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1. INTRODUCTION

PC121497 Technical Abstract 
The prostate-specific membrane antigen (PSMA), which is significantly over-expressed 
by prostate cancer cells, has proven to be an excellent target for imaging prostate cancer 
in mouse models, as recently shown for PSMA-targeted radiopharmaceuticals labeled 
with cysteineglutamate or lysine-glutamate ureas. Yet, dual-modality SPECT/CT and 
PET/CT imaging systems expose the subject to ionizing radiation, making them 
impractical for frequent therapeutic monitoring in patients. MRI systems offer superior 
anatomic resolution and soft tissue contrast compared to CT, making them an excellent 
tool for prostate cancer prevention studies. The effectiveness of MRI in the functional 
and molecular imaging regime is currently limited due to the lack of highly sensitive 
molecularly targeted contrast agents. Creating such agents would greatly improve the use 
of MRI for the early detection and diagnosis of prostate cancer. Our long-term goal is to 
use the newly described phenomena of T2-exchange to create targeted, highly sensitive, 
molecule-sized T2 agents for contrast-enhanced molecular imaging of prostate cancer 
with MRI. It was recently shown that lanthanide-based Ln3+DOTA chelates (Ln3+ = La, 
Gd, Lu) create enhanced negative contrast (i.e., darkening) in MRI through the chemical 
exchange of water molecules. The level of this “T2-exchange” contrast, which adds to the 
inherent paramagnetic T2 contrast of the Ln3+ ion, is proportional to the bound water 
molecule chemical shift and reaches a maximum at a specific water molecule exchange 
rate. It was also recently demonstrated that T2- exchange contrast could be increased by 
several orders of magnitude through simple linear polymerization of the Ln3+DOTA 
chelate. We hypothesize that by using these methods, a highly sensitive molecular 
imaging T2 contrast agent with a transverse relaxivity (r2) an order of magnitude greater 
than any currently existing contrast agent (e.g., SPIO) can be created, while retaining the 
advantages of using small molecules rather than nanoparticles for improved biological 
targeting, uptake, and clearing. These agents have the potential to accurately image the 
location and size of cancerous lesions within the prostate, and (through PSMA as a 
prognostic indicator) differentiate between indolent and aggressive forms, thereby 
performing disease staging entirely non-invasively. Also, in contrast to PET/CT or 
SPECT/CT, disease diagnostics and therapy monitoring would be performed on a single-
modality MRI instrument without the risk of exposure to ionizing radiation. This would 
reduce patient stress by increasing specificity and early detection, simplifying the 
imaging protocol, and reducing scan time. 

PC121497 Public Abstract 
This research project will explore the idea of using a new chemical compound to help 
detect and image prostate cancer in the human body with magnetic resonance imaging 
(MRI). This method could allow prostate cancer to be detected at an earlier stage, 
determine it’s exact location within the prostate, and possibly even determine what type 
of prostate cancer it is. The chemical compound (also known as an MRI “contrast agent”) 
will be modified to attach itself to cancerous prostate cells but not to healthy prostate 
cells. In this way, the contrast agent would cause the cancer containing regions of the 
prostate to appear darker than the surrounding healthy tissue (that is, create “negative” 
contrast). This would allow the location of prostate cancer to be easily detected by 
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comparing MRI images from before and after administration of the intravenously injected 
contrast agent and looking for areas that appear darkened. This hypothesis will be tested 
by first evaluating both the contrast and cell-targeting capabilities of the contrast agent 
while outside the body (in vitro experiments), and then using mice bearing human 
prostate cancer tumors to evaluate the same capabilities when inside a body (in vivo 
experiments). If successful, this research could create a new class of highly sensitive, 
molecularly targeted MRI contrast agents for the early detection and diagnosis of prostate 
cancer. Also, in contrast to conventional PET/CT and SPECT/CT imaging, which use 
gamma rays and x-rays, MRI can be used for frequent therapeutic monitoring in patients 
without the harmful risks associated with ionizing radiation. 

2. KEYWORDS

CT – x-ray computed tomography 
DOTA – 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
Dy – Dysprosium 
Gd – Gadolinium 
Gly – Glycinate 
La – Lanthanum 
Ln – Lanthanide 
Lu - Lutetium 
MRI – Magnetic Resonance Imaging 
PET – Positron Emission Tomography 
PSMA – Prostate-Specific Membrane Antigen 
r2 – transverse relaxivity (sec-1mM-1) 
SCID – severe combined immunodeficiency 
SPECT – single photon emission computed tomography 
SPIO – super paramagnetic iron oxide nanoparticle 
T2 – transverse relaxation time (sec) 

3. ACCOMPLISHMENTS

- What were the major goals of the project? 

From our Statement Of Work: 

Task 1. Design and synthesis of a highly sensitive polymerized Dy3+DOTA-based T2 
contrast agent (months 1-6): 

1a. First, we will maximize the T2-exchange contrast generated by the Dy3+DOTA-
based chelate by varying the water molecule exchange rate using several different DOTA 
sidearm structures (e.g., DOTA-, DOTA-(gly)2-, DOTA-(gly)4-). The maximum 
transverse relaxivity (r2) due to T2-exchange with a single Dy3+ ion is theoretically 16 
sec-1mM-1. Dr. Wu will perform the chemical synthesis while Dr. Soesbe will perform 
the in vitro r2 analysis (months1-3). 
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1b. Once the ideal chemical structure/water molecule exchange rate has been determined, 
we will use the previously established polymerization method (3) to increase the level of 
T2 contrast by a factor of 20 to 100 times. If successful, the r2 from T2-exchange would 
then be 320 to 1600 sec-1mM-1 per molecule. Dr. Wu will perform the chemical 
synthesis while Dr. Soesbe will perform the in vitro r2 analysis (months 4-6). 

Task 2. Create targeted versions of the polymerized T2 contrast agent and evaluate cell 
receptor binding characteristics with in vivo and in vitro experiments (months 6-12): 

2a. We will create targeted versions of the of the polymerized T2-exchange contrast 
agent by attaching molecular targeting groups along the backbone of the linear polymer 
chain. One version will be labeled with biotin (for in vitro binding to streptavidin) while 
another version will be labeled with cysteine-glutamate or lysine-glutamate ureas (for in 
vivo binding to the prostate specific membrane antigen, or PSMA) (5). Dr. Wu will 
perform the chemical synthesis and analysis (months 6-8). 

2b. The detection limit (and thus the sensitivity) of the targeted low molecular weight T2 
contrast agent will me measured in vitro using the biotin labeled version of the polymer. 
A concentration array will be created using a small well plate, where each well will 
contain the same number of streptavidin coated agarose beads and the receptor 
concentration on the bead surface is precisely known. The level of T2 contrast in each 
well will be imaged using a small animal 9.4 T MRI system. Dr. Soesbe will perform the 
in vitro set up, MR imaging, and analysis (months 9-10). 

2c. In vivo prostate cancer cell receptor binding will be evaluated using the cysteine-
glutamate or lysine-glutamate urea labeled version of the polymer. The tumor uptake 
characteristics will be assessed by injecting the agent into SCID mice (8 total) bearing 
PSMA+ flank tumor xenografts (e.g., PC3-PIP) (1). The mice will then be imaged on a 
9.4 T MRI system. The specificity and selectivity will be measured by using PSMA- 
xenografts (e.g., PC3-flu) within in the same mouse and by injecting the mice with a 
PSMA blocker (e.g., 2-(phosphonomethyl)pentanedioic acid) before administration of the 
contrast agent. Facility research staff will perform the tumor implantation while Dr. 
Soesbe will perform all in vivo imaging (months 11-12). 

