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Summary

A “hot spot” magnetic resonance (MR) imaging cell tracking technique has been developed that 

allows direct detection of dysprosium- or thulium-1,4,7,10-tetraazacyclododecane-α,α′,α″,α‴-

tetramethyl-1,4,7,10-tetraacetic acid (DOTMA)–labeled protons inside cells. These highly shifted 

protons may allow specific detection of multiple cell types because it does not rely on acquiring 

the proton signal from bulk water.

The Setting

According to www.clinicaltrials.gov, there are currently more than 25 000 clinical trials 

registered with the National Institute of Health that involve the use of cell therapy. This 

form of treatment is aimed at regenerating tissue by using stem cells, attacking cancer by 

using immune cells, or suppressing autoimmune disease by using both. Although the results 

of many of these studies have shown improvement of disease outcomes, researchers have 

realized that cells must be tracked in vivo to further optimize cell therapy and achieve 

maximum benefit. MR imaging appears to be ideally suited for this purpose because it can 

provide detailed anatomic information, uses no radiation, and is widely available. MR cell 

tracking has become an actively pursued field of bio-medicine. It involves labeling the cells 

of interest (1), with the currently available labels being paramagnetic chelates, paramagnetic 

chemical exchange saturation transfer agents, superparamagnetic iron oxide particles, and 

fluorinated agents. None of these agents is perfect, because each provides either low 

sensitivity or low specificity. An agent that delivers true specificity for the cells of interest 

while maintaining sufficient sensitivity is highly desirable. In this issue, Schmidt et al (2) 

describe an approach toward achieving this goal by detecting labeled intracellular protons 

specifically, with sensitivity to approximately 100 µmol/L.
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The Science

The principle behind highly shifted proton (HSP) MR imaging is that certain lanthanides, in 

particular thulium (Tm) and dysprosium (Dy), cause a chemical shift of proton resonance 

frequency far away (100 ppm) from the water peak (from which the MR imaging signal is 

normally collected) (Figure). This phenomenon has been known since the early days of 

nuclear MR as applied in chemistry. The authors have used a customized pulse sequence, 

termed “ultrashort” echo-time MR imaging, to take advantage of the dramatically shortened 

T1 value of the protons bound to the chelate, which is approximately 2–5 msec at 9.4 T. By 

applying selective windowing, they were able to collect the MR imaging signal of the 12 

highly shifted chelate-bound protons specifically. This contrast mechanism should not be 

confused with paramagnetic chemical exchange saturation transfer imaging (3), where a 

saturation pulse is applied off resonance and the reduced bulk water proton signal is 

collected after proton chemical exchange.

To test proof-of-concept, two different experiments were performed. In the first case, human 

fibrosarcoma tumor cells were labeled with Tm-DOTMA by means of electroporation. Four 

million cells were then injected into the flank of nude mice. HSP MR imaging was 

performed at 9.4 T, with the DOTMA methyl group protons separated from bulk water by 

using both a narrow acquisition and an excitation bandwidth placed at the center of the 

methyl proton peak. The tumor could be detected clearly as a hot spot on HSP MR images, 

and overlays with conventional T2-weighted MR images allowed their anatomic 

localization. The results were validated by means of elemental bioimaging of excised tumor 

tissue, which showed an excellent match.

In the second experiment, macrophages were labeled by means of spontaneous pinocytosis 

of Tm-DOTMA and were injected intravenously in mice that were implanted with 

polyacrylamide gel pellets. In this granuloma model, the injected macrophages were 

expected to home in on areas of inflammation. Cells were clearly visible as hot spots on 

HSP MR images for a period of at least 1 week. The liver and spleen, organs rich in 

macrophage-type cells, also showed a substantial presence of highly shifted protons. Again, 

the imaging results were well correlated with histologic and bioelemental imaging results. 

Furthermore, under the used labeling conditions, the lanthanide labeling did not appear to 

affect cell viability or cell function as assessed by means of measurement of cell death, cell 

adhesion, phagocytosis, or nitroxide radical production.

The Practice

Clinical use

Hot spot imaging without background signal, as shown here, may greatly improve the 

specificity and interpretation of MR imaging cell tracking (4), particularly in cases in which 

a priori overall cell distribution is unknown (eg, after systemic administration). In this 

context, HSP MR imaging is somewhat comparable to fluorine 19 (19F) imaging, in which 

the MR imaging signal comes only from fluorinated cells. In a comparison of sensitivity, 

HSP MR imaging and 19F MR imaging are also a good match, with an approximate lower 

cell detection number of 1 × 104 cells. This number is still far lower than that with the use of 
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superparamagnetic iron oxide–labeled cells, which has now been researched in multiple 

trials of clinical MR imaging cell tracking (5). While the lower field strength of clinical MR 

imagers will decrease detection sensitivity for HSP MR imaging, it also remains to be seen 

if HSP MR imaging cell tracking can be safely conducted in patients. A long-term retention 

of lanthanides gives rise to toxicity concerns when the label is not rapidly cleared from the 

body, as exemplified in the case of gadolinium chelates in patients with impaired kidney 

function.

Future opportunities and challenges

Schmidt et al introduced an additional feature that may be used to fulfill the wish of many 

biologists: to pursue cell tracking of multiple cell types simultaneously. When using Dy-

DOTMA, which has a large chemical shift from Tm-DOTMA on the opposite side of the 

water peak, the authors of this study showed that, by choosing the appropriate excitation and 

acquisition window, it is possible to distinguish clearly the two lanthanides from each other. 

Analogous approaches for dual-cell labeling include the use of two perfluorocarbons (6) or 

two paramagnetic chemical exchange saturation transfer agents (7), where the differential 

resonance frequencies are exploited. Additional dual-cell labeling experiments will be 

needed, but the ever-present requirements of specificity and sensitivity appear to have been 

met.
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Figure. 
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