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Abstract

MR contrast media have become an indispensable part of magnetic resonance (MR) imaging, but their roles in ablation therapies are
still controversial. The interactions between physical/biological properties of MR contrast media (Longitudinal=T, transverse=T, and
susceptibility=T,* relaxation times) and diseased tissues (perfusion, edema, hemorrhage and coagulative necrosis) play important roles
in differentiating pathologic and ablated tissues. Unlike iodinated contrast media, MR contrast media are not directly measurable on
MR images, but their effects on adjacent nuclei are observed. Paramagnetic and superparamagnetic MR contrast media, represented by
gadolinium chelates and iron oxide particles, demarcate tumors and cardiac ablation. Soon after ablation, gadolinium chelates enhance
the peri-ablated zone, but do not enhance the core of coagulative necrosis. The enhancement of peri-infarct zone suggests the presence of
some nonviable tumor, intact microvessels, and moderate expansion of extracellular compartment. MR contrast media are also beneficial
in highlighting hemorrhage and injuries in neighboring organs due to improper targeting of the lesions. Additionally, it can be used in
monitoring vascular invasion and metastasis of the tumors. The provision of characteristics of pre- and post-ablation tissue characteristics
with MR contrast media might be helpful in complex ablation procedures. The development of specific and stable molecular MR contrast
media could help in optimizing a personalized therapeutic strategy. The scope of this review is not on the ablation techniques but on the
types of MR contrast media that are currently used in tissue ablation, their distribution, the appearance of ablated tissues on contrast
enhanced MRI, and the limitations of the usage of some MR contrast media.
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Introduction

Tissue biopsy is a standard method for differentiating tumors from fibrotic tissues and is considered to be an invasive procedure
and subject to sampling error. This procedure has been associated with complications, such as excessive bleeding (hemorrhage),
infection and puncture damage to nearby healthy tissue or organs. Ultrasonography, computed tomography and/or magnetic
resonance (MR) imaging are noninvasive techniques that can be used for characterizing and monitoring ablated tissues [1]. On
the other hand, ablation procedures can be performed invasively and noninvasively in surgery using heat, ice or erosive chemicals.
It has been shown that tissues subjected to temperatures higher than 42 °C or below zero °C are considered thermally stressed,
while tissues subjected to temperatures above 60 °C or below -15 °C are considered necrotic [2]. Thus, there is a pressing need
to develop non-invasive method suitable to delineate tumors and characterize ablated scar tissue in patients. MR contrast media
were clinically introduced in late 1980. While these compounds are pivotal for tumor detection, characterization and treatment
planning, their roles are controversial during ablation. MR contrast media provide a wealth of tissue contrast depending on the
acquisition sequences used. Today the clinical applications of MR contrast media have been substantially expanded along with the
advancement in interventional procedures and new therapies [3]. One of the therapies is chemical and thermal ablation, which is
used to permanently destroy tumors [4,5] or abnormal cardiac electric currents [6-9].

MR contrast media represent an alternative option for patients at risk of adverse reactions to iodinated contrast media. These
compounds shorten the T1 and T2 relaxation times of the tissues. The advantages of MR imaging arise from: the superior soft tissue
contrast, noninvasiveness, lack of radiation, high spatial and temporal resolution, inherent 3D data acquisition with unlimited
orientation, intrinsic contrast exploitable for tissue characterization, sensitivity to blood flow, temperature measurement, and the
different ways in which MR signal produced and processed [10-14]. Recently investigators demonstrated that a single loopless
antenna could be configured to acquire high-spatial-resolution MR images at 3T, locally deliver radiofrequency energy, monitor
that delivery with MR thermometry, and assess the outcome of the ablation by means of relaxometry [15].
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The most commonly used MR contrast media are gadolinium chelates and iron oxide particles. Criteria for clinical suitability
of contrast media include diagnostic efficacy, safety, stability, clearance and cost. To our knowledge, there is no review article
addressing the roles of MR contrast media in characterizing chemical and thermal (cryoablation and hyperthermia) ablation
therapies, thus the scope of this review is on the types of MR contrast media that are currently used in tissue ablation, their
distribution, the appearance of ablated tissues on contrast enhanced MRI, and the limitations of the usage of some MR contrast
media. Excellent reviews have been recently published on ablation techniques [16-19].

