
Nuclear Overhauser Enhancement (NOE) Imaging in the Human
Brain at 7 T

Craig K Jones1,2, Alan Huang1,3, Jiadi Xu1,2, Richard AE Edden1,2, Michael Schär4, Jun
Hua1,2, Nikita Oskolkov1,2, Domenico Zacà5, Jinyuan Zhou1,2, Michael T McMahon1,2, Jay J
Pillai1,6, and Peter CM van Zijl1,2

1Division of MR Research, Russell H. Morgan Department of Radiology and Radiological
Science, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.
2F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore,
Maryland, USA.
3Department of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore,
Maryland, USA.
4Philips Healthcare, Cleveland, OH
5Center for Mind Brain Sciences, University of Trento, Italy
6Division of Neuroradiology, Johns Hopkins University School of Medicine, Baltimore, Maryland,
USA.

Abstract
Chemical exchange saturation transfer (CEST) is a magnetization transfer (MT) technique to
indirectly detect pools of exchangeable protons through the water signal. CEST MRI has focused
predominantly on signals from exchangeable protons downfield (higher frequency) from water in
the CEST spectrum. Low power radiofrequency (RF) pulses can slowly saturate protons with
minimal interference of conventional semi-solid based MT contrast (MTC). When doing so,
saturation-transfer signals are revealed upfield from water, which is the frequency range of non-
exchangeable aliphatic and olefinic protons. The visibility of such signals indicates the presence of
a relayed transfer mechanism to the water signal, while their finite width reflects that these signals
are likely due to mobile solutes. It is shown here in protein phantoms and the human brain that
these signals build up slower than conventional CEST, at a rate typical for intramolecular nuclear
Overhauser enhancement (NOE) effects in mobile macromolecules such as proteins/peptides and
lipids. These NOE-based saturation transfer signals show a pH dependence, suggesting that this
process is the inverse of the well-known exchange-relayed NOEs in high resolution NMR protein
studies, thus an relayed-NOE CEST process. When studying 6 normal volunteers with a low-
power pulsed CEST approach, the relayed-NOE CEST effect was about twice as large as the
CEST effects downfield and larger in white matter than gray matter. This NOE contrast upfield
from water provides a way to study mobile macromolecules in tissue. First data on a tumor patient
show reduction in both relayed NOE and CEST amide proton signals leading to an increase in
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magnetization transfer ratio asymmetry, providing insight into previously reported amide proton
transfer (APT) effects in tumors.

Keywords
CEST; nuclear overhauser enhancement; NOE; relay; exchange; high field; MRI; asymmetry
analysis; Lorentzian Curve Fit

Introduction
Chemical exchange saturation transfer (CEST) (Guivel-Scharen et al., 1998; Ward et al.,
2000; Zhou and van Zijl, 2006; Sherry and Woods, 2008; Aime et al., 2009; Ali et al., 2009;
Hancu et al., 2010; van Zijl and Yadav, 2011) is a type of magnetization transfer (MT) that
employs the transfer of saturation from low concentration exogenous or endogenous pools
of exchangeable protons to the bulk water proton pool. These include amide or imino (NH)
protons, amine (NH2) protons, and hydroxyl (OH) protons. Endogenous CEST studies of
tissue have allowed the assessment of tumors (Zhou et al., 2003; Zhou et al., 2008; Jones et
al., 2006) and ischemia (Zhou et al., 2003; Sun et al., 2007, 2008) using the amide proton
transfer signals of peptides and proteins, called amide proton transfer (APT) MRI. In
addition, cartilage CEST studies using amide and hydroxyl protons (Ling et al., 2008) and
tissue metabolite studies using OH and NH2 protons (Van Zijl et al., 2007; Haris et al.,
2011; Cai et al., 2012) have been reported. CEST MRI generally involves the acquisition of
a so-called saturation spectrum or Z-spectrum (Bryant, 1996) in which the ratio of the
saturated (Ssat) and unsaturated (S0) water signals is plotted as a function of saturation
frequency difference (Δω) with water. Because the exchangeable protons tend to resonate
downfield (at higher frequency) from water and in an effort to remove the symmetric effects
from direct water saturation (DS), CEST data are commonly analyzed using asymmetry
analysis with respect to the water frequency set at Δω = 0 and normalized to unsaturated
signal (S0). Defining the MT ratio (MTR) as 1 – Ssat/S0, this gives:

(1)

Obviously such an analysis will not be completely correct if any MT effects occur upfield
from water. This unfortunately is the case in vivo where MT effects of semi-solid tissue
components (conventional MT contrast or MTC) cause a strong, broad (tens of ppm) and
asymmetric component to the Z-spectrum (Pekar et al., 1996; Swanson and Pang, 2003;
Hua, Jones, et al., 2007). To complicate matters, a recent study of glycosaminoglycans (Ling
et al., 2008) indicated the presence of an additional upfield MT effect. This was attributed to
nuclear Overhauser enhancements (NOE) in the NMR spectral range for aliphatic and
olefinic protons, ranging from 0-5 ppm in the proton spectrum or −5 to 0 ppm in the Z-
spectrum (Mori et al., 1998; van Zijl et al., 2003; van Zijl and Yadav, 2011). This was later
confirmed by others (Jones et al., 2011; Jones et al., 2012; Jin et al., 2012a). Assuming
removal of the DS, the asymmetry thus needs to be described by:

(2)

Notice that the MTC effects in (semi)-solid tissue components originate from fast dipolar
transfer of NOEs through spin diffusion followed by transfer to water and are hidden in a
broad solid-state spectrum. The sharper NOE-based signals measured in the aliphatic and
olefinic spectral range, on the other hand, are from mobile macromolecular components with
finite linewidth (Mori et al., 1998; van Zijl et al., 2003). The fact that signals originating
from non-exchangeable protons appear in the Z-spectrum indicates the presence of a transfer
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mechanism to water, which has been attributed to either direct through-space dipolar transfer
(Ling et al., 2008; Jin et al., 2012a) or a relay mechanism via exchangeable protons (Van
Zijl and Yadav, 2011). Irrespective of this, the opportunity to detect NOE-relayed signals
based in mobile macromolecules offers an opportunity to study such compounds non-
invasively with high sensitivity in vivo.