Task 3. The specific goals during the 6-month EWOF were: 

3a.  Synthesize DyDOTA-(gly)2 and DyDOTA-(gly)3 dendrimers (n = 32 and 64) as T2-
exchange MRI contrast agents 

3b. Perform in vitro characterization (i.e., measure the T1, T2, and r2 values) of the 
completed DyDOTA-based dendrimers at 37 degrees Celsius. 

3c. Perform non-targeted in vivo intravenous injections in mice and quantify the T2-
exchange darkening observed in the blood, kidneys, liver, and brain. 

3d. Publish results as a Magnetic Resonance in Medicine Rapid Communication article. 
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- What was accomplished under these goals? 

Task 1a. : Completed  (3 months total) 

Four different versions of the DyDOTA-based chelate were synthesized (DyDOTA, 
DyDOTA-(gly)2, DyDOTA-(gly)3, and DyDOTA-(gly)4). Each chelate had a different 
number of glycinate (gly) side-arms (i.e., 0, 2, 3, or 4) and thus different water molecule 
exchange rates. Since T2-exchange is dependent on the water molecule exchange rate, 
each chelate had a different transverse relaxivity (r2) value. The non-water molecule 
exchanging chelate DyTETA was also synthesized in order to measure the transverse 
relaxivity (r2) due to the presence of the paramagnetic Dy3+ ion itself (i.e., outer sphere 
relaxation). Both the transverse relaxivities (r2) and the water molecule exchange rates for 
the five Dy3+ chelates were measured in vitro on a vertical 400 MHz NMR system. 
These data were in excellent agreement with the theoretical values predicted by the 
Swift-Connick theory, proving this part of our hypothesis to be correct. These data 
showed that (at 9.4 T and 37 degrees Celsius) the water molecule exchange rate for 
DyDOTA was too fast, and that DyDOTA-(gly)4 was too slow, but that both DyDOTA-
(gly)2 and DyDOTA-(gly)3 had exchange rates that placed them close to the maximum r2 
value. Therefore, DyDOTA-(gly)2 and DyDOTA-(gly)3 were selected as candidates for 
polymerization. Further details for this completed task (including in vitro images) can be 
found in our Magnetic Resonance in Medicine publication, which is included in the 
Appendix at the end of this report. 

Task 1b. : Attempted, but not completed (9 months, estimated time was 3 months) 

At project month 4 we started synthesizing the polymers, but polymerization of the 
DyDOTA-(gly)2 and DyDOTA-(gly)3 chelates proved to be far more challenging than 
initially anticipated. Under the guidance of Dr. Yunkou Wu (Faculty), Lei Zhang 
(Undergraduate Research Assistant) attempted to synthesize the polymers. He found 
difficulty in producing the final compounds due to the incompatibility of our synthetic 
methods with the stability of the polymer. When we attempted the polymerization with 
the mettalated monomers, we found that solubility issues limited our polymerization 
efficiency.  This was due to the charge on the monomer being highly cationic. When we 
then used the organic framework without the lanthanide ion during polymerization, we 
were successful and resulted in a high efficiency of polymerization (up to ~100 units).  
Unfortunately, during subsequent mettalation of the of the ~100 unit organic polymer we 
observed cleavage of the peptide backbone due to the acidity of the lanthanide ions and 
their kinetic affinity to carbonyls.  In other words, the polymer backbone fell apart. This 
was apparent as chemical analysis observed a series of lower molecular weight molecules 
that were consistent with degradation of a larger molecular weight polymer.  We were 
able to overcome this degradation (by Dr. Wu, see below) with the addition of citrate 
during mettalation, which was used to limit the kinetically favorable chelation along the 
backbone and to allow for the thermodynamically favorable chelation by the macrocycle 
unit.   
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At project month 11 (December 2014), Mr. Zhang stopped working on this research 
project and all polymerization attempts were continued by Dr. Yunkou Wu directly. By 
using Lei Zhang’s starting materials, Dr. Wu was able to synthesize the DyDOTA 
version of the polymer within two weeks time. Initial characterization showed the 
polymer backbone length to be approximately 100 units with about 50% population of 
DyDOTA. Therefore the transverse relaxivity (r2) of this molecule should be 50 times 
that of the monomer chelate. While the water molecule exchange rate of DyDOTA is not 
ideal (too fast) for maximizing T2-exchange at 9.4 T and 37 degrees Celsius, this 
nonetheless proved that polymerization of the DyDOTA-based chelates was indeed 
possible. At project month 12 two things happened 1) Our Lead Chemist Dr. Wu left UT 
Southwestern, and 2) our 12-month long grant period was up. Therefore no further 
chemistry was completed on this project. 

After speaking with Dr. Mark Milne (Postdoctoral researcher) we decided to ask for a 6 
to 12-month long EWOF to complete Task 1b as well as some aspects of Task 2 
(specifically in vitro and in vivo imaging of the non-targeted agent). Since polymerization 
of the remaining DyDOTA-based chelates would require synthesizing new starting 
materials, and since Dr. Wu (our polymerization expert) is no longer at our institution, we 
have decided to use dendrimers to create multiple DyDOTA-based molecules instead of 
polymers. This will greatly simplify the required chemistry as the dendrimer backbones 
(n = 32, 64, 128) can be simply purchased (e.g., from Sigma Aldrich). Also, substituting 
dendrimers for polymers does not change the research goals of our initial Statement Of 
Work (SOW). During the proposed EWOF we will create DyDOTA-(gly)2 and 
DyDOTA-(gly)3 dendrimers (n = 64), perform in vitro characterization and imaging, and 
initial in vivo imaging. Since the dendrimers will be non-targeted, we can use the 
collection by the mouse kidneys to determine the in vivo T2-exchange contrast 
capabilities, similar to our previous publications. 

Tasks 2a, 2d, and 2c: Not completed 

Since these tasks depended on successful polymerization of the monomer chelates, which 
took much longer than expected (> 9 months), they could not be completed in time 

Task 3a (EWOF duration): Attempted, but not completed (2 months work) 

Blank dendrimer lattices (n = 32 and 64) were purchased from Sigma Aldrich. The 
DOTA-(gly)2 and DOTA-(gly)3 chelates were synthesized then attached to the 
dendrimers. Percent filling of the dendrimer sites by the chelate was measured using mass 
spectrometry to be 80% to 90%. Yet, upon metallization of the chelate with the Dy3+ ion 
the solubility drastically dropped. About 80% of the product came out of solution with 
the remaining 20% still in solution. This suggested that there were two different species 
of product. Characterization of the products with HPLC or ICP was planned but not 
performed for reasons explained in the next section. 

Tasks 3b, 3c, and 3d (EWOF duration): Not completed. 
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The goals of the 6-month EWOF (which started on June 2, 2015) were not completed for 
two main reasons. First, the PI (Todd Soesbe, PhD) ended his employment at the 
Advanced Imaging Research Center on July 17, 2015. Second, the dendrimer chemist 
(Mark Milne, PhD) ended his employment at UT Southwestern Medical Center on July 
31, 2015. As a result, only about two months of work was done during the EWOF period. 
The EWOF period for this grant ended on January 31, 2016 and the remaining funds 
totaling $6,817.59 were returned to the DOD on April 20, 2016. 

- What opportunities for training and professional development have the project 
provided? 

