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Nonlinear Myocardial Signal Intensity Correction
Improves Quantification of Contrast-Enhanced
First-Pass MR Perfusion in Humans

Li-Yueh Hsu, DSc,* Peter Kellman, PhD, and Andrew E Arai, MD

Purpose: To study the nonlinearity of myocardial signal
intensity and gadolinium contrast concentration during
first-pass perfusion MRI, and to compare quantitative per-
fusion estimates using nonlinear myocardial signal inten-
sity correction.

Materials and Methods: The nonlinearity of signal inten-
sity and contrast concentration was simulated by magne-
tization modeling and evaluated in phantom measure-
ments. A total of 10 healthy volunteers underwent rest and
stress dual-bolus perfusion studies using an echo-planar
imaging sequence at both short and long saturation-recov-
ery delay times (TD70 and TD150). Perfusion estimates
were compared before and after the correction.

Results: The phantom data showed a linear relationship
(R? = 1.00 and 0.99) of corrected signal intensity vs. con-
trast concentrations. Peak myocardial contrast concentra-
tion averaged 0.64 + 0.10 mmol - L~ ! at rest and 0.91 =
0.21 mmol - L~ ! during stress for TD70 and were similar for
TD150 (P = not significant [NS]). The corrections were
larger for stress than rest perfusion and larger for TD150
than TD70 studies (both P < 0.01). Perfusion estimates of
TD70 and TD150 stress studies were significantly different
before the correction (P < 0.01) but equivalent after the
correction (P = NS).

Conclusion: The nonlinearity between signal intensity and
myocardial contrast concentration in perfusion MRI can be
corrected through magnetization modeling. A nonlinear
correction of myocardial signal intensity is feasible and
improves quantitative perfusion analysis.
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QUANTITATIVE ANALYSIS of myocardial perfusion us-
ing first-pass contrast-enhanced MRI is useful for de-
tecting coronary artery disease (1-9), assessing thera-
peutic intervention (10-13), and predicting risk of
coronary artery disease in asymptomatic adults
(14,15). Myocardial blood flow (MBF) and myocardial
perfusion reserve (MPR) can be estimated from changes
between myocardial time signal intensity curves ob-
tained at rest and during stress. However, the nonlinear
relationship between myocardial signal intensity and
gadolinium contrast concentration in MR perfusion im-
aging is an important issue that might affect analysis of
myocardial perfusion (16,17).

Despite many efforts focused on improving the linear-
ity of the left ventricular (LV) blood pool signal intensity,
relatively little work has been published with regard to
improving the nonlinearity in the myocardium. Various
imaging techniques have been published to maintain
the linearity of the LV blood pool signal intensity, in-
cluding dual-bolus (18,19), prebolus (20,21), and dual-
sequence (22,23) methods. These methods either use a
low-dose bolus (18-21) or combine short echo time and
short delay time (TD) (22,23) to optimize the dynamic
range of the acquisition for peak contrast concentration
and thus maintain the linearity of the LV signal inten-
sity. An alternative approach is using postimaging sig-
nal intensity calibration such as in vitro phantom-
based (24) or in vivo image theory-based (16) methods
to compensate for signal distortion at peak contrast due
to the T1 shortening.

A recent healthy volunteer study (17) has shown the
signal intensity increased proportionally with gadolin-
ium contrast concentrations up to 0.05 mmol/kg in the
myocardium. However, previous multicenter clinical
studies (25,26) have reported that using a higher dose
(0.1-0.15 mmol/kg) of gadolinium contrast demon-
strated a higher diagnostic performance in detecting
coronary artery stenoses than using a lower one (0.05
mmol/kg). It may be advantageous to use a high dose of
contrast and employ a nonlinear postimaging signal
intensity correction scheme for analyzing MR perfusion
images.

The aim of this study is to examine the nonlinear
relationship of signal intensity vs. myocardial contrast
concentration using a high dose (0.1 mmol/kg) of gad-
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olinium-diethylene triamine pentaacetic acid (Gd-
DTPA) for first-pass perfusion MRI on healthy volun-
teers during stress and at rest. The nonlinearity of the
signal intensity is simulated based on magnetization
modeling, which allows estimation of myocardial gado-
linium concentration as a function of time. Applying a
nonlinear correction to the myocardial time signal in-
tensity curves, we determine how this nonlinearity af-
fects quantitative perfusion estimates at different imag-
ing parameter (saturation-recovery TD) settings.

