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Abstract

Dynamic contrast enhanced MRI (DCE-MRI) using gadolinium or manganese provides unique
characterization of myocardium and its pathology. In the current study, an ECG-triggered
saturation recovery Look-Locker (SRLL) method was developed and validated for fast cardiac T,
mapping in small animal models. By sampling the initial portion of the longitudinal magnetization
recovery curve, high temporal resolution (~3 min) can be achieved at a high spatial resolution
(195%390 um2) in mouse heart without the aid of parallel imaging or EPI. Validation studies were
performed both in vitro on a phantom and in vivo on C57BL/6 mice (n=6). Our results showed a
strong agreement between T, measured by SRLL and by the standard saturation recovery method
in vitro or inversion recovery Look-Locker in vivo. The utility of SRLL in DEC-MRI studies was
demonstrated in manganese-enhanced MRI experiments in mice. Our results suggest that SRLL
can provide rapid and accurate cardiac T; mapping for studies utilizing small animal models.
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INTRODUCTION

Dynamic contrast enhanced MRI (DCE-MRI) plays an increasingly important role in cardiac
imaging. The dynamics of contrast agent uptake and distribution have shown high sensitivity
and specificity to many pathological changes that are not detectable by anatomical imaging
(1,2). Gadolinium and manganese (Mn2*) are the two most popular T4 shortening contrast
agents that have been used in DCE-MRI studies for the evaluation of myocardial viability
and perfusion (3,4). Typically, T1-weighted spin-echo or gradient-echo images are acquired
at high spatial and temporal resolution to track the dynamics of signal enhancement induced
by contrast agent accumulation. However, the existence of B; inhomogeneity hinders the
direct quantification of contrast agent concentration from the T;-weighted images (5).
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Previous research has shown a linear relationship between relaxation rate (R1) and contrast

agent concentration in a relatively wide range (1,6). Hence, quantification of contrast agent
concentration can be achieved by measuring T, changes directly (7,8). However, the typical
long data acquisition time for Tq mapping has limited its practical use in DCE-MRI studies

that require high temporal resolution (9). Therefore, the development of a rapid T, mapping
method that enables quantification of the contrast agent distribution will greatly benefit the

application of DCE-MRI.

Several fast Tq mapping methods have been proposed. A commonly used method acquires
gradient-echo images with variable flip angles to fit for T (10,11). Another similar
approach uses the ratio image of a proton density-weighted image and a T;-weighted image
to obtain the T1 map (12). However, these techniques are susceptible to errors associated
with an imperfect B, field (13). Although substantial effort has been devoted to correct for
these errors (12,14), these methods have found limited applications in the heart due to the
cardiac motion and susceptibility difference between myocardium and blood. Alternatively,
inversion recovery (IR), saturation recovery (SR), and Look-Locker methods track the
dynamic recovery of longitudinal magnetization (M) for Tq mapping and are inherently
more tolerant to B, inhomogeneity. By sampling multiple time points along the recovery
curve in each phase encoding step, the Look-Locker method is the most time efficient
method for T1 mapping (15). With the aid of echo-planar (EPI)/segmented k-space imaging
and/or parallel acquisition, Tq mapping can be achieved within 30 s (9,16-18). Recent
studies using a modified IR Look-Locker method with EPI scheme was able to acquire T,
maps of human hearts at a high spatial resolution (2x2 mm) within one breathhold (19,20).
However, the fast heart rate in small animals renders the implementation of EPI problematic.
As a result, dynamic T acquisition in small animal hearts remains a challenge (6).

In this study, we present a saturation recovery Look-Locker (SRLL) method that allows
rapid T4 mapping of mouse myocardium within 3 minutes. In contrast to the long repetition
time required by the IRLL method, a shorter repetition time (TR) was used in SRLL to
reduce imaging time. Simulation studies were employed for error analysis and parameter
optimization. Validation was performed on both phantom and mouse hearts in vivo. The
utility of SRLL was demonstrated in an in vivo manganese-enhanced MRI (MEMRI) study
using a mouse model. Our results suggest that SRLL can provide fast, accurate cardiac T
mapping for DCE-MRI studies in small animals.