MR Contrast Media

On MRI, image contrast is a function of proton density and tissue relaxation times. The term “relaxivity” describes how signals
deteriorate with time and become weaker or broader. The deterioration of an MR signal is analyzed in terms of two separate
processes, each with their own time constants. One process, associated with T, (spin-lattice relaxation time), is responsible for the
loss of signal intensity. T, relaxation is measured using a time constant called T, (in milliseconds, msec). T  is defined as the time
when 63% of the longitudinal magnetization has recovered. The other process, which is associated with T, (spin-spin relaxation),
is responsible for the broadening of the signal. T, relaxation is measured using a time constant called T, (usually reported in
milliseconds, msec). T, is defined as the time when 63% of the transverse magnetization has decayed. T,* results principally from
inhomogeneity in the main magnetic field. These inhomogeneities result from distortions of susceptibility-induced field produced
by the tissue or other materials placed within the field. The T * relaxation time is always shorter than the T, relaxation time and is
typically in milliseconds for water samples in imaging magnets. Values differ in different tissues/organs and pathologies.

T, weighted imaging is useful for assessing structures that are high in fat or structures that are near water filled structures, such as
joints, which otherwise would be hard to be seen on T, weighted imaging. On the other hand, T, weighted imaging is useful for
assessing water-rich structures such as inflammation associated with edema. These lesions appear bright on this sequence. Other
MR are called T * or susceptibility sequences. These sequences, which are used to accentuate local magnetic homogeneity effects,
aid in the detection of hemorrhage and calcifications.

MR contrast media have unpaired electrons, which generate large fluctuating magnetic fields within the MRI environment. These
compounds have included the use of several magnetic elements such as gadolinium (Gd**), manganese (Mn?**), dysprosium (Dy**)
and iron (Fe*"). The relaxation time is proportional to the square of the magnetic moment of paramagnetic elements. Paramagnetic
(represented by gadolinium chelates) and superparamagnetic (represented by iron oxide particles) MR contrast media have
different numbers of unpaired electrons. For example, gadolinium and iron have 7 and 5 unpaired electrons, respectively. The
magnetic field produced by an electron is stronger than by H! protons. It has been shown that gadolinium and manganese affect
T, and T, of protons in the tissue, hence whether the tissue signal increases on T, sequences or decreases on T, sequences is
depending on their local concentrations [20]. On T, weighted sequences, iron and dysprosium generate local magnetic field
gradients that disrupt the homogeneity of the magnetic field, which causes signal reduction on T, sequences [21].

MR contrast media are also classified as extracellular (< 2500 Da) or blood pool (intravascular) (>38 kDa). Clinically available
extracellular MR contrast media are T, -enhancing contrast media with a molecular weight of 500-2500 Da. Efficient T -enhancing
MR contrast media have a high magnetic susceptibility effect and can potentially be used to exert susceptibility with appropriate
dosages and imaging sequences [22]. Blood pool MR contrast media have the following advantages over extracellular media
[20,23]:

1. Provide longer enhancement and imaging time because of their prolonged plasma half-life (=90 min) compared to extracellular
MR media (17-20 min);

2. Provide better contrast to noise ratio on MR angiography;

3. Provide high dose efficiency that is related to the high R, relaxivity;

4. Provide accurate information in regard to myocardial blood volume and perfusion;

5. A sensitive marker for microvascular hyperpermeability and integrity.

Gadolinium based blood pool contrast media have been used for detecting the increases in vascular density and permeability in
tumors. They are also used for testing the effectiveness of tumor therapies [24]. Kholmovski et al. [25] showed in swine that acute
atrial lesion could be visualized as early as 3 minutes after RF ablation and could persist for up to 3 hours after the injection of
the blood pool contrast agent (Ablavar, Lantheus Medical Imaging Inc., N. Billerica, MA). This contrast medium showed more
distinct enhancement predominantly in the ablated regions and not so much in fibrous tissues. However, these agents have rarely
been used in patients before or after ablation therapies.

Gadolinium Chelates

MR contrast media are delivered either intravenously or locally [26-28]. Intravenously injected gadolinium chelates enhance the
visibility of ablated tissue and inflammation in the peri-ablated zone [14]. These compounds are also used to provide information
on the integrity of microvessels, blood volume, perfusion and probing of microvascular integrity [29,30]. MR contrast media could
be mixed with ethanol [31] or emboli and delivered locally to highlight the injection sites [32,33].
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Gadolinium ion is quite toxic to patients. However, chelated gadolinium agents are less toxic because they are excreted rapidly
through the kidneys before the free ion is released in the body. The chelates reduce the chances of toxicity that could result from
exposure to free gadolinium. However, certain patients who received gadolinium-based contrast media appeared to be at an
increased risk for developing serious nephrogenic systemic fibrosis. A possible association between nephrogenic systemic fibrosis
and gadolinium-based contrast media was first reported in May 29, 2006 [34]. Patients at risk are those with acute or chronic
severe renal insufficiency (glomerular filtration rate < 30 mL/min/1.73m?) or hepato-renal syndrome. Since December 2006,
FDA has continued to investigate reports of nephrogenic systemic fibrosis in patients who received gadolinium-based contrast
media to help define risk factors for nephrogenic systemic fibrosis. In addition, the FDA has requested the manufacturers of
all gadolinium-based contrast media to add a new Boxed Warning and “Warning” section to their labels to describe the risk of
developing nephrogenic systemic fibrosis.

