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Molecularly Targeted Magnetic Resonance Imaging and Spectroscopy
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ABSTRACT: Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) have tremendous utility in

many fields, such as clinical diagnosis, medical research and brain science. MRI provides high resolution anatomic images
of tissues/organs, and MRS provides functional molecular information related to specific regions of tissues/organs. However, it is often difficult for conventional MRI/MRS to selectively image/probe a specific metabolite molecule other than
water and fat. This greatly limits study of the molecular mechanisms underlying metabolism and disease. Herein, we report a novel method for obtaining an exact molecularly targeted MRI and MRS. This method uses the nuclear spin singlet
state to select the signals from a specific molecule. Several endogenous molecules in living organism such as Nacetylaspartate and dopamine have been exemplarily imaged and probed as the targeted molecules in the MRI and MRS
experiments, demonstrating the unique molecular selectivity of the developed method.
Endogenous-molecule-targeted MRI and MRS can be achieved by using the new pulse sequences.
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INTRODUCTION

Magnetic resonance imaging (MRI) is widely used in clinic diagnosis, biomedical research, and brain science . Most
MRI techniques map and measure H spins from water and fat . Although MRI can detail
anatomy with very high
spatial resolution, conventional MRI techniques often lack “chemical resolution”: They cannot selectively image/probe a
specific metabolite other than water . Magnetic resonance spectroscopy (MRS) is complementary to MRI and can directly
probe different biosubstances . A routine MRS procedure includes the acquisition of MR images and the corresponding
MR spectra. The MR images offer anatomic landmarks that correspond to the MRS data, while the MRS data provide the
molecular information of MR image. This combination of anatomy and molecular information facilitates accurate diagnosis, recognition, and therapy . However, the Achilles’ heel of MRS is the signal overlap problem due to the complexity of
bio-substances, which results in great difficulty to analyze and quantify MRS signals . Selective imaging/detection of
endogenous molecules is in dire need of various MRS practical applications .
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Many efforts in MRI and MRS have been made along this direction. In MRI, exogenetic biomarker or targeted agents
have been developed to achieve an imaging of a specific molecule . By exploiting the chemical exchange process between
hydroxyl groups of water and the active hydrogens of the biosubstances, Balaban et al. developed the chemical exchange
dependent saturation transfer (CEST) method to achieve an indirect detection of the biosubstances such as amino acid and
sugars . In MRS applications, various spectral editing techniques, such as MEGA editing by Mescher and Garwood et al. ,
double quantum filtered (MQF) MRS , have been developed to selectively probe the signals from the specific biomolecules. To probe the spatial distributions of the metabolites in organs, Brown et al. developed magnetic resonance spectroscopic imaging (MRSI) . Although these techniques can selectively probe molecules, they fail to accurately select a specific
molecule for true molecularly targeted imaging/detection.
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In this work, we will demonstrate that by exploiting the nuclear Spin Singlet State (SSS) we are able to achieve true molecularly targeted MRI/MRS. The SSS is defined as a nuclear spin state with a relaxation time much longer than the longitudinal relaxation time T . Thus, it is often called the long-lived nuclear spin singlet state . The long-lived nature of SSS
offers the opportunities to probe extremely slow molecular motion and chemical exchange , to increase the contrast of
magnetic resonance spectroscopy and imaging , and to increase the coherent time in quantum computation and so
on . Especially, it has been presented that SSS can be used as a filtering method to select signals from a specific molecule, and
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then some endogenous molecules in living organism can be exemplarily imaged or probed as the targeted molecules40-47. Very recently, Glöggler’s group demonstrated the application of SSS filtering method in the Alzheimer’s disease-related b-amyloid 40 peptide and in metabolites in brain matters48. However

, another intriguing virtue of SSS, which importance has not gotten enough
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attention, is its instinctive immunity to the gradient field during spin coherence evolution . By exploiting this property,
the evolution period of SSS can be used to select the signals from SSS while suppressing all of the other signals by applying
a gradient field (see the supplementary text in Supporting Information for more details). Moreover, the preparation of SSS
of a target molecule, which requires the unique combination of the chemical shift difference and J-coupling , introduces the salient molecule targeting feature to this technique. Combination of the molecule targeting feature and the immunity to the gradient during evolution makes the SSS-based techniques possess the perfect molecular level selectivity.
49-50

