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In this work we demonstrate that specific MR image contrast
can be produced in the water signal that reflects endogenous
cellular protein and peptide content in intracranial rat 9L glio-
sarcomas. Although the concentration of these mobile proteins
and peptides is only in the millimolar range, a detection sensi-
tivity of several percent on the water signal (molar concentra-
tion) was achieved. This was accomplished with detection sen-
sitivity enhancement by selective radiofrequency (RF) labeling
of the amide protons, and by utilizing the effective transfer of
this label to water via hydrogen exchange. Brain tumors were
also assessed by conventional T1-weighted, T2-weighted, and
diffusion-weighted imaging. Whereas these commonly-used
approaches yielded heterogeneous images, the new amide pro-
ton transfer (APT) technique showed a single well-defined re-
gion of hyperintensity that was assigned to brain tumor tissue.
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Although many types of cells contain an abundance of
proteins and peptides, these molecules do not provide
intense signals in proton magnetic resonance spectroscopy
(MRS) experiments, and they have been rarely examined
in vivo or in cells (1–3). At present, there are no MRI
methods available to spatially assess proteins and peptides
in vivo. However, many cellular activities are performed
by proteins, and various lesions, such as those found in
tumors and stroke, may show changes in the concentration
and properties of proteins and peptides. Information at the
protein level may be relevant for earlier detection, better
spatial definition, and improved characterization of dis-
eases (3,4). Behar and Ogino (1) and Kauppinen et al. (2)
first detected and identified several macromolecular peaks

in the low-frequency range (0–4 ppm) of brain proton
magnetic resonance (MR) spectra. These signals were at-
tributed to contributions from mobile proteins, polypep-
tides, and lipids. The backbones of proteins and peptides
have amide resonances in the high-frequency range (�8
ppm) of the proton spectrum (5). Recently, Mori et al. (6)
observed the presence of a composite resonance at �8.3 �
0.5 ppm in the in situ proton spectra of cancer cells and cat
brain, the signal intensity of which was sensitive to pH
changes. Using a rat brain water exchange (WEX) experi-
ment, we recently verified (7) that the composite reso-
nance at 8.3 ppm is from the amide protons of cellular
proteins and peptides. We also observed the pH-depen-
dent in situ exchange effect with bulk water protons fol-
lowing cardiac arrest. The exchange rates measured were
in accordance with knowledge gained from in vitro protein
high-resolution MRS studies. The 8.3 ppm resonance was
also reported in human brain proton spectra at 4 T by Chen
and Hu (8).

To increase MR detection sensitivity, it would be useful
to be able to detect protein and peptide signals indirectly
via the water resonance, especially for imaging purposes.
Because there is exchange between amide protons of in-
tracellular mobile proteins and peptides and the water
protons, this is indeed possible. In recent studies using
small molecules in solution, Wolff and Balaban (9) and
Ward et al. (10) proposed the use of a chemical exchange
saturation transfer (CEST) enhancement scheme, and dem-
onstrated that the process of saturation transfer from ex-
changeable protons to water could be used for metabolite
sensitivity enhancement. Subsequently, large enhance-
ments in sensitivity (up to 500000 (11)) were demonstrated
for amide protons of cationic polymers (poly-lysine, den-
drimers), which have a favorable exchange rate range (10–
300 s–1) for effective selective irradiation and chemical
exchange transfer under physiological conditions. These
results suggested that detection sensitivity enhancement
through selective saturation transfer via water-exchange-
able amide protons of mobile proteins and peptides in
biological tissue may allow spatial assessments of amide
proton content and properties via the water signal. We
recently demonstrated such amide proton transfer (APT)
effects in rat brain and applied APT imaging to map pH
effects in rat brain during ischemia (12). In this work, we
demonstrate that this new imaging modality can be used to
detect brain tumors, predominantly on the basis of their
higher protein/peptide content compared to brain tissue.

