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Abstract

Tissue longitudinal relaxation characterized by recovery time T, or rate Ry is a fundamental MRI
contrast mechanism that is increasingly being used to study the brain’s myelination patterns in
both health and disease. Nevertheless, the quantitative relationship between T, and myelination,
and its dependence on By field strength, is still not well known. It has been theorized that in much
of brain tissue, T, field-dependence is driven by that of macromolecular protons (MP) through a
mechanism called magnetization transfer (MT). Despite the explanatory power of this theory and
substantial support from in-vitro experiments at low fields (< 3 T), in-vivo evidence across
clinically relevant field strengths is lacking. In this study, T1-weighted MRI was acquired in a
group of eight healthy volunteers at four clinically relevant field strengths (0.55, 1.5, 3and 7 T)
using the same pulse sequence at a single site, and jointly analyzed based on the two-pool model
of MT. MP fraction and free-water pool T, were obtained in several brain structuresat 3and 7 T,
which allowed distinguishing between contributions from macromolecular content and iron to
tissue T1. Based on this, the T; of MP in white matter, indirectly determined by assuming a field
independent T, of free water, was shown to increase approximately linearly with Bg. This study
advances our understanding of the T, contrast mechanism and its relation to brain myelin content
across the wide range of currently available MRI strengths, and it has the potential to inform
design of T1 mapping methods for improved reproducibility in the human brain.
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1. Introduction

Longitudinal (T4) relaxation has long been recognized as an important contrast mechanism
in MRI, and it can provide useful contrast in a range of pathologies, either with or without
use of exogenous paramagnetic contrast agents (van Walderveen et al., 1998; Vymazal et al.,
1999; Kanda et al., 2013). In human brain, T, relaxivity is primarily affected (i.e. decreased)
by the presence of iron and myelin; the latter has been exploited to generate strong gray-
white matter contrast (Koenig et al., 1990; Stiiber et al., 2014), delineate cortical areas
(Glasser and Essen, 2011; Marques and Gruetter, 2013; Shams et al., 2019), and examine
laminar differences in myelination across cortical layers (Dick et al., 2012; Sereno et al.,
2013; Marques et al., 2017).

Despite the major advantages of T1-weighted MRI, remaining difficulties are the generation
of reproducible contrast and the extraction of quantitative information. To date, a variety of
T, mapping methods for human brain have been proposed that can provide high intra-study
consistency, including Look-Locker, inversion recovery (IR) and DESPOT1 (Look and
Locker, 1970; Kingsley, 1999; Deoni et al., 2005). However, significant inter-study variation
exists in the literature, especially for in vivo data (Stikov et al., 2015). These difficulties
relate to the complex physical mechanisms underlying T relaxation, and the various
potential contributions. In brain tissues, a major contribution to T4 relaxation originates from
magnetization transfer (MT) between water protons (WP) and the protons on large
molecules of lipids and proteins predominantly present in myelin (here called
macromolecular protons or MP). WP and MP have different longitudinal relaxation time
constants, originating from the difference in their physical environments. As a result, the
observed longitudinal relaxation in human brain is inherently not single-exponential,
complicating its quantitative characterization. To differentiate the longitudinal relaxation of
tissue and that of the proton pools, in this manuscript time constant T and relaxation rate Ry
= 1/Tq are used exclusively for tissue measured in a conventional IR experiment (apparent
Ty or Ry). For WP and MP, Tq \wp and Ty pp are used with relaxation rates being Ry, = 1/
Tl,WP and Rm= 1/T1’|\/|p.

Proper characterization of T1 relaxation in human brain by modeling the exchange process
between WP and MP requires estimation of parameters that are not directly accessible under
practical conditions, e.g. Ry,. This is because the signal of MP is lost at typical echo times
(TEs) available on clinical scanners due to their extremely short transverse relaxation times
(T2,mp <100 ps) (Wilhelm et al., 2012; Jiang et al., 2017). Without these values, the effect
of a pulse sequence’s RF pulses on MP magnetization level, and the rate of decay of MP
magnetization remain uncertain.

One way to improve the reproducibility of in vivo T1 measurements is by intentionally
controlling MP saturation level using consistent RF power across measurements (Teixeira et
al., 2019). Alternatively, one can indirectly infer Ry, from two-pool modeling of the
magnetization exchange process in dedicated experiments (Gochberg et al., 1997; Prantner
et al., 2008; Labadie et al., 2014; van Gelderen et al., 2016). These experiments have shown
that Ry, strongly decreases between 3 T and 7 T (van Gelderen et al., 2017) and explains
much of the decrease of Ry in white matter tissue with field strength. The field dependence
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of Ry, originates from the restricted mobility associated with the large size of MP host
molecules, including lipid’s hydro-carbon chains, and this dependence is transferred to the
apparent tissue Rq through chemical exchange and dipole-dipole coupling (Eng et al., 1991;
Bryant et al., 1991). Theoretical analysis of chain-macromolecules indicates a simple By
dependence of Ry, following a power law; this has been validated based on protein solutions
using field-cycling approach at low fields up to 0.7 T or Larmor frequency 30 MHz (Korb
and Bryant, 2001). At high fields of 2 — 5 T, studies of multilayer membrane system by
NMR spectrometer report Ry, in the range of 2 — 4 s71 (Chan et al., 1971; Deese et al.,
1982), suggestive of the potential extendability of the power-law to these fields.
Nevertheless, to the best of our knowledge, a direct correlation between tissue R; and Ry,
has not been made in vivo.

