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Abstract

Purpose—Cross-relaxation imaging (CRI) is a family of quantitative magnetization transfer
(MT) techniques that utilize images obtained with off-resonance saturation and longitudinal
relaxation rate (R1) maps reconstructed by the variable flip angle (VFA) method. It was
demonstrated recently that a significant bias in apparent VFA R4 estimates occurs in
macromolecule-rich tissues due to MT-induced bi-exponential behavior of longitudinal relaxation
of water protons. The purpose of this paper is to characterize theoretically and experimentally the
resulting bias in the CRI maps and propose methods to correct it.

Theory—The modified CRI algorithm (mCRI) is proposed, which corrects for such bias and
yields accurate parametric f, k, and Ry maps. Additionally, an analytical correction procedure is
introduced to recalculate previously obtained parameter values.

Results—The systematic errors due to unaccounted bi-exponential relaxation can be
characterized as overestimation of Ry, bound pool fraction f, and cross-relaxation rate k, with a
relative bias comparable with the magnitude of f. The phantom and human in vivo experiments
demonstrate that both proposed mCRI and analytical correction approaches significantly improve
accuracy of the CRI method.

Conclusion—Accuracy of the CRI method can be considerably improved by taking into account
the contribution of MT-induced bi-exponential longitudinal relaxation into VFA Ry measurements.

Keywords
Magnetization transfer; two-pool model; cross-relaxation imaging; variable flip angle T, mapping

INTRODUCTION

Magnetization transfer (MT) effect is commonly recognized as a source of important
information about tissue microstructure due to its sensitivity to immobile macromolecular
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protons not detectable by conventional MRI (e.g., those associated with proteins and lipid
bilayers of myelin, collagen matrix in cartilage, muscle fibers, etc) (1,2). Various approaches
have been proposed to quantify the MT effect in-vivo including empirical indexes
characterizing signal saturation due to MT (1,3,4) and methods for quantitative mapping of
specific parameters describing MT within the two-pool model (2,5-15). The key parameters
of interest in this model are associated with the state of macromolecular protons, which is
characterized by their molar fraction (bound pool fraction, f), the forward rate constant
describing cross-relaxation with water protons (k), and the transverse relaxation time T8,
Particularly promising findings were reported for the bound pool fraction, which was found
to correlate with myelin content in neural tissues (16—19) and was shown to be capable of
tracking age-related changes of WM myelination in animal studies (20).

One group of quantitative MT methods termed cross-relaxation imaging (CRI) (6,10,12) is
specifically targeted at mapping the parameters f, k, and T,B or their subsets in isolation
from relaxation properties of the water proton magnetization. Collectively, these techniques
rely on the approximate two-pool pulsed MT formalism (6,10) where the action of off-
resonance saturation pulses on the macromolecular proton pool is described by an effective
time-independent saturation rate calculated for a square pulse with equivalent power and
duration. Further, direct saturation of the free water proton pool is ether neglected (6) or
estimated within the stationary approximation sufficiently far from resonance (10). These
techniques allow 3D acquisition with clinically acceptable scan times and resolution based
on a limited number of MT-weighted images obtained with variable off-resonance
saturation. The common feature of CRI and other off-resonance gMT techniques is the need
for complementary T, mapping, which allows decoupling of the two-pool model parameters
from the longitudinal relaxation rate R1=1/T; (5-7,9,10,12). Due to the need for fast 3D
acquisition, Ty maps are often generated using the variable flip angle (VFA) method with a
spoiled gradient-echo (SPGR) sequence (21). It has been realized recently that the VFA
method originally derived for the single-pool model inaccurately describes the SPGR signal,
which often leads to biased R; estimation in tissues with rich macromolecular content. This
bias is due to unaccounted cross-relaxation caused by magnetization transfer between
macromolecular and water protons, which leads to the bi-exponential behavior of
longitudinal relaxation of water proton magnetization in such tissues (22). The cross-
relaxation contribution was shown to dominate Ry of water in hydrated collagen (22) and
more recently in neural tissues (23). Deviation of longitudinal relaxation from single-
exponential behavior due to cross-relaxation significantly affects signal intensities in fast
gradient-echo sequences (24,25) and introduces bias in VFA Ry measurements that depends
on the pulse sequence parameters and may reach up to 14-15% in brain white matter (WM)
(24).

