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Purpose:  To evaluate heart rate as a patient-related confounder in a commonly applied T2 balanced steady-state free precession (bSSFP) mapping sequence
used for myocardial tissue characterization.

Materials and Methods:  This retrospective analysis included prospectively (from December 2013 to November 2021) acquired cardiac MRI (1.5 T) datasets
with T2 bSSFP mapping from 69 healthy volunteers. Phantom studies and Bloch simulations were performed with heart rates of 60—130 beats per

minute and different resting periods (three, six, or nine R-R intervals). Sequence parameters (repetition time, echo time, flip angle, echo train length)

were matched across volunteer, phantom, and simulation measurements. Reference values covered clinically relevant T1 and T2 properties found in native
myocardium (short, 1041 and 44 msec; medium, 1293 and 43 msec; long, 1534 and 40 msec). A mixed linear model assessed the effect of heart rate on T2
values in volunteer measurements.

Results:  The study included 69 healthy volunteers (median age, 34 years; 44 female and 25 male). Heart rate influenced T2 values acquired with three R-R
resting periods (r = -0.38, P = .002; linear regression slope, —0.7 msec/10 beats per minute [95% CI: -1.2, -0.1]). In simulation and phantom measure-
ments, T2 values acquired with three R-R resting periods strongly correlated with heart rate, irrespective of myocardial T1 and T2 properties (» < -0.88; P
< .01 for all measurements). Heart rate dependency was reduced with increased resting periods in simulations and phantom measurements. Short myocar-
dial T1 and T2 values derived from T2 bSSFP with nine R-R resting periods were not dependent on heart rate (» = -0.41; P = .33).

Conclusion: T2 bSSFP with three R-R resting periods underestimates T2 values with increasing heart rates. Use of longer resting periods with T2 bSSFP

mapping sequences reduced heart rate dependency.

Supplemental material is available for this article.

Published under a CC BY 4.0 license.

Parametric mapping techniques are approaches for quantitative
myocardial tissue characterization (1). A cardiac MRI exam-
ination, including T'1 and T2 mapping, has been recommended
in the workup of patients with suspected acute myocarditis (2,3).
To differentiate between healthy and diseased tissue, T1 and T2
values should be compared with local reference ranges, and po-
tential confounders should be considered (1). Both methodolog-
ic (4,5) and patient-related confounding factors (6-8) have been
described in the literature.

For T'1 mapping techniques, heart rate dependency is a well-
known confounder (9,10), and considerable efforts have been
made to understand and mitigate the underlying mechanisms
(11-14). However, heart rate sensitivity with T2 mapping tech-
niques is not as well studied. Recently, Hanson and colleagues
(15) conducted a pooled analysis (46 studies, 954 healthy adults)
to determine the extent of variability among parametric map-
ping—derived T2 values in healthy adults and to identify con-
founders. While they could not include heart rate in their model
because it was not reported in any of the studies (15), a recent
study showed significantly reduced T2 values with an increase in
heart rate (16).

Commonly used T2 maps are generated from multiple sin-
gle-shot T2-weighted images (17). These images are acquired
using a T2 preparation module to induce different T2 sensi-
tivity, followed by a fast readout sequence, such as balanced
steady-state free precession (bSSFP) (18). Each source image

is acquired in a single heartbeat. The wait time between source
images, also known as resting periods, is commonly defined in
heartbeats (eg, three R-R intervals). Consequently, higher heart
rates shorten the wait time between images, which may influ-
ence estimated T2 relaxation times.

The aim of this study was to examine the heart rate depen-
dence of a commonly used T2 bSSFP sequence with three, six,
and nine heartbeat resting periods using an analysis of healthy
volunteer data, a phantom study, and Bloch simulations.

Materials and Methods

This study combines retrospective analysis of prospectively ac-

quired data from healthy volunteers with phantom experiments
and Bloch simulations. The study complied with the Declara-
tion of Helsinki and was approved by the institutional ethics
committee (study identification no. EA 1253 21). All partici-
pants provided written informed consent.

