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Thermal ablation using High Intensity Focused Ultrasound (HIFU) allows for non-invasive 

tumor treatment by selective tissue heating. The first therapeutic trial with focused 

ultrasound beams dates back to the 1940s (1). The therapeutic application of focused 

ultrasound was initially restricted to the treatment of neurological disorders, such as 

Parkinson’s disease. The Fry brothers were the first to report successful HIFU-induced 

local lesions in the central nervous system (2). Tumor treatment using HIFU was 

introduced in the 1970s (3). Since then, major technical advancements in HIFU set-ups 

have accelerated the clinical introduction of cancer therapy using HIFU. Nowadays, HIFU 

is applied for the treatment of a large range of tumor types, including uterine fibroids (4,5) 

and prostate (6-9), breast (10,11), liver (12-14) and bone (15) tumors. Particularly for 

treatment of malignant lesions, it is of key importance that the HIFU procedure can be 

accurately planned, monitored and evaluated. HIFU is therefore commonly performed 

under image guidance, either by ultrasound (US) or magnetic resonance imaging (MRI). 

While US is more time- and cost-effective than MRI, the use of MRI guidance seems 

preferred. Although multiple techniques for US real-time thermometry have been 

developed, e.g. based on the temperature dependence of the ultrasound propagation 

velocity (16), MR thermometry that uses the linear relationship between temperature 

increase and the proton resonance frequency shift (17) allows for a more accurate 

estimation of the temperature during the HIFU procedure. The dynamic temperature 

profile can be used to determine the thermal dose that was delivered to the tissue. A 

thermal dose of 240 equivalent minutes (EM) is generally considered as the threshold for 

complete cell death. However, the thermal sensitivity may vary between species and 

organs, which implies that the thermal dose threshold is dependent on tissue type (18,19). 

In addition, the effects of HIFU are not only based on heating. Depending on the settings, 

mechanical effects, such as cavitation and radiation forces, may also induce damage (20). 

Apart from direct effects of the combined thermal and mechanical damage to the tissue, 

such as those leading to coagulative necrosis, HIFU also causes initially sublethal tissue 

changes that may become fatal at a later time point after treatment (21). Therefore, for 

complete assessment of the success of the HIFU procedure, next to treatment monitoring, 

also extensive evaluation of the intervention should be performed. MRI offers a large 

variety of distinct contrast mechanisms that are sensitive to different effects of the HIFU 

treatment. Ideally, the MR protocol should be highly sensitive to acute tissue changes to 

allow for accurate evaluation of HIFU treatment effects directly after the intervention. If 

residual viable tumor tissue is detected, immediate re-treatment could eventually be 

performed, which would minimize the number of required hospital visits and maximize 

long-term outcome for the patient. Next to HIFU, also other methods, such as 

chemotherapy or radiotherapy, could be used as adjuvant therapy to treat residual tumor 

tissue after HIFU. Extensive MRI evaluation of the HIFU treatment would then also allow 

for localization and characterization of the residual tumor tissue and thereby aid in the 

planning of the adjuvant therapy. Multiple MRI methods have been assessed previously 

for their suitability for the evaluation of HIFU cancer treatment. While several of these 
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methods seem promising regarding their sensitivity to HIFU-induced changes, there is 

ample room for improvement of MRI-based HIFU treatment evaluation. In this chapter, the 

major effects of thermal treatment with HIFU are discussed. In addition, MRI methods that 

could detect these effects are discussed. At the end of the chapter, future directions with 

respect to MRI methods for the evaluation of HIFU treatment are discussed. 

During the HIFU procedure, ultrasound waves generated by a therapeutic transducer are 

focused into a very small volume, which greatly increases the intensity of the sound 

waves and thereby induces energy deposition in the target tissue. The energy that is 

absorbed by the tissue in the focal point of the transducer generates heat that can cause 

immediate coagulative necrosis in the tissue. Typically, treatment schemes are designed 

in such way that the tissue temperature rapidly increases to approximately 60 °C (22). As 

stated above, next to thermal effects, HIFU may also, depending on the settings, have a 

substantial mechanical influence on the tissue. One of these mechanical effects is 

cavitation, during which small gas bubbles in the tissue will start to grow and oscillate 

under the influence of the varying acoustic pressure during HIFU sonication. During 

inertial cavitation, these oscillating bubbles can eventually collapse, which leads to cell 

destruction and local high temperatures. Another mechanical effect of HIFU involves the 

generation of acoustic radiation forces. When ultrasound is applied at relatively high 

intensities, non-linear acoustic conditions may occur. Under these conditions, momentum 

can be transferred from the ultrasound waves to the tissue, which generates a 

unidirectional force, which is known as a radiation force. These radiation forces can 

induce local displacements of tissue in the focal point of the transducer (20,23). Repetitive 

displacements may lead to structural damage changes in the tissue, through the 

development of local strains (24). 

The focal point of the HIFU transducer can, either manually or electronically, be steered to 

allow for volumetric ablation of the tumor. The ablated lesion present after HIFU treatment 

generally consists of three zones: the central zone located in the target volume that 

undergoes immediate coagulative necrosis; the peripheral zone that was subjected to 

hyperthermia due to thermal conduction from the central zone; and the surrounding tissue 

that was not affected (21). A schematic drawing of the different tissue zones after HIFU 

treatment is shown in Figure 1. 

In the next paragraphs, the acute and delayed treatment effects in the central and 

peripheral zones are described. In addition, MRI methods that could provide imaging 

biomarkers for the treatment effects will be addressed. An overview of these treatment 

effects and the MRI methods that have been or could be used to detect these is listed in 

Table 1. 
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Figure 1. Schematic representation of the presence of a central zone of coagulative necrosis, a peripheral 

zone and a zone of unaffected tumor tissue after HIFU treatment of tumor tissue. 

Table 1. Overview of acute and delayed HIFU treatment effects and the MRI methods that have been or could 

be used to detect the treatment effects. ↑ and ↓ indicate an increase and decrease in the measured parameter 

after HIFU treatment, respectively. ≈ indicates an absent or heterogeneous change in the parameter. 

- indicates that there are no studies published (yet) in which the referred MRI method was used to evaluate 

thermal treatment.  

Acute treatment effects Delayed treatment effects 

Effect MRI method Findings Effect MRI method Findings 

Protein 
denaturation 

and 
aggregation 

MT imaging 
APT imaging 
T1ρ mapping 

MR 
elastography 

 
CE-MRI upon  

MS-325 
injection 

MTR ↑(25-27) 
chapter 4, 7 
 chapter 5, 7 

Stiffness ↑(ex vivo) 
(28,29) and ↓ (in vivo) 

(28) 
Signal intensity ↑ (30) 

Inflammatory 
response 

and edema 
formation 

Macrophage 
imaging with 
nanoparticles 
T2w imaging 

 
 

DCE-MRI 
 

- 
 
 

Edema extent ↑ in 
first 2 days, then ↓ 

(31) 
K

trans 
↑ (32) 
 

Damage of 
cellular and 

nuclear 
membranes 

ADC mapping
  

 

23
Na MRI 

ADC ↑ (27,33,34) and ↓ 
(35-38) 

Signal intensity ↑ (36) 

Ischemia 
and latent 
cell death 

due to 
vascular 
damage 

(D)CE-MRI 
  

APT imaging 
BOLD MRI 

ADC mapping 
Hyperpolarized 

13
C   

Presence NPV 
(39-42) 

chapter 4, 7 
- 

ADC ↑ (27,43) 
- 

Halted 
metabolism 

1
H MRS 

 
Hyperpolarized 

13
C 

[choline+creatine]/citrate 
↓ (44) 

- 

Vascular 
collapse and 
hemorrhage 

CE-MRI 
 

DCE-MRI 
 

T1w imaging 
 

T1 mapping 
T2w imaging 

 
T2 mapping 

Presence NPV 
(4,7,34,36,39,43,45-53) 

K
trans 

↓ (32,40,54,55),  
ve ↓ and ↑ (32,40,55) 

Signal intensity ≈ (33,34) 
and ≈/↑ (56,57) 

T1 ↓(27)  
Signal intensity ≈ 

(7,47,56,57) 
 T2 ↑ (34) and ≈ (27,34) 

Apoptosis 
 

ADC mapping 
Hyperpolarized 

13
C 

CE-MRI after 
injection of PS-

targeting 
contrast agents 

ADC ↑ (27,43) 
- 
 
- 

Hyperaemia CE-MRI 
 

DCE-MRI 
ASL 
IVIM 

Enhancing rim 
(7,34,43,45-51) 
K

trans
 ↑, ve ↑ (55) 

- 
- 
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A schematic overview of the acute HIFU treatment effects, for which MRI might provide 

imaging readouts is given in Figure 2 for the central and the peripheral zone. In the central 

zone, direct cell death occurs due to a combination of different effects, including protein 

denaturation, affected cell membrane integrity, structural changes inducing mitochondrial 

dysfunction and inhibition of DNA replication (21). The major acute effects that are 

potentially detectable by MRI are protein denaturation and aggregation, damage of 

cellular and nuclear membranes, halted metabolism and vascular collapse and 

hemorrhage (21,55,58). In the peripheral zone, there could be a temporarily increased 

blood flow (hyperaemia) and halted/impaired metabolism due to hyperthermic conditions 

(21). Furthermore, the permeability of the vascular endothelium could be altered in this 

area, because hyperthermia can induce reversible morphological changes to the 

endothelial cell cytoskeleton, which may result in changes in the endothelial cell lining 

(59). 

 

Protein denaturation and aggregation  

The high temperatures reached during HIFU treatment lead to instant protein denaturation 

in the central zone. In addition, protein aggregation may eventually occur due to 

interactions between hydrophobic sites on the unfolded proteins (60,61). Extensive protein 

denaturation is immediately cytotoxic and leads to coagulative necrosis (21). Different MRI 

parameters that are considered directly sensitive to the presence of (denatured) proteins 

have been studied for their suitability for the evaluation of HIFU treatment. In several 

studies the effect of HIFU on the magnetization transfer ratio (MTR) was assessed. The 

 
Figure 2. Schematic drawing of acute HIFU treatment effects in the central and peripheral zone. For detailed 

explanation see text. 
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MTR is a measure for the level of magnetization exchange between protons of mobile 

water molecules and protons associated with semi-solid macromolecules, such as 

structural proteins (62). In in vivo magnetization transfer (MT) measurements on mouse 

subcutaneous tumors (27) an MTR increase was observed directly after HIFU application. 

Carasso et al. developed an MT-based MRI method, named magnetization exchange 

imaging (MEXI), that is more directly sensitive to the magnetization exchange rate than a 

conventional MT experiment (25). They observed an increase in the magnetization 

exchange after HIFU treatment of rat muscle, which may be interpreted as an MTR 

increase. This apparent MTR increase is consistent with MT measurements after HIFU 

treatment of ex vivo porcine muscle (26), while an MTR decrease was observed after 

thermal treatment of different ex vivo tissues (63). The MTR decrease in the latter study 

was explained by protein denaturation, while the generally observed MTR increase might 

be caused by increased access of water molecules to semi-solid macromolecules due to 

membrane disruption. The MTR is thus sensitive to multiple HIFU treatment effects and 

therefore not uniquely specific to protein denaturation. An MRI method that is potentially 

more specifically sensitive to protein denaturation is amide proton transfer (APT) imaging 

(64). APT imaging employs the saturation transfer between water protons and amide 

protons of mobile protein/peptide backbones. The contrast in APT-weighted images is 

dependent on both the concentration of amide protons as well as the exchange rate. It is 

expected that HIFU-induced protein denaturation and aggregation strongly influence the 

accessibility of water molecules to the amide-proton-rich protein backbones, which 

consequently alters the saturation transfer between the water and amide protons and 

thereby the observed APT-weighted signals. Another MRI parameter of interest to study 

protein denaturation is T1ρ. T1ρ is a measure for the decay of magnetization in the 

transverse plane during a spin-lock pulse that is applied parallel to the magnetization 

vector. T1ρ is sensitive to interactions between water molecules and macromolecules that 

occur around the carrier frequency of the applied spin-lock pulse. Tissue T1ρ values are 

predominantly influenced by protein-water interactions (65). While APT measurements are 

sensitive to the relatively slowly exchanging amide protons in tissue, on-resonance T1ρ 

measurements are mainly sensitive to fast exchanging protons. T1ρ mapping may thus 

provide complimentary information on the thermally denatured tissue compared to APT 

imaging. 