MATERIALS AND METHODS

Magnetization recovery of a saturation preparation per-
fusion sequence was simulated to study the nonlinear-
ity between signal intensity and gadolinium contrast
concentration. Signal intensity of arbitrary units was
converted to gadolinium contrast concentration esti-
mates in units of millimoles per liter (mmol - L™ '), based
on the magnetization modeling. The accuracy of the
simulation was evaluated in a T1 phantom of different
contrast concentrations. The nonlinear relationship
was applied to perfusion MRI of 10 healthy volunteers
at rest and during stress to correct myocardial time
signal intensity curves. The degree to which this non-
linearity affected quantitative myocardial perfusion es-
timates was assessed using two different imaging pro-
tocols (two saturation-recovery TDs).

Nonlinear Signal Intensity Correction

The relationship of signal intensity vs. T1 magnetiza-
tion was simulated based on a saturation prepared
echo-planar imaging sequence (27). The simulation was
implemented in Matlab (The MathWorks, Natick, MA,
USA) and using actual sequence parameters in the per-
fusion imaging. This T1 modeling is similar to the work
of Cernicanu and Axel (16) except our simulation is
based on the theoretical development of Sekihara (28).

Assume M, and M, are the magnetization vectors of
each spin isochromat just before and after the nth ap-
plication of the radio frequency (RF) pulse. Their rela-
tionship can be expressed as

M} = R(a) - M, [1]

where R, is the rotation operator about the x-axis and «
is the readout flip angle. Next, the relationship between
M}, and M, , can be expressed as

e ™™t 0 0
M. = R,(6,)- 0 e™r: 0 M
0 0 e ™m

+(1— e ™). M, [2]

where R, is the rotation operation about the z-axis, 6, is
the phase rotation during the period between the nth
and (n+1)th RF pulses, TR is the repetition time of the
RF pulse, and M, = [0, 0, M| is the magnetization vector
in thermal equilibrium.
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The formulation of the initial magnetization vector
was modified to incorporate a saturation pulse with
specified trigger time delay TD

M; =RJa) e ™M My+ (1 —e ™M) M, [3]

The magnetization of the RF pulse was calculated
assuming a uniform distribution of isochromats 6,
within a voxel according to the method of Sekihara (28).
The magnetization vectors of such voxel before and af-
ter the nth RF pulse M, and M can be expressed as

27
Mn=(Mx,My,Mz):f M, (6,-1)d0,_, [4]
0

2m
M;—(M;,M;,M;)—f M;(0,-1)d0,- . (5]
0

The magnetization of each image was computed
based on the center of k-space after reordering the
phase-encode direction according to the modified cen-
ter-out acquisition (27).

In order to be independent of actual proton density
(PD) and surface coil profile, an additional magnetiza-
tion vector was calculated using a small readout flip
angle and without saturation-recovery preparation in
the sequence parameters. The simulated signal inten-
sity value was derived using the T1-weighted transverse
magnetization normalized (divided) by the PD-weighted
transverse magnetization. Assuming a constant myo-
cardial T2 value of 50 msec (29), this simulated signal
intensity was calculated over a range of T1 values.

The relationship of T1 value vs. gadolinium contrast
concentration was estimated using the equation

1/Ty=1/T) + v-[Gd], (6]

where T¢ is the myocardium precontrast T1 value,
which is assumed to be 850 msec, v is the relaxivity of
gadolinium (Gd-DTPA) contrast, which equals 4.5 L -
mmol !-second ! (30), and [Gd] is the concentration of
Gd in mmol - L™ . In this manner, a nonlinear relation-
ship that maps the simulated signal intensity to a range
of myocardial contrast concentration encountered dur-
ing first-pass perfusion was derived. Since precontrast
T1 and T2 values may vary in the heart, a range of
precontrast T1 and T2 values was also studied by the
simulation to analyze the sensitivity to the nonlinearity.