Healthy Volunteer Study
To create a dataset with T2 bSSFP mapping in healthy vol-

unteers, a retrospective review of cardiac MRI studies that
prospectively enrolled healthy adult volunteers and were per-
formed at one tertiary center was carried out. The study in-
cluded four completed investigations (19-22) with examina-
tions performed between December 12, 2013, and November
8, 2021, and one ongoing study. All 70 cardiac MRI datasets

This copy is for personal use only. To order printed copies, contact reprints@rsna.org


mailto:reprints%40rsna.org?subject=

Effect of Heart R T2 bSSEP Cardiac MR -

Fenski et al

Abbreviations

bSSFP = balanced steady-state free precession, ICC = intraclass
correlation coefficient

Summary

A T2 balanced steady-state free precession cardiac MRI mapping se-
quence with three R-R intervals underestimated myocardial T2 values
as heart rate increased, but this dependence was mitigated by using
longer resting periods.

Key Points

= T2 values acquired with T2 balanced steady-state free precession
(bSSFP) and three R-R resting periods decreased with increasing
heart rate in healthy participant and phantom measurements, with
a slope between -0.63 and -0.79 msec/10 beats per minute (P <
.01 for all measurements).

= Short myocardial T1 and T2 values derived from T2 bSSFP with
nine R-R resting periods were not dependent on heart rate (r =
-0.41; P =.33).

= A relevant threshold of 82 beats per minute was identified, above
which the impact of heart rate with T2 bSSFP sequences with three
R-R resting periods exceeds the intrareader variability.

Keywords
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with T2 bSSFP mapping from a total of 70 volunteers collected
in these studies were included in the present study. The par-
ticipants were recruited for the control group or as traveling
volunteers in a multicenter comparative study. Participants were
excluded if they had known vascular, cardiac, or systemic condi-
tions or any contraindications for cardiac MRI. All participants
maintained sinus rhythm. A 12-lead electrocardiographic exam-
ination was performed to screen for conduction irregularities.
Volunteer scans included at least one midventricular T2 short-
axis section acquired in end diastole. Data from 68 of the 70
participants have already been published (7 = 17 [19], n = 17
[20], # = 21 [21], n = 12 [22]). The data corresponding to the
two participants included in the ongoing study have so far not
been published. In comparison to the present study, none of
the previous studies assessed heart rate as a confounder in T2
mapping techniques.

Imaging Protocol and Analysis

Cardiac MRI studies were performed using a 1.5-T scanner (Mag-
netom AvantoFit; Siemens Healthineers) at one medical center. A
T2-prepared mapping sequence (19) with a bSSFP readout and
identical imaging parameters was used for all simulations and
scans (Table 1). Nonrigid motion correction was applied to avoid
spatial misregistration of the source images. A two-parameter fit-
ting model was used to generate the final T2 map.

Segmentation of Volunteer Images

Image analysis was performed by a single operator with 5 years of
experience with cardiac MRI (M.E) in consensus with a second
operator (J.S.M., >25 years of experience) using CVI42 software
(version 5.13.7; Circle Cardiovascular Imaging). The quality of
the parametric maps was approved by visual assessment of each
T2-weighted source and final mapping image. Only images that
allowed clear delineation of the myocardium and surrounding
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Table 1: Sequence Parameters of T2 bSSFP

T2 bSSFP

Parameter

Magnetization preparation T2 preparation (0, 25, 55 msec)

Readout bSSFP
Voxel sizing (mm) 1.6 x 1.6
TR (msec) 3.1

TE (msec) 1.15

Flip angle (degree) 70
Section thickness (mm) 6.0

FOV (mm) 270 x 360
Parallel imaging GRAPPA
Acceleration factor 2
Bandwidth (Hz/pixel) 970

Note.—bSSFP = balanced steady-state free precession, FOV =
field of view, GRAPPA = generalized autocalibrating partial paral-
lel acquisition, TE = echo time, TR = recovery time.

