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Abstract
Purpose: To translate the recently developed PRO-QUEST (Progressive saturation for
quantifying exchange using saturation times) sequence from preclinical 9.4T to 3T clinical
magnetic field strength.

Methods: Numerical simulations were performed to define the optimal saturation flip angles
for PRO-QUEST saturation pulses of at 3T and demonstrate the effect of a ∆T2 error on the
exchange rate (kex) estimation at various field strengths. Exchange dependent relaxation rate
(Rex) was measured for glutamate solutions in various pH, healthy volunteers and patients with
multiple sclerosis (MS). Additionally, concentration-independent ratiometric Rex maps were
produced to evaluate regional signal variations across the brain of human volunteers.

Results: The calculated Rex significantly correlates with pH in glutamate samples, however kex
values are underestimated as compared to those previously obtained at 9.4T. In the ratiometric
Rex map of healthy volunteers, no significant differences are found between grey matter, white
matter and basal ganglia. In patients with MS, white matter lesions are visible in single
saturation power Rex maps whilst only a periventricular lesion is apparent in the ratiometric Rex
map.

Conclusion: We demonstrate that quantification of pH sensitive indices using PRO-QUEST is
feasible at 3T within clinically acceptable acquisition times. Our initial findings in patients
with MS show that pH sensitive indices varied with the type of lesion examined whilst no
significant difference was found in healthy volunteers between tissue types, suggesting that it
would be worthwhile to apply PRO-QUEST in a larger cohort of patients to better understand
its distinct imaging features relative to conventional techniques.
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Introduction
Understanding pH regulation in the brain is important both in healthy and pathophysiological
conditions because tissue acidity may be a key characteristic associated with neurological
disorders such as multiple sclerosis (MS), schizophrenia, bipolar disorder, panic attack,
ischemia or brain cancer (1-5). In particular, in MS, the neuronal energy deficit, coupled with
inflammation, could reduce the cellular pH, leading to acidosis that can induce neuronal
degeneration through activation of the acid-sensing ion channel 1A (ASIC) (6). Evidence
shows extreme or prolonged acidosis kills neurons whereby ASIC mediates acid-induced
toxicity in the central nervous system (7). Conventional MRI methods have failed to detect
such subtle pH changes in MS and therefore the ability to non-invasively image pH could be a
powerful tool for diagnosis and monitoring of treatment response in MS.

To date, several techniques using MR spectroscopy (MRS) such as

31

P (8,9),
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F (8,10), 1H

MRS and MRS imaging (MRSI) (11-13) have been utilised to measure tissue pH. However,
their use in clinical practice has been limited by lengthy acquisition times, the need for
specialized hardware and/or injection of contrast agents, and poor spatial resolution.
Considering the intrinsic limitations of MR spectroscopy in clinical practice, imaging based
methodologies have been suggested including contrast enhanced MRI (14) and chemical
exchange saturation transfer (CEST) imaging (3,15,16). CEST MRI provides a sensitive
detection mechanism that allows characterization of labile protons in contrast to conventional
MRI. In particular, amide proton transfer (APT) CEST MRI has been shown to be able to assess
ischemic acidosis (3,17), as well as concentration changes on protein and peptides (18,19),
which may serve as a surrogate metabolic imaging marker. However, one of the biggest
challenges of APT CEST MRI is related to the difficulties of disentangling the proportion of
APT signal change caused by protein concentration and pH changes. For example, a recent
study by Ray et al. (20) reported that the proportion of APT MRI signal originating from
changes in protein concentration was approximately 66% while the remaining 34% originated
from changes in tumour pH in a rat model of brain metastasis by combining in vivo APT MRI
measurements with ex vivo histological measurements of protein concentrations. Thus, there is
a clear need for non-invasive, reliable quantification of tissue pH in the clinic.

Recently, a novel CEST pulse sequence called PRO-QUEST (Progressive saturation for
quantifying exchange using saturation times) has demonstrated the feasibility of estimating pH
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sensitive metrics independent of concentration (21), both in phantoms and in vivo ischemic rat
brains at 9.4T. Here, we aim to translate the PRO-QUEST sequence to a 3T clinical scanner
and demonstrate estimation of pH-sensitive indices in phantoms with various pH values and
apply the method to assess in vivo human neural tissues. In particular, we present here pHsensitive indices in both healthy brains as well as patients with MS.

Methods
The PRO-QUEST sequence was originally developed on a 9.4T pre-clinical scanner to reduce
the time for measuring chemical exchange rates (21). In this method, an initial saturation pulse
sequence is followed by delays (Figure 1A) or off-resonance saturation pulses (Figure 1B)
interleaved under non-steady-state conditions while the water magnetization is sampled
subsequently through a Look-Locker acquisition until a steady-state magnetization is reached.
The Look-Locker sequence (Figure 1A) is used for T1 measurement, and the resulting T1 and
B1 parameters (see Data Analysis) are then used as inputs for fitting the signal from the PROQUEST sequence (Figure 1B) to estimate the exchange dependent relaxation Rex and the
exchange rate kex. Details of the pulse sequence, data acquisition parameters and postprocessing procedures are given in the MRI acquisition and data analysis sub-sections.

