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Abstract
Background
Ultrasmall superparamagnetic particles of iron oxide (USPIO)-enhanced magnetic resonance imaging (MRI) can detect tissue-resident macrophage activity and identify cellular inflammation. Clinical studies using this technique are now emerging. We aimed to report a range of normal R2* values at 1.5 and 3 T in the myocardium and other tissues following ferumoxytol administration, outline the methodology used and suggest solutions to commonly encountered analysis problems.

Methods
Twenty volunteers were recruited: 10 imaged each at 1.5 T and 3 T. T2* and late gadolinium enhanced (LGE) MRI was conducted at baseline with further T2* imaging conducted approximately 24 h after USPIO infusion (ferumoxytol, 4 mg/kg). Regions of interest were selected in the myocardium and compared to other tissues.

Results
Following administration, USPIO was detected by changes in R2* from baseline (1/T2*) at 24 h in myocardium, skeletal muscle, kidney, liver, spleen and blood at 1.5 T, and myocardium, kidney, liver, spleen, blood and bone at 3 T (p < 0.05 for all). Myocardial changes in R2* due to USPIO were 26.5 ± 7.3 s-1 at 1.5 T, and 37.2 ± 9.6 s-1 at 3 T (p < 0.0001 for both). Tissues showing greatest ferumoxytol enhancement were the reticuloendothelial system: the liver, spleen and bone marrow (216.3 ± 32.6 s-1, 336.3 ± 60.3 s-1, 69.9 ± 79.9 s-1; p < 0.0001, p < 0.0001, p = ns respectively at 1.5 T, and 275.6 ± 69.9 s-1, 463.9 ± 136.7 s-1, 417.9 ± 370.3 s-1; p < 0.0001, p < 0.0001, p < 0.01 respectively at 3 T).

Conclusion
Ferumoxytol-enhanced MRI is feasible at both 1.5 T and 3 T. Careful data selection and dose administration, along with refinements to echo-time acquisition, post-processing and analysis techniques are essential to ensure reliable and robust quantification of tissue enhancement.

Trial registration
ClinicalTrials.gov Identifier - NCT02319278. Registered 03.12.2014.
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Background
Iron oxide nanoparticles are a class of magnetic resonance imaging (MRI) contrast agents that are generating interest as a method of detecting tissue inflammation. Historically, these nanoparticles were initially used for gastrointestinal, reticuloendothelial system and lymph node imaging [1–3], and subsequently in hepatic and cardiac imaging [4–7]. Recently however, it is in their use as an MRI contrast agent for detecting tissue-resident macrophages that clinical applications are now emerging [8–15].
T2* MRI has been successfully used for over a decade in diagnosing and grading severity of iron accumulation in transfusion-dependent thalassaemia major, and has been instrumental in guiding therapy that improves prognosis, and allows serial disease monitoring [16, 17]. T2* MRI in the assessment of iron accumulation is easily quantifiable, well validated, highly reproducible, clinically robust, and is achievable in a single breath hold [18–22].
Ultrasmall superparamagnetic particles of iron oxide (USPIO) consist of an iron oxide core surrounded by a carbohydrate or polymer coating. These particles can extravasate through damaged capillaries, where they are engulfed and concentrated by tissue-resident macrophages [23]. Gradient echo T2*-weighted (T2*W) sequences are highly sensitive to magnetic field inhomogeneities such as susceptibility artifacts due to the presence of iron, including USPIO. Accumulation of USPIOs in macrophages can be quantified and visualized using T2*W MRI [8, 9] and calculation of, and observing the reduction in, T2* relaxation time due to the presence of iron. Thus USPIO-enhanced MRI can detect tissue-resident macrophage activity and identify localized cellular inflammation within tissues.
In this present study we aimed to observe and quantify the distribution ferumoxytol enhancement following intravenous administration at 1.5 and 3 T MRI and establish a range of normal values for healthy myocardium and other tissue. We also aimed to develop our methodology and describe commonly encountered problems in T2* image analysis of USPIO.