borders and had no artifacts and residual motion were included.
Heart rate during image acquisition was exported from the Dig-
ital Imaging and Communications in Medicine information (ie,
DICOM) for each individual source image. A mean heart rate
for each final map was calculated. To minimize partial volume
effects, a 5% endo- and epicardial contour offset was used (20).
The midventricular myocardium on T2 maps was subdivided
into three equal segments using the anterior right-ventricular—
left-ventricular insertion point as a reference. Only T2 times de-
rived from midventricular septal regions were included to avoid
susceptibility artifacts (1). Basal and apical sections were disre-
garded to omit potential partial volume effects due to residual
diastolic wall motion, thin myocardium, or positioning close to
the left ventricular outflow tract (21).

Relevant Heart Rate Threshold for Healthy Volunteers

A linear regression was used to describe the effect of heart rate
on T2 values in volunteers. Heart rate dependence was defined
as clinically relevant if its influence on T2 values exceeded the
difference between two evaluations of the same reader (22). All
volunteer images were therefore contoured by the same reader
(M.E) on two occasions at least 3 months apart, and the interval
within which 95% of differences between two measurements by
the same reader are expected to lie (95% limits of agreement)
was calculated using a Bland-Altman plot. The value at which
the influence of the heart rate exceeded the intrareader differ-
ence for our volunteer dataset was calculated as:

lower 95% bld altman limit

slope linear regression

Heart rate cutoff = + median heart rate in HV |

In addition, to allow for comparison with an interreader com-
parison-based approach, all volunteer images were contoured by
a second reader (L.G.), and the lower 95% Bland-Altman limit of
agreement between the two readers was calculated.

Bloch Simulations

The T2 mapping sequence described above was numerically
simulated based on Bloch equations using MATLAB (R2022a;
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MathWorks) with heart rates between 50 and 130 beats per min-
ute and resting periods of three, six, and nine R-R intervals.

Phantom Study

The T1 Mapping and Extracellular volume Standardization
(TIMES) program phantom was used, which covers clinically
relevant ranges of T'1 and T2 values in blood and myocardium
(23). Parametric maps were consecutively acquired at regular
heart rates between 60 and 130 beats per minute with incre-
ments of 10 beats per minute. Between each increment, mea-
surements were separated by 10-second pauses to ensure suffi-
cient longitudinal magnetization recovery. The whole protocol
was repeated after the last image was acquired at 130 beats per
minute. For electrocardiography simulation, an external com-
mercial device was used (ES-300; S.P.L. Elektronik). The refer-
ence T1 value was measured by an inversion recovery prepared
spin-echo sequence with a repetition time of 8 seconds; an echo
time of 12 msec; and inversion times of 25, 50, 300, 600, 2400,
or 4800 msec. The reference T2 value was measured by a spin
echo sequence with a repetition time of 3000 seconds and echo
time of 24, 50, 100, 200, 300, or 400 msec.

Segmentation of Phantom Images

A self-developed Python-based tool was used to ensure equal
region of interest sizing and positioning according to published
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Figure 1: Image acquisition and segmentation. (A) T1 Map-
ping and Extracellular volume Standardization phantom on cor-
onal and transverse (green line) balanced steady-state free pre-
cession [bSSFP) images. (B) Only results from tubes representing
nafive myocardium (tubes D and E) are reported. Reference values
for T1 and T2 values (in milliseconds) were obtained using a slow
inversion recovery spin-echo and multiecho spin-echo fechnique.
(C) Three regions of interest (ROls| of equal size were placed in
the center of each tube in the first acquired mapping image, with
the ROI boundaries positioned in line with the tube boundaries. The
diameter was then halved to occupy the central 50% of the area.
The resulting ROls were automatically forwarded to each subse-
quent image. (D) Midventricular short-axis T2 bSSFP mapping
image with three R-R intervals resting period. Endo- and epicardial
boarders were contoured and a 5% safety rim was automatically
added. Only T2 values of the midventricular septal myocardial
segment were used for analysis. The bSSFP cine two-chamber
view from the same volunteer. Green lines indicate the position of
the basal and midventricular section.

methods (4). Regions of interest of equal size were manually
placed in the first acquired mapping image and aligned with
the tube boundaries. The diameter was then halved to avoid any
partial volume effects with the surrounding material (Fig 1).
These regions of interest were automatically transferred to each
subsequent mapping image.

