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Abstract

OBJECTIVE—In this article, we summarize the progress to date on the use of superparamagnetic
iron oxide nanoparticles (SPIONSs) as contrast agents for MRI of inflammatory processes.

CONCLUSION—Phagocytosis by macrophages of injected SPIONs results in a prolonged
shortening of both T2 and T2* leading to hypointensity of macrophage-infiltrated tissues in
contrast-enhanced MR images. SPIONSs as contrast agents are therefore useful for the in vivo MRI
detection of macrophage infiltration, and there is substantial research and clinical interest in the
use of SPION-based contrast agents for MRI of infection and inflammation. This technique has
been used to identify active infection in patients with septic arthritis and osteomyelitis;
importantly, the MRI signal intensity of the tissue has been found to return to its un-enhanced
value on successful treatment of the infection. In SPION contrast-enhanced MRI of vascular
inflammation, animal studies have shown decreased macrophage uptake in atherosclerotic plaques
after treatment with statin drugs. Human studies have shown that both coronary and carotid
plaques that take up SPIONs are more prone to rupture and that abdominal aneurysms with
increased SPION uptake are more likely to grow. Studies of patients with multiple sclerosis
suggest that MRI using SPIONs may have increased sensitivity over gadolinium for plaque
detection. Finally, SPIONs have enabled the tracking and imaging of transplanted stem cells in a
recipient host.
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After 1V injection into humans, superparamagnetic iron oxide nanoparticles (SPIONSs)
become phagocytosed by macrophages and show prolonged T2 and T2* effects on contrast-
enhanced MR images in macrophage-infiltrated tissues [1]. As a result, MRI using SPION-
based contrast agents can be considered a biomarker of macrophage infiltration [2]. SPIONs
travel to sites of inflammation where their small size of 10-100 nm enables them to leak
through permeable capillaries into inflamed tissues where they are taken up by macrophages
[3]. Because the effect of SPION uptake by macrophages on MRI has only recently been
exploited for the imaging of inflammation and infection, we review both the animal studies
that form the basis for our understanding and the subsequent clinical applications of SPIONs
that have resulted. We cover the advantages and disadvantages of SPION-enhanced MRI
and compare them with the standard gadolinium-enhanced techniques where appropriate and
to the techniques in place that use x-rays and gamma rays. Finally, we address the question
of the use of iron-based contrast agents in cases of acute or chronic kidney disease and
infection.

Macrophages play a central role in both the acute and chronic phases of inflammation.
Acutely, macrophages induce the inflammatory reaction required to eradicate an infectious
agent, a side effect of which is increased vascular permeability. Acute inflammatory
reactions are characterized by a marked infiltration of the tissue by free fluid (edema)
accompanied by a cellular infiltration of neutrophils and macrophages [4]. After resolution
of the acute infection, macrophages coordinate the repair process, including the creation of a
fibrous scar [5]. Chronic infections are characterized histologically by the presence of
macrophages and lymphocytes [6]. Applications of MRI to the characterization of chronic
infections began with the use of gadolinium-based contrast agents, but this approach was
found to have limited specificity [7, 8] because these agents were not taken up by
macrophages. Later studies have shown, however, that the use of SPION-based contrast
agents resulted in improved accuracy in the MRI depiction of chronic infection, likely
because of the important role played by macrophages in the chronic inflammatory process
[6]. The ability MRI provides to diagnose and monitor inflammation has important clinical
applications because acute tissue changes occur far earlier than tissue necrosis and loss of
function. Improved imaging techniques can therefore enable earlier clinical intervention in
inflammatory disease and better outcomes [9]. Furthermore, reliable accurate MRI
visualization of inflammation can enable non-invasive longitudinal monitoring of disease
and treatment efficacy [10].