Imaging method and T, mapping

A schematic diagram of the SRLL pulse sequence is shown in Fig. 1. An ECG-triggered
saturation module that consisted of three non-slice-selective 90° RF pulses was applied at
the beginning of each phase encoding step, followed by ECG-triggered acquisition of k-
space lines of N (N=9~11) images using FLASH. This acquisition scheme yielded a TR of
~2.4 s for each phase-encoding step, which rendered a ~85% recovery of the longitudinal
magnetization for a typical myocardium T; value (~1.2 s) before contrast agent injection
(6,21).

The signal evolution in Look-Locker acquisition has been derived in previous studies (9,22).
The recovery of the longitudinal magnetization before each excitation pulse can be
described by an exponential function,

Mn)=M"—-(M" - M(O))expk%). n=1,2,3...N
1 [1]
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where M(0) is the initial longitudinal magnetization immediately after the saturation pulses
and is approximately zero. T1" is the effective longitudinal relaxation time constant and is
related to T4, flip angle o and the interval t by

L 1 _ln(cosa)

Ty T, T [2]

M™ is the effective equilibrium longitudinal magnetization and is related to the equilibrium
longitudinal magnetization Mg by

1 —exp(—7/T))

M*=M
T —exp(—7/T)) 3]

The first-order Taylor expansion of exp(—t/T1) and exp(—7/77) leads to the following
relationship between Tq, T;", M™ and Mg (18).

M,
T\=—2xT}
M*

[4]

In the current study, Mg was obtained by acquiring a gradient-echo image with a TR at least
5 times of T4. Since Mg is an intrinsic tissue characteristic that does not vary with contrast
agent accumulation, a single measurement at baseline is sufficient for the entire DCE-MRI
study. From Eq. 1, T;", M™, and M(0) can be obtained by a three-parameter fitting to the
measured signal M(n). Consequently, Eq. 4 allows the determination of T;.

Error analysis and parameter optimization

While a short TR is desirable for fast Ty mapping, insufficient coverage of the recovery
curve leads to increased fitting errors (17). To evaluate the impact of reduced TR on T
estimation, simulation studies were performed on three different TR values (1.2, 2.4 and 6
s). A set of recovery curves with T4 ranging from 0.2 s to 1.7 s was generated according to
Egs. 1-3, with a flip angle of 10° and a t of 120 ms (comparable to the R-R interval in a
mouse heart). A 5% random noise, similar to the signal-to-noise ratio (SNR) in vivo, was
added to the data. T;" and M™ were determined by fitting Eq. 1 to the partial recovery data
within 1.2 s, 2.4 s and 6 s. This process was performed 25 times for each curve.
Consequently, Tq was determined from Eq. 4. The differences between the theoretical T,
values and the estimated T, values were analyzed using Bland-Altman method.

Further simulation studies were performed to evaluate the effects of the duration of T on T,
estimation. For a fixed TR value of 2.4 s, another data set was generated with t = 240 ms
(comparable to 2 R-R intervals in a mouse heart) and used to derive T, as described above.
The results were analyzed and compared to the above estimation with t = 120 ms.

The effects of heart rate fluctuation on the accuracy of T4 estimation were also evaluated.
Simulated recovery curves that reflected varied data sampling intervals were generated.
Specifically, the signal intensity at the nth data point was calculated using a time value that
deviated randomly from the theoretical value of nt by 5%, 10%, and 15%, respectively. A
5% random noise was also added to the simulated data. Curve fitting and comparison
analysis were conducted as described above.
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To further evaluate the accuracy of T, estimation at the presence of beat-to-beat variation, a
simulation model was developed using a donut-shaped digital phantom. The phantom has
four segments with T values of 1, 1.2, 1.4, and 1.2 s, respectively (Fig. 4a). A random
rotation of 0.2° was applied to the phantom image to simulate the variation in twist motion
of the heart. Variation in myocardial displacement was simulated by applying a random 25
pm translation. To generate the saturation recovery images, each k-space line was simulated
sequentially with rotation or displacement applied randomly to the digital phantom. The
composite k-space images were Fourier transformed, and pixel-by-pixel curve fitting was
performed to determine the T, values. The theoretical T1 maps were subtracted from the
estimated T1 maps to evaluate the estimation errors.

