extremely high NT-proBNP
groups. The STIR-based T2 Sl ratio demonstrated an inverse association with NT-proBNP; however,
an independent association was observed only in the extremely high NT-proBNP group (adjusted
odds ratio: 0.80, P = 0.034), and this finding should be considered exploratory.

CONCLUSION

Higher NT-proBNP categories were associated with greater structural abnormalities and tis-
sue-characterization changes on CMR, particularly a higher ECV and larger LA diameter. The inverse
association observed with the STIR-based T2 Sl ratio was limited to the extremely high NT-proBNP
group and should be considered exploratory.

CLINICAL SIGNIFICANCE
Elevated NT-proBNP levels were associated with CMR findings consistent with myocardial remodel-
ing, particularly increased ECV expansion.

KEYWORDS
Cardiac magnetic resonance, extracellular volume, late gadolinium enhancement, T2 signal-inten-
sity ratio, myocardial remodeling, heart failure
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he N-terminal pro-B-type natriuretic
Tpeptide (NT-proBNP) protein is re-

leased in response to increased myo-
cardial wall stress and is widely used in the
clinical evaluation of suspected heart fail-
ure (HF). However, elevated NT-proBNP is
not specific to HF and may occur in various
structural and functional cardiac disorders.
Its concentration is also influenced by age,
renal function, cardiac rhythm, and volume
status. Therefore, patients referred for cardiac
magnetic resonance (CMR) may demonstrate
a broad range of NT-proBNP levels without
necessarily fulfilling the clinical criteria for
HF."=

For analytical purposes, NT-proBNP levels
were categorized as normal (< 125 pg/mL),
high (125-500 pg/mL), and extremely high
(> 500 pg/mL). The threshold of 125 pg/mL
was selected based on the established non-
acute rule-out threshold for HF.* The 500 pg/
mL cut-off was prespecified to distinguish
modest elevations, previously described
within the range of 125-500 pg/mL, from
more marked elevations.>® This threshold
was used for analytical stratification and
should not be interpreted as a universal di-
agnostic or prognostic cut-off.

CMR provides comprehensive assessment
of cardiac morphology, ventricular function,
and myocardial tissue characteristics across
a wide range of cardiovascular diseases.”®
In addition to conventional parameters, late
gadolinium enhancement (LGE), extracellu-
lar volume (ECV), and T2-weighted imaging
may provide information regarding focal and
diffuse myocardial abnormalities.® Neverthe-
less, the associations between NT-proBNP
levels and these CMR parameters in a het-
erogeneous clinical CMR population remain
incompletely characterized.’®"

* Increased N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels correlate with
the advancing structural and functional ab-
normalities observed in cardiac magnetic
resonance imaging.

* Both late gadolinium enhancement and
extracellular volume (ECV) increase across
NT-proBNP categories, indicating progres-
sive myocardial remodeling.

* ECV was independently associated with
both the high and extremely high NT-proB-
NP categories.

* The short tau inversion recovery-based T2
signal-intensity ratio showed an association
with NT-proBNP levels but requires further
validation before clinical application.

The objective of this study is to evaluate
the variations in basic and advanced CMR
findings across three patient cohorts catego-
rized by their serum NT-proBNP levels (nor-
mal/high/extremely high) and to ascertain
the structural and functional CMR parame-
ters associated with serum NT-proBNP levels.

Methods

Ethical approval

This study received ethical approval from
the Clinical Research Ethics Committee at
Erzincan Binali Yildirm University (protocol
number: 2026-06/12, date: 26.03.2026). The
study involved a retrospective analysis of
existing anonymized clinical and imaging
data; since it did not require any additional
intervention, written informed consent was
waived. The study was conducted in accor-
dance with the principles of the Declaration
of Helsinki.

Study population

All adult patients who received CMR im-
aging at our medical center between Janu-
ary 1, 2024, and February 1, 2026, were ret-
rospectively evaluated. The inclusion criteria
for our study encompassed the detection of
serum NT-proBNP assessed within 7 days be-
fore or after the CMR examination, alongside
a CMR scan of sufficient image quality from
which all sequences specified in our protocol
could be completely obtained. The criteria
for exclusion were delineated as follows: no
serum NT-proBNP measurements conducted
within 7 days before or after CMR imaging;
the existence of CMR images exhibiting in-
complete sequences, motion artifacts, or
non-diagnostic quality attributable to tech-
nical or patient-related factors; and the lack
of LGE images and ECV maps due to claus-
trophobia or contraindications for contrast
agents.

The demographic data, clinical HF find-
ings, history of previous medical conditions
(hypertension, diabetes, renal failure), and
serum NT-proBNP levels of the study cohort
were recorded by searching the hospital da-
tabase following the gathering of necessary
permissions.