An MRI method that has been used to probe HIFU-induced protein denaturation and 

aggregation indirectly by quantification of HIFU-induced tissue stiffness changes is MR 

elastography (MRE), which measures tissue stiffness by imaging of the propagation of 

mechanical waves (66). HIFU treatment introduces major structural changes to tissue and 

it was hypothesized that particularly protein denaturation and aggregation increase tissue 

stiffness. Ex vivo MRE studies on thermal treatment of bovine muscle tissue (29) and on 

HIFU treatment of turkey breast (28) confirmed that tissue stiffness increased after 

treatment. HIFU treatment of in vivo rat brain rather resulted in tissue softening directly 

after and up to at least 3 weeks after treatment, which was attributed to the presence of 
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edema. These results suggested that tissue elasticity is more sensitive to edema than to 

tissue necrosis (28). 

Vogel et al. demonstrated that MS-325 may be a suitable MR contrast agent for the 

characterization of coagulated tumor tissue after laser ablation (30). MS-325 is a contrast 

agent that binds to serum albumin and it has previously been shown that coagulation 

induces a conformational change to serum albumin, which facilitates improved binding of 

the contrast agent (67). In addition, the binding of MS-325 to albumin increases the 

relaxivity of the contrast agent (68). A pronounced signal intensity increase was observed 

on T1-weighted images during and after laser thermal treatment of pig muscle in the 

presence of MS-325, while the signal intensity decreased in the presence of gadolinium 

(Gd)-DTPA and in absence of contrast agent. This suggests that MS-325 can indeed be 

used to image tissue coagulation. A potential disadvantage of this method is that it 

requires presence of contrast agent during treatment, which could induce entrapment of 

Gd3+ in the tissue with a toxicity hazard and errors in MR thermometry (69,70).   

Damage of cellular and nuclear membranes  

The thermal and mechanical effects of HIFU may disrupt the cellular and nuclear 

membranes of cells. The apparent diffusion coefficient (ADC), which is a measure of the 

diffusion of water molecules in tissue, could serve as a sensitive readout for membrane 

damage as this disruption in the membranes is expected to increase the ADC. Indeed, an 

increase in ADC was measured after thermal treatment of various ex vivo tissues (63). 

The effect of HIFU treatment on the tissue ADC has also been studied quite extensively in 

vivo, both in preclinical (27,33,34,71,72) and clinical studies (35-38,43). Similar to the ex 

vivo study an ADC increase was observed instantly after HIFU treatment of subcutaneous 

mouse tumors (27,33,34) and muscle tissue (33). In contrast, a decrease in ADC was 

found directly after treatment of uterine fibroids (35-38) (Figure 3A). The ADC decline was 

attributed to cytotoxic edema, which is caused by dysfunction of the cell membrane and is 

associated with cell swelling (36). Apparently, the change in ADC after the HIFU 

intervention is dependent on tissue type. In addition, also treatment settings likely 

influence the observed ADC contrast directly after HIFU. If the combined mechanical and 

thermal effects are large enough to induce substantial damage to the cell membranes, the 

ADC will probably increase upon HIFU treatment. However, if the treatment is applied in a 

more subtle manner, the cell membrane integrity may be maintained, which allows for the 

formation of cytotoxic edema and subsequently leads to an ADC decline. The observed 

bidirectional effects of HIFU on the ADC could hamper the interpretation of ADC maps 

early after treatment.  

An alternative MRI method that is directly sensitive to cell membrane dysfunction is 

sodium MRI, which allows for a quantitative measurement of the sodium concentration in 

tissue. Cells in healthy tissue maintain a large sodium concentration gradient (high 

extracellular concentration vs. low intracellular concentration), which is mainly controlled 

by the sodium-potassium pump (73). Alterations to cell membrane integrity may lead to 
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failure of the cells to maintain this sodium concentration gradient. In addition, the 

performance of the sodium-potassium pump may also be affected by the halted 

metabolism after HIFU treatment, since the exchange of sodium and potassium across 

the cell membrane is energy-dependent. As a consequence of the cell membrane 

damage, there will be an inflow of the sodium ions from the extracellular space and the 

blood pool, resulting in higher sodium concentrations in the affected tissue. This increased 

sodium concentration can potentially be detected with sodium MRI. Jacobs et al. have 

performed preliminary sodium MRI measurements after HIFU treatment of uterine fibroids 

(36). They observed a pronounced increase in the signal intensity of the sodium MR 

images (Figure 3), which suggested that the HIFU-induced loss of cell membrane integrity 

can indeed be probed with sodium MRI. 

 

Figure 3. A) Contrast-enhanced T1-weighted image, diffusion-weighted image, T2-weighted image and 

quantitative ADC map of a uterine fibroid before and after HIFU treatment. Lack of perfusion and a decreased 

ADC were observed after therapy. At the bottom of the figure, sodium MR images obtained after treatment are 

displayed. These showed a marked increase in sodium concentration compared to baseline measurements. 

B) Sodium concentrations obtained from sodium MR acquisitions in non-treated uterine fibroid, treated fibroid 

and fatty tissue, showing an increase in sodium concentration in the treated fibroids compared to non-treated 

fibroids. Adapted with permission from (36). 

 

Halted metabolism  

The protein denaturation in the central zone of coagulation directly affects the cellular 

metabolism, which depends on enzymatic activity. In addition, the hyperthermic conditions 

in the peripheral zone may also partly impair the metabolism in that zone, since exposure 

to temperatures of approximately 43°C has shown to promote the leakage of protons 

through the inner mitochondrial membrane, which induces mitochrondrial dysfunction 

(21,74). Changes in metabolism may be probed by MR spectroscopy (MRS). It has 

previously been shown that 1H MRS is a potentially suitable method to detect residual 

tumor tissue at several months after HIFU treatment of prostate cancer (44). Due to the 

difference in metabolism, successfully treated tumor tissue generally has a lower 

[choline+creatine]/citrate ratio than residual tumor tissue, determined by proton MRS. 

Although there are no reports on 1H MRS directly after HIFU treatment, it is expected that 

this technique is also suited for the direct assessment of HIFU therapy, since the 
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metabolic changes occur instantly during treatment. Another metabolite of interest that 

can be measured by 1H MRS is lactate. As opposed to healthy cells that metabolize 

glucose via the citric acid cycle and subsequent oxidative phosphorylation, glucose in 

highly proliferating tumors is primarily metabolized by aerobic glycolysis which produces 

lactate (75,76). Lactate may thus be a suitable biomarker to distinguish between 

metabolically arrested treated tumor tissue and normally metabolizing residual tumor 

tissue after HIFU treatment, provided that lactate present in the tumor tissue before 

treatment does not become entrapped in the coagulated tissue. However, clinical utility of 
1H MRS for the measurement of lactate is hampered by low lactate concentrations, even 

in high-grade prostate tumors (77). For detection of such low concentrations, a relatively 

coarse spatial resolution of this particular MRS method, as well as for MRS methods in 

general, is often unavoidable, which would limit the sensitivity of MRS for the detection of 

local spots of residual tumor tissue after HIFU treatment. A promising technique for 

sensitive detection of tumor-associated metabolic activity is hyperpolarized 13C MR. 

Hyperpolarization of 13C-enriched substrates alters the Boltzmann distribution of spins, 

which drastically (>104 fold) increases the sensitivity for detection of these substrates and 

the products of metabolic conversions (78). Recently, Rodrigues et al. have shown that 

hyperpolarized 13C MR allows for real-time imaging of the glycolytic flux of injected 13C-

labeled glucose into lactate (79). This technique may become very suitable for the 

detection of early tumor response to various treatments, including HIFU therapy. Another 

metabolism-sensitive 13C hyperpolarized MR method that has shown promising results for 

the early detection of tumor necrosis employs the production of 13C-labeled malate from 

intravenously administered 13C-labeled fumarate, both of which are intermediates in the 

citric acid cycle. The production of labeled malate increases in a binary fashion during the 

onset of necrosis, due to increased access of fumarate to the enzyme fumarase that 

catalyzes the reaction from fumarate to malate (80). This enhanced access of fumarate is 

caused by higher permeability of the cellular membrane due to necrosis. This technique 

can be used to detect necrosis after anti-angiogenic tumor therapy (81). However, its 

suitability for the detection of the coagulative necrosis in the central zone instantly after 

thermal treatment seems questionable, since it requires uncompromised functioning of the 

fumarase enzyme, while thermal treatment will likely induce denaturation of this enzyme. 

This method could however be suitable for the detection of delayed necrosis in the 

peripheral zone (see section Delayed treatment effects). 

Vascular collapse and hemorrhage  

Similar to tumor cells, tumor blood vessels also undergo coagulative necrosis during 

thermal ablation. Histological analysis of HIFU-treated solid malignancies in patients 

confirmed severe damage to the tumor vasculature (58). This vascular damage causes 

impaired blood flow and potentially also hemorrhage. For the identification of the impaired 

blood flow commonly contrast-enhanced MRI (CE-MRI) is employed, which is by far the 

mostly used MR method for the evaluation of HIFU treatment. The CE-MRI methods 

generally consist of two T1-weighted acquisitions, one before and one after injection of a 

low-molecular weight Gd-based contrast agent. The region of coagulated tissue is then 
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characterized by a lack of signal enhancement after injection and referred to as the non-

perfused volume (NPV). In several studies, the NPV was quantitatively compared to the 

estimated treatment volume derived from the temperature maps and to the necrotic 

volume from histopathology. Directly after HIFU treatment, the NPV was generally larger 

than the estimated treated volume (4,38,39,52,53), probably caused by destruction of 

large blood vessels that perfuse tissue outside the HIFU-treated volume. In addition, 

histopathological analysis of HIFU-treated rabbit tumors showed that the NPV 

underestimated the extent of necrosis early (up to 3 days) after treatment (39). In contrast, 

an overestimation of the extent of non-viable tumor tissue by the NPV was observed 

directly after HIFU treatment of subcutaneous tumors (40). These findings suggest that 

care must be taken with the interpretation of CE-MRI performed directly after HIFU 

treatment. Moreover, the NPV is often surrounded by an enhancing rim (7,34,43,45-

51,82). An example of a contrast-enhanced T1-weighted image showing an enhancing rim 

around the HIFU-treated breast tumor is displayed in Figure 4. This enhancing rim has 

been attributed to hyperaemia in the peripheral zone (47), but also to residual tumor 

tissue. At later time points after treatment, also inflammation and fibrotic tumor tissue may 

contribute to this peripheral enhancement (7). The presence of this enhancing rim is 

another factor that complicates the interpretation of CE-MRI images obtained after HIFU 

treatment. 

 
Figure 4. Sagittal contrast-enhanced T1-weighted image of a differentiated invasive ductal carcinoma before 

(A) and 3 days after (B) HIFU treatment. After treatment, a rim of contrast enhancement (white arrows) was 

observed around the treated lesion. Adapted with permission from (82). 

