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Abstract

Purpose: Myocardial T1 relaxation time (T1 time) and extracellular volume fraction (ECV) are altered in patients with
diffuse myocardial fibrosis. The purpose of this study was to perform an intra-individual assessment of normal T1
time and ECV for two different contrast agents.

Methods: A modified Look-Locker Inversion Recovery (MOLLI) sequence was acquired at 3 T in 24 healthy subjects
(8 men; 28 + 6 years) at mid-ventricular short axis pre-contrast and every 5 min between 5-45 min after injection of
a bolus of 0.15 mmol/kg gadopentetate dimeglumine (Gd-DTPA; Magnevist®) (exam 1) and 0.1 mmol/kg
gadobenate dimeglumine (Gd-BOPTA; Multihance®) (exam 2) during two separate scanning sessions. T1 times were
measured in myocardium and blood on generated T1 maps. ECVs were calculated as (AR]myoca,dium/ARmood) *
(1-hematocrit).

Results: Mean pre-contrast T1 relaxation times for myocardium and blood were similar for both the first and second
CMR exam (p > 0.5). Overall mean post-contrast myocardial T1 time was 15+ 2 ms (2.5 + 0.7%) shorter for Gd-DTPA
at 0.15 mmol/kg compared to Gd-BOPTA at 0.1 mmol/kg (p < 0.01) while there was no significant difference for T1
time of blood pool (p > 0.05). Between 5 and 45 minutes after contrast injection, mean ECV values increased linearly
with time for both contrast agents from 0.27 +0.03 to 0.30 + 0.03 (p < 0.0001). Mean ECV values were slightly higher
(by 0.01, p < 0.05) for Gd-DTPA compared to Gd-BOPTA. Inter-individual variation of ECV was higher (CV 8.7% [exam
1, Gd-DTPA] and 9.4% [exam 2, Gd-BOPTA], respectively) compared to variation of pre-contrast myocardial T1
relaxation time (CV 4.5% [exam 1] and 3.0% [exam 2], respectively). ECV with Gd-DTPA was highly correlated to ECV
by Gd-BOPTA (r=0.803; p < 0.0001).

Conclusion: In comparison to pre-contrast myocardial T1 relaxation time, variation in ECV values of normal subjects
is larger. However, absolute differences in ECV between Gd-DTPA and Gd-BOPTA were small and rank correlation
was high. There is a small and linear increase in ECV over time, therefore ideally images should be acquired at the
same delay after contrast injection.
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Background

Delayed gadolinium enhancement is an established tech-
nique in cardiovascular magnetic resonance (CMR) to
demonstrate focal myocardial scar/ fibrosis [1]. Since a
correlation between post-contrast myocardial T1 relaxation
time (T1 time) and histologically proven fibrosis has been
demonstrated [2], the potential of quantitative analysis of
diffuse myocardial fibrosis by means of CMR has been pos-
tulated [3]. Alteration of myocardial T1 times compared
with values of normal subjects has been reported in associ-
ation with adult congenital heart disease [4], cardiac amyl-
oidosis [5], myocardial involvement in systemic lupus
erythematosus [6], and chronic aortic regurgitation [7].

After gadolinium injection, contrast dose and type in-
fluence T1 times [8]. So far there is also no standardized
method of reporting T1 times. While some authors use
absolute values [3,5] others prefer the partition coefficient
[9], extracellular volume fraction (ECV) [10] or fibrosis
index [4]. As opposed to absolute T1 times, the ECV of
myocardium is postulated to be constant over time under
equilibrium conditions [11]. ECV values are calculated
from the change in relaxation rate (R1=1/T1) of blood
and myocardium corrected for the hematocrit. ECV is
reported as a fraction and ranges from 0 (all fluid) to 1
(solid with no extracellular component) [11,12].

Gadopentetate dimeglumine (Gd-DTPA) is a gadolin-
ium based contrast agent commonly used at a dose of
0.15 — 0.2 mmol/kg in CMR. [3,7] Due to a higher relax-
ivity [13] related to protein binding, some publications
report gadobenate dimeglumine (Gd-BOPTA) at a lower
dose of 0.1 mmol/kg for CMR [14,15].

The purpose of this study was to determine normal ECV
and T1 values for healthy volunteers, to assess stability of
ECV over time and to evaluate the influence of two con-
trast agents with different relaxivity on calculated ECV.