The effects of MR contrast media on signal intensity are described in terms of T, and T, relaxivities. The relaxivity of a contrast
medium is defined as the slope of the curve of 1/T | (T, relaxation rate) or 1/T, (T, relaxation rate plotted against the concentration
of a contrast medium). The relaxation rate ratio (R /R ) can be used to determine whether the medium is causing predominant T,
shortening with a loss of signal on T,-weighted images (R, significantly greater that R ) or T, shortening with an increased signal
on T -weghted images (R, > R ). Investigators also found that T -enhancing media had high magnetic susceptibility effects with
high doses and specific imaging sequences [35,36]. Furthermore, the interactions between pathologic tissues (edema, necrosis or
hemorrhage) and physical/biophysical properties of MR contrast media (T, T, and T,*) also play important roles in differentiating
healthy from pathologic tissues.

Iron Oxide Particles

Iron oxide particles are highly biocompatible due to the natural metabolism of iron in vivo. They are small enough to extravasate
through injured microvessels, where they are engulfed and concentrated by tissue-resident macrophages [37]. John et al. [38]
showed that the penetration time of iron oxide particles (20nm in diameter) was directly related to the tissue elasticity. The
morphological, structural, and magnetic profiles of iron particles determine their suitability for MR imaging and magnetic
hyperthermia/ablation [39,40]. It should be noted that iron oxide particles, not gadolinium chelates, are visible on MRI and
histopathology. Therefore it is used to label stem cell therapy and define the sites of injection of local therapies. Figure 1 shows the
distribution of locally injected iron oxide particles (Feraheme?, 6 mg/03 ml) in the tissue 10 days after delivery.

Figure 1: Microscopic section shows the distribution of locally injected iron oxide particles (Feraheme®, 6 mg/03 ml) in the tissue
10 days after delivery (40X). Iron oxide particles (blue) are visible on MRI and histopathology; therefore it is used to label the cells in
cases of stem cell therapy and to define the sites of injection of local therapies. Gadolinium chelates are invisible on light microscopy

Iron oxide particles consist of an iron oxide core surrounded by a coating of carbohydrate or polymer [41] and are divided into
superparamagnetic (>50nm) and ultra-small superparamagnetic iron oxide particles (<50nm) [42]. The large iron oxide particles
are quickly sequestered by reticulaendothelial system. Ultra small superparamagnetic iron oxide particles have longer circulation
times in the blood and broader tissue distribution because they avoid reticula-endothelial system sequestration. Superparamagnetic
iron oxide particles of 5-8nm undergo glomerular filtration and renal clearance, while particles of greater than 8nm with specific
surface charges and hydrophobicity are phagocytosed by liver Kupffer cells and cleared via the biliary system [43].
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Iron oxide particles are taken up by macrophages and infiltrated into infarcted myocardium. Because of the T,* decay time, the
particles create signal loss that can be visualized and quantified on MR imaging [44]. Investigators found that iron oxide particles
were specifically taken up only by activated macrophages, but not by undifferentiated monocytes. The iron oxide particles are also
accumulating in the tumor tissues due to the large gaps of endothelial lining of new blood vessels. These particles have been used
as MR contrast media for imaging, targeting and drug delivery [45-47].

Iron oxide particles have greater magnetic susceptibility than gadolinium-chelates [23,48-50] thus garnering interests in imaging
tissue ablation [51-53] and molecular imaging [41]. Iron oxide particles can be detected at molar concentrations, offering sufficient
sensitivity for T * weighted imaging [45,54]. The ability of iron oxide particles to generate heat upon exposure to an alternating
magnetic field made it useful for treatment of deep-seated lesions [55,56] and tumor ablation [56].

