UCLA
UCLA Previously Published Works

Title

Quantitative characterization of nuclear overhauser enhancement and amide proton
transfer effects in the human brain at 7 tesla

Permalink
https://escholarship.org/uc/item/9890jlsm|
Journal

Magnetic Resonance in Medicine, 70(4)

ISSN
0740-3194

Authors

Liu, Dapeng
Zhou, Jinyuan
Xue, Rong

Publication Date
2013-10-01

DOI
10.1002/mrm.24560

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/98q0j1sm
https://escholarship.org/uc/item/98q0j1sm#author
https://escholarship.org
http://www.cdlib.org/

Magnetic Resonance in Medicine 70:1070-1081 (2013)

Quantitative Characterization of Nuclear Overhauser
Enhancement and Amide Proton Transfer Effects in the

Human Brain at 7 Tesla

Dapeng Liu,1_3 Jinyuan Zhou,4'5 Rong Xue,1’2* Zhentao Zuo,1’2 Jing An,6

and Danny J. J. Wang®’

Purpose: This study aimed to quantitatively investigate two
main magnetization transfer effects at low Bj: the nuclear
Overhauser enhancement (NOE) and amide proton transfer in
the human brain at 7 T.

Methods: The magnetization transfer effects in the human
brain were characterized using a four-pool proton model,
which consisted of bulk water, macromolecules, an amide
group of mobile proteins and peptides, and NOE-related pro-
tons resonating upfield. The pool sizes, exchange rates, and
relaxation times of these proton pools were investigated quan-
titatively by fitting, and the net signals of amide proton transfer
and NOE were simulated based on the fitted parameters.
Results: The results showed that the four-pool model fitted the
experimental data quite well, and the NOE effects in human
brain at 7 T had a broad spectrum distribution. The NOE effects
peaked at a By of ~ 1-1.4 nT and were significantly stronger in
the white matter than in the gray matter, corresponding to a
pool-size ratio ~ 2:1. As the amide proton transfer effect was
relatively small compared with the NOE effects, magnetization
transfer asymmetry analysis yielded an NOE-dominated contrast
in the healthy human brain in this range of B.

Conclusion: These findings are important to identify the
source of NOE effects and to quantify amide proton transfer
effects in human brain at 7 T. Magn Reson Med 70:1070-
1081, 2013. © 2012 Wiley Periodicals, Inc.
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Magnetization transfer (MT) imaging is a well-known
MRI technique that can indirectly detect macromole-
cules and other solutes in the tissue through the water
signal (1). In the conventional MT imaging technique,
macromolecular protons are selectively saturated, and
the saturation is subsequently transferred to bulk water
protons, generally through two mechanisms: (1) chemi-
cal exchange mediated by water-exchangeable protons
of various macromolecules, such as —NH,, —NH, and
—OH; and (2) nuclear Overhauser enhancement (NOE)
mediated by the aliphatic protons of lipids, proteins,
and various metabolites due to dipole—dipole interac-
tions (2).

Over the past decade, a new class of MRI contrasts,
termed chemical exchange saturation transfer (CEST) (3),
has been developed. Initially developed as an exogenous
MRI contrast, CEST has also been used as an endogenous
and an exogenous contrast to investigate a variety of
macromolecules and metabolites (4-9). Several emerging
endogenous CEST contrast types include amide proton
transfer (APT) at +3.5ppm downfield from the water
resonance (10), glycoCEST at +0.5 to +1.5 ppm (—OH in
glycogen) (11), gagCEST at +0.9 to +1.9 ppm (—OH in
glycosaminoglycan) (12), and GIuCEST at ~ 3 ppm
(amino protons in glutamate) (13). Preliminary studies in
animal models and clinical populations have demon-
strated the feasibility and potential clinical value of
these techniques for detecting mobile proteins, metabo-
lites, and the pH level (14-20). However, the drawbacks
of endogenous CEST include spillover of water satura-
tion, asymmetric MT effects, and the potential crosstalk
or overlap of various metabolite peaks due to their
relatively broad spectra. Various strategies have been
proposed to overcome these shortcomings (21-24). Ultra-
high magnetic fields (e.g., 7 T human MRI scanners), in
particular are appealing for CEST imaging due to the
wider spectrum separation between water and exchange-
able protons as well as the improved signal-to-noise ratio
(19,25-27).