Todd C. Soesbe, Ph.D. 
Training: Dr. Soesbe had to learn O-17 NMR spectroscopy and Matlab fitting in order to 
measure the water molecule exchange rates of the DyDOTA-based monomers. 
Professional Development: Dr. Soesbe held bi-weekly lab group meetings to help with 
collaboration among the group members. He also gave two conference presentations (see 
Section 6) about this research where his discussed similar research with peers. 

Yunkou Wu, Ph.D. 
Training: Dr. Wu received training on how to operate the Agilent 9.4 T animal MRI 
system from Dr. Soesbe. 
Professional Development: Dr. Wu attended the bi-weekly lab group meetings to 
discuss aspects of the current project, present results, and review current and previous 
literature. 

Mark Milne, Ph.D. 
Training: Dr. Milne received training from Dr. Wu on polymer chemistry and synthesis 
methods. He also received training from Dr. Ratnakar on dendrimer chemistry and 
synthesis. 
Professional Development: Dr. Milne attended the bi-weekly lab group meetings to 
discuss aspects of the current project, present results, and review current and previous 
literature. 

Lei Zhang 
Training: Mr. Zhang received training from Dr. Wu on polymer chemistry and synthesis 
methods. 
Professional Development: Mr. Zhang attended the bi-weekly lab group meetings to 
discuss aspects of the current project, present results, and review current and previous 
literature. 

- How were the results disseminated to the community of interest? 
Along with our Magnetic Resonance in Medicine publication, Dr. Soesbe presented these 
data at several conferences for peer evaluation and education. He also used these data to 
discuss “current exciting research” when making presentations at UT Southwestern to 
summer undergraduate research students and teachers (i.e., the UT Southwestern SURF 
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and STARS programs) and to graduate school candidates for the UT Southwestern 
Biomedical Engineering graduate program. 

- What do you plan to do during the next reporting period to accomplish the goals? 

Nothing to report, as this is the Final Report. 

4. IMPACT

- What was the impact on the development of the principal discipline(s) of the 
project? 

Although T2 contrast by T2-exchange has existed in NMR and MRI for over 30 years, 
until our research, no one has truly understood the dependence on proton exchange either 
through –NH and –OH bonds or H2O exchange. Also, until our research, no one has ever 
attempted to maximize paramagnetic T2-exchange by modulating the water molecule 
exchange rate using chelate structure.  Our success with the monomer DyDOTA-based 
chelates (as described in our MRM publication, see Appendix) opens up a new modality 
for generating T2 contrast in magnetic resonance imaging. T2-exchange differs from 
conventional T2

* contrast mechanisms (such as super-paramagnetic iron oxide 
nanoparticles, i.e. SPIO) in that it does not rely on magnetic susceptibility to shorten T2 
times. Therefore, susceptibility-based image artifacts are non-existent with T2-exchange 
contrast agents. Also, when compared to SPIO, polymerized or dendrimerized T2-
exchange contrast agents are molecule-sized and not nanoparticle sized. This enhances 
the potential application of T2-exchange contrast agents for molecular imaging in MRI, 
where effective agent uptake and targeting are crucial. Since our 2014 publication, there 
has already been another T2-exchange publication in MRM by another group (NH Yadav, 
et al., Magn Reson Med, 72:823-828, 2014) describing the use of D-Glucose as a 
diamagnetic T2-exchange agent, as well as another groups T2-exchange publication that is 
currently in review by Magnetic Resonance in Medicine. It is anticipated that T2-
exchange contrast will become an important tool for contrast-enhanced imaging with 
magnetic resonance. 

EWOF Update: 
Three recent publications inspired by our research include: 

Double agents and secret agents: the emerging fields of exogenous chemical exchange 
saturation transfer and T2-exchange magnetic resonance imaging contrast agents for 
molecular imaging. 
Daryaei I, Pagel MD. 
Res Rep Nucl Med. 2015;5:19-32. 
PMID: 27747191 

Advances in Magnetic Resonance Imaging Contrast Agents for Biomarker Detection. 
Sinharay S, Pagel MD. 
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Annu Rev Anal Chem (Palo Alto Calif). 2016 Jun 12;9(1):95-115. doi: 10.1146/annurev-
anchem-071015-041514. Epub 2016 Mar 30. 
PMID: 27049630 

A biomarker-responsive T2ex MRI contrast agent. 
Daryaei I, Randtke EA, Pagel MD. 
Magn Reson Med. 2017 Apr;77(4):1665-1670. doi: 10.1002/mrm.26250. Epub 2016 Apr 
19. 
PMID: 27090199 

- What was the impact on other disciplines? 

Nothing to report. 

- What was the impact on technology transfer? 

Nothing to report. 

- What was the impact on society beyond science and technology? 

Nothing to report. 

5. CHANGES/PROBLEMS

- Changes in approach and reasons for change. 

Although polymerization of the DyDOTA-based chelates was shown to be possible, it 
was also very time consuming and greatly inhibited our progress for this 12-month long 
grant. As an alternate approach we have suggested using a dendrimers structure (n = 32, 
64, or 128) for the multiple DyDOTA chelate backbone. Since dendrimer backbones can 
simply be purchased (e.g., Sigma Aldrich), this will greatly simplify the chemistry 
required for synthesis, and greatly speed up the project, without changing the overall 
goals of our Statement of Work. We have suggested this path for our applied EWOF. 

- Actual or anticipated problems or delays and actions or plans to resolve them. 

Please see previous statement. 

6. PRODUCTS

- Peer-Reviewed Journal Publications (see Appendix for full article copy) 

Authors: Todd C. Soesbe, S. James Ratnakar, Mark Milne, Shanrong Zhang, Quyen N. 
Do, Zoltan Kovacs, and A. Dean Sherry 
Title: Maximizing T2-exchange in Dy3+DOTA-(amide)x chelates: fine-tuning the water 
molecule exchange rate for enhanced T2 contrast in MRI 
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Journal: Magnetic Resonance in Medicine 
Volume: 71 
Date: March 2014 
Page numbers: 1179-1185 
Status of publication: published 
Acknowledgment of federal support: yes 

- Peer-Reviewed Conference Presentations (see Appendix for abstract copies) 

Date: April 3, 2014 
Presenter: Todd C. Soesbe, Ph.D. 
Presentation type: Oral 
Presentation title: Contrast, paramagnetism, and their applications in MRI 
Host: UT Southwestern Medical Center at Dallas and The University of Texas at Dallas 
Joint Biomedical Engineering Graduate Program, Retreat & Scientific Symposium 
Location: Dallas, Texas 

Date: November 8, 2014 
Presenter: Todd C. Soesbe, Ph.D. 
Collaborators: James Ratnakar, Mark Milne, Fiemu Nwariaku, A. Dean Sherry, and 
Robert E. Lenkinski 
Presentation type: Oral 
Presentation title: Advancing the early detection and diagnosis of primary and recurring 
thyroid cancers using a molecularly targeted T2-exchange MRI contrast agent 
Host: International Society of Magnetic Resonance in Medicine, Workshop Series 2014: 
Magnetic resonance in cancer: challenges and unmet needs 
Location: Austin, Texas 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

- What individuals have worked on the project? 