Cardiac magnetic resonance imaging pro-
tocol

All CMR examinations were performed
utilizing a 1.5 T MRI scanner (Magnetom
Aera; Siemens Medical Solutions, Erlangen,
Germany) equipped with a phased-array
(eight-channel) cardiac coil. All patients

« August 2026 - Diagnostic and Interventional Radiology

underwent a standardized CMR imaging
protocol, generating structural and func-
tional images, including native and con-
trast-enhanced T1 (for ECV calculation) and
LGE. Imaging for each patient commenced
with axial black-blood sequences, which
was then followed by cine steady-state free
precession (SSFP) sequences, conducted in
either continuous short-axis or single-slice
long-axisimages (two-chamber, three-cham-
ber, and four-chamber views) to evaluate
chamber volume and function. In addition,
T2-weighted short tau inversion recovery
(STIR) images were obtained with the follow-
ing parameters: repetition time (TR): 680 ms,
echo time (TE): 69 ms, bandwidth: 836 Hz/
pixel, matrix: 125 x 272, field of view: 360 x
275 mm, voxel: 1.3 x 1.3 x 6 mm?, slice thick-
ness: 6 mm, turbo factor: 20, and inversion
time: 170 ms. Modified look-locker imaging
(MOLLI) was utilized for T1 mapping, per-
formed in a single mid-ventricular short-ax-
is slice. Native T1 mapping was performed
using a MOLLI 5(3)3 acquisition scheme,
whereas post-contrast T1 mapping was per-
formed using a MOLLI 4(1)3(1)2 acquisition
scheme 10 minutes after contrast adminis-
tration. Motion-corrected pixel-wise T1 maps
were generated inline using the vendor-pro-
vided MyoMaps application (syngo MR E11E;
Siemens Healthineers, Erlangen, Germany).
Then, ECV maps were calculated from the
corresponding native and post-contrast
myocardial and blood-pool T1 values togeth-
er with the same-day hematocrit measure-
ments. Next, LGE was acquired about 15 min-
utes following an intravenous administration
of 0.1 mmol/kg gadobutrol (Gadovist®, Bay-
er, Leverkusen, Germany), utilizing TR/TE: 9/3
ms, a flip angle of 25°, a voxel size of 1.3 x 1.3
x 6 mm, and an inversion duration ranging
from 250 to 350 ms.

Image analyses

The CMR images were anonymized with
respect to the patients’ clinical data and were
assessed by two radiologists with 15 and
8 years of expertise in cardiac imaging. The
evaluation of cardiac structure and function
was performed with commercially accessible
software (syngo MR E11E, Siemens Health-
care, Erlangen, Germany).

The outlines of the left ventricle were
manually delineated from short-axis bal-
anced SSFP (bSSFP) images to ascertain
end-diastolic volumes (EDVs) and end-systol-
ic volumes (ESVs), as well as the left ventricu-
lar ejection fraction (LVEF), omitting the pap-
illary muscles. Volume measurements were
computed based on body surface area. Addi-
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tionally, the LV myocardial volume was mea-
sured, and the myocardial mass was com-
puted by multiplying this value by 1.05. Left
ventricular wall thickness was assessed on
end-diastolic short-axis cine bSSFP images at
the mid-ventricular level. End-diastolic inter-
ventricular septal thickness and inferolateral
wall thickness were measured perpendicular
to the myocardial borders, excluding papil-
lary muscles and trabeculations. The larger
of these two measurements was used as the
representative LV wall thickness for statistical
analyses. The dimensions of the left atrium
and ventricle were also documented.

The ECV was derived from a single
mid-ventricular short-axis slice. Endocardial
and epicardial contours were manually de-
lineated on the native and post-contrast T1
maps, and a blood-pool region of interest
(ROI) was placed within the LV cavity while
avoiding papillary muscles and trabecula-
tions. ECV was calculated using the following
formula:

ECV (%) = (1 — hematocrit) x (AR1 myocar-
dium/ART1 blood) % 100,

where AR1 = (1/post-contrast T1) — (1/
native T1). The resulting value was reported
as the mean mid-ventricular myocardial ECV,
rather than the global myocardial ECV. How-
ever, LGE-positive regions were not excluded
from the myocardial contour; therefore, the
reported ECV represents a composite mea-
sure of focal and diffuse myocardial tissue
abnormalities within the analyzed mid-ven-
tricular slice and should not be interpreted
as an isolated measure of diffuse interstitial
expansion.

The presence and distribution of LGE
were assessed visually using the standard
17-segment LV model. Each segment was as-
signed a semi-quantitative score according
to the transmural extent of LGE: 0, no LGE;
1, 1%-25%; 2, 26%-50%; 3, 51%-75%; and
4, 76%-100% transmural involvement. The
segment scores were summed and normal-
ized to the maximum possible score of 68 us-
ing the following formula: (sum of segment
scores/68) x 100. This segment-based per-
centage represents a semi-quantitative mea-
sure of LGE distribution and not the percent-
age of myocardial mass or volume occupied
by a scar. Signal-thresholding methods, such
as the 5-standard deviation or full-width at
half-maximum technique, and planimetric
scar quantification were not performed.