Ferumoxtran (Combidex, AMAG Pharmaceutical Inc.) is an iron oxide MR contrast medium that is safe for patients with renal
failure and contrast allergy. It provides a stable enhancement during surgery to remove tumors and it remains in the tissue long
enough for post-operative MR imaging [57].

Contrast Media Distribution

The charges, molecular weight and shape of MR contrast media determine their distribution in the body. The distribution
of extracellular and blood pool contrast media also depends on the integrity of blood brain barriers and size of the gaps in
microvessels, respectively. The distribution of extracellular contrast media in ablated tissue also rests upon sufficient perfusion
(>30% of baseline) and the type of transportation (diffusion or convection). Manganese ions, as intracellular medium, distribute
actively in the cellular compartment via voltage operated calcium channels [58].

Dynamic gadolinium-chelates imaging demonstrates the distribution of MR contrast media in the vascular compartment. After
bolus intravenous injection, the concentration rises in the input artery.

First pass contrast media perfusion imaging has the capability of assessing the dynamics of contrast medium distribution from the
microvessels to the interstitial compartment. Many different metrics can be directly or indirectly derived from perfusion imaging;
including blood flow, blood volume, mean transit time, permeability surface, peak enhancement, maximum upslope and time
to peak [59-61]. This type of acquisition allows the detection of hypervascularized tumors [62]. On the other hand, visualization
of the perfused regions is limited to a short time window after bolus injection. Investigators also found that the perfusion in the
core of ablated tissue is impaired due to the destruction of the microvessels, resulting in low signal intensity. On delayed contrast
enhanced MR imaging, the ablated core also shows no enhancement, but is surrounded by enhanced peri-ablated zone [63].
Figure 2 shows dynamic and delayed contrast enhanced MR images of ablated kidney. Note that on both sequences the ablated
lesion appeared as hypoenhanced zone [14].

Figure 2: Left: Dynamic MR Image showing the ablated renal lesion during the first passage of Gd-DTPA (0.15 mmol/kg) (arrow).
The other kidney was used as control; Right: Delayed contrast enhanced MR image acquired 10 minutes after administration of the
contrast medium. On both sequences the ablated lesion appeared as hypoenhanced zone (arrows) [14]

The detection of tumors can be enhanced by applying intracellular contrast media such as mangafodipir trisodium (Mn-DPDP)
[64] and bis-Gd-DTPA-mesoporphyrin (Gadophrin-2) [65]. In 14 liver ablation patients, Joarder et al. assessed the number of
lesions, ease of puncture planning, conspicuity of lesions, gallbladder, vessels, and surrounding bowel after administration of
Mn-DPDP. They observed significant improvement in lesion conspicuity and ease of puncture planning when Mn-DPDP was
used. They also found significant improvement in the number of lesions and bowel conspicuity [66]. The effects of Gadophrin-2
for detecting lesions of radiofrequency liver ablation on MR imaging have been experimentally demonstrated in rats bearing liver
tumor [67,68]. Investigators found poor contrast among normal liver, ablated lesion, residual and/or intact tumor on unenhanced
T1-weighted images. After administration of Gadophrin-2, the signal intensity of the tumor in the liver was time dependent,
where signal intensity of the peri-ablated zone was enhanced by 45% and 90% in the early and late stage, respectively. As a result,
the ablated core appeared as a hypoenhanced region.
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Dendrimers are small nanoparticles (<15 nm) composed of highly branched synthetic polymers that can harbor smaller particles
(e.g., contrast media particles). These intravascular compounds are non-immunogenic and have a prolonged circulation half-life
[69]. Dendrimers have also been used for oncology drug delivery and diagnostic imaging model [70]. Investigators found that MR
imaging performed with nano-sized contrast media could help to investigate three parallel processes during the carcinogenetic
pathways towards dysplasia and full malignancy: 1) the progressive capillarization of the sinusoids together with an increase in the
number of arterioles, 2) the progressive loss of biliary polarization of the hepatocyte and the derangement of secretory structure
and 3) the progressive nodular depletion of Kupfter cells in mice model [71]. Ringe et al. [72] and Di Martino et al. [73] found
that the availability of biphasic contrast media, such as gadoxetate disodium, with vascular and elective hepatocytic uptake, could
potentially offer more chances to standardize the hepatocyte carcinoma, while offering a morphological imaging combined with a
purely functional imaging. Gadoxetate disodium is a gadolinium-based liver specific MR contrast agent that differs from most of
other gadolinium chelates in possessing substantially increased R, relaxivity in blood. Gadoxetate disodium can be used to either
reduce the dose of contrast medium or increase the degree of both vascular and parenchymal contrast enhancement. Furthermore,
since about half the amount of gadoxetate disodium is eliminated through the hepatobiliary pathway, liver-specific imaging during
the delayed hepatobiliary phase can be performed to improve both lesion detection and characterization. Compared with CT,
gadoxetate disodium-enhanced MR imaging yvields significantly higher diagnostic accuracy and sensitivity for the detection of
new hepatocyte carcinoma in treated patients. MRI with liver-specific contrast agent can be used to confirm the technical success
of radiofrequency ablation [74]. Since the fibrous tissue is the main component of ablated tissues, there is a need for specific MR
contrast media that has the potential to delineate fibrous tissue at early stage.