 

DCE-MRI may have additional value for the evaluation of HIFU treatment compared to 

conventional CE-MRI. In DCE-MRI the signal intensity is measured dynamically before, 

during and after injection of a contrast agent. Quantitative analysis of the DCE-MRI data 

can be performed by pharmacokinetic modeling. With the widely applied Standard Tofts 

model the transfer constant Ktrans and the extravascular, extracellular volume fraction ve 

can be estimated (83). A few studies have performed pharmacokinetic modeling of DCE-

MRI data from HIFU-treated tissue. A significant decrease in tumor Ktrans was reported 

after HIFU treatment of subcutaneous rat tumors (54). Cheng et al. performed an 

extensive analysis of the Ktrans and ve values in the tissue surrounding the central zone 

upon ablation of rabbit skeletal muscle tissue (32,55) (Figure 5). After HIFU, the central 
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zone was characterized by low Ktrans and low ve values. Adjacent to this zone, a region of 

low Ktrans and high ve was observed, which was associated with structural disruption, 

vascular congestion, hemorrhage and vacuolation. A tissue region located further away 

from the central zone was characterized by higher Ktrans and ve, caused by edema, 

hyperaemia, mild inflammation and increased vascular permeability. To the best of our 

knowledge, there are no studies on HIFU-treated tumor tissue in which the distinct 

vascular changes in the regions surrounding the central zone of ablation were 

investigated by quantitative pharmacokinetic modelling of DCE-MRI data. Nevertheless, 

the above-mentioned study on muscle already shows that extensive pharmacokinetic 

analysis of DCE-MRI data gives improved insights in the vascular effects of HIFU 

treatment. Quantitative DCE-MRI analysis could aid in assessment of the consequences 

of the different vascular changes after HIFU for the microenvironment and fate of the 

tissue and the sensitivity of the tumor to additional therapies.  

 
Figure 5. Dynamic tissue contrast agent (Gd-DTPA) concentration curves derived from DCE-MRI 

measurements performed after HIFU treatment of rabbit muscle tissue. A) Contrast-enhanced T1-weighted 

difference images at 100 and 400 s after bolus injection of Gd-DTPA. B) Dynamic Gd-DTPA concentration 

curves at select locations L1-L4 (indicated with the colored dots in the left and right images). The experimental 

data (dots) were fitted to the Tofts model (solid lines). The estimated parameter values for K
trans

 and ve are 

shown bottom right in each graph. C) Ktrans and ve parameter maps. Adapted with permission from (55). 

 

In addition to contrast-enhanced MRI, also a number of intrinsic contrast MRI parameters 

are sensitive to HIFU-induced changes to the tissue vasculature. For instance, the HIFU-

induced damage to blood vessels can lead to hemorrhage that is associated with an 

increase in the concentration of paramagnetic deoxygenated hemoglobin, which 

influences the tissue T1 and T2 relaxation times. T1- and T2-weighted imaging have been 

used extensively for the evaluation of HIFU treatment. However, no consistent results 

have been reported. In preclinical studies of HIFU treatment of muscle (33) and 

subcutaneous tumors (34) no significant treatment-induced change in the T1-weighted 
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signal intensity was observed. In two clinical studies of HIFU treatment of uterine fibroids 

(56) and pancreatic cancer (57), the treated lesion appeared hyperintense on T1-weighted 

images. However, this hyperintense region was heterogeneous (56) and not seen in all 

cases (57). A significant decrease in T1 was found after HIFU treatment of mouse 

subcutaneous tumors (27), which is consistent with hyperintensity on T1-weighted images. 

On T2-weighted images, a heterogeneous appearance of the HIFU-treated tissue was 

reported after treatment of uterine fibroids (56), prostate (7,47) and pancreatic (57) 

tumors. This is consistent with findings after HIFU treatment of mouse subcutaneous 

tumors, in which a broad range of T2 values was observed in the HIFU-treated tumor 

tissue (27). Hundt et al. observed a significant increase in T2 after HIFU treatment of 

mouse muscle tissue, while T2 did not change significantly after treatment of 

subcutaneous tumors (34). The apparently conflicting results on T1 and T2 responses after 

HIFU treatment are probably caused by the fact that T1 and T2 are sensitive to multiple, 

possibly counteracting, effects of the HIFU intervention. Next to vascular damage, also 

other HIFU effects such as membrane disruption and protein denaturation/aggregation will 

affect the general tissue structure and thus T1 and T2, leading to the reported 

heterogeneous changes in these parameters after HIFU treatment. 

Hyperaemia 

The hyperthermic conditions in the peripheral zone may cause a temporarily increased 

blood flow (hyperaemia). In preclinical tumor models, it is generally observed that the 

blood flow in this region indeed increases upon heating after which it gradually declines to 

pre-treatment values again. However, in human tumors there seems to be no such clear 

unidirectional effect of hyperthermia on tumor blood flow (84). Apart from the influence of 

tumor type, the effect of hyperthermia on blood flow is strongly dependent on the 

temperature and the duration for which the tissue was exposed to this temperature. 

Similar to the vascular damage in the central zone, the effect of hyperthermia on the blood 

flow in the peripheral zone could be probed with (D)CE-MRI. On CE-MRI images, 

hyperaemia can be observed as an enhancing rim around the central ablation volume. 

However, as discussed earlier, residual tumor tissue could also contribute to this 

peripheral enhancement. DCE-MRI may allow for better characterization of hyperaemic 

effects and possibly also for quantitative estimates of changes in blood flow and vascular 

permeability. As indicated above, Cheng et al. observed a hyperaemic region with high 

Ktrans and ve around the central ablation volume (55). Quantification of the hyperaemic 

effect may be particularly interesting if one would like to exploit this effect for example for 

the stimulation of local delivery of chemotherapeutic agents (85,86). Adjuvant 

chemotherapy could be performed after HIFU treatment to treat residual tumor tissue 

present at the ablation margins (87). DCE-MRI has been used previously to measure 

tumor perfusion after hyperthermia (88). Importantly, the authors noted that for accurate 

quantification of the change in perfusion after hyperthermia one has to take into account 

that the arterial input function, which is needed for quantitative DCE-MRI analysis, also 

changes due to hyperthermia. Arterial spin labelling (ASL) may be another suitable MR 

method for direct measurement of the tumor perfusion after HIFU treatment. In ASL 
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experiments, proximal labeling of arterial water spins is applied, which, after a certain 

transit time, leads to a perfusion-dependent decline in magnetization in the tissue of 

interest due to exchange of the tissue water spins with the labeled water spins (89). An 

alternative MRI method that could be employed for perfusion measurements is intravoxel 

incoherent motion (IVIM) imaging, which estimates both tissue perfusion and diffusion 

based on a series of diffusion-weighted acquisitions with low and high b-values (90). An 

advantage of ASL and IVIM imaging compared to (D)CE-MRI is that these methods do not 

require the injection of a contrast agent and therefore can be more readily combined with 

MRI guidance of HIFU and repeated at will to assess the dynamics of perfusion changes.  

Delayed effects occurring at several days after HIFU treatment that are potentially 

detectable by MRI are illustrated in Figure 6. The HIFU treatment could lead to a systemic 

inflammatory response and formation of edema in and around the treated tumor. In 

addition, the vascular damage may result in ischemic conditions in tumor tissue outside 

the central ablation zone, which could eventually cause latent cell death (21). Heat stress 

in the peripheral zone during ablation may lead to apoptosis (91). 

 
Figure 6. Schematic drawing of delayed HIFU treatment effects. Details are provided in the main text. 

 

Inflammatory response and edema formation  

In the process of tissue repair, the inflammatory activity in the ablated lesion will increase 

in the first days after HIFU treatment. After HIFU ablation of a rabbit tumor, a clear rim of 

neutrophilic granulocytes and macrophages was observed at day 1 and 3 after treatment. 

No signs of inflammation were visible in the central region of ablation (39). The 

macrophages may be visualized with MRI by the injection of nanoparticles, that are 

passively targeted to macrophages by employing the naturally high endocytotic activity of 

these inflammatory cells. Examples of nanoparticles that have been used for MRI 

detection of macrophages are iron oxide particles and 19F MRI-detectable perfluorocarbon 

emulsions (92,93). Macrophage imaging with nanoparticles has been applied quite 

extensively in multiple pathologies, including cancer, atherosclerosis, myocardial infarction 
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and stroke (94). While probably not suitable for the direct visualization of inflammatory 

cells, intrinsic MRI contrast methods could be used for the detection of edema around the 

central ablation zone. This edematous tissue is associated with the inflammatory 

infiltration and can be visualized with MRI based on either T2 or ADC contrast 

mechanisms because of the high-water and low-cellular content in edema. Mórocz et al. 

have followed the development of edema after HIFU ablation of rabbit brain tissue with T2-

weighted images. The extent of peripheral edema increased during the first 2 days after 

treatment, after which it gradually decreased again during the next five days (31). Cheng 

et al. used DCE-MRI to assess delayed effects of HIFU treatment of rabbit thigh muscles. 

At 40 hrs and 3 days after treatment, a pronounced ring of inflammatory edema, that was 

characterized by high Ktrans values, was observed around the central zone of ablation (32).  

Ischemia and latent cell death due to vascular damage  

The vascular damage induced by the HIFU treatment could lead to diminished oxygen 

and nutrient delivery to regions of tumor tissue extending beyond the central zone of 

ablation if the damaged vessels perfused these regions, leading to ischemic conditions in 

the peripheral zone. In the first days after HIFU treatment, the perfusion can be partially 

restored due to increased blood supply by peripheral blood vessels and the collateral 

circulation (91). In addition, HIFU-induced vascular occlusion can be transient and be 

followed by partial reperfusion of the ischemic tumor tissue (95). Similar to early after 

HIFU, the vascular status of the tumor tissue at a later stage after HIFU treatment can be 

assessed by (D)CE-MRI. It has been shown that the NPV derived from (D)CE-MRI 

measurements correlates better with the extent of tissue necrosis at later time points (>3 

days) after treatment compared to directly after treatment (39,40). Also, strong 

correlations between semi-quantitative DCE-MRI parameters and the amount of residual 

tumor tissue have been reported at 3-14 days after treatment (41,42). Khiat et al. showed 

that the correlation between semi-quantitative DCE-MRI parameters and the amount of 

residual tumor tissue was highest at least 7 days after treatment (42). The mismatch 

between the extent of necrosis and the (D)CE-MRI findings early after treatment was 

explained by the influence of other treatment effects such as hemorrhage, edema, 

inflammation and fibrosis. Furthermore, also the transient vascular damage and latent cell 

death could negatively influence the accuracy of (D)CE-MRI for the early evaluation of 

HIFU. 

To the best of our knowledge, there are no reports on the direct MR visualization of 

ischemia after HIFU treatment. Nevertheless, it is of high importance to detect hypoxic 

residual tumor tissue after HIFU treatment, since there may be a considerable risk of 

metastatic spread induced by hypoxia. Hypoxia could trigger the activation of the hypoxia 

inducible factors HIF-1α and HIF-2α, which may eventually lead to angiogenesis by 

increased expression of vascular endothelial growth factor (96,97). Subsequently, the 

residual tumor cells can migrate through the newly formed blood vessels, which may lead 

to tumor progression and the development of metastases. Several MRI methods exist that 

are potentially sensitive to HIFU-induced ischemia. The hypoxic conditions may for 
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example be imaged by blood oxygen level-dependent (BOLD) MRI. BOLD MRI has been 

used quite extensively to assess tumor tissue oxygenation (98). Preliminary data on 

BOLD MRI after chemotherapy of rat liver tumors (99) and human breast tumors (100) 

indicate that this technique may provide a suitable biomarker for the assessment of 

treatment response. Another method that is being used to assess ischemia during stroke 

is APT imaging. The decline in intracellular pH during ischemia produces contrast on APT-

weighted images, because the chemical exchange between amide and water protons 

becomes slower when the tissue pH decreases (101-103).  