Methods
This was an open-label observational multi-centre cohort study using human volunteers recruited as part of a larger trial, recruiting patients with cardiac inflammation. The study was performed in accordance with the declaration of Helsinki, the approval of the Scotland A research ethics committee, and the written informed consent of all participants.
Subjects
Participants were aged over 18 years of age. Exclusion criteria were contraindication to MRI or ferumoxytol infusion, any systemic inflammatory comorbidity (eg rheumatoid arthritis), renal failure (estimated glomerular filtration rate <30 mL/min), pregnancy, breastfeeding and women of child-bearing age not ensuring reliable contraception.

Magnetic resonance imaging
MRI was performed using 3 T and 1.5 T scanners (Magnetom Verio and Avanto respectively, Siemens Healthcare GmbH, Erlangen, Germany), with dedicated cardiac array coils. All images were acquired using electrocardiogram-gated breath-hold imaging. Routine steady state free precession (TrueFISP) sequences were used to acquire long-axis and short-axis images of the heart. Standard cardiac slice widths (6-mm width with 4-mm gap) and 8 echo times (2.1–17.1 ms range) with matrix size of 256 × 115 were acquired in order to generate T2* maps. The in-plane resolution differed as required for larger or smaller subjects; generally, a field of view of 400 × 300 mm was used with an in-plane resolution of 2.6 × 1.6 mm. T2* relaxation maps were generated before and approximately 24 h after administration of USPIO.
Immediately after the baseline T2* and SSFP cine imaging, breath-held inversion enhancement images were acquired following an intravenous administration of gadolinium contrast medium (0.1 and 0.15 mmol/kg at 3 T and 1.5 T respectively; Gadovist, Bayer Plc, Germany). Optimal inversion time (TI) was determined on a slice-by-slice basis using standard late-enhancement TI-scout protocols. The inversion-recovery late-enhancement short-axis slices were acquired using similar slice positions to the myocardial T2* imaging. The T2* acquisitions also included imaging of the liver, spleen and spine to allow quantification of USPIO accumulation within organs of the reticuloendothelial system.

USPIO
Intravenous infusion of USPIO (ferumoxytol, 4 mg/kg; Rienso®, Takeda Italia, Italy) was performed immediately following the baseline magnetic resonance scan over at least 15-min using a concentration of 2–8 mg/mL, diluted in 0.9 % saline or 5 % dextrose. Hemodynamic monitoring was conducted throughout.

Study protocol
Volunteers received 2 MRI scans approximately 24 h apart (Fig. 1).[image: A12968_2016_261_Fig1_HTML.gif]
Fig. 1MRI protocol




                        

Image analysis
All T2*-weighted multi-gradient-echo images for each patient were analyzed using Circle CVI software (Circle CVI42, Canada). Regions of interest (ROI) were drawn in the heart using standard cardiac segmentation [24], and panmyocardial values averaged using segments 1–16. Further ROI were drawn in skeletal muscle, kidney, liver, spleen, blood pool (from LV cavity) and bone marrow.
An experimentally determined threshold used in previous work [8] for the coefficient of determination (r2 > 0.85) was used to exclude data that did not have an acceptable exponential decay when signal intensity (SI) was plotted against echo time. The inverse of the mean T2* (R2*) for each ROI was then calculated to assess the uptake of USPIO, where the higher the value, the greater the USPIO accumulation.
Late gadolinium enhancement (LGE), ventricular volume and functional analyses were performed using Circle CVI software (Circle CVI42, Calgary, Canada). T2* data were collected immediately prior to USPIO administration. USPIO-enhanced T2* data were collected 24–25 h following ferumoxytol administration.

Statistical analysis
All statistical analysis was performed with GraphPad Prism, version 6 (GraphPad Software, San Diego, CA). To assess uptake of USPIO in tissues following single administration, R2* increase from pre to 24 h following USPIO were compared using repeated measures one-way ANOVA. Statistical significance was defined as two-sided p < 0.05.