MRI excels at imaging inflammation because of its high spatial resolution (~0.1-1 mm),
ability to depict soft tissues and free fluid, and lack of ionizing radiation, unlike CT or PET.
This benefit was highlighted in a recent study that showed the ability of SPI-ON contrast-
enhanced MRI to stage pediatric malignancies as accurately as PET/CT using 18F-FDG
without the need for ionizing radiation [11] (Fig. 1). A potential drawback of MRI is longer
image acquisition times (on the order of minutes), leading to greater motion sensitivity
unless modern rapid sequences are used. Also, the low intrinsic sensitivity of nuclear
magnetism means that tissue concentrations of MRI probes must be in the micro- to
millimolar range compared with the subnanomolar concentrations of radionuclides required
for SPECT or PET/CT [9, 12, 13]. However, like gadolinium-based MRI, SPION-enhanced
MRI relies on the paramagnetism of electrons to perturb the relaxation times of abundant
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nearby water protons. The larger magnetic moments of SPIONSs relative to molecules
containing gadolinium explain the increased relaxivity of SPIONs compared with
gadolinium at similar tissue concentrations [10].

Some of the drawbacks to SPION imaging are summarized in a study by Storey et al. [14].
For instance, repeated infusions of SPIONs may lead to iron deposition and subsequently
elevated iron levels that have the potential to cause tissue damage via oxidative injury.
Furthermore, they noted a wide variation in iron clearance rates; 50% of the subjects
required up to 11 months to eliminate the excess iron from the body (Fig. 2). As a result,
SPION agents may affect signal contrast on subsequent radiographic examinations of up to
several months later, for example, in the liver. Iron also has a high magnetic susceptibility,
and this deposition in turn may lead to MR image artifacts [14]. Despite these potential
prolonged changes in the MRI signal intensity, we are aware of no evidence that focal
lesions have been masked as a result of earlier SPION administration, and it seems likely
that if radiologists are aware that a patient recently received SPIONS, the quality of the
image interpretation would not be compromised. Furthermore, it is unclear that the
persistent signal intensity changes on the iron-specific sequences used by Storey et al. are
secondary to SPION activity and not a result of increased iron stores [14]. For instance,
significant changes on T2-weighted images have been observed 3 months after the IV
administration of non-SPIONSs [15]. Prolonged MRI contrast changes in other organs, such
as the spleen, are less likely to be an issue because the duration of altered MRI signals is
significantly shorter in these organs than in the liver [14].

SPIONSs for Imaging Infection in Animals

SPION-based contrast agents have shown promising results in animal studies for MRI of
infections. For example, studies by Lefevre et al. [16] have shown a marked MR signal
intensity loss in the septic knees of rabbits injected with SPIONSs [16] (Fig. 3). The degree of
T2-weighted signal intensity loss in SPION-treated subjects was found to correlate with the
iron content in the imaged area [17]. Furthermore, Bierry et al. [2] showed that gadolinium
alone was unable to distinguish osteomyelitis from sterile inflammation induced by
mechanical damage in rabbit vertebral osteomyelitis, but SPIONs were effective for this
purpose [2]. This distinction could be made because macrophages are relatively sparse in
areas of noninfectious degenerative change [18, 19].

The successful use of SPION-based contrast agents in the MRI of osteomyelitis is based on
the massive infiltration of inflammatory cells, including macrophages, triggered by bone
infection [20]. Macrophages were seen to infiltrate the bone marrow in rabbits with vertebral
osteomyelitis, which was visualized with SPION-enhanced MRI [2]. Gadolinium-enhanced
MRI, by contrast, was unable to differentiate osteomyelitis from sterile inflammation in this
study. A second study similarly showed an altered MRI signal-to-noise ratio on SPION-
enhanced MRI in rabbits with histologically confirmed osteomyelitis 24 hours after SPI-ON
administration [21].