28, 51-52

RESULTS AND DISCUSSION

Figure 1 shows three pulse sequences designed for molecularly targeted signal selection in nuclear magnetic resonance
(NMR), MRI, and MRS applications. Figure 1a shows the YAoWeiXin-NMR pulse sequence (YAWX-NMR) that can select
signals from a specific molecule in NMR applications. The core part of this pulse sequence is the SSS filter that consists of
three blocks in sequence: The first spin lock sequence block is used to prepare the singlet state . The second block consists
of two gradient pulses and a decoupling pulse between them to select the singlet signals while suppressing all other signals.
The third block is a spin lock sequence block that transforms the singlet signals into observable signals. The details of the
spin evolution in YAWX-NMR can be found in the supplementary text in Supporting Information.
52

The SSS filter can be used in MRI and MRS sequences to achieve molecular selectivity in different applications. Figure
1b shows the YAWX-MRI pulse sequence for molecularly targeted MRI. This pulse sequence consists of the SSS filter block
to achieve signal selection of the targeted molecule as well as 3D imaging of the sequence block. Figure 1c shows the YAWXMRS pulse sequence that is designed for molecularly targeted localized MRS. In this pulse sequence, a gradient spin echo is
used for spatial slice selection, and the SSS filter block selects the signal from a target molecule. More details of these pulse
sequences can be found in Supporting Information. Note that the key idea underlying these three pulse sequences is the
use of a SSS for signal selection. We note that many pulse sequences have been reported for the preparation of SSS in the
literature
, and these pulse sequences can theoretically all be used as SSS filters.
28-31, 36-39, 49