Simulation
We performed numerical simulations to investigate the optimal saturation flip angles for the
CEST saturation pulse of PRO-QUEST at 3T. Using the MATLAB (The MathWorks, Natick,
MA, USA) built-in ordinary differential equation (ODE) solver ode45; the Bloch-McConnell
equations were solved for a two-pool system that consisted of one pool describing a glutamate
in water solution and the other pool for the water molecules with the following parameters
based on previously measured values (21): equilibrium magnetization of water M0a = 3000,
equilibrium magnetization of amine M0b = 0.0012M0a, longitudinal relaxation time of water
T1a = 3.2 s, transversal relaxation time of water T2a = 0.25 s, longitudinal relaxation time of
amine T1b = 3.2 s, transversal relaxation time of amine T2b = 0.015 s and ba = 3 ppm. The
model parameters used for the simulations were chosen for relatively high exchange rate in the
intermediate exchange regime and wide spectral resolution between glutamate resonance
frequency (3 ppm) and the water resonance; this results in a large CEST effect and a moderate
influence of direct water saturation. A perfect initial water suppression enhanced through T1
effects (WET) (22) saturation was assumed by setting the starting values of the x-, y-, z-
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components of both pools to 0. For the Look-Locker sequence, the CEST saturation pulse
amplitude was set to 0 and the imaging flip angle was set to either 8° or 15°. For the PROQUEST sequence, combinations of two flip angles of off-resonance saturation pulses in a range
of 63° to 657°, were tested for precise estimation of glutamate exchange rate kex. For the
simulations, a single PRO-QUEST sequence module consisted of a 20 ms Gaussian-shaped
CEST saturation pulse at the glutamate resonance frequency (3 ppm), followed by a 0.5 ms
Gaussian-shaped imaging excitation pulse at the water resonance frequency and a 22 ms delay
time. This module was repeated 127 times, corresponding to a repetition time of TR = 6 s. A
relative B1-inhomogeneity of 0.9 was assumed in the simulation. To account for the spoiler
gradients, the x- and y-components of both pools were set to 0 after the CEST saturation pulse
and after the delay. The simulated transverse magnetization at the end of each readout-pulse
corresponds to the measured signal and was obtained by 𝑀𝑥𝑦 = √𝑀𝑥2 + 𝑀𝑦2 . White Gaussian
noise with a standard deviation of  = 0.02 was added to all simulated spectra before the fitting,
which was repeated 1000 times with different instances of the noise. Additionally, to verify the
applicability of the PRO-QUEST model at 3T compared to high magnetic field strengths (7T
and 9.4T), effect of an error ∆T2 on kex of glutamate (kex = 800 Hz) was simulated using the
same pool and sequence parameters as above. T2 errors in the range of -0.1 to 0.1 were added
for T2a+T2 before estimating kex.

Phantom
Phantoms consisted of 10, 20, 30, 50, 100 mM glutamate (Aldrich-Sigma, Dorset, UK) in a
standard solution of 1x phosphate-buffered saline (PBS) with several pH (6.08, 6.64 and 7.19)
and a pure PBS sample (pH 7.14). The pH was measured using a micro pH probe (MettleToledo, Columbus OH) and adjusted where necessary with the use of sodium hydroxide and
hydrochloric acid. The temperature was kept constant at 20 - 21C throughout the MRI scans.

Participants
After local institutional review board approval, 5 healthy volunteers (2 males and 3 females,
age range = 27 - 42 years, median = 30) and 2 patients clinically diagnosed with relapsing–
remitting MS (RRMS) (2 females, aged 27 and 42 years) provided signed informed consent
and underwent brain MRI. The patients with MS were recruited from Queen Square Multiple
Sclerosis Centre at the National Hospital of Neurology & Neurosurgery (NHNN) / UCLH
Foundation Trust by their attending neurologist. The Expanded Disability Status Scale (EDSS)
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(23) was measured within 2 weeks of the MRI examination (EDSS = 2.0 and 3.0 for MS patient
1 and 2, respectively).

MRI Acquisition
All images were acquired using a 3T Philips Ingenia CX MRI scanner (Philips Healthcare,
Best, the Netherlands). Phantoms and healthy volunteers were scanned using a 32-channel head
coil. The second-order shims were optimised to minimise B0 field inhomogeneity.
A set of measurement consisted of 1) 1st Look-Locker scan with a readout flip angle 1, 2) 2nd
Look-Locker scan with a readout flip angle 2, 3) 1st PRO-QUEST scan with a high power
saturation pulse with a readout flip angle 1, 4) 2nd PRO-QUEST scan with a low power
saturation pulse a readout flip angle 1 and 5) quantitative T2 scan. A Look-Locker sequence
(Figure 1A) was implemented with 20 ms delay time prior to a fast gradient echo readout (EPI
factor = 7) and multiple acquisitions (128 for a phantom and 143 for volunteers) with the
following imaging parameters: imaging readout excitation pulse = sinc-gaussian (1 period of
oscillation, symmetrically centred), duration = 0.67 ms, flip angle of readout pulse 1 = 8° for
the first Look-Locker scan and 2 = 15° for the second Look-Locker scan, TE = 3.8 ms, 
duration (time between readout pulses) = 42 ms, acquired resolution=1.88 x 2.14 x 5 mm3
(phantom) and 1.96 x 2.04 x 5 mm3 (volunteers), TR = 6 s, SENSE acceleration factor = 2. For
the PRO-QUEST scans (Figure 1B), an off-resonance saturation pulse centred at 3.0 ppm
(glutamate phantom) or 3.5 ppm (volunteers) was applied prior to the turbo-field echo-planar
imaging (TFEPI) readouts with identical imaging parameters as the Look-Locker sequence.
Parameters for the off-resonance saturation pulses used in the PRO-QUEST sequence are as
follows: off-resonance saturation pulse = sinc-gaussian (3 periods of oscillation, symmetrically
centred), bandwidth = 300 Hz, duration = 20ms, flip angle of the 1st PRO-QUEST scan = 450°
(equivalent of 1.47 μT peak amplitude), flip angle of the 2nd PRO-QUEST scan = 250°
(equivalent of 0.82 μT peak amplitude), flip angle of readout pulse = 8°. For the phantom scan,
3 slices in axial orientation were obtained with 1 average which resulted in a scan time of 2
min 30 s per sequence. For the volunteer brain scans, an axial single slice was acquired with 3
averages to improve signal to noise ratio for a scan time of 2 min 6 s per sequence. Finally,
standard multi-echo Carr-Purcell-Meiboom-Gill (CPMG) sequence consisting of 10 echoes
with TE = 20-200 ms with 20 ms of inter-echo spacing was used to quantify T2 in the same
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geometry as the Look-Locker and the PRO-QUEST scans. The total scan time for the in vivo
protocol was 9 min 48 sec. The Imaging parameters for this study are summarised in Table 1.