Another important potential application for SPIONSs is to distinguish between cancerous
tumors and infectious masses (abscesses). This can be a challenging distinction within the
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abdomen, where both entities show increased vascularity and occasionally similar
appearances on contrast-enhanced MRI. Seyfer et al. [22] found that abscesses could be
differentiated from viable tumor because they displayed a smaller contrast-to-noise ratio
than neoplasia when imaged using a T2*-weighted MRI sequence with SPIONSs [22]. That
this distinction was due to macrophage infiltration into the abscesses was shown using
histologic staining of macrophage-associated iron with Prussian blue [22].

SPIONSs for the Imaging of CNS Inflammation in Animals

Experimental applications of SPION-enhanced MRI to the imaging of CNS inflammation
have grown in the past several years and was summarized in a 2010 article by Stoll and
Bendszus [10]. Since that time, SPIONs have been used to image neuroinflammation in an
animal model of multiple sclerosis (experimental autoimmune encephalitis [EAE]).
Spatiotemporal aspects of neuroimaging in EAE were described by Chin et al. [23] and
Baeten et al. [24]. In addition, Thorek et al. [25] used a mouse model of dorsal root injury to
show that mice bearing cervical nerve injuries display distinctive enhancement patterns on
SPION-enhanced MRI. These findings in experimental animal models suggest that SPION-
enhanced MRI has the potential to show neuroinflammation and therefore may have utility
in identification of causes of idiopathic back pain.

The earliest applications of SPIONs used nanoparticles coated with a biocompatible surface
layer to prolong circulation time but otherwise remained unmodified. However, more recent
effort has been directed toward attaching recognition ligands to SPIONSs to increase the
specificity of their binding to and interactions with biologic targets in the body. For instance,
iron oxide nanoparticles conjugated to vascular cell adhesion molecule 1 (VCAM-1) have
been used to enhance MRI of both neuroinflammation and acute cerebral ischemia [26, 27].
Similarly, our group has conjugated SPIONSs to antibodies against amyloid in Alzheimer
disease plaques to enhance MRI detection of the plaques [28]. We have more recently
developed iron-platinum (Fe-Pt) nanoparticles [29] that target ionized calcium binding
adaptor molecule 1 (Iba-1) on activated cerebral microglia to directly reveal
neuroinflammation.

The involvement of macrophages in the repair process after transient occlusion of a cerebral
vessel has been monitored using MRI with SPION contrast agents in vivo and confirmed
with histology [30]. Cerebral ischemia is known to invoke an inflammatory response, and
SPION-associated MR signal intensity changes are related to the detection of inflammatory
cells in ischemic areas 3—4 days after the initial insult. However, within the first 24 hours of
middle cerebral artery occlusion, SPION-induced MRI changes are related to blood-brain
barrier defects and intravascular trapping of the contrast agent by thrombotic vessel
occlusion and not by macrophage uptake itself [12, 31, 32].

Other Applications of Using SPIONs to Image Inflammation in Animals

Floc’h et al. [33] used SPIONSs to aid the imaging of lipopolysaccharide-induced cochlear
inflammation in guinea pigs and showed decreased signal intensity in T2-weighted MR
images. A similar study used a turpentine-induced inflammatory model in mice to image
murine inflammation by means of SPION-enhanced MRI. This study concluded, in
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agreement with findings from human studies, that the optimal timing of contrast-enhanced
MRI is 24 hours after administration of SPIONSs [34].

Stem cell transplantation is being investigated as an approach for the treatment of knee
arthritis, a highly prevalent problem in the United States. Ferumoxytol has been studied as a
contrast agent for monitoring the successful engraftment of stem cells and to monitor the
development of complications, such as tumor formation or graft rejection. Khurana et al.
[35] showed that ferumoxytol could be injected IV into stem cell transplant donors. The in
vivo labeled stem cells were confirmed to contain ferumoxytol by histology and were then
transplanted into osteochondral defects of stem cell recipient mice. This procedure enabled
contrast-enhanced MRI of the stem cells up to 4 weeks after transplantation [35, 36].
Additional studies on MRI of stem cells have been reviewed elsewhere [37].

