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Abstract
Gadolinium-chelates (Gd-DTPA) and superparamagnetic particles of iron oxide (SPIO) are two
commonly used MR contrast agents that exhibit inherently different relaxation properties. These
two agents have been used to label cells ex-vivo to generate signal contrast with respect to
background tissue when introduced to a tissue-of-interest. Assuming minimal mutual interaction
between these two agents, we were motivated to investigate the creation of composite relaxation
properties by mixing the two in aqueous solutions for conditioning cell labeling. Concentration-
dependent relaxivity coefficients were first obtained from each contrast agent, independently, in
saline solution at 3 Tesla. These coefficients were then used to predict both the R1 and R2
relaxation rates of a composite contrast agent using a linear model combining the effects of both
contrast media. The predicted relaxation rates were experimentally confirmed from 25 composite
solutions (combinations of SPIO-concentration ranging from 0 to 1 μg/mL and Gd-DTPA-
concentration ranging from 0 to 0.20 mM). We show that the combination of SPIO and Gd-DTPA
in an aqueous solution exhibits unique and predictable relaxivity properties that are unattainable
via the individual use of either agent. The method may be applied to create ‘user-tunable’ contrast
conditions for the visualization of magnetically labeled cells in the context of cell replacement
therapy.
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Introduction
Contrast agents are utilized in magnetic resonance imaging (MRI) to visually exploit and
enhance differences in physical structures and/or physiological processes. Gadolinium
chelates and superparamagnetic iron oxide particles exhibit distinct relaxation properties that
provide a basis for the progressive development of contrast enhanced imaging within the
context of MRI.

The gadolinium chelate, gadopentetate dimeglumine (Gd-DTPA; Magnevist, Berlex Inc.,
Montville, NJ), which primarily shortens T1 relaxation, has been used for the detection of
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various types of tumor [Huang et al., 2006; Rosen et al., 2003] as well as brain lesions
associated with multiple sclerosis [Martino et al., 2002]. On the other hand, the ultrasmall
superparamagnetic iron oxide (SPIO) contrast agent, ferumoxides injectable solution
(Feridex, Berlex Inc.- hereafter referred to SPIO) is another class of contrast agent that is
clinically used to detect alterations in the reticuloendothelial system (RES) associated with
hepatic tumors [Kanematsu et al., 2001] or to detect primary site or nodal metastases of
various tumors [Mack et al., 2002; Bellin and Roy, 2007]. In low concentration (i.e. less
than 1 μg/mL), SPIO exhibits a highly sensitive/selective reduction of T2 relaxation.

Recently, these two classes of contrast agents were adopted in cellular MRI techniques
whereby magnetically-labeled cells (via transfection or binding of contrast materials to
surface ligands) can be traced and detected [Bulte et al., 1999, 2001; Hoehn et al., 2002;
Shapiro et al., 2004, 2006]. Gd-DTPA has recently been observed to be taken up by
atherosclerotic plaques [Barkhausen et al., 2003; Lipinski et al., 2006], thus indicating
potential benefits in cardiac imaging. Typically, cells are labeled ex-vivo, and are
subsequently introduced to the in-vivo system to monitor the growth pattern of the labeled
cells [Bulte et al., 2001; Shapiro et al., 2006]. The use of a single contrast agent in the
context of cellular imaging may provide limited information (for example, hypointense
signal from SPIO-labeled cells may be misinterpreted to be a site of hemorrhaging, or vice
versa [Dunn et al., 2005]) and thus necessitates the need for more sophisticated methods that
allow selective relaxivity/contrast properties to be obtained.