The main goal of this study was to validate the notion that the field-dependence of Ry, drives
that of R (T1) through the MT effect in-vivo in the human brain at clinically relevant
magnetic field strengths. We jointly analyzed transient inversion recovery (IR) and saturation
transfer (ST) data acquired in the same group of eight healthy volunteers at four different
magnetic fields (0.55, 1.5, 3 and 7 T) of the same vendor at the same site using the same
pulse sequence to minimize measurement inconsistency. The two-pool model was used to
obtain MP fraction, exchange rate and Ry, in a homogeneous white matter region at the four
fields. Based on the calculated Ry, we obtained tissue-specific R,, and MP fraction in
cortical gray matter and deep brain nuclei at 3 and 7 T, which enabled separate evaluation of
iron and macromolecule contributions to R;.

Methods

2.1 Theoretical Background

In most brain regions, tissue Ry is dominated by R, which can be indirectly measured by
modeling MT between water protons and MP (van Gelderen et al., 2016). Water protons and
MP have different longitudinal relaxation rates. At body temperature, saline and cerebral
spinal fluid demonstrate remarkably slow longitudinal relaxation with T4 of 3 — 4 seconds
(R1 of 0.25 - 0.33 s71) (Rooney et al., 2007) that is similar over the range of typical MRI
field strengths. This long T originates from the free tumbling of water molecules at rates
much higher than typical Larmor frequencies. In soft tissues, free-water T is shortened
partially due to the effect of transition metals, especially iron (Stiiber et al., 2014).

The impact of iron on Ty is weakly field dependent across clinically relevant field strengths
(Gossuin et al., 2000; Rooney et al., 2007; van Gelderen et al., 2016). An additional
contribution may come from water molecules near large molecules, whose motion may be
slowed down to frequencies near the Larmor frequency. However, molecular dynamics
simulations indicate that the contribution of this effect to the overall water pool is small
(Schyboll et al., 2019), primarily because of the small fraction of interfacial water. Rather a
substantial contribution may come from the sizable pool of MPs, whose motions are also
restricted and therefore may relax at rates that are relatively fast compared to the free
tumbling water protons. Precisely how fast is challenging to measure in-vivo, in part because
of their short T, and therefore rapidly decaying signal. For in vivo brain imaging, Ry, values
in the range of 2.0 — 5.0 s™1 have been inferred (Helms and Hagberg, 2009; van Gelderen et
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al., 2016). It is worth noting that Ry, is sensitive to field strength, a fact that should be
accounted for in numerical models.

Considering the difference in relaxation rate of free-water protons and MP as well as their
magnetic and chemical interaction, a multiple-pool exchange model is necessary to
accurately describe the longitudinal relaxation of biological tissues. In the absence of RF
irradiation, two-pool cross-relaxation is characterized by the Bloch-McConnell equation
(McConnell, 1958; Henkelman et al., 1993)

dl\;;,m = (MO,m - Mz,m)Rm - kmMz,m + kWMz,w

dMz v @
dt = (MO, w MZ,W)RW - kWMZ,W + kmMz,m

where M is the longitudinal magnetization which is Mg at thermal equilibrium; 4, denotes
the magnetization exchange rate from the MP pool to the WP pool as a fraction of the MP
pool, and &, denotes the rate for the reverse exchange as a fraction of the WP pool. The
analytical solution of Eq. (1) reads (Forsén and Hoffman, 1963; Edzes and Samulski, 1977)

Mz,w(t) —a e—lst
MO,W s

s = Ry + Ry + oy + e 24/ (Ryy = Ry + Ky — ki) + 4y
(Ry + Koy = A¢.5)Sw(t = 0) — kySm( = 0)

At

Sw() =1-— + afe

agf = * A — i )
ky
/= ky + km

k= fkn=(1 - fky

In Eq. (2), Sw(J represents fractional saturation level calculated from the longitudinal
magnetization of water protons; it has a range of [0, 2], with O denoting full relaxation (Mg
= Mow), 1 for full saturation (M, = 0), and 2 for perfect inversion (M = Mg w).
Similarly, Sp(9 denotes the MP saturation level, which also has a bi-exponential time
dependence, but cannot be directly observed in MRI due to the short T, yp. A and Afare
the slow and fast relaxation rates, determined by tissue intrinsic relaxation rates Ry, and Ry,
as well as the exchange rates k, and An,. & and & are the coefficients of the slow and fast
relaxation components, determined by not only tissue properties, but also the RF pulse that
sets the initial saturation levels S,(¢= 0) and Sy,(¢= 0). Therefore, this equation applies
generally to the effect of any RF pulse. &, and &g, can be equivalently described by Fand &;
where fis the MP pool fraction and 4 is the magnetization exchange rate as a fraction of the
entire proton pool (both MP and WP pools).

In this study, experiments with either inversion or macromolecular saturation pulses are used
to generate a difference between S,,(¢=0) and Sp,(¢= 0). In the following, these experiments
are identified as IR (inversion recovery) and ST (saturation transfer) experiments,
respectively. Based on our previous simulations and experiments (van Gelderen et al., 2016,
2017), adiabatic inversion pulses can be designed to have Sy, |r(£=0) ~ 2 and Sy, |r(£=0) ~
1, whereas saturation pulses can achieve Sy, st(¢=0) ~ 0 and Sy, s7(¢=0) ~ 1. This
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difference in magnetization levels causes the coefficients g and & to differ in the two
experiments, while sharing the same set of system relaxation rates A and A¢. Joint analysis
of IR and ST data enables extraction of two-pool model parameters £ kand Ry, as described
in the data analysis sections.

Proper analysis of Ry, requires consideration of iron effect on Ry,. Iron contribution to R,y is
small in most of healthy brain due to its low concentration (< 5mg/100g, (Hallgren and
Sourander, 1958)). Exceptions are regions at the base of the forebrain in the midbrain such
as the basal ganglia where iron content may reach as high as 20mg/100g. In the ROI-based
analysis approach described below, R,y is fixed for white matter that has low iron
concentration, while R,y is allowed to vary for gray matter structures to account for the iron
effect.