To apply this nonlinear relationship for signal inten-
sity correction, normalized signal intensity values were
calculated using the signal intensity measurements in
the T1-weighted image divided by the corresponding
signal intensity measurements in the PD reference im-
age, where measurements corresponded to regions of
interest. This yielded the normalized signal intensity in
either relaxivity (R1) or contrast concentration ([Gd])
units and derived a linear relationship of corrected sig-
nal intensity vs. contrast concentration.

To compare the corrected myocardial time signal in-
tensity curves of the perfusion image with the raw
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curves, final corrected myocardial time signal intensity
curve SI was derived by linearly scaling of the time
contrast concentration curve [Gd] using the equation

SI=S-[Gd] + I, [7]

where S and I were computed using the myocardial
signal intensity and contrast concentration measure-
ments at PD reference and precontrast baseline time
points.

Imaging Sequence

Perfusion imaging was performed on a 1.5-T Siemens
Espree scanner (Siemens Medical Solutions, Erlangen,
Germany) using a gradient recalled echo-echo planar
imaging (GRE-EPI) sequence (27) with a 12-element
phased-array Siemens torso coil. The following param-
eters were used to collect the dynamic series of T1
images: saturation preparation = 90°, readout flip an-
gle = 25°, TR = 7.5 msec, TE = 1.48 msec, slice thick-
ness = 8 mm, echo train length = 4, acquisition ma-
trix = 128 X 80-96, field of view (FOV) = 360 X 270
mm, and parallel imaging with rate 2 temporal sensi-
tivity encoding (TSENSE) (31). Chemical shift fat sup-
pression was applied during the saturation-recovery
period to reduce EPI ghosting artifacts. A short satura-
tion-recovery TD (70 msec) and a long saturation-recov-
ery TD (150 msec) were used to compare the effect of
nonlinear signal intensity correction. These TDs were
selected as spanning a typical range used in recent
perfusion studies (10,17,25,26).

At the start of each perfusion acquisition, two PD-
weighted reference images were acquired for intensity
normalization using the same imaging parameters ex-
cept no saturation preparation pulse and using a 5°
readout flip angle. With a full resolution of 80 phase-
encode lines and rate 2 SENSE factor, 40 phase-encode
lines were collected from 10 shots, which put the ac-
quisition of the center of k-space at approximately 35
msec after the trigger delay. This resulted in a total time
to the center of k-space at 105 msec and 185 msec for
TD70 and TD150, respectively. In addition to the actual
saturation-recovery TD used, simulation was also per-
formed at a shorter TD (25 msec) to cover a wider range
of parameters for comparing the nonlinearity between
signal intensity and gadolinium contrast concentra-
tion.

In Vitro Study

In order to validate the accuracy of the nonlinear signal
intensity correction, a phantom consisting of 10 con-
centrations (0.16-2.35 mmol - L™*) of Gd-DTPA (Mag-
nevist; Berlex Laboratories, Wayne, NJ, USA) was pre-
pared in saline-filled plastic tubes to cover the
anticipated range of T1 values in the myocardium dur-
ing the perfusion imaging. The T1 and T2 values of the
phantom were measured using standard inversion-re-
covery (TR = 750-1000 msec, TE = 2.45 msec, TI =
100-980 msec) and spin-echo (TR = 3000 msec, TE =
20-600 msec) imaging sequences of the scanner. The
PD reference and T1 series images were collected using
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the same GRE-EPI perfusion sequence parameters de-
scribed previously at both TD70 and TD150 settings.
Circular regions of interest were drawn inside the tubes
to measure signal intensities. Signal intensity measure-
ments of the regions of interest before and after the
correction were compared. Linear correlations were
computed between the corrected signal intensity and
contrast concentrations.

In Vivo Study

In order to assess the effect of signal intensity correc-
tion on quantitative myocardial perfusion estimates, 10
healthy volunteers (six men and four women, mean age
40 = 9, 10-year risk of coronary heart disease <2%
based on the Framingham score) each went through
rest and dipyridamole stress perfusion scans at both
TD70 and TD150 settings. Written informed consent
was obtained from all subjects. All studies were per-
formed under procedures and protocols approved by
the Institutional Review Board of the National Institutes
of Health. Using a dual-bolus perfusion imaging proto-
col (18), two doses of Gd-DTPA at 0.005 mmol - kg~ *
and 0.1 mmol - kg~ ! were prepared in equal volumes
and injected at 5 mL - second '. Rest perfusion was
performed at least four hours after the stress study in
which 0.56 mg - kg™ ! of dipyridamole was infused over
four minutes. The TD70 and the TD150 imaging were
performed on separate days. For each perfusion acqui-
sition, two short-axis slices and 60 images per slice
were collected in a single breathhold and at every heart-
beat using the previously described GRE-EPI sequence
parameters.