The ADC is a promising MR biomarker for the detection of latent, ischemia-induced 

necrosis. Cell lysis that is associated with necrosis generally leads to elevated tissue ADC 

values. Indeed, an ADC increase has been observed at 1 week after HIFU treatment of 

human liver tumors (43) and at 3 days after treatment of mouse subcutaneous tumors 

(27). While less suitable for the detection of the direct coagulative necrosis (see above), 

hyperpolarized 13C MR that employs the production of 13C-labeled malate from 

intravenously injected 13C-labeled fumarate could be a promising method for the detection 

of the latent ischemia-induced necrosis, since the functioning of the fumarase enzyme in 

the tissue outside the central zone of coagulation is likely not affected by the HIFU 

treatment. It has been reported that the increased production of 13C-labeled malate occurs 

parallel to the onset of necrosis induced by anti-angiogenic therapy and precedes any 

change in tumor ADC (81). This suggests that hyperpolarized 13C MR may allow for an 

earlier assessment of latent cell death after HIFU treatment compared to ADC 

measurements. 

Apoptosis 

Instead of necrosis, cells in parts of the peripheral zone may undergo apoptosis after 

HIFU treatment. It has been reported that the maximum level of apoptosis was reached at 

72 h after HIFU treatment of rabbit liver tumors (91). The particular reason for the onset of 

apoptosis is unknown. Apoptosis may be induced by the release of reactive oxygen 

species due to either hyperthermic or ischemia-reperfusion processes that can occur due 

to increased blood flow in the collateral circulation. In addition, apoptosis can be induced 

by mitochondrial dysfunction (91). Similar to necrosis, apoptosis may be visualized by 

diffusion-weighted MRI. Apoptosis-related cell shrinkage, cell blebbing and phagocytosis 

all cause an elevation in the tissue ADC value (104). Next to ischemia-induced necrosis, 

apoptosis may thus also partly explain the observed elevated ADC values at later stages 

after HIFU treatment (27,43). Because of the similar effect of apoptosis and necrosis on 

the tumor ADC, it is difficult, if not impossible, to distinguish these different types of cell 

death based on diffusion-weighted imaging alone. Hyperpolarized MRI with 13C-labeled 

fumarate (80) may provide a means to distinguish between these types of cell death, 

since the increased malate production during necrosis mainly relies on permeabilization of 

the cell membrane, which does not occur during the early phase of apoptosis. HIFU-

induced apoptosis might also be specifically detected by CE-MRI after the injection of 

phosphatidylserine (PS)-targeting MR contrast agents. PS is a membrane phospholipid 
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that is normally exclusively present in the inner leaflet of the cell membrane. At the onset 

of apoptosis, PS is exposed at the outer leaflet as well to promote phagocytosis by 

inflammatory cells (105). Two peptides that have shown strong affinity to PS are annexin 

A5 (106) and the C2A domain of synaptotagmin I (107). The latter peptide is much smaller 

than annexin A5 and therefore allows for better access to, and clearance from, the tumor 

interstitium (108). Krishnan et al. showed with CE-MRI that the accumulation of Gd3+ 

chelate conjugates of C2A was higher in chemotherapy-treated tumor-bearing mice 

compared to non-treated animals. Histological validation indicated that tumor regions that 

showed accumulation of the contrast agent co-localized with areas of apoptosis (108).   

As described above, multiple MRI methods have been employed for the evaluation of 

HIFU treatment, each providing sensitivity to (a number of) changes after HIFU treatment. 

Instead of evaluating changes in a single MRI parameter, with multiparametric MRI the 

effect of the HIFU treatment on a number of MR parameters can be assessed. Since the 

different MRI parameters are each sensitive to different treatment effects, a 

multiparametric MR approach may provide a more complete assessment of the HIFU 

intervention. The potential value of multiparametric MRI has recently been addressed in a 

review on prostate focused ultrasound therapy (6). In several studies, a multiparametric 

MRI protocol was employed for HIFU treatment evaluation. As an example, Jacobs et al. 

evaluated thermal ablation of uterine fibroids with multiparametric MRI that consisted of 

T2-weighted imaging, ADC mapping, sodium MRI and contrast-enhanced T1-weighted 

imaging (36) (Figure 3). Partanen et al. performed contrast-enhanced and diffusion-

weighted MRI directly after HIFU treatment of canine prostate and subsequently did a 

correlation analysis between non-viable tumor tissue identified on each of the scans and 

in histology. Preliminary observations indicated a strong correlation between histology and 

each of the MRI methods (72).  

Instead of assessing changes in the individual parameters of the multiparametric MRI 

protocol, the information of the different parameters can also be combined into a single, 

automated analysis. This could potentially allow for automatic segmentation of 

successfully treated and residual non-treated tumor tissue. Jacobs et al. employed a 

multiparametric analysis using diffusion-weighted and contrast-enhanced T1-weighted 

images to segment successfully treated and non-treated tissue directly after HIFU 

treatment of uterine fibroids. Excellent agreement was observed between the 

segmentations based on both MRI methods (37). Cluster algorithms that segment the 

multiparametric data into groups of pixels, i.e. clusters, with similar MR parameter values 

seem promising for automatic  tumor treatment evaluation based on multiple MR contrast 

mechanisms. While not applied for the evaluation of HIFU treatment yet, cluster analysis 

based on multiparametric MRI data, consisting of quantitative values of T2, ADC and 

proton density, has been employed for the identification of non-viable tumor tissue after 

chemotherapy (109) and radiotherapy (110) in preclinical tumor models. A strong 

agreement between the extent of non-viable tumor tissue in the clustering results and in 
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histology was observed in both studies. These results suggest that cluster analysis of 

multiparametric MRI data may provide a suitable tool for automated treatment evaluation.  

Next to extensive evaluation of the HIFU intervention, also accurate treatment planning is 

necessary to ensure that the entire tumor is included in the treatment volume, while the 

surrounding tissue should be minimally affected. MR-HIFU treatment planning protocols 

generally include the acquisition of contrast-enhanced T1-weighted images on which the 

highly perfused tumor is generally well visible (82,111). However, a disadvantage of the 

use of CE-MRI for HIFU treatment planning is that it requires the injection of a contrast 

agent. If the HIFU treatment is to be performed directly after treatment planning, the 

presence of the Gd-based contrast agent may introduce errors in the MR thermometry 

measurements acquired during treatment (70). In addition, the contrast agent could 

become entrapped in the treated tumor tissue, possible leading to tissue retention of 

(toxic) Gd3+ (69). While the tumor is generally less visible on non-contrast-enhanced MR 

images, a cluster analysis that is based on multiple intrinsic contrast MRI parameters may 

allow for accurate tumor delineation before HIFU treatment without the need for injection 

of contrast agent. 

The goal of this thesis was to identify suitable MRI methods for accurate HIFU treatment 

planning and evaluation. To that aim, a series of preclinical studies in subcutaneous tumor 

models was performed.   

The study in chapter 2 describes a fully automatic tumor segmentation algorithm that is 

solely based on intrinsic contrast MRI. The described cluster analysis was performed with 

all possible feature vectors, i.e. subsets of the acquired MRI parameters (T1, T2 and ADC). 

The automatic segmentations of the different feature vectors were quantitatively 

compared to manual tumor segmentations to determine the optimal combination of MRI 

parameters for accurate tumor delineation. 

The major part of the thesis consists of the identification of suitable MRI biomarkers for 

accurate HIFU treatment evaluation. In the majority of the studies (chapter 3, 4, 5 and 6), 

the HIFU treatment was performed outside the high-field (6.3 or 7 Tesla) animal scanner 

with a preclinical therapeutic ultrasound transducer. In these studies, a mouse 

subcutaneous tumor model was used. 

In chapter 3 a multiparametric cluster analysis was employed to segment successfully 

treated non-viable tumor tissue from residual or recurrent viable tumor tissue. The 

multiparametric MRI protocol, that was performed before, directly after and at 3 days after 

HIFU treatment, consisted of quantitative assessment of T1, T2, ADC and MTR. The 

cluster analysis was again performed on all possible feature vectors. The optimal feature 

vector for accurate assessment of the extent of non-viable tumor tissue after HIFU 
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treatment was determined by quantitative comparison between clustering-derived and 

histology-derived non-viable tumor fractions. 

In chapter 4 and 5 the sensitivity of APT imaging and T1ρ mapping, respectively, to HIFU-

induced tissue changes was assessed. A quantitative analysis of HIFU-induced changes 

in these advanced MRI parameters was performed in these studies. 

Chapter 6 describes a cluster analysis on pharmacokinetic parameters Ktrans and ve 

derived from DCE-MRI data of HIFU-treated tumors. The cluster algorithm was employed 

to identify regions of distinct HIFU-induced vascular changes around the NPV.  

In the final study in chapter 7 all assessed MRI methods (T1, T2, ADC, T1ρ mapping, APT 

imaging and DCE-MRI) were combined into a single, multiparametric MRI protocol. To 

advance clinical translation of the described multiparametric approach for HIFU treatment 

evaluation, the thermal ablation was performed in a clinical MR-HIFU system at 3 Tesla. 

An extensive analysis of HIFU-induced effects on the different MRI parameters was 

performed in subcutaneous rat tumors. In addition, the final optimal subset of MRI 

biomarkers for HIFU treatment assessment was determined by quantitative comparison of 

the clustering results with histology.  

 

In chapter 8  the main findings in the studies described in this thesis and future directions 

are discussed. 
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Purpose 

Contrast-enhanced T1-weighted imaging is generally included in MRI protocols for 

automatic tumor segmentation. However, the use of an MR contrast agent may be 

unfavorable in several applications. We assessed whether automatic tumor segmentation 

is feasible using a multiparametric cluster analysis that uses intrinsic MRI contrast only. 

 

Materials and Methods 

Multiparametric MRI consisting of quantitative T1, T2 and apparent diffusion coefficient 

(ADC) mapping was performed on mice bearing subcutaneous tumors (n=21). k-means 

and fuzzy c-means clustering with all possible combinations of MRI parameters, i.e. 

feature vectors, and 2 to 7 clusters were performed on the multiparametric data. The 

clusters associated with tumor tissue were selected using the relative signal intensity of 

tumor tissue in T2-weighted images. The optimal segmentation method was determined by 

quantitative comparison of the automatic segmentation with manual segmentations 

performed by three observers. In addition, the automatically segmented tumor volumes 

from 7 separate tumor data sets were quantitatively compared to histology-derived tumor 

volumes. 

 

Results 

The highest similarity index between the manual and automatic segmentations 

(SImanual,automatic=0.82±0.06) was observed for k-means clustering with feature vector {T2, 

ADC} and 4 clusters. A strong linear correlation between the automatically and manually 

segmented tumor volumes (R2=0.99) was observed for this segmentation method. The 

automatically segmented tumor volumes were also strongly correlated to the histology-

derived tumor volumes (R2=0.96). 

 

Conclusions 

Accurate, automatic segmentation of mouse subcutaneous tumors can be achieved based 

on endogenous MR contrast only. 
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Accurate tumor volume delineation is often necessary, both in (pre)clinical cancer 

research and in clinical practice. Tumor size measurements are generally used to assess 

tumor treatment efficacy (1). Furthermore, image-guided cancer treatment techniques, 

including MRI-guided High Intensity Focused Ultrasound (HIFU) and radiotherapy, require 

accurate tumor demarcation to define the target volume for the treatment. Currently, tumor 

delineation is generally performed by manual segmentation of the tumor tissue, which is 

time-consuming and prone to inter-observer variability. Automatic tumor segmentation 

would aid in more robust, fast, objective and reproducible delineation of the tumor tissue.  

Multiple methods for (semi)automatic tumor segmentation based on MRI images have 

been described for different tumors, including breast (2-6), prostate (7,8), brain (9-11) and 

head and neck (12) tumors. Various segmentation algorithms were employed in these 

studies, including volume growing, threshold-based methods and clustering algorithms, 

such as fuzzy c-means and fuzzy connectedness. Contrast-enhanced imaging is 

commonly included in the MRI protocols for automated tumor segmentation. However, if 

tumor segmentation needs to be performed shortly before treatment, the presence of the 

gadolinium (Gd) contrast agent during the treatment might cause adverse effects. It has 

recently been reported that presence of Gd during HIFU treatment may be unfavorable, 

because Gd-induced magnetic susceptibility changes in the tissue cause inaccuracies in 

the temperature maps acquired during treatment (13). Furthermore, tumor ablation with 

HIFU could induce entrapment of Gd in the treated tissue, which possibly results in 

prolonged retention of Gd in the body and potential release of free Gd3+ ions from the 

chelates (14). These free Gd3+ ions have been strongly associated with the development 

of Nephrogenic Systemic Fibrosis (NSF) (15). The drawbacks of contrast-enhanced T1-

weighted imaging for treatment planning are however not restricted to HIFU treatment. 