Appearance of Treated Tissues on MR Imaging

Diftfusion-weighted, first pass perfusion, magnetization transfer and delayed contrast enhanced MR imaging have been used for
identifying the appearance of ablated tissues [75-77]. These imaging sequences can be performed in a single session “one-stop
evaluation” before and after ablation. Diffusion-weighted imaging measures the random diffusion of water molecules [76,78].
Tissues with high cellular density or altered cellular membranes have restricted diffusion, which is depicted as signal hyperintensity
areas on high b-value diffusion-weighted images and hypointensity on the apparent diffusion coefficient maps.

On unenhanced T1-weighted MR images, the signal intensity overlaps among normal, peri-tumor zone and tumor necrosis. On
T2-weighted sequences, the peri-ablated zone shows differential enhancement. This differential enhancement has been attributed
to the increases in regional perfusion and blood volume in response to temperature changes [79]. After tissue ablation, MR
contrast media do not enhance the core of ablated tissue (Figure 3).

Figure 3: Delayed contrast enhanced MR images in 3 different views acquired 3 hours after thermal ablation. Gd-DTPA (0.15 mmol/
kg) was intravenously injected to delineate the ablated tissue. The axial, sagittal and coronal T1-weighted MR images of ablated left
kidney show coagulative necrosis as hypoenhanced zone (arrows) [14]

Cardiac ablation is a standard treatment procedure for eliminating different types of cardiac arrhythmia. Investigators used
ablating catheter for this purpose followed by administration of MR contrast media to delineate ablated spots [6-9]. Investigators
also found that contrast enhanced MR imaging was useful for identifying arrhythmic substrate [80,81]. McGann et al. indicated
that contrast enhanced MR imaging had the ability to encompass the target volume through direct imaging of signal enhancement
after tissue ablation in patients [8]. An integrated 3D scar reconstruction from delayed gadolinium-enhanced MR imaging
was used to facilitate ventricular tachycardia ablation [82] and to confirm/deny the presence of scar after the intervention.
Furthermore, there has been increasing interest in visualizing the immediate post ablation injury to better understand its effect on
left atrium remodeling and the success of the procedure [83]. Within 24 hours after ablation, dark regions of no-reflow on contrast
enhanced MR imaging have been used to correlate with regions of myocardium that eventually become scarred [84,85]. In the
heart, ablated myocardium is invisible on T, weighted images. However, the spatial extent of the lesion was clearly demarcated
with this sequence after administration of gadolinium-DTPA [86]. The investigators also found that the lesion borders were
clearly demarcated 60 seconds after contrast media injection, suggesting sufficient perfusion. The intensity-versus-time data for
the contrast-enhanced lesion indicated a rapid initial uptake of gadolinium and a gradual washout over the next several minutes.
Direct visual comparison of right ventricular lesions on gross examination and those derived on contrast enhanced MR imaging
10 minutes after ablation demonstrated similar lesion geometries. Lesion width and length measured on gross examinations
and contrast enhanced MR imaging examinations correlated well (width: 6.7+0.5 versus 7.1+0.9 mm, P<0.05; length: 9.4+1.5
versus 9.9+0.9 mm, P<0.05). Differential enhancement is based on the fractional distribution volumes of gadolinium chelates in
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normal and infarcted myocardium. Arheden et al. found in normal myocardium that gadolinium chelates could not penetrate
the membrane of viable cells and therefore the enhancement was derived from the extracellular compartment. After ablation,
myocardial cells lose their integrity that allows the diffusion of the contrast agent into the intracellular compartment resulting in
regional hyperenhancement [87,88].