Methods

Study population and image acquisition

24 healthy subjects (8 men; mean age + SD, 28+ 6; age
range 19-40) were imaged in two separate sessions using a
3T scanner (Verio, Siemens Medical Solutions, Erlangen,
Germany) and a 32-channel cardiac coil. Volunteers were
recruited via the Volunteer Recruitment Office of the
National Institutes of Health. All study participants
signed informed consent as part of an ongoing institu-
tional review board approved study. All participants
underwent two different scanning sessions for Gd-DTPA
and Gd-BOPTA evaluation. Images were acquired pre-
contrast and every 5 minutes between 5 and 45 minutes
after injection of a bolus of 0.15 mmol/kg Gd-DTPA
(Magnevist, Bayer Healthcare; concentration 0.5 mol/l)
(exam 1) and 0.1 mmol/kg Gd-BOPTA (Multihance,
Bracco Diagnostics; concentration 0.5 mol/l) (exam 2),
respectively. The MOLLI sequence was acquired
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repetitively as a single mid-ventricular short axis image
at the same slice position in mid- to end-diastole. Delay
time varied depending on heart rate.

The aromatic ring of Gd-BOPTA enables weak plasma
protein binding resulting in a higher relaxivity in
plasma/blood compared to Gd-DTPA [16-18]. Several
studies have demonstrated that a lower dose of Gd-
BOPTA has similar diagnostic efficacy compared to Gd-
DTPA at a higher dose [15,19,20]. In order to achieve
somewhat similar post-contrast T1 times and to be con-
sistent with the institutions’ practice, we used a lower
dose of Gd-BOPTA (0.1 mmol/kg) compared to Gd-
DTPA (0.15 mmol/kg). These dose values have also pre-
viously been used in the literature [3,11,14,15]. Both con-
trast agents were injected intravenously at 2 ml/s using a
power injector and followed by a 30 ml saline bolus
administered at the same flow rate. The short MOLLI se-
quence used in the current study was adapted from that
introduced by Messroghli et al. and has been described
previously [21,22]. Short MOLLI acquired 8 images at
different inversion times using the following scan para-
meters: TE/TR 1.03/2.4 ms; flip angle 35° bandwidth
1002 Hz/Px; minimum TI 125 ms; T1 increment 80 ms;
image acquisition time 217 ms; FOV 360 x 288 mm?;
pixel size 2.3 x 1.9 mm? (interpolated to 1.2 x 1.0 mm?);
slice thickness 8 mm; iPAT factor (GRAPPA) 2.

All study participants underwent 12 lead ECG as well
as a history and physical examination prior to each CMR
study. All study participants were determined to be free
of clinical cardiovascular or systemic disease and had a
normal electrocardiogram. A CMR examination per-
formed prior to the current study showed normal global
and regional function. Myocardial late gadolinium en-
hancement imaging did not show a myocardial scar in
any of the subjects. Table 1 shows further characteristics
of the study subjects.

Image analysis
T1 maps were generated using MRmap [23]. Manual mo-
tion correction was performed when necessary. Pre-

Table 1 Volunteer (n =24) characteristics for both exams

Characteristics Gd-DTPA Gd-BOPTA
(exam 1) (exam 2)

Age in years, mean + SD 28+6

Male, n (%) 8 (33)

Weight in kg, mean + SD 69.0+ 127 69.0+13.1

Hematocrit in %, mean + SD 398+39 395+39

Heart rate in bpm*, mean + SD 62+8 61+12

Creatinine in mg/dl, mean + SD 08+0.2 08+0.2

Gadolinium dose in ml, mean + SD 204+4.1 139+26

*during the MOLLI sequence prior to contrast injection.
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contrast T1 relaxation time acquired at 3T is longer and
might not fully recover when the same sampling schemes
are used compared to 1.5T. In a phantom study recently
published it has been demonstrated that for a heart rate of
60 bpm, the difference between MOLLI- and inversion-
recovery spin-echo (IR-SE) -derived T1 times were smaller
than 5% for a T1 time less than 500 ms. The difference
increased to 5-10% for T1 times between 500-1500 ms,
and the difference continued to increase for T1 times of
more than 1500 ms [22]. Further, underestimation of T1
time increases with increasing heart rate. Therefore in the
current study heart rate correction was performed for pre-
contrast T1 times of myocardium and blood. The heart
rate correction algorithm was based on the phantom data
published previously by Lee et al. [22]. MOLLI-derived T1
relaxation times of different heart rates were fitted to IR-
SE-derived T1 relaxation times using 2nd order polyno-
mial fitting. An Additional file 1 shows in detail how heart
rate correction was performed [see Additional file 1]. Pre-
contrast in vivo MOLLI —derived T1 relaxation times were
corrected using this function. T1 maps were transferred to
QMass V.7.2 (Medis Medical Imaging Systems, Nether-
lands). Left ventricular endocardial and epicardial contours
were drawn manually while segments were defined auto-
matically by the software after marking the border between
segment 7 and 8 (Figure 1). T1 times at the mid short axis
slice of the left ventricle were determined for each segment
(American heart association [AHA] segments 7-12) [24].
Segments with severely impaired image quality related to
primarily motion artifacts involving the whole segment
were identified. An overall myocardial T1 time for each
slice was calculated, excluding segments with severely
impaired image quality. T1 time of the blood pool was
measured by manually drawing a region of interest in the
blood pool of the left ventricular cavity excluding papillary
muscles. For 10 randomly chosen subjects, measurements
were performed by a second independent reader to assess
inter-observer variability. The ECV was calculated
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asA R myocardium /A R1 plood * (1 — hematocrit), where AR1

myocardiumzl/ Tlmyocardium pre contrast ~ 1/ Tlmyocardium post

contrast and ARlblood: 1/lelood pre contrast ~ 1/lelood post
contrast [12]'