The NOE is a very common effect in NMR spectros-
copy and is highly useful for characterizing chemical
structures (28). Although the NOE may be mixed with
macromolecular pools and may not be visible in early

Published online 13 December 2012 in Wiley Online Library . . . .
(wileyonlinelibrary.com). studies at lower magnetic fields, it has been observed
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upfield in several recent CEST studies at ultrahigh mag-
netic fields (12,29). The NOE is important both as a
potentially new MR contrast, and as a confounding
factor for the quantification of APT and other CEST
effects. Recently, this effect has been carefully investi-
gated in phantoms and animal models by Jin et al. (30).
These studies demonstrated a low optimal B;, higher
distribution in white matter (WM) than in gray matter
(GM), and insensitivity to pH. To date, however, this
upfield effect has not been thoroughly studied, based on
the literature, in the human brain.

The general MT process can be characterized by a
number of proton pools that exchange magnetization,
and thus, by corresponding Bloch equations with
exchange terms. Such an MT model was first developed
with two pools (31) and later extended to three or four
pools (32). In CEST imaging, similar quantification meth-
ods were also developed (33,34). In this study, we aimed
to systematically investigate NOE and APT effects in the
human brain by fitting the experimental data to a four-
pool model containing bulk water, macromolecules,
mobile amide protons, and NOE-related protons. The
fitting procedures directly solve Bloch equations with
exchange terms (35,36). The advantage of this method is
that it makes few assumptions (e.g., no assumptions of a
steady state). After the parameters are fitted, any process
of interest (e.g., NOE and APT effects) can be simulated.
Our primary purpose was to quantitatively investigate
pool sizes, exchange rates, and relaxation times, as well
as the B; dependence and WM-GM contrast of the NOE
and APT effects at 7 T, which may contribute to identify-
ing the source of, and subsequently quantifying, these
NOE and APT effects.

METHODS
Theory

In our study, four proton pools were considered: free
water protons; solid-like macromolecular protons; amide
protons of mobile proteins and peptides; and the upfield
NOE-related protons. We used a four-pool model as in
the study by Woessner et al. (35) to describe the evolu-
tion of magnetizations, in which it was assumed that the
magnetization exchanges between any two of the solid-
like macromolecular proton pool, amide proton pool, or
the upfield NOE-related proton pool were negligible. We
assumed the solid-like pool to be resonating at the same
frequency center as water, which yielded a Lorentzian
line-shape. Generally, the solid-like macromolecular
pool is believed to be more complicated than a single
pool resonating at a single frequency, but with the
absorption of a super-Lorentzian line-shape (37,38).
However, in a small spectral range, the line-shape of the
macromolecular pool can be approximated as a Lorent-
zian shape, with T, adjusted (36,39). MT generally relies
on CEST or NOE. Although the mechanisms are differ-
ent, CEST and NOE have quite similar effects on MRI
procedure, except that the exchange rate is higher for
CEST than NOE (40).

Assuming the saturation field is in the x-direction in
the rotation frame, the Bloch equations with exchange
terms can be written as:
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where a, b, ¢, and d represent pools of bulk water pro-
tons, macromolecular protons, amide protons, and NOE
related protons, respectively; Ty; and T,; are the longitu-
dinal and transverse relaxation times of pool i, respec-
tively; Cj; is the transition rate of protons from pool i to
pool j; C, = Cup + Cue + Cug; o is the frequency of the
saturation pulse; w; is the Larmor frequency of pool i; w;
is the saturation power; MiXyz is the x-, y-, and z- magnet-
izations of pool i; and M, is the initial magnetization of
pool i. Under the mass balance, we have:

Mg

Cai = (W) Cia [1 3]

The coupled differential equations 1-12 are linear and
can be rewritten in a matrix form as:

dM

[14]
which can be solved analytically and the parameter fitting
can be performed using the minimum norm estimate (35).
By assuming the exchange rate(s) of a particular pool or
two particular pools to be zero, the four-pool model can
be reduced to a two-pool or a three-pool model. By
subtracting experimental data or simulated four-pool data
from simulated two-pool or three-pool data, one can
obtain the MT signals related to the particular pool of
interest, such as the NOE- or APT-related pool.
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Pulse Sequence