MRI of renal inflammation with the aid of SPIONSs has also been shown. Nontargeted
SPIONs were found to be effective in revealing macrophage accumulation in Kidney disease
[38, 39]. Serkova et al. [39] tested both nontargeted SPIONs and nanoparticles conjugated
with a recombinant protein containing the C3d-binding region of the complement receptor
type 2 (CR2) for their ability to enhance MR images of a mouse model (MRL/lpr, Jackson
Laboratory) of lupus nephritis. Use of the targeted SPIONSs led to decreased water T2 in the
MRL/Ipr mice but not in the wild type (C57LB/6, Jackson Laboratory) mice, and the
nontargeted SPIONs did not alter the water signal intensity when used to image the
knockout mice (Jackson Laboratory) [39]. This imaging technique shows potential clinical
utility for noninvasive monitoring of disease activity in patients with lupus nephritis.

Multiple studies have used SPION-based MRI to detect vascular inflammation [34]. Millon
et al. [40] used SPIONSs to document the decreased macrophage infiltration in the aortic
walls of rabbits after 6 months of a chow diet and treatment with atorvastatin. Ruehm et al.
[3] similarly found an altered vascular signal in hyperlipidemic rabbits with atherosclerosis
on SPION-enhanced MRI [3]. Yu et al. [41] used SPIONSs to detect vascular inflammation in
rabbits after percutaneous coronary intervention, with results that were confirmed by
histology. In a similar vein, research using an ApoE knockout mouse model (ApoE™",
Jackson Laboratory) has shown convincing detection of inflammatory atherosclerosis by
means of SPION-enhanced MRI [42, 43].

Obesity is known to induce inflammation in adipose tissue. Obesity-related macrophage
infiltration is thought to contribute to obesity-related comorbidities. Nontargeted SPIONs
have been used to show macrophage infiltration of adipose tissue in vivo in ob/ob mice,
thereby noninvasively showing adipocyte inflammation [44].

Ferumoxytol for Imaging of Inflammation

Ferumoxytol is the only SPION approved by the Food and Drug Administration (FDA) for
human use in the United States. Specifically, ferumoxytol is approved for the treatment of
iron deficiency in patients with renal failure. In the clinical studies that led to FDA approval,
1562 patients with chronic kidney disease were given ferumoxytol. The most common
adverse reactions were nausea (3.1%) and dizziness (2.6%). Only three of 1726 patients
exposed to ferumoxytol had serious hypersensitivity reactions [45]. There were fewer
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adverse events associated with ferumoxytol than with oral iron (package insert, Feraheme,
AMAG Pharmaceuticals). The superparamagnetic properties of ferumoxytol have led to its
off-label use as an MRI contrast agent in humans, including for MRI of the adrenal glands
and kidneys and for arthritis [35, 46, 47]. A prominent early example of the potential of
SPIONs for MRI came when Harisinghani et al. [48] used ferumoxtran-10 (Combidex,
Advanced Magnetics), an earlier-generation SPION manufactured by the same company that
makes ferumoxytol, to accurately identify patients with lymph node metastases in prostate
cancer. This study found that the sensitivity of Combidex-enhanced MRI exceeded
conventional MRI for this purpose 91% versus 35%.

Human Studies Using SPIONs to Image Infection

Vertebral osteomyelitis has been effectively imaged with SPIONs in human studies. Fukuda
et al. [49] found that MRI of bone marrow involved in vertebral osteomyelitis showed a
distinct relative enhancement with SPIONs compared with the marrow of healthy control
subjects. Bierry et al. [50] also found, using SPION-enhanced MR, a loss of signal intensity
on T2-weighted spinal MRI in patients with vertebral osteomyelitis that was not observed in
patients with degenerative disk disease. As mentioned previously, the absence of an MRI
signal intensity change in chronic noninfectious inflammation is believed to be due to the
lack of macrophage infiltration [50]. In this study, gadolinium was not found to be useful to
differentiate aseptic inflammation from spinal osteomyelitis because gadolinium only shows
increased vascularity, which occurs in both conditions [8].