Dickfeld et al. [6] described the characteristics of radiofrequency ablation of gadolinium-enhanced MR imaging. They found
that 1) gadolinium enhanced MR imaging displayed four distinct phases of enhancement: signal void at 1 min, peripheral
enhancement at 15-45 min, complete enhancement at 85 min, and loss of enhancement at 600 min; 2) the size of radiofrequency
lesions, transmural extent, and gaps between the lesions could be adequately assessed on dynamic and delayed MR images and
3) the appearance of radiofrequency lesions on contrast enhanced MR imaging was similar over a wide range of applied energy.

A few studies have examined the histology of human atrial myocardium after atrial fibrillation ablation procedures. Deneke et al.
[89] sampled 59 lesions at the time of intraoperative cooled tip RF catheter ablation and found lack of transmurality in 25% of
all lesions. Accord et al. [90] reported the histological findings in 3 patients who died 2 to 22 days after intraoperative epicardial
microwave ablation for pulmonary vein isolation. At autopsy, only 3 of 13 specimens from these patients showed transmural
lesions. Kowalski et al. [91] described the histopathologic and electrophysiological findings in 12 patients with recurrence of atrial
fibrillation after 8+11 month after pulmonary vein isolation, which underwent a subsequent surgical maze procedure. The most
common evidence of injury was endocardial thickening in 21 specimens (95%), fibrous scar in 18 specimens (82%), and nuclear
pyknosis in 16 specimens (73%). The histological findings show that nontransmural ablation can produce a dynamic cellular
substrate with features of reversible injury.

In an experimental study, Saeed et al. [14] used first pass perfusion and delayed contrast enhanced MR imaging for characterizing
the effects of thermal ablation on the kidney (Figure 1 and 2). On both sequences, normal renal tissue was enhanced, but the
ablated core was not. The ablated core appeared as wedge-shaped zone after administration of Gd-DTPA. These hypoenhanced
wedge-shaped zones are most likely resulted from the destruction of blood vessels by the heat. Figure 4 shows macroscopic and
microscopic changes in the ablated core and peri-ablated zone after thermal ablation. In gross specimens, three distinct zones were
observed, namely white core (coagulation zone), red band (peri-ablated zone) and normal renal tissue. The peri-ablated zone was
invaded by inflammatory cells and showed evidence of edema and damaged blood vessels. Similar pattern of MR enhancement
was observed in ablated liver and prostate tumors [92-94]. Dromain et al. reported that the peri-ablated thin zone presented at two
months in 32% of the total radiofrequency ablated lesion [93]. They also found that the peri-ablated thin zone was better visualized
on delayed contrast enhanced than first pass perfusion images. They also indicated that the enhanced peri-ablated zone should not
be misread as peripheral tumor re-growth because residual or recurrent tumors had irregular and thicker zone. Sironi et al. [95]
studied 31 patients with hepatocellular carcinomas treated with RF ablation. They found that first pass perfusion and T -weighted
MR sequences were more effective than computed tomography in showing the recurrence.

Figure 4: Macroscopic and microscopic sections show the ablated core and peri-ablated zone after thermal ablation (arrows). The H&E
stained tissue (bottom sections 10X and 100X; the box)) shows the damage of the nephrons, vascular obstruction and interstitial edema.
These vascular and cellular changes attributed to the perfusion deficit seen on dynamic and delayed contrast enhanced MRI [14]
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Clinical studies showed the enhancement of the peri-ablated ablated soft tissues in the prostate, pancreas and lungs [96-98]. These
findings were confirmed experimentally. Figure 5 shows the correlation between a contrast enhanced MR image and macroscopic
section of the ablated soft tissue; such as the kidney. In the bones (femur and lumber vertebrate), contrast enhanced MR images
provided no enhancement of the bones, but of the adjacent soft tissue (Figure 6 and 7) [99-101].

Figure 5: Left: Sagittal T1-weighted MR image of ablated muscles acquired one hour after thermal ablation. Gd-DTPA (0.15 mmol/
kg) was intravenously injected to delineate the ablated tissue. Note that the peri-ablated zone was enhanced, but not the core of
ablated region (arrows); Center: Low magnification section (10X) shows the ablated triangular tissue surrounded by normal tissue
(arrows); Right: High magnification section (40X) of the box in the center shows the expansion of interstational compartment (light
stained spaces) in the ablated tissue on the cost of the shrinkage of the muscles [99]

Figure 6: Coronal view of the two lesions (arrows) in the femur one hour after thermal ablation in swine model. The
upper femur served as control. This T1-weighted fast spin echo image was acquired 10 min after administration of 0.15
mmol/kg Gd-DTPA and shows the moderate enhancement of the adjacent muscles (arrowheads), but not the bone [100]