The STIR-based T2 signal-intensity (T2
Sl) ratio was determined utilizing a standard
T2-weighted black-blood turbo inversion

recovery magnitude sequence acquired in
short-axis planes. Measurements were ob-
tained by manually positioning ROIs. For
T2 SI assessment, endocardial and epicar-
dial contours were manually delineated on
five consecutive short-axis slices centered
at the mid-ventricular level. The myocardi-
al ROIs included the entire visible LV myo-
cardium while excluding the blood pool,
papillary muscles, and epicardial fat. Refer-
ence ROIs were placed within the serratus
anterior muscle on three corresponding
slices in which the muscle was clearly visu-
alized, avoiding fascia, vessels, and artifacts.
The mean myocardial SI was divided by the
mean skeletal-muscle SI to calculate the T2
Sl ratio. All ROI lines were conducted by the
same radiologist, with agreement achieved
through evaluation by a second radiologist
collaborating with the first. This approach is
conceptually based on the Sl ratio method
described in the original Lake Louise Criteria
for CMR assessment of myocardial inflam-
mation.”? However, in the present study, the
STIR-based T2 Sl ratio was used solely as an
exploratory non-contrast CMR parameter
and was not applied as a diagnostic criterion
for myocarditis.

Clinical data analysis

A third radiologist, blind to the CMR re-
sults, documented the demographic infor-
mation and concomitant medical conditions
of the patients in the research group. A fourth
radiologist, unaware of both the medical re-
cords and the CMR results, documented the
serum NT-proBNP levels taken within 7 days
prior to and following the CMR scan date.
Furthermore, the radiologists who conduct-
ed the measurements during the CMR exam-
inations documented the etiological diagno-
ses (ischemic, hypertrophic, inflammatory,
and infiltrative cardiomyopathies) associated
with the patients’HF. The principal indication
for CMR was obtained from the examination
request form and electronic medical records.
Final diagnoses were determined from the
CMR report and the available clinical records.
When more than one indication or diagnosis
was present, the condition considered pri-
marily responsible for the CMR examination
or the principal imaging findings was used
for classification. The distributions of CMR in-
dications and final diagnostic categories are
presented in Supplementary Table 1.

Statistical analysis

All analyses were performed using IBM
SPSS Statistics 25.0 (IBM Corp., Armonk, NY,
USA). Normality was assessed using the

Kolmogorov-Smirnov test, and homogene-
ity of variances was evaluated using Levene’s
test. Continuous variables were presented as
mean = standard deviation or median (min-
imum-maximum), as appropriate. Group
comparisons were performed using one-way
analysis of variance or the Kruskal-Wallis
test, with Dunn-Bonferroni post-hoc analysis
when applicable. Categorical variables were
expressed as frequencies and percentages
and compared using the Pearson chi-square
test or Fisher’s exact test, as appropriate.

Because the NT-proBNP groups were nat-
urally ordered, univariable ordinal logistic re-
gression analyses were initially performed to
evaluate the association between each CMR
parameter and the increasing NT-proBNP
group. The proportional-odds assumption
was assessed using the test of parallel lines.
Because this assumption was violated for
ECV, a principal variable of interest, adjusted
analyses were performed using multinomial
logistic regression, which does not require
the proportional-odds assumption. The nor-
mal NT-proBNP category (< 125 pg/mL) was
used as the reference category, and separate
odds ratios (ORs) were estimated for the high
(125-500 pg/mL) and extremely high (> 500
pg/mL) groups. Multinomial logistic regres-
sion analysis was conducted to determine
independent variables associated with esca-
lating NT-proBNP categories. Clinically perti-
nent variables such as age, sex, hypertension,
diabetes mellitus, chronic renal disease, and
CMR-derived parameters were incorporated
into the multivariable model. Adjusted ORs
(@ORs) with 95% confidence intervals (Cls)
were reported. Model fit was assessed using
likelihood ratio tests and pseudo R? statistics
(Cox and Snell, Nagelkerke, and McFadden).
Multicollinearity among predictors was eval-
uated using Pearson correlation coefficients
prior to multivariable modeling. A two-sided
P value < 0.05 was considered statistically
significant.

Results

A total of 282 patients who had CMR scans
during the designated 2-year period were
identified. Sixty-five patients were excluded
from the study due to the unavailability of
serum NT-proBNP levels measured shortly
prior to the CMR scan. Furthermore, the CMR
images of 13 patients were excluded from
the study due to non-compliance with the
requisite criteria (artifact-laden images, lack
of LGE or ECV images). A total of 204 patients
who met the inclusion criteria were enrolled
in the study. Figure 1 depicts the flowchart
for patient selection and study inclusion.

CMR parameters and NT-proBNP levels «



Patients with cardiac MRI examinations

January 2024 - February 2026
n =282

Excluded patients (n = 78)

o N di

ilable NT- aNp

within £7 days of MRI (n = 65)

(...
|

diac MR i orab of LGE/ECV maps (n = 13)

Study cohort

21 o inaluci riteri

n=204

NT-proBNP groups
* Normal (<125 pg/mL) n=42
* High (125-500 pg/mL) n = 67
* Extremely high (500 pg/mL) n =95

Figure 1. Flowchart of patient selection and study inclusion. MRI, magnetic resonance imaging; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; ECV, extracellular volume; LGE (%), LGE-positive left

ventricular segments.