Presence of the MR contrast agent may also be disadvantageous if treatment evaluation 

with MRI needs to be performed directly after treatment, because the influence of the 

contrast agent on the post-treatment MRI data could lead to misinterpretation of the 

treatment effects. Furthermore, apart from treatment-related drawbacks of injection of Gd 

contrast agents, in clinical practice, the injection of Gd contrast agent is contraindicated in 

patients with severely impaired renal function, because of the increased risk of NSF (16). 

Cancer patients are especially vulnerable to renal toxicity of contrast agents, because 

they are frequently exposed to nephrotoxic chemotherapeutics and may be dehydrated 

because of chemotherapy- and cancer-related nausea and vomiting (17).  

Only a few studies have reported on automatic tumor segmentation methods based on 

endogenous contrast MRI. Hsieh et al. reported a method for automatic segmentation of 

meningiomas based on T1- and T2-weighted images (18). Although successful 

segmentation was obtained for most tumors, the method failed in approximately 20% of 

the cases. The authors reported that noticeable edema was present in the brain in these 

failure cases, indicating that the method could not distinguish between tumor and 

edematous tissue. Recently, in a preclinical study semi-automatic size measurements of 
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tumors that were subcutaneously inoculated in the neck region of mice were 

demonstrated (19). A threshold-based method was applied on T2-weighted images to 

segment the tumor tissue from the surrounding tissue. Additional manual delineation 

needed to be performed to exclude regions where the segmentation had failed.  

These previous reports on automated tumor segmentation based on endogenous contrast 

suggest that a more advanced MR protocol is required to improve the accuracy of 

automatic tumor segmentation. Specifically, we hypothesize that inclusion of apparent 

diffusion coefficient (ADC) mapping to the endogenous contrast MRI methods may result 

in improved discrimination between tumor tissue and surrounding tissue, such as edema. 

Cancerous tissue typically has a lower ADC than non-cancerous tissue, because of high 

cellular density and thereby increased effects of diffusion-hindering obstacles, such as cell 

membranes and other macromolecular structures (20). In contrast, the peri-tumoral 

edematous tissue generally has a high ADC because of low cellularity. It was previously 

shown that the combination of ADC maps and T2-weighted images improves the 

sensitivity and specificity of prostate cancer detection by visual inspection (21).     

The goal of the present study was to assess whether accurate, automatic tumor 

segmentation can be achieved based on combined analysis of quantitative T1, T2 and 

ADC parameter maps. Clustering-based algorithms were used as segmentation method, 

since these algorithms are particularly suitable for segmentation based on multiparametric 

data. The study was aimed to assess the general feasibility of clustering algorithms based 

on endogenous MRI parameters for automatic tumor segmentation. Therefore, as a first 

step, the implemented algorithms were applied to segmentation of subcutaneous mouse 

tumors. To determine the optimal clustering method for automatic delineation of the tumor 

tissue, k-means clustering and fuzzy c-means clustering were performed with all possible 

combinations of MR parameters, i.e. feature vectors. Furthermore, the number of clusters 

was varied for each feature vector. The optimal segmentation method, i.e. the method that 

yielded the best segmentation of the tumor, was determined by quantitative comparison 

between the automatic tumor segmentations and manual tumor segmentations performed 

by three experienced observers. In addition, a quantitative correlation analysis between 

automatically segmented tumor volumes and histology-derived tumor volumes was 

performed.  

Tumor model  

CT26.WT mouse colon carcinoma cells (American Type Culture Collection (ATCC; CRL-

2638)) were cultured as a monolayer at 37°C and 5% CO2 in RPMI-1640 medium 

(Invitrogen, Breda, The Netherlands), supplemented with 10% fetal bovine serum (Greiner 

Bio-One, Alphen a/d Rijn, The Netherlands) and 50 U/ml penicillin/streptomycin (Lonza 

Bioscience, Basel, Switzerland). Early passages (5-10) of the original ATCC batch were 

used for inoculation. 
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10-12 week-old Balb/c mice (n=21; Charles River, Maastricht, The Netherlands) were 

inoculated with 2x106 CT26.WT cells subcutaneously in the right hind limb. Approximately 

10 days after inoculation, tumors became palpable in all animals. All animal experiments 

were performed according to the Directive 2010/63/EU of the European Parliament and 

approved by the Animal Care and Use Committee of Maastricht University. 

MRI measurements  

MRI measurements were performed with a 6.3 T scanner (Bruker BioSpin, Ettlingen, 

Germany) using a 3.2-cm-diameter quadrature birdcage RF coil (Rapid Biomedical, 

Rimpar, Germany). The mice were positioned in a custom-made cradle, equipped with a 

mask for anesthetic gas (1-2% isoflurane). Respiration was monitored with a balloon 

sensor. Animal temperature was monitored and maintained at body temperature with a 

warm water pad. For reduction of susceptibility artifacts in the Echo Planar Imaging (EPI) 

sequences, the tumor-bearing limb was covered with degassed ultrasound gel  

(Aquasonic® 100, Parker Laboratories). Artifacts were further reduced by local shimming 

of the tumor-bearing limb.  

The multi-slice imaging protocol, covering the whole tumor, consisted of fat-suppressed 

T2-weighted imaging (spin-echo, echo time TE=30 ms, repetition time TR=1000 ms, 

number of averages NA=1), quantitative T1 mapping (Inversion Recovery Look-Locker 

EPI, TE=8 ms, TR=10000 ms, inversion time=30 ms, flip angle=20°, pulse separation=400 

ms, number of points=15, NA=2), T2 mapping (MLEV-prepared GE-EPI (22), 7 TE’s 

ranging from 1 to 82 ms, TR=2000 ms, NA=2) and ADC mapping (double spin-echo 

prepared EPI, TE=41 ms, TR=4000 ms, b-values 0, 100, 200 and 400 s/mm2, 3 

orthogonal directions, NA=4). All acquired images had a matrix size of 128x128, FOV of 

4x4 cm2 and 1 mm slice thickness. Regardless of tumor size, a minimum of twelve slices 

was acquired. For tumors extending outside these twelve slices, the number of slices was 

increased (to up to sixteen slices at maximum) to cover the entire tumor volume.  

Image processing and generation of parameter maps  

Image analysis was performed in Mathematica 8.0 (Wolfram Research, Champaign, IL, 

USA). Parameter maps were calculated on a pixel-by-pixel basis in each slice. The 

parameter values were only determined in pixels with substantial signal intensity (> 0.05 

times the maximum signal intensity) in the T2-weighted images. T1 maps were generated 

as described previously (23). T2 maps were calculated from mono-exponential fitting of the 

multi-echo data. For the generation of ADC maps, mono-exponential fitting was performed 

through the signal intensities at the different b-values for each diffusion-encoding direction 

separately. Next, ADC values of the different directions were averaged to obtain the final 

(orientation-invariant) ADC value for each pixel.  

Automatic tumor segmentation  

A flow chart of the automatic tumor segmentation method is shown in Figure 1. Tumor 

segmentation based on the acquired parameter maps was performed by either k-means 

or fuzzy c-means clustering. Fuzzy c-means clustering is a soft version of k-means 
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clustering, in which each pixel has a certain degree of membership to each cluster. In 

applications where there is overlap between the clusters in the data set, fuzzy c-means 

clustering is more suitable than k-means (24). Clustering was performed with all possible 

feature vectors, namely {T1}, {T2}, {ADC}, {T1, ADC}, {T2, ADC}, {T1, T2} and {T1, T2, ADC} 

and with various numbers of clusters, ranging from 2 to 7. For fuzzy c-means clustering 

the fuzziness index was set to 2. The clustering algorithms were iterated until the method 

converged or the maximum number of iterations of 50 was reached.  

 

 

 

 
Figure 1. Flowchart of the clustering-based and threshold-based tumor segmentation methods. The tumor 

mask resulting from the threshold-based segmentation method was used for automatic selection of the tumor 

clusters in the clustering-based segmentation method. For details see text. 



Automatic tumor segmentation based on endogenous MR contrast | 

37 

 

The segmentation method was performed on large rectangular regions around the tumor-

bearing limb. These regions contained tumor tissue and surrounding muscle, oedema and 

bone. Prior to segmentation, pixels within the ultrasound gel were excluded from the 

defined rectangular regions by application of a threshold to the T2-weighted images. This 

led to segmentation of the hyperintense ultrasound gel and the relatively hypo-intense 

tissue. To correct for scaling differences between the different parameters, features were 

normalized (mean = 0, standard deviation SD = 1) before clustering was performed.  

 

Certain prior knowledge on specific characteristics of the tumor tissue is needed to allow 

the algorithm to automatically assign clusters as tumor and non-tumor tissue. In the 

example of the subcutaneous tumors presented here, we made use of the typically higher 

signal intensity of the tumor tissue compared to the surrounding muscle tissue in T2-

weighted images. An initial tumor mask was generated by a threshold-based 

segmentation method that was based on the T2-weighted images. The threshold-based 

tumor segmentation is illustrated at the right-hand side of Figure 1. For this method, the 

T2-weighted images from the different animals were normalized by dividing the pixel 

intensities by the average signal intensity of the ultrasound gel surrounding the tumor-

bearing limb. Next, a histogram of the normalized signal intensities in the T2-weighted 

images averaged for all animals was generated. A clear peak that, based on visual 

inspection, belonged to the tumor tissue was observed in this averaged histogram. The 

minimum and maximum intensity values of this peak were found to be 0.45 and 0.65, 

respectively. Subsequently, all pixel values between these minimum and maximum 

intensities were set to 1, which resulted in a tumor mask that could be used as input for 

the clustering-based algorithm to allow for automatic determination of the subset of 

clusters belonging to the tumor tissue. The Similarity Index (SI) between the threshold-

based tumor segmentation and the clustering-based segmentation method was 

determined for all possible subsets of clusters. The SI is a measure of the area defined as 

tumor tissue by both methods relative to the total segmented area and was determined 

according to equation 1 (9,25).  

SIthreshold,clustering = 
2*Sthreshold∩Sclustering

2*Sthreshold∩Sclustering+Sthreshold∩Sclustering
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅+Sclustering∩Sthreshold

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅     (1) 

In this equation Sthreshold and Sclustering are the tumor segmentations resulting from the 

threshold-based and clustering-based segmentation, respectively. The ∩ symbol 

represents intersection.  

The tumor clusters were determined by automatic selection of the subset of clusters for 

which the SIthreshold,clustering was maximal. To eliminate small groups of pixels outside the 

large tumor volume that were assigned to (one of) the tumor cluster(s), connected 

components analysis was performed on all pixels that were assigned to the tumor 

cluster(s) (Mathematica command MorphologicalComponents). This connected 

components method segments an image into different groups of connected pixels. The 

largest component resulting from this analysis was assumed to be the tumor. Region 
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growing was applied on this component to include pixels within the tumor that were not 

assigned to the tumor cluster(s), e.g. because of naturally occurring necrotic tumor tissue 

that has different MR parameter values than viable tumor tissue and may therefore initially 

not be selected as tumor tissue by the segmentation method. To compare the 

performance of the clustering-based segmentation methods to that of the threshold-based 

segmentation method, the same procedure of morphological component analysis and 

region growing was also applied on the generated threshold-based tumor mask. 