Apart from biasing VFA R; estimates, systematic errors from unaccounted bi-exponential
relaxation may further propagate into the two-pool model parameters estimated by
quantitative MT techniques such as CRI. On the other hand, unbiased determination of Ry
values in tissues requires the knowledge about the rest of parameters of the two-pool model,
which may not be practical for data correction within the VFA method alone (24). In this
study, we propose the unified treatment of VFA and MT SPGR signals using a modified
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CRI analysis, which enables simultaneous correction of Ry and two-pool MT model
parameters. In particular, we theoretically and experimentally characterize systematic errors
in CRI caused by bi-exponential relaxation in VFA Ry mapping and demonstrate a new
processing algorithm, which corrects for such errors and yields accurate parametric f, k, T8,
and R; maps. Additionally, we propose an analytical correction procedure allowing
recalculation of previously obtained cross-relaxation parameter values with acceptable
residual errors.

Analytical Theory of the SPGR Signal in the Presence of Cross-Relaxation

To estimate the effect of cross-relaxation on the apparent Rq measured by the VFA method,
we employ the previously described pulsed steady-state formalism (6,10) in the simplified
form, where no off-resonance saturation is applied. The matrix model of longitudinal
magnetization (based on Eq. [1] in Ref. (10)) can be rewritten as:

M,=(I-EC) '(I- E)M., [1]

, where M, =[ MF Mf]T corresponds to the longitudinal magnetization before the
excitation pulse, A7, 7P are longitudinal magnetizations of free and bound protons,
respectively, Mgq = Mo[1-f f]7 is the vector of equilibrium magnetization, I is the identity
matrix, the matrix E = exp(RTR) describes relaxation during repetition time T and the
diagonal matrix C = diag (S, Sp), S = cos a, Sp = 1 corresponds to instant rotation of the

magnetization A7 by an excitation pulse with the flip angle a. The relaxation matrix R is
defined as follows:

where R and RP are longitudinal relaxation rates of the free and bound pool respectively.
Applying the first-order approximation to exponential terms, Eq. [1] can be simplified to

M. ~ (RT,+InC) '"RM,, T, [3]

Corresponding approximated expression for the observed signal can be explicitly written as
follows:

Mo(1— f)(RYRP+RY k(1L — f)/f+RPk)sin a exp(—T, /T5)
~ RTRPLRIk(1 — f)/f+RPk — (RP+k(1 — f)/f)T In(cosa)

We further assume that RY'=RE =R, similar to earlier studies (6,12) that corresponds to the
fast exchange conditions (26). With these assumptions, the signal intensity is expressed as:
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_ Mo(1 = f)RTysin a exp(=T, /T3)

n{cos « 5
R, T, — In(cos oz)—l—% [l

S

Finally, the relaxation rate Rq can be neglected in the sum with a much larger term k/f, thus
providing the signal equation

RT
1or sin o exp(=Ty/T5) [6]

S~ My(1— f)RlTR — (1 = f)ln(cos a)

By comparing Eq. [6] with the first-order approximation of the Ernst equation (27) (not
shown for brevity), the relationship between true Ry and its apparent value R12PP estimated
from VFA data becomes evident:

R =R /(1-f) m

Equation [7] demonstrates that the bias in Rq caused by cross-relaxation is on the order of f
and independent of the sequence parameters (T and flip angles), if the first-order
approximation is justified by a short Tr. More general treatment for arbitrary sequence
parameters can be found in Ref. (24,25).