Of these patients, 128 (62.7%) were men
and 76 (37.3%) were women. The median
age was calculated as 53 (18-85) years.

We subsequently categorized the pa-
tients into three groups according to their
serum NT-proBNP levels. Those with serum
NT-proBNP levels below 125 pg/mL were
included in the “normal” group, those in the
range of 125-500 pg/mL in the “high” group,
and those > 500 pg/mL in the “extremely
high”group. The NT-proBNP levels utilized for
categorization were established according to
the existing literature.*¢ We then compared
LVEF, wall thickness, volume measurements,
LGE data, and left atrial (LA) and LV cavity di-
ameters from the CMR images among these
three groups (Table 1).

Among our three patient groups, catego-
rized by serum NT-proBNP levels, there were
42 patients (20.6%) in the normal group, 67
(32.8%) in the high group, and 95 (46.6%) in
the extremely high group. The morphologi-
cal and functional parameters evaluated in
the CMR scans were compared among these
three groups. Figure 2 shows the results
for patients in the high group, and Figure 3
shows results for patients in the extremely
high group; our evaluations are presented in
the various sequences.

An analysis of the median patient age
among the groups indicated that individu-
als in the high and extremely high NT-proB-

NP groups were older than those in the nor-
mal group, with P values of 0.004 and 0.001,
respectively. No difference was observed
between the high and extremely high serum
NT-proBNP groups.

No significant difference was observed in
the prevalence of comorbid conditions such
as hypertension (P = 0.872), diabetes melli-
tus (P=0.921), or chronic kidney disease (P =
0.638) among the NT-proBNP groups.

Upon comparison of median LVEF values
among the groups, markedly lower LVEF val-
ues were noted in the extremely high group
relative to the high and normal NT-proBNP
groups. The P values were 0.03 and 0.001,
respectively. No substantial difference was
observed between the high and normal
NT-proBNP groups (P =0.52).

No difference in LV cavity diameter was
observed among the three groups; howev-
er, a highly significant difference in LA cavity
diameters was noted across all groups (P <
0.001).

The LGE%, defined as the proportion of
segments demonstrating LGE relative to the
total LV segments, was analyzed across the
groups. Notably, LGE% demonstrated sta-
tistically significant differences among the
three groups and correlated with elevated
NT-proBNP levels (P < 0.001 for all groups)
(Figure 4a).
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The STIR-based T2 Sl ratio, defined as
the ratio of the mean SI values from the LV
myocardium and the serratus anterior mus-
cle, was compared across groups. The STIR-
based T2 Sl ratio exhibited statistically signif-
icant variations among the three groups and
demonstrated a negative correlation with
elevated NT-proBNP levels (P < 0.001 for all
groups) (Figure 4b).

The ECV exhibited significant differences
among all groups and demonstrated a robust
positive correlation with serum NT-proBNP
levels (P < 0.001) (Figure 4c).

Univariate ordinal logistic regression
showed that LGE% (OR: 1.09 per one-unit in-
crease, 95% Cl: 1.03-1.15, P=0.005), ECV (OR:
1.11 per one-unit increase, 95% Cl: 1.04-1.18,
P < 0.001), and LA cavity diameter (OR: 1.11
per one-unit increase, 95% Cl: 1.05-1.18, P
< 0.001) were positively associated with a
higher NT-proBNP category. By contrast, the
STIR-based T2 Sl ratio was inversely associat-
ed with NT-proBNP category, with a 0.1-unit
increase corresponding to a 15% reduction
in the odds of being classified in a higher cat-
egory (OR: 0.85, 95% Cl: 0.76-0.96, P = 0.008).

In multivariable multinomial logistic re-
gression analysis, ECV and LA cavity diameter
were independently associated with the high
NT-proBNP category compared with the nor-
mal group. In the extremely high NT-proBNP
category, LGE%, ECV, STIR-based T2 SI ratio,
and LA diameter remained independently
associated. The inverse association of the
STIR-based T2 Sl ratio was restricted to the
extremely high NT-proBNP group (OR: 0.80,
95% Cl: 0.64-0.98, P = 0.034). Age, hyperten-
sion, diabetes mellitus, chronic kidney dis-
ease, LVEF, LV wall thickness, and myocardial
volume were not independently associated
with either NT-proBNP category in the mul-
tinomial model. The comprehensive model
exhibited significant explanatory capability
(likelihood ratio P < 0.001; McFadden pseudo
R%:0.417).

Female sex was not associated with in-
creasing NT-proBNP levels in the univariate
ordinal logistic regression analysis. However,
after multivariable adjustment, female sex
was associated with both the high (aOR: 5.66,
95% Cl: 1.61-19.86, P = 0.007) and extremely
high NT-proBNP groups (aOR: 11.22, 95% Cl:
2.53-49.81, P = 0.001), compared with the
normal group, with male sex serving as the
reference category.