A recent study by Horch and Does [Horch and Does, 2007] provided an important
framework for investigating the use of a mixture of MnCl2 and SPIO to create a model for
bi-exponential relaxation. In our study, we investigated the effects of a composite contrast
agent, using a mixture of Gd-DTPA and SPIO, on both R1 and R2 relaxivity rates. We also
formulated the R1 and R2 relaxation characteristics of aqueous solutions varying in both Gd-
DTPA and SPIO concentrations. By creating different labeling solutions with distinct
contrast mechanisms, the cells can be labeled accordingly to exhibit relaxation property that
can not be attained using one type of contrast agent. These two contrast agents are
hypothesized to exhibit minimal mutual interaction due to their different relative sizes and
relaxation properties, and thus they may offer attractive relaxation behavior when they are
used collaboratively.

Methods
I. Theory

Contrast agents typically increase transverse and/or longitudinal relaxation in a manner that
is linearly proportional to contrast agent concentration. The proportionality constant, or
relaxivity coefficient, is specific to a given contrast agent. In this study, two contrast agents,
super-paramagnetic iron oxide (Feridex; SPIO) and paramagnetic gadolinium chelates
(Magnevist; Gd-DTPA), were used. Saline water (0.9%) was used as a solvent in order to
simulate the relaxation properties of SPIO and Gd-DTPA in an aqueous physiological
environment. Saline, typically prepared with a phosphate buffer, was used as the main
ingredient for the cell-labeling experiment. It is important to note that intra-cellular uptake
of the above contrast agents is dependent on the method of transfection, the concentration of
the contrast agents, and the duration of labeling (such as co-culture with cells or duration of
exposure to transfection agent) [Bulte et al., 1999, 2001; Hoehn et al., 2002; Shapiro et al.,
2004, 2006]. However, once a method to control the amount of contrast materials per cell is
determined, the cells containing two contrast agents within its cellular compartment will
manifest the composite relaxivity properties. Therefore, the relaxation property of the
aqueous mixture of contrast agents was investigated.
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Assuming minimal mutual interactions between SPIO and Gd-DTPA, we modeled the
relaxivity rates of the composite contrast agents as linear combinations of the independent
relaxivity rates of each contrast media in saline. Therefore, both R1 and R2 relaxation rates
are expressed as a function of each contrast agent concentration as follows:

(1)

(2)

where T1° and T2° are the longitudinal and transverse relaxation times of saline,
respectively, in the absence of contrast agents. β1 and β2 are the concentration-dependent
relaxivity coefficients for R1 and R2, respectively, of Gd-DTPA (noted as Gd) and SPIO
(noted as Fe).

II. Relaxivity Coefficient Measurement
All experiments were conducted at 3T using a clinical MRI System (VH, GE Medical
Systems) with a standard quadrature head coil for RF transmission and detection. Eppendorf
tubes containing 1.5mL sample solutions were placed in a 6×4 tube rack at 17°C. Special
care was given to place the phantom in the center of the coil (in consideration for field
homogeneity). R1 and R2 relaxivity coefficients (β1 & β2) were measured for both SPIO and
Gd-DTPA, independently, based on imaging results of two separate sets of phantoms
containing seven different concentrations of contrast media (SPIO: 0, 0.1, 0.2, 0.25, 0.5,
0.75, and 1 μg·Fe/mL; Gd-DTPA: 0, 0.01, 0.02, 0.05, 0.1, 0.15, and 0.2 mM Gd) using a
conventional spin-echo sequence (128×256, 1 NEX, 20cm field-of-view, 6 mm-thick slices).
Two sets of scans, one containing 13 scans with varying TR (TE=8msec; TR range:
100msec–15,000 msec, logarithmically spaced) and the other containing 10 scans with
varying TE (TR=3000msec; TE range: 8msec–200msec, logarithmically spaced), were
performed to image the samples.

Average signal intensity for each phantom in each scan sequence was then obtained from a
circular region-of-interest (ROI), measured in triplicate, and subsequently used to calculate
the longitudinal and transverse relaxation times and rates for each concentration [Simon et
al., 2006] (e.g. R1 = 1/T1 and R2 = 1/T2). Plots of the concentration-dependent R1 and R2
values were created for both SPIO and Gd-DTPA (4 sets total: R1,Fe, R1,Gd, R2,Fe, and
R2,Gd). Subsequently, the corresponding relaxivity coefficients (β1,Fe, β1,Gd, β2,Fe, and
β2,Gd) were obtained from the slopes of linear fits to each plot. The unit of β was (μg/
mL)−1·s−1 for SPIO and mM−1·s−1 for Gd-DTPA.