Statistical analysis

Statistical analysis was performed using SPSS (IBM stat-
istical software; version 19). Continuous variables are
expressed as mean + SD. Pre-contrast myocardial T1
times for Gd-DTPA and Gd-BOPTA were compared
using a paired t-test. Post-contrast T1 times were ana-
lyzed using linear mixed-model analyses with separate
models incorporating the log transformed T1 times
for blood and myocardium as the dependent variable,
including the contrast agent and time as the predic-
tors. Linear mixed-model analysis of the ECV values
as the outcome with contrast type and time as inde-
pendent variables was also performed in order to
identify group related differences. After adjustment of
ECV values for time, nonparametric analysis was used to
assess the correlation/ rank of ECV for Gd-DTPA versus
Gd-BOPTA wusing Spearman’s correlation coefficient.
Bland-Altman plots were generated for each time point
after contrast injection to compare ECV of exam 1 and
exam 2. A p-value of <0.05 was considered to be statisti-
cally significant. To assess inter-individual variation the
coefficient of variation (CV) was calculated for T1 relax-
ation time of myocardium and blood before and after con-
trast injection and for ECV values.

To compare inter-observer agreement, the intraclass
correlation coefficient (ICC) using a two-way random
model (ICC < 0.40 =poor; ICC>0.40 to 0.75=fair to
good; ICC > 0.75 = excellent agreement) was calculated.

Results
672T1 maps at the pre-specified time points were avail-
able for evaluation; 4 T1 maps were not available due to

-

Figure 1 T1 maps with measurements. T1 map pre- (A) and post-contrast (B) with left ventricular endocardial and epicardial contours.
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scanner malfunction. Due to severely impaired image
quality 52/4032 (1.3%) segments were excluded from fur-
ther analysis. The mean time between intra-individual
repeat scans was 51 + 34 days.

Normal T1 relaxation time of myocardium and blood:
Gd-DTPA and Gd-BOPTA

As expected, prior to contrast injection, mean T1 relaxation
times for myocardium were similar for both the first and
second CMR exam (1286 +59 and 1273 + 39, respectively,
p=0.2). Also, blood T1 times were similar at exams 1 and
2 (2074 + 139 and 2097 + 112, respectively, p = 0.4).

Figure 2A shows the mean + SD of T1 relaxation times
for myocardium and blood pre-contrast and over time
between 5 and 45 minutes after contrast injection for
exams acquired with Gd-DTPA (exam 1) and Gd-
BOPTA (exam 2). The mean myocardial T1 relaxation
time was 15+ 2 ms (2.5 +0.7%) lower for Gd-DTPA com-
pared to Gd-BOPTA (p <0.01) averaged over all time
points after contrast injection (5 min to 45 min). For
blood pool, T1 relaxation time was not significantly dif-
ferent between Gd-DTPA and Gd-BOPTA (p > 0.05).

Coefficient of variation (CV) of pre-contrast T1 relax-
ation time of myocardium for exam 1 was 4.5% and for
exam 2 3.0%. Overall CV of post-contrast myocardial T1
relaxation times averaged over all time points was 7.0%
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(exam 1, Gd-DTPA) and 5.9% (exam 2, Gd-BOPTA). CV
of T1 relaxation times measured in blood pre-contrast
was 6.5% (exam 1) and 5.5% (exam 2), respectively. CV
of post-contrast T1 relaxation time of blood averaged
over all time points was 12.2% (exam 1, Gd-DTPA) and
9.5% (exam 2, Gd-BOPTA), respectively.

Normal ECV values: Gd-DTPA and Gd-BOPTA

On average, ECV of Gd-DTPA was slightly greater (by
0.01) than that of Gd-BOPTA between 5 and 45 min (p
< 0.05). The observed range of the normal ECV values
averaged over all time points was about 30% of the mean
value. However, subjects with higher ECV values for Gd-
DTPA were also the subjects who tended to show higher
ECV values for Gd-BOPTA (Spearman’s correlation coeffi-
cient=0.803, p<0.0001). Bland-Altman plots demon-
strated a good agreement of ECV values obtained in exam
1 and exam 2 for all time points (Figure 3). CV of ECV was
8.7% (exam 1, Gd-DTPA) and 9.4% (exam 2, Gd-BOPTA),
respectively.