The molecular selectivity of SSS filters originates from the strict preparation condition of the SSS. The core parameters of the SSS filter (e.g., the duration time and the power level of the spin lock) are calculated from the properties of the
spin system (i.e., the chemical shifts and J coupling). The one-to-one relationship between the core parameters of the SSS
filter and the properties of the spin system is critical to the molecular selectivity of the SSS filter. In principle, any molecule with a spin system suitable for SSS preparation can be used as a target molecule in the SSS filter. Such spin systems
3
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can be two or multiple coupled homonuclear spins , isolated or non-isolated from other nuclei spins . Generally,
it is easier to prepare a high-transfer-efficiency long-lived state in a two-spin system than in a multi-spin system . The
transfer efficiency of long-lived singlet state prepared from an isolated spin system is higher than that from a non-isolated
spin system. Note that the long-lived singlet state of a non-isolated spin system can be prepared and used in the SSS filter,
although in such cases the relaxation attenuation of the long-lived state would be accelerated. This greatly extends the
choice of targeted molecules. Some important biochemicals, such as N-acetylaspartate (NAA) and dopamine (DA) can be
used as the target molecule in the SSS filter (see Figure S2 in Supporting Information). This provides a very promising
application of the SSS filter to selectively probe biochemicals in living organisms
. In the following discussion, three
target molecules - the tripeptide L-alanine-glycine-glycine (AGG ), NAA, and DA - will be used as examples to demonstrate
the molecular selectivity of YAWX-NMR/MRI/MRS.
49, 53
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Figure 2a shows the H spectrum of the AGG aqueous solution acquired using a single pulse excitation. Figure 2b shows
the H spectrum of the AGG aqueous solution acquired with YAWX-NMR. The singlet state of the two-spin system (H and
H ) was prepared herein. The preparation of the SSS of H and H requires a strict match between the parameters in the
pulse sequence and the properties of the spin system (i.e., the chemical shift and J coupling of the spin system). Therefore,
only the signals from H and H can pass through the SSS filter, whereas all other signals (including the water signals) were
filtered out or significantly suppressed. To further demonstrate the excellent signal selectivity, we performed YAWX-NMR
on the aqueous solution of the mixture of AGG and insulin. The H spectra acquired using a single pulse excitation and
YAWX-NMR are shown in Figure 2c and 2d, respectively. Similar to the case in Figure 2a and 2b, only the signals from H
and H ’ of AGG and the significantly suppressed water signal remain in the spectrum, although insulin molecules give
many resonance signals in the spectrum.
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The SSS filter was also introduced into the MRI sequence to achieve molecularly-targeted MRI. To demonstrate this
concept, we designed a special phantom based on a 5 mm NMR glass tube containing water (40% D O and 60% H O). The
concentration of D O was adjusted to optimize the signal intensity in the imaging. Four capillaries (1 mm diameter, ~0.1
mm wall thickness) containing D O (60% D O and 40% H O) as well as the NAA, AGG, and DA aqueous solution were
carefully placed in the 5 mm tube. The photo and schematic illustration of this phantom are shown in Figure 3a. Figure 3b
shows a routine H MRI image of the sample acquired using the spin echo imaging sequence. The image shows one large
grey disk containing four small disks. Each small disk is surrounded by a black circle. The big grey disk is from the water
inside the 5 mm glass tube, and the black, gray, and white disks are from the capillaries containing the HDO water, AGG,
NAA, and DA aqueous solutions, respectively. The different signal intensity can be attributed to the different H concentra2
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tions in different solutions. Each small disk has a black ring showing the wall of the capillary tubes. We used YAWX-MRI to
obtain molecularly targeted images of the sample. Figures 3c, d, and e show the molecularly targeted H MRI image of AGG,
NAA and DA, respectively, acquired using the pulse sequence in Figure 1b. The selected signals for imaging are H and H ’
of AGG, H and H ’ of NAA and H of AGG, respectively. The singlet preparation was optimized based on the simulation of
the singlet transfer efficiency against the spinlock time and power in Figure S3-5 in Supporting Information. More experimental details are referred to the method part in Supporting Information. The images in Figure 3c, d, and e clearly demonstrate that each capillary containing the corresponding targeted molecule can be selectively imaged indicating the excellent
molecular selectivity of the method.
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The combination of the SSS filter and MRS can monitor the targeted molecules in specific spatial regions of the sample.
Figure 4 shows the molecularly targeted MRS spectra acquired using the YAWX-MRS sequence. The sample was similarly a
5 mm NMR tube with the four capillary tubes containing the HDO, NAA, AGG, and DA aqueous solutions. Figure 4a is the
MRI image of the sample. The yellow square indicates the region selected for MRS. Figure 4b is the routine H MRS spectrum of the selected region in the sample. The signals from the HDO, AGG, NAA, and DA solutions can be observed in the
spectrum. The poor resolution and linear shape of the signals is due to the high inhomogeneity of the field due to the disturbance of the inserted capillary tubes.
Figure 4c shows the AGG-targeted H MRS spectrum. The signals of H and H ’ of AGG are selected and remain in the
spectrum, whereas the other signals including the water signal are significantly suppressed. Similarly, the signals of H and
H ’ of NAA and H of DA are dominant in the NAA-targeted and DA-targeted H MRS spectra in Figures 4d and 4e, respectively. These data indicate the excellent molecular selectivity of the method. Combining the spatial information from the
MRI imaging, we are able to use YAWX-MRS to probe the spatial distribution of the target molecules. By using a suitable
reference signal, it is also capable to quantify the amount of the target molecule in a specific area, which is the on-going
research in our laboratory. Note that compared with the molecularly targeted MRI, the molecularly targeted MRS is a more
sensitive and efficient approach to probe the signal of targeted molecule. In Figure S6 in Supporting Information, we show
that even for the DA solution having the concentration of 26 μM, the signal, H , of DA still can be easily selectively probed.
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CONCLUSIONS