Ideal MT pulses should contain long, continuous radio-
frequency (RF) waveforms for the system to reach a
steady state. However, due to scanner hardware limita-
tions, we used an RF pulse train consisting of 40 rectan-
gular pulses, with a duration of 98.4 ms for each pulse
and a gap of 1.6 ms between RF pulses. The total length
of the pulse train was 4 s. Such a long pulse ensured
that the system could reach a steady state even with a
very low B; (which was proven in our pilot study). A
centric ordered turbo fast low angle shot (turbo-FLASH)
readout was used for image acquisition with pulse repe-
tition time/echo time = 7.5/2.86 ms. The pulse repetition
time between MT pulse trains was 10 s. For each B,
level, a total of 36 images were acquired at different off-
set frequencies, including 34 frequencies between —6
and 6 ppm (=0, =0.25, £0.5, =0.75, *1, *1.25, *1.5,
+1.75, *2, *2.5, =3, =3.5, *4, *4.,5, 5, *+5,5, and *=6
ppm), and also at =150 ppm as reference images. More
images around the water resonance (with a step of 0.25
ppm between =2 ppm) were sampled for B, inhomoge-
neity corrections.

MR Scanning

This study was performed on a Siemens MAGNETOM
7.0 T whole-body human Scanner (Erlangen, Germany)
with a custom-made eight-channel elliptical, octagonal
Tx/Rx head coil (41). The coil has a horizontal inner
diameter of 23 cm, a vertical inner diameter of 25 cm,
and a mechanical length of 28 cm (length of the driven
elements: 20 cm). It was made of eight rectangular
phased-array loops with inter-loop capacitors for mutual
inductance decoupling. The eight coil elements could be
excited simultaneously with shifted phases, achieving a
relatively homogenous RF or B; field at high field (a
variation of about 16% in the slice of human brain cover-
ing the region of interest in this study). The saturation as
described by the saturation factor (33) is not sensitive to
the variation of B;. Indeed, the effect of B; inhomogene-
ity on the CEST signal seems small, according to Fig. 2.
Seven healthy volunteers (four males, three females,
21-26) were studied, after they provided written,
informed consent according to a human MRI protocol
approved by the Institutional Review Board. Two experi-
ments were performed. In experiment 1, six different B,
levels were tested (0.2, 0.5, 0.9, 1.4, 1.9, and 2.3 pT) in
five volunteers using the pulse sequence described.
Because in this B; range, the pools of free water protons,
solid-like macromolecular protons, APT related protons,
and NOE-related protons consist of the main components
of MT effects in human brain as in our data (see Results
section). Therefore, the four-pool model should be appro-
priate for characterizing the major line-shape of the MT
spectrum. For comparison, we also performed a second
experiment, in which seven B; levels (0.2, 0.5, 0.9, 1.9,
2.8, 3.8, and 4.7 pT) were tested in the remaining two
volunteers to demonstrate the MT effect with higher
levels of saturation power. With B; higher than 3 T,
several proton pools (e.g., amino protons and protein
side chains) other than the four pools described above
may become apparent, which may violate the four-pool

Liu et al.

model. Thus, in the second experiment, we attempted to
investigate the asymmetry of MT as a function of B;, and
we believe that two volunteers would be enough to
demonstrate the effect. Due to SAR limitations, the dura-
tion of saturation pulses was shortened from 4 to 0.8 s,
at which point, the system may not reach a steady state.
The imaging parameters common to experiments 1 and 2
were: a single slice of 8 mm through the motor cortex;
flip angle (FA) = 14°; pulse repetition time (between MT
pulses) = 10 s; and a band width (BW) of 130 Hz for a
resolution of 1.7 x 1.7 x 8 mm®. Pulse repetition time
was set to 10 s so that the longitudinal magnetization
would be fully recovered, and each scan at a particular
B; level with 36 frequency offsets took 8 min.