Data Analysis

The endocardial and epicardial borders of the perfusion
images were manually traced and registered using Ar-
gus cardiovascular MR software (Siemens Medical So-
lutions, Erlangen, Germany). The myocardial regions of
interest were divided into six circumferential sectors at
each slice location. Time signal intensity curves of the
blood cavity and the myocardial sectors were generated
from both low-concentration and high-concentration
images, respectively, after using the PD reference signal
intensity for surface coil intensity normalization.

The myocardial perfusion estimates were compared
from these time signal intensity curves before and after
the nonlinear signal intensity correction using custom
software written in Interactive Data Language (ITT Vi-
sual Information Solutions, Boulder, CO, USA). The
following measurements, as described in previous
works (19,32), were computed: semiquantitative MBF
indices (MBFi) based on intensity upslope (SLP) and
contrast enhancement ratio (CER); and fully quantita-
tive MBF estimate based on a Fermi model-constrained
deconvolution (MCD). MPR and MPR index (MPRi) were
calculated as a ratio of stress divided by rest MBF and
MBFi. The same timing parameters were used to quan-
tify the myocardial time signal intensity curves before
and after the nonlinear correction.

Peak myocardial contrast concentration estimated
from TD70 and TD150 perfusion studies were com-
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pared using linear correlations. Results were expressed
as mean * standard deviation (SD). Magnitude of
change of the perfusion estimates after the signal in-
tensity correction was reported for MBF and MBFi es-
timates at rest, during stress, and for MPR and MPRi.
Statistical differences were identified with a paired Stu-
dent’s t-test for all comparisons.

RESULTS

Figure 1 shows the nonlinear relationship between sim-
ulated signal intensity and gadolinium contrast con-
centration based on the actual perfusion sequence and
acquisition parameters. Saturation-recovery TD25,
TD70, and TD150 were compared in the simulations.
The signal intensity vs. contrast concentration curve is
more nonlinear for longer saturation-recovery TD, but
longer TD achieves a higher signal intensity magnitude
(signal-to-noise ratio, SNR). The magnitude of signal
intensity error (compression) was 6.6%, 11.0%, and
17.7% for TD25, TD70, and TD150 at 1.0 mmol - L™ ' of
contrast concentration. Compared with TD25, the sig-
nal intensity of TD70 was 1.5 times higher and the
signal intensity of TD150 was 2.2 times higher for con-
trast concentration at 1.0 mmol - L™, illustrating the
tradeoffs between SNR and linearity.

Figure 2 shows the simulation of how the nonlinear
relationship between signal intensity and contrast con-
centration varies as a function of precontrast T1 and T2
values that may encountered in the heart. As expected
for a heavily T1-weighted sequence with minimal T2
weighting, the effect of precontrast T2 value was mini-
mal in the range that was simulated (20-200 msec).
The relationship of signal intensity vs. contrast concen-
tration is slightly more linear using a precontrast T1
value of normal myocardium (850 msec) than the blood
(1200 msec). However, the effect of precontrast T1 val-
ues in changing the nonlinearity becomes more prom-
inent as the value approaches 600 msec.

In Vitro Studies

The T1 values of the phantom ranged from 91 to 914
msec for various Gd-DTPA concentrations. Figure 3
shows that the nonlinear signal intensity correction
effectively restored a linear relationship between signal

Contrast Concentration (mmol/L)

larger signal intensity errors, as
shown in the right plot.

intensity and contrast concentration. Good linear cor-
relations between the corrected signal intensity and the
contrast concentration were obtained at both TD70 and
TD150 (R* = 1.00 and 0.99, respectively). The signal
intensity of TD150 after the correction showed slightly
less-than-perfect linear correspondence at the very
high contrast concentration (T1 = 91 msec) perhaps
since the magnitude of signal intensity compression
was significantly larger and thus more sensitive to
noise.