Mean ECV of both gadolinium agents (Gd-DTPA and
Gd-BOPTA) increased linearly over time (p < 0.0001) (Fig-
ure 2B). Between the 5 to the 45 minute acquisition, mean
values for both contrast agents increased from 0.27 +0.03
to 0.30+0.03. In practice, ECV values will likely be
obtained at only 1 time point after gadolinium injection.
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Figure 2 Change in mean T1 time * SD over time. Change in T1 time of myocardium and blood (A) and ECV (B) over time. Black square (A) =
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Figure 3 Bland-Altman plots comparing ECV values of exam 1 (Gd-DTPA) and exam 2 (Gd-BOPTA). Bland-Altman plots of the acquisitions

Thus, the regression equations between time and ECV
values yielded the following time correction factors:

ECV caie= ECVyeq — 0.0007 (toeq—tealc)

(for Gd — DTPA at a dose of 0.15mmol/kg)
ECVeie= ECVyeq — 0.0008 (toeq—tealc)

(for Gd — BOPTA at a dose of 0.1 mmol/kg)

where t,.,=time (in minutes) after contrast injection when
MOLLI was acquired, t.yc=time (in minutes) after contrast
injection of interest, ECV,q=ECV at the time point t,.q
and ECV_,=ECV at the time point t .

Inter-observer agreement
Inter-observer agreement was excellent for measure-
ments of T1 relaxation time for myocardium and blood.
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ICC for myocardium was 1.0 (exam 1, Gd-DTPA) and
0.997 (exam 2, Gd-BOPTA), respectively. ICC for blood
was 0.999 (exam 1, Gd-DTPA) and 0.998 (exam 2, Gd-
BOPTA).

Discussion

The current study evaluates the range of normal
values for T1 time and ECV at 3 Tesla for two in
CMR commonly used gadolinium containing contrast
agents, namely Gd-DTPA at a dose of 0.15 mmol/kg
and Gd-BOPTA at 0.1 mmol/kg for an ethnically di-
verse group of young adults (< 40 years). Differences
in ECV between the two contrast agents were small
but significant (mean difference, 0.01). However, the
range of normal ECV’s varied by approximately one
third of the mean value. In addition, healthy subjects
who had higher ECV values for Gd-DTPA also ranked
higher in their ECV values for the Gd-BOPTA exam-
ination, performed on average 51 + 34 days later. ECV
showed a small but nearly linear increase over time
between 5 and 45 minutes after both Gd-DTPA and
Gd-BOPTA.

T1 times and ECV of Gd-DTPA versus Gd-BOPTA

It is known that T1 relaxation time of a given tissue is
longer at 3T compared to 1.5T [25]. This explains why
myocardial pre-contrast T1 times acquired in the current
study are longer compared to previous publications at
1.5T [3]. It has been demonstrated that particularly at
high heart rates and long T1 relaxation times MOLLI
underestimates true T1 time [22]. Therefore in the
current study pre-contrast T1 times were corrected for
heart rate. This explains why average myocardial pre-
contrast T1 relaxation time is about 10% longer com-
pared to values reported by Piechnik et al.[26]. Com-
pared to Lee et al. values are 2% shorter, which might be
explained by the higher mean age of 36 + 13 years in the
afore mentioned study compared to 28 + 6 years in the
current study [22]. Diffuse fibrosis is known to occur
with “normal aging” of the heart and a correlation be-
tween age and the extracellular volume fraction has
already been demonstrated [27].

Myocardial T1 relaxation times have been demon-
strated to correlate with histologically proven fibrosis
[2] and correlation between ECV and histological fi-
brosis was shown [10]. Although T1 relaxation times of
equimolar doses of Gd-BOPTA are significantly lower
compared to Gd-DTPA, differences in ECV have not pre-
viously been determined. After dose adjustment, in the
current study we observed small but slightly higher ECV
values for Gd-BOPTA compared to Gd-DTPA by .01
(mean difference, or approximately 4% of the mean values)
(Figure 2B). The binding of Gd-BOPTA to human serum
albumin results in a lower molecular tumbling rate of the
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molecule and a longer rotational MR correlation time lead-
ing to an increased relaxivity [28]. Since albumin is mainly
present in blood, the distribution between blood and myo-
cardium is expected to be different between Gd-BOPTA
and Gd-DTPA whereas pre-contrast values are equal. This
should affect the ratio of the change in relaxation rate of
myocardium and blood and might explain the difference in
ECV values.