We are not aware of any studies using ferumoxytol to image infection in human marrow, but
Storey and Arbini [51] studied the characteristics of ferumoxytol uptake and elimination in
the bone marrow of human subjects (Fig. 4). These authors concluded that macrophage-
specific uptake could be useful for identifying infections and inflammation in the marrow
because the small size and longer plasma half-life of ferumoxytol result in improved marrow
uptake relative to older-generation iron oxide imaging agents. Once in the marrow,
ferumoxytol is rapidly taken up by macrophages, thus potentially providing a mechanism for
the imaging of active infection. This group also examined the time course of iron
elimination from the bone marrow and found that iron was completely removed after 5
months [51].

Human Studies Using SPIONs to Image Inflammation

SPION-enhanced MRI has been used to detect inflammation in the human cardiovascular
system. SPION enhancement was useful in showing the existence of myocardial
inflammation after myocardial infarction in both the infarcted and remote regions [52]. It
was proposed that the protracted presence of macrophages after infarction, detected through
SPION-enhanced MRI, might predict an increased likelihood of clinical heart failure [53].
This would have clinical importance because these patients would merit more aggressive
therapeutic interventions. Similarly, multiple studies have explored the use of SPIONSs to
image myocardial inflammation associated with heart transplantation [54, 55], a technique,
that if more widely applied, could potentially reduce the need for invasive biopsies to
monitor the viability of the transplanted tissue.
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Inflammation within carotid plaques was observed by Sadat et al. [56] using SPION-
enhanced MRI. Similar studies have looked at both symptomatic and asymptomatic carotid
plaques [57, 58]. It is of interest that a greater quantity of SPIONS is seen in rupture-prone
carotid plagues than in more stable lesions, perhaps because these unstable plaques have an
increased uptake of macrophages and thus are more inflamed [59, 60]. Treatment with
atorvastatin was found to decrease SPION uptake in carotid plaques [61].

Richards et al. [62] showed that aortic aneurysms with increased uptake of SPIONs were
more likely to grow. Their findings suggest that SPION-enhanced MRI studies might have
potential in determining the need for interventions in aortic aneurysms. Of note, the imaging
of atheroma using SPIONs has been more comprehensively reviewed elsewhere [63].

Ferumoxytol injections have also been used to enhance the specificity of MRI of the
cardiovascular system. In one such application, Hasan et al. [64] observed increased water
MRI signal intensity in the walls of aneurysms after 3 months of aspirin use by patients,
suggesting that there was a decreased local iron concentration resulting from a lowered
macrophage presence in these areas. Intracranial aneurysms and arteriovenous
malformations (AVMs) are inflammatory lesions in which pathophysiology is dependent on
macrophage activity. In a recent article, Chalouhi et al. [65] summarized the evidence that
intracranial aneurysms with early uptake of ferumoxytol are at increased risk of rupturing.
They also provided a proof-of-principle study showing that ferumoxytol-enhanced MRI may
be used to assess inflammatory cell burden in AVMs [65] (Fig. 5).

SPION-enhanced MRI was found to provide the ability to distinguish the inflamed pancreas
of type 1 diabetes mellitus patients from that of normal control subjects, a finding that was
based on the infiltration of the pancreatic islets by macrophages [66]. This observation may
support the use of SPIONs for noninvasive MRI monitoring of disease progression or
response to therapy (Fig. 6).