MATERIALS AND METHODS
Theory

With the use of a two-site exchange model (a small pool for
protein/peptide amide protons and a large pool for bulk
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water protons), and assuming complete amide proton sat-
uration under selective radiofrequency (RF) irradiation,
the proton transfer ratio (PTR) for the amide protons
(APTR) in the water signal can be derived to be (11,12):

APTR �
k[amide proton]

[water proton]R1w
�1 � e�R1wtsat� [1]

where k is the normalized proton exchange rate between
the two proton pools, square brackets ([. . .]) denote con-
centration, R1w is the spin-lattice relaxation rate of water,
and tsat is the length of the saturation time. Equation [1]
indicates that the APT effects are sensitive to the water
content of tissue, w ([water proton] � 2 � 55 M � w), and
in order to be distinguishable from conventional image
contrast, the effects of amide proton content and/or ex-
change must be substantially different from the other
terms.

In conventional magnetization transfer (MT) experi-
ments (13–15), RF saturation effects on water in tissue are
often plotted as a function of saturation frequency offset
relative to water (the so-called z-spectra). It is not straight-
forward to demonstrate APT effects superimposed on the
large saturation transfer effects between solid-like macro-
molecules and cellular water. In addition, APT effects
occur at �8.3 ppm (i.e., close to the water frequency), and
direct water saturation effects will also interfere, espe-
cially at low magnetic fields. Because the shape of the
direct water saturation region of the z-spectra depends on
T2w and T1w, changes in blood oxygen level-dependent
(BOLD) effects or water content will also influence the
APT region. To selectively assess APT effects without
interference from conventional MT, direct water satura-
tion, or BOLD effects, it is useful to define an asymmetry
parameter by subtracting the MT ratios (MTR � 1 – Ssat/S0

) obtained at the negative offset with respect to water from
those at the corresponding positive offset (12):

MTRasym � MTR(�offset) � MTR(�offset)
[2]

� Ssat/S0(�offset) � Ssat/S0(�offset)

where Ssat and S0 are the imaging signal intensities mea-
sured with and without RF saturation, respectively. If the
conventional MT effects were symmetric with respect to
the water resonance, any contribution due to proton ex-
change would result in a positive MT difference. However,
the solid-like MT effect is asymmetric with respect to the
water resonance (12,16), with a center frequency in the
aliphatic range. As a consequence, the resulting MTRasym

curve for offsets 0–5 ppm from water has an offset-depen-
dent shape that depends on the inherent MTRasym of the
solid-phase MT effect (MTR	asym) as well as on the PTR of
the contributing exchangeable protons:

MTRasym(offset) � MTR	asym(offset) � PTR(offset). [3]

In a comparison of lesions or physiological alterations, the
change in MTRasym, 
MTRasym, equals the change in PTR,

PTR, under the assumption of an unaltered MTR	asym.
Therefore, PTR at the 3.5 ppm offset (APTR), which cor-

responds to the 8.3 ppm resonance in the proton spectrum,
can be assessed under the assumption that MTR	asym

(3.5 ppm) remains unaltered.

Animal Preparation

The animals were cared for throughout the experimental
procedures in accordance with institutional guidelines.
Nine Fischer 344 rats weighing 200–250 g were anesthe-
tized by intraperitoneal injection of 0.2 ml/100 g body
weight of 25 mg/ml of xylazine and 2.5 mg/ml of ketamine.
Through a small burr hole, 9L cells (25000 in 2 �l) were
stereotaxically implanted (17) into the forebrain of the
animal on the right side (3 mm lateral to bregma and 3 mm
deep). On the postimplantation days indicated, the ani-
mals were reanesthetized with sodium pentobarbital
(40 mg/kg, i.p.). A cannula was placed in the femoral vein
to infuse anesthesia during MR procedures. The trachea
was exposed through a midline incision, and a tracheot-
omy was performed to maintain a patent airway. The rat
head was fixed with ear bars and taped to the coil and
cradle to avoid motion artifacts. Body temperature was
monitored and maintained at 37.5°C � 0.5°C using a heat-
ing pad. During the MR experiments, a continuous infu-
sion of dilute sodium pentobarbital in saline was infused
by infusion pump (15 mg/kg/hr, i.v.). At the end of the
study, the anesthetized rat was killed by an intravenous
injection of KCl, and the brain was then excised and sec-
tioned. Histologic sections (10 � thick) were stained with
hematoxylin and eosin.