In Vivo Studies

All subjects went through the studies without adverse
events. The average heart rate was 61 + 11 bpm for the
rest perfusion study and increased to 92 = 10 during
the dipyridamole stress test (P < 0.01). The systolic
blood pressure averaged 113 = 10 atrestand 119 = 19
during stress; and the diastolic blood pressure did not
change from 69 * 8 at rest to 70 * 10 during stress
(both P = not significant [NS]).

Figure 4 shows examples of TD70 and TD150 images
from a healthy volunteer. The TD150 images showed
higher myocardial signal intensity than the corre-
sponding TD70 ones. Figure 5 compares the time signal
intensity curves of a myocardial sector before and after
the correction at both TD70 and TD150 settings. The
largest effect of signal intensity compression was
around the peak of myocardial contrast enhancement.
The TD150 required more correction than the corre-
sponding TD70 studies.

Figure 6 shows the correlation of peak estimated
myocardial contrast concentration between TD70 and
TD150 studies. Bland-Altman analysis shows no con-
sistent difference between peak concentration esti-
mates for both TDs. Peak myocardial contrast concen-
tration at rest perfusion was estimated at 0.64 = 0.10
mmol - L™! for TD70 and 0.61 = 0.11 mmol - L' for
TD150 (P = NS), and during stress perfusion was
0.91 = 0.21 mmol - L' for TD70 and 0.84 = 0.16
mmol - L' for TD150 (P = NS). Peak myocardial con-
trast concentration estimates varied from 0.39 to 0.71
mmol - L™' at rest perfusion and increased to a larger
degree from 0.77 to 1.32 mmol - L™ ! during stress per-
fusion (P < 0.01).
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were seen in both TD70 (left)
and TD150 (right) simulations.

Effect of Nonlinear Signal Intensity Correction on
Perfusion Quantification

For intrasubject comparison of myocardial perfusion
estimates between TD70 and TD150 studies, Figure 7
shows that quantitative stress MBF and MPR esti-
mated by Fermi MCD were significantly smaller for
TD150 than for TD70 studies before the signal inten-
sity correction (P < 0.01), but this difference became
insignificant after the correction (P = NS). Rest MBF
estimate remained similar before or after the correc-
tion for both TDs (P = NS).

Contrast Concentration (mmol/L)

Contrast Concentration (mmol/L)

Figure 8 shows the magnitude of change of semi-
quantitative and fully-quantitative myocardial perfu-
sion estimates after the nonlinear signal intensity
correction. The magnitude of change for each perfu-
sion estimate is listed above each bar in Figure 8.
Semiquantitative MBFi and MPRi by CER and SLP,
and fully-quantitative MBF and MPR by MCD all in-
creased after the correction (all P < 0.01). All rest
perfusion estimates had smaller increase compared
with the corresponding stress measures for both TDs
(P < 0.01). All TD70 perfusion estimates had smaller
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Figure 4. Example images show that the T1-weighted image
of TD150 study at peak contrast has visually better SNR than
the TD70 (window and level the same). The T1-weighted image
precontrast also has higher SNR for TD150 compared with
TD70 due to larger T1 recovery time. The PD-weighted refer-
ence image used the same parameters (5° readout flip angle,
TR = 7.5 msec, TE = 1.48 msec, no saturation preparation
pulse) for both acquisitions and thus similar SNR.

increases compared to the corresponding TD150 ones
(P < 0.01).

DISCUSSION

It is important to recognize that the relationship be-
tween signal intensity and Gd-DTPA contrast concen-
tration is always a nonlinear curve with saturation-
prepared perfusion sequences (33). This nonlinearity
has to be considered for an accurate quantitative eval-
uation of contrast-enhanced first-pass perfusion MRI
(34). In this study, the degree of the nonlinearity affects
the signal intensity in the myocardium was evaluated in
healthy volunteers at rest and during stress perfusion
imaging using a GRE-EPI sequence and common acqui-
sition parameters. Based on magnetization modeling,
we showed that this nonlinearity compresses the dy-
namic range of myocardial time signal intensity curves
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at peak contrast enhancement and more severely dur-
ing stress than rest. This compression affects perfusion
estimates and results in underestimation of MBF and
myocardial perfusion reserve. We showed that nonlin-
ear signal intensity correction methods, such as the one
used here, improve semiquantitative and quantitative
measures of myocardial perfusion.