Data Analysis

All data analyses, fitting, and statistical analysis were
performed in Matlab 6.5 (Mathworks, Natick, MA). To
correct for By field inhomogeneity effects, the z-spectrum
collected with 0.2 uT was fitted using a 12th-order poly-
nomial function and interpolated using an offset resolu-
tion of 0.01 ppm (42). The water resonance was assumed
to be at the frequency of the lowest signal intensity, and
the B, inhomogeneity map was obtained. Then, all meas-
ured MT curves were also interpolated to 0.01 ppm and
shifted accordingly, based on the fitted By inhomogene-
ity map. Finally, the corrected z-spectra were interpo-
lated back to the 35 sampling points. All the analyses
were performed on a pixel-by-pixel basis. Regions of
interest in the GM and the WM were carefully chosen
manually in each individual volunteer. The size of each
region of interest was 0.23 mL.

The starting parameters for T, T,, exchange rate, and
chemical shift values of free water, macromolecular, and
amide proton pools used values published in the litera-
ture (25,27,33,38). As no previous study included fitting
of the upfield NOE pool, we set the starting values for T;
and exchange rate to be the same as those of the APT
pool. The starting NOE-related T, value was set to 0.3
ms. The NOE-related chemical shift value was set to
—3.5 ppm as the peak appeared at this frequency in our
data. The fitting algorithm that we used was the trust-
region-reflective, so the results depend on initial guesses.
However, we tried many different initial guesses in a rea-
sonable range. The results were relatively stable for these
initial guesses. After the NOE and APT signals were
simulated, a paired t-test was performed to compare the
NOE and APT signals of the WM and the GM.

RESULTS
Experiment 1
Z-Spectra and Asymmetry Plots

Figure 1 shows the average curves (n = 5) of the z-spectra
in GM (Fig. 1a) and WM (Fig. 1b), as well as the associ-
ated MT asymmetry plots (Fig. 1c,d; defined as upfield
signals minus downfield signals) acquired in experiment
1. MT asymmetry signals calculated at 3.5 ppm from the
water resonance as a function of saturation power are also
shown in Figure 1e. The results clearly show the presence
of the NOE signals ~ —3.5ppm. APT signals at 3.5 ppm
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FIG. 1. a: Average z-spectra (n = 5) of
the WM. b: Average z-spectra of the
GM. c: Average MT asymmetry plots of
the WM. d: Average MT asymmetry
plots of the GM. e: Average MT asym-
metry signals at 3.5 ppm as a function
of saturation power. Error bars indicate
SD. [Color figure can be viewed in the

online issue, which is available at
wileyonlinelibrary.com.] 6 5 ) 3 2 1 6 5 4 3 2 1
C Offset (ppm) d Offset (ppm)
0
I
2 -0.05
Q
g
g .1
— WM
—GM
0 0.5 1 1.5 2 2.5
e Saturation power (UT)

are also visible. MT asymmetry plots in the WM are
generally lower than those in the GM, indicating that the
NOE-related proton pool is more abundant in the WM.
The lowest asymmetry signal occurred at the B; of 0.9 uT,
suggesting that the NOE may be best saturated around
this saturation power. However, quantification of the net
signal is required to confirm these observations. Although
the figures shown here are the average results of five
volunteers, all reported trends were similar and robust for
each individual volunteer.

Figure 2 shows an example of MT asymmetry maps at
two different B; levels calculated by subtracting the
images of —3.5 ppm from those of +3.5 ppm. The contrast
between WM and GM is obvious in the asymmetry map
at the B; of 0.9 nT (Fig. 2a), which is consistent with Fig-
ure le and close to the optimal B; for NOE (see below).
The map at B; = 2.3 uT (Fig. 2b) has a reduced contrast.