Name: Todd C. Soesbe, Ph.D. (Principal Investigator) 
Project role: Faculty, Physicist and MR Imaging Specialist 
Researcher identifier (UT Southwestern ID): 56841 
Nearest person month worked: 6 
Contribution to project: Dr. Soesbe served as Principal Investigator for this project by 
organizing and driving the research and performing all imaging experiments. 
Funding support: UT Southwestern Medical Center  

Name: Yunkou Wu, Ph.D. 
Project role: Faculty, Lead Chemist 
Researcher identifier (UT Southwestern ID): 121991 
Nearest person month worked: 3 
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Contribution to project: Dr. Wu served as the principal chemist for this project and was 
responsible for synthesis, polymerization, and characterization of the Dy3+DOTA-based 
ligands. 
Funding support: UT Southwestern Medical Center  

Name: Mark Milne, Ph.D. 
Project role: Postdoctoral Researcher, Chemist 
Researcher identifier (UT Southwestern ID): 145045 
Nearest person month worked: 1 
Contribution to project: Dr. Milne assisted Dr. Wu with the synthesis and 
polymerization of the Dy3+DOTA-based ligands and will be responsible for synthesizing 
the dendrimers version of the Dy3+DOTA chelates during the requested EWOF. 
Funding support: UT Southwestern Medical Center 

Name: Lei Zhang 
Project role: Undergraduate Research Assistant, Chemist 
Researcher identifier (UT Southwestern ID): 133372 
Nearest person month worked: 2 
Contribution to project: Mr. Zhang assisted Dr. Wu with the synthesis and 
polymerization of the Dy3+DOTA-based ligands. 
Funding support: The University of Texas at Dallas  

- Has there been a change in the active other support of the PD/PI(s) or senior/key 
personnel since the last reporting period? 

Nothing to report. 

- What other organization were involved as partners? 

Nothing to report. 

8. SPECIAL REPORTING REQUIREMENTS
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PRECLINICAL AND
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Rapid
Communication

Maximizing T2-Exchange in Dy31DOTA-(amide)X
Chelates: Fine-Tuning the Water Molecule Exchange
Rate for Enhanced T2 Contrast in MRI

Todd C. Soesbe,1,2* S. James Ratnakar,1 Mark Milne,3 Shanrong Zhang,1

Quyen N. Do,4 Zoltan Kovacs,1,4 and A. Dean Sherry1,2,4

Purpose: The water molecule exchange rates in a series of
DyDOTA-(amide)X chelates were fine-tuned to maximize the
effects of T2-exchange line broadening and improve T2 contrast.
Methods: Four DyDOTA-(amide)X chelates having a variable
number of glycinate side-arms were prepared and characterized
as T2-exchange agents. The nonexchanging DyTETA chelate was
also used to measure the bulk water T2 reduction due solely to
T2*. The total transverse relaxivity (r2tot) at 22, 37, and 52�C for
each chelate was measured in vitro at 9.4 Tesla (400 MHz) by fit-
ting plots of total T2

�1 versus concentration. The water molecule
exchange rates for each complex were measured by fitting 17O
line-width versus temperature data taken at 9.4 Tesla (54.3 MHz).

Results: The measured transverse relaxivities due to water
molecule exchange (r2ex) and bound water lifetimes (tM) were
in excellent agreement with Swift-Connick theory, with
DyDOTA-(gly)3 giving the largest r2ex¼11.8 s�1 mM�1 at 37�C.
Conclusion: By fine-tuning the water molecule exchange rate
at 37�C, the transverse relaxivity has been increased by 2 to
30 times compared with previously studied Dy3þ-based che-
lates. Polymerization or dendrimerization of the optimal chelate
could yield a highly sensitive, molecule-sized T2 contrast agent
for improved molecular imaging applications. Magn Reson
Med 71:1179–1185, 2014. VC 2014 Wiley Periodicals, Inc.

Key words: MRI; T2 contrast; T2-exchange; water molecule
exchange; in vitro; Dysprosium(III)

INTRODUCTION

Contrast in MR Imaging

MRI can be used to create a three-dimensional image
representing the water proton (1H) density within a sub-
ject (1,2). Because the human body is approximately
70% water, most tissues have a sufficiently large water
proton signal to allow for high-resolution anatomical
imaging. The contrast between different soft tissue types,
which results in some tissues appearing brighter or
darker than others, depends upon both the endogenous
proton density and the T1 and T2 relaxation times (3).
MRI tissue contrast can be further enhanced by introduc-
ing an exogenous contrast agent (4). These agents shorten
the endogenous T1 and T2 relaxation times of tissue
water to enhance the contrast and highlight specific ana-
tomic features or dynamic processes.

The most widely used MRI contrast agents consist of

various chelated forms of Gd3þ where the central ion is

surrounded by a multidentate ligand that typically occu-

pies eight of nine possible coordination positions (5,6).

Gd3þ is most effective at relaxing water protons because

this ion has seven unpaired electrons distributed isotropi-

cally in the 4f orbitals (8S7/2) and an electron relaxation

rate that is approximately 106 times slower than any other

lanthanide ion (7). This reduced electron relaxation rate

is more in tune with the typical Larmor frequencies of 1H

protons in MRI (v¼ gBo) and, therefore, enhances the

mechanism of electron to proton dipole-dipole relaxation

(8). The relaxation efficiency of Gd3þ also depends upon

the rapid chemical exchange of water molecules between

a single inner-sphere coordination position of Gd3þ ion

and bulk water. Although Gd3þ shortens both the T1 and

T2 of water protons, the T1 effects are more pronounced

because the T1 of tissue water protons are approximately

an order of magnitude longer than T2. Hence, for most

common imaging sequences, a typical clinical dose of

Gd3þ agent (e.g., 0.1 mmol/kg) will cause tissue regions of

uptake to appear brighter than the surrounding tissue.

Nonetheless, the effects of T2 shortening (image darken-

ing) can be observed in tissues (such as the kidneys)

where Gd3þ accumulates in high concentrations.
Other lanthanide ions such as Tb3þ, Dy3þ, and Ho3þ have

fewer unpaired electrons distributed anisotropically in the
4f orbitals and relatively rapid electron relaxation rates com-
pared with Gd3þ. These faster rates, combined with larger
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magnetic moments (7), make these ions more effective as T2*
agents. This susceptibility-based T2 relaxation mechanism is
due to the magnetic moments of the Ln3þ ions causing local
Bo inhomogeneities in their immediate vicinity (�15 Å
diameter) (7). Water molecule protons either directly bound
to the Ln3þ ion (i.e., inner-sphere relaxation) or within the
vicinity of the Ln3þ ion (i.e., outer-sphere relaxation) experi-
ence an altered Bo field and precess at a different Larmor
frequency (v¼g(Bo 6 DB)). These different Larmor frequen-
cies result in increased spin de-phasing in the plane trans-
verse to Bo and thus shorter effective T2 times. In this way,
certain paramagnetic chelates can act as susceptibility or T2*
agents in a manner similar to superparamagnetic iron oxide
nanoparticles (9). Furthermore, unlike Gd3þ, the remaining
paramagnetic lanthanides ions can induce large hyperfine
shifts in all chelate protons including those in exchange
with water protons (i.e., �NH and �OH protons and any
inner-sphere water molecules) (10–12). This hyperfine shift
(Dv) has lead to the development of two relatively new MRI
contrast mechanisms: chemical exchange saturation transfer
(CEST) (13) and T2-exchange (T2ex). While the former has
been recently reviewed in depth elsewhere (14,15), the latter
is discussed in more detail in the following section.