One problem to address is how these NOEs can be detected without too much MTC
interference. Fortunately, the relative contributions of MTC and CEST effects can be tuned
(Desmond and Stanisz, 2012; Song et al., 2012) by varying saturation pulse length (tsat) and
field strength (B1). We recently showed that this approach can be optimized to detect slower
transfer processes, such as due to exchanging amide protons and NOE-relayed effects, with
minimal MTC interference (Jones et al., 2011; Jones et al., 2012). This can be accomplished
by performing a low-power steady state pulsed CEST experiment and removing the DS
contribution using a Lorentzian difference analysis (LD). Here we show that, using this
approach, NOE-relayed CEST images can be generated in vivo in the human brain. In order
to obtain some insight into the origin of these upfield signals, we studied a buffered solution
of the large mobile protein bovine serum albumin (BSA) where the occurrence of CEST
effects and NOEs can be observed without interference of semisolid MTC effects and lipid
presence. We compared the build-up processes of the CEST and NOE-relayed effects in
vitro and in vivo as a function of separation time between saturation pulses. In addition, to
find out whether direct through-space dipolar effects or NOE relay through exchangeable
protons cause the transfer of the NOEs to water, we measured the pH dependence of these
effects in the BSA solution.

Materials and Methods
Phantom preparation

A 10% BSA phantom was created by dissolving 42 g of BSA (66.5 kD; Sigma–Aldrich, St
Louis, MO) in 420 mL of phosphate-buffered solution, giving a 1.5 mM solution. The
resulting mixture was poured into eight 50-mL Falcon tubes and the pH was titrated (Seven
Compact, Mettler Toledo) to 5.70, 6.01, 6.33, 6.61, 7.01, 7.29, 7.60, and 8.00. A ninth tube
was filled with PBS as a control. A solution of 0.2% sodium azide (Sigma-Alderich, St.
Louis, MO) was added to each of the nine tubes to preserve the phantoms. All tubes were
capped and sealed with Parafilm (Lab Depot, Dawsonville, GA, USA). The phantoms were
placed in the 32 channel head coil on the 7 T Philips system.

Human studies
The studies were approved by the Johns Hopkins Medicine IRB and performed on 6 normal
controls and one brain tumor patient (30 year old male with a left occipital lobe infiltrating
astrocytoma with early anaplastic transformation (histopathology confirmed WHO Grade
III)) all of whom provided informed consent. All MRI data were acquired on a 7 T Philips
Achieva system (Philips Healthcare, Best, The Netherlands) using a quadrature transmit
head coil and a 32 channel Novamedical phased array receive coil (Nova Medical Inc,
Wilmington MA). High dielectric pads (Yang et al., 2006; Haines et al., 2010) were placed
on either side of the head by the temporal lobes for padding to minimize movement and to
flatten the B1 distribution across the head.

Pulse sequences and data acquisition
Figure 1a shows the 3D steady-state pulsed (SSP-) CEST sequence used for whole-brain
acquisition and described in detail previously (Desmond and Stanisz, 2012; Jones et al.,
2012). Every TR contains a single-lobe sinc-gauss saturation pulse followed by gradient
echo detection (TE/flip angle = 1.72 ms/12°). We used a low-B1 approach (1 μT peak
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amplitude, 25 ms pulse resulting in a flip angle of 208°), which leads to slow build up (~3-4
s) of a saturation steady state that is maintained for the frequency being studied. Whole brain
volumes were acquired across at 3×3×3 mm isotropic resolution using a FOV of 220 × 220
mm2 (40 slices). The parallel imaging SENSE factor was 2×2 (RL × AP). The time for
whole brain acquisition was 10.9 s per irradiation frequency. When switching frequencies to
acquire a Z-spectrum, a negligible delay is needed between frequency points (Jones et al.,
2012). The saturation frequency offsets (in ppm, relative to the water frequency) were
acquired pseudo-randomly: unsaturated (unsat), unsat, unsat, −0.9, −30.0, −3.0, −0.6, 15.0,
unsat, −0.8, −0.4, −2.9, −2.8, −1.2, unsat, −2.7, 1.6, −2.5, −1.0, 4.1, unsat, −0.7, −3.4, 4.3,
−4.5, 4.7, unsat, 0.2, 40.0, −2.6, 20.0, 0.7, unsat, −4.7, 1.8, −2.2, 4.2, 9.0, unsat, −1.9, 3.2,
3.7, −4.0, 2.1, unsat, −15.0, 30.0, −0.2, −0.5, −4.4, unsat, 3.5, −0.1, −4.2, 3.9, 4.9, unsat,
13.0, −2.1, 1.4, −3.3, 1.1, unsat, 3.3, 1.0, 7.0, 1.7, −4.1, unsat, −3.9, 2.9, 4.5, −3.8, -−0.3,
unsat, 2.4, −4.9, 4.0, −20.0, 3.1, unsat, −4.3, 3.0, −3.1, −9.0, −3.6, unsat, 0.4, 11.0, −1.6, 0.1,
1.5, unsat, −1.4, −7.0, 3.6, 0.3, −2.4, unsat, 1.2, 2.8, −1.8, −40.0, 5.0, unsat, −1.3, 1.3, −2.0,
2.2, 3.8, unsat, −3.7, −13.0, 4.6, −5.0, 4.4, unsat, 0.9, 2.7, 0.6, 0.5, 0.8, unsat, −4.8, 3.4, −2.3,
−1.1, −3.5, unsat, 2.3, 2.5, −1.7, 0.0, −4.6, unsat, −11.0, −3.2, 2.0, 4.8, −1.5, unsat, 2.6, 1.9,
unsat, unsat. Total acquisition time was 26 min 24 s. The unsaturated references were
acquired using the same sequence as the saturated volume (including the TR), except with
the RF saturation pulse turned off.