2.2 MRI Experiments

All procedures followed a protocol approved by the local Institutional Review Board (IRB).
Eight healthy volunteers (age 21-32 years, mean 24.9 years; 3 females) were scanned at
0.55 T (a ramped-down prototype 1.5 T Aera system described in (Campbell-Washburn et
al., 2019)),a 1.5 T Aera, a 3 T Prisma, and 7 T Magnetom (Siemens Healthineers, Erlangen,
Germany) using receive arrays of 16 (0.55 T), 20 (1.5 T) or 32 (3 and 7 T) channels
respectively. All volunteers completed scans at each of the four field strengths within three
months.

For the IR experiments, a hyperbolic-secant adiabatic pulse was used to effectively invert the
longitudinal magnetization in the presence of B} heterogeneity. The inversion pulse had a

peak-amplitude of 19.6 uT, duration of 7.0 ms, and B of 1026 s~ (TannUs and Garwood,
1997). For the ST experiment, the same “MT pulse” as in (van Gelderen et al., 2016) was
used as the preparation RF pulse, which is a pulse train of 16 hard pulses with a constant
amplitude of 19.6 uT, total duration of 6.0 ms, nominal flip angles of 60°, —120°, 120°, ...,
-120°, 120°, —60°. This pulse efficiently saturates the MP pool by taking advantage of their
short T,, while minimally affecting the water magnetization (van Gelderen et al., 2016,
2017).

IR and ST data in ten axial slices parallel to the AC-PC line were acquired at ten delay times
using single-shot EPI, slice-cycled over TR number (Figure 1). Delay times were
logarithmically spaced except for the early part of the curves where the spacing was limited
by the EPI readout train length (Table S1). The field-of-view (FOV) was 240x180 mm?, and
other sequence parameters are summarized in Table 1. Except at 0.55 T, SENSE acceleration
(Pruessmann et al., 1999) was used with a rate of two, and two-point Dixon method (Dixon,
1984) was performed to cancel chemical shift artifacts from scalp lipids. At 0.55 T, a lower
resolution was used to increase contrast to noise ratio (CNR) to allow robust preprocessing
(e.g. motion correction, ROI contouring, IR polarity correction). Variable TE was not
applied since the chemical shift effect is small at this field strength.

At all fields, 12 repetitions were performed for IR, including variable TE repetitions and 2
repetitions without inversion pulse as reference (Mg y,). For ST, this number was 16,
including 4 reference scans without saturation pulse. An anatomical reference was acquired
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using a product 3D T, -MPRAGE sequence. The in-plane resolution for this scan was two-
fold higher than the EPI images. TR, TI, and flip-angle were selected to facilitate successful
brain segmentation at each field.

2.3 Data Pre-processing

Image reconstruction was performed using customized code written in IDL (Harris
Geospatial Solutions, Boulder, Colorado, USA). A SENSE unfolding matrix was calculated
from multi-echo GRE images acquired at the same slice positions and resolution as the EPI
images (de Zwart et al., 2002).

Pre-processing of the EPI images included distortion correction, image co-registration,
averaging, magnetization polarity correction (for IR data), calculation of saturation levels,
and ROI contouring. The procedure was implemented using MATLAB (The MathWorks,
Natick, MA) with supplementary image co-registration and segmentation tools in FSL
(FMRIB Software Library) (Smith et al., 2004). To correct EPI distortions, By field was first
estimated from the multi-echo GRE images, then smoothed by polynomial fitting to the 6t
order. An image-space geometric distortion correction algorithm was implemented based on
the smoothed By field and the echo-spacing (ESP) of the EPI images (Jezzard and Balaban,
1995). Image registration was performed using “mcflirt” command in FSL (Jenkinson et al.,
2002). Only in-plane registration was performed because of the large gap between slices.
Data from different repetitions were then averaged. The binary mask for IR polarity
correction was calculated by comparing the image phase of interest and that of the reference
image (e.g. data acquired without inversion pulse), thresholded at 1.5 radians. Saturation
levels were calculated based on Eq. (2) by dividing the images with RF preparation by the
corresponding reference images.

Segmentation of the cortical gray matter (cGM) and three subcortical nuclei (putamen, PU;
caudate head, CA,; thalamus, TH) on the T;-MPRAGE images was performed in FSL using
“fast” and “first” commands, respectively (Zhang et al., 2001; Patenaude et al., 2011).
Anatomical T-MPRAGE images at the corresponding slice positions were co-registered in a
slice-by-slice manner to the IR images acquired at the similar TI1. The same co-registration
matrix was applied to the segmentation result. In addition, splenium of corpus callosum
(SCC), a homogeneous white matter region, was manually contoured on the IR images. All
ROIs were eroded by one pixel to account for potential errors in segmentation, co-
registration or distortion correction. The cerebral cortex close to the brain boundary or the
sinus was excluded due to sensitivity to signal loss and difficulty for distortion correction.
Such ROI adjustments were not performed for the 0.55 T data because of the low resolution
and small susceptibility effect.

A representative preprocessing example is shown in Figure 2.

2.4 Voxel-based Analysis

At each field, bi-exponential model was fitted to the IR and ST data in a joint fashion using
the same relaxation rates but different coefficients
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where 4 |r and a st correspond to & in Eq. (2) for IR and ST, respectively; & |r and & st
correspond to & in Eq. (2) for IR and ST, respectively.

Mono- and bi- exponential fittings were also performed on the IR data alone to illustrate
their difference, where & |r was free to change in bi-exponential fitting but was fixed to 0 in
mono-exponential fitting.