Results
Twenty volunteer patients were recruited in total (10 at 1.5 T, 10 at 3 T). Forty MRI scans and 20 infusions of ferumoxytol were completed over the course of the study. Data from one participant at 1.5 T has been removed due to the presence of LGE, (which was included in the cardiac MR protocol so that we could exclude volunteers with any detectable cardiac MR abnormalities according to standard cardiac MR protocols). All other volunteers that were included had structurally normal hearts. One participant was prescribed antihypertensive medication but had a normal cardiac MR study and was normotensive so the data was retained for analysis. Administration of ferumoxytol was well tolerated with no adverse reactions reported during or immediately after administration in any of the participants.
Participants were predominantly middle aged, with greater numbers of women in both groups (Table 1). There were no differences between 1.5 T and 3 T groups in BMI or ejection fraction at baseline.Table 1Participant characteristics


	 	1.5 T
	3 T

	Number
	9
	10

	Male;Female
	3:6
	4:6

	Age (years)
	52 [45.5–61.5]
	50 [45.25–53]

	Body-mass Index (kg/m2)
	22.9 [20.1–26.9]
	25.9 [22.5–29.4]

	Ejection Fraction (%)
	63.6 ± 4.9
	61.1 ± 4.1


N (%), mean ± SD, or median [interquartile range]



                     
A summary of results is shown in Table 2. At baseline, panmyocardial R2* values were greater at 3 T than 1.5 T (46.9 ± 4.1 versus 33.5 ± 5.4 s-1, Fig. 2, p < 0.01) as expected. Baseline R2* values were also greater at 3 T in bone (P < 0.0001) but no baseline differences were seen between magnetic field strength in all other tissues (Fig. 3, p > 0.05 for all). USPIO increased panmyocardial R2* values at 24 h in both 1.5 T and 3 T scanners (p < 0.0001 for both). Post-USPIO panmyocardial R2* values were again greater at 3 T than 1.5 T, as expected (84.2 ± 12.4 versus 60.5 ± 7.2 s-1, p < 0.0001). Panmyocardial change in R2* between baseline and 24 h post USPIO at 1.5 T was 26.5 ± 7.3 s-1 and at 3 T was 37.2 ± 9.6 s-1 (p < 0.0001 for both). Detectable increases in R2* were also observed at 24 h post-USPIO in skeletal muscle, kidney, liver, spleen and blood at 1.5 T, and kidney, liver, spleen, blood and bone at 3 T. (Fig. 3, p < 0.05 for all). BMI correlated with the panmyocardial R2* changes due to USPIO contrast (Fig. 4; r = 0.72, p < 0.001).Table 2Normal values


	 	1.5 T Pre-USPIO R2*(s-1)
	1.5 T Post-USPIO R2*(s-1)
	1.5 T Change R2*(s-1)
	3 T Pre-USPIO R2*(s-1)
	3 T Post-USPIO R2*(s-1)
	1.5 T Change R2*(s-1)

	Panmyocardial average
	33.5 ± 5.4
	60.5 ± 7.2
	26.5 ± 7.3
	46.9 ± 4.1
	84.2 ± 12.4
	37.2 ± 9.6

	Skeletal muscle
	34.7 ± 4.2
	44.9 ± 4.7
	10.2 ± 5.8
	55.5 ± 17.1
	59.8 ± 6.6
	4.3 ± 16.3

	Kidney
	16.6 ± 2.0
	81.2 ± 15.2
	64.6 ± 16.1
	43.5 ± 39.1
	115.2 ± 28.1
	71.8 ± 48.8

	Liver
	36.0 ± 7.2
	252.3 ± 34.3
	216.3 ± 32.6
	65.3 ± 21.2
	340.9 ± 57.8
	275.6 ± 69.9

	Spleen
	22.0 ± 7.7
	358.3 ± 59.5
	336.3 ± 60.3
	51.2 ± 21.1
	515.1 ± 137.4
	463.9 ± 136.7

	Blood
	11.3 ± 4.1
	96.0 ± 26.6
	84.7 ± 27.2
	18.8 ± 5.3
	91.5 ± 20.9
	72.6 ± 18.3

	Bone
	84.4 ± 29.2
	154.3 ± 62.0
	69.9 ± 79.9
	330 ± 168.7
	747.9 ± 277.8
	417.9 ± 370.3