The results of both the univariate (ordinal)
and multivariate (multinomial) analyses are
combined in Table 2.
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Table 1. Clinical, demographic, and imaging characteristics of the patients

Serum NT-proBNP levels

Normal High Extremely high Pvalue

(<125 pg/mL) (125-500 pg/mL) (>500 pg/mL)
Patients n (%) 42 (20.6) 67 (32.8) 95 (46.6)
Gender n (%)
Men 31(73.8) 35(52.2) 62 (65.3)
Women 11 (26.2) 32 (47.8) 33 (34.7)
Age
Median (min-max) 43 (18-66) 53 (18-79) 55 (18-85) 0.001
Mean + SD 42.05+14.8 52.1+13.8 528+ 154 :
Comorbid conditions n (%)
Hypertension 12 (28.6) 20(29.9) 31(32.6) 0.872
Diabetes mellitus 4(9.5) 8(11.9) 11(11.6) 0.921
Chronic kidney disease 2(4.8) 5(7.5) 9(9.5) 0.638
NT-proBNP level (pg/mL)
Median (min-max) 46.5 (10-120) 254.8 (133-491) 1710 (501-35,000) <0.001
Mean £ SD 51.6 £ 36 271.9+100.7 3,416.9 =+ 5,339.4 .
LVEDVi (mL/m?)
Median (min-max) 75.5(35-124) 75 (34-184) 80 (17-266) 0.055
Mean £ SD 76.4+£19.2 78.9£239 91.9+41.1 :
LVESVi (mL/m?)
Median (min-max) 28 (13-81) 30(12-127) 35(13-213) 0015
Mean £ SD 314+ 141 34.7 £19.8 48.6 + 38.1 !
LVEF
Median (min-max) 63 (35-78) 61 (30-76) 58 (18-76) <0.001
Mean + SD 61.4+9.1 58.7+10.2 522+15 :
LV wall thickness (mm)
Median (min-max) 10 (6-24) 12 (7-22) 16 (6-34) <0001
Mean + SD 114+3.6 12714 16.1£5.7 ’
LV cavity diameter (mm)
Median (min-max) 53(34-71) 54 (38-72) 55 (16-92) 0.154
Mean + SD 52.7 6.1 548+7.2 56 +10.8 ’
LV myocardial volume
Median (min-max) 72 (57-138) 80 (46-186) 92 (55-290) <0001
Mean + SD 77.9+18.3 82.5+222 101.8 £ 37.1 ’
LV myocardial mass (g)
Median (min-max) 76 (60-141) 84 (48-195) 97 (58-305) <0.001
Mean £ SD 819+ 18.9 86.9 +23.2 107.2+ 39 :
Semi-quantitative LGE extent score (%)
Median (min-max) 3(0-17) 7 (0-30) 14 (0-53) <0001
Mean £ SD 4.02+4.1 8+6.2 17.2+£12.8 !
T2 ratio
Median (min-max) 1.31(0.48-1.98) 1.03(0.52-1.9) 0.9 (0.28-2.21) <0.001
Mean + SD 1.3+£0.3 1.1+£0.3 0.96 +0.29 :
ECV (%)
Median (min-max) 27 (24-35) 31 (24-53) 38 (26-62) <0.001
Mean + SD 27.5+3.1 328+6.7 39.7+8.38 !
LA cavity diameter (mm)
Median (min-max) 42.5 (30-50) 45 (35-60) 49 (34-92) <0.001
Mean + SD 415+46 453+59 496 +7.9 ’

min-max, minimum-maximum; SD, standard deviation; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index. Both parameters
were indexed to body surface area (mL/m?). The semi-quantitative LGE extent score was calculated as the sum of the 17 segmental transmurality scores divided by the maximum
possible score of 68 and multiplied by 100. NT-proBNP, N-terminal pro-B-type natriuretic peptide; ECV, extracellular volume; LVEF, left ventricular ejection fraction; LA, left atrial; LV,
left ventricular; LGE, late gadolinium enhancement.

CMR parameters and NT-proBNP levels «



Table 2. Univariate and multivariable associations between demographic, clinical, and cardiac MRI parameters with NT-proBNP groups

Variable Univariate OR (95%Cl) P High vs. normal P Extremely high vs. normal P
aOR (95% Cl) aOoR (95% Cl)

Age 1.01 (0.98-1.03) 0.379 1.01 (0.97-1.05) 0.505 1.01 (0.96-1.05) 0.594
Female gender 1.04 (0.62-1.76) 0.876 5.66 (1.61-19.86) 0.007 11.22 (2.53-49.81) 0.001
Hypertension 1.16 (0.66-2.03) 0.602 0.91 (0.23-3.70) 0.905 0.33 (0.06-1.73) 0.192
DM 1.11 (0.49-2.50) 0.798 2.20(0.32-14.87) 0.416 4.61(0.54-19.1) 0.261
CKD 1.59 (0.60-4.26) 0.354 3.18(0.31-12.05) 0.325 2.02(0.14-18.8) 0.601
LGE (%) 1.09 (1.03-1.15) 0.005 1.11 (0.97-1.25) 0.117 1.18 (1.03-1.35) 0.013
T2 ratio 0.85 (0.76-0.96) 0.008 0.86 (0.72-1.02) 0.095 0.80 (0.64-0.98) 0.034
ECV (%) 1.11 (1.04-1.18)* <0.001 1.24 (1.07-1.45) 0.005 1.35(1.15-1.59) <0.001
LVEF 0.96 (0.93-1.01) 0.071 0.98 (0.92-1.04) 0.651 0.95 (0.89-1.02) 0.188
LA diameter 1.11 (1.05-1.18) <0.001 1.15(1.02-1.29) 0.012 1.25(1.10-1.41) 0.001
LV wall thickness 1.10(0.98-1.23) 0.092 0.99 (0.80-1.23) 0.985 1.12 (0.89-1.40) 0.330
LV myocard volume 1.01 (0.99-1.03) 0.098 1.01 (0.97-1.04) 0.541 1.02 (0.98-1.05) 0.196