For patients with MS, an additional Phase-Sensitive Inversion-Recovery (PSIR) scan was
performed using TSE sequence as a clinical examination routine with the following parameters:
nominal resolution = 0.5 x 0.5 x 2 mm3, 75 axial slices, TE = 13 ms, TR = 11329 ms, TI = 400
ms, TSE factor = 8, refocusing flip angle = 120°. For patient 1, PRO-QUEST sequence was
performed at two separate axial locations whilst a single slice was obtained for patient 2.

Data Analysis
Data processing was performed using custom-written scripts in MATLAB (The Mathworks,
Natick, MA, USA). The Bloch-McConnell models were re-derived in a similar way to the
previous study (21), but took the first delay time (𝜏) into account (derivation described in
Supporting Information) contrary to that previous study. Then the derived models were fitted
to magnitude data using maximum likelihood estimation. The following equation describes the
magnetization at the 𝑁th readout and was fitted to the Look-Locker data to estimate the
equilibrium magnetization M0 and T1:
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡del ) = [𝑀0 (1 − ⅇ −𝑡𝑑 𝑅1 )ⅇ −𝑡del𝑅1 + 𝑀0 (1 − ⅇ −𝑡del𝑅1 )]((cos 𝜃)ⅇ −τR1 )𝑁−1 + 𝑀𝑧𝑑 (𝜏)

1 − ((cos 𝜃)ⅇ −τR1 )(𝑁−1)
1 − ((cos 𝜃)ⅇ −τR1 )

[1]
where 𝑀𝑧𝑑 (𝜏) = 𝑀0 (1 − ⅇ −𝜏𝑅1 ); td is the time between the initial saturation pulse and the
first readout pulse;  is the time between readout pulses with small flip angle ; R1 = 1/T1; tdel
is the delay time replacing the CEST saturation pulse. In order to account for B1 inhomogeneity,
only  was assumed to be proportional to B1 in equation 1:
𝐵

θ → 𝐵 1,𝑎𝑐𝑡 θ ,
1,𝑛𝑜𝑚

[2]

where B1,act and B1,nom are the actual and nominal RF field strength, respectively. B1 (i.e., B1,act)
is obtained by simultaneously fitting two Look-Locker data sets acquired at different B1,nom
using equation.

Next, the obtained M0, T1, B1 values were used as input parameters for estimating the
exchange-dependent relaxation, Rex by fitting the PRO-QUEST data (derivation in Supporting
Information):

6

𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡sat )
= [𝑀0 (1 − ⅇ −𝑡𝑑 𝑅1 )ⅇ −𝑡sat 𝑅1𝜌 + 𝑀ss (1 − ⅇ −𝑡sat 𝑅1𝜌 )]((cos 𝜃)ⅇ −𝑡sat𝑅1𝜌 ⅇ −(𝜏−𝑡sat )𝑅1 )

(𝑁−1)

(𝑁−1)

1 − ((cos 𝜃)ⅇ −𝑡sat 𝑅1𝜌 ⅇ −(𝜏−𝑡sat)𝑅1 )
+ 𝑀𝑧sat (𝜏) (
1 − ((cos 𝜃)ⅇ −𝑡sat𝑅1𝜌 ⅇ −(𝜏−𝑡sat )𝑅1 )

)

[3]
where 𝑀𝑧sat (𝜏) = 𝑀0 (1 − ⅇ −(𝜏−𝑡sat)𝑅1 )ⅇ −𝑡sat𝑅1𝜌 + 𝑀ss (1 − ⅇ −𝑡sat 𝑅1𝜌 ) and 𝑀𝑠𝑠 =

𝑅1 𝑐𝑜𝑠𝜑
𝑅1𝜌

is

the steady-state magnetization; 𝑅1𝜌 = 𝑅1 (cosφ)2 + 𝑅2 (sinφ)2 + 𝑅𝑒𝑥 is the relaxation
constant along the effective field; tsat is the time for the CEST saturation pulse;  is the angle
between the effective irradiation field and the z-axis.

The exchange-dependent relaxation Rex that induces the CEST effect can be described as
𝜌 𝛿2𝑘

𝑅𝑒𝑥 = ((𝛿−𝛺)𝐵2 +𝜔𝑒𝑥
2 +𝑘 2
1

where cosφ =

𝛺
√𝜔12 +𝛺2

𝑒𝑥 )

(sin𝜑)2

[4]

and  is the angle between the effective field and the z-axis; 𝜌𝐵 is

fractional concentration of the labile exchangeable protons; 𝛿 is Larmor frequency of the
exchangeable labile protons; 𝛺 is frequency offset with respect to water; 𝜔1 is angular
frequency for low amplitude of the RF field.

Concentration-independent ratiometric Rex can be calculated as Rex,low/ Rex,high as follows:
((𝛿−𝛺)2 +𝜔 2 +𝑘2 )

𝑅

𝑅𝑎𝑡𝑖𝑜𝑚ⅇ𝑡𝑟𝑖𝑐 𝑅𝑒𝑥 = 𝑅 𝑒𝑥,𝑙𝑜𝑤 = ((𝛿−𝛺)2 +𝜔22 +𝑘𝑒𝑥
2 )
1

𝑒𝑥,ℎ𝑖𝑔ℎ

[5]

𝑒𝑥

where 𝜔2 is angular frequency for high amplitude of the RF field; Rex,low is the exchange
dependent relaxation by PRO-QUEST scan with a low power saturation pulse; Rex,high is the
exchange dependent relaxation by PRO-QUEST scan with a high power saturation pulse.

Regions of interest (ROI) were manually drawn in anatomical regions and defined as white
matter (WM: frontal lobe, occipital lobe, genu and splenium of corpus callosum), grey matter
(GM: frontal lobe, occipital lobe), basal ganglia (caudate, putamen) and thalamus. Firstly, ROIs
of approximately equal size were placed in 9 different positions for each volunteer and average
of T1 values among all volunteers for each ROI was calculated to be compared to literature
values. Subsequently, ROIs were grouped into 4 tissue types (WM, GM, basal ganglia and
thalamus) and average of the ratiometric Rex values in each tissue type was computed for each
volunteer. Mixed effects model was used to evaluate statistical significance for ratiometric Rex
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differences of each pair combination (in total 6 pairs) by taking into account 5 volunteers and
4 tissue types in STATA 13 (StataCorp., 2013).