Mean ± SD



                        [image: A12968_2016_261_Fig2_HTML.gif]
Fig. 2Myocardial R2* pre- and post-USPIO administration at 1.5 and 3 T. Following administration, USPIO was detected by an increase in R2* at 24 h in the myocardium at both 1.5 and 3 T. (**** = p < 0.0001, ** = p < 0.01)




                        [image: A12968_2016_261_Fig3_HTML.gif]
Fig. 3Tissue R2* pre- and post-USPIO administration at 1.5 and 3 T. Following administration, USPIO was detected by an increase in R2*, 24 h after administration in skeletal muscle, kidney, liver, spleen and blood at 1.5 T, and kidney, liver, spleen, blood and bone at 3 T. (**** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05)




                        [image: A12968_2016_261_Fig4_HTML.gif]
Fig. 4Body-mass Index vs Panmyocardial R2* change at 1.5 and 3 T. Body-mass index correlates with panmyocardial R2* change pre- and post-USPIO




                     

Discussion
For the first time, we report a range of normal T2* values in the healthy human heart and other tissues 24 h after ferumoxytol administration at 1.5 and 3 T. We also report problems, solutions and guidance in ferumoxytol-enhanced T2* image analysis.
Following administration, USPIO is detectable by T2* imaging in the myocardium and other tissues at both 1.5 and 3 T. Tissues with small increases in R2* (less than the blood pool) are likely to represent detection of USPIOs within the intravascular space and include skeletal muscle (at 1.5 T only), myocardium and kidney. In contrast, R2* changes that are greater than the blood pool must be due to accumulation of USPIO, either through iron storage, uptake by macrophages or other phagocytes, or sequestered within tissue interstitium. In the absence of tissue biopsies, we cannot be certain, but as the most pronounced R2* changes were seen in the spleen, liver and bone marrow - organs of the reticuloendothelial system - it would appear likely that USPIO is incorporated quickly into tissue-resident phagocytes and macrophages.
Detection of USPIO enhancement in skeletal muscle at 1.5 T but not 3 T is due to generally noisier data seen across all tissues at 3 T. Due to wider data confidence intervals, a larger sample size would be required to detected the same mean change in R2*. The variation in data at 3 T is partly artifact in the images, but also because of the lower values at 3 T (USPIO has a faster T2* decay time at 3 T). With the same sampling echo times, there are fewer data points to construct the decay curve at 3 T than 1.5 T so our error in estimation also increases.
We chose 24 h post USPIO to re-image participants as myocardial signal attenuation at 24 h has shown to be optimal in the myocardium compared to later time points [8, 9]. In view of this, scanning appointments were generally separated by 25 h, and in practice, this regime worked well for both participants and MRI planning. According to previous work [8], we chose a weight-adjusted USPIO dose of 4 mg Fe/kg body weight. However acknowledging that the distribution of USPIO following administration is predominantly in the organs of the reticuloendothelial system and blood pool, this may not be the optimum administration strategy as blood volume does not increase linearly with weight. We found a correlation between BMI and myocardial R2* change, probably due to increased blood pool USPIO concentration in those with higher BMI. We therefore suggest that a fixed dose approach may also be appropriate depending on the application.
Artifacts were commonly encountered with USPIO-enhanced T2* imaging and made data analysis challenging. Post contrast artifacts at the blood-pool to myocardial interface were commonly seen and needed careful exclusion when selecting myocardial ROI. (Fig. 5A) This limited the assessment of USPIO accumulation at the endocardium. Similarly, blooming artifacts from nearby organs with high iron or blood pool USPIO content, such as lung and liver, commonly created signal deficits within the myocardium. In this situation, examination of T2* decay curves and excluding echo times influenced by artifact aided T2* decay curve fitting (Fig. 5).[image: A12968_2016_261_Fig5_HTML.gif]
Fig. 5Inferior Blooming artifact. Example illustrating the challenge in assessing whether the inferior myocardial signal attenuation seen arrowed on the T2* colourmap (a, scale 0-60 ms) is true or caused by artifact. Drawing a region of interest (b) and examining the decay curve (c) along with visualising individual echos (d
                                    1-8) helps determine that this is a ‘blooming artifact’ from outside the heart is seen to influence echos 4-8. These can be manually removed, forming a new decay curve (e) with improvement in curve fitting (R2 value), although with fewer fitting points