Statistical Analysis

All data were analyzed using SPSS software (version 28.0;
SPSS) and MATLAB (version R2021b; MathWorks). The
distribution of the parameters was assessed using the Sha-
piro-Wilk test and Q-Q plots. Continuous variables are re-
ported as means + SDs or medians + IQRs. For phantom mea-
surements, correlation analysis between T2 values and heart
rate was performed using the Spearman test and linear regres-
sion analysis. To evaluate the effects of different factors on T2
values in volunteers, a mixed linear model with backward se-
lection and without a random effect was used. The following
fixed factors were included: age, sex, and heart rate. Visual
assessment of the linear regression assumptions was performed
by examining scatterplots of residuals versus fitted values for
linearity and homoscedasticity, a Q-Q plot for normality, and
correlation matrices for multicollinearity (if appropriate).
Comparisons between two groups were made using an inde-
pendent ¢ test or the Mann-Whitney test for continuous vari-
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ables. A ¥* test was performed for noncontinuous variables.
Cases with missing data were excluded from the analysis. A
two-tailed a less than .05 was considered statistically signifi-
cant. As this is an exploratory study, no adjustments for mul-
tiple comparisons were made.

To assess intrareader differences, all volunteer images and a
subset of phantom images were contoured twice by the same

Screening period (12/2023 -

11/2021)
114 healthy volunteer cardiac
MRI sets
44 Excluded
+ Acquisition at
3T (N=22)
* No T2 mapping
(N=22)

Healthy volunteers
with midventricular T2
mapping at 1.5T

(n=70)
* Non diagnostic
image quality (n=1)
Included for
final
analysis
(n=69)

reader (M.E). For interreader comparison, a second reader
(L.G.) contoured all volunteer datasets. The readers were
blinded to prior measurement results. Bland-Altman plots and
the intraclass correlation coefficient (ICC) were used to evaluate

bias and reliability.

Results

Participant Characteristics

A total of 70 scans meeting the inclusion criteria were identi-
fied, with participants recruited between December 2013 and
November 2021. Figure 2 provides a flow diagram outlining
the screening process. One dataset was excluded due to arti-
facts caused by BO field inhomogeneities from a fluid-filled
stomach. The final dataset comprised 69 volunteers (median
age, 34 years [IQR, 28-49]), including 44 female and 25 male
participants. Baseline characteristics are summarized in Ta-
ble 2. Female participants were significantly older than male
participants (median age, 38 years [IQR, 30-52] vs 29 years
[IQR, 24-36]; P = .004).

Volunteer Study

A total of 69 midventricular T2 mapping images were acquired.
Of 69 septal segments, four segments (5.8%) were excluded due
to artifacts. T2 relaxation times per section and mean heart rate
during source image acquisition are shown in Table 3. Mean
T2 values were 51.1 msec + 2.3. Heart rate (median, 68 beats
per minute [IQR, 63-77]; minimum, 51 beats per minute;
maximum, 101 beats per minute) was significantly correlated