Results
Figure 2 shows each pair of flip angles for PRO-QUEST saturation pulses that match with a
specific exchange rate kex. Our simulated results indicate that a combination of minimum flip
angle of 300 for the 1st PRO-QUEST sequence and 630 for the 2nd PRO-QUEST sequence is
optimal to precisely estimate kex of glutamate (800 Hz) with additive noise (Figure 2A and 2B).
A standard deviation of the added noise was 0.005M0a for the Look-Locker and PRO-QUEST
data and 0.005T2a for T2 data. Nevertheless, the maximum flip angles combination for PROQUEST saturation pulses available at 3T scanner were 250 and 450 due to specific absorption
rate (SAR) limitations. Additional simulations (Figure 2C) show that the effect of an error ∆T2
of water on kex is much larger at 3T compared to higher magnetic field strength (7T and 9.4T).

Similar to the pre-clinical case (21), progressive saturation recovery curves with off-resonance
saturation pulses show clear separation among samples with various pH values in glutamate of
100 mM and PBS (Figure 3B and 3C) while the ones without off-resonance saturation pulses
are nearly indistinguishable (Figure 3A and 3C). This is reproducible at much lower
concentration of 20 mM glutamate samples with various pH (Supporting Information Figure
S1A and S1B). It is also seen that PRO-QUEST saturation recovery curves are independent of
glutamate concentration with the PRO-QUEST pulse (Supporting Information Figure S1C and
S1D). The corresponding mean values of single power Rex (Rex,high) and ratiometric Rex
significantly correlate with pH in glutamate samples (Figure 3 and Supporting Information
Figure S2B). Mean ratiometric Rex value at a fixed pH of 6.08 ranged from 0.52 to 0.56, which
is not significantly different between various concentration of glutamate samples (Supporting
Information Figure S2C). This confirms the concentration independence of the ratiometric Rex
maps, whereas mean ratiometric Rex value is significantly changed at various pH with a fixed
concentration of glutamate samples (20 mM) (Supporting Information Figure S2D). kex values
are underestimated as compared to those estimated at 9.4T in the previous study (Table 2) (21).

In healthy volunteers, the PRO-QUEST image of signal evolution at the final sampling point
and the corresponding saturation recovery curves show clear contrast between WM, GM and
cerebrospinal fluid (CSF) (Figure 4B and 4E) contrary to the Look-Locker image (Figure 4A)
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and the corresponding saturation recovery curves (without off-resonance saturation pulses)
(Figure 4D), which is primarily based on water content M0. This confirms the effect of
progressive CEST pulses and magnetisation transfer (MT). As for prerequisite in parameters
estimation of PRO-QUEST indices, average T1 values from the Look-Locker scan in 5 healthy
volunteers are consistent with literature values (Table 3) (24-26). The B1 map (in % of the
nominal angle) obtained from the same volunteer shows severe B1 inhomogeneity in the centre
of the ventral brain near the thalamus (Figure 4F). Rex maps at single power saturation pulse
show signal variations across the brain which are likely to be affected by the concentration of
macromolecules (e.g. hyaluronic acid and chondroitin sulphate) (27) independently of pH. On
the other hand, in the ratiometric analysis, contribution of macromolecular concentrations is
cancelled out as shown in equation 5 and therefore the ratiometric Rex is expected to be specific
to pH changes. To this end, it is reasonable to expect that a ratiometric Rex (i.e., a metric of
Rex,low divided by Rex,high) may produce a concentration-independent Rex. In the ratiometric Rex
map of healthy volunteers, no significant differences are found between GM, WM and basal
ganglia (Figure 4I) while regional variations across the brain are displayed in both Rex maps of
low (Figure 4G) and high saturation power (Figure 4H). Significant difference in ratiometric
Rex maps was found only between WM and Thalamus (p < 0.05) (Table 4).

Figure 5A shows three slices from two different MS patients presenting with heterogeneous
MS lesions. Progressive saturation recovery curves with off-resonance saturation pulses show
clear separation between normal appearing white matter (NAWM) and all MS lesions (Figure
5B and 5C). In patient 1, a non-confluent periventricular lesion adjacent to the posterior horn
of the lateral ventricles was observed in all Rex maps consistent with T1w. Moreover, no
hypointense areas were visible in the temporal lobe and thalamus in the ratiometric Rex map.
Averaged ratiometric Rex of the periventricular lesion (lesion 1) and WM lesion (lesion 3) were
0.56 and 0.52, respectively, whereas both NAWM and juxtacortical lesion (lesion 2) presented
0.48 (Table 5). In patient 2, hypointense WM lesions were observed in the temporal lobe (lesion
4) and occipital lobe (lesion 5) in T1w PSIR, Rex,low and Rex,high whilst those lesions did not
appear in the ratiometric Rex map (Figure 5A). Averaged ratiometric Rex of both lesions (L4
and L5) and NAWM were 0.48 and 0.49, respectively (Table 5).

Discussion
APT signal is known to be sensitive to the pH of tissue, which is heavily dependent on the
exchange rate of amide protons with solvent water protons (3). Previous studies have reported
9

that APT-CEST can detect alterations in cerebral pH in ischemic animal models (3,17).
However, decoding the different elements contributing to APT signal has not been trivial as it
also relies on protein concentration in addition to pH and temperature. Here, we aimed to
translate a new MR imaging method sensitive to tissue pH which was previously demonstrated
in a preclinical system 9.4T (PRO-QUEST) (21) to a 3T clinical system, and report features of
the pH dependent metrics in pH phantoms, healthy subjects and patients with MS. Several
acquisition methods have been developed to measure exchange rates or pH (16,28-30) prior to
PRO-QUEST. The observant reader will notice that the PRO-QUEST sequence resembles the
multi-echo Length and Offset VARied Saturation (MeLOVARS) method, as both methods are
based on Look-Locker types of acquisition. However, as shown in Figure 1, PRO-QUEST
utilizes a WET pulse preparation to set the initial magnetization value and allow observation
of a T1 recovery curve to describe a whole system, whereas MeLOVARS deliberately samples
outside the steady-state to observe a build-up of saturation. This unique characteristic of PROQUEST allows calculation of exchange-dependent relaxation which can be advantageous to
determine pH-independent metrics.