Effect of Apparent Rq on the CRI Parameters

The next goal is to estimate systematic errors in the two-pool model parameters due to R;@P
in the CRI method. We start our analysis with a simplified CRI model (6), which allows
analytical investigation of errors in fitted parameters in the regime where the direct
saturation effect is negligible (A> 2.5 kHz) (28). According to this model, the ratio of signals
with and without off-resonance saturation in a pulsed MT experiment can be expressed as

ME(WPB)  P(Q—1)sWB
MF(WB=0) = P+QsWB

8]

where

P:ffl(Rl —(1- f)T;lln(cos a)) [9]

Q=k"Y(R, — T;{lln(cos a))+1 [10]

and WE is the saturation rate of the bound pool scaled by the duty cycle of the saturation
pulse (s=tmi/ TR, Where t is the pulse duration). The saturation rate WB depends on the
offset frequency and flip angle of the saturation pulse and is determined by the parameter
T,B based on an appropriate spectral line shape model (typically SuperLorentzian (29)). If
data are fitted in the form given by Eq. [8], the fitting algorithm searches for optimal
parameters P, Q, and T,B regardless of an actual R;.
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The effect of Rq errors on the two-pool model parameters originates from the dependence of
the coefficients P and Q on Ry (Egs. [9] and [10]). Accordingly, if R13PP is supplied as input
information, apparent values f2PP and k&P will be obtained. The relationships between the
true f and k and their apparent values can be derived from the conditions P(R{2PP, faPP)=
P(R1, f) and Q(R12PP, k&P)= Q(R4, k), which result in the simple recalculation formulas:

f=Cf*PP k=CE™ 1]
where the correction coefficient C is the same for f and k and depends on Tg and flip angle:

C=(R{™ — T 'In (cos a))/(R{™ — T, 'In(cos a)+f*PRI™P) [12]

The above analysis also suggests that R errors should not affect T,B, since WB is
independent of Rq (6). We refer below to the recalculation formulas (Egs. [11][12]) as CRI
with 15t order correction.

Standard and Modified CRI Approaches

In the original CRI approach (10), reconstruction of parametric maps is performed in two
stages (Fig. 1). During the first stage, R maps are calculated from VFA SPGR data by
fitting the Ernst equation (21). During the second step, the matrix model of pulsed MT is
fitted to MT-weighted data, while Ry is supplied as an external parameter. Prior to fit, MT
data are normalized pixel-wise by an arbitrary reference image typically obtained without
saturation. The purpose of such normalization is to reduce the number of free parameters in
the fit by excluding a multiplicative factor commonly referred to as proton density, which
absorbs the effects of spin concentration, T," decay, and coil sensitivity. The normalized
data are then fit to the corresponding ratio of analytical signal expressions with and without

saturation A7F (18) /ME (B =0). As an alternative to the standard CRI approach, we
propose a modified CRI (mCRI) reconstruction algorithm to perform global fit of VFA and
MT SPGR data simultaneously (Fig. 1). On the first stage, similarly to CRI, the
normalization procedure is uniformly applied to VFA and MT data to exclude the common
proton density term. Then, the normalized images are simultaneously fit to the
corresponding ratios of analytical signal expressions with and without saturation using Eq.
[1] from this paper and Eq. [1] from Ref. (10), respectively. Accordingly, the global fit
simultaneously yields all remaining parameters (R, f, k, T,B) and automatically takes into
account the cross-relaxation contribution into VFA data (Fig. 1).

MATERIALS AND METHODS

Simulations

To estimate errors in the two-pool model parameters caused by the unaccounted bi-
exponential relaxation, synthetic VFA and MT SPGR signal intensities were generated using
Eq. [1] from this paper and Eq. [1] from Ref. (10), respectively. Then, datasets were fitted
using the original CRI algorithm. The first-order correction formulas (Egs. [7][11][12]) were
also evaluated. Specific parameters used in simulations were taken from ROI measurements
in the genu of corpus callosum (WM) and thalamus (GM) from full mCRI fit of the in vivo
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data presented below: 1) WM: Ry = 0.97s71; f = 15.36 %; k = 2.70s72; T,B = 9.84ps; 2) GM:
Ry =0.71s1;f=8.8%; k=157s"1; T,B = 10.21 ps. To study the effect of approximations
of the 15t order correction in realistic imaging regime, pulse sequence parameters and
sampling scheme in these simulations corresponded to those used in the in-vivo experiments
detailed below.