Phantom studies

A multi-compartment phantom that consisted of distilled water dissolved with MnCl, at
various concentrations ranging from 30 to 1000 uM was used for validation studies (Fig.
4A). The MR imaging experiments were performed on a horizontal 9.4T Bruker Biospec
scanner (Bruker Biospin Co. Billerica, MA) equipped with a 35-mm birdcage coil. To
evaluate the effect of flip angle on T estimation, SRLL experiments were performed with a
series of flip angles ranging from 6° to 18°. Other imaging parameters were: TR, 2.5 s; TE,
1.9 ms; number of averages, 1; number of FLASH acquisitions, 10; t, 245 ms; slice
thickness, 1 mm; field of view (FOV), 3x3 cm?; matrix size, 128x64. Images were zero-
filled to 128x128 during reconstruction. Mg was measured with a long TR of 10 s. Standard
spin-echo saturation recovery (SR) experiments were also performed for data comparison
and validation (23). Various TR values (50, 90, 140, 200, 500, 800, 1100, 1700, 2400, 3350,
5000, 12500 ms) were used to sample the data on the entire longitudinal recovery curve.
Image acquisition time was 3 min and 85 min for SRLL and SR methods, respectively.

In vivo studies

Four-month-old C57BL/6 mice (n=6) were used to validate the current method for in vivo
manganese-enhanced MRI (MEMRI) studies. The animals were prepared as described
previously (24). Briefly, animals were anesthetized with 1% isoflurane and placed in prone
position. Heart rate was maintained at ~500 bpm with 0.8-1.8% isoflurane. Hot air was
blown to the mouse with a blow dryer to keep body temperature at around 34°C. ECG,
respiration, and body temperature were monitored and recorded by a physiological
monitoring system (SA Instruments, Billerica, MA). MR images were acquired using the
same coil as the phantom studies. The Mn2* infusion protocol consisted of a 30-min
intraperitoneal infusion of 126 mM MnCl, solution at a rate of 0.2 ml/hr, followed by a 15-
mins wash-out period. The animal protocol was approved by the Institutional Animal Care
and Use Committee of the Case Western Reserve University.

The myocardium T; changes during the Mn2* infusion protocol were tracked by ECG-
triggered SRLL method with the following imaging parameters: TE, 1.9 ms; flip angle, 10°;
slice thickness, 1 mm; number of averages, 1; FOV, 2.5x2.5 cm?%; matrix size, 128x64.
Images were zero-filled to 128x128 during reconstruction. The FLASH acquisitions were
triggered every two heart beat, equivalent to a t ranging from 200 to 270 ms. Based on the
heart rate during each experiment, 9 to 11 images were acquired, leading to a TR of ~2.5 s.
For data validation, inversion recovery Look-Locker (IRLL) method was also applied before
Mn2* infusion and at the end of wash-out period (6). A 1 ms hyperbolic sech-shaped
adiabatic pulse was employed to provide the 180° inversion. For each phase encoding step,
35 data points (TR ~ 8 s) were acquired to cover the entire longitudinal recovery curve.
Other imaging parameters were the same as those for SRLL scans. Total imaging time was 3
and 9 minutes for SRLL and IRLL, respectively.
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Statistic analysis

All results were expressed as mean + SD. Paired student’s t-test and Bland-Altman (25)
analysis were performed to compare T, values measured by SRLL to those measured by
standard SR method for in vitro studies or IRLL for in vivo studies, respectively. P<0.05
was considered statistical significant.