Figure 1b shows a variable-delay multi-pulse (VDMP-) CEST sequence in which a train of
32 sinc-gauss saturation pulses (tpulse = 25 ms; 180° each for a B1 peak amplitude of 0.89
μT) is applied at a certain frequency offset followed by a 2D single-shot gradient echo scan
(TR/TE/flip angle = 14 ms/1.72 ms/12°). This sequence was used in vitro and in vivo to
study the rate of saturation buildup for exchangeable protons downfield and NOE-based
signals upfield by acquiring Z-spectra as a function of the delay time (tdelay = 1 – 80 ms)
between saturation pulses. Notice that this sequence is very similar to the group of selective
label-exchange pulse sequences (Friedman et al., 2010; van Zijl and Yadav, 2011) for
protons in mobile solutes that have a distinguishable chemical shift. In those approaches, a
selective pulse (or a combination of multiple pulses) excites the protons (label) followed by
a period of exchange transfer to water. These so-called label-transfer modules (LTMs) are
then repeated and signal builds up proportional to the number of labels and the
magnetization transfer rate, while it decays with T1w. Rapidly exchanging protons will
already show the maximum label transfer at short delay, while processes that take longer
will show a later maximum. For the current approach the RF pulses (25 ms) are relatively
long with respect to the inter-pulse delay and the analytical solution is not straightforward,
but the effects can be easily simulated and the experimental data fitted with a 2-pool Bloch
model. The VDMP-sequence also has similarities to the variable-angle multi-pulse (VAMP)
approaches (Zu et al., 2011, 2012), where the effects of direct saturation and MTC are
canceled by varying the flip angle of the saturation pulses over a series of scans.

Images were acquired at saturation offset frequencies −10, −8, −5, −4, −3.7, −3.5, −3.2, −3,
−2.5, −2, −1, −0.7, −0.5, −0.4, −0.2, −0.1, 0, 0.1, 0.2, 0.4, 0.5, 0.7, 1, 2, 2.5, 3, 3.2, 3.5, 3.7,
4, 5, 8, and 10 ppm (relative to water). This was preceded and followed by acquisition of
unsaturated volumes for reference. These data were used to create a Z-spectrum for each
voxel. Recycle times of 8 s and 6 s (> 3 T1 at 7 T (Rooney et al., 2007)) were used in vitro
and in vivo, respectively, which should allow for sufficient regrowth of the longitudinal
magnetization between acquisitions. The image voxel sizes were 2.5×2.5×10 mm3 in vitro
and 3×3×5 mm3 in vivo, and a parallel imaging (SENSE) factor of 2 was used. A single shot
gradient echo sequence was used for acquisition of a single 3D image (Jones et al., 2012).
Acquisition times were 4 min 21 s and 5 min 12 s for the shortest delay time in vitro and in
vivo, respectively. The total acquisition time increased as the tdelay increased but the recycle
times were kept constant.
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Single-voxel MRS data from a 2×2×2 cm3 region of the white matter on the right-posterior
minor forceps were acquired using a STEAM sequence with TR/TE = 3 s/14 ms. The
sampling frequency was 6000 Hz and 96 averages were acquired. A VAPOR pulse was used
for water suppression (Tkác et al., 1999).

Data Analysis
All data processing was performed using Python, Scipy and Numpy (www.python.org,
scipy.org and numpy.scipy.org, respectively) and Java using code written in-house. In vivo
data were registered to the first volume (unsaturated) using the rigid body (6 degrees of
freedom) registration algorithm FLIRT (FSL, FMRIB Centre, University of Oxford) with
the normalized mutual information cost function and sinc resampling. Regions of interest
were drawn on mid-axial slices through representative white and gray matter regions and
CSF. The mean signals within each region were calculated and displayed.

Steady-state pulsed CEST: A smoothed B-spline function (splrep in SciPy) was fitted to the
unsaturated data in each voxel to quantify the signal drift throughout the acquisition and the
acquired signal at each saturation frequency offset was subsequently corrected based on a
spline interpolation of the fit to the unsaturated data. The signals were then re-ordered so the
corresponding saturation frequency offsets were decreasing. Three regions of the Z-spectra
(∣f∣ < 1 ppm, f > 10 ppm and f < −10 ppm) were simultaneously fit to a Lorentzian function
(as in (Jones et al., 2012)) to estimate the direct saturation (DS) curve. In this analysis, it is
inherently assumed that DS is symmetric around the water frequency within the narrow
frequency range (< 1 ppm) and retains its theoretical Lorentzian shape in vivo. Lorentzian
difference analysis (LD) was performed to calculate the transferred saturation as the
difference between the fitted Lorentzian of the direct water saturation (DS) and the Z-
spectrum:

(3)

The mean LD signal was quantified for multiple frequency ranges, including Δω = 3.3 – 3.7
ppm (APT-CEST), Δω = −3.3 to −3.7 ppm (NOE range opposite to APT-CEST), and Δω =
−2 to −5 ppm (total NOE range). In the phantom, when studying pH dependence, LD was
determined at each frequency and plotted as a function of pH. After that the approximate
slope of this pH dependence was fitted versus frequency to visualize the pH dependencies of
the different transfer effects (CEST for amide, amine, OH and NOE for non-exchangeable
protons).