MRI Experiments

Experiments were performed on a horizontal bore 4.7 T GE
CSI animal imager. A surface coil (inner diameter � 3 cm)
was used for RF transmission and reception. The pulse se-
quence used for APT imaging is the same as that used in the
standard MT sequence, but we were interested in the amide
proton exchange effects in a small offset range (1–5 ppm)
above the water frequency. A train of 400 Gaussian pulses
(length � 6.6 ms, flip angle � 180°, delay � 3.4 ms, total
duration � 4 s, average RF power � �50 Hz) was used for
off-resonance RF irradiation (Fig. 1). The image slice was
located at the level of the caudate nucleus. Slice shimming
was done. Four-shot, spin-echo echo-planar imaging (EPI)
was used for data acquisition (TR � 10 s, TE � 30 ms). The
imaging matrix was 64 � 64, FOV was 40 � 40 or 32 �
32 mm2, and the imaging slice thickness was 2 mm.

Two types of experiments were performed. In the first
type, standard z-spectra were acquired over an offset range
of �7 ppm with a resolution of 0.5 ppm. One image was
acquired per offset. The effects of the saturation transfer of
exchangeable protons to water were subsequently identi-
fied by asymmetry analysis and comparison with normal
brain. In the second type of experiment, APT-weighted
images were acquired using only frequency-labeling off-
sets of �3.5 ppm with respect to water (16 scans), followed
by asymmetry (difference) analysis as in the first experi-
ment. In addition to these APT experiments, several con-
ventional imaging experiments were run, including diffu-
sion (TR � 3 s, TE � 80 ms, 10 b-values � 0–1392 s/mm2,
8 scans, single-shot trace diffusion weighting (18)), T1
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(TR � 2 s; TE � 30 ms; TI � 0.2, 0.6, 1.25, 1.6, 2, 2.5, and
3.4 s), and T2 (TR � 2 s; TE � 25, 35, 45, 55, 65, 75, and
85 ms). About 2 hr were required to run these five se-
quences.

Data Processing

The measured imaging signal intensities (normalized with
respect to unsaturated) as a function of offset (i.e., z-spectra)
were fitted through all offsets using a 12th-order polynomial
on a pixel-by-pixel basis. The actual water resonance was
assumed to be at the frequency with the lowest signal inten-
sity of the interpolated fitted curve using an offset resolution
of 1 Hz. After fitting, the experimentally measured MT curve
for each pixel was shifted correspondingly along the direc-
tion of the offset axis, which corrects for field inhomogeneity
effects. The spin-lattice relaxation time of water, T1w, was
fitted with a three-parameter equation: I � A � B exp(–TI/
T1w). T2w was fitted using I � I0 exp(–TE/T2w). The average
apparent diffusion coefficient of water, ADCav � Trace(D)/3,
was fitted by I � I0 exp(–b � ADCav). The water content map
was calculated from the T1w map by using the empirical
relationship R1w � 1/T1w � �(1

w
� 1), in which the coefficient

� was determined by T1w and the average tissue water con-
tent (0.84 ml water/ml brain (19)) for the contralateral normal
brain region. The same proportionality constant � was used
for all tissues, while the T1w values of individual tissues were
used to determine the water content map on a pixel-by-pixel
basis. When we calculated the amide proton concentration
(Eq. [1]), we assumed negligible effects of the amide proton
concentration on the exchange rate, and the value that was
determined previously for normal brain tissue (28.6 s–1 (12))
was used for brain and tumor tissue.

RESULTS

Figure 2a shows z-spectra for tumor, peritumoral tissue,
and contralateral normal tissue for the 9L brain tumor

FIG. 2. z-spectra (a), MTRasym spectra (b), and 
PTR spectra (c) for
the tumor-implanted rat brain (10 or 11 days; N � 5). Solid circle:
contralateral region; diamond: peritumoral tissue; open circle: tu-
mor. The z-spectra show the saturation of the water resonance as a
function of RF irradiation frequency with respect to water. Signal
attenuation is due mainly to direct water saturation close to the
water frequency and the solid-like MT effect over the whole spectral
range. Notice that the z-spectra are asymmetric, and when one
compares the positive and negative offsets in the 2–3.5 ppm region,
there are noticeable drops on the positive side. The MTRasym spec-
tra and 
PTR spectra show that tumor changes are only visible in
the 2–3.5 ppm offset range from water, corresponding to the ex-
changeable-proton range in the spectra.