Phantom Preparation

Five cross-linked BSA samples (98% bovine serum albumin, essentially fatty acid free,
Sigma-Aldrich Corp., St. Louis, MO) were prepared with BSA percent weight of 10, 15, 20,
25, and 30 as described in (30). The BSA was dissolved in distilled water and was placed on
ice for 10 minutes. Then, 50 pl/ml of an ice-cold 25% glutaraldehyde solution (Sigma-
Aldrich Corp., St. Louis, MO) were added to the BSA solution while stirring with a syringe
needle. The samples were kept at room temperature for two hours and then stored at 4° C.

Data Acquisition

Imaging experiments were carried out on a 3.0T GE Discovery MR750 (GE Healthcare;
Waukesha, WI) using either an eight-channel transmit/receive knee coil (for phantom scans)
or eight-channel phased array head coil (for a volunteer scan). All data were acquired with
3D MT-weighted SPGR sequence in a strong spoiling regime (31) (spoiling gradient area
Ag =450 mT-ms/m, RF phase increment 169°). In phantom experiments, eight Z-
spectroscopic datasets were acquired (Tr/Tg=37/2.3ms, excitation flip angle a=15°) with
the 18 ms Fermi saturation pulse applied at the offset frequencies A = 2.5, 10, 18, 26 kHz
with two nominal saturation flip angles apt = 850° and 1300°. Additionally, four VFA
SPGR datasets were acquired using the same sequence with A = 250 kHz to ensure that
transmitter operates with identical gain settings (ho MT effect is observed at this frequency)
and flip angles optimized for the range of T, values in the phantoms (o = 6°, 15°, 35°, and
50°). The SPGR dataset with the highest signal-to-noise ratio (a = 15°) was used as a
reference image to normalize both Z-spectroscopic and VFA data as explained in the
previous section. All datasets were acquired with FOV = 140x105x48mm and matrix =
128%96x24. Single-slice 2D inversion-prepared spin-echo (IR) data were collected to
determine reference Tq values in the phantoms (Tr/Tg=5000/8.2ms, T, = 0.3, 0.5, 0.7, 0.9,
1.2, 1.6, 2s).

Informed written consent was obtained from a healthy volunteer in accordance with the local
institutional policy. Eight Z-spectroscopic datasets were acquired using same pulse
sequences (A=25,5,9, 13 kHz, apt =500°, 1100°, a=10°). Four VFA datasets were
acquired with flip angles a = 5°, 10°, 20°, and 30°. The image with a = 10° was used as a
reference dataset. All Z-spectroscopic and VFA data were acquired with Tr/Tg=40/2.0ms,
FOV =240x180x80mm and matrix = 128x96x42. The total scan time for this protocol was
35 minutes.

Bp and B; maps were used to correct flip angle and local off-resonance frequency values in
both phantom and volunteer studies. B; maps were acquired using the actual flip angle
imaging (AFI) method (32) (TR 1/Tr 2/Tg = 37/185/2.3 ms, a = 55°, FOV
=240x180x80mm, matrix = 96x72x28) with the strong spoiling regime (31). By maps were
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calculated from the 3D fat-water separation method known as “iterative decomposition of
water and fat with echo asymmetry and least squares estimation” (IDEAL) with FOV
=240x180x80 mm and matrix = 256x256x42 (33). The scan time for these additional By and
B; mapping sequences was 10 minutes.

Image Processing and Analysis

The standard CRI processing workflow (Fig. 1) was implemented according to (10,34). In
mCRI, all parametric maps were generated by fitting the normalized VFA and MT data
simultaneously as described above (Fig. 1) using in-house-written C and MATLAB
(MathWorks, Natick, MA) software utilizing a standard “Isgnonlin” function for nonlinear
least squares voxel-based fitting (http://www.medphysics.wisc.edu/~samsonov/gmap). All
quantitative parameter estimates in phantom scans and in-vivo were obtained from
parametric maps in manually drawn regions-of- interest (ROI).