Figure 3 shows four-pool fitting results in the WM
(Fig. 3a) and the GM (Fig. 3b) and corresponding
residuals (Fig. 3c,d) from a representative volunteer. The
four-pool model provided an excellent explanation of
experimental data, with an R-square of 0.9893-0.9990
between the fitted and measured z-spectra curves.
Tables 1 and 2 summarize all fitted parameters and the

corresponding 95% confidence interval of APT and NOE
effects in the WM and the GM of all volunteers. The
pool size was defined as the relative spin quantities
assuming that of bulk water to be one. The magnetization
exchange rates of three solute proton pools with the bulk
water pool (Cba, Cca, and Cda) are also shown. Fitting
errors, defined as the mean residual deviation per point,
were 0.14%—1.14%. These results confirm that NOE is
larger in the WM than in the GM (P < 0.0001). The fitted
magnitudes of NOE and APT effects showed variability
across volunteers. However, the ratio of the NOE effects
between the GM and the WM was relatively stable, at
~ 2:1. The APT pool size was small compared with
that of NOE, and was larger in the GM than in the WM
(P < 0.0001). The fitted APT exchange rate was relatively
large (~ 280 Hz) compared with a previous study at 4.7
T (~ 28 Hz) (43), suggesting that a greater number of
faster exchanging amide protons might have contributed
to the effect at 7 T, as expected. The fitted macromolecu-
lar proton T2 was longer than reported values in the
literature, which was to be expected given the Lorentzian
approximation of the macromolecular line-shape (39).
The macromolecular proton pool size and APT T2
matched well with literature values (33,44).
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Separation of APT and NOE Signals

To obtain the net signals of APT and NOE, the two-pool
and three-pool simulations were performed and com-
pared with the four-pool model simulation. The results
using the WM parameters are shown in Figure 4. When
the four-pool model (bulk water protons, solid-like mac-
romolecular protons, APT-related amide protons, and
NOE-related protons) was used, both NOE and APT
effects could be seen in the simulated z-spectra (Fig. 4a),
as observed experimentally (Figs. 1a and 2a). However,
when the two-pool model (bulk water protons and solid-
like macromolecular protons) was used, neither NOE nor
APT existed in the simulated z-spectra (Fig. 4b). We
further performed two three-pool simulated results. In
the first three-pool model (without the NOE-related
proton pool), no NOE effects could be seen (Fig. 4c).
Similarly, in the second three-pool model (without
APT-related proton model), no APT effects could be seen

Liu et al.

FIG. 2. MT asymmetry maps cal-
culated by subtracting the MT
images of 3.5 ppm from —3.5 ppm.
a: At By = 0.9 pT. The WM is
brighter than the GM. b: At By =
2.3 pT. The WM-GM contrast is
weaker.

(Fig. 4d). Based on these simulated z-spectra results, the
combined signals of APT and NOE signals (Fig. 4e)
could be obtained by subtracting the four-pool (Fig. 4a)
from the two-pool (Fig. 4b) simulated data; the net NOE
signals (Fig. 4f) could be obtained by subtracting the
four-pool (Fig. 4a) from the first three-pool (Fig. 4c)
simulated data; and the net APT signals (Fig. 4g) could
be obtained by subtracting the four-pool (Fig. 4a) from
the second three-pool (Fig. 4d) simulated data. Based on
Figure 4f, it is important to note that the NOE effects
showed a broad-spectrum distribution and had a strong
effect on the APT signals downfield of the water
resonance.

Figure 5 shows the experimental results of the net
APT and NOE signals obtained from five subjects, in
which the experimental data were subtracted from simu-
lated z-spectrum curves using two-pool (Fig. 5a—d) and
three-pool (Fig. 5e-h) models. These downfield and
upfield signals were quite similar to the APT and NOE

FIG. 3. Fitted results of a typical
volunteer using a four-pool
model. a: Fitted results of the
WM. b: Fitted results of the GM.

a Offset (ppm) b
0.1 0.1

c: Fitted residuals of the WM. d:
Fitted residuals of the GM. Ex-
perimental data are shown as

Offset (ppm)