RESULTS

Simulation and error analysis

Figure 2 shows the effects of incomplete coverage of the recovery curve on the accuracy of
T4 estimation. For all 3 choices of TR, the estimated T, values exhibited a strong agreement
with the theoretical value. Linear regression analysis showed a slope of 0.95, 0.99 and 1 for
TR equals 1.2 s, 2.4 s and 6 s, respectively (R = 0.99) (Fig. 2a—c). SD for all T1 values was
<12% with a moderate (2.4 s) or long (6 s) TR (Fig. 2f & 2g). However, due to limited
coverage of the recovery curve with a short TR (1.2 s), estimated T, values showed large
variations (SD>20%) for T, longer than 1.1 s (Fig. 2e). These results suggested that 2.4 s TR
can provide sufficient coverage of the magnetization recovery for accurate estimation of T,
changes in DCE-MRI experiments. Therefore, a TR of 2.4 s was used in all subsequent
studies.

The rapid switching of imaging gradients during data acquisition interfered with the ECG
signal, rendering ECG triggering less reliable. Alternatively, triggering on every two heart
beats enabled unambiguous detection of the QRS complex. However, it also led to doubled
sampling interval and less data points for curve fitting. To evaluate the accuracy of doubling
sampling interval, T, was estimated using a TR of 2.4 s and a t of 240 ms that is comparable
to two R-R intervals in mice (Fig. 2d&h). Compared with the T4 estimated with a T of 120
ms (Fig. 2b&f), similar accuracy and SD were observed. Therefore, a two-beat triggering
scheme was used in the in vivo studies to ensure consistent data sampling intervals.

The robustness of SRLL method to heart rate fluctuation is shown in Fig. 3. For heart rate
variation of up to 15%, there was a strong agreement between the estimated and theoretical
Tq values (Fig. 3a—c). Bland-Altman analysis further showed a less than 5% (P > 0.1)
deviation from the theoretic values for all three conditions (Fig. 3d—f). Since heart rate
fluctuation is normally within 10% during the acquisition of a T{ map (< 3 min), these data
suggested that SRLL was capable of providing reliable T, estimation for most in vivo
studies.

Estimation errors associated with beat-to-beat variations in translational and rotational
motion are illustrated in Fig. 4. Displacement of up to 25 pm showed minimal effects on T,
estimation (Fig. 4b&e). Errors due to random rotation (0.2°) were slightly larger (~ 5%),
with the largest errors occurred at the border zone of 0.8 s and 1.2 s segments (Fig. 4c&f).
With both rotational and translational motion present, estimation error further increased to
6% (Fig. 4d&g). Part of the estimation errors can also arise from a non-physiologic phantom
with sharp changes in T, values.

Phantom study

The T1-weighted image and the T, map of the phantom are shown in Fig. 5. Regression
analysis showed a linear relationship (R% = 0.99) between R; and Mn2* concentration of up
to 1000 uM, with a slope (relaxivity) of 6.4 (s mM)~L. To investigate the effect of flip angle
on T4 estimation, SRLL measurement was performed with flip angles ranging from 6° to
18° (Fig. 5d). For phantoms with 100 pM or higher Mn2* concentration (T4 < 1.1 s), all flip
angles yielded similar T4 estimation compared with those measured by the standard SR
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method (Fig. 5d, horizontal dashed lines). SRLL estimated T, showed greater deviation
from that measured by SR for 30 uM Mn?2* solution with a T4 of 2 s. The largest deviation
(9.6 %) occurred when flip angle was 18°. While a larger flip angle provided better SNR, it
also led to greater estimation error. A flip angle of 10° provided the best tradeoff between
SNR and T;" contrast, leading to accurate Ty estimation with small SD. Therefore, it was
chosen for the in vivo experiments.

In vivo study

Fig. 6a—c shows representative FLASH images acquired at 2t, 4t, and 10z after the
saturation module. The progressive increase in myocardial signal intensity reflected the
recovery of longitudinal magnetization and was used to derive the T; maps. A quantitative
comparison of the T1 maps showed no difference in T4 estimation between SRLL and IRLL
methods both before and after MnCls, injection (Fig. 6d—e).