Figure 2:  Flowchart outlines the screening process. with T2 values at Spearman analysis (7”g =0.38 [95% CI: -0.56,
Table 2: Baseline Characteristics of Healthy Volunteers
Overall Male Participants ~ Female Participants
Parameter (n=69) (n=25) (n = 44) P Value*
Age (y) 34 (28-49) 29 (24-30) 38 (30-52) 004
Height (cm) 173.3+8.3 1794+ 8.4 169.8 + 5.9 <.001
Weight (kg) 69.2 £9.7 73.4 +10.6 66.7 + 8.3 .005
BMI 23.0 + 3.0 22.8+2.8 23.2+3.1 .97
Body surface area (m?) 1.8+0.2 1.9+0.2 1.8+0.1 <.001
SBP (mm Hg) 121 £ 13 120 + 11 121 + 14 .78
DBP (mm Hg) 72+8 70 £5 73+9 13
LV EDV (mL) 151 + 29 169 + 28 142 + 24 <001
LV EDV/BSA (mL/m?) 83.2+14.4 88.8+14.5 80.1 + 13.6 .02
LV EDV/H (mL/cm) 0.86+0.18 0.91+0.24 0.83 +0.14 .10
LV SV (mL) 9 + 17 101 + 18 90 + 16 004
LV SV/BSA (mL/m?) 51.6 + 8.5 53.4 + 8.8 50.6 + 8.3 .20
LV EF (%) 62.3 +4.8 60.3 + 4.5 63.4 +4.7 .009
LV mass (g) 91.7 £ 20.5 109.0 + 20.7 82.3 +13.0 <.001
LV mass/BSA (g/m?) 49.5+11.3 548x15.2 46.5+7.0 .003
LV mass/H (g/cm) 0.52+0.12 0.58+0.16 0.49 + 0.08 <.001
Note.—Unless otherwise noted, data are means + SDs or medians with IQRs in parentheses. BMI
= body mass index (calculated as weight in kilograms divided by height in meters squared), BSA
= body surface area, DBP = diastolic blood pressure, EDV = end diastolic volume, EF = ¢jection
fraction, H = height, LV = left ventricular, SBP = systolic blood pressure, SV = stroke volume.
* Unpaired two-sided # test between male and female volunteers for normally distributed data,
otherwise, a Mann-Whitney U test was used.

Radiology: Cardiothoracic Imaging Volume 7: Number 2—2025 = rctirsna.org
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Table 3: Midventricular Septal T2 Times and Heart Rate during Source Image Acquisition in
Healthy Volunteers

Parameter All (n=69)  Male Participants (7 = 25) Female Participants (7 = 44)
Heart rate (beats/min) 68 (63-77) 67 (62-77) 71 (63-77)
T2 value (msec) 51.1 £2.3 51.0 + 2.6 (50.0, 52.0) 51.2+22

(50.5, 51.7) (50.6, 51.9)

Note.—Data are displayed as means + SDs with 95% Cls in parentheses or medians with IQRs in paren-
theses.

r,=-0.38, p = .002

58

44t

42 1 1 1 1 1
50 60 70 80 90 100

Heart rate (bpm)

Figure 3: Correlation between heart rate and T2 times in 69 healthy volunteers. Dots represent
each mean sepfal midventricular myocardial T2 value. The consistent line represents the linear regres-
sion line between T2 values and heart rate. The gray area indicates the 95% Cl of the regression line.
bpm = beats per minute, r. = Spearman correlation coefficient.

-0.09]; P =.002) (Fig 3), as well as in the multiple linear regres-
sion model (standardized B, -0.276 [95% CI: -0.112, -0.003];
P =.04). With multiple linear regression analysis, T2 values de-
creased with increased heart rate, with a slope of -0.7 msec/10
beats per minute (95% CI: -1.2, -0.1). Neither sex nor age was
associated with T2 measurements. The detailed results of the
mixed model and individual regression analysis can be found in

Appendix S1.

Bloch Simulations

In simulation studies, T2 values obtained with three, six, and
nine R-R rest periods showed a negative correlation with heart
rate over the entire simulated range (7 = -1; P < .05 for all mea-
surements). However, the slopes were considerably less steep
with increasing resting periods as shown in Figure 4.