Variation in ECV over time
Calculation of ECV values is based on the assumption of
a two-compartment model. Due to a rapid exchange, a
steady state with equal contrast concentration in the
intravascular compartment and the interstitial compart-
ment is supposed to be established [11,16,29]. There is
ongoing debate whether equilibrium can only be
achieved by a continuous contrast infusion technique or
if a single bolus is sufficient to establish equilibrium
within a certain time after contrast injection [27,30,31].
Our results show the two compartment model may be
limited in that there was a continuous increase of ECV
values over time for both Gd-DTPA and Gd-BOPTA
after bolus injection of contrast (Figure 2B). Schelbert
et al. also reported a small but statistically significant
change of Ve (extravascular extracellular volume frac-
tion) after bolus infusion of gadolinium. In their study,
the increase over 30 minutes was 0.6%; in the current
study, the increase over 45 minutes was about 0.03 (11%)
for both agents. There are several possible explanations
for the variation in magnitude of ECV increase over time
between the two studies: First, the group of volunteers in
the current study consisted only of healthy young adults.
Schelbert et al. included a heterogeneous group of 10
study subjects only, including four older volunteers (66—
81 years) with “significant comorbidity” and potentially
reduced renal function (lower limits of normal) and sub-
sequently slower contrast excretion in comparison to
young healthy subjects. Second, Schelbert et al realized a
significant increase in Ve over 30 minutes whereas in the
current study the increase of 11% was realized between
minute 5 and 45 after contrast injection. Since ECV
increases linearly over time, the increase is larger with
increasing duration of the observation period. And fi-
nally in the afore mentioned study it is not reported
whether the increase of 0.6% was absolute or relative.
Since Ve and ECV, respectively is a ratio/percentage
results can be reported in different ways, what might
lead to confusion. In the current study the absolute in-
crease in ECV till minute 45 was 0.03 or 3%, relative in-
crease was 11%.Ugander et al describe that in their study
ECV remained stable over time after contrast injection.
Apparently comparison was performed only between
values of one time point and the following but not over
the entire observation period of 25 min only [32]. In the
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figure that is supposed to support this statement, range
of the y-axis is large (0-100%) and a smaller increase in
ECV over time such as in the current study might not
become obvious. Further, Ugander et al included only 11
volunteers in this part of their analysis whose age range
is not mentioned.

A possible reason for the lack of equilibrium is that
renal clearance might be faster than exchange rate be-
tween intravascular and interstitial compartment. Further,
gadolinium based contrast agents also penetrate into
other spaces such as synovial fluid and bone hampering
maintenance of equilibrium [33-35]. Clinically, an increase
in ECV over 45 minutes may be relevant if the MOLLI se-
quence is not acquired at identical post-contrast delay
times. Broberg et al. measured a “fibrosis index” of
0.32+0.05 in patients with different types of congenital
heart disease and an index of 0.25+0.02 in normal con-
trols [4]. Messroghli et al. examined myocardial T1 times
in rats before and after angiotensin II infusion and mea-
sured mean ECV values of 0.17 and 0.23, respectively [10].
In both studies mean differences were in the order be-
tween 0.06 and 0.07. Since inter-individual variation was
rather high it seems important to measure ECV values at
consistent times after bolus injection.

Inter-individual variation

We demonstrated that concordance (or rank order) of ECV
values between exam 1 (Gd-DTPA) and exam 2 (Gd-
BOPTA) was high. For example, those subjects with a rela-
tively higher ECV value for Gd-DTPA also had a relatively
higher ECV value for Gd-BOPTA. This concordance be-
tween ECV values over the two exams was reflected by a
high Spearman’s correlation coefficient of 0.803 (p < 0.0001,
assessed over all time points). Blant-Altman plots (Figure 3)
further demonstrate a good agreement between exams but
a large inter-individual variation of ECV.

Inter-individual variation of ECV was higher (CV 8.7%
[exam 1, Gd-DTPA] and 9.4% [exam 2, Gd-BOPTA], re-
spectively) compared to variation of pre-contrast myocar-
dial T1 relaxation time (CV 4.5% [exam 1, Gd-DTPA]
and 3.0% [exam 2, Gd-BOPTA], respectively). According
to previous publications the mean difference between
maximum and minimum ECV values averaged over all
time points in healthy subjects was approximately 0.09
for Gd-DTPA and 0.11 for Gd-BOPTA [27]. The some-
what broad range of ECV must be considered when
identifying a cut-off or threshold value for abnormally
increased or decreased ECV.

Since there was a high correlation and good agreement
of ECV values between exam 1 and 2 we conclude that
the large inter-individual variation in ECV values is a real
finding and not related to noise. Further, Schelbert et al.
also reported a large inter-individual variation of the
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extravascular extracellular volume fraction (Ve) [27]. The
large inter-individual variation of ECV is most probably a
consequence of the large inter-individual variation of the
post-contrast T1 relaxation time of blood. Variation in
post-contrast T1 time of blood is most likely related to
inter-individual differences in hydration, renal excretion
and distribution of contrast into other spaces such as syn-
ovial fluid and bone.