0.05

Protein side chains

Protein side chains

dots and fitted plots are shown
as lines. R-square is in a range
of 0.9893-0.9990. [Color figure
can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]
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Table 1
Fitted Parameters for WM for all Volunteers (n = 5) for Experiment 1
APT pool NOE pool MT pool
APT pool APT pool exchange NOE pool NOE pool exchange MT pool MT pool exchange
No. size (%o) T2 (ms) rate (Hz) size (%) T2 (us) rate (Hz) size (%) T2 (us) rate (Hz) R-square
1 0.34 15.0 281.34 2.98 334.5 20.01 7.38 86.9 50.0 0.9945
95% Cl 0.24-0.43 12.0-30.0 229.3-314.5 2.41-3.09 324.8-341.8 16.24-21.78 4.94-8.13 81.4-94.5 42.8-58.8 -
2 0.24 23.6 280.42 2.72 311.1 27.33 6.69 85.8 63.3 0.9987
95% Cl 0.12-0.28 15.0-47.5 191.1-347.0 1.72-2.73 282.8-322.2 17.2-28.3 4.14-6.80 80.8-87.8 42.0-63.6 -
3 0.20 16.5 281.80 2.01 330.2 30.85 5.74 80.1 71.2 0.9910
95% Cl 0.15-0.27 14.5-32.5 244.20-289.44 1.63-2.20 290.2-342.4 27.76-33.25 4.78-5.75 77.6-86.0 67.5-74.9 -
4 0.15 42.3 281.42 2.29 298.6 29.28 5.90 81.4 88.3 0.9957
95% CI 0.10-0.21 0.17-43.7 247.42-311.00 1.72-23.2 276.3-326.6 27.99-44.25 4.65-6.69 75.1-83.6 76.5-91.0 -
5 0.16 16.1 281.06 1.97 3154 29.76 5.19 84.6 64.6 0.9986
95% CI 0.16-0.21 15.4-28.2 255.82-349.99 1.83-2.04 295.2-320.2 22.26-31.19 4.80-5.29 74.6-90.4 42.0-68.0 -
Mean 0.22 22.7 281.21 2.39 318.0 27.45 6.18 83.8 67.5 0.9957
Standard 0.04 5.8 0.6 0.22 7.3 2.18 0.43 1.5 6.98 -
error
Table 2
Fitted Parameters for GM for all Volunteers (n = 5) for Experiment 1
APT pool NOE pool MT pool
APT pool APT pool exchange NOE pool NOE pool exchange MT pool MT pool exchange
No. size (%o) T2 (ms) rate (Hz) size (%) T2 (us) rate (Hz) size (%) T2 (us) rate (Hz) R-square
1 0.41 15.2 283.94 1.51 443.4 20.14 4.53 103.7 50.0 0.9946
95% Cl 0.25-0.43 13.0-42.5 250.04-320.26 0.75-15.5 333.7-452.4 20.00-22.51 3.44-5.31 98.0-115.3 45.0-52.7 -
2 0.33 25.7 283.21 1.21 497.2 24.92 3.56 96.4 59.5 0.9952
95% ClI 0.17-0.35 15.4-37.2 280.7-305.0 0.70-1.26 377.3-501.3 23.47-30.81 2.06-3.89 93.1-106.9 34.2-60.8 -
3 0.21 16.0 282.09 1.01 465.5 23.86 3.17 113.2 65.7 0.9893
95% Cl 0.14-0.28 14.2-33.7 274.27-322.76 0.72-1.19 406.1-512.3 22.67-31.54 2.97-3.28 109.6-118.0 52.1-86.4 -
4 0.21 37.5 279.81 1.42 359.9 24.24 3.62 97.4 71.3 0.9981
95% ClI 0.15-0.25 16.7-49.7 196.39-318.16 1.20-1.63 348.0-394.5 21.59-25.80 2.78-3.65 87.6-106.9 57.6-76.9 -
5 0.27 48.3 280.60 0.75 433.8 29.36 2.25 110.7 70.9 0.9990
95% ClI 0.18-0.29 17.5-48.6 178.37-345.00 0.64-0.98 378.0-434.5 27.42-32.91 2.20-2.75 106.7-111.6 69.2-88.2 -
Mean 0.25 28.54 281.93 1.18 402.7 24.50 3.426 104.28 63.48 0.9952
Standard error 0.05 7.14 0.87 0.16 25.48 1.65 0.42 3.80 4.5 -
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FIG. 4. Simulated z-spectra, NOE signals, and APT signals of the WM at several power levels. All these simulations were done using
the mean fitted parameters of the WM for all five volunteers. a: Z-spectra from the four-pool model (bulk water protons, solid-like mac-
romolecular protons, APT-related amide protons, and NOE-related protons). b: Z-spectra from the two-pool model (bulk water protons
and solid-like macromolecular protons). ¢: Z-spectra from the first three-pool model (bulk water protons, solid-like macromolecular pro-
tons, and APT-related amide protons). No NOE effects can be seen. d: Z-spectra from the second three-pool model (bulk water protons,
solid-like macromolecular protons, and NOE-related protons). No APT effects can be seen. e: (b) — (a). Both NOE and APT signals are
observed. f: (c) — (a). Only NOE signals are observed. g: (d) — (a). Only APT signals are observed.