Phantom Study

All 48 final T2 mapping images could be used for analysis. T2
values measured with three R-R resting periods showed a de-
crease with higher heart rates in all phantom tubes represent-
ing native myocardial T1 and T2 properties (r = -1; P < .01
for all measurements) (Fig 5). Table 4 shows the slopes of the
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regression equations expressing the relationship between heart
rate and T2 values. The dependence on heart rate decreased
with increasing resting periods. T2 bSSFP with nine R-R in-
tervals showed the least sensitivity to heart rate (nine R-R: 7
= -0.41 [95% CI: -0.87, 0.44]; P = .32 for short myocardial
T1 and T2 values), and the six R-R variant demonstrated no
effect of heart rate on T2 values for heart rates from 60 to 90
beats per minute (60 beats per minute: 53.53 msec; 90 beats
per minute: 53.48 msec).

Due to the flow properties of blood, which cannot be repre-
sented by the phantom, the results of tubes A—C (representing
blood T1 and T2 properties) are not reported. Furthermore, the
results of tubes G-I (representing myocardial T1 and T2 prop-
erties after contrast material application) are not reported as the
evaluated sequence was not designed to sample the faster T1 and
T2 recovery curves in these scenarios. The results for every tube
and heart rate can be found in Appendix S1 along with the de-
tailed results of the correlation analysis.

Intra- and Interreader Comparison

ICC analysis showed excellent intra- and interreader reliability
for the volunteer measurements (intrareader ICC, 0.97 [95%
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T1=1041ms, T2=44 ms
3-RR: r=-1.00,p < .05
6-RR: r=-1.00,p <.05
9-RR: r=-1.00, p <.05
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T1=1534 ms, T2=40 ms
3-RR: r=-1.00, p < .05
6-RR: r=-1.00,p < .05
9-RR: r=-1.00, p <.05
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3-RR: r=-1.00,p < .05
6-RR: r=-1.00, p < .05
9-RR: r=-1.00,p <.05
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Figure 4:
R-R infervals) and different T1 and T2 values representing native short-to-long myo-
cardial properties. Dotted line indicates the true T2 value. Simulated sequence pa-
rameters (repefition time, fime to echo, flip angle, echo train length) were matched
with phantom and healthy volunteer measurements. bpm = beats per minute, HR =
heart rate.

Bloch simulations with different resfing periods (three, six, and nine

CI: 0.96, 0.98]; interreader ICC, 0.94 [95% CI: 0.91, 0.96)),
and Bland-Altman analysis showed no relevant intrareader or
interreader bias (intrareader bias, 0.13 msec; interreader bias,
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T1=1041ms,T2=44 ms
3-RR:r=-1, p =<.01
6-RR: r=-0.88, p = <.01
9-RR:r= -O.if, p=.33
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Figure 5:  Phantom measurements. Correlation between heart rate and T2

values (in milliseconds) in a T1 and T2 range representing native myocardial prop-
erfies. T2 balanced steady-state free precession with three (yellow), six (pink|, and
nine (blue) R-R resting periods. The diamonds represent the first measurement, the
dots represent the second measurement, and the consistent line represents the re-
gression line for the mean value between the first and second measurement. bpm =
beats per minute, HR = heart rate, r = Spearman correlation coefficient.

0.02 msec). Furthermore, there was excellent reliability and no
bias between two readings for the phantom measurements. A
detailed intrareader analysis can be found in Appendix S1.

Clinically Relevant Heart Rate Threshold
The 95% limits of agreement for the intra- and interreader

comparison were —0.96 to 1.2 msec and —1.5 to 1.4 msec,
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Table 4: Slopes of the Linear Regression Equations Expressing the Relationship be-
tween Heart Rate and Measured T2 Times based on Phantom Measurements

Tube Name (T1 and T2) T2 bSSFP Three R-R

T2 bSSFP Six R-R T2 bSSFP Nine R-R

D (1041 and 44 msec) -0.63

(-0.74, -0.52)
E (1534 and 40 msec) -0.79

(-0.86, -0.71
F (1293 and 43 msec) -0.76

(-0.86, -0.65)

~0.19 ~0.02*
(-0.28, -0.10) (-0.07, 0.04)
~0.36 ~0.14

(-0.40, -0.27) (-0.20, -0.08)
-0.33 ~0.12

(-0.39, -0.27) (-0.20, -0.04)

ses. bSSFP = balanced steady-state free precession.
* Correlation coefficient not significant (P > .05).