Multiple human studies have examined the use of SPIONs for imaging neuroinflammation.
Vellinga and colleagues [67] used SPIONs and MRI to image autoimmune inflammation in
multiple sclerosis (MS) patients. Impressively, this group found 188 lesions in 14 patients
using SPION-enhanced MRI compared with only 44 lesions detected with gadolinium-based
contrast agents in this same group of patients. These researchers went on to show that even
“normal white matter” showed diffuse inflammation in MS patients [68]. Interestingly,
Tourdias et al. [69] showed that MS lesions that enhanced with both gadolinium and
SPIONs were larger and more likely to also be found during subsequent imaging 6 months
later. This group proposed that the lesions that enhanced with both contrast agents might
exhibit a more aggressive evolution [69] (Fig. 7). Stroke is another neuroinflammatory
process that has been successfully imaged with SPIONSs. In clinical studies, SPION
enhancement did not correlate with infarct size, although patients generally had hyperintense
signal intensity on T1-weighted imaging and hypointense signals on T2-weighted imaging
[70, 71] (Fig. 8). Some patients with infarcts did not show SPION enhancement [10].

An important advantage of SPIONSs, which distinguishes them from gadolinium-based MRI
contrast agents and iodinated CT contrast agents, is their potential for safe use in patients
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with chronic kidney disease. For example, ferumoxytol, as described earlier, has been
approved by the FDA for iron replacement in chronic kidney disease patients. Hauger et al.
[38] showed the feasibility of using SPION-enhanced MRI to monitor macrophage
infiltration in native and transplanted kidneys and in patients with kidney transplant
rejection; other contrast agents were contraindicated in these patients.

Renal allografts can malfunction for multiple reasons, many of which include inflammatory
processes, such as those arising from an ischemic insult because of a lack of vessel patency.
As previously described, conventional contrast agents used for CT angiography and MR
angiography (MRA) are typically contraindicated in patients with renal insufficiency.
However, Bashir et al. [47] were able to use ferumoxytol-enhanced MRA to observe the
renal arteries in transplant patients and to assess vessel patency.

Although many studies have explored the role of ferumoxytol in MRI of inflammation, we
are not aware of any human studies that have used ferumoxytol in the imaging of infections.
This is surprising given that macrophages take up ferumoxytol and that these cells are
prevalent at sites of infection. It would therefore seem appropriate to use ferumoxytol as an
MRI agent for imaging infection.

Does IV Iron Increase the Risk of Infection?

A concern regarding the use of SPION-based contrast agents for the diagnosis of infections
is the potential for the exacerbation of infection due to the IV administration of iron-based
contrast agents. This concern stems from the observation in vitro that iron increases bacterial
proliferation [72]. Despite this theoretic concern, recent studies have found no evidence that
the use of IV iron compounds actually caused the clinical worsening of infections [73, 74].
In addition, neither of the human studies using SPIONSs described earlier noted worsening
osteomyelitis or other infectious complications after IV iron administration [49, 50]. Yu et
al. [75] used the SPION preparation ferucarbotran to image livers in 109 patients with
chronic viral hepatitis and did not report any infectious complications. Additional reports are
in consensus that hemodialysis patients supplemented with IV iron do not appear to be at an
increased risk of infection [76, 77].

No human studies have specifically evaluated the effect of IV iron on concurrent infection.
As a result, the practice of administering IV iron to patients with systemic infection is
generally avoided in clinical practice, in large part on the basis of animal studies showing
worsening of systemic infections in subjects treated with 1V iron [78-80].

Given the paucity of evidence linking the administration of IV iron with increased morbidity
in patients with existing infections, we believe that the potential utility of using SPIONs for
the imaging of infections should be weighed against any risks on a case-by-case basis.
Nevertheless, it seems prudent to propose that imaging patients with widespread systemic
infections or sepsis with SPION-based contrast agents should be avoided.
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Conclusion

The utility of SPIONSs for the imaging of infection and inflammation in human disease states
appears promising. Importantly, SPIONs may be safely used in patients with chronic kidney
disease for contrast-enhanced MRI studies when there are contraindications to other CT or
MRI contrast agents.
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Fig. 1. Hodgkin lymphoma. (Reprinted with permission from [11])
A and B, Whole-body diffusion-weighted MR image with ferumoxytol contrast

administration (A) and FDG PET/CT image (B) in 15-year-old patient show positive
retroperitoneal involvement (arrows) of stage 111A Hodgkin lymphoma.