To study the association between BSA content and the bound pool fraction determined by
different processing approaches, we performed linear regression analysis using the following
model:

f=51*BSA%+8y [13]

The strength of anticipated linear relationships was assessed using the Pearson’s correlation
coefficient. We additionally tested if the intercept By is significantly different from zero (the
anticipated value for f at BSA%=0). Statistical significance of differences between
parameter measurements by CRI, mCRI, and CRI with first-order correction was assessed
using paired two-tailed t-test.

RESULTS

Simulations

Table 1 shows the systematic errors in estimated parameters in WM and GM obtained from
the original CRI method, mCRI, and CRI with first-order correction. As predicted by theory,
the Ry bias propagates into f and k measurements but does not affect T,B, and it is most
prominent for WM. A major portion of the biases are removed by proposed first-order
correction, with R and f being corrected most efficiently (<1% residual error).

Figure 2 further illustrates the dependence of the biases on the fraction of bound protons in
WM. Again, unaccounted bi-exponential relaxation in the SPGR signal model introduces a
substantial bias to all quantitative MT parameters except for T,B when estimated by the
original CRI method. These errors affect most significantly Rq values, then k and f values.
They are steadily growing with the bound pool fraction as predicted by Egs. [7][11]. First-
order correction (Egs. [11][12]) removes most of the bias for a wide range of f values, while
the level of residual errors increases with an increase in f. First-order correction is less
accurate for k values where the residual bias may reach up to ~5% for tissues with a higher
macromolecular content.

Magn Reson Med. Author manuscript; available in PMC 2014 August 25.


http://www.medphysics.wisc.edu/~samsonov/qmap

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mossahebi et al.

Page 8

Phantom Studies

Figure 3 shows estimates of the two-pool MT model parameters in the BSA phantoms
obtained using original CRI, mCRI, and CRI with first-order correction, as well as Ry values
from a reference IR experiment. Both mCRI fit and the first-order correction of CRI fit
provide good agreement with the reference IR Ry measurements, while the standard VFA
method results in substantial discrepancy with IR R4 estimates. The difference between R;
values measured by the VFA method and IR method increases with BSA concentration as
predicted by Eq. [7] and simulations (Fig. 2).

Similarly, original CRI tends to overestimate bound pool fraction f and cross-relaxation rate
k in the phantoms with a higher concentration of BSA. While first-order correction of f
provides good agreement with the mCRI fit for all concentrations, an increased
macromolecular content leads to a poorer first-order correction for k, as predicted by
simulations (Fig. 2). T,B is consistent among different concentrations of BSA.

Figure 4 and Table 2 show results of linear regression analysis of f from phantom data.
Bound pool fraction strongly correlates with BSA concentration for both CRI and mCRl,
though the original CRI estimation lead to a somewhat weaker correlation (Table 2). The
intercept of the fitted line for mCRI and the first-order correction is not significantly
different from zero, thus reflecting the anticipated absence of the bound proton pool at 0%
BSA concentration. At the same time, the intercept of the fitted line for original CRI is
significantly different from zero and appears in the physically unrealistic range (~ —-2.5%).

In-Vivo Results

Figure 5 compares parametric maps obtained using the mCRI processing approach with
original CRI and its first-order correction. Table 3 provides quantitative comparisons of
gMT parameters in several WM and GM regions of interest. Processing with mCRI resulted
in structurally similar, but quantitatively different parametric maps. For all parameters
except for T,B, the error images reveal dependence of the bias on the macromolecular
content as predicted by simulations and phantom studies. First-order correction efficiently
minimizes the errors in f and Ry. However, there is still visible residual error for k values
after first-order correction, with most appreciable residue in WM regions, which is in
agreement with simulations and phantom experiments (Figs. 2-3, Table 1). Statistical
analysis of ROI data detected significant differences between CRI and mCRI for all
parameters except for T,B in gray matter (Table 4). The effect of first-order correction was
also significant for Ry, f, and k. There were significant differences between mCRI and the
first-order correction for Ry and k. These systematic errors as well as bias between mCRI
and the first-order correction (Table 4) are consistent with the estimates predicted in
simulations (Table 1).