signals shown in Figure 4e.f, except that experimental based on the fitted parameters of each single volunteer
data were used rather than the simulated four-pool data, rather than the average of all. Note that the experimental
and the two-pool and three-pool simulations here were data contained additional proton pools (e.g., protein side
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chains). Indeed, the signal of protein side chains
appeared at 2 ppm. Notably, both APT and protein side
chain CEST signals were higher when subtracting the
experimental data from the two-pool simulation than
from the three-pool simulation due to the influence of
the NOE signals on the downfield range, as demon-

strated in Figure 4. The NOE signal was very similar for
both two-pool and three-pool simulations, which further
confirmed that APT had little distribution upfield.
Figure 6 shows the plots of the net signals of APT and
NOE as a function of the saturation power by subtracting
the simulated four-pool data (Fig. 6a) or experimental



1078

0.15
=
e
2001
173
m
=
=
2 005
0 L I n I
0 0.5 1 1.5 2
a Saturation power (UT)

Liu et al.

0.15
=
=
20001
w:
[£a}
2
=
% 0.05 1
0 = L i L
0 0.5 1 1.5 2
b Saturation power (uT)
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obtained based on the subtraction of the four-pool model from the three-pool simulation. Experimental results (b) were obtained based
on the subtraction of experimental data (n = 5) from the three-pool simulation. Error bars indicate SD. Both APT and NOE signals peak
around 1-1.4 p.T. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

data (n = 5; Fig. 6b) from the three-pool simulation data
at 3.5 ppm. Both results were very similar. It is clear that
both APT and NOE signals peak around 1-1.4 wT. The
APT signal was an order of magnitude smaller compared
with that of the NOE signal. Thus, the asymmetry analy-
sis at the optimal B, for NOE yielded an NOE-dominated
contrast map, as shown in Figure 2a. The NOE signals
were stronger in the WM than in the GM, while the APT
signals were higher in the GM than in the WM in each
volunteer (P < 0.0001). These results are consistent with
previous preclinical studies in rats by Jin et al. (30).

Experiment 2

Figure 7 shows the results of the second experiment
(n = 2), in which shorter but higher B, saturation pulses
were used. Plots of the lower B; in the second experi-
ment were similar to those of experiment 1. With higher
B,, the downfield signals began to dominate and the
asymmetry of the z-spectra was reversed. However, with
B; higher than 3 pT, the downfield signals at 3.5 ppm
could not be solely attributed to APT, because amino
protons and protein side chains may contribute (2).
Therefore, a four-pool model may be insufficient to accu-
rately model the data at B, values greater than 3 pT. In
the asymmetry plots, proton side chain signals seemed
to be very strong at high saturation power levels. Figure
7e shows the asymmetry signal obtained by subtracting
the 3.5 ppm signal from the —3.5 ppm signal as a func-
tion of saturation power. The asymmetry of MT effects
was smallest at 0.9 pnT, and kept increasing with greater
B,, and finally reversed at 4-5 pT, which is higher than
the values in a previous study at 3 T (2 pnT) (17).

DISCUSSION

In this work, we systematically investigated the B,
dependence of the two main components of MT signals
in the human brain at 7 T, including downfield APT and
upfield NOE effects. The upfield signals centered around
—3.5 ppm, with an optimal RF power ~ 1 pnT. At this By,
the MT asymmetry effect was strongest, and the APT
effect was relatively small; thus, the asymmetry analysis
at this saturation power may yield an NOE-dominated
contrast.