Representative T, maps before and after Mn2* infusion and the dynamics of R4 changes are
shown in Fig. 6. Compared with the T, maps at baseline (Fig. 7a), T reduction over the
whole LV area was observed at the end of 30-mins Mn2* infusion (Fig. 7b).
Correspondingly, Ry increased from the baseline value of 0.84 + 0.07 s™1t0 2.01 £ 0.33 571,
with the half maximum R; reached at 23 min after Mn2* infusion started (Fig. 7c).

DISCUSSION

Previously, inversion recovery Look-Locker method has been developed for fast Ty
mapping in vivo (9). Accurate T, mapping using inversion recovery can only be achieved
with either complete recovery of the longitudinal magnetization via a long TR (>5T), or by
establishing a steady-state such that the longitudinal magnetization immediately before the
inversion pulse is the same for each phase-encoding step. While acquisition with long TR
suffers from low temporal resolution, the requirements of cardiac triggered acquisition and
variations in heart rate prevent the establishment of a steady-state in a mouse heart. By using
robust saturation pulses, our current method is equivalent to establishing an initial “steady-
state” longitudinal magnetization of zero. This approach can effectively eliminate heart rate
induced variations in initial magnetization. By sampling only the initial portion of the
recovery curve, the SRLL method can greatly improve the temporal resolution for DCE-
MRI studies.

Both SNR and the dynamic range of the signal can affect the accuracy of T; estimation (23).
While a shorter TR is desirable for higher temporal resolution, the dynamic range of the
signal is reduced with shortened coverage of the recovery curve. Karlsson et al suggested
that a TR of >2T4 was needed for accurate Tq estimation (22). Our error analysis showed
similar findings. With a SNR (=20) that was lower than the experimental in vivo SNR (~26),
our simulation results suggested that a TR of 2.4 s was sufficient to yield accurate
estimations for a wide range of T1 values (0.2~1.7 s) that encompassed possible
myocardium T4 changes in DCE-MRI experiments for magnetic field strength up to 11.7 T
(26). In the current study, image acquisition was triggered every two heart beats to avoid
mis-triggering caused by the interference of switching gradients with the ECG signal. Such
an acquisition scheme leads to reduced data points that can be acquired within the same
period of time if acquisitions were triggered at every heart beat. However, our simulation
results suggest that both acquisition schemes should yield similar accuracy in T, estimation
(Fig. 2b&d). Further, triggering every two heart beats has the additional benefit of less
energy deposition.

In the current study, effective longitudinal relaxation time constant (T1") and equilibrium
magnetization (M”) were determined by fitting Eq. [1] to MRI data. Theoretically, T;" is
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related to T, the flip angle, and the sampling interval as shown in Eq. [2], which allows the
calculation of T1 from T;". However, actual flip angle often deviates from its nominal value
because of the B; inhomogeneity (14). Although various methods for B; mapping have been
proposed (27, 28), their application to the fast beating mouse hearts are still problematic.
Alternatively, T, can be calculated directly from T1*, M”, and Mg using Eq. [4], which is

derived from the first-order Taylor expansion of exp(—t/T1) and exp(—7/T7). It should be
noted that this approach introduced a 0.3~0.7% underestimation of the T4 values with the
current imaging parameters. This systematic underestimation was more pronounced with
larger flip angles (Fig. 5d). Although a larger flip angle has the potential benefit of increased
SNR, this underestimation can increase from 0.7% to 7% if a 30° flip angle is used instead
of 10°. In addition, larger flip angles also reduce T "-associated imaging contrast, leading to
reduced dynamic range for curve fitting (29). Our phantom results showed that Tq
estimation was accurate for nominal flip angles ranging from 6° to 15° for a T;< 2 s. This
estimation is comparable to that reported in previous studies (18,30,31).