In this work, we developed a novel method for obtaining an exact molecularly targeted MRI and MRS. This method
uses the nuclear spin singlet state to select the signals from a specific molecule. We designed three types of pulse sequences, namely YAWX-NMR, YAWX-MRI and YAWX-MRS, which can be used for the molecular targeted signal selection in the NMR, MRI and MRS applications. To demonstrate the unique molecular targeting feature of the developed
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method, several important endogenetic molecules in living organism such as NAA and DA have been exemplarily probed
and imaged as the targeted molecules in the NMR, MRI and MRS experiments.
We believe that the developed method in this work will have profound influence on cell/molecular biology, brain science, medicine, pharmacology, medical physics, chemistry, physics, MRI/NMR methodology and might inspire many innovative ideas in bio-NMR/MRI. For example, molecular imaging of disease biomarkers using MRI requires targeted MRI
contrast agents with high specificity and high relaxivity. While peptides, antibodies, or small ligands can be used to
achieve targeting, they must be linked to MRI contrast containing Gd or micron-sized particles of iron oxide (MPIO).
Such media not only complicate the synthesis process but also have safety concerns. Our selective imaging/probing approach can directly image a specific endogenetic biomarker, thus eliminating the need for exogenous contrast agents.
Even when selective imaging of the biomarker is not possible directly, we can still use external targeting agents without
binding them to MRI contrast agents. This method will open up many new possibilities for molecular MRI/MRS, which in
turn will facilitate the study of molecular process in living organisms to improve the early diagnosis of diseases and optimize pre-clinical and clinical testing of new medications.
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Figure 1: The scheme of the pulse sequence designed for: a) the molecular targeted NMR, YAoWeiXin-NMR, Abbr. YAWXNMR, b) 2D-MRI via YAWX-MRI, and c) MRS via YAWX-MRS. In YAWX-NMR, the blue filled rectangles represent the 90°
pulses and the spin lock block, respectively. The empty rectangle represents the decoupling block. The pulsed-field gradients, g and g , are used for coherence dephasing. In YAWX-MRI, the blue filled rectangles represent the 90° pulses and the
SSS filter, respectively. The pulsed-field gradients are used for imaging. In YAWX-MRS, the blue filled rectangles represent
the 90° pulses and the SSS filter, respectively. The blue shaped pulse and the slice-selection gradient (the black filled rectangle) are used for slice selection. The detailed experimental parameters can be found in Supporting Information.
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Figure 2: The H NMR spectra of the aqueous solution of a tripeptide (L-alanine-glycine-glycine, AGG ) was acquired by
using: a) the single pulse excitation sequence; and b) the YAWX-NMR pulse sequence to select the signals of H and H ’ of
AGG. The H NMR spectra of the aqueous solution of the mixture of insulin and AGG, acquired by using: c) the single pulse
excitation sequence; and d) the YAWX-NMR pulse sequence to select the signals of H and H ’ of AGG. The experimental
temperature is room temperature. The recycle delay in the experiments was set to 10 s to ensure the full relaxation of the
signals. More experimental details can be found in Supporting Information.
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Figure 3: a) A photo of the phantom. This sample is a 5-mm NMR glass tube containing water (40% D O and 60% H O).
Four capillary tubes (1 mm diameter) containing D O and the NAA, AGG, and DA aqueous solution respectively, were carefully set into the 5 mm tube. b) The H MRI image of the sample, acquired by using a standard H spin echo imaging sequence (T = 15.5 ms, T = 10 s, field of view = 5.6 × 5.6 mm ); c) The AGG targeted MRI image of the sample, where CH
signals (H and H ’, see Figure 2) of AGG were selected for imaging. d) The NAA-targeted MRI image of the sample where
CH signals (H and H ’, see Figure 2) of NAA were selected for imaging. e) The DA targeted MRI image of the sample where
the CH signal (H , see Figure 2) of DA was selected for imaging. The molecular MRI images of the sample were acquired
using the YAWX-MRI pulse sequence in Figure 1b. The experimental temperature is room temperature. The recycle delay in
the experiments was set to 10 s to ensure full relaxation of the signals. More experimental details can be found in Supporting Information.
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Figure 4: a) The H MRI image of the sample, acquired by using a standard H spin echo imaging sequence (T = 15.5 ms, T
= 10 s, field of view = 5.6 × 5.6 mm ). The yellow dash lines indicate the region selected for MRS. b) The routine H MRS of
the selected region in the sample; c) The molecularly targeted MRS spectrum of the sample. The signals of H and H ’ of
AGG were detected selectively; d) The molecular targeted MRS spectrum of the sample. The signals of H and H ’ of NAA
was selectively probed. e) The DA-targeted MRS spectrum of the sample. The signals of H of DA were selectively probed.
The signal selection can have a strong suppression of the water signal. The residual signal of water is about 0.1–0.5% of the
original one. The molecularly targeted MRS spectra of the sample were acquired using the YAWX-MRS sequence. The yellow square indicates the region selected for MRS. The experiment was conducted at room temperature. The recycle delay in
the experiments was set to 10 s to ensure full relaxation of the signals. More experimental details can be found in Supporting Information.
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