There are several limitations of this study. Our T1
times and ECV values are for younger individuals
scanned at 3T. The pharmacokinetics of these gadolin-
ium contrast agents may vary for older subjects or indi-
viduals with renal dysfunction. Given the somewhat large
range of ECV values relative to the mean values in this
normal population, the study size (n=24) yields only an
approximation to the 95% confidence intervals of the
population. The normal values given are valid only for
the doses of gadolinium that were studied (0.10 mmol/kg
for Gd-BOPTA and 0.15 mmol/kg for Gd-DTPA). Ideally
order of exams should be random. Given our results,
intra-individual reproducibility seems to be an important
parameter that should be established for planning of lon-
gitudinal studies. To test intra-individual reproducibility
ideally volunteers should be scanned twice with the same
protocol, contrast dose and type.

Conclusions

Normal ECV values are affected by several factors:
First, there is a large inter-individual variation of about
30% of the mean. The smaller inter-individual variation
in pre-contrast T1 times and the ability to discriminate
between normal individuals and a disease population
with diffuse myocardial fibrosis requires further ana-
lysis. Second, there is a small but significant linear in-
crease in ECV with time in the first 45 minutes after a
bolus of gadolinium of 11% necessitating of either
careful attention to imaging delay time or post-hoc
correction for this variability to permit serial compari-
son. And third, there is a minor but significant differ-
ence with contrast agent of 2% between Gd-DTPA at
0.15 mmol/kg and Gd-BOPTA at 0.1 mmol/kg. How-
ever, the ECV values of Gd-BOPTA and Gd-DTPA were
quite similar, and subjects with high (or low) ECV values
had similar values with both contrast agents over a
mean follow-up period of almost 2 months. Subsequent
comparisons to patients with cardiomyopathies will be
necessary to determine the clinical utility of these surro-
gate markers of myocardial fibrosis.

Additional file

Additional file 1: Heart rate correction. Detailed description of heart
rate correction of pre-contrast T1 times.



http://www.biomedcentral.com/content/supplementary/1532-429X-14-26-S1.doc

Kawel et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:26
http://www.jcmr-online.com/content/14/1/26

Competing interests
The authors declare they have no competing interests.

Acknowledgement
This study was supported by the NIH intramural research program.

Authors’ contribution

NK: study design, data acquisition, data analysis, data interpretation,
manuscript drafting; MN: study desing, data analysis, manuscript revision; AZ:
data acquisition, data analysis, data interpretation, manuscript revision; JJ:
data acquisition, manuscript revision; SL: study design, data acquisition; CS:
study design, manuscript revision; DB principal investigator, study design,
data interpretation, manuscript revision. All authors read and approved the
final manuscript.

Received: 15 December 2011 Accepted: 28 April 2012
Published: 28 April 2012

References

1. Mahrholdt H, Wagner A, Judd RM, Sechtem U. Assessment of myocardial
viability by cardiovascular magnetic resonance imaging. Eur Heart J. 2002;
23:602-19.

2. lles L, Pfluger H, Phrommintikul A, Cherayath J, Aksit P, Gupta SN, Kaye DM,
Taylor AJ. Evaluation of diffuse myocardial fibrosis in heart failure with
cardiac magnetic resonance contrast-enhanced T1 mapping. J Am Coll
Cardiol. 2008; 52:1574-80.

3. Messroghli DR, Plein S, Higgins DM, Walters K, Jones TR, Ridgway JP, Sivananthan
MU. Human myocardium: single-breath-hold MR T1 mapping with high
spatial resolution-reproducibility study. Radiology. 2006; 238: 1004-12.

4. Broberg CS, Chugh SS, Conklin C, Sahn DJ, Jerosch-Herold M. Quantification of
diffuse myocardial fibrosis and its association with myocardial dysfunction
in congenital heart disease. Circ Cardiovasc Imaging. 2010; 3:727-34.

5. Maceira AM, Joshi J, Prasad SK, Moon JC, Perugini E, Harding |, Sheppard
MN, Poole-Wilson PA, Hawkins PN, Pennell DJ. Cardiovascular magnetic
resonance in cardiac amyloidosis. Circulation 2005; 111:186-93.

6. Been M, Thomson BJ, Smith MA, Ridgway JP, Douglas RH, Best JJ, Muir AL.
Myocardial involvement in systemic lupus erythematosus detected by
magnetic resonance imaging. Eur Heart J. 1988; 9:1250-56.

7. Sparrow P, Messroghli DR, Reid S, Ridgway JP, Bainbridge G, Sivananthan
MU. Myocardial T1 mapping for detection of left ventricular myocardial
fibrosis in chronic aortic regurgitation: pilot study. AJR Am J Roentgenol.
2006; 187:W630-35.