Manual tumor segmentation  

Manual segmentation was performed by three independent observers (O1, O2 and O3). All 

three observers have substantial experience (>4 years) in MRI of subcutaneous mouse 

tumors. Regions of interest (ROIs) around the tumor tissue were drawn on the 3rd echo 

images of the T2 mapping protocol, because this image has approximately the same echo 

time (28 ms) as the spin-echo T2-weighted image (30 ms). ROI definition was performed 

on the images from the T2 mapping rather than the spin-echo T2-weighted images, 

because, although maximum effort was taken to minimize the effects of susceptibility 

artifacts in the EPI acquisitions, minimal geometric distortions could still be present in the 

EPI acquisitions. These distortions could lead to a slight misregistration between the spin-

echo T2-weighted imaging and the EPI-based T1, T2 and ADC acquisitions.   

Evaluation of automatic segmentation methods  

To determine the optimal automatic segmentation method, the tumor delineations 

resulting from the various segmentation methods were quantitatively compared to the 

manual tumor delineations. The performance of the segmentation methods was assessed 

by calculation of the specificity, sensitivity and the similarity index (SImanual,automatic) between 

the manual and automatic tumor segmentations. An SI above 0.7 is indicative of a good 

segmentation (26).  

The sensitivity, specificity and SImanual,automatic were determined by Equation 2, 3 and 4, 

respectively: 

Sensitivity = 
TP

TP+FN
          (2) 

Specificity = 
TN

TN+FP
          (3) 

SImanual,automatic = 
2*TP

2*TP+FP+FN
            (4) 

In these equations, TP is the number of true-positive pixels, FP is the number of false-

positive pixels, TN is the number of true-negative pixels, and FN is the number of false-

negative pixels (see Figure 2). 
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Figure 2. Illustration of calculation of true positive (TP), true negative (TN), false positive (FP) and false 

negative (FN) values based on comparison between automatically (blue) and manually (yellow) segmented 

tumor regions. 

 

Assessment of inter-observer variability  

The manual segmentations of the different observers were compared by calculation of the 

above-mentioned SI. The SI between two different manual segmentations was assessed 

by the following equation: 

SIOi,Oj
 = 

2*Si∩Sj

2*Si∩Sj+Si∩Sj
̅ +Sj∩Si

̅            (5) 

, in which Si and Sj are the manual segmentations of observers Oi and Oj, respectively.  

Comparison of the optimal automatic segmentation method with histology  

The segmentation method that was considered optimal based on the above measures of 

performance was run on 7 separate MRI data sets of the same tumor model, that were 

acquired according to the same MRI protocol as described above. For these data sets, 

histological sections of the tumors, that were excised directly after acquisition of the MRI 

data, were available. The 5-µm-thick cryosections covered the entire tumor volume and 

were cut with a 300 µm inter-section distance. The cryosections were stained for 

nicotinamide adenine dinucleotide diaphorase (NADH) activity, which is a marker for cell 

viability (for protocol, see chapter 3). All sections were imaged with brightfield 

microscopy, that consisted of mosaic acquisition at 5x magnification. Analysis of the 

microscopy images was done in Mathematica. ROIs were manually drawn around the 

entire tumor tissue on each section. Subsequently, histology-derived tumor volumes were 

calculated by multiplication of the sum of the areas of tumor tissue in all sections with the 

inter-section distance. 

Statistics 

All data are presented as mean±SD. The SImanual,automatic values of the different 

segmentation methods were statistically compared with a paired t-test. The effect of a 

difference in observer on the SImanual,automatic values was assessed with ANOVA for 

repeated measures. In case the influence of observer on the SImanual,automatic proved to be 

significant, Bonferroni post-hoc tests were performed to compare the SImanual,automatic values 

of the individual observers. For all tests, the level of significance was set to α=0.05.   

The automatically and manually segmented tumor volumes were compared by linear 
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regression that consisted of fitting of the data points to the line y=a*x+b. A similar analysis 

was performed for comparison between tumor volumes from histology and automatically 

segmented tumor volumes. Outliers that significantly affected the linear regression were 

identified by calculation of the Cook’s distance of each data point. A data point was 

considered as outlier if its Cook’s distance was higher than 4/(n-k-1), in which n is the 

number of data points and k the number of fitted parameters (2) (27).  

  

Inter-observer variability  

Three observers manually delineated the tumor tissue on the T2-weighted images of all 

tumors. The inter-observer variability was assessed by calculation of the similarity index 

(SI). The SI values between the different manual segmentations are listed in Table 1, 

showing good agreement between the segmentations of the different observers. 

Table 1. Average Similarity Index between the three manual tumor segmentations. Values are given as mean 

± SD (n=21). 

 

Observer O1 O2 O3 

O1 1 0.86±0.04 0.84±0.04 

O2 - 1 0.87±0.04 

O3 - - 1 

 

Performance of k-means clustering  

Average sensitivity and specificity values of the k-means methods with the different 

feature vectors as function of the number of clusters are displayed in Figure 3A and B, 

respectively. Generally, a rise in specificity of the automatic segmentation method with 

increasing number of clusters was observed. Selection of the optimal k-means method for 

accurate tumor delineation was based on the SImanual,automatic values, which are displayed in 

Figure 3C for the different methods. The highest SImanual,automatic value (0.82±0.06) was 

observed for feature vector {T2, ADC} with 4 clusters. For this k-means method the 

sensitivity (Figure 3A) and specificity (Figure 3B) were 0.76±0.10 and 0.95±0.02, 

respectively. The SImanual,automatic value of this method was significantly larger than that of 

most of the other k-means methods. Only the k-means methods with feature vector {T1, 

ADC} with 4 clusters, feature vector {T1, T2, ADC} with 4 and 5 clusters and feature vector 

{T2, ADC} with 3, 5 and 6 clusters did not have a significantly lower SImanual,automatic than the 

optimized k-means method with feature vector {T2, ADC} and 4 clusters. The 

SImanual,automatic value for the automatic segmentation using k-means with feature vector {T2, 

ADC} and 4 clusters was higher than 0.7 (indicative of good agreement, see Materials and 

Methods) for 20 out of 21 tumors. 
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The SImanual,automatic values between the manual segmentation of each observer and the 

automatic segmentation with k-means clustering with feature vector {T2, ADC} and 4 

clusters were 0.85±0.05, 0.82±0.08 and 0.80±0.07 for observer O1, O2 and O3, 

respectively. These high SImanual,automatic values are indicative of good agreement between 

the automatic segmentation and the individual manual segmentations. Statistical analysis 

showed that there was a significant effect of observer on the SImanual,automatic values 

(P<0.001). The SImanual,automatic values of observer O1 were significantly higher than those of 

observer O2 and O3. Furthermore, significantly higher SImanual,automatic values were found for 

observer O2 as compared to observer O3.   

Figure 4 shows three representative examples of automatic tumor segmentation with k-

means clustering with feature vector {T2, ADC} and 4 clusters. On the right-hand side of 

the figure, the automatic tumor segmentation as well as the manual tumor segmentation 

of each observer are overlaid on the T2-weighted images. Close agreement between the 

manual and automated tumor segmentation was observed for all observers. The algorithm 

accurately segmented the tumor tissue, even for tumors with a heterogeneous 

appearance on the T2-weighted images, such as the tumors in the 2nd and 3rd row of 

Figure 4. In these heterogeneous tumors, the (most likely necrotic) regions within the 

tumor that exhibited a low signal intensity on the T2-weighted images were generally not 

assigned to one of the tumor clusters. However, they were included in the final segmented 

tumor volume by the region growing algorithm that was applied in the last step of the 

algorithm (see Figure 1 and Materials and Methods). 

 

Figure 3. Mean sensitivity (A), specificity (B) and the SImanual,automatic, i.e. the similarity index between the 

manual and automatic tumor segmentation, (C) values averaged over the observers for the different feature 

vectors (see bottom right) as function of the number of clusters for the k-means clustering-based 

segmentation method. The error bars represent the standard deviation between the different animals (n=21). 
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Figure 4. Three representative examples of the results of k-means clustering with feature vector {T2, ADC} 

and 4 clusters. The T2 and ADC maps of the tumor-bearing paws are shown in the first and second column, 

respectively. The third column shows the corresponding T2-weighted images. In the fourth, fifth and sixth 

column the automatic tumor segmentation (blue) and manual segmentation (yellow) of observer O1, O2 and 

O3, respectively, are overlaid on the T2-weighted image. 

 

Figure 5. Mean sensitivity (A), specificity (B) and SImanual,automatic, i.e. the similarity index between the manual 

and automatic tumor segmentation, (C) averaged over the observers for the different feature vectors (see 

bottom right) as function of the number of clusters for the fuzzy c-means clustering-based segmentation 

method. The error bars represent the standard deviation between the different animals (n=21). 

Performance of fuzzy c-means clustering  

Average sensitivity, specificity and SImanual,automatic values for the different fuzzy c-means 

methods are shown in Figure 5A, B and C, respectively. All values were generally lower 
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than those obtained for k-means clustering (Figure 3). For fuzzy c-means clustering, the 

highest SImanual,automatic was noted for feature vector {T2, ADC} and 7 clusters. For this fuzzy 

c-means method, the SImanual,automatic was 0.79±0.11, which tended to be lower (P=0.053) 

than the SImanual,automatic of the optimal k-means method.  

 

Performance of threshold-based segmentation method  

For the threshold-based segmentation method, which only made use of T2-weighted 

images, a mean SImanual,automatic of 0.69±0.14 was found, which is significantly lower than 

the SImanual,automatic values for both the optimized k-means (P<0.001) and fuzzy c-means 

(P<0.01) clustering methods. 

Comparison between tumor volumes from automatic and manual segmentation  

Figure 6A shows the tumor volumes resulting from k-means clustering with feature vector 

{T2, ADC} and 4 clusters vs. the average tumor volumes derived from manual tumor 

segmentations by the three observers. A high linear correlation (R2=0.99) was observed 

between the manually and automatically segmented tumor volumes. However, the slope 

of the linear fit was 0.88, indicative of either an underestimation of the tumor volume in the 

automatic segmentation or an overestimation of the tumor volume in the manual 

segmentation. Figure 6B shows a Bland-Altman plot of the difference in tumor volume 

between the manual and automatic segmentations resulting from the optimized 

segmentation method  vs. the mean of the manually and automatically segmented tumor 

volumes. This plot further illustrates that the automatically segmented tumor volumes 

were consistently smaller than the manually segmented tumor volumes. 

 

Figure 6. A) Tumor volumes derived from automatic tumor segmentation with k-means clustering with feature 

vector {T2, ADC} and 4 clusters vs. average tumor volumes derived from the manual tumor segmentations. 

The error bars represent the standard deviation between the manually segmented tumor volumes of the 

different observers (n=3). The fit to the data points is plotted with the solid line. The corresponding fit 

parameters are shown bottom right. The line of identity (dashed line) is added as visual reference. B) Bland-

Altman plot of the difference in tumor volume between the manually and automatically segmented tumors (i.e., 

automatically segmented tumor volume minus the observer-averaged manually segmented tumor volume) vs. 

the mean of the manually and automatically segmented tumor volumes. The dashed lines represent the mean 

and 95% confidence interval for the difference in tumor volume. 
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Comparison between tumor volumes from automatic segmentation and histology  

Figure 7 shows a correlation plot between histology-derived tumor volumes and tumor 

volumes derived from automatic segmentation of 7 separate data sets. A strong linear 

correlation (R2=0.96) was observed after omitting the data point that was identified as 

outlier. For all tumors, the automatically segmented tumor volume was larger than the 

tumor volume derived from histology. 

An automatic segmentation method for delineation of tumor tissue based on endogenous 

MR contrast was described. For optimization of the segmentation method, automatic 

tumor delineations were quantitatively compared to manual segmentations performed by 

three observers. The largest overlap between the automatic and manual segmentations 

was observed for k-means clustering with feature vector {T2, ADC} and 4 clusters. Visual 

inspection of the 4 clusters originating from this k-means method showed that three 

clusters corresponded to tumor tissue, peritumoral edema and muscle tissue. The fourth 

cluster generally originated from small regions of a few pixels in muscle or tumor tissue. 

