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Optimizing relaxation-exchange magnetic resonance imaging for parameter mapping in white matter
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Impact

Our optimized REXI sequence significantly improves quantitative estimation of relaxation and exchange parameters while accounting for Bo/B;
inhomogeneity. This framework enhances scan efficiency and precision, laying the groundwork for clinical translation of REXI in evaluating myelin integrity
and white-matter pathology.

Synopsis
Motivation: Quantifying white matter exchange in vivo is important, but challenging due to long scan times and limited parameter specificity.
Goals: We developed an optimized relaxation-exchange imaging sequence to jointly estimate relaxation, exchange, and field inhomogeneity

parameters efficiently.

Approach: Using Cramér—Rao Lower Bound optimization, we systematically vary flip angles and RF phases to enhance encoding efficiency and reduce
scan time while preserving precision.

Results: Simulations in urea and BrainWeb phantoms show improved precision, reduced uncertainty, and noise robustness. A hybrid PERK + L-BFGS
framework further refines T, T, and exchange-rate maps, enabling rapid, accurate characterization of white matter microstructure.

Introduction

Quantitative MRI techniques—especially those sensitive to water compartmentalization and exchange—offer more specific insight into tissue microstructure
than conventional MRI'. Relaxation-exchange imaging (REXI), shown in Figure 1, captures signal contributions from distinct water pools (e.g., myelin and
estimation of exchange from standard REXI can be challenging since B and B; inhomogeneities, T; decay, and chemical shift effects are not modeled. By
optimizing the REXI scan design while incorporating these effects into the signal model, we can improve the ability to estimate exchange and jointly estimate
these other tissue and scan parameters in a fingerprinting-like methodology.

Methods

We used the Cramér-Rao Lower Bound (CRLB) to optimize a REXI-inspired sequence for jointly estimating Ty, T,, exchange rate (Ky), proton density (MO0),
myelin water fraction (MWF), chemical shift (Af shift), BO inhomogeneity (Af bulk), and B1 inhomogeneity (k) based on the Bloch-McConnell equations.
Previous work® has optimized TE;, TE,, and mixing times (tm), whereas here we also optimized the flip angles and RF phases during the detection block,
designing a fingerprinting-like sequence that better encodes exchange dynamics*. We used Bloch simulations to generate a single isochromat signal model
from the previously described REXI sequence for a urea phantom study and compared the CRLB to our optimized scan design®>.

Given the high dimensionality of the parameter space, we employed a Parametric Estimation via Regression Kernel (PERK) method for parameter estimation
trained on synthetic Bloch-McConnell data corrupted with Gaussian noise (SNR = 35 dB)3. PERK outputs initialized a final refinement step using L-BFGS
optimization for nonlinear least squares fitting. We evaluated this framework using simulated data (SNR = 47dB) from a BrainWeb phantom, sampling
realistic parameter distributions for each gray and white matter voxel®.

Results
The optimized REXI sequence substantially improved the precision of parameter estimation compared with the standard design. As shown in Figure 2, CRLB

analysis revealed a marked reduction in parameter variance by roughly 30-45% across T1, T2, MWF, and K indicating stronger sensitivity to exchange-
driven signal evolution. This improvement was achieved while shortening the overall scan time by nearly 25%.

Optimization of the flip angles and phases yielded more distinctive signal trajectories, visualized in Figure 3. Despite short T, values, the new detection
scheme maintained measurable signal amplitudes beyond 400 ms, demonstrating its ability to capture both fast and slow exchange components. Noise-
robustness was further confirmed in Fig 4, where voxelwise CRLB maps remained stable at an SNR of 47 dB. Regions of lowest CRLB aligned with
simulated white-matter areas, as the scan design was optimized with respect to this tissue type.

Finally, Figure 5 compares the ground-truth and reconstructed parameter maps. Although PERK alone produced biased estimates in regions of high parameter

coupling, combining PERK initialization with L-BFGS refinement yielded sharp, spatially consistent reconstructions. Across white-matter voxels, relative
errors largely remained below 15%, even in voxels with BO and B1 inhomogeneity.

Discussion

These results highlight how the optimized REXI sequence strengthens both the encoding and estimation of relaxation-exchange dynamics. By integrating
variable flip angles and phase modulation into the detection block, the sequence encodes multicomponent relaxation pathways more efficiently than
traditional fixed-angle schemes. The hybrid PERK + L-BFGS estimation pipeline leverages PERK’s rapid global approximation while refining with gradient-
based optimization, balancing computational speed with quantitative accuracy.



The ability to jointly recover T1 decay and chemical-shift, while also accounting for Bo/B; inhomogeneity marks an advancement over conventional REXI
fitting that typically neglects such effects. Although exchange-rate estimates exhibited the largest residual error, their spatial distribution mirrored known
myelin-rich regions, suggesting physiological validity. A patch-based approach, leveraging assumptions of local parameter consistency, might allow for
improved estimation.

Conclusions

By merging a fingerprinting-style pulse design with a novel estimation strategy, this work demonstrates a robust framework for quantifying relaxation and
exchange parameters in realistic brain tissue simulations. The results show that the optimized REXI sequence not only accelerates acquisition but also
enhances parameter precision, resilience to noise, and correction for Bo/B; inhomogeneity. These advances work towards quantitative exchange estimation in
pre-clinical and clinical settings, where improved modeling of myelin and water-exchange dynamics could provide new biomarkers for demyelinating and
neurodegenerative disease.
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Figure 1: A pulse sequence diagram for the phase-cycled REXI pulse sequence. Parameters in red are optimized in both our and
previous scan designs, while parameters in green are uniquely optimized in our design. The proposed scan design does not use the
two-part phase cycling employed by traditional REXI. The spoiler gradient in the mixing block is to crush transverse magnetization.
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Figure 2: Comparisons of the coefficient of variation for 7 different urea phantom MR parameters. Our optimized REXI jointly

estimates all 7 tissue parameters, has a lower coefficient of variation, and takes less time per line of k-space
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Figure 3: Plotted signal magnitude over time for our REXI scan optimized for the precision of white matter myelin water exchange.
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Figure 4: Coefficients of variations (at 47dB SNR) are primarily under 15% for white matter. Grey matter, for some parameters, is
still able to be estimated despite the sequence not being optimized with respect to those tissue parameter ranges.
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Figure 5: True values, PERK estimates, fits, and percent error for each parameter. After fine tuning with a quasi-Newton
optimization, our proposed framework shows good estimation of all white matter parameters from simulated noisy optimized REXI
data.