Figure 7: Left: Axial T1-weighted MR image of ablated lumber facet joint acquired one hour after thermal ablation (arrows). Gd-DTPA (0.15
mmol/kg) was intravenously injected to delineate the ablated tissue. Again, the peri-ablated zone was enhanced, but not the core of ablated region;
Center: Sagittal view shows the left ablated facet joint (arrow); Right: Coronal view shows of the enhanced rim of the ablated facet joint [99]

MR Contrast Media during Ablations

Most previous clinical studies showed that contrast enhanced MR imaging was involved in pre-interventional planning and follow-
up but not in the ablation process. Intraoperative MR contrast media, however, are necessary because: 1) it allows positioning
of the ablation device within the lesion, 2) it provides assessment of the distribution of ablating chemical agents with similar
molecular weight [102-105].
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Delivery of ablating therapeutic agents such as ethanol, ethanolamine oleate, acetic acid or chemotherapeutic directly into a
pathologic lesion during interventions is considered to be an effective treatment for a wide range of diseases [104-109], including
liver tumors [110] and benign prostatic hyperplasia [111]. Among the various ablative agents, absolute ethanol is widely used
[112]. Alcohol ablation has been used as an alternative to open heart surgery in hypertrophic obstructive cardiomyopathy. During
ablation, injected ablation chemicals produce no differential enhancement. Therefore, investigators mixed ethanol with gadolinium
chelates to demonstrate the spatial diffusion of the mixture and localization of the necrosis [109,113,114]. Van Dockum et al. [113]
visualized regional hyperenhancement in the basal interventricular septum in all treated patients after mixing MR contrast media
with ethanol. Furthermore, they were able to measure infarction size on contrast enhanced MR imaging (20+9 g, corresponding to
10+5% and 31+16% of left ventricle and septal mass, respectively). Nanz et al. [115] found that the mixture of gadolinium chelates
and ethanol had no risk for interventional procedures. The enhancement by gadolinium chelates in ethanol versus aqueous
solutions was similar on spoiled gradient-echo MR imaging.

Magnetic heating using iron oxide particles (Fe,O,) is another approach in tumor ablation [5,116-120]. The heating of iron oxide
particles subjected to an alternating magnetic field is caused by a combination of hysteresis loss and Neel-Brownian relaxation.
Cellular coagulation was achieved when temperatures exceed 42 °C for over 30 minutes [121]. Gupta et al. found that the extent
of rise in temperature depended upon magnetic properties of the particles, magnetic field strength, frequency of oscillation, and
cooling capacity of the blood flow in the tumor site [122]. This approach offers a selective detection and refined tuning of the
degree of energy deposition at the target.

Other investigators used radiofrequency ablation, which included insertion of a catheter into the tumor through the skin to
induce focal coagulative necrosis in targeted tissues. The method was based on producing a radiofrequency of 200-1200 kHz
or temperature of 60-100 °C [123,124]. MR contrast media played a crucial role in confirming the success of radiofrequency
ablation in the lung and liver tumors [125-128]. Gadophrin 2, a necrosis specific MR contrast medium, showed great potential for
delineating ablated liver tissue using radiofrequency [67,68].

Similarly, percutaneous microwave ablation is another effective treatment option for patients who are unfit to undergo surgical
resection [129,130]. The electromagnetic field creates rapid and homogeneous heating on tissue and subsequently coagulative
necrosis. This technique has been used in the lung, kidney, bone, pancreas, adrenal glands, chest wall, liver, brain, and prostate
[131]. Dong B, et al. found that gadolinium enhanced MR imaging was a more sensitive method than contrast enhanced CT for
evaluating the degree of tumor coagulative necrosis in hepatocellular carcinoma after microwave coagulation therapy [132].

Focused ultrasound ablation has been successfully used in treating patients with various types of tumors [133-136]. Currently
two complementary approaches are used to assess coagulative necrosis [137]. The first approach utilizes temperature sensitive MR
parameters (e.g., T, relaxation time, water diffusion, and water proton chemical shift) to noninvasively record the temperature
distribution at the treatment site during ablation. The second approach uses contrast enhanced MR imaging [75,138]. Recent
innovations in the field of thermal ablation procedures and real-time imaging have led to the development of MR-guided high
intensity focused ultrasound (MRg-HIFU). This noninvasive technique targets tumor by focusing ultrasound waves to induce
lethal temperatures [139]. The current clinical applications of this technique are in the following diseases: uterine fibrosis, bone
tumors (osteoid osteomas and primary malignancy), peripheral and central neurological-diseases (peripheral nerves and essential
tremor), and abdominal tumors (renal and hepatic). Experimental studies showed that MR contrast media were crucial for
confirming and sizing necrotic tissues [14,100,101]. These studies also indicated that gadolinium chelates were useful for detecting
collateral damage caused by the extra heat derived from targeted tissues or ablation device missing the target.