III. Prediction and Experimental Confirmation
Equations 1 and 2, along with the experimentally obtained β values, were used to predict the
R1and R2 relaxivity characteristics of aqueous phantom mixtures containing combinations of
five Gd-DTPA concentrations and five SPIO concentrations (therefore, 25 combinations
were obtained). We then compared these predictions to the experimental results.

In detail, five concentrations (post-mixing) of each contrast agent were chosen for
investigation in the study: SPIO (0, 0.25, 0.5, 0.75, and 1 μg·Fe/mL) and Gd-DTPA (0, 0.05,
0.1, 0.15, or 0.2 mmol·Gd). The range of concentrations were determined based on the scope
of clinically recommended dosages (less than ~0.8 μg·Fe/mL and less than ~0.15 mmol Gd,
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assuming 65% water content per body mass). Specifically, stock solutions of SPIO (0.2
mmol·Fe/mL) and Gd-DTPA (0.5 mmol·Gd/mL) were diluted in saline at room temperature
(17° C) to prepare 25 phantoms (1.5mL each) for MR imaging: one containing only saline,
four containing only SPIO in saline (0.25, 0.5, 0.75, and 1 μg·Fe/mL), four containing only
Gd-DTPA in saline (0.05, 0.1, 0.15, or 0.2 mmol·Gd), and 16 containing all remaining
combinations of both SPIO and Gd-DTPA using the chosen concentrations. All 25 phantoms
were placed in rows and columns in a small planar rack with equal spacing and were imaged
using the same method as was used previously for the measurement of relaxivity
coefficients. Additionally, the rack was immobilized in the wrist coil. The same method
used to measure both R1 and R2 from the samples was applied.

Results
The individual R1 and R2 relaxivity curves of aqueous SPIO and aqueous Gd-DTPA (based
on seven concentrations each) are shown in Figures 1a and 1b, respectively. Both figures
display linearly increasing R1 and R2 relaxation rates as contrast agent concentrations
increase. Relaxation coefficients were calculated from linear regression applied to the
corresponding relaxivity plots (β=slope): SPIO (β1=0.06 (μg/mL)−1·s−1, β2=4.02 (μg/
mL)−1·s−1), Gd-DTPA (β1=4.49 mM−1·s−1, β2=5.60 mM−1·s−1). Additionally, relaxation
rates of solutions in Figure 1 containing only saline corresponded to the following relaxation
times: T1° = 2512 msec and T2° = 1265 msec.

The information presented in Figures 1a and 1b provides a basis for predicting relaxation
rates influenced by mixtures of both Gd-DTPA and SPIO contrast agents. The experimental
relaxivity data from all 25 phantom solutions is shown in Figures 2b and 2d along with
predictions (Figures 2a and 2c). Here, both R1 and R2 relaxation rates are verified as
maintaining nearly linear relationships with an increase in concentration of either contrast
agent, individually, or of both simultaneously. This is further verified by an analysis of the
error produced from the predictions based on the experimental results (Figures 2e and 2f).
Specifically, the error in the R1 predictions was less than +/− 8% for all 25 phantoms and
the error in the R2 predictions was less than +/− 8.5% for all 25 phantoms. Figure 3 displays
an interpretation of both the experimental and predicted results, overlaid together, in terms
of T1 and T2, rather than R1 and R2, for all 25 phantoms. Experimental results are
represented by solid black dots and predicted results are represented by hollow squares.