In this study, we have tested phantoms with glutamate which is one of the most abundant amino
acids in the human brain. However, it is noteworthy that saturation recovery curves obtained
from the phantom are not ‘calibration curves’ representing the effect in vivo, and therefore they
would certainly not reflect on the whole exchangeable protons present in the brain. Our
phantom results demonstrate that the ratiometric Rex significantly correlates with pH (Figure
3E) and is independent of sample concentration (Supporting Information Figure S2), whilst the
metric kex is found to be underestimated as compared to those measured at 9.4T (Table 2). An
underestimation of kex is attributed to an underestimation of the measured relaxation times T1
and T2 of the solutions with the CEST agent due to chemical exchange, while leaving the
intrinsic relaxation rates of the water pool T1a and T2a unaffected (i.e., T1 ≠ T1a and T2 ≠ T2a).
Previous studies reported that T1 was underestimated compared to T1a in inversion recovery
(IR) experiments (31) and the effect on T2 measured with a spin-echo based CPMG sequence
was even greater (32) due to the effect of chemical exchange on the measured relaxation times.
In particular, the measured T2 is shown to depend on the time delay between the spin echoes.
Only for small time delays compared to the mean exchange lifetime, the exchange effect can
be neglected (i.e., T2 ≈ T2a). For exchange rates in the order of 103 Hz, the delay times would
have to be shorter than 2 ms, which is not feasible on clinical scanners. Our simulated data
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(Figure 3C) illustrates that the dependence of Rex on T2 errors significantly increases at clinical
field strength. The spin echo sequence applied in the present study to determine T2 had delay
times much greater than the mean exchange lifetime, such that the measured T2 becomes
significantly shorter than T2a. This leads to an overestimation of the exchange-independent
relaxation rate Reff (analogous to the spillover overestimation in a Z-spectrum). To this end,
such broader direct saturation effect mediated by R2 at clinical field strength (R2 effects >> Rex
effects) results in underestimating kex, and therefore the presented pH-weighted images are
likely to suffer from that field-dependent bias. As such, the PRO-QUEST method, while it
increases the precision over other pH-assessing methods, does not improve their accuracy.

Averaged T1 values of 5 healthy volunteers estimated from the Look-Locker scan are consistent
with literature values, although there are areas where T1 lies towards the high-end range as
compared to previously reported values at 3T (Table 3) (25,26,33). This can be explained by
variation on the choice of ROIs, spatial resolution (e.g., partial volume effects in GM) and the
pulse sequences used for measurement (e.g., use of IR instead of Look-Locker).

While the Rex metrics produced from each single power PRO-QUEST sequence show regional
signal variations, to date, no significant differences in intracellular pH between GM and WM
have previously been found in healthy brains using 31P NMR techniques (34). Therefore it is
crucial to evaluate the origin of the measured imaging signal and its association with tissue pH.
In this study, assessment of Rex is achieved independently of the amount of substrate through
the use of two different saturation powers. The ratio of these two measurements provides a
concentration-independent metric Rex as signal changes are only related to pH or temperature.
Whilst the temperature in the brain is expected to stay constant, the changes seen can be directly
attributed to pH changes.

We investigated regional variations in ratiometric Rex metrics across the brain and found no
significant differences in signal between structurally distinct brain regions except between WM
and the Thalamus (p < 0.05) (Table 4), which might likely be accounted for by imperfect B1
correction in the centre of the ventral brain near the thalamus. In a 2D acquisition, the effective
flip angle for shaped RF pulses such as gaussian pulses used in this study depends on the slice
profile which needs to be considered in estimating the flip angle correction factor (21). On the
other hand, in a 3D acquisition scheme, the flip angle discrepancy is mainly due to B1 effect
and therefore reflects B1 inhomogeneity independent of the slice profile. As the PRO-QUEST
11

method is particularly sensitive to B1 inhomogeneities, development of a fast 3D PRO-QUEST
sequence would be able to improve estimation of B1.

Our results illustrate clear separation between NAWM and all MS lesions in progressive
saturation recovery curves with off-resonance saturation pulses (Figure 5B and 5C). The
separation between these curves arises primarily from different T1 values within the ROIs,
whereas other effects such as various concentrations in metabolites or proteins may play an
additional role. Furthermore, we show that, while WM lesions visible on single power Rex maps
are consistent with T1w images, only one periventricular lesion is visible on the ratiometric Rex
map (Figure 5A, Table 5). Typically, patients with MS present with various lesion types due
to a diverse pathophysiology. Studies suggest that such periventricular lesions perpendicular
to the ventricle are the results of inflammation around penetrating venules and there is a
predominantly perivenous demyelination in non-confluent periventricular lesions (35). Here,
we present only two MS patients for demonstration of applicability of PRO-QUEST at clinical
field strength and therefore we hope that a further investigation will uncover the potentials of
this new method applied to MS for aiding in the discrimination of lesion type.