The validity of the current method was demonstrated by a strong agreement with the
measurement using standard magnetization recovery methods in both phantom and in vivo
studies. The baseline myocardium T4 value was also similar to that reported in the literature
(26,32). The measured time course of R changes exhibited a similar dynamics as compared
to previous cardiac MEMRI studies employing T1-weighted methods (33,34). According to
the study by Waghorn and colleagues (6), the observed Rq changes in our current study
indicated that total Mn2* uptake at the end of MnCl, infusion protocol was around 24 pg/g
dry wt. The constant Ry level during the wash-out period was supported by previous
findings that intracellular Mn2* retention may last for hours (1,6).

In summary, a fast cardiac T; mapping method using saturation recovery Look-Locker pulse
sequence (SRLL) was developed and validated for studies employing small animal models.
Each T map can be acquired within 3 min without the aid of parallel imaging or
segmentation/EPI techniques. The robustness and accuracy of this method were validated in
both phantom and in vivo experiments. The successful demonstration in the MEMRI
experiment shows the potential of the SRLL method for practical applications.

Abbreviation used

DCE Dynamic contrast-enhanced

EPI Echo planar imaging

FLASH Fast low angle shot

IRLL Inversion recovery Look-Locker
LV Left ventricle

M, Longitudinal magnetization
MEMRI Manganese-enhanced MRI

SNR Signal-to-noise ratio

SR Saturation recovery

SRLL Saturation recovery Look-Locker
SD Standard deviation
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Figure 1.
SRLL pulse sequence. An ECG-triggered saturation module is followed by N successive
ECG-triggered FLASH acquisitions.

Magn Reson Med. Author manuscript; available in PMC 2011 November 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Lietal. Page 11

Figure 2.

Simulation of the effect of TR on T4 estimation. a—d. Fitted T, versus theoretical T;. The
error bar is the standard deviation from 25 simulations. e-h. Bland-Altman plots of the
difference between fitted T1 and theoretical T1. The middle dotted line is the mean of the
difference. The upper and bottom dotted lines are the mean plus and minus two times of the
standard deviation, respectively.
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Figure 3.

Simulation of the effect of t fluctuation on T4 estimation with TR =2.4 sandt=0.24 s. a—
c. Fitted T, versus theoretical T4. The error bar is the standard deviation from 25 simulation
runs. d—f. Bland-Altman plots of the difference between fitted T, and theoretical T4. The
middle dotted line is the mean of the difference. The upper and bottom dotted lines are the
mean plus and minus two times of the standard deviation, respectively.
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Figure 4.
Simulation of the estimation errors caused by beat-to-beat variations in rotational and

translational motion. a. Digital phantom with four segments of different, representative T,
values. b—d. Estimated T, maps with random translational motion (b), rotational motion (c),
and both rotational and translational motion (d) incorporated, respectively. e—g. Difference
maps between theoretical and fitted T, maps (b—d), respectively.
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Figure 5.
Phantom study. a&b. T1-weighted image and T, map of the phantom tubes, respectively.
Phantoms 1 to 8 contained MnCl, solutions with the following concentrations (in mM):

1000, 900, 700, 500, 300, 200, 100, and 30. c. Longitudinal re

Nominal Flip Angle (degree)

laxation rate constant (Ry)

versus Mn2* concentration. d. Ty values measured with different flip angles. The horizontal

lines are the T, values measured by the standard SR method.
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Figure 6.

In vivo T4 mapping. a—c. T1-weighted images acquired at 2z, 4z, and 10z after the saturation
pulses, respectively. d. Mean T, values of the LV myocardium measured by SRLL and
standard inversion recovery Look-Locker (IRLL) method before and after Mn2* injection. e.
Bland-Altman plot comparing T, values measured by SRLL method and IRLL method.
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Figure 7.

R4 changes in dynamic MEMRI study. a&b. Representative T4 maps of a heart pre- and
post- MnCl5, injection, respectively. c. Time course of Ry changes tracked by SRLL at a
temporal resolution of 3 min.
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