T2-exchange Theory and Background

It was recently shown that the same intermediate water
molecule exchange rates that facilitate paramagnetic chemi-
cal exchange saturation transfer (paraCEST) (16) between
the inner-sphere of EuDOTA-(amide)4 chelates and bulk
water can also significantly reduce the bulk water T2

through a T2ex mechanism (17). The T2ex contribution of
these Eu3þ-based agents can be quite substantial even
though the Eu3þ ion is only weakly paramagnetic (18). T2ex

is caused by mobile proton exchange between the chelate
and the bulk water. This proton exchange can occur
through exchangeable �NH and �OH protons on the ligand
and through water molecule exchange with the inner-
sphere of the Ln3þ ion. The T2ex mechanism, which is inde-
pendent of the CEST saturation pulse, is a function of the
agent concentration (mM), the number of proton or water
molecule exchange sites (q), the bound proton chemical
shift (Dv), and most importantly the proton or water mole-
cule exchange rates (kex). It has also been shown that the
transverse relaxivity caused by T2ex (i.e., r2ex) reaches a peak
value for a given Bo at a specific exchange rate defined by
kex¼Dv, where Dv is expressed in rad s�1 (17,19,20).

Diamagnetic T2ex from compounds with exchanging �NH
or �OH protons (e.g., NH4Cl) has long been used for bulk
water solvent signal suppression in high-resolution NMR
experiments (21,22), and has more recently been proposed as
an exogenous T2 contrast mechanism for MRI (23,24). How-
ever, diamagnetic T2ex agents require high concentrations
(e.g., 500 mM) to achieve significant bulk water T2 reduction
and negative contrast, making them impractical for in vivo
applications. The T2ex effect can be greatly increased by using
inner-sphere water molecule exchange in chelates containing
paramagnetic Ln3þ ions. This was originally demonstrated by
Aime et al (25) where it was shown that the amount of
DyDOTA-(mono-amide) required to suppress the bulk water
peak in high-resolution NMR experiments was reduced by a
factor of 200 (from 500 mM to 2.5 mM). This increase in T2ex

sensitivity is mainly due to the increase in Dv when moving

from diamagnetic �NH and �OH proton exchange (where
Dv is typically 2 to 5 ppm) to paramagnetic Ln3þ inner-
sphere water molecule exchange (where Dv can range from
50 ppm for Eu3þ to 800 ppm for Dy3þ) (11). It is important to
note that the reduction in the bulk water T2 due to T2ex is in
addition to the paramagnetic line broadening caused by the
Ln3þ ion itself (T2para). This makes some of the Ln3þ ions
(most notably Dy3þ) strong candidates for development into
highly sensitive T2 contrast agents for MRI.

In fact, some chelates containing the Dy3þ ion have previ-
ously been pursued as T2 contrast agents. The most
well-known example being DyDTPA-BMA or SprodiamideTM

(Nycomed, UK) (26), the Dy3þ analog of the nonionic
GdDTPA-BMA or gadodiamide (i.e., OmniscanTM; Nycomed,
UK). DyDTPA-BMA was first assessed for demarcation of
myocardial ischemia (26–30), tumor tissue characterization
(31), and even Phase I clinical trials for cerebral perfusion
imaging (32). These in vivo examples illustrate the many pos-
sible applications for a small molecule-sized T2 MRI contrast
agent. Other previous Dy3þ-based chelate studies include
DyDTPA-based derivatives and starch microparticles
(19,33,34), DyDOTA-based monomers and dendrimers
(25,33,35), and the MS-325 human serum albumin binding
ligand (20). It is important to note that for these previous Dy3þ

chelates the water molecule exchange rates at 37�C were
either too fast or too slow to maximize r2ex, typically being
one to two orders of magnitude away from the ideal exchange
rate defined by kex¼Dv (19,33). Interestingly, several of the
early studies on Dy3þ chelates did observe that their total
transverse relaxivity (r2tot) was indeed proportional to the
water molecule exchange rate (kex) and bound water chemical
shift (Dv). This was demonstrated by varying the chemical
structure, temperature, and Bo field (19,20,25,33), and was
elegantly explained in theoretical detail by Caravan et al (20).
Although the concept of maximizing the transverse relaxivity
for a Dy3þ-based chelate by adjusting the water molecule
exchange to the ideal rate had been proposed, to the best of
our knowledge it has not been previously implemented.

Hypothesis and Objectives

In this study, Swift-Connick theory (17,19,20) was used to
optimize the transverse relaxivity produced by a series of
DyDOTA-(amide)X systems at 37�C. This was achieved by
modulating the water molecule exchange rate with different
DOTA ligand side-arm structures, and by maximizing Dv

with magnetic field strength (Bo¼9.4 Tesla [T]). The
DyDOTA-(amide)X chelate structure that gave the ideal
exchange rate at 400 MHz (9.4T) and 37�C was determined
by in vitro T2 measurements, and the water molecule
exchange rates for each chelate were confirmed using variable
temperature 17O line-width measurements. Based on these
results, one can hypothesize that polymerized or dendrimer-
ized versions of these DyDOTA-(amide)X chelates could cre-
ate a new class of highly sensitive T2 contrast agents for MRI.

METHODS

Chelate Synthesis

Five different Dy3þ chelates were synthesized (Fig. 1), each
having a different water molecule exchange rate. Four of the
chelates (a–d) used the DOTA ligand (1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid) and one (e) used the
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TETA ligand (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tet-
raacetate). The four DOTA-(amide)X ligands were synthe-
sized according to earlier published methods (36–38), while
the TETA ligand was purchased from Sigma-Aldrich (St.
Louis, MO). All five Dy3þ complexes were prepared by
reacting the corresponding free ligand with DyCl3 in water
at pH 6.0 and 25�C for 24 h. The absence of any free Dy3þ

metal was confirmed using the Xylenol Orange indicator
test, and the concentration of Dy3þ in each complex was
measured using ICP-OES analysis.

The water molecule exchange rates of the four DOTA-(ami-
de)X chelates were inversely proportional to the number glyci-
nate side-arm structures (NHCH2COO�) attached to the
DOTA ring (i.e., 0, 2, 3, or 4). Therefore, the water molecule
exchange rate ranged from fast for DyDOTA, to slower with
additional glycinate amide groups, to slowest for DyDOTA-
(gly)4. The DyTETA chelate, while structurally similar to
DyDOTA, lacks an inner-sphere water molecule and cannot
by definition have a T2ex contribution to the water line-width.
Hence, this chelate served as a useful control to measure the
changes in the bulk water T2 due solely to the paramagnetic
effects of the Dy3þ ion (i.e., outer-sphere relaxation only).

In Vitro Experiments

The total transverse relaxivity (r2tot) was measured as a
function of temperature for each of the five Dy3þ chelates.

This was performed by creating a concentration array for
each chelate (0.125, 0.25, 0.5, and 1.0 mM) in 5 mm NMR
tubes, with each sample adjusted to a pH of 7.0. The total
T2 (T2tot) for each sample was then measured on an Agi-
lent (Santa Clara, CA) 400 MHz NMR system using the
Carr-Purcell-Meiboom-Gill pulse sequence. The T2tot data
were acquired at 22, 37, and 52�C for each chelate to
determine how the r2tot varied as a function of water mol-
ecule exchange rate. The r2tot values (in units of s�1

mM�1) were calculated by plotting T2tot
�1 versus Dy3þ

concentration and using the slope of the least squares fit-
ted line. The transverse relaxivity due to water molecule
exchange (r2ex) for each DyDOTA-(amide)X chelate was
then calculated by subtracting the total transverse relaxiv-
ity of DyTETA from r2tot (i.e., r2ex¼ r2tot� r2DyTETA) at each
temperature. The measurement error in r2tot from the least
squares fitting was less than 10% and the Dy3þ concentra-
tion of each sample was verified by ICP-OES analysis.

