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Synopsis
The bound pool frac�on (BPF) is a quan�ta�ve parameter that reﬂects macromolecular �ssue frac�on, and has shown sensi�vity to myelin
content in human white ma�er. BPF mapping is s�ll largely unexploited for characterizing white ma�er disease in vivo due to the long MRI
protocols needed for its accurate and precise computa�on. In this work, we develop a new method that allows fast unbiased BPF
es�ma�on, suitable for clinical applica�ons.

Introduc�on
The bound pool frac�on (BPF) is a key biophysical parameter for quan�fying the magne�za�on transfer (MT) eﬀect, as it describes the frac�on
of macromolecular protons undergoing chemical exchange and cross-relaxa�on with protons in mobile water molecules. The BPF has been
associated with �ssue macromolecular content, and has shown correla�on with myelin content in the central nervous system 1, hence the
interest in developing methods to robustly extract this parameter in vivo.
BPF mapping for clinical applica�ons remains challenging given the complexity of the two-pool model 2 used for its es�ma�on. Exis�ng fast
methods rely on ﬁxing unknown model parameters to popula�on average values 3,4, which may introduce bias when devia�ng from the healthy
condi�on.
Here, we develop a new approach for fast BPF mapping. Hard constraints adopted in previous methods are relaxed by using approxima�ons on
the two-pool model that can be invoked under: (i) steady-state condi�ons, and (ii) “fast-exchange” regime condi�ons. A single-shot spin-echo
(ssh-SE-) EPI sequence is adapted to accommodate (i) and (ii), giving an acquisi�on �me of under 10 minutes.

Methods
In the fast-exchange regime, bound and free protons exchange magne�za�on with a �me scale much shorter than spin-la�ce relaxa�on 5. This
allows the steady-state signal under oﬀ-resonance satura�on to be expressed as 6:
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assuming that: (i) pulse repe��on �me (PRT) is long compared to transfer �me (i.e. PRT>120ms7); (ii) oﬀ-resonance satura�on does not aﬀect
the free pool (i.e. oﬀset frequency Δ>2kHz); (iii) bound pool satura�on (expressed by δ B in Equa�on 1) takes place instantaneously (i.e. no
exchange or relaxa�on during oﬀ-resonance satura�on). M ss, as a func�on of Δ and satura�on ﬂip angle θ, can be ﬁ�ed to extract BPF and
bound pool T 2 (T 2B), given an external measure of T 1.
Time-eﬃcient sampling of the steady-state is achieved using the sequence shown in Figure 1. The pulsed steady-state is a�ained with an ini�al
period of satura�on, and maintained during the acquisi�on of N s slices with ssh-SE-EPI readouts. Short recovery �mes between sequence
repe��ons are allowed, as the steady-state established by the subsequent prepara�on is independent from the magne�za�on ini�al state.
The eﬀect of sequence parameters and number of data points is inves�gated through simula�ons. Full two-pool model equa�ons are used to
generate steady-state signals for physiologically plausible value of �ssue parameters, then ﬁ�ed by Equa�on 1. Error on parameter es�mates is
evaluated for protocols of Figure 2. In vivo acquisi�on is performed using the op�mized protocol O1. A FOV of 224x224x120mm 3 at 2mm 3
isotropic resolu�on is acquired with ssh-SE-EPI readouts for: (i) MT steady-state; (ii) Inversion Recovery (IR) for T 1 mapping; and (iii)
Double-Angle Method (DAM) for B 1 mapping 8. Total protocol dura�on: 8min 44sec. A 3D-T 1-weighted scan is added to allow regional
characteriza�on of the BPF. Six healthy subjects are scanned on a 3T Philips Ingenia CX MRI.