                     
The advantage of MRI mapping techniques is that visual assessment and objective quantification can be made using the same image, and these are now entering clinical practice. It seems likely that if UPSIO-enhanced MRI is adopted into clinical practice to detect tissue inflammation, T2* mapping would be used for image interpretation. However based on our experiences, we would recommend caution in interpreting maps alone. Signal attenuation seen on the T2* map may be interpreted as tissue USPIO accumulation, but may be due to blooming artifact from nearby susceptibility effects, and close examination of the T2* decay curve, and individual echoes if possible is suggested in order to distinguish accurately between tissue USPIO accumulation and artifact. In theory, setting an r2 threshold as we did helps to exclude areas grossly affected by artifact. In practice however, regions with a seemingly acceptable R2 may still be influenced by artifact (Fig. 5). Manual exclusion of later echoes (influenced by artifact) from the curve may result in an improvement in R2 (a measure of how well the data points fit the curve), however there is the danger that reducing the number of fitting points will in fact reduce the overall sampling accuracy. Clearly, automated software capable of detecting and excluding artifact would be advantageous. This could be achieved by excluding, or applying less weight, to later echo times especially data points at a large distance from the initial decay curve trajectory [25, 26]. It should be noted that like all other MRI sequences, poor data quality heavily influenced by breathing or movement artifact is generally non-interpretable and post processing using automated T2* decay curve fitting software is not likely to provide a remedy.
Echo times in this study were specific for cardiac imaging and were selected appropriately. Therefore they were not optimal for imaging tissues with T2* values substantially higher or lower than myocardium. Native blood pool and post USPIO bone marrow (Fig. 6) provide examples of low and high T2* values respectively that we had difficulty accurately fitting a T2* decay curve. With high T2* values, only a short part of the decay curve is plotted over the echo sampling time period, and often the signal has not decayed sufficiently for an accurate decay curve to be plotted. In contrast, regions with particularly short T2* decay times have decayed to a level expected from background noise before sufficient data sampling has been made. Therefore fitting a decay curve from a small number (2–4) of echo times is clearly difficult, and often too much emphasis is placed upon data decayed to the baseline level of background noise in order to generate a decay curve. Allowances can be made for background noise but are of limited value in this instance. We strongly advise applying tissue-specific echo times tailored to the expected T2* value in order to achieve the most accurate decay curves possible.[image: A12968_2016_261_Fig6_HTML.gif]
Fig. 6Example of high and low T2* values. Regions of Interest with excessively low or high T2* value (pre-contrast blood pool, a, and post USPIO bone marrow, b, respectively) can often be difficult to generate an accurate T2* decay curve. Imaging with tissue-spcific echo times will help generate more accurate T2* decay curves




                     
Limitations
There are some limitations that should be taken into account when interpreting these data. First, this study has small numbers and a larger cohort of participants should be studied to further validate these normal values. Furthermore, due to geographical reasons, it was not feasible to scan the same participants at both centres so comparison cohorts at 1.5 T and 3 T were different. Despite this, both were healthy volunteers groups and displayed no differences at baseline so we do not feel this has impacted on the results. Finally, due to problems in interpreting high and low T2* values as mentioned above, we recommend caution in interpreting some high non-cardiac R2* values; especially in the organs of the reticuloendothelial system at 3 T. In these organs, the spread of R2* data above the median value appears wide. This is possibly caused by artifact and most evident at 3 T, and may additionally explain why these regions have disproportionally high R2* values.


Conclusion
We have shown that ferumoxytol-enhanced MRI is feasible at both 1.5 T and 3 T, and suggest a range of expected normal values post-ferumoxytol in a range of tissues. Refinements of dose administration, optimization of acquired echo-times, careful image analysis, and development of post-processing and analysis software capable of excluding common artifacts, are essential to ensure reliable and robust quantification of tissue enhancement.