8. Gai N, Turkbey EB, Nazarian S, van der Geest RJ, Liu CY, Lima JA, Bluemke DA. T
(1) mapping of the gadolinium-enhanced myocardium: adjustment for
factors affecting interpatient comparison. Magn Reson Med. 2011; 65:1407-15.

9. Flacke SJ, Fischer SE, Lorenz CH. Measurement of the gadopentetate
dimeglumine partition coefficient in human myocardium in vivo: normal
distribution and elevation in acute and chronic infarction. Radiology.
2001; 218:703-10.

10.  Messroghli D, Nordmeyer S, Dietrich T, Dirsch O, Kaschina E, Sawvatis K, D
OHI, Klein C, Berger F, Kuehne T. Assessment of Diffuse Myocardial Fibrosis
in Rats Using Small Animal Look-Locker Inversion Recovery (SALLI) T1
Mapping. Circ Cardiovasc Imaging. 2011.

11. Sharma P, Socolow J, Patel S, Pettigrew Rl, Oshinski JN. Effect of Gd-DTPA-
BMA on blood and myocardial T1 at 1.5T and 3T in humans. J Magn
Reson Imaging. 2006; 23:323-30.

12. Arheden H, Saeed M, Higgins CB, Gao DW, Ursell PC, Bremerich J,
Wyttenbach R, Dae MW, Wendland MF. Reperfused rat myocardium
subjected to various durations of ischemia: estimation of the distribution
volume of contrast material with echo-planar MR imaging. Radiology.
2000; 215:520-28.

13.  Pintaske J, Martirosian P, Graf H, Erb G, Lodemann KP, Claussen CD,
Schick F. Relaxivity of Gadopentetate Dimeglumine (Magnevist),
Gadobutrol (Gadovist), and Gadobenate Dimeglumine (MultiHance) in
human blood plasma at 0.2, 1.5, and 3 Tesla. Invest Radiol. 2006;
41:213-21.

14. Tumkosit M, Puntawangkoon C, Morgan TM, Clark HP, Hamilton CA, Ntim
WO, Clark PB, Hundley WG. Left ventricular infarct size assessed with 0.1
mmol/kg of gadobenate dimeglumine correlates with that assessed with
0.2 mmol/kg of gadopentetate dimeglumine. J Comput Assist Tomogr.
2009; 33:328-33.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 8 of 9

Schneider G, Maas R, Schultze Kool L, Rummeny E, Gehl HB, Lodemann KP,
Kirchin MA. Low-dose gadobenate dimeglumine versus standard dose
gadopentetate dimeglumine for contrast-enhanced magnetic resonance
imaging of the liver: an intra-individual crossover comparison. Invest
Radiol 2003; 38:85-94.

Aime S, Caravan P. Biodistribution of gadolinium-based contrast agents,
including gadolinium deposition. J Magn Reson Imaging. 2009;
30:1259-67.

Spinazzi A, Lorusso V, Pirovano G, Kirchin M. Safety, tolerance, biodistribution,
and MR imaging enhancement of the liver with gadobenate dimeglumine:
results of clinical pharmacologic and pilot imaging studies in nonpatient
and patient volunteers. Acad Radiol. 1999; 6:282-91.

Rohrer M, Bauer H, Mintorovitch J, Requardt M, Weinmann HJ. Comparison
of magnetic properties of MRI contrast media solutions at different
magnetic field strengths. Invest Radiol. 2005; 40:715-724.

Balci NG, Inan N, Anik Y, Erturk MS, Ural D, Demirci A. Low-dose
gadobenate dimeglumine versus standard-dose gadopentate
dimeglumine for delayed contrast-enhanced cardiac magnetic resonance
imaging. Acad Radiol. 2006; 13:833-39.

Kuwatsuru R, Kadoya M, Ohtomo K, Tanimoto A, Hirohashi S, Murakami T,
Tanaka Y, Yoshikawa K, Katayama H. Comparison of gadobenate
dimeglumine with gadopentetate dimeglumine for magnetic resonance
imaging of liver tumors. Invest Radiol. 2001; 36:632-41.

Messroghli DR, Radjenovic A, Kozerke S, Higgins DM, Sivananthan MU, Ridgway
JP. Modified Look-Locker inversion recovery (MOLLI) for high-resolution T1
mapping of the heart. Magn Reson Med. 2004; 52:141-46.

Lee JJ, Liu S, Nacif MS, Ugander M, Kawel N, Sibley CT, Kellman P, Arai A,
Bluemke DA. Myocardial T1 and Extracellular Volume Fraction Mapping at
3 Tesla. J Cardiovasc Magn Reson: official journal of the Society for Cardiovasc
Magn Reson. 2011; 13:75.

Messroghli DR, Rudolph A, Abdel-Aty H, Wassmuth R, Kuhne T, Dietz R,
Schulz-Menger J. An open-source software tool for the generation of
relaxation time maps in magnetic resonance imaging. BMC Med Imaging.
2010; 10:16.