Voxel-wise two-pool analysis using bi-exponential fitting was performed for each subject at
3and 7 T. It was not performed for the 0.55 and 1.5 T data because a reliable estimate of the
fast relaxation component was intractable at these two fields due to their rapid decay and
small amplitude compared to the slow component. This notion is illustrated in the results
section. For two-pool model fitting, it was assumed that the initial MP pool saturation (at £=
0) in the ST experiment Sy, st(#=0) = 0.93, and R, = 0.40 s~1. The former is based on the
numerical simulation of the composite RF pulse and the latter is based on in vivo
experimental results, both reported in (van Gelderen et al., 2017). With these assumptions,
Ky was calculated as

(4 — Ry)as st + (4 — Ry)ag sT

ky, = 4
W as ST+ A ST — S sT( = 0) @)

which is derived by substituting Sy, s7(#=0) = & sT + & 5T into the & equation in Eq. (2).
Ky and Ry, were then numerically retrieved by solving the following equations derived from
Eq. (2)

Af+ A = Ry, + Ryp + kyy + ki
dr = As = Ry = Ry + Ky — k) + ey

®)

Finally, MP pool fraction fand exchange rate constant A were calculated based on their
definitions in Eq. (2).

2.5 ROIl-based Analysis

To allow robust fitting at all field strengths, ROI-based analysis was performed. For this
purpose, S|r and Sgt were averaged over voxels in each of the pre-defined ROIs, and jointly
fitted to Eq. (3). For IR data from 0.55 and 1.5 T, & g was set to 0, due to the largely mono-
exponential shape of the recovery curve. To calculate the two-pool parameters, white matter
and gray matter ROIs were handled differently because of their difference in iron content
and thus R,. The analysis boils down to three steps considering field strength and ROI:

1. High-field (3 and 7 T) analysis in the white matter ROI. The same analysis
procedure as the voxel-wise analysis was performed, i.e. Egs. (4)—(5) were
solved assuming Sy, sT(¢=0) = 0.93 and Ry, = 0.40 s71 toyield £ kand Ry,
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2. Low-field (0.55 and 1.5 T) analysis in the white matter ROI. Averaged fand &
from 7 T were used as a priori knowledge to calculate Ry, using the following
equation, derived from Eq. (2) using the expression of A4

kykm

Rm=—RW+kW—AS+/1$_km (6)

In this step, R,, was assumed to be 0.40 s™1; No assumption was made about
Sm,st(¢=0).

3. High-field (3 and 7 T) analysis in the gray matter ROIs. Egs. (4) and (5) were
jointly solved to obtain £, kand Ry, with Ry, set to the white matter value found
at each field strength. This step was not performed for 0.55 and 1.5 T, because it
necessitates the use of R, which was not independently derived for the
corresponding field.

The averaged Ry, over subjects at the four fields found in steps 1) and 2) were fitted to a
power-law function of By (Korb and Bryant, 2001)

R,, = aBg? )

The actual By values of the scanners were calculated from the operating frequencies of the
systems as 0.55, 1.50, 2.89 and 6.98 T.

To evaluate the effect of fixing of the parameters Sy, sT(¢= 0) and Ry, two-pool analysis of
the white matter ROl was repeated at 7 T with parameter values stepped consecutively in the
ranges of 0.89-0.97 and 0.3-0.5 s71, respectively. In addition, R, was calculated at the four
fields using three different fixed Ry values of 0.3, 0.4 and 0.5 s71, and was fitted separately
to the power-law function. The potential effect of & being field dependent (as a result of
dipolar cross-relaxation) was also evaluated by linear dependence approximation and
calculating the resultant Ry, at the low fields.

Linear regression was performed correlating Ry, found in step 3) with non-heme iron
concentration in the brain structures. The latter was estimated based on a regression model
using the ages of the subjects (Hallgren and Sourander, 1958).

Data analysis was performed in MATLAB. Fitting to non-linear equations was performed
using “Isgcurvefit” function, and linear regression was based on “regress” function.

3. Results

3.1 Voxel-based Analysis

Transient IR and ST saturation levels are shown in Figure 3. To facilitate comparison across
field strengths, a fixed set of Tl and TD values was used to generate these images from the
voxel-wise bi-exponential fitting parameters. Corresponding source data are shown in Figure
S1, and fitting residuals are shown in Figure S2. For IR, a nearly full inversion was achieved
at all fields, judged by Sy, |r(¢=0) = & |r + &R ~ 2 (1.97+0.03, 1.96+0.04, 1.96+0.04,
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1.96+0.05 for 0.55, 1.5, 3 and 7 T, respectively). CSF appears dark due to long T4 and
incomplete recovery at the given TR. Consistent T, contrast is observed at all fields, and, as
expected, the relaxation rate decreases as field strength increases. For ST, Sy, s7(£=0) = & |r
+ a r ~ 0 (0.02+0.01, 0.03+0.02, 0.02+0.03, 0.04+0.03 for 0.55, 1.5,3and 7 T,
respectively), indicating that the water signal is not significantly affected by the saturation
pulse. The MT effect becomes increasingly stronger in intensity and longer in duration with
increasing field strength.

A comparison of mono- and bi-exponential fitting to the IR data is shown in Figure 4 and
Figure S3. Both methods lead to similar T1 images; However, the mono-exponential fitting
residuals at 3 and 7 T are significantly larger compared to those at 0.55 and 1.5 T especially
in the white matter, indicating the presence of an additional component, which can be well
described using bi-exponential fitting judged by the much smaller residuals. At 0.55 T, the
elevated fitting residuals in CSF is attributed to long T; and incomplete recovery at the given
TR that changes the shape of the signal evolution. Partial volume effects on the ventricle
boundary also contributes to the large residuals, as the IR polarity correction cannot be
properly performed with the mixed tissues having different signal null times (In2 - T1, when
Mz w(?) becomes 0).

Two-pool fitting results from 3 and 7 T are shown in Figure 5. Consistent kand fmaps are
obtained at the two fields, with those from 3 T being noisier due to the lower SNR compared
to 7 T. Strong contrast is observed between gray and white matter for both fand &, while
contrast within white matter is rather modest. Ry, is spatially rather homogeneous across
both white matter and cortical gray matter, yet a significant global difference is observed
between 3and 7 T.