Discussion
In this study, we presented composite relaxation properties of aqueous solutions, which can
be applied to cellular labeling. Using two FDA-approved commercial contrast agents,
specifically combinations of the gadolinium-based T1 contrast agent, Gd-DTPA, and the
superparamagnetic iron oxide based T2 contrast agent, SPIO, we aimed to predict and
achieve unique combinations of MRI contrast properties that are otherwise selectively
unavailable.

In order to investigate the feasibility of developing a model that can closely predict
composite contrast properties using SPIO and Gd-DTPA (i.e. R1 and R2 relaxivity rates), we
first analyzed the individual MR effects of each media independently in saline using a 3T
magnetic field. In comparison to the results for SPIO obtained by Horch and Does (β2=4.04
(μg/mL)−1·s−1 at 7T) [Horch and Does, 2007], our result of β2=4.02 (μg/mL)−1·s−1 at 3T is
in reasonable agreement. Additionally, our measurement of β1=4.49 mM−1·s−1 for Gd-
DTPA at 3T is in good agreement with β1=4.94±0.83 mM−1·s−1 from other studies [Liu et
al., 2005].
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Using the experimentally obtained relaxivity coefficients, along with equations 1 and 2, we
predicted the R1 and R2 relaxivity rates of the 25 phantoms (Figures 2a and 2c) and
compared them to the original results (Figures 2b and 2d), which produced an error of less
than +/− 8% for each R1 (Figure 2e) and less than +/−8.5% for each R2 (Figure 2f).
Additionally, R1 and R2 relaxivity rates were converted to T1 and T2 relaxation constants for
both the predicted and experimental results from each phantom to help better visualize
composite contrast effects (Figure 3). The region bounded by the fitted lines for SPIO and
Gd-DTPA in saline water, individually, represents the hypothetical range of available
contrast properties using this approach. The error produced in transverse relaxation from the
use of a spin-echo sequence can potentially be reduced using alternative methods. For
example, optimization of the Carr-Purcell-Meiboom-Gill (CPMG) scan sequence, which
reduces magnetic field inhomogeneities by counteracting dephasing echoes, significantly
improved the accuracy and precision of T2 measurements [Pell et al., 2006].

In the current work, we investigated composite contrast properties using specific ranges of
contrast agent concentrations. These concentrations were based around recommended
dosages for clinical use given by the manufacturer. Accordingly, it has been shown that iron
exposure (i.e. SPIO) higher than 25pg Fe/cell can be toxic to the cell [de Freitas et al., 2001;
Bowen et al., 2002; Cunningham et al., 2005] and is thus not suitable for clinical use. As a
result, we are reporting only a fraction of the potential relaxation effects of an MRI
composite contrast agent using SPIO and Gd-DTPA. In addition to toxicity, the use of
higher concentrations of SPIO would create a drastic reduction in signal intensity due to
profound shortening of T2*.

There are several known potential applications of a composite contrast agent applicable to
contrast enhanced MRI. For instance, the advancement of cell replacement therapies
requires the development of long term (i.e. weeks), in vivo cellular imaging techniques
[Lindvall and Bjorklund, 2004; Dunnett and Rosser, 2004; Savitz et al., 2004]. Cellular MRI
has emerged as a prime candidate to achieve this [Rogers et al., 2006]. However, signal
reduction induced by SPIO-based contrast media may deter the unambiguous detection of
labeled cells from background tissue comprised of an inherently low signal or signal void
[Baklanov, 2004; Cunningham et al., 2005]. The attainment of composite contrast
properties, using a mixture of SPIO and Gd-DTPA agents, can greatly aid the elimination of
this prospect through the use of differential contrast weightings. As a result, adjustments to
contrast weighting might allow for improved monitoring/tracking of magnetically labeled,
implanted therapeutic cells. The adoption of dual echo-time imaging and concurrent
application of an automatic segmentation algorithm may also help to selectively identify the
site of labeled cells [Erickson and Avula, 1998]. Alternative methods may include dual
spectroscopic imaging (i.e. SPIO combined with fluorescent nanoparticles containing F19),
which has been used to enhance brain tumor delineation for tumor resection [Tréhin et al.,
2006]. However, the requirement for multi-nuclear spectroscopic imaging is a potential
drawback. The contrast agents based on lipid-shell micro-bubbles used in ultrasound-based
molecular imaging [Leong-Poi et al., 2005] may be adopted in conjunction with the use of
MR contrast agents for multimodal imaging.