Variable-delay multi-pulse CEST: Z-spectra from a set of voxels within a region of interest
were each shifted using a modified shift correction (Jones et al., 2012) based on the water
saturation shift referencing (WASSR, (Kim et al., 2009)) approach in order to reset the water
signal to 0 ppm for each voxel after which the corrected Z-spectra were averaged together.
This was done for each of the tdelay values listed above. Then the relative signal was
quantified as 100*(1 – Ssat(Δω)/S0 over the typical ranges Δω = 3.3 – 3.7 ppm (APT-CEST)
and Δω = −3.3 to −3.7 ppm (NOE frequency range opposite of APT-CEST frequency range)
and plotted as function of tdelay. These data were subsequently fitted using a two-pool Bloch
model with a constrained T1w for both signals to estimate the magnetization transfer rate.
Since the pool sizes weren’t measured, there are three unknowns, but we have two curves
related by the same relaxation rate so we fitted the curves together constrained by the same
T1w for both signals, allowing us to determine the ratio of the transfer rates. By assuming a
T1w, the actual rates can be determined. One parameter that gives a good indication of the
relative transfer rates is the curve maximum, which is also reported.
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MRS data was processed with LCModel (Provencher, 1993) using a basis set appropriate for
a 7T spectrum acquire at TE = 14 ms with STEAM, including basis spectra for metabolites
and known macromolecular signals. Fitting also included a spline to account for the
baseline. The baseline and known macromolecular locations were combined to form the
macromolecular baseline, which we used to compare with the CEST LD upfield of water.

Results
Phantoms

In Figure 2a, a Z-spectrum of 1.5 mM BSA at pH = 7.4 obtained with the SSP-CEST
sequence is displayed, showing the exchangeable proton effects downfield (higher
frequency) and relayed NOE signals upfield. Figure 2b shows the Lorentzian difference
spectrum, indicating transfer effects of up to 3% for the exchangeable protons and up to 4%
for the relayed NOEs. This corresponds to enhancement factors of about 2,000 or more with
respect to the protein concentration, but since the protein contains multiple protons, the per
proton enhancement (proton transfer ratio or PTR) is less. Figure 2c displays the results of
the saturation transfer buildup for the APT-CEST effect and the NOE-relayed effect at
opposite frequencies (3.5 ppm and −3.5 ppm) as a function of tdelay in the VDMP-CEST
sequence. It can be seen that the relayed NOE signal saturation in this large mobile
macromolecule builds up slower than the amide proton exchange saturation transfer. When
fitting these data to a typical buildup dependence for this pulse sequence using a two-pool
Bloch model assuming a T1w of 1.8 s, the effective rates for this protein in solution were 39
Hz for the relayed-NOE buildup at −3.5 ppm and 101 Hz for the APT-CEST buildup at 3.5
ppm. The signal curve maximum was reached at 14 ms and 42 ms for the APT-CEST and
NOE-CEST, respectively.

In order to test the pH dependence of the saturation transfer effect for the exchangeable
protons in the CEST and NOE spectral ranges, the LD(Δω) of the pH-BSA phantoms was
measured using SSP-CEST as a function of pH. Figure 2d displays the LD results for the
APT-CEST frequency range (3.3 – 3.7 ppm) and relayed NOE opposite frequency range,
both of which show a small approximately linear increase with pH. For the amine frequency
range (2.7 – 3.1 ppm) a LD decrease is found with increasing pH (Figure 2e), while the
relayed NOE at the opposite frequency range shows an increase. In comparison, the
MTRasym(3.5 ppm) and pH were found to have minimal correlation with a slope of −0.12
(Figure 2d, red diamonds), while MTRasym(2.9 ppm) had a strong negative correlation
(slope −1.03, Figure 2e, red diamonds). Interestingly, the pH dependencies do not show an
exponential behavior, which would be expected for base-catalyzed exchange. The most
likely explanation is that the effects measured are a mixture of the different pH
dependencies of the exchange rates of multiple amide and amine protons with overlapping
frequency ranges. While these are all inherently exponential, their dependencies need not
overlap in sensitive region on the pH scale and some may even be of opposite sign. When
approximating the pH dependence as linear at each frequency, the pH dependencies of the
different transfer effects can be plotted as a function of frequency, the result of which is
shown in Figure 2f. Due to possible errors from interference with direct water saturation,
this plot is only shown for the ∣Δω∣ > 1 ppm range.

Human brain
Normal Volunteers—Figure 3 illustrates the acquisition and signal intensity correction
process used for the SSP-CEST data. Figure 3a is a montage of a single slice for each of the
saturated and unsaturated acquisitions, acquired in random order. The dark images are due to
the saturation pulse being applied on or near water resonance, effectively saturating the free
water signal. Figure 3b. shows the normalized acquired signal of the unsaturated images for
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a single white matter voxel, which shows a signal variation as a function of time very similar
to the baseline drift found in fMRI when the magnet bore heats up during gradient pulsing.
Such a drift interferes with proper LD analysis and we therefore designed a correction
procedure based on acquiring multiple S0 references throughout the Z-spectral measurement
(See Methods). Using these reference data, the drift was fitted using a spline, which was
then used to correct the data as shown in Figure 3c. As the acquisition proceeds, a larger
signal correction is needed, as is obvious in both the unsaturated signal and saturated signal.
The signals were re-ordered based on saturation frequency offset and used to generate a Z-
spectrum. It is clear from Figure 3d that the signal drift correction procedure results in a
smoother z-spectrum.

Figure 4 illustrates the Lorentzian difference analysis (LD) used to remove the direct
saturation contribution from the drift-corrected data for a white matter region (Figure 4a).
Figure 4b shows the acquired data (blue) and fitted Lorentzian (green). The LD (Figure 4c)
shows several regions in which saturation transfer has occurred, attributed to amide, amine
and hydroxyl groups downfield and aliphatic and olefinic groups upfield. The upfield side of
water (as seen in Figure 4d) shows a composite broad resonance between −2 ppm and −5
ppm, attributed to nuclear Overhauser enhancements (Ling et al., 2008; Jones et al., 2011;
van Zijl and Yadav, 2011; Jin et al., 2012a; Jones et al., 2012) relayed to water via a
magnetization transfer mechanism as there are no exchangeable protons expected in this
frequency range. This relayed NOE effect is approximately 4-8% for our pulse sequence
settings, compared to a 1-4% effect for the proton exchange downfield. The intensity
depends on the saturation offset frequency and reflects a composite nature of this saturation
transfer with several discrete peaks within the broad spectral range.