FIG. 1. APT imaging pulse sequence using a spin-echo EPI acqui-
sition and a pulse train saturation scheme. A train of 400 Gaussian
pulses (length � 6.6 ms, flip angle � 180°, delay � 3.4 ms, total
duration � 4 s, average RF power � �50 Hz) was used for off-
resonance RF irradiation.
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model in rats (10 or 11 days postimplantation; N � 5).
These three regions of interest (ROIs) were selected ac-
cording to the calculated ADCav maps and APT-weighted
images. Peritumoral tissue, which may include edema
and/or angiogenesis (20–25), was identified as a region
surrounding the tumor with increased ADCav and approx-
imately normal MTRasym (3.5 ppm). The shift of the z-
spectrum as a result of field inhomogeneity depends on
shimming. In our experiments, shimming was better than
25 Hz, and the shift values were within �20 Hz for most
brain regions, but could be larger for some pixels. The
imaging signal intensities in the z-spectra are substantially
reduced for all tissues, which is due to the effects of direct
water saturation close to the water frequency, and of con-
ventional MT over the whole spectral range. The z-spec-
trum differences for these three types of tissue are very
clear; however, some of these may be due to changes in
relaxation times that narrow the direct saturation curve.
The effects of direct saturation and conventional MT are
largely reduced in the MTRasym spectrum in Fig. 2b, which
shows a substantial increase in the tumor MTRasym com-
pared to the contralateral normal tissue. Notice that the
range of offsets over which this increase occurs corre-
sponds closely to the spectral range of exchangeable pro-
tons for proteins and peptides. This effect is also clear in
the 
PTR spectra with respect to normal tissue (
PTR �
PTR (tumor or peritumoral tissue) – PTR (normal tissue)),
which are given in Fig. 2c.

Figure 3 compares APT-based imaging with several con-
ventional MR image types, including a T2w-weighted im-
age, a fitted T2w map, a T1w-weighted image, a fitted T1w

map, a diffusion-weighted image, and a calculated ADCav

map. These images show regions of increased T1w, T2w,
and ADCav in the tumor, which in many cases are sur-
rounded by additional areas of even higher intensity.
Overall, the tumor appears diffuse, with unclear regional
boundaries. The same is true for the Ssat/S0 images at the
�3.5 ppm offsets from water (and thus for standard MT
images) and for the water content image. However, when
one examines the APT-weighted image and the amide
proton concentration map, a clearly outlined area becomes
visible, which we interpret as originating predominantly
from tumor tissue. A histological section shows that the
tumor has well defined boundaries; however, since the
histological section is much thinner than the MRI slice, no
specific conclusions can be drawn regarding the accuracy
of the boundaries seen in the APT-based images. More-
over, EPI acquisitions can lead to a distortion in the MR
images, which makes it even more difficult to match the
results with histology.

A comparison of the MRI parameters for the tumor,
peritumoral, and normal tissue is given in Table 1 (N � 5).
The results indicate the following properties for this type
of brain tumor: 1) T2w-weighted image hyperintensity or
increased T2w, 2) T1w-weighted image hypointensity or
increased T1w, 3) diffusion-weighted image hypointensity
or increased ADCav, and 4) increased MTRasym (3.5 ppm)
and amide proton concentration (71.9–140.8 mM). The
contralateral APTR (2.94%) and amide proton concentra-
tion (71.9 mM) were those measured for normocapnic rat
brain tissue in our previous in vivo/postmortem rat studies
(12). These values were validated because they have z- and

MTRasym spectra that are comparable to those obtained in
the contralateral hemisphere in the present study. Using
the APT images as a basis for defining a well-contrasted
area of tumor, we assigned regions as being peritumoral
when they exhibited increased ADCav and approximately
normal MTRasym (3.5 ppm). These peritumoral regions also
showed markedly increased T2w and T1w with respect to
normal brain.