Additionally, temporal progression of MR signals from the acquisition of contrast-enhanced
dynamic MRI has previously been used to aid in the determination of the extent of injury
from acute myocardial infarction [Kim et al., 1996], the characterization of breast tumors
[Yoo et al., 2002], and the determination of hepatic tumor aggressiveness [Pastor et al.,
2002]. Contrast kinetics associated with a composite contrast agent may increase the
effectiveness of these methods by providing additional information that is unattainable via
the use of only one type of contrast agent. However, any potential application requires
consideration of the biodistribution of each agent in addition to the basic relaxation
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properties. This is because the biodistribution may ultimately affect the tissue signal
properties in a manner that is not readily predictable based on the simple formalism of the
present study using well mixed phantom solutions.

Conclusion
A composite contrast agent for MRI consisting of an aqueous mixture of SPIO and Gd-
DTPA exhibits unique R1 and R2 relaxation rates. The observed rates are consistent with the
individual use of each material assuming minimal mutual interaction and thus can be well
predicted using a linear model within a limited range of media concentrations. The method
may be applied to create ‘user-tunable’ contrast conditions for the visualization of
magnetically labeled cells.

Acknowledgments
This work was partially supported in part by grants from NIH (R01-NS048242 to Yoo, SS and NIH
U41RR019703), the Korean Ministry of Commerce, Industry, and Energy (grant No. 2004-02012 to S.S. Yoo and
Park H.W.), and Gachon Neuroscience Research Institute Grant (to Yoo SS). Authors thank the experimental
assistance of Ms. Monique Gupta and Mr. Ugochuckwu Amadi for their work in the early phase of the study.

References
Baklanov DV, Demuinck ED, Thompson CA, Pearlman JD. Novel Double Contrast MRI Technique

for Intramyocardial Detection of Percutaneously Transplanted Autologous Cells. Magn Reson Med.
2004; 52:1438–1442. [PubMed: 15562483]

Barkhausen J, Ebert W, Heyer C, Debatin JF, Weinmann HJ. Detection of Atherosclerotic Plaque with
Gadofluorine-Enhanced Magnetic Resonance Imaging. Circulation. 2003; 108:605. [PubMed:
12835227]

Bellin MF, Roy C. Magnetic resonance lymphography. Curr Opin Urol. 2007; 17:65–69. [PubMed:
17143113]

Bowen CV, Zhang X, Saab G, Gareau PJ, Rutt BK. Application of the static dephasing regime theory
to superparamagnetic iron-oxide loaded cells. Magn Reson Med. 2002; 48:52–61. [PubMed:
12111931]

Bulte JW, Douglas T, Witwer B, Zhang SC, Strable E, Lewis BK, Zywicke H, Miller B, van Gelderen
P, Moskowitz BM, Duncan ID, Frank JA. Magnetodendrimers allow endosomal magnetic labeling
and in vivo tracking of stem cells. Nat Biotechnol. 2001; 19:1141–1147. [PubMed: 11731783]

Bulte JW, Zhang S, van Gelderen P, Herynek V, Jordan EK, Duncan ID, Frank JA.
Neurotransplantation of magnetically labeled oligodendrocyte progenitors: magnetic resonance
tracking of cell migration and myelination. Proc Natl Acad Sci U S A. 1999; 96:15256–15261.
[PubMed: 10611372]

Cunningham CH, Arai T, Yang PC, McConnell MV, Pauly JM, Conolly SM. Positive contrast
magnetic resonance imaging of cells labeled with magnetic nanoparticles. Magn Reson Med. 2005;
53:999–1005. [PubMed: 15844142]

de Freitas JM, Meneghini R. Iron and its sensitive balance in the cell. Mutat Res. 2001; 475:153–159.
[PubMed: 11295160]