We derived nonlinear conversion factors from magne-
tization simulations to map myocardial signal intensity
to contrast concentration units as described in the Ma-
terials and Methods section. For practical implementa-
tion, this relationship can be applied as a look-up-table
to correct nonlinear myocardial signal saturation in the
perfusion imaging but the model needs to be derived for
a specific pulse sequence and acquisition parameters.

We compared the magnitude of the nonlinear signal
intensity correction using different saturation-recovery
TD settings, as TD is one of the most important param-
eters that affects the nonlinear signal intensity re-
sponse in the GRE-EPI perfusion sequence (33). As in
the simulation (Fig. 1), significant signal intensity com-
pression was observed in all TD settings at high con-
trast concentrations. There are important tradeoffs be-
tween SNR and linearity when choosing perfusion
acquisition parameters. Despite the fact that long TD
increases the myocardial signal intensity, the nonlin-
earity is more prominent than with a short delay. While
the TD25 setting is more linear, it has lower signal
intensity magnitude. Furthermore, the nonuniformity
of k-space weighting in the TD25 due to saturation-
recovery may lead to artifacts since the uniformity of
k-space weighting will depend on both TD and readout
flip angle (33).

As shown previously (18,32), quantitative analysis of
myocardial perfusion is dependent on accurately as-
sessing the peak of myocardial enhancement and con-
trast kinetics. In the current study, we have shown the
peak portion of the myocardial time signal intensity
curve is most strongly affected by signal intensity non-
linearity due to higher contrast concentration (Figure
5). Since vasodilated stress perfusion has higher signal
intensity overshoots at peak enhancement than the

400 1200

—=— TD150_Corrected
—e—TD150_Raw
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N w
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Figure 5. Comparison of stress myocardial time signal intensity curves before and after the nonlinear correction reveals more
severe signal intensity compression for TD150 than the TD70 study (left), particularly at the time period near the peak
myocardial contrast concentration (from 10 to 15 seconds along the time axis). The corresponding time T1 curves and time
contrast concentration curves are shown in the middle and right plots for comparison.
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corresponding rest study, the signal intensity correc-
tion has greater effects on stress perfusion and perfu-
sion reserve than the rest study.

A few studies have shown estimates of T1 relaxivity
(R1) or Gd-DTPA concentration from the time signal
intensity curves of first-pass myocardial perfusion im-
aging in humans. These studies used either inversion-
recovery (35-37) or saturation-recovery methods
(16,38) to calibrate the signal intensity in terms of the
contrast concentration. Based on our methods, the av-
eraged peak myocardial contrast concentration was es-
timated to be 0.63 mmol - L™ ! at rest and 0.87 mmol -
L' during stress for full-dose first-pass perfusion.
These peak concentration estimates fit within a range
as reported by other studies (16,35).

In a separate healthy volunteer study comparing
quantitative myocardial perfusion estimates using MRI
and positron emission tomography (PET) (38), slight
underestimation of MBF and myocardial perfusion re-
serve were reported from MR studies compared to the
PET reference. This underestimation may partially due
to the selected contrast kinetic model or model param-
eters, or as a direct result of signal intensity compres-
sion as here mentioned. In the current study, we used a
Fermi model constrained deconvolution to estimate
MBF and MPR as validated previously (18,19). The
range of MBF and MPR estimates that we obtained from
both TDs after the nonlinear myocardial signal inten-

TD150 [Gd] (mmoliL)

Average [Gd] (mmol/L)

sity correction were in line with previous PET references
for different healthy volunteers (6,38).

The precontrast T1 value is an important factor in the
simulation and it can vary due to incomplete contrast
excretion from the prior contrast administration. In this
study the stress perfusion was performed at least four
hours before the rest perfusion to minimize these ef-
fects but this might not be practical for patient studies.
While the precontrast T1 value for all stress studies was
assumed at 850 msec, the precontrast T1 value of in-
dividual rest study can be estimated at the baseline
time point to compensate the residual contrast. The
average difference of the precontrast T1 value in rest
perfusion was found to be less than 10% compared to
the corresponding stress perfusion for both TD studies.
This small percent of precontrast T1 elevation should
not change the nonlinear correction substantially, as
seen in the Fig. 2 simulation.