DISCUSSION

Although MRI is universally applied for the diagnosis and
therapeutic monitoring of various cerebral lesions, it re-
mains difficult to accurately delineate brain tumor borders
by several common types of MR images, such as T2w-
weighted, T1w-weighted, and diffusion-weighted images.
This may be due, in part, to the fact that these conven-
tional imaging techniques often indicate very similar prop-
erties, such as increased water content or freedom of mo-
bility, for a tumor and the surrounding edema (26–28), and
thus there is a lack of MRI contrast by which to differen-
tiate them. In addition, the presence of cerebrospinal fluid
(CSF), which has longer relaxation times and higher
ADCav, may worsen the definition of tumor boundaries
adjacent to CSF regions. In Gd-enhanced imaging, only the
tumor area where the blood–brain barrier is broken is
visible; however, the tumor may extend beyond this area,
making treatment planning problematic. Thus, other con-
trast mechanisms that better reflect the properties of tumor
tissue are urgently needed (29,30). In the present study we
explored a recently developed method, termed APT imag-
ing (12), that is based on our recent spectroscopy studies
(5,7) in which a large resonance for backbone amide pro-
tons was found at a spectral frequency of 8.3 ppm
(�3.5 ppm offset from water). This technology was hy-
pothesized to be potentially useful for tumor identifica-
tion.

Identifying APT

The APT effect occurs in addition to conventional MT
contrast associated with immobile macromolecules and
membranes, which is effective over a large spectral range
(about 100–200 kHz) and is usually measured by saturat-
ing at offsets of 5–10 kHz (13–15). In the case of APT-based
contrast, the irradiation offset to water ranges from about
2 to 5 ppm, corresponding to 400–1000 Hz at a field
strength of 4.7 T. At this close proximity to water, as
shown in Fig. 2a, signal attenuation due to direct water
saturation is comparable with the conventional solid-
based MT effect over the whole spectral range. Thus, the
noticeable upward shift of the Ssat/S0 curves for the tumor
and peritumoral tissue with respect to normal brain can be
attributed to these two effects, including relaxation-time
effects on the shape of the direct saturation curve. This
upward change in shape agrees with earlier reports of
decreased MTR values in tumors and adjacent tissue (ede-
ma) when compared to normal brain tissue (20,21). On the
other hand, APT-weighted imaging is dominated by the
transfer effects from exchangeable amide protons of mo-
bile cellular proteins and peptides to water protons in a
narrow offset range (0–5 ppm). Several interesting features
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have been identified that support the existence of APT
effects. For example, the z-spectra in Fig. 2a show a
smaller intensity difference on the positive-offset side of
water (2–3.5 ppm), where the exchangeable protons reso-
nate, than on the negative-offset side. This agrees with the
notion that increased protein/peptide content in tumor (3)
leads to an increased saturation transfer (Eq. [1]), thus
decreasing the imaging signal intensities.

The measured asymmetry curves (Fig. 2b) show an
MTRasym difference that is slightly positive at first and
becomes negative at a higher offset. This result again sup-
ports a previous report (16) that the MT effect is asymmet-

ric with respect to the water resonance, with a center
frequency in the aliphatic range. The resulting curve for
offsets 0–5 ppm from water has an offset-dependent shape
that depends on the inherent asymmetry of the solid-phase
MT effect (i.e., MTR	asym), as well as on the PTR of the
contributing exchangeable protons. When the tumor
MTRasym plot is subtracted from the contralateral curve
(Fig. 2c), a maximum change in tumor signal intensity is
found at offsets of 2–3.5 ppm from water. This corresponds
to the middle of the frequency range of the amide protons
in high-resolution protein and peptide spectra. As regards
the proton spectral frequencies, the backbone amide pro-

FIG. 3. Comparison of APT images with several common types of MR images and histology for a rat brain tumor. The conventional MR
images include a T2w-weighted image (TR � 3 s, TE � 80 ms, 8 scans), T2w map, T1w-weighted image (TR � 1 s, TE � 25 ms, 8 scans),
T1w map, isotropic diffusion-weighted image (TR � 3 s, TE � 80 ms, b-value � 1392 s/mm2, 8 scans), and ADCav map. The APT images
include the MTRasym (3.5 ppm) (i.e., APT-weighted) image and an amide proton content map. The APT-weighted image was obtained by
subtracting the Ssat/S0 images acquired at frequency-labeling offsets of �3.5 ppm (16 scans), which are also displayed. Notice that the
hyperintensity peritumoral tissue (arrowhead) and CSF (open arrow) in the ADCav map (also the Ssat/S0 (� 3.5 ppm) images) become normal
in the APT-weighted image. The tumor is visible in all of the MR images (arrow), but its contour is much clearer in the APT images.
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tons are known to resonate around 8 ppm, and the flexible
side chains have a composite amide resonance of
�6.8 ppm (5,7), corresponding well to the offset range
(2–3.5 ppm) over which the signal changes shown in Fig.
2b and c are found. The effect has the expected direction
(MTRasym increase) for an increase in the total protein/
peptide content. Therefore, we conclude that increased
MTRasym in the brain tumor results from increased APTR.
Although a larger combined APT effect was detected at
lower offsets, the corresponding APT images often ap-
peared worse due to decreased signal-to-noise ratios
(SNRs) for Ssat/S0 and MTRasym images close to the water
resonance. We therefore used the APT effect of the back-
bone amide protons at the offset of 3.5 ppm.