Dunn EA, Weaver LC, Dekaban GA, Foster PJ. Cellular imaging of inflammation after experimental
spinal cord injury. Mol Imaging. 2005; 4:53–62. [PubMed: 15967126]

Dunnett SB, Rosser AE. Cell therapy in Huntington’s disease. NeuroRx. 2004; 1:394–405. [PubMed:
15717043]

Erickson BJ, Avula RT. An algorithm for automatic segmentation and classification of magnetic
resonance brain images. J Digit Imaging. 1998; 11:74–82. [PubMed: 9608930]

Hoehn M, Kustermann E, Blunk J. Monitoring of implanted stem cell migration in vivo: a highly
resolved in vivo magnetic resonance imaging investigation of experimental stroke in rat. Proc Natl
Acad Sci U S A. 2002; 99:16267–16272. [PubMed: 12444255]

Marzelli et al. Page 6

Int J Imaging Syst Technol. Author manuscript; available in PMC 2009 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Horch AR, Does MD. Aqueous urea as a model system for bi-exponential relaxation. Magn Reson
Mater Phy. 2007; 20:51–56.

Huang H, Shen L, Ford J, Gao L, Pearlman J. Early lung cancer detection based on registered
perfusion MRI. Oncol Rep. 2006; 15:1081–1084. [PubMed: 16525705]

Kanematsu M, Itoh K, Matsuo M, Maetani Y, Ametani F, Kondo H, Kato H, Hoshi H. Malignant
hepatic tumor detection with ferumoxides-enhanced MR imaging with a 1.5-T system: comparison
of four imaging pulse sequences. J Magn Reson Imaging. 2001; 13:249–257. [PubMed: 11169831]

Kim RJ, Chen EL, Lima JAC, Judd RM. Myocardial Gd-DTPA Kinetics Determine MRI Contrast
Enhancement and Reflect the Extent and Severity of Myocardial Injury After Acute Reperfused
Infarction. Circulation. 1996; 94:3318–3326. [PubMed: 8989146]

Leong-Poi H, Christiansen J, Heppner P, Lewis CW, Klibanov AL, Kaus S, Lindner JR. Assessment of
endogenous and therapeutic arteriogenesis by contrast ultrasound molecular imaging of integrin
expression. Circulation. 2005; 111:3248–54. [PubMed: 15956135]

Liu, CY.; Varadarajan, P.; Pohost, GM.; Nayak, KS. Studies of Gd-DTPA Relaxivity in different
tissue models at 3T. InProc ISMRM Thirteenth Scientific Sessions; Miami, FL. May, 2005; p. 254

Lindvall O, Bjorklund A. Cell therapy in Parkinson’s disease. NeuroRx. 2004; 1:382–393. [PubMed:
15717042]

Lipinski MJ, Amirbekian V, Frias JC, Aquinaldo JG, Mani V, Briley-Saebo KC, Fuster V, Fallon JT,
Fisher EA, Fayad ZA. MRI to detect atherosclerosis with gadolinium-containing immunomicelles
targeting the macrophage scavenger receptor. Magn Reson Med. 2006; 56:601–610. [PubMed:
16902977]

Mack MG, Balzer JO, Straub R, Eichler K, Vogl TJ. Superparamagnetic Iron Oxide-enhanced MR
Imaging of Head and Neck Lymph Nodes. Radiology. 2002; 222:239–244. [PubMed: 11756732]

Martino G, Adorini L, Rieckmann P, Hillert J, Kallmann B, Comi G, Filippi M. Inflammation in
multiple sclerosis: the good, the bad, and the complex. Lancet Neurol. 2002; 1:499–509. [PubMed:
12849335]