Funding
This work was supported by the British Heart Foundation (FS/12/83). CS is supported by the Chief Scientist Office (ETM/266). SA and DEN are supported by the British Heart Foundation (FS/12/83; CH/09/002). DEN is the recipient of a Wellcome Trust Senior Investigator Award (WT103782AIA). Edinburgh Clinical Research Facility and the Clinical Research Imaging Centre are supported by NHS Research Scotland (NRS) through NHS Lothian. SS has received funding for this work via the British Heart Foundation Centre of Research Excellence award for the University of Edinburgh.

Authors’ contributions
CS, SA, DN and SS designed the study, collected and analysed, data and drafted the manuscript. TM and CG analysed and interpreted data, and drafted the manuscript. MD, JP, SP, MP, RG, SM and PH designed the study and drafted the manuscript. All authors read and approved the manuscript.

Competing interests
The authors declare that they have no competing interests.



                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Hahn PF, Stark DD, Lewis JM, Saini S, Elizondo G, Weissleder R, Fretz CJ, Ferrucci JT. First clinical trial of a new superparamagnetic iron oxide for use as an oral gastrointestinal contrast agent in MR imaging. Radiology. 1990;175:695–700.CrossRefPubMed

2.
Saini S, Stark DD, Wittenberg J, Brady TJ, Ferrucci JT. Ferrite particles: a superparamagnetic MR contrast agent for the reticuloendothelial system. Radiology. 1987;162:211–6.CrossRefPubMed

3.
Rogers JM, Lewis J, Josephson L. Visualization of superior mesenteric lymph nodes by the combined oral and intravenous administration of the ultrasmall superparamagnetic iron oxide, AMI-227. Magn Reson Imaging. 1994;12:1161–5.CrossRefPubMed

4.
Canet E, Revel D, Forrat R, Baldy-Porcher C, de Lorgeril M, Sebbag L, Vallee JP, Didier D, Amiel M. Superparamagnetic iron oxide particles and positive enhancement for myocardial perfusion studies assessed by subsecond T1-weighted MRI. Magn Reson Imaging. 1993;11:1139–45.CrossRefPubMed

5.
Ros PR, Freeny PC, Harms SE, Seltzer SE, Davis PL, Chan TW, Stillman AE, Muroff LR, Runge VM, Nissenbaum MA. Hepatic MR imaging with ferumoxides: a multicenter clinical trial of the safety and efficacy in the detection of focal hepatic lesions. Radiology. 1995;196:481–8.CrossRefPubMed

6.
Kroft LJM, Doornbos J, van der Geest RJ, van der Laarse A, van der Meulen H, de Roos A. Ultrasmall superparamagnetic particles of iron oxide (USPIO) MR imaging of infarcted myocardium in pigs. Magn Reson Imaging. 1998;16:755–63.CrossRefPubMed

7.
Taylor AM, Panting JR, Keegan J, Gatehouse PD, Amin D, Jhooti P, Yang GZ, McGill S, Burman ED, Francis JM, Firmin DN, Pennell DJ. Safety and preliminary findings with the intravascular contrast agent NC100150 injection for MR coronary angiography. J Magn Reson Imaging. 1999;9:220–7.CrossRefPubMed

8.
Alam SR, Shah ASV, Richards J, Lang NN, Barnes G, Joshi N, MacGillivray T, McKillop G, Mirsadraee S, Payne J, Fox KAA, Henriksen P, Newby DE, Semple SIK. Ultrasmall Superparamagnetic Particles of Iron Oxide in Patients With Acute Myocardial Infarction: Early Clinical Experience. Circ Cardiovasc Imaging. 2012;5:559–65.CrossRefPubMed

9.
Yilmaz A, Dengler MA, van der Kuip H, Yildiz H, Rosch S, Klumpp S, Klingel K, Kandolf R, Helluy X, Hiller KH, Jakob PM, Sechtem U. Imaging of myocardial infarction using ultrasmall superparamagnetic iron oxide nanoparticles: a human study using a multi-parametric cardiovascular magnetic resonance imaging approach. Eur Heart J. 2013;34:462–75.CrossRefPubMed