It is worth noting that there are a few limitations to the present study. The first limitation is the
use of single-slice readout which was designed to ensure a clinically acceptable scan time. This
leads to challenges for motion correction that is essential for data acquired on the time scale of
CEST MRI (36) whilst noticeable head motions were not observed in the human data obtained
in this study. As such, further development of a 3D PRO-QUEST sequence within clinically
acceptable scan time is required. Second, the PRO-QUEST method with single irradiation
frequency might be susceptible to B0 shifts. As the previous pre-clinical study reported, this
could be mitigated by using broad bandwidth saturation pulses (21). A bandwidth of 300 Hz
was used in the present study in consideration of the B0 effect. Additional work is necessary to
validate the multiple irradiation frequencies of PRO-QUEST as an adequate reference and to
study their sensitivity and specificity compared to the analysis regimen presented here. Another
limitation is the effect of MT and small Rex with comparison to large R2 effects at 3T. A few
approaches exist to correct for the effect of direct saturation and MT in Z-spectra, such as the
MTR-asymmetry (MTRasym) approach (3) and the 3-point method (37). However, they are not
applicable to the present study as MTRasym relies on the assumption that the reference points
are affected solely by symmetric contributions with respect to the water peak and the 3-point
method assumes a linear relationship between the effect size of confounding contributions and
12

the frequency offset of the CEST pulse, which may not properly correct for the presence of
other CEST pools. Finally, due to intrinsic limitations of the SAR and duty cycle (50%) at
clinical field strength, the efficiency of the off-resonance saturation scheme is somewhat
compromised. Nonetheless, clinical translation of this technique is feasible given its easy
implementation on standard clinical platforms and the use of existing Look-Locker type of
readouts, therefore not requiring pulse programming.

Conclusion
In this study, we demonstrated that it is feasible to estimate a pH sensitive metric using PROQUEST at 3T within clinical acquisition times (around 10 min.) with minimum pulse
programming. Whilst exchange rate (kex) is found to be underestimated due to the larger direct
saturation effect at clinical field strengths, exchange dependent relaxation Rex metric shows
significant correlation with pH in phantoms. Furthermore, no significant differences were
observed in ratiometric Rex metric (a ratio between Rex,high and Rex,low) between GM and WM
in healthy brains as ratiometric Rex is expected to be a concentration-independent and pHsensitive metric. Our initial findings in patients with MS suggest that it would be worthwhile
to apply PRO-QUEST in larger cohort studies on patients with neurological impairment to
better understand its distinct imaging features relative to conventional techniques.
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Table Legends
Table 1. Imaging parameters utilised in this study. Note that offset frequency was applied to
only PRO-QUEST scans.
Pre-saturation
(CEST) pulse
Duration Flip
(ms)
Angle
(deg)

Readout
pulse
Offset
frequency
(ppm)

Flip
Angle
(deg)

Acquisition 1 NEX 3 NEX
(3D)
(2D)

1st Look- Locker

-

-

8

3D or 2D 2:30
FFE with
TFEPI

2:06

2nd
LookLocker

-

-

15

3D or 2D 2:30
FFE with
TFEPI

2:06

1st PRO- 20
QUEST
*

450

3† or 3.5††

8

3D or 2D 2:30
FFE with
TFEPI

2:06

2nd PRO- 20
QUEST
**

250

3† or 3.5††

8

3D or 2D 2:30
FFE with
TFEPI

2:06

-

* Equivalent of 1.47 μT peak amplitude
** Equivalent of 0.82 μT peak amplitude
†

Scan Time
(minutes:
seconds)

For Glutamate phantoms

††

For Human brain
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Table 2. kex values (x 103 s-1) of the present study in glutamate phantoms (3T) as compared to
literature (9.4T).

Present Study
Studya
Studyb
a

6.1
0.56  0.02
0.71  0.03
0.72  0.22

pH
6.6
0.65  0.04
0.84  0.03
1.04  0.19

Demetriou et al. (21): PRO-QUEST

b

Demetriou et al. (21): QUEST

18

7.2
0.68  0.04
1.27  0.20
1.66  0.28

Table 3. Absolute T1 relaxation times of the present study in healthy brains as compared to
literature. ROIs are displayed in Figure 4C. FWM = frontal white matter; OWM = occipital
white matter; CC = corpus callosum; FGM = frontal grey matter; OGM = occipital grey matter.
FWM
OWM
Genu of CC
Splenium of CC
FGM
OGM
Caudate
Putamen
Thalamus
a

Studya
838  18
832  18
1322  34
1283  37
-

Wansapura et al. (33)

b
c

Present Study
916  28
959  33
921  39
1011  80
1651  157
1657  99
1436  45
1332  29
1292  34

Gelman et al. (25)

Lu et al. (26)
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Studyb
847  43
1763  60
1483  42
1337  42
1218  40

Studyc
699  38
758  49
721  68
748  64
1209  109
1122 117
1258  55
1102  40
986  33

Table 4. Calculated mean Ratiometric Rex values ( standard deviation) for white matter, grey
matter, and basal ganglia in 5 healthy human volunteers (median age 30). Manual ROIs were
placed in 9 different positions defined as white matter (WM: frontal lobe, occipital lobe, corpus
callosum), grey matter (GM: frontal lobe, occipital lobe), basal ganglia (caudate, putamen) and
thalamus in each volunteer. Location of ROIs is displayed in Figure 4C. Average of ratiometric
Rex was measured within each matched anatomical region in each volunteer. Mixed effects
model was tested to calculate statistical significance for ratiometric Rex differences of each pair
of combinations (in total 6 pairs). The only significant difference of the ratiometric Rex values
was found between WM and Thalamus (p < 0.05).
GM

WM

Basal

Thalamus

Ganglia
Mean  Std of

0.49  0.02

0.48  0.03

0.49  0.02

0.51  0.01

0.28

-

0.65

0.02

0.58

0.65

-

0.08

0.19

0.02

0.08

-

Ratiometric Rex
Statistical

WM

significance Basal
(p-value)

Ganglia
Thalamus
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Table 5. Mean  Std of Ratiometric Rex in two patients with MS. Manual ROIs were placed in
multiple positions defined as normal appearing white matter (NAWM) and MS lesions in each
volunteer. Location of five lesion ROIs is displayed in Figure 5A.
Patient 1
NAWM