Pastor CM, Terrier F, Vallee JP. Hepatic kinetics of MRI contrast agents in the isolated perfused rat
liver. Acad Radiol. 2002; 9(Suppl 2):S455–S456. [PubMed: 12188306]

Pell GS, Briellmann RS, Waites AB, Abbott DF, Lewis DP, Jackson GD. Optimized clinical T2
relaxometry with a standard CPMG sequence. J Magn Reson Imaging. 2006; 23(Issue 2):248–252.
[PubMed: 16416434]

Rogers WJ, Meyer CH, Kramer CM. Technology insight: in vivo cell tracking by use of MRI. Nat Clin
Pract Cardiovasc Med. 2006; 3:554–562. [PubMed: 16990841]

Rosen EL, Blackwell KL, Baker JA, Soo MS, Bentley RC, Yu D, Samulski TV, Dewhist MW.
Accuracy of MRI in the Detection of Residual Breast Cancer After Neoadjuvant Chemotherapy.
Am J Roentgenol. 2003; 181:1275–1282. [PubMed: 14573420]

Savitz SI, Dinsmore JH, Wechsler LR, Rosenbaum DM, Caplan LR. Cell therapy for stroke. NeuroRx.
2004; 1:406–414. [PubMed: 15717044]

Shapiro EM, Sharer K, Skrtic S, Koretsky AP. In vivo detection of single cells by MRI. Magn Reson
Med. 2006; 55:242–9. [PubMed: 16416426]

Shapiro EM, Skrtic S, Sharer K, Hill JM, Dunbar CE, Koretsky AP. MRI detection of single particles
for cellular imaging. Proc Natl Acad Sci U S A. 2004; 101:10901–10906. [PubMed: 15256592]

Simon GH, Bauer J, Saborvski O, Fu Y, Corot C, Wendland MF, Daldrup-Link HE. T1 and T2
relaxivity of intracellular and extracellular USPIO at 1.5T and 3T. Eur Radiol. 2006; 16:738–745.
[PubMed: 16308692]

Tréhin R, Figueiredo JL, Pittet MJ, Weissleder R, Josephson L, Mahmood U. Fluorescent Nanoparticle
Uptake for Brain Tumor Visualization. Neoplasia. 2006; 8:302–311. [PubMed: 16756722]

Wansapura JP, Holland SK, Dunn RS, Ball WS. NMR Relaxation Times in the Human Brain at 3.0
Tesla. J Magn Reson Imaging. 1999; 9:531–538. [PubMed: 10232510]

Yoo SS, Gil Choi BB, Han JY, Hee Kim H. Independent component analysis for the examination of
dynamic contrast-enhanced breast magnetic resonance imaging data: preliminary study. Invest
Radiol. 2002; 37:647–654. [PubMed: 12446997]

Marzelli et al. Page 7

Int J Imaging Syst Technol. Author manuscript; available in PMC 2009 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(a) R1 and R2 relaxivity curves for SPIO based on T1 and T2 imaging, respectively, using
seven phantom solutions containing a range of SPIO concentration in saline. (b) The
corresponding relaxivity curves for Gd-DTPA.
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Figure 2.
(a) Predicted R1 of the 25 composite contrast solutions and (b) the actual R1 from the
experimental results. (c) Predicted R2 of 25 composite contrast solutions and (d) the actual
R2 from the experimental results. Error (percentage) in the predicted R1 and R2 results after
comparison to the experimental results is shown in (e) and (f), respectively.
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Figure 3.
Graph of the experimental T1 and T2 relaxation times for each of 25 composite contrast
solutions overlaid by the predicted T1 and T2 relaxation times. Experimental results are
indicated by a solid black dot and predicted results are indicated by hollow squares. A red
‘+’ denotes approximate coordinates (T1,T2), in milliseconds, of white matter (1084, 45),
gray matter (1331, 80), and blood (1932, 275) [Wansapura et al., 1999]. Boundaries of
relaxation time for both SPIO and GD-DTPA in saline water, individually, are also shown as
dotted lines.
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