Univariable associations were assessed using ordinal logistic regression. Adjusted associations were evaluated using multinomial logistic regression because the proportional-
odds assumption was violated for ECV. The normal NT-proBNP group served as the reference group. Also, “Male” served as the reference for gender, and “no disease” was utilized
as a reference for comorbid conditions. Odds ratios for the T2 ratio are reported per 0.1-unit increase, whereas those for all other continuous variables are reported per 1-unit
increase. *Proportional-odds assumption violated in univariate ordinal model. NT-proBNP, N-terminal pro-B-type natriuretic peptide; MRI, magnetic resonance imaging; OR,
odds ratio; aOR, adjusted odds ratio; Cl, confidence interval; DM, diabetes mellitus; CKD, chronic kidney disease; LGE (%), late gadolinium enhancement-positive left ventricular
segments (%); ECV, extracellular volume; LVEF, left ventricular ejection fraction; LA, left atrial; LV, left ventricular.

Figure 2. Cardiac magnetic resonance images of a 55-year-old male patient. The serum NT-proBNP concentration of the patient is 384 pg/mL, categorizing him
in the high NT-proBNP group. (a) In the four-chamber long-axis cine image, where a marked reduction in left ventricular (LV) systolic function was noted, septal
thickness was measured at 9.6 mm. (b) In late gadolinium enhancement images, subendocardial enhancement, extending in places to the mesocardial region,
is noted in the septum and the free wall of the left ventricle (red arrow). (c) Myocardial and serratus muscle signal intensity was measured on T2-weighted turbo
inversion recovery magnitude images. (d) Myocardial signal heterogeneity is observed on pre-contrast T1 mapping images (white arrow). (e) Relaxation changes
consistent with contrast enhancement are noted on post-contrast T1 mapping images (white arrow). (f) On extracellular volume (ECV) mapping, a marked increase
in ECV consistent with diffuse fibrosis and extracellular matrix expansion is observed, particularly in the affected segments. Overall, the findings are consistent with
ischemic cardiomyopathy characterized by widespread fibrotic changes of ischemic origin and reduced LV function. NT-proBNP, N-terminal pro-B-type natriuretic
peptide.
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Figure 3. Cardiac magnetic resonance images of a 35-year-old male patient. The patient’s serum NT-proBNP level is 1,241 pg/mL, placing him in the extremely high
NT-proBNP group. (a) In the four-chamber long-axis cine image, increased end-diastolic interventricular septal thickness is observed (measurement lines: 34 mm).
(b) In late gadolinium enhancement images, contrast enhancement is observed within the myocardium, particularly in the mesomyocardium (red arrows). (c) In the
T2-weighted turbo inversion recovery magnitude image, global myocardial T2 signal intensity (SI) and the S| of the serratus muscle were measured. (d) Myocardial
signal distribution is shown in the pre-contrast (native) T1 mapping image. (€) Myocardial changes are observed in the post-contrast T1 mapping image. (f) An
increase in extracellular volume (ECV) consistent with myocardial extracellular matrix expansion, which is particularly evident in the septal region, was observed on
the ECV map. Overall, the findings are consistent with a septal-predominant hypertrophic cardiomyopathy phenotype, with accompanying fibrotic changes and
increased ECV being notable. NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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Figure 4. Boxplot showing median late gadolinium enhancement percentage (a), T2 ratio (b), and extracellular volume (c) values across various NT-proBNP groups.

NT-proBNP, N-terminal pro-B-type natriuretic peptide.

Discussion

This study suggests elevated serum
NT-proBNP levels correlate with a progres-
sive deterioration in CMR findings, including
conventional structural parameters and ad-
vanced tissue-characterization parameters.
Higher NT-proBNP categories were associat-
ed with greater LV wall thickness, myocardi-
al volume and mass, LA enlargement, lower
LVEF, a higher proportion of LGE-positive
segments, and an increased ECV. After ad-
justment for relevant covariates, ECV and LA
cavity diameter were associated with both
elevated NT-proBNP categories, whereas
LGE% and the STIR-based T2 Sl ratio were

associated only with the extremely high cat-
egory. The inverse association observed for
the STIR-based T2 SI ratio should be inter-
preted cautiously. It may reflect differences
in myocardial composition, disease stage, or
the technical limitations of ratio-based mea-
surements; however, the present observa-
tional findings cannot establish an underly-
ing mechanism. Therefore, this result should
be regarded as hypothesis-generating and
requires confirmation in prospective studies.