The water molecule exchange rate for each Dy3þ che-
late was calculated by measuring the variation in the 17O
peak line-width as a function of temperature. Aqueous
samples of each chelate (18 mM [Dy3þ], pH 7.0, and
enriched to 2% 17O) were loaded into 18 mL spherical
capillaries from Wilmad-LabGlass (Vineland, NJ) to
remove any susceptibility effects and then placed inside
thin-walled, water-filled 5 mm NMR tubes also from
Wilmad-LabGlass. An Agilent 400 MHz NMR system
was used to measure the 17O line-width (TR¼ 250 ms,
acquisition time¼ 80 ms, 128 averages) as the tempera-
ture was varied from 5 to 90�C in 5�C steps (18 points).
The change in transverse relaxation rate due to exchange
(T2ex

�1) as a function of temperature (i.e., water molecule
exchange rate) was calculated by first converting the
line-width data (T2tot

�1¼p � line-width) then subtract-
ing the DyTETA data (T2ex

�1¼T2tot
�1�T2DyTETA

�1). The
water molecule exchange rates were then calculated by
fitting the temperature dependant T2ex

�1 data with a
model given by Pubanz et al (39) and the MATLAB non-
linear least squared algorithm (Natick, MA). The mea-
surement error in tM (6 one standard deviation) was
estimated to be less than 20%.

In vitro images of the five Dy3þ chelate samples, along
with a pure water standard, were acquired simultaneously
on an Agilent (Santa Clara, CA) 9.4T (400 MHz) small ani-
mal MRI system using standard 5 mm diameter HPLC
glass tubes and a 38 mm diameter 1H birdcage volume
coil. Each sample was approximately 200 mL with a Dy3þ

concentration of 20 mM and a pH of 7.0. The sample tem-
perature was monitored with a thermocouple and held
constant by a heated air system from Small Animal Instru-
ments (Stony Brook, NY). The fast spin-echo settings
were: TR/TE¼2500/12.4 ms, echo train¼8, averages¼ 8,
field of view¼64 � 16 � 5 mm, matrix¼ 512 � 128 � 1
pixels, with an image scan time of 5 m 25 s.

RESULTS

In Vitro Results

A plot of T2tot
�1 versus Dy3þ concentration is shown in

Figure 2 for DyDOTA-(gly)2 at 22, 37, and 52�C. The
slope of each least squares fitted line gives the calculated
r2tot at that temperature. Figure 2 shows that r2tot

FIG. 1. Chemical structures of the five Dy3þ chelates used in this
study. The four DyDOTA-(amide)X chelates (a–d) have varying
inner-sphere water molecule exchange rates, while the DyTETA

chelate (e) has no water molecule exchange and therefore no T2ex

effects on the bulk water T2.
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decreases with increasing temperature indicating that,
within this temperature range, slower water molecule
exchange rates (kex) give higher total relaxivity values for
DyDOTA-(gly)2. The similarly measured r2tot values for
all five Dy3þ chelates studied are summarized in Table 1,
which also shows the calculated r2ex values (i.e.,
r2ex¼ r2tot� r2DyTETA) for each temperature. Table 1 shows
that over the given temperature range, r2tot and r2ex are
inversely proportional to temperature for DyDOTA and
DyDOTA-(gly)2 yet are proportional to temperature for
DyDOTA-(gly)3 and DyDOTA-(gly)4. Note that for
DyTETA, which has no water molecule exchange, the r2tot

is relatively independent of temperature. Also included
in Table 1 are the bound water lifetimes (tM¼kex

�1) at
22, 37, and 52�C that were calculated from the variable-
temperature 17O data. Figure 3 shows a plot of the 17O
measured T2ex

�1 versus temperature for DyDOTA-(gly)4
(raw data shown as circles). The Matlab fit to these data,
based on Eq. [1] in Pubanz et al (39), gave values for k298

ex

and DH6 which were used to calculate tM at each tem-
perature using the equation below:

tM
�1 ¼ k298

ex T

298:15
exp

DH6

R

1

298:15
� 1

T

� �� �
[1]

where k298
ex is the water molecule exchange rate at 25�C,

T is temperature in Kelvin, DH6 is the enthalpy of acti-
vation, and R is the universal gas constant. Similar fits
were performed for the other DyDOTA-(amide)X chelates.
A full description of the 17O methods and Matlab fit can
be found in the Supplementary Material.

The data from Table 1 can be more easily interpreted
using a Swift-Connick plot (17) for Dy3þ at 400 MHz
(9.4T) as shown in Figure 4. Swift-Connick theory (21)
predicts that the transverse relaxivity due to water mole-
cule exchange (r2ex) is a function of the bound water
molecule lifetime (sM) as given by:

r2ex ¼ 1:8� 10�5
� � tM Dv2

1þ t2
M Dv2

[2]

where Dv is the paramagnetic frequency shift of the
bound water molecule protons expressed in rad s�1

(17,40). Equation [2] predicts that for Dy3þ at 9.4T (using
Dv¼�730 ppm or 1.835 � 106 rad s�1) the r2ex will

FIG. 2. A plot of total transverse relaxation rate (T2tot
�1) versus

Dy3þ concentration for the DyDOTA-(gly)2 chelate at 22, 37, and

52�C. The slope of the least square fitted lines gives the total
transverse relaxivity (r2tot) at that temperature. Measurement error

for r2tot was less than 10%.

Table 1
Measured r2tot and r2ex Values for the Five Dy3þ Chelates Taken at Three Different Temperatures, Where r2ex¼ r2tot� r2DyTETA

a

Total transverse relaxivity

r2tot (s�1 mM�1)

Exchange transverse relaxivity

r2ex (s�1 mM�1)

Bound water molecule lifetime

tM (ns)

Dy3þ chelate 52�C 37�C 22�C 52�C 37�C 22�C 52�C 37�C 22�C

DyDOTA 0.17 0.43 1.5 0.01 0.22 1.3 0.8 3.7 22

DyDOTA-(gly)2 3.7 9.9 18.8 3.6 9.7 18.6 93 190 400
DyDOTA-(gly)3 13.2 12.0 4.2 13.0 11.8 3.9 330 1,800 7,700

DyDOTA-(gly)4 8.6 3.6 1.4 8.5 3.4 1.2 1,800 4,900 14,000
DyTETA 0.16 0.21 0.22 (no water molecule exchange)

aAlso shown are the variable-temperature 17O measured bound water lifetimes. Compared to the other four chelates, the r2tot for

DyTETA is relatively independent of temperature due to the lack of water molecule exchange. Measurement errors for r2tot and tM were
less than 10% and 20%, respectively.

FIG. 3. A plot of the 17O measured exchange transverse relaxation

rate (T2ex
�1) versus temperature for the DyDOTA-(gly)4 chelate.

The least squares fit to the data (line) allows the water molecule

exchange rate at 37�C to be calculated (39).
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reach a peak value of 16.5 s�1 mM�1 at a specific bound
water lifetime given by Dv�1¼ 545 ns. The “fast” side of
the Swift-Connick plot is then defined as tM< 545 ns,
while the “slow” side is defined as tM> 545 ns.

The 37�C data from Table 1 was plotted in Figure 4 for
each DyDOTA-(amide)X chelate. It can be seen that the
measured r2ex and tM data are in excellent agreement
with the Swift-Connick theory. For example, while the
faster water molecule exchange rate of DyDOTA places it
on the fast side of the Swift-Connick peak, the slower
water molecule exchange rate of DyDOTA-(gly)4 places it
on the slow side. This explains why r2tot decreases with
increasing temperature (smaller tM) for DyDOTA, yet
increases with increasing temperature for DyDOTA-
(gly)4. For DyDOTA-(gly)2 and DyDOTA-(gly)3, their
intermediate water molecule exchange rates place them

close to the peak maximum in of the Swift-Connick plot.
Figure 4 shows that at 37�C the highest r2ex value is
given by DyDOTA-(gly)3 (11.8 s�1 mM�1 or 72% of the
maximum r2ex) making it a potential candidate for devel-
opment into a T2 contrast agent.