Quantifying APT Contrast

As mentioned above and described in Eq. [1], the APT
image contrast depends on several MR and tissue param-
eters. First, increased APTR in the tumor can be attributed
either to increased cellular protein and peptide content or
to increased amide proton exchange rates in the tumor
with respect to the normal region. In addition, tissue water
content and spin-lattice relaxation rates are two possible
contributing factors. Interestingly, data in the literature
(19) show that water content and R1w are directly related
and inversely proportional, causing partly compensated
effects for water content, R1w, and the exponential relax-
ation term in the equation. Thus, care must be taken in the
interpretation of the APT contrast. The prerequisite for
APT in terms of successful image contrast is that the effect
of increased amide proton concentration should outweigh
that of increased water content (Eq. [1]). In addition, the
exchange rate of amide protons in tumor tissue should be
equal to (or a little higher than) that of brain tissue to
enhance the effect of increased [amide proton]. Fortu-
nately, the data indicate that these requirements are ful-
filled for healthy and tumor tissue in the present model.
First, the brain water content images in Fig. 3 show limited
contrast and diffuse boundaries. Second, multiple studies
of many tumor types have indicated an intracellular pH
(pHi) range that is higher (up to �0.1 pH unit) than that of
normal brain tissue (31–34). As the amide proton exchange
rate is base-catalyzed in the physiological pH range, the
exchange rate increases with pH, thus increasing the APT
contrast. These effects become clear in the MTRasym

(3.5 ppm) image, which is weighted by APT contrast and
inherent asymmetry in the MT effect. Under the assump-
tion of small differences in asymmetry for the MT effects of
different tissues, the MTRasym (3.5 ppm) images predomi-
nantly reflect the APT effect and are thus denominated as
APT-weighted images.

If quantification of the amide proton content is needed,
which would be valuable not only in differential diagnosis
but also in noninvasive staging of disease (3,4), several
parameters must be known. Equation [1] indicates that
values for intracellular R1w and water content are needed;
however, these values are not available. We therefore used
the tissue numbers for R1w, and calculated water content
based on R1w as outlined in the Materials and Methods
section. We did not measure the exchange rate for tumors
in our experiments; however, since only a small pHi in-
crease (
0.1 pH unit) has been detected for tumors in
many previous studies (31–34), we took the average proton
exchange rate (28.6 s–1) determined previously for normal
rat brain (12) as an estimate. This was also based on the
assumption of negligible effects of amide proton concen-
tration on the exchange rate. Thus, the map for the total
amide proton concentration of proteins and peptides cal-
culated according to Eq. [1] should be viewed in terms of
these assumptions. In addition, one should keep in mind
that APT imaging is not sensitive to the entire protein and
peptide pool, and a change in the mix of proteins and
peptides that may occur in tumors with respect to the
brain could bias a report of amide proton concentration.

CONCLUSIONS

Our data presented here indicate that APT imaging pro-
vides a specific and sensitive modality for tumor study by
MRI. It was shown that the APT contrast in 9L gliosarco-
mas in rat brain depends predominantly on increased mo-
bile protein and peptide content in the tumor, which con-
stitutes a new type of functional MRI contrast. When it was
applied to the rat brain gliosarcoma model, the technique
showed a well-defined brain tumor region, whereas con-
ventional MRI approaches showed a diffuse tumor pattern.
The ability to produce image contrast in the water signal
that reflects cellular protein and peptide content and
amide proton exchange properties may be valuable not
only for differential diagnoses, but also for the noninvasive
staging of disease in clinical applications.
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