Results
The eﬀect of sequence parameters and number of data points on parameters es�ma�on is shown in Figure 3. The use of long PRT>100ms is
necessary to ensure the validity of model approxima�ons. Shorter PRTs in fact produce large bias on BPF, even at high SNR. The BPF is
es�mated more reliably than T 2B, however precision and accuracy of both parameters deteriorate at low SNR~15, regardless the number of
data point used. Protocol op�miza�on reduces parameters errors enabling the sampling of less data points.
In vivo BPF maps depict the expected contrast, as shown in Figure 4 for a representa�ve subject. Average values in WM and GM are in
agreement with literature values 3, with popula�on median WM/GM BPF of 0.114/0.068. BPF distribu�ons from all subjects pooled together
are shown in Figure 5, displaying similar pa�erns of previous studies 9.
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Discussion
The method developed eﬃciently exploits the fast-exchange regime approxima�on for the steady-state MT, where oﬀ-resonance satura�on is
applied at long PRT, by acquiring the en�re k-space between satura�on pulses. This produces an MT-weighted volume per TR~15-20seconds.
The interference of a mul�-slice readout on the MT steady-state is reduced by avoiding fat suppression pulses and adop�ng an interleaved slice
order in the acquisi�on. However, further inves�ga�on is required to quan�fy any residual eﬀect, as well as to assess the impact of diﬀerent
pulse shape and/or dura�on.
The negligible BPF bias, the lack of explicit constraints on model parameters, and the short scan �me needed are promising factors for the
transla�on of the method to clinical applica�ons.

Conclusions
A new, fast approach to map a key parameter of the quan�ta�ve MT two-pool model has been developed and applied in a cohort of healthy
volunteers. The approach has the poten�al to be applied in a pa�ent popula�on in clinical studies.
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Figures

Figure 1: An oﬀ-resonance pulse is repeated every PRT=τ+∆t (where τ\∆t refer to the pulse dura�on\interval), for a �me period suﬃcient to
build a steady-state (typically>3s). To exploit model approxima�ons necessary to derive Equa�on 1, PRT has to be >120ms. This allows us to ﬁt
a ssh-EPI module in between pulses, enabling high �me-eﬃciency in the acquisi�on while maintaining the steady-state. Fat suppression is
performed using the gradient reversal technique, and inter-slice MT eﬀects are reduced adop�ng an interleaved slice acquisi�on order. A short
recovery �me T rec<<5T 1 is allowed, as the magne�za�on will be forced into a new steady-state.
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Figure 2: Details of protocols used for simula�ons (long protocols L1, L2, L3 and L4, short protocol S1, and op�mized protocol O1), and imaging
parameters used for in vivo acquisi�on, for which O1 was chosen. The op�mized protocol is obtained by minimiza�on of Cramer-Rao lower
bounds10 for both BPF and T 2B. Details of IR-EPI for T 1 mapping, and DAM-EPI for B 1 mapping are also reported.

Figure 3: Distribu�ons of es�mate errors on model parameters BPF and T 2B for the protocols deﬁned in Figure 2: four versions of long (L)
protocols, one short (S) protocol, and one op�mized (O) protocol using Cramer-Rao lower bounds op�miza�on are considered. Errors are
evaluated at diﬀerent SNR=300, 30 and 15, with SNR=30 represen�ng the hypothe�cal in vivo acquisi�on scenario.

Figure 4: Example of BPF map in a representa�ve subject. Maps are acquired at 2mm 3 isotropic resolu�on covering 12cm in the foot-head
direc�on. The total scan �me to obtain these maps, including T 1 mapping and B 1 correc�on, is 8min 44sec. The expected WM/GM contrast is
appreciable throughout the whole acquired volume.

Figure 5: BPF distribu�on for all subjects pooled together (dashed black line), and underlying �ssue type distribu�ons (cor�cal grey ma�er in
red, white ma�er in blue, deep grey ma�er in brown, and brain stem in green). Diﬀerent brain regions are obtained using the GIF 11
segmenta�on tool on the 3D-T 1-weighted volume registered to the subject-speciﬁc EPI space. The whole popula�on BPF displays a bi-modal
distribu�on driven by WM and cor�cal GM peaks, respec�vely at 0.114(0.100-0.128 25 th-75 th percen�les) and 0.068 (0.054–0.085 25 th-75 th
percen�les).
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