In order to study the spatial distribution of these saturation transfer signals, Figure 5 shows
slices for several frequency ranges in the Z-spectrum. The APT-weighted range LD(3.3-3.7
ppm) shows minimal contrast difference between the white and gray matter consistent with
our previous report (Jones 2011). The amine proton range LD(2.0-3.0 ppm) shows contrast
similar to the amide maps. The relayed NOE maps over the full range (−2.0 to −5.0 ppm) as
well as separate frequency ranges clearly have a higher LD intensity in the white matter than
the gray matter. The highest relayed NOE signal is found for the −3.3 to −3.7 ppm range,
which is also clear from the Z-spectrum and LD-spectrum in Figure 4. Mean and standard
deviation of the upfield signals were calculated in five white matter regions and three gray
matter regions: 8.4 ± 1.0% (genu of corpus callosum), 8.4 ± 1.3% (internal capsule), 7.9 ±
0.5% (major forceps), 8.1 ± 0.9% (minor forceps), 8.2 ± 1.0 % (splenium of corpus
callosum), 5.9 ± 1.6% (frontal gray matter), 6.5 ± 1.1% (posterior gray matter), 5.9 ± 0.8%
(caudate).

Figure 6 shows the saturation transfer buildup in a region of interest in white matter in the
human brain. This buildup was measured with a variable-delay multi-pulse CEST sequence
(Figure 1b) at Δω = 3.5 ppm and Δω=−3.5ppm. Using a T1w value of 1.7 s, the fitted rates
were 29 Hz and 11 Hz, for the downfield (APT-CEST) and upfield (relayed-NOE) protons,
respectively. The upfield signal peaked at a tdelay of approximately 27 ms, while the peak for
the buildup downfield was at tdelay = 16 ms.

Figure 7 (top) shows the LD-spectrum of the upfield frequency range for a region of interest
(ROI) in the right posterior portion of the brain. It is compared to a fitted macromolecular
baseline (Figure 7, middle) on the same frequency scale, which was obtained from the
baseline deconvolution of a STEAM spectrum (Figure 7, bottom) from a single voxel in the
same region. The peaks in the fitted macromolecular baseline are based on literature
assignments (Behar et al., 1994) and the dashed lines are drawn to show qualitative
similarity of the peaks in the fitted macromolecular baseline to the shape of the CEST LD.
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Brain tumor patient—Figure 8 shows a drift corrected Z-spectrum with Lorentzian water
fit of a region contralateral to the tumor (Figure 8a) and a region within the tumor (Figure
8b). Clearly, tumors show less saturation effects overall. The corresponding LD-spectra are
shown too, together with LD(±3.5 ppm) and MTRasym(3.5 ppm) maps. Normally, APT
imaging relates to an image of MTRasym(3.5 ppm), which would thus have contributions
from relayed NOE (NOE-CEST) signals upfield and APT-CEST signals downfield plus
some conventional MTCasym (Eq. 2). While the tumor region shows the well-established
hyperintensity in the MTRasym(3.5 ppm) image, it displays clear hypointensity in the LD(3.5
ppm) and LD(−3.5 ppm) maps. Despite being high-grade, the T1 post-gadolinium scan was
not enhancing, but the MTRasym(3.5 ppm) correctly identified the tumor in line with
previous reports (Jones et al., 2006; Zhou et al., 2008, 2011). There was a hyperintensity in
the FLAIR region within the central tumor region and homogeneously elevated ADC
suggesting low tumor cellular density.

Discussion
Z-spectra (Bryant, 1996) have been used for analyzing tissue data for close to 20 years now,
first for MTC imaging and more recently for CEST imaging. For the latter, most of the
literature has focused on the exchangeable protons downfield of water. However, when
acquiring Z-spectra using low-power SSP-CEST with the purpose of reducing the semi-solid
MTC (Desmond and Stanisz, 2012; Jones et al., 2012), a different type of magnetization
transfer effect is revealed upfield from water. This effect occurs over a much narrower
spectral width than conventional MTC, namely the range corresponding to the aliphatic and
olefinic frequencies in the proton NMR spectrum. They are distinguishable from MTC
effects in that they show fine structure (Figure 2b and in particular Figure 4c,d), indicating
an origin in mobile tissue components. Since the spectral area upfield from water does not
contain exchangeable protons, the detectability of these signals in the water Z-spectrum
indicates that they most likely originate from NOEs relayed to the water through some
magnetization transfer mechanism. The presence of these relayed-NOE signals is a
confounding factor when performing MTRasym analysis for the study of CEST effects. We
therefore used Lorentzian difference analysis to estimate out contributions from direct water
saturation. The resulting signals are then described by:

(4)

which is related to Eq. [2] via

(5)

LD maps of the integral of the signal intensity over different spectral ranges are shown in
Figure 5 and, except for the amide proton region, most have a higher signal in the white
matter than in gray matter. This contrast is more pronounced in the relayed-NOE range (−2
to −5 ppm). However, this contrast may not be solely due to mobile species. Even with the
low power saturation pulse, there still is a residual MTC effect that can be identified by the
increased broad baseline below the structured spectrum that extends to frequencies above 5
ppm downfield and below −5 ppm upfield (Figures 4c,d). Due to the asymmetry of the MTC
effect (Hua et al., 2007), there is a MTRMTC(Δω) difference of approximately 1-2 % between
the upfield and downfield sides for the broad component at this B1. Actually, the MTC is
also a relayed-NOE effect, but based on very fast dipolar transfer of NOEs through the semi-
solid lattice and then to water. In order to further investigate the mechanism underlying the
relayed-NOE transfer mechanisms, we compared the saturation transfer timing in vitro in the
mobile protein phantom and in vivo in the human brain. In addition we studied the pH
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dependence of the LD signals in the protein phantom as a pH-dependence would shed light
on whether proton exchange is involved in the relay of NOEs to the water signal.