Patient 2
Lesion 1

Lesion 2

Lesion 3

NAWM

Lesion 4

Lesion 5

0.48  0.02 0.56  0.01 0.48  0.01 0.52  0.01 0.49  0.01 0.48  0.01 0.48  0.01
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Figure Legends
Figure 1. A simplified diagram of the pulse sequence. First, an initial saturation by WET pulse
(water suppression enhanced through T1 effects) consisting of four RF pulses is employed to
achieve effective nulling of the longitudinal water magnetisation. Then, (A) delays (LookLocker scan) or (B) off-resonance saturation pulses (PRO-QUEST scan) are applied and
interleaved with the acquisition of segmented exchange-weighted images. Progressive
saturation gives rise to an observable signal reduction in Mz throughout relaxation. td = the time
between the initial saturation pulse and the first readout pulse; tdel = the delay time replacing
the CEST saturation pulse; tsat = the time for the CEST saturation pulse;  = the time between
readout pulses with small flip angle .
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Figure 2. Numerical simulation. Exchange rate (kex) for each flip angle combination was
estimated (A) with additive white Gaussian noise. For simulation with the additive noise, the
fitting repeated 1000 times with various instances of noise. (B) The standard deviations of 1000
repeated estimates are shown in the log-space. The minimum applicable flip angles that result
in an estimate of kex ≈ 800 Hz with small standard deviation are 300 and 630. (C) Effect of
an error ∆T2 on kex at different magnetic field strengths (3T, 7T and 9.4T).
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Figure 3. Saturation recovery curves of (A) Look-Locker scan (with delay) and (B) PROQUEST scan (with off-resonance saturation pulses) in PBS and glutamate (Glu) samples (100
mM) at pH = 6.08, 6.64 and 7.19, and (C) corresponding images of steady-state saturation
recovery curves (at the final phase) in samples. The mean values of both (D) single power Rex
(Rex,high) and (E) ratiometric Rex significantly correlate with pH in glutamate samples (100 mM).
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Figure 4. Representative axial brain images of steady-state saturation recovery curves (at the
final phase) using (A) Look-Locker sequence (with delay) and (B) PRO-QUEST sequence
(with off-resonance saturation pulses) in a healthy volunteer. (C) T1 map (unit: seconds) for
which raw data were obtained from two Look-Locker sequences with small flip angles of 8
and 15, was computed by maximum likelihood estimation. Saturation recovery curves of (D)
Look-Locker scan (with delay), (E) PRO-QUEST scan (with off-resonance saturation pulses)
and (F) the B1 map (in % of the nominal angle) obtained from the same volunteer. Maps of (G)
Rex,low and (H) Rex,high (unit: 1/seconds) were produced by solving Bloch-McConnell equations
with two saturation power setting of PRO-QUEST sequences. (I) A ratiometric Rex map
(unitless) was calculated from Rex,low divided by Rex,high, which produces a concentrationindependent Rex (equation 5). In order to exclude extreme ratiometric Rex originated from CSF
compartment, pixels with T1 over 1780 ms were masked out.
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Figure 5. (A) Multiparametric images from two MS patients. From left to right: T1w PSIR
image, quantitative T2 (in ms), PRO-QUEST Rex maps (in Hz) using two saturation power
setting (Rex,low at low saturation power and Rex,high at high saturation power), ratiometric Rex
(the ratio of two Rex maps, unitless). MS lesions are indicated by blue arrows L1 – L5 as a
reference for Table 5. In order to exclude extreme ratiometric Rex originated from CSF
compartment, pixels with T1 over 1780 ms were masked out. Saturation recovery curves of
PRO-QUEST scan (with off-resonance saturation pulses) obtained from MS lesions (L1 - L5)
and NAWM from the (B) patient 1 and (C) patient 2.
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Supporting Information Figure S1. Saturation recovery curves of (A, C) Look-Locker scan
(with delay) and (B, D) PRO-QUEST scan (with off-resonance saturation pulses) in glutamate
samples. (A, B) At various pH with a fixed concentration of glutamate samples (20 mM). (C,
D) Various concentration of glutamate samples at a fixed pH of 6.08.
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Supporting Information Figure S2. Mean values of (A) single power Rex (Rex,high) and (C)
ratiometric Rex at various concentration of glutamate samples with a fixed pH of 6.08, and
mean values of (B) single power Rex (Rex,high) and (D) ratiometric Rex at various pH of glutamate
samples with a fixed concentration (20 mM). The error bar represents the standard deviation.
Significant differences between groups are indicated by *p < 0.05 and **p < 0.001.
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Supporting Information: Derivation of PRO-QUEST and Look-Locker equations

For efficient description of derivations, we firstly outline the derivation of equation 3 followed
by equation 1. All timings are shown on the sequence diagram (Figure 1). The initial
magnetization is 𝑀(𝑡 = 0) = 0, assuming perfect initial and instantaneous saturation. The
time 𝑡𝑑 passes until the beginning of the first CEST saturation pulse. During this time, the
magnetisation 𝑀 recovers with 𝑅1 towards equilibrium magnetization 𝑀0 . Hence, at 𝑡𝑑 (the
time between the initial saturation pulse and the first readout pulse), the magnetisation is given
by:
𝑀(𝑡 = 𝑡𝑑 ) = 𝑀0 (1 − ⅇ −𝑡𝑑 𝑅1 ).

[6]

During the first CEST saturation pulse, the magnetisation recovers with 𝑅1𝜌 towards 𝑀𝑠𝑠 (the
steady-state magnetization). Hence, at the end of the pulse, the magnetisation is given by:
𝑀(𝑡 = 𝑡𝑑 + 𝑡sat ) = 𝑀(𝑡 = 𝑡𝑑 ) ∗ ⅇ −𝑡sat 𝑅1𝜌 + 𝑀ss (1 − ⅇ −𝑡sat 𝑅1𝜌 )

[7]

where tsat is the time for the CEST saturation pulse and 𝑅1𝜌 is the relaxation constant along the
effective field. We assume that the following readout pulse is instantaneous (zero duration).
This readout reduces the magnetization by a factor cos𝜃:
𝑀(𝑡 = 𝑡𝑑 + 𝑡sat ) → 𝑀(𝑡 = 𝑡𝑑 + 𝑡sat )(cos𝜃)

[8]