The effect that tM has on T2ex, and thus the total T2

contrast, can be qualitatively observed in the in vitro
images shown in Figure 5. The top row shows a fast
spin-echo image of a water standard and the five Dy3þ

chelates (each at 20 mM) taken at 37�C. It can be seen
that the signal intensities for DyDOTA (fast water mole-
cule exchange) and DyTETA (no exchange) are similar to

FIG. 4. A Swift-Connick plot for Dy3þ at 9.4T (400 MHz) using a
Dv of �730 ppm (1.835 � 106 rad s�1). Data markers for the

measured r2ex and tM values at 37�C (from Table 1) are in excel-
lent agreement with the Swift-Connick exchange theory, with
DyDOTA-(gly)3 giving the largest r2ex.

FIG. 5. Fast spin-echo images (TE¼12.4 ms) of the five Dy3þ che-
lates (and water standard) in 5 mm diameter vials taken at 9.4T.
By taking the same image at two different temperatures the

dependence of T2ex (and thus the total T2 contrast) upon the
water molecule exchange rate can be qualitatively shown. The

brightness and contrast levels for each image are the same.

FIG. 6. a: A Swift-Connick plot comparing the new DyDOTA-(amide)X
chelates (colored markers) to previous Dy3þ-based chelates (black

markers) at 9.4T (Dv¼�730 ppm or 1.835 � 106 rad s�1) and 37�C.
Also shown is a Swift-Connick plot for Dy3þ at 3.0T (Dv¼�730 ppm

or 5.871 � 105 rad s�1). b: Swift-Connick plots for Dy3þ at 9.4T using
four different values for Dv. Data markers for each chelate are shown
(from Table 1) with temperatures given in �C. Note that the abscissa

and ordinate ranges are different in (a) and (b).
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that of pure water, indicating little or no T2 contrast at
this TE value (12.4 ms). Yet for the remaining three che-
lates, their level of T2 contrast (i.e., darkening) is propor-
tional to their vertical position (r2ex value) on the Swift-
Connick plot in Figure 4, with DyDOTA-(gly)3 having
the largest r2ex value (11.8 s�1 mM�1) and thus the dark-
est vial. The bottom row shows a similar fast spin-echo
image but now at 22�C. The slower water molecule
exchange at this temperature leads to different tM and
thus r2ex values for each DyDOTA-(amide)X chelate, with
DyDOTA-(gly)2 now having the largest r2ex value (18.6
s�1 mM�1) and the darkest vial (see Fig. 6b). Similar in
vitro spin-echo images for two DyDTPA-based chelates
at 4.7T and 25�C was shown by Vander Elst et al (19)
where one vial appears darker simply due to the differ-
ence in tM and thus T2ex.

DISCUSSION

It is interesting to compare these new DyDOTA-(amide)X
chelates to previous Dy3þ-based T2 contrast agents that have
reported tM and r2 data. Figure 6a displays experimental
data (black symbols) for DyDOTA-4AmCE (35), DyDTPA-
BMA (39), DyDTPA-BEA (19), and Dy-L1 (the Dy3þ analog
of the Gd3þ-based human serum albumin binding MS-325
blood pool agent) (20,41) on a Swift-Connick plot for 9.4T
(Dv¼�730 ppm). The tM values at 37�C (calculated from
17O data and Eq. [1] when not directly given) were 8 ms,
128.2 ns, 60 ns, and 16.1 ns, respectively. These tM values
were then used to estimate the r2ex values at 9.4T by means
of Figure 6a, which gave 2.2, 7.0, 3.5, and 1.0 s�1 mM�1,
respectively. These estimated r2ex values are in agreement
with their previously reported r2 data at 9.4T. It can be seen
that these previous Dy3þ chelates all had water molecule
exchange rates that were either too fast or too slow to maxi-
mize r2ex at 9.4T. Although DyDTPA-BMA gives an r2ex

value of approximately 7 s�1 mM�1, it is still less than half
of the maximum (16.5 s�1 mM�1). Due to their intermediate
water molecule exchange rates at 37�C, both DyDOTA-(gly)2
and DyDOTA-(gly)3 give higher r2ex values at 9.4T.
Although the tM values for these two chelates are not quite
at the ideal time of 545 ns, their r2ex values are 59% and
72% the maximum respectively. These relative differences
in r2ex values become even more pronounced at fields lower
than 9.4T, where the maximum r2ex value reduces propor-
tionately and moves toward slower exchange (larger tM) as
shown in the 3.0T plot in Figure 6a. For example, at 9.4T
(and 37�C) there is a 41% drop in r2ex when moving from
DyDOTA-(gly)3 to DyDTPA-BMA (11.8 to 7.0 s�1 mM�1),
yet at 3.0T this reduction is 85% (5.3 to 0.8 s�1 mM�1).
Also, at 3.0T the peak r2ex value of 5.3 s�1 mM�1 occurs at
Dv�1¼ (5.871 � 105 rad s�1)�1¼1703 ns, which makes the
DyDOTA-(gly)3 chelate (tM¼ 1795 ns at 37�C) ideally suited
for use at 3.0T.

In Figure 4, it was assumed that all of the DyDOTA-
(amide)X chelates studied here shared the same 1H Dv

value of �730 ppm (11). Yet there is evidence from the
r2ex and tM data that the Dv values do vary slightly
between chelates. This should be expected because of
their different chemical structures and ligand fields sur-
rounding the Dy3þ ion. Figure 6b shows a Swift-Connick
plot for Dy3þ at 9.4T (400 MHz) where four different val-

ues for Dv have been plotted (see Eq. [2]). It can be seen
that as the absolute value of Dv increases, the maximum
r2ex value increases proportionally and moves toward
faster exchange. It can also be seen that while there is lit-
tle difference between the Swift-Connick plots on the
slow side, where the four curves converge, there is a sig-
nificant difference on the fast side and most notably in
the peak maximum. By using the r2ex data for all three
temperatures measured in Table 1 and their correspond-
ing calculated tM values, one can see how the r2ex for
each chelate varies with tM in Figure 6b. All of these
data appear to be in fairly good agreement with
Dv¼�730 ppm except for DyDOTA-(gly)2 at 22�C (green
circle at tM¼ 400 ns) which, due to its high r2ex value of
18.6 s�1 mM�1, appears to agree with a larger Dv of
around �810 ppm. Yet for DyDOTA-(gly)3 at 52�C (yel-
low circle at tM¼330 ns) the experimental r2ex value of
13.0 s�1 mM�1 is more consistent with a lower Dv of
around �650 ppm, even though it shares a similar tM.
This could be explained by the two chelates having dif-
ferent chemical fields that lead to different Dv values
and also by the variation of Dv with temperature, where
the absolute value of Dv is inversely proportional to tem-
perature. It is well known that hyperfine shifts such as
these are extremely sensitive to temperature (42) so the
exact shape and magnitude of these Swift-Connick type
plots may depend upon getting a precise determination
of Dv from hyperfine shift measurements of other nonex-
changing protons in these paramagnetic complexes by
high resolution NMR spectroscopy. These observations
agree with quantitative estimates of the bound water
molecule 1H Dv made by measuring the chemical shifts
of the cyclen H4 protons in the DOTA ligand as a func-
tion of temperature (see Supplementary Material) (11).