Note.—Values are given as slope (in milliseconds)/10 beats per minute with 95% Cls in parenthe-

respectively. A correlation between T2 values and heart rate
could be found in our volunteer study with a slope of —0.07

msec/beats per minute. The median heart rate was 68 beats
per minute. The relevant cutoff at which the influence of heart
rate exceeded the intraobserver and interobserver variability
was therefore calculated as 82 beats per minute and 89 beats
per minute, respectively.

Discussion
The present study investigated the influence of heart rate on
a commonly used T2 bSSFP mapping sequence with differ-
ent resting periods using Bloch simulations, a phantom study,
and an analysis of data from 69 healthy volunteers. The main
findings are that T2 bSSFP with a resting period of three R-R
intervals significantly underestimates T2 values with increasing
heart rates, and that the heart rate dependence can be miti-
gated by using longer resting periods. In the phantom study, a

heart rate—dependent underestimation of —0.63 msec/10 beats
per minute was found in a tissue with T1 and T2 properties
of 1041 and 44 msec. Matching this, midventricular T2 times
in healthy volunteers measured with T2 bSSFP with a resting
period of three R-R intervals decreased with heart rate with a
slope of —0.7 msec/10 beats per minute. Furthermore, in our
cohort with a median heart rate of 68 beats per minute, influ-
ence of heart rate on T2 measurements exceeded the intrareader
variability at 82 beats per minute and interreader variability at
89 beats per minute.

In our in silico and phantom study, the factors that influenced
heart rate dependency were the number of resting periods and
the T1 properties of the underlying tissue. To produce quanti-
tative maps of myocardial T2 relaxation times, multiple images
of varying T2 sensitivity are acquired over multiple cardiac cy-
cles (19). The signal intensities across these T2-weighted source
images are then fitted to a decay equation to generate the final
T2 map (18). To allow the magnetization to return to its equilib-
rium state between preparation pulses, a resting period is imple-
mented. This waiting time is often defined in heartbeats. Higher
heart rates therefore shorten the waiting time between images,
which can introduce T1 weighting into the signal due to incom-
plete T1 magnetization recovery (18). Depending on the order
of the preparation times, this leads to an underestimation (short-
to-long preparation times) or an overestimation (long-to-short
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preparation times) of the T2 times. Most commonly, T2 map-
ping is performed with increasing preparation times, resulting in
heart rate—dependent underestimation. This mechanism can be
mitigated by using longer resting periods which allow the mag-
netization to return to its equilibrium state, even at higher heart
rates. In addition, tissues with long T1 properties require more
time to return to equilibrium, which was reflected in our phan-
tom measurements in steeper regression curves in tissues with
longer T'1 properties.

The mean midventricular T2 times in our volunteer study was
51.1 msec + 2.3, which aligns well with the pooled mean of 52
msec at 1.5 T (95% CI: 51, 53) in a recent meta-analysis that
included 42 studies (15). In contrast to the studies by Bonner et
al (7) and Thomas et al (16), we did not find a sex- or age-spe-
cific difference in T2 values. While it is possible that our findings
may have been influenced by a type II error, they are consistent
with a recent meta-analysis of 954 healthy adults that found no
association between myocardial T2 times with age or sex (15).
We indicated a significant decrease in midventricular T2 times
with increasing heart rates with a slope of —0.7 msec/10 beats
per minute. This is in concordance with previous studies, which
showed significantly reduced T2 values with an increase in heart
rate (8,24). Another recent study identified a significant associ-
ation between T2 values, derived from T2-preparation bSSFP
mapping and heart rate (16). The authors reported a slope of

-0.74 msec/10 beats per minute, which aligns closely with our
observed slope. In contrast, no heart rate dependence was found
in a study reporting normal T2 values obtained in 100 healthy
volunteers by using a multiecho fast spin-echo sequence with four
echo times (25). However, the authors did not report the number
of resting periods. Therefore, results may not be comparable to
our volunteer study if longer resting periods were used. To allow
comparison between T2 mapping studies, the reporting of the
number of recovery periods should be considered in future stud-
ies involving T2 mapping techniques. This is especially true given
that T2 values in our simulation and phantom study differed be-
tween three, six, and nine R-R resting periods even at 60 beats
per minute, indicating relevant differences between these variants
even at lower heart rates.