3.2 White Matter ROIl-analysis with Fixed Ry,

The time evolutions of Sy, |g and Sy, s7 in the white matter ROI, as well as the bi-exponential
fitting results, are shown in Figure 6. The data traces are clearly field-dependent, and they
are all well fitted by the model (R2>0.999 for all curves). Similarly high-quality fits are
found for the other ROIs (Figure S4). The statistics of the fitted parameters are summarized
in Table S2.

Two-pool analysis results of the white matter ROl are summarized in Table 2. Tissue-
specific parameters obtained from 3 and 7 T are consistent with each other: a relative
difference of 3.2% was found in Fand 8.0% in k between the two fields. These values are
close to those reported in (van Gelderen et al., 2016), in which fwas found to average at
0.268 and kat 1.50 s~ at 7 T over ten healthy volunteers. A substantial difference of 52.4%
is obtained between Ry, from the two fields, which leads to the difference observed in A.
Using the mean fand kvalues from 7 T, Ry, in the white matter SCC at 1.5 Tand 0.55 T is
calculated as 8.2 + 0.5 s~ and 22.8 + 2.6 s™1 across subjects, respectively. Ry, values from
the four fields are fitted well by Ry, = 12.2B¢ ~1-90 with RZ =0.997 (Figure 7).

Based on Eq. (2), the power-law function of Ry, and the two-pool parameters found at 7 T,
At is estimated to be 13.7 st and 27.3 s71 at 1.5 T and 0.55 T, respectively. Further
assuming Sy, |r(£=0) = 2 and Sy, |r(#= 0) = 0.9 after the hyperbolic inversion pulse, & |r is
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estimated to be —0.01 and —0.04 at 1.5 T and 0.55 T, respectively, in contrast to 4 |r *
Sw,Ir(#=0) = 2. These estimates support the notion that the contribution of the fast IR
component is negligible at these two fields.

of Fixed Parameters in White Matter

Modification of the assumed Ry and Sy, sT(¢= 0) values mildly changes Ry, fand kresults
as demonstrated using the 7 T data in Table 3 and Table 4. Using a different Ry, value of 0.3
or 0.5 s™1 moderately changes R, at the four fields, yet the power-law dependence is
preserved judged by the high R? values.

With the assumed linear By dependence of  (i.e., 1.54s1at1.5 Tand 1.57 s 1 at0.55 T
based on Afrom 3 and 7 T data), the resultant Ry, in the white matter SCC at 1.5and 0.55 T
are 7.3+ 0.4 s71and 15.4 + 2.6 s71, and the power-law fitting leads to Ry, = 9.6B¢ ~0-84 with
R2=0.998.

3.4 ROIl-based Analysis Using Fixed ;;jat3and 7 T

ROI-based analysis results for 3 and 7 T data with Ry, fixed to the values reported in Table 2
are shown in Figure 8. Good correspondence of the resulting fvalues between the two fields
is observed for all ROIs. Data points are clustered based on ROI. Notably, white matter SCC
has higher fvalue than all of the gray matter structures, consistent with its higher myelin
content. The clustering behavior is less prominent for & values, yet SCC shows higher k&
compared to other ROIs.

Figure 9 shows a clear linear increase of Ry, with tissue non-heme iron concentration at both
fields, yet the dependence is weak as judged by the small slope. This is in agreement with a
previous study using multiple linear regression (Rooney et al., 2007). Indeed, analyzing our
data using this same approach, we found similar fitting parameters (Figure S5).
Nevertheless, a somewhat smaller contribution of iron to Ry, is observed at 7 T compared to
3 T in our data, which may have come from a bias introduced by selective signal loss due to
the shorter T, *at 7 T.

4. Discussion

Using joint analysis of IR and ST data acquired in the healthy human brain at four magnetic
field strengths from 0.55 to 7 T, we have shown that tissue Ry (T1) dependence on magnetic
field strength in large part can be explained by a field-dependent relaxation rate of
macromolecular protons Ry,. Analysis of the measurements with a two-pool exchange model
showed that Ry, depends on field strength approximately in an inverse linear fashion. Based
on the calculated Ry, values, tissue-specific parameters £, &, R,y in various brain structures
were measured at 3 and 7 T. £, kresults are consistent at the two fields; R,, showed a clear
linear correlation with tissue iron concentration.

The present study was designed to further the understanding of tissue Tq contrast in the
human brain in the context of the wide range of field strengths employed in clinical practice
and neuroscientific research. This goal was achieved by separating contributions of the field-
dependent R, from the relatively stable Ry, in the white matter based on the two-pool
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model. In comparison with quantitative T, as a single biomarker, multi-compartment models
yield parameters with physiologically relevant origins, which may facilitate the
interpretation of tissue Ty particularly in disease.

4.1 Field Dependence of Ry,

Based on analysis of one of the major fiber bundles in the brain, the splenium of the corpus
callosum (SCC), we established a power-law dependence of the myelin proton relaxivity in
the form of Ry, = 12.2Bg ~1:90, The 1.00 magnitude of the exponent exceeds the range of 0.5
—0.85 reported in NMR studies of chain-like macromolecules (Nusser and Kimmich, 1990;
Korb and Bryant, 2002). There are various potential contributors to this discrepancy. First,
the previous experiments were performed on hydrated protein and polypeptide at room
temperature and below, conditions quite different from the current study. Secondly, previous
measurements on chain molecules were based on fast field-cycling spectrometer operating at
Larmor frequencies below 30 MHz, while the frequencies studied here were mostly
substantially higher at 23, 64, 128 and 298 MHz. Considering the complicated magnetic
dispersion curve observed in biological tissues (Duvvuri et al., 2001; Araya et al., 2017),
some change in the power-law across this large frequency range is to be expected. Third, the
assumed two-pool parameters, i.e. £, &, Ry, and initial saturation conditions, are significantly
variable across studies, which eventually make contributions to the variability in Ry, Fourth,
while the power law may apply generally to chain molecules with restricted motion, the
value of the exponent will depend on the molecular species and physical conditions. For
example, and relevant for the current findings, a close to linear frequency dependence has
been predicted and observed in a study of smectic lipid bilayers (Kimmich and Voigt, 1979;
Rommel et al., 1988; Kimmich and Anoardo, 2004). Previously found R, values in NMR
studies of lipid protons are also consistent with this (Lee et al., 1972; McLaughlin et al.,
1973; Ellena et al., 1985).