Saturation transfer buildup
When using pulsed imaging approaches, the effect of the pulses on the spins depends on the
mobility of the molecules involved (reflected in T2 of their protons) and the relative length
of the magnetization transfer time and pulse length. On the one extreme, when protons rotate
freely (NMR limit of extreme narrowing, long T2) their resonances have a finite width and
RF pulses lead to rotation of the spins over an angle determined by the integral of the pulse
and a bandwidth determined by the duration of the pulse. Only a very long pulse of low
power will saturate the resonance through equilibration of the spin populations on a time
scale of T1. On the other extreme of the solid phase, any transverse spin component will
dephase instantly due to the proton microsecond T2, which is an efficient alternative
saturation approach (Wolff and Balaban, 1989; Sled and Pike, 2001) if saturation is more
generally defined as signal removal. Thus, the RF pulses act as a T2 filter for protons in the
sample. For the semi-solid tissue pool, resonances cannot be distinguished, but the fraction
of the pool saturated can be regulated by the strength and duration of the RF field B1. Thus a
longer stronger RF pulse will expand the MTC saturation profile over a larger spectral
width. In addition to differences in saturation versus excitation, the proton mobility also
determines the efficiency at which magnetic labels can be transferred through space via
dipolar coupling, which is fastest at low mobility due to increased spectral densities of
neighboring spins (Abragam, 1961). Chemical exchange, on the other hand, transfers
magnetization at a rate independent of mobility and determined by spatial access of the
proton to the solvent and the exchange catalysis mechanism. Depending on the protons
involved, the exchange may be pH dependent in the physiological range (e.g. for base-
catalyzed amide protons). Faster exchange will broaden the mobile component line width in
proportion to the exchange rate. Some exchange rates are extremely fast such as the amine,
hydroxyl and carboxyl protons, which are in the range of 700-10,000 Hz. The exchange has
already happened during the pulses for such fast rates.

Magnetization transfer MRI early on was focused on the semisolid components, but the rise
of the CEST field has led to interest in saturating mobile components. While originally
starting with classical continuous saturation (Ward et al., 2000; Goffeney et al., 2001) or
rapidrepeat pulsed saturation (Zhou et al., 2003) methods, it was only later realized that the
CEST field has the opportunity to use selective excitation approaches (Friedman et al., 2010;
van Zijl and Yadav, 2011), opening this new field up to many of the approaches available
for high resolution NMR. Employing the principles outlined above, Gochberg and co-
workers (Zu et al., 2012) recently designed innovative pulsed CEST sequences to separate
out MTC and direct saturation from slower MT processes (Zu et al., 2012), while Desmond
et al (Desmond and Stanisz, 2012) and Jones et al (Jones et al., 2011; Jones et al., 2011;
Jones et al., 2012) have used low-power pulsed approaches to reduce MTC and visualize
CEST and relayed-NOE components. The work presented here employs 25 ms selective
pulses with a low B1 of 1 μT. When used for a BSA phantom, clear CEST and relayed-NOE
effects were found in this mobile protein (Figures 2a,b) for SSP-CEST. In vivo, this
sequence induced only limited MTC and allowed visualization of the fine structure due to
relayed-NOE signals (upfield) and CEST/APT effects (downfield) of mobile tissue
constituents (Figures 4c,d and 8a,b).

In order to study the build-up of the transfer effects in these mobile components, we used the
variable delay multi-pulse (VDMP) sequence of Figure 1b. For this approach, the signal
detected from 32 pulses with delay time zero will have contributions from direct water
saturation, the exchange due to MTC transfer and fast and slow exchanging protons, while
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the signal detected at long mixing time will be all of the above plus additional slow transfer
effects. Therefore, varying the delay time allows visualization of processes with a slow
transfer rate, such as slowly exchanging amide protons (10-30 Hz), and relayed-NOE
transfers, for which the excited protons need some time to generate a signal reduction
(“saturation”) effect on the water signal. The observed water saturation effect will therefore
build up with respect to the mixing time between the saturated pulses. This was first
demonstrated for the protein solution, where the effects of direct saturation could be
removed to visualize the time dependence for our signals of interest (Fig. 2c). While all of
these rates are most likely an average of multiple types of different protons with overlapping
frequency ranges, these average results clearly show that the relayed NOE is slower than the
direct APT effect. This is a gratifying result, because it is similar to the known inverse
process of exchange-relayed NOE effects in protein solution NMR (Bax et al., 1986; Hwang
et al., 1998) and in situ in cells and brain tissue (Mori et al., 1998; van Zijl et al., 2003). An
additional important result was that the exchange rate fitted for the APT-weighted time
dependence in vivo was 29 Hz, in great agreement with the amide proton exchange rate
previously measured in animal studies of the brain using spectroscopy, namely 28.6 ± 7.4
Hz (Zhou, Lal, et al., 2003).

pH Relationship
As shown in Figures 2d-f there is a clear relationship with pH for the mobile components in
the Z-spectrum over the range of −5 to 5 ppm. For the signals around 3.5 and −3.5 ppm the
relationship appears approximately linear, while in other spectral regions the linearity is less
clear, for example for the amine protons at −2.9 ppm (Figure 2e). Recent work (Jin et al.,
2012b) quantified the APT and relayed-NOE dependence on pH for BSA solutions and
reported that the relayed-NOE signal at −3.5 ppm was not pH dependent, which is contrary
to what we find here. We tentatively attribute the lack of pH dependence in the Jin study to
their method of quantifying the NOE effect by subtracting the signal at −3.5 ppm from the
mean of the signals at −2 ppm and −5 ppm. In our data the pH-dependence is similar at −3.5
ppm and at −5 pm and so if subtracted would result in negligible dependence.