The clinical relevance of our findings must be evaluated in
the context of the practical application of T2 values and the
precision required in clinical assessments. To distinguish health
from disease, T2 values should be compared with local reference
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ranges, taking potential confounders into account (1). The nor-
mal myocardial T2 range is commonly defined as the mean
2 SDs of the local reference cohort, and the diagnosis of myo-
cardial edema would be made if T2 values exceeded this range
within an appropriate clinical context. Given that heart rate can
vary substantially among individuals, a patient with a heart rate
deviating by, for example, 30 beats per minute from the av-
erage could experience a change in T2 time of approximately
2.1 msec. This alteration could shift the T2 value within the
normal range, even though elevated T2 values would be present.
The second scenario where the influence of heart rate should be
considered is in the sequential monitoring of T2 values, such as
in evaluating the impact of an intervention on T2 values. Varia-
tions in heart rate could account for observed differences, rather
than the intervention or the disease progression itself. Appendix
S1 provides recommendations for mitigating heart rate depen-
dency, a detailed discussion of additional factors affecting the
reproducibility of T2 mapping results, and a brief outlook into
recent developments of T2 mapping sequences. It also includes
a discussion of the discrepancy between reference T2 values and
those derived from T2 bSSFP sequences.

This study had several limitations. First, nonrigid motion
correction was used in our study to avoid spatial misregistration
of the source images. However, we did not evaluate the effect
of motion correction methods on measured T1 and T2 values.
Second, in our phantom study, we utilized simulated heart rates
ranging from 60 to 130 beats per minute and demonstrated an
inverse linear relationship between heart rate and measured T2
values for T2 bSSFP with three R-R resting periods. Nevertheless,
it is possible that a plateau effect may be seen at even lower heart
rates, which was not illustrated in this study. Furthermore, due
to the lower sampling rate of T2 values at both very low and very
high heart rates in our volunteer study, any assertion regarding
the influence of heart rate on T2 values in these marginal areas is
subject to greater uncertainty. Further studies with a larger sample
size are therefore needed to validate our results. Third, as this is an
exploratory study, no adjustments for multiple comparisons were
made and this may have introduced a type I error. Fourth, we
compared the influence of heart rate with intrareader and inter-
reader variability. However, interstudy variability, which accounts
for the impact of BO shimming and other operator-dependent
tasks on T2 measurements, was not assessed in our study. Fifth,
we investigated the effect of age, sex, and heart rate on T2 values.
However, we did not include ethnicity in our model. Dedicated
future studies are needed to determine whether ethnicity-specific
T1 and T2 mapping reference values are warranted. Last, we indi-
cate a perfect inverse correlation between heart rate and measured
T2 values in Bloch simulations and phantom experiments. These
observations were made under simulation or laboratory condi-
tions. Under real-world conditions, more confounders are to be
expected, and the occurrence of a perfect correlation is therefore
very unlikely.

In conclusion, our study demonstrated that T2 bSSFP with
three R-R intervals underestimates T2 values with increasing
heart rates. Acquisition schemes with longer or fixed resting peri-
ods (ie, = six R-R intervals) may be used to mitigate T2 underesti-
mation with higher heart rates. Future research should investigate
the sensitivity of T2 bSSFP sequences with a fixed recovery period
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(eg, 3 seconds) to variations in heart rate and arrhythmias. Addi-
tionally, future studies should explore whether newer techniques,
such as MR fingerprinting—based T2 sequences, can address heart
rate and arrhythmia dependencies.
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