Limitations of MR Contrast Media

It has been noted that the usage of gadolinium chelates is restricted in cases of renal disease and allergy due to the dissociation
of the gadolinium from the chelates [140]. Investigators found gadolinium as insoluble salts in bones, liver and spleen. On the
other hand, another recent study indicated that there was no evidence of gadolinium dissociation in vivo [141]. In an in vitro
study, investigators found that the dissociation rate of gadolinium from Gd-DTPA was very low even when the contrast agent
was dissolved in ethanol, and the admixture produced an increase of signal that was sufficient for reliable visualization at 0.5T
and 1.5T [115]. It appears that the degree of gadolinium dissociation varies and depends on the structure of the chelates. For
example, greatest dissociation of gadolinium ions is in nonionic linear chelates (DTPA-BMA) compared to ionic linear (DTPA)
and macrocyclic (DOTA, HP-DO3A) [142,143].

The major side effects of free gadolinium and its chelates are: 1) the ionic radius of gadolinium is close to that of calcium which
causes blockage of the calcium channels and inhibition of calcium-dependent physiological processes [144] and 2) the presence of
free gadolinium in the plasma is associated with the development of nephrogenic systemic fibrosis disease [145-147]. Nephrogenic
systemic fibrosis, also known as nephrogenic fibrosing dermopathy, is a fibrotic disease of the skin and internal organs reminiscent
but distinct from scleroderma or scleromyxedema. Evidence for a link between nephrogenic systemic fibrosis and gadolinium
was first described in a case series of 13 patients, all of whom developed nephrogenic systemic fibrosis after being exposed to
gadolinium [148]. The chelated forms of the less stable gadolinium chelates might have a significant role but it appears that gradual
release of the dissociated gadolinium is pivotal in the development of nephrogenic systemic fibrosis [149]. The subsequential
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cleanup of the necrotic tissue by macrophages could also lead to gadolinium redistribution in healthy tissues. In current clinical
practice, however, risks in regard to the combined use of gadolinium chelates and hyperthermia were minimized by performing
the contrast enhanced MR imaging days before ablation, ensuring clearance of gadolinium at the time of ablation [150]. Care
must be taken with the use of proton resonance frequency shift-based MR thermometry in combination with gadolinium chelates
because it disturbs local magnetic field during MR thermometry, leading to errors in temperature calculations. It should also be
noted that gadolinium chelates cannot distinguish viable tumor cells from granulation tissue or viable tumor from reactive tissue
at the peri-ablated zone.

Iron oxide particles have other types of limitations namely biological aggregation in vivo, which cause poor distribution, reduced
heating capability [151,152] and possibly microvascular obstruction. The migration of the particles from tumors leads to false
metastasis.

The development of molecular MR contrast medium to noninvasively detect fibrotic tissue is needed to optimize a personalized
therapeutic strategy. T, and T, sequences with MR contrast media are useful for detecting and monitoring the evolution of
fibrotic tissue after ablation [153,154]. The major obstacles in using MR contrast media at the present time are the dissociation
of gadolinium from the chelates and nephrogenic systemic fibrosis. The development of targeted contrast medium with stable
chelates will allow the use of MR contrast in: 1) Pre-interventional planning for defining the lesion for thermal ablation therapy
and distinguishing penumbra and necrosis, 2) During intervention for targeting the lesion that involves placement of an applicator
into the target tissue and 3) Monitoring the effects of therapy on defined volume of the scar after the ablation, where delayed
contrast enhanced MR imaging provides appropriate restaging of ablated tissue.

Conclusion

MR contrast media provide vital information on microvascular perfusion/permeability, blood volume, extracellular volume, and
tissue viability before and after ablation therapies. Iron oxide particles have dual roles in tissue ablation: 1) detecting lesions before,
during and after ablation and 2) enhancing lesion temperature during thermal ablation. Safe, stable and thermal sensitive MR
contrast media are needed to broaden the applications of MR contrast media in ablation therapies. The development of targeted
molecular MR contrast media could help in optimizing a personalized therapeutic strategy. The provision of characteristics of pre-
during and post-ablation tissue characteristics with MR contras media might be helpful in complex ablation procedures.
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