DISCUSSION

MT imaging offers unique sensitivity to macromolecular content in tissues that cannot be
assessed with conventional MRI. Accurate modeling of MT processes using the two-pool
model is essential to yield specific parameters characterizing the macromolecular fraction in
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both normal and pathological conditions. This study demonstrates on the example of CRI,
one of gMT methods based on SPGR pulse sequence, that separate treatment of VFA and
MT data may cause non-negligible systematic errors in both R, and quantitative MT
parameters such as bound pool fraction f and cross-relaxation rate k. Specifically, this type
of errors can be characterized as overestimation of Ry, f, and k with a relative bias
comparable with magnitude of f (Fig. 2, Tables 1,3,4). As the effect of the MT-induced bi-
exponential longitudinal relaxation on the parameter estimates strongly depends on the
macromolecular content in tissues (Fig. 2), the original CRI method and other gMT analysis
techniques that do not take into account this effect may make interpretation of quantitative
parameters inconsistent for different tissues types in different pathological conditions. It is
also important to emphasize that apparent Ry values obtained from the standard single-
compartment VFA technique are biased proportionally to f, and, hence, represent non-
specific measures containing contributions from both intrinsic T relaxation properties of
water protons in tissues and cross-relaxation.

We demonstrated that the accuracy of CRI estimates can be noticeably improved with the
proposed combined data fit algorithm. Our modified CRI (mCRI) data processing approach
does not require any additional measurements, thus maintaining the same time-efficiency as
the original CRI technique. The mCRI method yields unbiased VFA R; estimation, resulting
in a decrease in Ry values by approximately 15% in WM and 8% in GM (Tables 3,4), which
agrees well with the bias predicted earlier (24). In addition to the modified CRI fit, we have
proposed simple analytical first-order approximated correction formulas allowing
recalculation of original CRI-based parameters. The residual bias of such correction was
shown both theoretically and experimentally to increase with macromolecular content due to
violation of the first-order approximation. It may reach about 2% for k and 1% for f and Ry
in the ranges of physiologically reasonable values for brain tissues. Nevertheless, first-order
correction employed as a simple post-processing step in the original CRI processing pipeline
(Fig. 1) may be a valid alternative to mCRI when either faster processing is required or
previously computed parameter values need to be refined. Since the residual error after first-
order correction increases with f, care must be taken when applying this approach to tissues
with a markedly high macromolecular content. Additionally, a combination of either mCRI
fit or the first-order correction with the recent single-point CRI technique (12) provides a
promising approach for fast unbiased estimation of water proton Ry values within the VFA
method (35). Finally, it should be pointed out that other sources of bias in the VFA method
need to be eliminated in conjunction with the proposed methodology, similar to the
procedures described in this study. Practically, VFA R, mapping should be performed with a
3D sequence providing a uniform slab profile, B; correction, and appropriate spoiling
conditions (30,31).

The described analysis and correction methods have several potential limitations. One is the
fundamental limitation of the two-pool model for accurate description of multiple
exchanging compartments in biological tissues (36,37). Another is a specific assumption
about the longitudinal relaxation rate of the bound pool R1B. Particularly, a recent study (26)
demonstrated that widely adapted approximations RP—=15-1(2,5) or RI"=RP (6,12) may
considerably underestimate actual values of this parameter. Accordingly, this may cause an
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additional bias in the two-pool model parameters obtained using all gMT techniques based