A four-pool fitting model was performed to quantita-
tively characterize the z-spectra in the healthy human
brain. To the best of our knowledge, this is the first
study using a four-pool model to quantify the endoge-
nous MT effects in the human brain. Certainly, there are
other proton pools in the human brain z-spectra, such as
protein side chains and amino protons. We did not
include these in our model because their influences on
the z-spectra seemed to be negligible in our results when
B, was lower than 3 pT. However, conventional MT and
NOE have to be included, as they influence the major
portion of the z-spectra from —6 to 6 ppm, as in our
study. We also calculated the net signals of APT and
NOE by subtracting four-pool simulation data and exper-
imental data from two-pool or three-pool simulations.
The results showed that NOE has a broad peak and even
extends downfield of the water resonance. This suggests
that it is necessary to consider NOE signals when analyz-
ing downfield APT in the human brain. Furthermore,
when comparing Figure 4f with 5f, the line-shape of
simulated NOE signals (Fig. 4) was very similar to the
upfield signals shown in Figure 5, suggesting that our
model is valid for describing the upfield MT effect in the
human brain. The amplitude and width of the simulated
APT peak in Figure 4 were also similar to the 3.5 ppm
peak of Figure 5, suggesting that although the APT peak
was relatively small, it could still be well fitted.

Using the optimal B; that we observed, we investi-
gated the spatial distribution of the upfield NOE effect in
the human brain and found that the effect was much
more abundant in the WM than in the GM. The pool-size
ratio was ~ 2:1. There are potentially many possible
sources for this NOE signal, including lipids, mobile pro-
teins, or various metabolites (e.g., lactate). Because the
signals were larger in the WM than in the GM, lipids
might have been a very likely source. However, we
should keep in mind that lipids in myelin are commonly
believed to be in solid phase and have a very short T,,
so that the peak is unlikely to be visible. Therefore, only
relatively mobile lipids with a longer T, may contribute
to the observed NOE signals. Furthermore, this NOE
signal may originate from the aliphatic protons of mobile
proteins. Consequently, it is very possible that the NOE
signal may not arise from a single proton pool, but
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rather, a mixture of various proton pools resonating at
similar frequencies. Further detailed study is needed to
investigate the source of this signal.

In our model, the solid-like macromolecular pool was
approximated as a Lorentzian line-shape (39), rather
than the more accurate super-Lorentzian line-shape
used in MT studies (36). This simplification is accepta-
ble in CEST studies in a small frequency range. Because
the T, of solid-like macromolecules is very short and
the NMR signal should thus be very wide, the differ-
ence between Lorentzian and super-Lorentzian line-
shapes is negligible in a small frequency range. This
approximation may cause uncertainty in quantification
of solid-like macromolecule (e.g., an increase in T),)
because the super-Lorentzian line-shape is wider than
the Lorentzian line-shape. However, this should not
affect the quantification of APT and NOE because they
will be distinguished from solid-lineshape by asymme-
try analysis.

These findings have several implications in MT stud-
ies at 7 T. Currently, the APT signal is the primary en-
dogenous CEST contrast for exploiting mobile proteins
and pH levels in tissue. However, it has been shown
recently that amino protons in glutamate (~ 3 ppm) and
protein side chains (~ 2 ppm) may contribute to down-
field CEST signals (13,42). It remains challenging to sep-
arate the contributions of APT, amino protons, and pro-
tein side chains in CEST experiments, although
manipulating the duration and magnitude of B; helps.
Our results show that the NOE signals should be consid-
ered in future CEST experiments for accurate quantifica-
tion. Indeed, accurate quantification can be achieved by
the use of three- or four-pool model fitting, as shown in
this study. Our results are helpful for investigating the
sources of the NOE signal. The sources of NOE may con-
tain a mixture of proton pools, and its upfield location
and B; dependence (which peaked at low B,) are unique
from those of the downfield CEST effects. Currently, it is
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still unclear whether the NOE signal could be developed
into a useful MRI contrast for mapping lipids, protein, or
other metabolites.

In conclusion, we quantitatively investigated MT
signals in the human brain at 7 T. The upfield NOE sig-
nal (3.5 ppm) was found to peak around the B; of 1
T, with an amplitude greater than that of downfield
CEST signals, and was more abundant in the WM than
in the GM. These findings may have implications for
future CEST studies in the human brain at 7 T.
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