Mechanism of relayed-NOE water saturation
Transfer of NOE-based magnetization losses (saturation) within the mobile molecules
(intramolecular transfer) occurs through-space dipolar coupling, which is much slower than
transfers in semi-solids due to less restricted motion. Further relay of this saturation to the
water signal (intermolecular transfer) can in principle occur in two ways, namely via
continued through-space dipolar transfer similar to conventional MTC, as initially suggested
by (Ling et al., 2008), or via exchangeable protons as suggested by Van Zijl and Yadav (Van
Zijl and Yadav, 2011). Our results show that the relayed-NOE signals are transferred slowly
compared to exchangeable amide protons, very much in line with knowledge of the inverse
exchange-relayed pathway known from high-resolution NMR of proteins (Bax et al., 1986;
Mori et al., 1996), where, when magnetically labeling the water protons, intramolecular
protein proton NOEs occur following amide exchange. A similar pH dependence for the
amide protons and the relayed-NOE signals (Figure 2d) suggests that such relays via
exchangeable protons are likely. It is also important to point out that the likelihood of relay
to water via intramolecular dipolar transfer similar to that in the MTC process between
semi-solid protons and bound water (Graham and Henkelman, 1997; Ward and Balaban,
2000) is low. While such transfer is fast under immobile conditions, the through-space
macromolecule-water NOEs are known to be very small compared to exchange-relayed
NOEs for mobile macromolecules in solution (Otting et al., 1991; Hwang et al., 1998).
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When studying the VDMP-CEST delay time dependence in situ in humans, a similar time
disparity was found between the relayed-NOE and amide proton transfer processes, with the
first being slower. This is again in line with the inverse process studied in situ in cells and
the brain tissue (Mori et al., 1998; van Zijl et al., 2003) by labeling water and looking at
amide exchange followed by intramolecular NOEs. These data and the knowledge of the
likelihood of intermolecular NOEs versus exchange-relayed NOEs for the inverse processes
studied previously in solution provides support for an exchange-based transfer mechanism
for the in vivo relayed NOE signals.

Tumor patient
APT-weighted imaging has become a potentially important application of CEST-MRI due to
its ability to detect malignant tumor cells (Zhou et al., 2003; Zhou et al., 2008) and
distinguish these from treatment necrosis effects (Zhou et al., 2011). In typical analysis of
such data, the apparent amide signal is quantified by asymmetry analysis with respect to the
other side of water (around −3.5 ppm) as a control (Equation 1). The current patient data
look very different from the usual APT presentation for tumors, which is a consequence of
the strong dependence of MT spectra on acquisition parameters. As indicated by Eq. [2] and
specified in earlier papers, MTRasym(3.5 ppm) needs to be defined as APT-weighted (Zhou
et al., 2003), having contributions from APT and other saturation transfer processes (NOE
and MTC) with relative ratios depending on B1 (Desmond and Stanisz, 2012; Jones et al.,
2012). Previously (Zhou, et al., 2003; Jones et al., 2006; Zhou et al., 2006), APT effects
have been quantified using higher power saturation pulses (2-4 μT depending on the coil
used (Zhou et al., 2008, 2011)) in an approach where the MTRasym(3.5 ppm) is
approximately zero in gray and white matter when using approximately 2 μT so that tumors
light up against the normal tissue background, while ischemic lesions appear dark (Zhou and
Van Zijl, 2011). The MTRasym(3.5 ppm) in the SSP-CEST results here is also increased
(Figure 8c), but the normal brain looks less homogeneous due to the reduced B1 and steady
state pulsed CEST approach used to highlight slow transfer effects.

The LD(3.5 ppm) and LD(−3.5 ppm) images (Figure 8c) were created without the need for
asymmetry analysis and therefore represent effects from APT and relayed NOEs,
respectively, without cross contamination from each other. However, they are still affected
in part by MTC effects (Eq. [4]). Based on earlier data in isolated tumor cells showing
increased amide proton signals (Mori et al., 1998; van Zijl et al., 2003), increased
MTRasym(3.5 ppm) signals have been discussed in terms of increased protein content in
cells. The decrease in both the LD(3.5 ppm) and LD(−3.5 ppm) images seems contradictory
to that, but care has to be taken when interpreting these results. It is well known that water
content in tumors is higher than in normal brain tissue due to the larger extravascular
extracellular spaces. While higher grade (i.e., WHO grade IV) tumors are often associated
with high cellularity, particularly in enhancing regions, water content in tumor voxels is still
higher than in the brain (Nelson, 2011). The brain tumor case presented in this paper was a
non-enhancing tumor with overall increased diffusivity with respect to normal brain
parenchyma, reflecting increased water content and reduced cellularity. Such a reduction in
cell density leads to a reduction in all of the saturation transfer effects (CEST-APT, NOE
and MTC) in the voxel overall. Note that while these signal reductions obviously reflect a
decrease in the protein content in the voxel, they need not per se reflect a decrease in cellular
protein content. Since MTC is asymmetric with respect to the water proton frequency (Hua
et al., 2007) with higher signal upfield (center of olefinic/aliphatic regions), reductions in

cell density will lead to an increase in (3.5 ppm), as visible at higher offset
frequencies in the early papers (Zhou 2003) and also reported at some conferences (Hua et
al., 2007; Hua et al., 2007; Scheidegger et al., 2012). Since MTRasym(3.5 ppm) is affected
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by (3.5 ppm) and NOE, and LD(3.5 ppm) and LD(−3.5 ppm) are affected by
MTC, their interpretation, and that of the APT-weighted images they report on remains
complicated. However, the consistent increase in MTRasym(3.5 ppm) found in high grade
tumors (Zhou et al., 2008) and its negligible change in radiation necrosis (Zhou et al., 2011)
makes APT-weighted imaging a powerful clinical indicator of presence of new or recurrent
tumors. In the current literature APT (amide proton transfer) and the MTRasym(3.5 ppm) at
the amide proton frequency that has multiple contributions are generally used in a mixed
manner due to the way the data analysis is performed. To avoid confusion, we recommend
that APT-weighed is used for the imaging in which asymmetry analysis is applied at the
amide proton frequency.