10.
Richards JMJ, Semple SI, MacGillivray TJ, Gray C, Langrish JP, Williams M, Dweck M, Wallace W, McKillop G, Chalmers RTA, Garden OJ, Newby DE. Abdominal Aortic Aneurysm Growth Predicted by Uptake of Ultrasmall Superparamagnetic Particles of Iron Oxide: A Pilot Study. Circ Cardiovasc Imaging. 2011;4:274–81.CrossRefPubMed

11.
McBride OMB, Berry C, Burns P, Chalmers RTA, Doyle B, Forsythe R, Garden OJ, Goodman K, Graham C, Hoskins P, Holdsworth R, MacGillivray TJ, McKillop G, Murray G, Oatey K, Robson JMJ, Roditi G, Semple S, Stuart W, van Beek EJR, Vesey A, Newby DE. MRI using ultrasmall superparamagnetic particles of iron oxide in patients under surveillance for abdominal aortic aneurysms to predict rupture or surgical repair: MRI for abdominal aortic aneurysms to predict rupture or surgery-the MA(3)RS study. Open Heart. 2015;2:e000190.CrossRefPubMedPubMedCentral

12.
Trivedi RA. Identifying Inflamed Carotid Plaques Using In Vivo USPIO-Enhanced MR Imaging to Label Plaque Macrophages. Arterioscler, Thromb, Vasc Biol. 2006;26:1601–6.CrossRef

13.
Trivedi RA, U-King-Im JM, Graves MJ, Cross JJ, Horsley J, Goddard MJ, Skepper JN, Quartey G, Warburton E, Joubert I, Wang L, Kirkpatrick PJ, Brown J, Gillard JH. In vivo detection of macrophages in human carotid atheroma: temporal dependence of ultrasmall superparamagnetic particles of iron oxide-enhanced MRI. Stroke. 2004;35:1631–5.CrossRefPubMed

14.
Tang T, Howarth SPS, Miller SR, Trivedi R, Graves MJ, King-Im JU, Li ZY, Brown AP, Kirkpatrick PJ, Gaunt ME, Gillard JH. Assessment of inflammatory burden contralateral to the symptomatic carotid stenosis using high-resolution ultrasmall, superparamagnetic iron oxide-enhanced MRI. Stroke. 2006;37:2266–70.CrossRefPubMed

15.
Tang TY, Howarth SPS, Miller SR, Graves MJ, Patterson AJ, U-King-Im J-M, Li ZY, Walsh SR, Brown AP, Kirkpatrick PJ, Warburton EA, Hayes PD, Varty K, Boyle JR, Gaunt ME, Zalewski A, Gillard JH. The ATHEROMA (Atorvastatin Therapy: Effects on Reduction of Macrophage Activity) StudyEvaluation Using Ultrasmall Superparamagnetic Iron Oxide-Enhanced Magnetic Resonance Imaging in Carotid Disease. JAC. 2009;53:2039–50.

16.
Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC, Bunce NH, Firmin DN, Wonke B, Porter J, Walker JM, Pennell DJ. Cardiovascular T2-star (T2*) magnetic resonance for the early diagnosis of myocardial iron overload. Eur Heart J. 2001;22:2171–9.CrossRefPubMed

17.
Anderson LJ, Westwood MA, Holden S, Davis B, Prescott E, Wonke B,  Porter JB, Walker JM, Pennell DJ. Myocardial iron clearance during reversal of siderotic cardiomyopathy with intravenous desferrioxamine: a prospective study using T2* cardiovascular magnetic resonance. Br J Haematol. 2004;127:348–55.CrossRefPubMed

18.
Westwood MA, Anderson LJ, Firmin DN, Gatehouse PD, Lorenz CH, Wonke B, Pennell DJ. Interscanner reproducibility of cardiovascular magnetic resonance T2* measurements of tissue iron in thalassemia. J Magn Reson Imaging. 2003;18:616–20.CrossRefPubMed

19.
Westwood M, Anderson LJ, Firmin DN, Gatehouse PD, Charrier CC, Wonke B, et al. A single breath-hold multiecho T2* cardiovascular magnetic resonance technique for diagnosis of myocardial iron overload. J Magn Reson Imaging. 2003;18:33–9.CrossRefPubMed