CONCLUSIONS

These data represent the first time that T2ex for a series of
DyDOTA-(amide)X chelates has been optimized by
methodically adjusting the inner-sphere water molecule
exchange rate at 9.4T and 37�C. To achieve the goal of
having an r2ex value greater than 10 s�1 mM�1, the tM

needed to be in the “Goldilocks Zone” (43) (i.e., not too
fast, not too slow, but just right) of approximately 200 ns
to 2000 ns, with DyDOTA-(gly)3 meeting this requirement
(tM¼1800 ns, r2ex¼ 11.8 s�1 mM�1) and DyDOTA-(gly)2
coming close (tM¼ 190 ns, r2ex¼ 9.7 s�1 mM�1). Prelimi-
nary in vivo results from the DyDOTA-(gly)2 chelate
showed a promising order of magnitude improvement in
dose sensitivity compared with the EuDOTA-(gly)4 che-
late (44). Polymerization or dendrimerization of these che-
lates could further increase the r2ex (per molecule) by a
factor of 100 to approximately 1000 to 1200 s�1 mM�1

thereby creating highly sensitive, molecule-sized T2 con-
trast agents for MRI. These data also stress the importance
of selecting the correct water molecule exchange rate (and
Dv) when designing lanthanide-based contrast agents as
recently described by Sherry and Wu (45).
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Advancing the early detection and diagnosis of primary and recurring thyroid cancers 
using a molecularly targeted T2-exchange MRI contrast agent 

Todd C. Soesbe1,2*, S. James Ratnakar1, Mark Milne1, Fiemu Nwariaku3, A. Dean Sherry1,4, and Robert E. Lenkinski2,1 
1Advanced Imaging Research Center, UT Southwestern Medical Center, Dallas, Texas. 2Department of Radiology, UT Southwestern Medical Center, Dallas, 

Texas. 3Department of Surgery, UT Southwestern Medical Center, Dallas, Texas. 4Department of Chemistry, University of Texas, Dallas, Texas.  
Target audience: This will benefit Scientists and Physicians interested in the chemical engineering, development, and pre-
clinical in vivo imaging of molecularly targeted T2 MRI contrast agents for the early detection and diagnosis of cancer. 
Purpose: The early detection and diagnosis of both primary and recurring cancerous lesions is essential to the successful 
treatment of aggressive thyroid cancer. Ultrasound imaging offers high-resolution and easy acquisition, but it lacks functional 
information, tissue specificity, and whole-body field of view capabilities. SPECT and PET offer very sensitive whole-body 
functional imaging, but suffer from low-resolution, warm and cold lesion indeterminacy, and require CT for anatomic 
correlation. Furthermore, dual-modality SPECT/CT and PET/CT expose the subject to significant doses of ionizing radiation, 
making them impractical for frequent therapeutic monitoring in patients. In contrast, MRI offers superior anatomic resolution 
and soft tissue contrast as compared to SPECT/CT and PET/CT, making it an excellent tool for cancer detection. The 
effectiveness of MRI in the functional and molecular imaging regime is currently limited due to the lack of highly sensitive 
molecularly targeted contrast agents. Creating such agents would greatly improve the use of MRI for the early detection and 
diagnosis of thyroid cancer. Our research goal is to use the newly described phenomena of T2-exchange (T2ex) to create 
highly sensitive, targeted, and molecule-sized T2 contrast agents for enhanced molecular imaging of thyroid cancer with MRI. 
Methods: Four different versions of the DyDOTA-(gly)x chelate (i.e., x=0,2,3,4) were synthesized, with each chelate having 
a different water molecule exchange rate (kex=τM

-1). The Dy3+ ion was used because it has the largest bound water chemical 
shift and one of the largest paramagnetic relaxation enhancements of the Lanthanide metals (second only to Gd3+), both 
characteristics will maximize the level of T2 contrast achieved for the monomer chelate (r2 ~ 16 s-1 mM-1) as recently shown 
(1). The r2ex and τM values for each chelate were then experimentally measured at 37 °C using 17O methods (1). As proof of 
principle to show the negative contrast capabilities of these new T2ex chelates, small doses were directly injected into mice 
brain and thyroid areas to simulate uptake due to molecular targeting. Animal data were acquired on an Agilent 9.4 T system. 

Fig. 1                                                                 Fig. 2                                                                 Fig. 3 
Results: Fig. 1: A Swift-Connick plot showing the theoretical relation (black line) between the transverse relaxivity due to 
water molecule exchange (r2ex; y-axis) and the bound water lifetime (τM; x-axis) for Dy3+ at 9.4 T. The ideal τM is at 545 ns. 
The measured r2ex and τM values for the four different Dy3+ chelates (colored markers) are in excellent agreement, with 
DyDOTA-(gly)2 (green circle) and DyDOTA-(gly)3 (yellow circle) giving the highest r2ex values. Fig. 2. a: Axial MRI of a 
healthy mouse brain before intracranial injection of 30 µmol/kg of DyDOTA-(gly)3 in 20 µL b: After intracranial injection. 
Note the darkening of ventricle CSF due to T2ex. c: The difference image a-b showing regions of agent uptake. d: Axial MRI 
of a healthy mouse thyroid before direct injection of 30 µmol/kg of DyDOTA-(gly)3 in 20 µL e: After direct injection. Note 
the darkening of mouse’s left thyroid/salivary gland area. f: The difference image d-e showing regions of agent uptake. Fig. 
3: Axial MRI of a human thyroid nodule at 7.0 T. The nodule on patient’s left (arrow), which appears bright under T2 
weighted MRI, would be an ideal target for a T2 darkening contrast agent. Our goal is to target the cancerous regions of such 
nodules and lesions and make them “light up” as demonstrated in Fig. 2f. Discussion: We have previously shown that the 
Ln3+DOTA-based chelates (Ln3+≠La, Gd, Lu) create enhanced T2 contrast (i.e., darkening) in MRI through the chemical 
exchange of water molecules (2). The level of this “T2-exchange” contrast is proportional to the bound water molecule 
chemical shift and reaches a maximum at a specific water molecule exchange rate. We have also previously demonstrated 
that T2ex contrast can be increased by several orders of magnitude through simple linear polymerization of the Ln3+DOTA 
chelate (3). We hypothesize that by using these two methods, a highly sensitive MRI T2 contrast agent can be created while 
retaining the advantages of using small molecules rather than nanoparticles (e.g., SPIO) for improved biological targeting, 
uptake, and clearing. Conclusion: These T2ex contrast agents have the potential to accurately image the location and size of 
cancerous thyroid lesions and (by using receptors as prognostic indicators) differentiate between indolent and aggressive 
forms, thereby performing disease staging entirely non-invasively (i.e., without FNA biopsy). Also, in contrast to SPECT/CT 
or PET/CT, disease diagnostics and therapy monitoring would be performed on a single-modality MRI instrument without 
the risk of ionizing radiation. This would reduce patient stress by eliminating unnecessary thyroid resections and finding 
recurrence earlier. This technique could also be combined with spectroscopy of the choline peak to increase specificity (4). 
References: (1) Soesbe TC, et al. MRM 2014;71:1179-1185. (2) Soesbe TC, et al. MRM 2011;66:1697-1703. (3) Wu Y, Soesbe TC, et al., JACS
2008;130:13854-13855. (4) Mountford C, et al. JMRI 2006;24:459-477. 
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