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK,
Pennell DJ, Rumberger JA, Ryan T, Verani MS. Standardized myocardial
segmentation and nomenclature for tomographic imaging of the heart:
a statement for healthcare professionals from the Cardiac Imaging
Committee of the Council on Clinical Cardiology of the American Heart
Association. Circulation. 2002; 105:539-42.

Stanisz GJ, Odrobina EE, Pun J, Escaravage M, Graham SJ, Bronskill MJ,
Henkelman RM. T1, T2 relaxation and magnetization transfer in tissue at
3T. Magn Reson Med. 2005; 54:507-12.

Piechnik SK, Ferreira VM, Dall'Armellina E, Cochlin LE, Greiser A, Neubauer S,
Robson MD. Shortened Modified Look-Locker Inversion recovery
(ShMOLLI) for clinical myocardial T1-mapping at 1.5 and 3 T within a 9
heartbeat breathhold. J Cardiovasc Magn Reson. 2010; 12:69.

Schelbert EB, Testa SM, Meier CG, Ceyrolles WJ, Levenson JE, Blair AJ,
Kellman P, Jones BL, Ludwig DR, Schwartzman D, et al. Myocardial
extravascular extracellular volume fraction measurement by gadolinium
cardiovascular magnetic resonance in humans: slow infusion versus
bolus. J Cardiovasc Magn Reson. 2011; 13:16.

Vander Elst L, Laurent S, Bintoma HM, Muller RN. Albumin-bound MRI
contrast agents: the dilemma of the rotational correlation time. MAGMA.
2001; 12:135-40.

Jerosch-Herold M, Sheridan DC, Kushner JD, Nauman D, Burgess D, Dutton
D, Alharethi R, Li D, Hershberger RE. Cardiac magnetic resonance imaging
of myocardial contrast uptake and blood flow in patients affected with
idiopathic or familial dilated cardiomyopathy. Am J Physiol Heart Circ
Physiol. 2008; 295:H1234-H1242.

Flett AS, Hayward MP, Ashworth MT, Hansen MS, Taylor AM, Elliott PM,
McGregor C, Moon JC. Equilibrium contrast cardiovascular magnetic
resonance for the measurement of diffuse myocardial fibrosis:
preliminary validation in humans. Circulation. 2010; 122:138-44.

Thornhill RE, Prato FS, Wisenberg G, White JA, Nowell J, Sauer A.
Feasibility of the single-bolus strategy for measuring the partition
coefficient of Gd-DTPA in patients with myocardial infarction:
independence of image delay time and maturity of scar. Magn Reson
Med. 2006; 55:780-89.

Ugander M, Oki AJ, Hsu LY, Kellman P, Greiser A, Aletras AH, Sibley CT, Chen
MY, Bandettini WP, Arai AE. Extracellular volume imaging by magnetic



Kawel et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:26
http://www.jcmr-online.com/content/14/1/26

33.

34.

35.

resonance imaging provides insights into overt and sub-clinical
myocardial pathology. fur Heart J. 2012 [Epub ahead of print].

Darrah TH, Prutsman-Pfeiffer JJ, Poreda RJ, Ellen Campbell M, Hauschka PV,
Hannigan RE. Incorporation of excess gadolinium into human bone from
medical contrast agents. Metallomics. 2009; 1:479-88.

Drape JL, Thelen P, Gay-Depassier P, Silbermann O, Benacerraf R.
Intraarticular diffusion of Gd-DOTA after intravenous injection in the
knee: MR imaging evaluation. Radiology. 1993; 188:227-34.

White GW, Gibby WA, Tweedle MF. Comparison of Gd(DTPA-BMA)
(Omniscan) versus Gd(HP-DO3A) (ProHance) relative to gadolinium
retention in human bone tissue by inductively coupled plasma mass
spectroscopy. Invest Radiol. 2006, 41:272-278.

doi:10.1186/1532-429X-14-26

Cite this article as: Kawel et al: T1 mapping of the myocardium: intra-
individual assessment of post-contrast T1 time evolution and
extracellular volume fraction at 3T for

Gd-DTPA and Gd-BOPTA. Journal of Cardiovascular Magnetic Resonance
2012 14:26.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

* Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolMed Central




	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population and image acquisition
	Image analysis

	link_Tab1
	Statistical analysis

	Results
	link_Fig1
	Normal T1 relaxation time of myocardium and blood: Gd-DTPA and Gd-BOPTA
	Normal ECV values: Gd-DTPA and Gd-BOPTA

	link_Fig2
	Inter-observer agreement

	link_Fig3
	Discussion
	T1 times and ECV of Gd-DTPA versus Gd-BOPTA
	Variation in ECV over time
	Inter-individual variation

	Conclusions
	Additional file
	show[q]
	Authors&rsquo; contribution
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35