In our image acquisition, we used the TSENSE tech-
nique (31) at rate 2 to permit a short imaging time and
thereby reduce the nonlinearity. While the saturation-
recovery TD was cited in this study as one of the impor-
tant settings that affects the signal intensity nonlinear-
ity, it should be noted that the effect of nonlinearity is
actually proportional to the time elapsed to the center of
k-space. The use of accelerated imaging techniques es-
sentially shorten the acquisition time and increase the
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Figure 7. Stress MBF and MPR estimated by Fermi MCD for TD70 and TD150 studies were statistically different (P < 0.01)
before the nonlinear correction, but became similar (P = NS) after the correction. Rest MBF remained similar before or after the
correction (P = NS). All perfusion estimates were increased after the corrections for both TDs.
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Figure 8. Magnitude of change of perfusion estimates after the nonlinear correction was compared as a function of TD and as
a function of rest vs. stress study. All rest perfusion estimates had smaller increase compared with the corresponding stress
measures (all P < 0.01). All TD70 perfusion estimates had smaller increases than the corresponding TD150 measurements (all
P < 0.01). All perfusion estimates were increased after the correction for both TDs. MBF = myocardial blood flow, MBFi = MBF
index, MPR = myocardial perfusion reserve, MPRi = MPR index, MCD = model-constrained deconvolution, SLP = intensity

upslope, CER = contrast enhancement ratio.

signal linearity range for quantitative perfusion analy-
sis (33,39).

We used a full-dose of Gd-DTPA contrast and differ-
ent TD settings to study the nonlinearity of myocardial
signal intensity. It is possible that a lower dose of con-
trast or a lower TD setting may further reduce such
nonlinearity but with a tradeoff in SNR and possible
image artifacts. The degree of signal intensity correction
for other acquisition parameters can be expected to be
more or less extreme. Thus, one can incorporate similar
nonlinear signal intensity correction methods accord-
ing their specific imaging sequences and protocols to
improve quantitative analysis of myocardial perfusion.

In the current study, we optimized the imaging se-
quence to improve the accuracy of signal intensity cor-
rections, including: 1) a PD-weighted imaging for inten-
sity normalization, 2) composite 90° pulses (33,40) to
minimize variability due to inaccuracies in flip angle,
and 3) parallel imaging and EPI to shorten the acquisi-
tion time. There are still other limiting factors to the
accuracy of signal intensity corrections that need to be
addressed. For example, the precision of 25° and 5°
readouts in the T1 and PD imaging might be affected by
inaccurate scanner system calibration or B1 field inho-
mogeneities; a PD reference at higher flip angle without
saturation preparation might be used since it might
reduce the error sensitivity in actual readout flip angle.

The effect of T2 or T2* was neglected in this study
because of the short echo time used. One may need to
adjust the precontrast T1 and T2 values in the simula-
tion to achieve the highest accuracy of signal intensity
corrections. Heterogeneity of the gadolinium contrast
concentration in the tissue is not adequately addressed
by modeling at bulk magnetization level or the homo-
geneous fluid phantom in this study. Other physiolog-
ical factors such as the extraction fraction on first-pass
of the contrast may also affect perfusion quantification
but the assessment is beyond the scope of this study.

In conclusion, the nonlinearity between myocardial
signal intensity and gadolinium contrast concentration
affects perfusion quantification in a full-dose Gd-DTPA
contrast (0.1 mmol/kg) setting. This nonlinear distor-

tion compresses myocardial time signal intensity
curves and leads to underestimation of all quantitative
perfusion measures studied. The effects are larger for
stress than rest perfusion studies and more severe for
long TD than short TD studies. However, the underes-
timation of perfusion measures can be rectified using a
nonlinear signal intensity correction. This study
showed that intrasubject quantitative MR perfusion
measures estimated using different imaging parameter
(TD) settings correlated well after such correction. It is
feasible and efficacious to calibrate myocardial time
signal intensity according to gadolinium contrast con-
centration, and such nonlinear signal intensity correc-
tion improves quantitative perfusion analysis.
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