20.
Carpenter J-P, He T, Kirk P, Anderson LJ, Porter JB, Wood J, Galanello R, Forni G, Catani G, Fucharoen S, Fleming A, House M , Black G, Firmin DN, Pierre TGS, Pennell DJ. Calibration of myocardial iron concentration against T2-star Cardiovascular Magnetic Resonance. J Cardiovasc Magn Reson. 2009;11:1–2.CrossRef

21.
Kirk P, He T, Anderson LJ, Roughton M, Tanner MA, Lam WWM, Au WY, Chu WCW, Chan G, Galanello R, Matta G, Fogel M, Cohen AR, Tan RS, Chen K, Ng I, Lai A, Fucharoen S, Laothamata J, Chuncharunee S, Jongjirasiri S, Firmin DN, Smith GC, Pennell DJ. International reproducibility of single breathhold T2* MR for cardiac and liver iron assessment among five thalassemia centers. J Magn Reson Imaging. 2010;32:315–9.CrossRefPubMedPubMedCentral

22.
Carpenter J-P, He T, Kirk P, Roughton M, Anderson LJ, de Noronha SV, Sheppard MN, Porter JB, Walker JM, Wood JC, Galanello R, Forni G, Catani G, Matta G, Fucharoen S, Fleming A, House MJ, Black G, Firmin DN, St Pierre TG, Pennell DJ. On T2* magnetic resonance and cardiac iron. Circulation. 2011;123:1519–28.CrossRefPubMedPubMedCentral

23.
Ruehm SG, Corot C, Vogt P, Kolb S, Debatin JF. Magnetic Resonance Imaging of Atherosclerotic Plaque With Ultrasmall Superparamagnetic Particles of Iron Oxide in Hyperlipidemic Rabbits. Circulation. 2001;103:415–22.CrossRefPubMed

24.
Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, Pennell DJ, Rumberger JA, Ryan T, Verani MS, Myoca AHAWG . Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart: A statement for healthcare professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association. J Am Soc Echocardiogr. 2002;15:463–7.CrossRef

25.
Shah S, Xue H, Greiser A, Weale P, He T, Firmin DN, Pennell DJ, Zuehlsdorff S, Guehring J. Inline myocardial t2* mapping with iterative robust fitting. J Cardiovasc Magn Reson. 2011;13:P308.CrossRefPubMedCentral

26.
He T, Gatehouse PD, Kirk P, Tanner MA, Smith GC, Keegan J, Mohiaddin RH, Pennell DJ, Firmin DN. Black-blood T2* technique for myocardial iron measurement in thalassemia. J Magn Reson Imaging. 2007;25:1205–9.CrossRefPubMed




OEBPS/sidebar.gif





OEBPS/A12968_2016_261_Fig6_HTML.gif
B

TRReEEINEG

2% =64.4ms
R2=0.880

2° = 1.9ms
R?=0997






OEBPS/A12968_2016_261_Fig4_HTML.gif
BMI vs Panmyocardial R2*" change

35

o 20 a0 60 80
Panmyocardial R2° change

= 15T
= ar





OEBPS/A12968_2016_261_Fig2_HTML.gif
Panmyocardial average

150

g 3

(,-5) anfeA .2y






OEBPS/contact.gif





OEBPS/A12968_2016_261_Fig1_HTML.gif
P10

24 HOURS

MRI 1 = T2*, wall motion, LGE MRI2 = T2%





OEBPS/A12968_2016_261_Fig5_HTML.gif
20 =8.3ms
Ri=081

20 = 11.7ms
R1=0999






OEBPS/A12968_2016_261_Fig3_HTML.gif
R2*value (s7)

R2*value (s7)

R2* value (s™)

1.5T Pre-USPIO R2*

1.5T Post-USPIO R2"

-
.
=2
- = &
G
s

3T Pre-USPIO R2"

R2* value (s°')

3T Post-USPIO R2"

T
T+

e -
F&E S

R2* valus (s°)