During the inter-pulse delay of the module, i.e., until time 𝑡 = 𝑡𝑑 + 𝑡𝑠𝑎𝑡 + (𝜏 − 𝑡𝑠𝑎𝑡 ) = 𝑡𝑑 +
𝜏, no pulse is played, therefore the magnetisation recovers with 𝑅1 towards 𝑀0 :
𝑀(𝑡 = 𝑡𝑑 + 𝜏) = 𝑀(𝑡 = 𝑡𝑑 + 𝑡sat )ⅇ −(𝜏−𝑡sat)𝑅1 + 𝑀0 (1 − ⅇ −(𝜏−𝑡sat)𝑅1 )

[9]

where 𝜏 is the time between readout pulses with small flip angle . Repeating this scheme for
further CEST-pulse inter-pulse delay modules leads to the following general formula for the
magnetization at the 𝑁th readout:
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1) ∗ 𝜏 + 𝑡sat ) = [ 𝑀(𝑡𝑑 )ⅇ −𝑡sat𝑅1𝜌 + 𝑀ss (1 − ⅇ −𝑡sat 𝑅1𝜌 )]𝜖 𝑁−1 + [𝑀ss (1 − ⅇ −𝑡sat𝑅1𝜌 ) +
𝑀0 (1 − ⅇ −(𝜏−𝑡sat )𝑅1 )ⅇ −𝑡sat𝑅1𝜌 ](𝜖 𝑁−2 + 𝜖 𝑁−3 +. . . +𝜖 1 + 𝜖 0 )

[10]

where (cos𝜃)ⅇ −(𝜏−𝑡sat)𝑅1 ⅇ −𝑡sat𝑅1𝜌 term is replaced by ϵ.
Using the geometric sum formula for the last expression this can be rewritten as:
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡sat ) = [𝑀(𝑡𝑑 )ⅇ −𝑡sat𝑅1𝜌 + 𝑀ss ∗ (1 − ⅇ −𝑡sat 𝑅1𝜌 )]𝜖 𝑁−1 + [𝑀ss (1 − ⅇ −𝑡sat 𝑅1𝜌 ) +
𝑀0 (1 − ⅇ −(𝜏−𝑡sat )𝑅1 )ⅇ −𝑡sat𝑅1𝜌 ]

1−𝜖 𝑁−1
1−𝜖

Replacing 𝜖 with (cos𝜃)ⅇ −(𝜏−𝑡sat)𝑅1 ⅇ −𝑡sat𝑅1𝜌 , equation 3 is obtained.
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[11]

𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡sat )
= [𝑀0 (1 − ⅇ −𝑡𝑑 𝑅1 )ⅇ −𝑡sat𝑅1𝜌 + 𝑀ss (1 − ⅇ −𝑡sat𝑅1𝜌 )]((cos𝜃)ⅇ −𝑡sat𝑅1𝜌 ⅇ −(𝜏−𝑡sat )𝑅1 )

(𝑁−1)

(𝑁−1)

1 − ((cos𝜃)ⅇ −𝑡sat𝑅1𝜌 ⅇ −(𝜏−𝑡sat )𝑅1 )
+ 𝑀𝑧sat (𝜏) (
1 − ((cos𝜃)ⅇ −𝑡sat 𝑅1𝜌 ⅇ −(𝜏−𝑡sat)𝑅1 )

)

[3]

Next, equation 1 is obtained as a case-limit of equation 3 for:
𝑅1𝜌 → 𝑅1
𝑀𝑠𝑠 → 𝑀0
𝑡sat → 𝑡del
These variable replacements account for the lack of a saturation pulse during the time interval
𝑡del .
Hence, we obtain:
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡del ) = [𝑀(𝑡𝑑 )ⅇ −𝑡del𝑅1 + 𝑀0 (1 − ⅇ −𝑡del 𝑅1 )]𝜖 𝑁−1 + [𝑀0 (1 − ⅇ −𝑡del𝑅1 ) +
𝑀0 (1 − ⅇ −(𝜏−𝑡del)𝑅1 )ⅇ −𝑡del𝑅1 ]

1−𝜖 𝑁−1

[12]

1−𝜖

This can be simplified to:
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡del ) = [𝑀(𝑡𝑑 )ⅇ −𝑡del𝑅1 + 𝑀0 (1 − ⅇ −𝑡del 𝑅1 )]𝜖 𝑁−1 + 𝑀0 (1 − ⅇ −τR1 )

1−𝜖 𝑁−1
1−𝜖

[13]
Replacing 𝜖 with (cos𝜃)ⅇ −(𝜏−𝑡sat)𝑅1 ⅇ −𝑡sat𝑅1𝜌 , equation 1 is obtained.
𝑀(𝑡 = 𝑡𝑑 + (𝑁 − 1)𝜏 + 𝑡del ) = [𝑀0 (1 − ⅇ −𝑡𝑑 𝑅1 )ⅇ −𝑡del𝑅1 + 𝑀0 (1 − ⅇ −𝑡del𝑅1 )]((cos𝜃)ⅇ −τR1 )𝑁−1 + 𝑀𝑧𝑑 (𝜏)

1 − ((cos𝜃)ⅇ −τR1 )(𝑁−1)
1 − ((cos𝜃)ⅇ −τR1 )

[1]
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Supporting Information Figure S1. Saturation recovery curves of (A, C) Look-Locker scan
(with delay) and (B, D) PRO-QUEST scan (with off-resonance saturation pulses) in glutamate
samples. (A, B) At various pH with a fixed concentration of glutamate samples (20 mM). (C,
D) Various concentration of glutamate samples at a fixed pH of 6.08.
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Supporting Information Figure S2. Mean values of (A) single power Rex (Rex,high) and (C)
ratiometric Rex at various concentration of glutamate samples with a fixed pH of 6.08, and
mean values of (B) single power Rex (Rex,high) and (D) ratiometric Rex at various pH of glutamate
samples with a fixed concentration (20 mM). The error bar represents the standard deviation.
Significant differences between groups are indicated by *p < 0.05 and **p < 0.001.
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