Lastly, and importantly, other mechanisms may contribute to T4 relaxation. Our model of
brain tissue T being dominated by paramagnetic sources such as iron, and by magnetization
exchange with lipid, is necessarily overly simplistic and ignores other likely contributors.
The most important ones among these may be the influence of water of reduced mobility
near the surface of large molecules (such as lipid in myelin) (Diakova et al., 2012). Indeed,
molecular dynamics simulation of a myelin layer segment (Schyboll et al., 2019) indicates
an increase of R, near lipid headgroups; However, the effect drops significantly within 1 nm
from the interaction surface and the overall effect to the free water pool is small. Therefore,
interfacial water alone appears insufficient to account for as much as 30% of the total spins
(fin the two-pool model) with a linearly field dependent R,. Thus, while simplistic, the
two-pool model may be a good approximation to T, relaxation effects in brain tissue,
specifically its field dependence in white matter.

In the current study, SCC was analyzed as a representative white matter region. It was
chosen because of its well-defined shape and the excellent homogeneity over a sufficiently
large volume, which improves measurement consistency across scanners as well as across
subjects. Analyses in other white matter regions have been attempted, yet significant
inconsistency in Ry, was observed, presumably driven by the spatial heterogeneity of white
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matter. In part, this may have been caused by variations in & originating from the spatial
variation in myelin thickness (Aboitiz et al., 1992). Indeed, it has been noticed that some of
the T1 heterogeneity across white matter correlates with local microstructure (Harkins et al.,
2016; Lee et al., 2018). Reasonable consistency was achieved when analyzing signals
averaged across the white matter, which led to Ry, of 25.0+4.0, 9.0£0.5, 3.99+0.05,
1.90+0.05 s1 at 0.55, 1.5, 3 and 7 T, respectively. A fit of Ry, = 13.2B( ~1-03 was found with
R2=0.996, similar to the results in the SCC.

4.2 Projection of Tissue T4 to Higher Fields

Assuming the extendability of the power-law dependence between Ry, and the field strength
up to 14 T, based on the two-pool parameters found at 7 T, estimated time constants T for
the slow component at 9.4, 10.5, 11.7 and 14.0 T (Larmor frequencies 400, 447, 498 and 596
MHz) are 1.57, 1.66, 1.74, and 1.89 s in the white matter SCC, and 2.22, 2.27, 2.32, and
2.41 s in the cortex.

There are several potential caveats of this projection. First, as indicated above, the diversity
of MP species in tissue and the complex frequency spectrum of possible MP motions may
result in a complex Bg dependence that cannot be fully described by the simple power-law,
similar to that in the low end of the field (Knispel et al., 1974). Secondly, it is likely but not
certain that R, remains mildly field-dependent at ultra-high fields. Potential modifiers of R,
include contributions from interfacial water and water near paramagnetic ions. If this
assumption is violated, the unaccounted R, change should be considered in the model.

. . A a4 .
Based on the formulae of A in Eq. (2), it is estimated that mTS ~ 0.41 and aR_f ~ 1.59 using
w W

the 7 T data in the white matter SCC.

4.3 Comparison to Quantitative Magnetization Transfer Methods

The macromolecular proton fraction fof several brain ROIs was estimated in the two-pool
analysis, which is a target biomarker in quantitative Magnetization Transfer (QMT)
experiments. In vivo gMT methods can be generally classified into two categories: pulsed Z-
spectrum (Graham and Henkelman, 1997; Sled and Pike, 2001; Yarnykh, 2002), and on-
resonance cross-relaxometry (Chai et al., 1996; Gochberg et al., 1997; Dortch et al., 2013b).
The former involves RF pulses with variable off-resonance frequency and power to depict
the macromolecular spectrum, and the latter is based on on-resonance pulses that
differentially saturate the two pools. Both IR and ST experiments in this study fall into the
second category.

Compared to the pulsed Z-spectrum methods, on-resonance cross-relaxometry does not
provide macromolecular absorption lineshape, but it has advantages concerning RF power
(or Specific Absorption Rate, SAR) constraints, which is increasingly relevant for
applications at ultra-high fields. Among the on-resonance cross-relaxometry methods, there
are a few interesting similarities and differences between our method and the Selective
Inversion Recovery (SIR) method recently reported at 7 T (Dortch et al., 2013b). Both
methods are based on observation of transient signal after an RF pulse that differentially
saturates the two pools. In SIR, a carefully designed low-power inversion pulse is applied to
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invert water magnetization while minimizing MP saturation. Due to the strong B}
inhomogeneity encountered at 7 T, the exact spatial distribution of MP saturation needs to be
estimated by simulation using measured BT and an assumed macromolecular lineshape. In

contrast, the current study uses a high-power adiabatic inversion pulse to invert water signal
and fully saturate MP, and a high-power ST pulse aimed to fully saturate MP while
minimizing water saturation. The short high-power pulses used in this study are less
sensitive to B and B} inhomogeneity, as well as the underlying macromolecular lineshape.

In addition, both methods require a mechanism to “reset” the magnetizations before the next
TR. In SIR, this is achieved by saturating both pools using a high-power hard-pulse train,
while in the current study this is achieved with a long TR for the magnetization to recover to
thermal equilibrium.