The bone tissue in the tumor-bearing limb was typically excluded from analysis, since 

parameter values were not calculated in bone pixels because the signal intensity in these 

pixels was at noise level (see Materials and Methods). The SImanual,automatic of k-means 

clustering with {T2, ADC} and 4 clusters was not significantly better than the k-means 

method with feature vectors {T1, ADC} (4 clusters) and {T1, T2, ADC} (4 and 5 clusters), 

which indicated that clustering based on ADC and either T1 or T2 worked equally well for 

the segmentation of these tumors.  

 

Figure 7. Tumor volumes resulting from automatic segmentation with k-means clustering with feature vector 

{T2, ADC} and 4 clusters vs. tumor volumes derived from whole-tumor based histology. The fit to the data 

points is plotted with the solid line. The corresponding fit parameters are shown bottom right. The line of 

identity (dashed line) is added as visual reference. One data point was identified as outlier and is indicated 

with a black circle. 
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Fuzzy c-means clustering did not improve the tumor segmentation as compared to k-

means clustering, which implies that the contrast between the clusters of the different 

tissue types was well-defined. In clinical applications of automated tumor segmentation, 

fuzzy c-means clustering is widely used in various tumor types (3-5,9,10). In human 

tumors, the tissue around the tumor is generally very different from the surrounding tissue 

(muscle, oedema, bone) in the subcutaneous tumor model here. The contrast between 

tumor and surrounding tissue could be less well-defined, which may explain the additive 

value of fuzzy c-means clustering in the clinical setting. Furthermore, the resolution of 

clinical MR images is generally lower than the resolution used in our study (0.31x0.31x1 

mm3), leading to larger partial volume effects at the tumor borders and a less well-defined 

demarcation between tumor and surrounding tissue. In such cases, a soft segmentation 

method, such as fuzzy c-means, could prove beneficial. 

A strong linear correlation was observed between tumor volumes from the optimized 

automated segmentation and manual segmentations (Figure 6). However, the 

automatically segmented tumor volumes were on average smaller than those from the 

manual segmentations, which corresponds to the finding that the sensitivity of the 

optimized segmentation method was lower (0.76) compared to its specificity (0.95). 

Although the partial volume effects were relatively small, as stated above, they could 

partly explain the smaller tumor volumes for the automatic segmentation. Visual 

inspection of the segmentations revealed that pixels at the tumor rim were generally 

included in the manual segmentations, whereas they were not always included in the 

automatic segmentation because of partial volume effects with adjacent muscle or 

edematous tissue. These partial volume effects should be carefully taken into account 

when the segmentation method is used for image-guided treatment planning. It would be 

advisable to include a safety margin around the segmented tumor volume to prevent 

undertreatment. Safety margins are generally already included in image-guided therapy, 

for example during HIFU procedures (28), to account for the possible presence of occult 

tumor cells outside the tumor mass that are not visible with the used imaging method. The 

deviation between the automatically and manually segmented tumor volumes was also 

partly caused by errors in the manual tumor segmentations. The manual tumor 

delineations were based on T2-weighted images only. The border between tumor tissue 

and peri-tumoral edema was sometimes hardly visible, which led to incorrect inclusion of 

edematous tissue in the manual segmentations of several tumors, and underlines the 

need for automatic segmentation methods. Possible susceptibility artifacts that arise from 

EPI that was used as readout in the parameter mapping acquisitions most likely did not 

cause the observed mismatch between the automatically and manually segmented tumor 

volumes, because both the manual and automatic segmentation were performed based 

on EPI images. No apparent geometric differences between the EPI images of the T1, T2 

and ADC mapping protocol were observed. In addition, susceptibility artifacts at air-tissue 

interfaces were small anyway because of application of ultrasound gel on the tumor-

bearing limb (see Materials and Methods).  
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The inter-observer variability was assessed by calculation of the SI between the different 

manual segmentations (Table 1). Strong agreement (average SI of 0.86±0.02) was 

observed between the tumor delineations of the different observers. Visual inspection of 

the manual segmentations showed that differences in the tumor delineations were mainly 

caused by the aforementioned inclusion of peri-tumoral edema. In a future study, the 

accuracy of the manual tumor delineations could be improved by inclusion of diffusion-

weighted images as a visual reference. The contrast between tumor and edematous 

tissue is generally improved on diffusion-weighted images compared to T2-weighted 

images, because of the large difference in apparent diffusion coefficient of water in tumor 

tissue and edema (29). In addition, the manual tumor segmentations could also be 

performed on contrast-enhanced T1-weighted images. These tumor delineations could 

then be compared to the automatic segmentations by the proposed intrinsic MR contrast-

based method to assess whether our method could rival tumor delineations based on 

contrast-enhanced MRI that are considered as gold-standard in the clinic. The present 

study can be regarded as a feasibility study in which we assessed whether automatic 

tumor segmentation based on intrinsic MR contrast can be performed in a subcutaneous 

tumor model. Since T2-weighted images are generally used for manual segmentations of 

these subcutaneous tumors rather than contrast-enhanced T1-weighted images (e.g., (30-

32)), manual tumor delineations from T2-weighted images were considered as gold-

standard in this study. 

Selection of the clusters associated with the tumor tissue was performed based on a 

threshold-based segmentation method (see Figure 1 and Materials and Methods). The 

SImanual,automatic was significantly lower for the threshold-based segmentation method 

compared to the clustering-based segmentation methods. Although a clear peak that 

corresponded to tumor tissue was observed in the averaged histogram of signal 

intensities in the T2-weighted images (Figure 1), this peak considerably overlapped with 

other peaks in the histogram. Consequently, next to the tumor tissue, also regions of other 

types of tissue were incorrectly assigned as tumor tissue by the threshold-based 

segmentation. In addition, in individual animals, the tumor peak in the histogram could be 

slightly shifted compared to the histogram averaged for all animals, resulting in incomplete 

segmentation of the tumor by the threshold-based segmentation. Nevertheless, the 

threshold-based segmentation method provided a suitable initial tumor segmentation from 

which the tumor clusters could be selected in the clustering-based segmentation methods. 

However, care must be taken on the definition of the thresholds for the T2-weighted signal 

intensity values. To address this, we evaluated the influence of varying the thresholds on 

the SImanual,automatic values of the optimized segmentation method. Application of a smaller 

range of normalized intensity values (0.5-0.6) as threshold did not influence the 

SImanual,automic values, while a larger range (0.4-0.7) did lead to a lower performance of the 

method (SImanual,automatic=0.78±0.11 compared to SImanual,automatic=0.82±0.06 for the threshold 

range that was used in this study (0.45-0.65)). This finding suggests that the threshold 

intensity range can better be chosen conservatively. A too broad range leads to a larger 

overlap of the tumor peak with peaks of other tissue and consequently to substantial 
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misclassification of surrounding non-tumor tissue as tumor tissue. 

The threshold-based segmentation may however not be applicable for certain (clinical) 

tumor types in which the contrast between tumor and surrounding tissue is less defined on 

T2-weighted images. For those tumor types, the threshold-based segmentation method 

may be applied to T1-weighted or diffusion-weighted images, if the contrast between tumor 

and other tissue is better visible on those images. While the threshold-based method likely 

requires re-definition of the set thresholds for each tumor type, the automatic selection of 

clusters could possibly also be done based on features that are more specific to tumors in 

general, such as shape, size (18) and tissue homogeneity (9). Recently, Linguraru et al. 

showed that liver tumors can be accurately detected on contrast-enhanced computed 

tomography images by using a set of features that describe the intensity, shape, size and 

homogeneity of identified objects of interest in the liver (33). Apart from their potential 

utility for cluster selection, such tumor features could also be employed to select the tumor 

volume from the results of the morphological component analysis. In the present study the 

largest component was assumed to be the tumor volume, but this procedure would not be 

applicable in data sets in which more than one tumor is present. In those cases, the tumor 

volumes could be automatically selected based on the above-mentioned tumor features. 

   

Furthermore, the clustering-based segmentation may also be performed without input of 

prior knowledge on tumor tissue characteristics. The expert observer/radiologist could 

then manually select the cluster(s) associated with tumor tissue and subsequently the 

tumor volume(s). Although this would imply some user interaction, manual selection of the 

tumor clusters may still yield a more accurate and faster segmentation than tumor 

segmentation that is purely based on laborious manual delineations.  

Manual segmentation was considered as ‘gold standard’ for tumor demarcation in the 

present study. In other reports on automatic segmentation of tumors, manual 

segmentation is also often used as reference for the evaluation of the performance of the 

presented segmentation method (3,6,9,10,12). However, the above-discussed inter-

observer variability might suggest that manual segmentation is not the best reference for 

optimization of automatic segmentation methods. The ideal validation of the proposed 

segmentation method would consist of spatial correlation analysis between the 

segmented tumors and histological tumor sections. However, spatial registration between 

MRI and histology is known to be very challenging and would have required an 

intermediate MRI scan of the excised tumors and a robust anatomical reference (34). 

Instead of assessment of spatial correlation between MRI and histology, in the present 

study whole-tumor histology was used to calculate the tumor volume of a small set of 

tumors. A strong correlation between the automatically segmented tumor volumes and the 

histology-derived tumor volumes was observed. However, the tumor volumes from 

histology were consistently smaller than the automatically segmented tumor volumes. This 

finding can most probably be explained by tissue shrinkage during preparation of the 

tumors for cryosectioning. In addition, histological processing can induce substantial 

tissue deformations, which may explain the outlier observed in Figure 7. Visual inspection 
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of the automatically segmented tumor volume corresponding to the outlier showed that the 

algorithm had accurately identified the tumor tissue. Tumor weight could provide an 

alternative measure for tumor volume. Strong correlations between tumor mass and MRI-

derived measurements of tumor burden in mouse lung (35) and subcutaneous (19) tumor 

models have been described earlier.  

Clinical translation of the automatic segmentation method seems feasible, since the 

proposed MRI protocols are already clinically available. However, as indicated above, 

differences in the properties of the surrounding tissue and the typically lower spatial 

resolution in clinical MR imaging could affect the accuracy of the proposed algorithm. 

Furthermore, the typical lower field strength of clinical scanners could influence the 

observed contrast between tumor and surrounding tissue, since most MR parameters, 

such as T1 and T2, are dependent on the magnetic field strength. Because of these 

potential challenges regarding the translation of the proposed method from the 

subcutaneous mouse tumor model to human tumor types, the algorithm needs to be 

tested in different tumors to gain insight in its clinical applicability. Adaptations to the 

algorithm to allow for segmentation of a broader range of tumor types may include the use 

of other tumor features than the relative signal intensity in the T2-weighted images for the 

automatic selection of the clusters associated with the tumor tissue, as indicated above.  

Apart from having potential clinical utility, the proposed method may also be useful for 

various preclinical applications. Analysis of preclinical MRI data of various tumor models is 

currently generally performed based on manually drawn ROIs. An observer-independent 

tumor volume measure could increase the reproducibility in these preclinical studies. 

Application of the algorithm in several orthotopic animal tumor models is necessary to 

assess the full suitability of the method in preclinical MR cancer research in general, since 

segmentation of these orthotopic tumors may, similarly to human tumors, require 

adaptations to the algorithm.   

For practical application of the proposed method in a larger variety of tumor types, the 

implemented algorithms should be integrated into software package with a graphical user 

interface (GUI) that facilitates user-friendly MRI data processing and subsequent 

automatic tumor segmentation. This GUI should allow for user interaction, such as the 

addition of information on tumor characteristics and manual adjustments to the automatic 

segmentations. In addition, previous knowledge derived from automatic segmentations of 

different tumor types could be stored in this software to improve the accuracy of the 

automatic segmentation of subsequent tumors. 