Our findings endorse the perspective that
NT-proBNP, as a biomarker, signifies not only
hemodynamic stress but also the underlying
structural and interstitial remodeling burden

evident on CMR."*'® The expansion of LV wall
thickness, myocardial volume, and myo-
cardial mass, in conjunction with elevated
NT-proBNP levels, aligns with progressive ad-
verse remodeling. Specifically, although the
LV cavity diameter exhibited no significant
variation between groups, the LA diameter
was markedly elevated across all categories.
This pattern is significant, indicating that ele-
vated NT-proBNP levels may more accurately
or sensitively reflect chronic rises in filling
pressures and diastolic load before notice-
able ventricular cavity dilation occurs.' Ele-
vation of this biomarker in this cohort seems
to correlate with myocardial thickening, in-
terstitial expansion, and atrial remodeling,
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rather than merely geometric enlargement
of the left ventricle. This helps to explain why
the group with extremely high NT-proBNP
has significantly lower LVEF values and why
the transition to the high NT-proBNP group
is characterized by tissue and atrial changes
rather than marked systolic impairment.

Although female sex was not associat-
ed with increasing NT-proBNP levels in the
univariable analysis, significant associations
emerged for both elevated NT-proBNP
groups after multivariable adjustment. This
change may reflect confounding or a sup-
pression effect related to differences in clin-
ical and CMR characteristics between male
and female patients. Nevertheless, the wide
Cls indicate considerable uncertainty in the
magnitude of these associations. Therefore,
this finding should be interpreted cautiously
and should not be considered evidence of a
causal or sex-specific biological relationship.
Confirmation in larger, prospectively de-
signed cohorts with more balanced sex dis-
tributions is required.

An interesting finding was that although
a significant association was observed be-
tween the LV ESV and NT-proBNP categories,
only a borderline difference was detected
between LV EDV and these categories. This
pattern may reflect the closer relationship
between NT-proBNP release and systolic dys-
function.

The correlation between NT-proBNP
and LGE is among the most clinically sig-
nificant result of this study. The presence of
LGE suggests localized myocardial fibrosis,
scarring, or infiltrative/replacement pro-
cesses, depending on the characteristics of
the underlying pathology.'”'®* The gradual
increase in the proportion of LGE from the
normal NT-proBNP group to the extremely
high NT-proBNP group, along with its inde-
pendent association in multivariate analysis,
suggests that elevated natriuretic peptide
levels are linked to a heightened extent of ir-
reversible myocardial injury. This is especially
significant, as NT-proBNP is often assessed
exclusively in relation to volume or pressure
overload.”® Our data indicate that a sub-
stantial portion of the increase in NT-proBNP
is attributable to the extent of structurally
identified myocardial damage. Depending
on the underlying etiology, LGE may repre-
sent myocardial fibrosis, scarring, or infiltra-
tive/replacement processes.

Changes in pre- and post-contrast T1 val-
ues enable the evaluation of interstitial gado-
linium concentration and ECV. In the absence
of edema and amyloid accumulation, these

measurements indicate extracellular matrix
expansion correlated with elevated type |
collagen levels, which contribute to stiffness.
Moreover, ECV measurements have been
shown to correlate with histological collagen
volume fractions.?’ Since the ECV values ob-
tained in our study were derived from overall
myocardial measurements that also included
regions showing LGE, the reported ECV val-
ues reflect the combined burden of focal and
diffuse myocardial abnormalities rather than
isolated interstitial remodeling. Among all
the CMR imaging parameters, ECV emerged
as the most dependable indicator correlated
with NT-proBNP groups. The biological basis
for this is that, in contrast to LGE—which is
optimal for identifying focal fibrosis—ECV
indicates extensive interstitial/extracellular
expansion and thus may reveal earlier and
more comprehensive myocardial remodel-
ing.?*?*The incremental rise in ECV among all
NT-proBNP categories and its sustained pres-
ence in both the high and extremely high
groups post-correction indicates a strong
association between extensive extracellular
matrix expansion and heightened natriuret-
ic peptide levels. Thus, ECV may signify the
imaging equivalent of chronic myocardial
stress, manifesting before or alongside overt
systolic failure. Of course, it should not be
forgotten that these predictions were made
without histopathological analysis data.

Future studies focusing on specific HF
phenotypes, particularly HF with preserved
EF, may further clarify the relationship be-
tween NT-proBNP and CMR-derived tis-
sue-characterization markers.

The inverse association between the STIR-
based T2 Sl ratio and NT-proBNP represents
an exploratory finding and should be in-
terpreted cautiously. Myocardial edema in
acute inflammatory or ischemic conditions
is generally associated with increased SI on
T2-weighted imaging.'>** However, our het-
erogeneous cohort was not restricted to
patients with acute myocardial injury and in-
cluded patients with different chronic cardi-
ac conditions. Although changes in myocar-
dial composition, fibrosis, or relative tissue
water content might theoretically contribute
to a lower STIR-based T2 Sl ratio, these expla-
nations remain speculative.