In the current study, we found 7in the SCC to average 0.289 at 7 T, which corresponds to a
macromolecular to free pool size ratio (PSR) of 0.406, as typically reported in gMT studies.
This value is substantially higher than previous gMT studies (Sled and Pike, 2001; Yarnykh,
2002; Dortch et al., 2013b). While this discrepancy may be partially attributed to the fixed
Rm value of ~ 1 s71 used in previous studies regardless of By (Helms and Hagberg, 2009),
contributing factors remain incompletely understood and require further investigation.

4.4 Contribution of Iron to Ty

Using joint analysis of MRI and an element-specific imaging technique PIXE, Stlber et al.
reported a substantially higher relative contribution of iron to Ry in the gray matter than
white matter (Stuber et al., 2014). Therefore, it is necessary to account for the iron
concentration when quantifying cortical myelin using Ry (T1). Our results suggest that the
increasing effects of iron to tissue Ry may be modeled by a proportionally increased Ryy.
This finding may be exploited to separate the synergistic influence of myelin and iron to R;
in cortical myelin mapping. Nevertheless, caution needs to be taken when analyzing
subcortical gray matter, as the concomitant impact of iron on T, * becomes significant and
may disrupt the linear relationship found between iron and observed Ry,

Rooney et al. (Rooney et al., 2007) utilized a multiple linear model of iron level and
macromolecular content to fit tissue apparent Rq. In comparison, the current work
disentangles iron and MP contributions to Ry by modeling their separate effect on R, and
Rm, respectively. One may also consider iron’s contribution to Ry, yet this effect on Ry
should be relatively small, in part because the MP fraction is smaller than the WP fraction,
and secondly because most of the MP will not be within the close distance to iron required
for the T4 relaxation mechanism (Mdller et al., 2019).

4.5 Technical Limitations

In the following we discuss a few technical limitations of this study, which may have
contributed more significantly than others to the measurement inaccuracies.

First of all, the two-pool model is the simplest multi-compartment model, which may not
adequately capture the relevant features of Tq relaxation in human tissue. For example, the
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myelin sheath has a complex multi-layer structure that traps approximately 15-20% of the
total free water in the white matter (Norton and Cammer, 1984; Mackay et al., 1994). The
trapped water has NMR properties distinct from those of interstitial water (water outside the
axons), including resonance frequency and longitudinal and transverse relaxation rates.
Distinguishing different water pools by modeling interstitial water and myelin water
separately may improve the accuracy of results (Stanisz et al., 1999; Kalantari et al., 2011;
Dortch et al., 2013a). Furthermore, diffusion of myelin water between different layers may
be described using a cascaded multi-compartment model together with their corresponding
macromolecular pools, a more realistic model of the multi-layer structure of the myelin
sheath (van Gelderen and Duyn, 2019). Improved accuracy may also be possible when
splitting the MP pool between myelin or non-myelin protons or between lipid or protein
protons. These MP species may possess intrinsically different relaxation properties and
sensitivity to neuro-degenerative diseases. Nevertheless, increasing model complexity, while
offering potentially increased accuracy, will also likely decrease fitting convergence and
robustness.

Another limitation is the choice of a relatively short repetition time (TR) to keep the overall
experimental time reasonable. The 3-6 s range chosen here were hardly sufficient to allow
full recovery of the longitudinal magnetization, somewhat affecting the model fitting. Effect
of incomplete recovery can be observed in Figure 3 from both IR and ST, as analyzed in the
corresponding results section. In addition, due to the slice-delay time cycling nature of the
sequence, the effective TR (nominal TR minus delay time) varies from slice to slice, which
slightly modifies the shape of the saturation curves. Using Bloch simulation, it is estimated
that the relative errors in Ag and A due to the use of finite TRs in the experiments are 1.58%
and 5.85%, respectively (Supplementary Information). Advanced models that consider the
finite TR and timing differences of slices are currently under investigation which may yield
improved accuracy.

A third technical limitation is the use of EPI for image acquisition. The long signal
acquisition time and TE (about 50 and 30 ms respectively) necessarily lead to substantial T»
* weighting, reducing the relative signal contribution of protons in close proximity of iron
and macromolecules. For this reason, the contribution of myelin water, with its short T, *,
was likely small in our experiments. Also, because of this strong T, * weighting, signal in an
iron-rich region such as the Globus Pallidus (T, * of about 12 and 25 msat7 Tand 3 T
respectively (Yao et al., 2009)) was small and too unreliable to allow model fitting. This
varying T, * weighting may have affected the slopes found with Ry fitting to iron level at 3
and 7 T (Figure 9). Meanwhile, the By field in the human brain has high-order spatial terms
associated with air cavities near brain tissue and susceptibility variations across brain tissues
whose strengths scale with By and are sensitive to head pose and motion (Liu et al., 2018).
To mitigate the effect of T, * on T1 estimation, one potential approach might be to use
multi-echo GRE for signal readout to capture the fast-decaying signal right after excitation.
Combined with different preparation RF pulses and multi-component analysis, multi-echo
GRE readout may also improve the specificity of proton species detection by enabling
analysis of more complicated and physiologically relevant models, such as a multi-layer
model of the myelin (van Gelderen and Duyn, 2019).