on the above assumptions about RE. However, it remains unclear at this point whether a
faster longitudinal relaxation rate of the bound pool is an intrinsic property of
macromolecular protons or a manifestation of more complex equilibriums involving water
proton fractions with different mobility. The later hypothesis is logical in view of a shorter
T, found for the short-T, water fraction commonly termed “myelin water” (36,38-41). Yet
another limitation is the assumption about a negligible effect of the excitation pulse on the
bound pool. This approximation is common for off-resonance pulsed quantitative MT
methods employing low-angle excitation pulses (5-7,10,12), which cause negligible on-
resonance saturation of the bound pool magnetization. However, as was shown earlier (25),
the effect of on-resonance saturation should be taken into account for sequences with very
short TR and high flip angles, the conditions typical for balanced steady state precession
(bSSFP) imaging. In the two-pool formalism with pulsed excitation (Eg. [1]), on-resonance
saturation of the bound pool can be taken into account by assigning an actual saturation
factor Sp<1 in the diagonal matrix C. Corresponding Sy values can be estimated from the
properties of the excitation pulse (duration and flip angle) and a spectral line shape of the
bound pool (11,22). Based on this approach, we found for a particular pulse used in our
sequence that on-resonance saturation of the bound pool results in an almost negligible
effect on the accuracy of the two-pool model parameters determined by mCRI (<1% relative
error for comparison between fits with actual S, vs. S, =1). However, this aspect of the
technique could be important in the context of its standardization for future multi-center
clinical studies since variations in the shape, duration, and flip angle of the excitation pulse
may introduce a small but non-negligible bias dependent on a particular sequence
implementation. Similarly, the approximation of the effect of the excitation pulse on the free
pool by the term cosa in the matrix C (Eq. [1]) may not be absolutely correct due to
relaxation during RF pulses of finite duration. Such an effect has been recently described
(42), and its role for both VFA R1 and CRI parameter measurements remains to be
investigated. In summary, while this study relies on the commonly accepted in the
quantitative MT methodology approximations, future refinements of CRI accuracy seem to
be possible based on accommodation of multi-compartment magnetization exchange
schemes and a more rigorous analysis of magnetization dynamics during RF pulses.

CONCLUSIONS

This study demonstrates on the example of CRI that the accuracy of quantitative MT
imaging can be considerably improved by taking into account the contribution of bi-
exponential longitudinal relaxation into VFA Ry measurements. We have developed the two
technical approaches allowing correction of biases in CRI parameter estimates caused by the
MT-induced bi-exponential behavior of longitudinal relaxation of water spins based on
either the global fit of both VFA and MT SPGR data to the two-pool signal model or the
simple analytical recalculation formulas for key cross-relaxation parameters. While the
choice between these techniques depends on a tradeoff between the correction accuracy and
image processing speed, both approaches do not require extra data compared to the original
CRI method.
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Figure 1.

Original CRI and modified CRI (mCRI) processing pipelines.
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Figure 2.
Relative bias in parameters estimated using original CRI before and after first-order

correction vs. bound pool fraction. The other two-pool model parameters were fixed with
values corresponding to WM.
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Comparison of gMT parameters estimated using original CRI (without and with first-order
correction) and mCRI in phantoms with different BSA concentrations. a: Ry measurements.
IR R1 values are shown for reference. b,c,d: f, k, and T,B measurements, respectively. Error
bars indicate standard deviations in ROl measurements taken from parameter maps.

Magn Reson Med. Author manuscript; available in PMC 2014 August 25.




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mossahebi et al. Page 17

30 -
— mCRI

25 - - = = CRI
1St

Order Correction y

15 20 25
BSA(%)

Figure 4.
Results of linear regression of bound pool fraction values derived by CRI, CRI with first-

order correction, and mCRI vs. BSA concentration. Error bars indicate standard deviations
in ROI measurements taken from parameter maps.
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Figure 5.
Parametric MT maps estimated using original CRI and mCRI (a), and errors of original CRI

and its first-order correction (CRI (1%Y)) presented as difference maps with respect to mCRI
(b). Note the consistency between levels of error in individual maps vs. macromolecular
content as revealed by the bound pool fraction.
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Table 2

Results of linear regression analysis for bound pool fraction f in BSA phantoms.

Bo (p-value) B1 R2

CRI -2 46e-2+0.18e-3 (<10—4)* 1.02e-2+8.63e-5 | 0.965

1st Order Correction | -0.25e-2+1.31e-3 (0.053) | 0.81e-2+6.16e-5 | 0.972

mCRI -0.14e-2+1.27e-3 (0.256) | 0.80e-2+6.00e-5 | 0.972

Asterisk (*) indicated that the difference between the intercept of the fitted line and zero is statistically significant.
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