C and D, Whole-body diffusion-weighted MR image with ferumoxytol contrast
administration (C) and FDG PET/CT image (D) in 14-year-old patient with stage 11B
Hodgkin lymphoma show positive right inguinal lymph nodes (arrows).
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Fig. 2. Relaxometry rate (R2) and effective relaxometry rate (R2*). (Reprinted with permission
from [14])

A and B, R2* (A) and R2 (B) images of liver show marked increase in signal at 3 days. In
this 28-year-old man, signal intensity for both R2* and R2 did not return to baseline at 11
months. Color scales are shown on left.
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Fig. 3. MRI of septic knee arthritis in rabbit before (A-C) and after (D-F) antibiotic
administration. (Adapted and reprinted, with permission from [16])

A, Unenhanced, T2*-weighted image shows thickened synovium (arrow). f = femur, p =
patella.

B, T2*-weighted image obtained 24 hours after superparamagnetic iron oxide nanoparticle
(SPION) injection shows infiltration of iron-laden macrophages into synovium (arrow).
C, Gadolinium-enhanced T1-weighted image shows synovitis (arrow).

D, T2*-weighted gradient-echo image shows only focal signal intensity loss in synovium
(arrowheads).

E, SPION-enhanced MR image after antibiotic administration shows no enhanced signal
intensity loss over unenhanced image (arrowheads).

F, SPION-enhanced MR image shows gadolinium continues to enhance synovium despite
antibiotic treatment.
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Fig. 4. Hip and femur. (Reprinted with permission from [51])
A-D, Gradient-echo images (A and C) and effective relaxometry rate (R2*) images (B and

D) show hip and femur of human subjects. A and B are baseline images and C and D are
images obtained 3 days after ferumoxytol administration. Color scale is provided for R2*
maps. In D, note that R2* signal intensity with ferumoxytol contrast-enhancement is
dramatically increased in red marrow but remains low in yellow marrow. E and F, Graphs
show relation between R2* response and proton density water fraction.
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Fig. 5. Patient whose aneurysm ruptured within 3 months. (Adapted and reprinted with
permission from [65])

A and B, Unenhanced (A) and ferumoxytol-enhanced (B) images show early uptake of
ferumoxytol at 24 hours (B) from T2* gradient-recalled echo sequence. This image is from
study that suggests that intracranial aneurysms with ferumoxytol uptake within 24 hours are
more likely to rupture [65].
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Fig. 6. Diabetes. (Reprinted with permission from [66])
A-D, T2-weighted pseudocolor reconstructions superimposed on unenhanced (A and C) and

superparamagnetic iron oxide nanoparticle (SPION)-enhanced (B and D) T1-weighted
images show no difference between diabetic patients and normal subjects on unenhanced
images. However, after ferumoxtran-10 (Combidex, Advanced Magnetics) SPION
administration, images are clearly distinct.
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Fig. 7. Multiple sclerosis lesions. (Adapted and reprinted with permission from [69])
A-C, Unenhanced (A), gadolinium-enhanced T1-weighted (B), and superparamagnetic iron

oxide nanoparticle-enhanced (C) MR images show multiple sclerosis lesions (arrows).
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Fig. 8. Comparative analysis of two middle cerebral artery infarctions localized to posterior
parietal cortex. (Adapted and reprinted with permission from [70])

A-C, 60-year-old woman 124 hours after stroke onset. T2-weighted image (A) shows
ischemic lesion. In comparison with unenhanced T1-weighted image (B), no enhancement is
seen with superparamagnetic iron oxide nanoparticle-enhanced image (C).

Comparative analysis of two middle cerebral artery infarctions localized to posterior parietal
cortex. (Adapted and reprinted with permission from [70])

D-F, 56-year-old man with infarct imaged 80 hours after stroke onset. Lesion is visualized
on T2-weighted image (D). Lesion shows improved visualization after ultrasmall
superparamagnetic iron oxide infusion (F) relative to unenhanced T1-weighted image (E).
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