Neuroimage. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 15

5. Conclusions

Joint two-pool model analysis of inversion recovery and saturation transfer data at clinical
field strengths ranging from 0.55 to 7 T suggests that B field-dependence of the
macromolecular proton longitudinal relaxation rate Ry, in the white matter follows a simple
inverse linear function Ry, = 12.2/By, a special case of the more generally applied power-law
relationship Ry, = aBy 2 found in previous NMR studies. Assuming the general applicability
of this power-law function to gray matter structures, tissue specific parameters such as
macromolecular proton fraction and magnetization exchange rate are found to be consistent
among subjects and between 3 and 7 T. In tissues with high iron content, e.g. the basal
ganglia, or pathological iron accumulation, ROI-based averaging appears required to allow
separation of the effects of iron and myelin on T;.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pulse sequence diagram. One repetition consisting of ten TR cycles is shown. Ten slices

were acquired at increasing delays using single-shot EPI, and the slice acquisition order was
cycled over TR number.
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Figure 2.
Preprocessing results of a similar slice from a representative subject. Distortion and signal

loss in the raw EPI are clearly visible at high fields, which are alleviated in the corrected EPI
images. Segmentation results of five ROIs (SCC, splenium of corpus callosum, a
homogeneous white matter region; cGM, cortical gray matter; PU, putamen; CA, caudate
head; TH, thalamus) are labeled using different colors as indicated in the figure.
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Figure 3.
Evolution of water magnetization disturbance (Sy,|r and Sy, s7 in Eq. (3)) after IR (a) and

ST (b) pulse for each of the four field strengths. Images were generated corresponding to a
fixed set of delays after voxel-wise bi-exponential fitting, since the actual delays were not
the same at the four fields.

Neuroimage. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 23

Apparent T,

1/

©
3
=
wvi
o
b
-
5]
£
-
o
s

Figure 4.
Mono- and bi-exponential fitting for the IR data. (a) Apparent T4 maps using mono-

exponential fitting and 1/A.5 maps from the bi-exponential fitting. (b) Second norm of the
residual vector using the two fitting methods.
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Figure 5.
Relaxation rates and two-pool parametersat 3and 7 T.
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Transient IR (a) and ST (b) signals in the white matter ROI (SCC), and the fitting parameters
in the bi-exponential model (c). Data is shown as mean + standard deviation over subjects.
(@) and (b), solid lines denote fitting to the mean values. (c) & g was set to 0 at 0.55 and 1.5

T, as described in the methods. See Table S2 for the statistics.
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Figure 7.
Log-log plot of the By dependence of Ry,. Data is shown as mean * standard deviation over

subjects. Solid black line denotes the fit to the means using a power-law function R, =
12.2By 190 (R2=0.997). 95% confidence intervals for the fit parameters are: [11.7, 12.6] for
a (amplitude); [-1.03, —0.96] for —b (exponent).
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Figure 8.

Comparison of two-pool analysis results at 3 and 7 T using fixed R, values. The mean
values inside ROIs for each subject are shown; The identity line is shown as dashed. Refer to
Table S2 for the statistics of fand kin each ROI.
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Figure 9.

Correlation of Ry, and non-heme iron concentration at 3 and 7 T. Data points denote values
from each subject. Black lines denote linear fitting results of the data. 95% confidence
intervals for the fit parameters are: [0.0116, 0.0167] for 0.0142; [0.3131, 0.3453] for 0.3292;
[0.0064, 0.0110] for 0.0087; [0.3453, 0.3739] for 0.3596.
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Parameters used in the IR and ST sequences. TI: inversion time (delay time in the IR experiment); TD: delay
time in the ST experiment. ESP: echo spacing; BW: bandwidth.

IR ST
Bo Matrix Thickness Gap ) ) TE Variable ESP BW
m size (mm) (mm) TR Tis Time (ms) TE (ms) (ms)  (kHz)
(ms) (ms) (min)
055  72x54 3 1 a00 19 8o 3000 & 80 29 0 096 100
: 1200 ' 900 & :
15 144x108 2 2> 5000 0 102 a000 X 108 40 2.20 132 132
: 1400 : 900 0 : '
o- 9-
3 144x108 2 2 6000 o 122 4000 o 108 30 115 094 250
8- 7-
7 144x108 2 2 6000 oo 122 4000 o 108 24 0.48 077 250
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Table 2.

Bi-exponential fitting and two-pool analysis results of white matter SCC at 3 and 7 T. Data is shown as mean +
standard deviation over subjects. A, R and k are reported in s71.

Bo ks lf RW Rm Sm_SR(t = O) f k

3T 1112+0.025 10.60+0.40 0.40 (Fixed) 3.89+0.07 0.93 (Fixed) 0.281+0.014 1.50+0.05
7T 0.760+0.008 8.19+0.37 0.40 (Fixed) 1.85+0.09 0.93 (Fixed) 0.289+0.017 1.38+0.09
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Evaluation of the assumed S, s1(¢#= 0) values to the two-pool parameters at 7 T and the corresponding fit to

the power-law function. Ry is fixed at 0.40 s™1. Data is shown as mean * standard deviation over eight
subjects. R2>0.99 for all fits.

Assumed Spst(t=0) Ry (s f k(sh) Rp=aBy™®
0.89 1.78+0.08 0.300+0.018 1.42+0.09 Rm =10.58,709%
0.91 1.8240.09 0.295+0.018 1.40£0.09 R, =11.3B,0%
0.93 1.85£0.09 0.289+0.017 1.38x0.09 R, =122B,10
0.95 1.88£0.09 0.284+0.017 1.35+0.09 Rm =13.2B,7104
0.97 1.9240.09 0.279+0.017 1.33x0.09 Rm = 14.4B,7108
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Evaluation of the assumed Ry, values to the two-pool parameters at 7 T and the corresponding fit to the power-

law function. Sy, s7(#= 0) is fixed at 0.93. Data is shown as mean + standard deviation over eight subjects.
R2>0.98 for all fits.

Assumed Ry, (1) Ry (shH f k(s Rp=aBy™®
0.30 2.18%0.12  0.299+0.017 1.35+0.09 Rm =15.5B,"1%7
0.35 2.0240.10  0.294+0.017 1.36+0.09 Rm=13.6B,7102
0.40 1.85£0.09 0.289+0.017 1.38x0.09 R, =12.2B, 10
0.45 1.69+0.07 0.285+0.018 1.39+0.09 R,,=11.0B,70%
0.50 1.53+0.06 0.281+0.017 1.40+0.09 Rm =10.0B,7097
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