Conclusions
We acquired high frequency resolution Z-spectra with a low power steady-state pulsed
magnetization transfer sequence that minimizes contributions from direct water saturation
and conventional MTC. We observed exchange effects both upfield and downfield of water,
with the effects upfield from water showing a fine structure. We attribute these effects to
relayed NOE signals from aliphatic and olefinic protons in mobile proteins transferred to
water via proton chemical exchange.
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Highlights for paper submission “Nuclear Overhauser Enhancement (NOE)
Imaging in the Human Brain at 7T”

The following are the highlights of this paper:

• Quantifies the nuclear overhauser effect not previously quantified in vivo

• Differentiates amide proton transfer and nuclear overhauser enhancement
exchange

• Signal drift correction was necessary for proper quantification of the CEST
effects
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Figure 1.
(a) Steady-state Pulsed (SSP) CEST sequence used for acquiring saturation transfer data
with minimal interference from MTC effects. . (b) Variable delay multi-pulse (VDMP)
CEST sequence with variable inter-pulse delay (tdelay) used to measure the signal buildup
due to saturation transfer as a function of tdelay for the different transfer mechanisms
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Figure 2.
Saturation transfer data for Bovine Serum Albumin (BSA, 1.5 mM, pH = 7.4). (a) SSP-
CEST spectrum, showing the exchangeable protons downfield (higher frequency) and
relayed-NOE signals upfield and (b) the Lorentzian difference (LD) spectrum. (c) Saturation
transfer as a function of interpulse delay time in the variable-delay multi-pulse CEST
sequence for the APT-CEST spectral range (3.3 to 3.7 ppm) and corresponding upfield NOE
range (−3.3 to −3.7 ppm). The NOE transfer builds up slower than the APT-CEST, while
both decay with the same rate determined by T1 of water protons. (d, e) Lorentzian
difference signals from the pulsed CEST acquisition plotted as a function of pH for (d) the
APT-CEST range, its corresponding upfield relayed NOE range and their MTRasym(3.3-3.7
ppm) and (e) the amine proton range (2.7 to 3.1 ppm), its corresponding upfield relayed-
NOE range and their MTRasym(2.7-3.1 ppm). (f) slope of LD pH dependence plotted as a
function of the frequency offset from water. The APT-CEST and relayed-NOE show a
positive relationship, while the amine dependence is negative.
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Figure 3.
Example of SSP-CEST data acquired and stability correction procedure used to correct Z-
spectra. (a) Acquired unsaturated and saturated data shown for a single slice. (b) Illustration
of the variation of unsaturated signal intensity (S0) within a voxel, displayed as normalized
with respect to the first acquired S0. The variation is quantified using a spline fit (red line)
and used to correct the S0 and Ssat intensities in the acquired data (c) and the Z-spectrum (d).
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Figure 4.
(a) Axial unsaturated image and ROI, (b) Z-spectrum and Lorentzian fit (green line) of the
direct water saturation contribution based on fitting the frequency offsets shown as red stars
for a region of white matter. c) Lorentzian difference (LD) spectrum (40 to −40 ppm) for the
white matter region, defined as the difference between the Lorentzian fit and the acquired Z-
spectrum. (d) LD spectrum zoomed in to −10 to 10 ppm.
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Figure 5.
Lorentzian difference maps for seven frequency ranges: 2.0 to 3.0 ppm (amine proton
range), 3.3 to 3.7 ppm (amide proton transfer range), −2 to −5 ppm (total relayed NOE
range), and several relayed NOE ranges: −0.8 to −1.2 ppm, −1.5 to −2.0 ppm, −2.1 to −2.8
ppm, −2.8 to −3.2 ppm, and −3.3 to −3.7 ppm.
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Figure 6.
Saturation transfer data as a function of interpulse delay time in the variable-delay multi-
pulse CEST sequence for a region of interest in white matter in the human brain. The data
points are fitted to a 2-pool Bloch model. The dependencies for the APT-CEST spectral
range (3.3 to 3.7 ppm) and corresponding upfield NOE range (−3.3 to −3.7 ppm) resemble
those found in protein solution (Fig. 2b), with the NOE-range building up slower but both
APT-CEST and NOE decaying with the same rate determined by T1 of water protons.
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Figure 7.
Comparison of the appearance of the relayed-NOE based Lorentzian difference data from a
region in the right posterior portion of the brain (top) with an MRS spectrum (bottom) from
the same approximate area. The 1H spectrum was fit for metabolites, several
macromolecular components and a spline baseline. The macromolecular components and
baseline were combined to create a fitted macromolecular baseline spectrum (middle). The
peaks in this macromolecular baseline were assigned using the paper by (Behar et al., 1994)
and the dashed lines were drawn to illustrate qualitative similarity of the peaks in the fitted
macromolecular baseline to the shape of the NOE LD data. The upper scale on the bottom
has water centered at 0 ppm, while the lower scale is the traditional 1H spectroscopy scale
with NAA set to 2.02 ppm.
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Figure 8.
Z-spectra and LD-spectra for contralateral white matter (a) and tumor (b) in an astrocytoma
patient. Also shown (c) are the So reference image as well as LD(3.5 ppm), LD(−3.5 ppm)
and MTRasym(−3.5 ppm) maps. The yellow arrow shows the location of the tumor in each
CEST image. For comparison, clinical T1 pre and post gadolinium maps, a FLAIR image
and an ADC map from a DTI acquisition obtained using 20 diffusion encoding directions
(all acquired for clinical interpretation the previous day on a 3T Siemens system) are also
shown. Note the absence of enhancement and presence of increased diffusivity within the
tumor.
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