Importantly, the STIR-based T2 Sl ratio
was derived from conventional STIR-based
SI measurements rather than quantitative
T2 mapping. However, STIR-based measure-
ments are susceptible to technical factors
such as surface-coil sensitivity, sequence
parameters, incomplete blood suppres-
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sion, skeletal-muscle signal characteristics,
and ROl placement. Therefore, the pres-
ent study cannot determine whether the
inverse association represents a true bio-
logical phenomenon or reflects technical
characteristics of the imaging method. This
finding should consequently be regarded as
hypothesis-generating and not as evidence
supporting the diagnostic or clinical use of
the STIR-based T2 Sl ratio. Validation using
standardized quantitative T2 mapping, re-
producibility analyses, and independent dis-
ease-specific cohorts is required.

This study suggests that LA cavity di-
ameter is independently associated with
NT-proBNP levels in this heterogeneous co-
hort. LA enlargement is widely recognized as
a secondary indicator of persistently elevat-
ed LA filling pressure and diastolic load. Un-
like instantaneous functional assessments,
LA size reflects the cumulative effect of long-
term hemodynamic stress.?%* This study sug-
gests the independent correlation between
LA diameter and NT-proBNP groups supports
the view that elevated natriuretic peptides in
HF are significantly associated with chronic
pressure and volume overload rather than
isolated ventricular systolic dysfunction. This
finding underscores the synergistic impor-
tance of combining chamber remodeling
measures with tissue-characterization indi-
ces in the CMR assessment of patients with
HF.

Our study has several limitations. First,
due to the retrospective nature of this sin-
gle-center study, the generalizability of the
findings is constrained. Another important
limitation of this study is the clinical het-
erogeneity of the study population, which
included patients with different underlying
cardiac diseases. Myocardial tissue-charac-
terization parameters may represent distinct
pathological processes across ischemic, hy-
pertrophic, inflammatory, and infiltrative car-
diomyopathies. Therefore, differences in the
distribution of disease etiologies may have
influenced the observed associations be-
tween NT-proBNP and CMR parameters. Dis-
ease-specific subgroup analyses could not
be performed because of the limited num-
ber of patients within several diagnostic cat-
egories. Accordingly, the findings should be
interpreted as associations observed across a
heterogeneous clinical cohort rather than as
disease-specific relationships. Readers ought
to proceed with vigilance in this matter. We
recommend that future studies be designed
to focus specifically on individual diseases. A
further limitation relates to the utilization of
NT-proBNP as the reference biomarker. Nota-
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bly, NT-proBNP levels may exhibit significant
physiologic and temporal variability, impact-
ed by various factors unrelated to cardiac
tissue properties, such as age, renal function,
volume status, atrial arrhythmias, and cur-
rent medical treatment. Although NT-proB-
NP is a recognized biomarker for assessing
HF severity, a single measurement may in-
adequately represent the ongoing impact of
myocardial remodeling. Consequently, the
identified correlations must be understood
in light of these possible confounding fac-
tors. Furthermore, LGE was assessed using
a semi-quantitative segment-based method
rather than quantitative signal-thresholding
or planimetric techniques. Although this ap-
proach is practical and reflects the distribu-
tion of LGE-positive myocardial segments, it
does not account for differences in scar size
within individual affected segments. In ad-
dition, patients lacking contrast-enhanced
images or ECV maps were excluded from the
study, potentially introducing selection bias
by omitting individuals with compromised
renal function or more vulnerable clinical
profiles. The T2 Sl ratio was obtained from
STIR SI measurements, which are inherently
more vulnerable to technical variability than
parametric mapping techniques and may
be affected by imaging conditions, refer-
ence muscle characteristics, and ROI place-
ment. Finally, as the outcome data were not
analyzed, this study is unable to ascertain
whether the identified CMR abnormalities
correlate with the prognostic implications of
NT-proBNP.

Our research contains several strengths.
It assesses both conventional and advanced
CMR parameters within the same cohort, em-
ploys a clinically relevant biomarker-based
classification, and directly contrasts focal
fibrosis and diffuse interstitial expansion
using a conventional T2-weighted signal
metric within a unified analytical framework.
Multivariate modeling reinforces the asser-
tion that the observed associations are not
simply coincidental descriptive findings but
indicate partially independent relationships
between myocardial tissue characteristics
and NT-proBNP levels.

In conclusion, increased NT-proBNP levels
correlate with increasingly adverse CMR find-
ings, encompassing more severe myocardial
hypertrophy, LA remodeling, an augmented
LGE burden, elevated ECV values, and an
increased LA cavity diameter. Among these
parameters, ECV demonstrated the strongest
association with NT-proBNP severity, under-
scoring the pivotal role of extensive intersti-
tial remodeling in patients with heightened

natriuretic peptide levels. The inverse asso-
ciation observed between the STIR-based
T2 ratio and extremely high NT-proBNP lev-
els should be considered exploratory and
hypothesis-generating. Because this mea-
surement may be influenced by technical
factors and was not based on quantitative T2
mapping, further studies using standardized
parametric mapping and reproducibility as-
sessment are required before any biological
or clinical significance can be established.
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