In conclusion, we have shown that accurate, automatic and time-efficient segmentation of 

tumor tissue subcutaneously growing in the mouse hindleg can be achieved based on 

endogenous MR contrast only, without the need of injection of a contrast agent. We 

believe that this automatic segmentation method will be beneficial for various clinical and 

preclinical applications.  
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Purpose 

In this study endogenous magnetic resonance imaging (MRI) biomarkers for accurate 

segmentation of High Intensity Focused Ultrasound (HIFU)-treated tumor tissue and 

residual or recurring non-treated tumor tissue were identified.  

 

Materials and Methods 

Multiparametric MRI, consisting of quantitative T1, T2, apparent diffusion coefficient (ADC) 

and magnetization transfer ratio (MTR) mapping, was performed in tumor-bearing mice 

before (n=14), 1 h after (n=14) and 72 h (n=7) after HIFU treatment. A non-treated control 

group was included (n=7). Cluster analysis using the Iterative Self Organizing Data 

Analysis (ISODATA) technique was performed on subsets of MRI parameters (feature 

vectors). The clusters resulting from the ISODATA segmentation were divided into a 

viable and non-viable class based on the fraction of pixels assigned to the clusters at the 

different experimental time points. ISODATA-derived non-viable tumor fractions were 

quantitatively compared to histology-derived non-viable tumor volume fractions.  

 

Results 

The highest agreement between the ISODATA-derived and histology-derived non-viable 

tumor fractions was observed for feature vector {T1, T2, ADC}. R1 (1/T1), R2 (1/T2), ADC 

and MTR each were significantly increased in the ISODATA-defined non-viable tumor 

tissue at 1 h after HIFU treatment compared to viable, non-treated tumor tissue. R1, ADC 

and MTR were also significantly increased at 72 h after HIFU. 

 

Conclusions 

This study demonstrates that non-viable, HIFU-treated tumor tissue can be distinguished 

from viable, non-treated tumor tissue using multiparametric MRI analysis. Clinical 

application of the presented methodology may allow for automated, accurate and 

objective evaluation of HIFU treatment.   
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Thermal ablation of tumors with High Intensity Focused Ultrasound (HIFU) (1,2) is 

currently being introduced in the clinic for the treatment of both benign tumors, mainly 

uterine fibroids (3,4), and malignant tumors, such as prostate (5-7) and breast tumors (8) 

and liver metastases (9,10). HIFU treatment of malignant tumors should cover the entire 

tumor, which requires adequate treatment planning, monitoring and evaluation. HIFU 

therapy is therefore commonly performed under image guidance, often using magnetic 

resonance imaging (MRI) (11,12). MRI facilitates treatment planning because of its 

excellent soft tissue contrast. Furthermore, MR thermometry allows for real-time 

temperature feedback during the procedure (12). MRI is also well-suited for the evaluation 

of treatment outcome.   

 

With MR thermometry, lethal thermal dose areas (i.e. tissue regions that received a 

thermal dose of at least 240 equivalent minutes (EM) at 43°C) can be identified (13). 

However, a recent study on MR-guided HIFU treatment of a rabbit tumor model showed 

that the 240-EM thermal dose limit underestimates the necrotic tissue area immediately 

after HIFU treatment (14), possibly caused by the dependence of thermal dose necrosis 

thresholds on tissue type (13,15).   

 

For treatment evaluation commonly conventional MRI techniques are used, including T2-

weighted and contrast-enhanced T1-weighted imaging. Kirkham et al. (7) reported a 

heterogeneous appearance of the tumor tissue on T2-weighted images up to 1 month after 

HIFU ablation of human prostate tumors, showing that T2-weighted imaging alone is 

inadequate for the assessment of necrosis. Furthermore, on contrast-enhanced T1-

weighted imaging, an enhancing rim, surrounding the non-enhancing central core of 

necrosis, was observed, that can either originate from residual tumor tissue or from 

inflammation-induced hyperemia. A similar enhancement pattern was observed in other 

clinical studies on HIFU treatment of prostate tumors (6) and on radiofrequency (RF) 

ablation of kidney (16) and liver tumors (17). Furthermore, the aforementioned study of 

HIFU treatment of a rabbit tumor model reported that contrast-enhanced T1-weighted 

imaging underestimates the area of necrosis in histology directly after HIFU treatment 

(14). An additional drawback of contrast-enhanced T1-weighted imaging for the evaluation 

of HIFU treatment is the need for the injection of a Gadolinium (Gd) contrast agent. If 

immediate retreatment needs to be performed directly after treatment evaluation, the Gd 

contrast agent could interfere with the HIFU procedure. Presence of Gd in the tissue could 

induce susceptibility artifacts in the thermometry acquisitions, resulting in inaccurate 

temperature maps (18).  

 

Several studies have reported on the evaluation of HIFU treatment with more advanced 

MRI protocols. In clinical studies, preliminary experiments were conducted in which 

diffusion-weighted imaging was used to evaluate HIFU treatment. A recent study on HIFU 

ablation of malignant liver lesions showed a significant increase in the apparent diffusion 
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coefficient (ADC) in the necrotic, HIFU-treated tumor tissue (19). In contrast, a decrease 

in ADC was observed after HIFU treatment of uterine fibroids (20,21). The magnetization 

transfer ratio (MTR) is another MRI parameter that has potential sensitivity for the 

distinction between HIFU-treated and non-treated tumor tissue. The MTR is a measure for 

the level of magnetization exchange between water protons and semi-solid 

macromolecular protons in tissue (22). An increase in tissue MTR has been observed 

after thermal treatment of ex vivo porcine muscle tissue (23).   

 

Overall, multiple studies have been published in which different MRI parameters for HIFU 

treatment evaluation were proposed. However, no quantitative studies on the correlation 

between changes in the different MRI parameters and histological analysis of the HIFU-

treated lesion have been reported. Recently, multiparametric MRI has been proposed as a 

possibly suitable approach for the evaluation of HIFU treatment of prostate tumors (24). 

To the best of our knowledge, multiparametric MR analysis consisting of quantitative 

assessment of HIFU-induced changes in the tumor tissue based on different combinations 

of MRI parameters has not yet been performed.  

 

Therefore, the goal of the present study was to identify endogenous MRI biomarkers that 

can be used to distinguish between HIFU-treated and non-treated tumor tissue, using 

multiparametric MRI analysis combined with quantitative histological evaluation. 

Specifically, the multiparametric MRI protocol consisted of quantitative assessment of T1, 

T2, ADC and MTR and was used to assess changes in tumor tissue status as induced by 

HIFU treatment in a murine tumor model. The HIFU treatment consisted of partial ablation 

of the tumors to allow for internal reference between HIFU-treated and residual non-

treated tumor tissue. MR evaluation of the tumor tissue was performed before and at 1 h 

and at 72 h after HIFU. The Iterative Self Organizing Data Analysis (ISODATA) clustering 

algorithm (25) was implemented and employed to segment the multispectral data into 

tissue populations with similar MRI parameter values. Cluster analysis was performed on 

different subsets of MRI parameters. The optimal set of MR parameters for the 

segmentation of HIFU-treated and non-treated tissue was determined by quantitative 

comparison between ISODATA-derived and histology-derived non-viable tumor volume 

fractions.    

Ethics Statement  

All animal experiments were performed according to the Directive 2010/63/EU of the 

European Parliament and approved by the Animal Care and Use Committee of Maastricht 

University.  

 

Murine tumor model  

CT26.WT murine colon carcinoma cells (American Type Culture Collection (ATCC; CRL-

2638)) were cultured as a monolayer at 37°C and 5% CO2 in RPMI-1640 medium 
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(Invitrogen, Breda, The Netherlands), supplemented with 10% fetal bovine serum (Greiner 

Bio-One, Alphen a/d Rijn, The Netherlands) and 50 U/ml penicillin/streptomycin (Lonza 

Bioscience, Basel, Switzerland). Early passages (5-10) of the original ATCC batch were 

used for inoculation.  

10-12 week-old Balb/c mice (Charles River, Maastricht, The Netherlands) were inoculated 

with 2x106 CT26.WT cells subcutaneously in the right hind limb. Approximately 10 days 

after inoculation, tumors became palpable in all animals.   

 

Study design  

Animals were subjected to MRI examination 24 h before (n=14), 1 h after (n=14) and 72 h 

after HIFU treatment (n=7). A control group of non-treated animals (n=7) was included. 

The time points of MRI examinations of the control animals were the same as for the 

HIFU-treated animals and are referred to as Day 0, Day 1 and Day 4. Directly after the 

last MRI experiment, the mice were sacrificed, and the tumors were dissected and 

processed for histological analysis. This study design led to three different groups for 

quantitative histology: animals sacrificed after the MRI examination at 1 h after HIFU 

treatment (n=7, referred to as ‘1 h after HIFU’), animals sacrificed after the MRI 

examination at 72 h after HIFU treatment (n=7, referred to as ’72 h after HIFU’) and non-

treated control animals (n=7, referred to as ‘Control’). 

HIFU treatment  

HIFU treatment was performed with the preclinical Therapy and Imaging Probe System 

(TIPS, Philips Research, Briarcliff Manor, NY, USA) (26), outside the MR system. Animals 

were initially anesthetized with 3% isoflurane in medical air and maintained with 1-2% 

isoflurane during HIFU treatment. Precautionary analgesia (buprenorphine, 0.1 mg/kg 

s.c.) was administered 30 min before treatment. The non-treated control animals received 

an equal dose of analgesia at the corresponding time point. Animal temperature was 

maintained with an infrared lamp controlled by feedback from a rectal temperature sensor, 

supplemented with a warm water pad. The tumor-bearing paw was positioned underneath 

the therapeutic transducer. The paw was fully covered with degassed ultrasound 

transmission gel (Aquasonic 100, Parker Laboratories, Fairfield, NJ, USA). An acoustic 

absorber (Aptflex F28P, Precision Acoustics, Dorchester, UK) was positioned underneath 

the paw to prevent far-field heating. A photograph and a schematic drawing of the HIFU 

set-up are shown in Supplemental Figure S1.  

 

Partial tumor ablation was performed such that both HIFU-treated and non-treated tumor 

tissue were present after treatment. Positioning of the tumor in the focal point of the 

therapeutic transducer was confirmed by use of an ultrasound imaging system (HDI5000 

imaging system combined with a P7-4 phased array transducer, Philips Ultrasound, 

Bothell, WA, USA). Ultrasound imaging was solely used for treatment planning; 

ultrasound-based treatment monitoring was beyond the scope of the present study. A 

square 4x4 mm2 treatment grid consisting of 25 equally-spaced treatment points was 

defined within the tumor. A wait time of 120 s was applied between the point-wise HIFU 
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treatments to allow sufficient cooling of the tissue. Treatment settings were: frequency=1.4 

MHz, pulse repetition frequency=20 Hz, acoustic power=12 W, duty cycle=50%, treatment 

time=30 s. In three pilot experiments, a thermocouple (T-type thermocouple; T-150A, 

Physitemp Instruments, Clifton, NJ, USA) was positioned in the focal point of the 

therapeutic transducer to monitor temperature during the treatment. The temperature 

increased to approximately 66°C during the sonication and decreased again to the pre-

sonication temperature (approximately 35°C) during the wait time. A representative 

temperature profile is shown in Supplemental Figure S2. The thermocouple was not 

inserted during the treatment of the experimental groups to prevent non-HIFU-related 

damage to the tumor tissue.  

MRI measurements  

MRI measurements were performed with a 6.3 T scanner (Bruker BioSpin, Ettlingen, 

Germany) using a 3.2-cm-diameter quadrature birdcage RF coil (Rapid Biomedical, 

Rimpar, Germany). Anesthesia was maintained with 1-2% isoflurane during the MRI 

experiments. The mice were positioned in a custom-made cradle, equipped with a mask 

for anesthetic gas. The tumor-bearing paw was fixed in the set-up by adhesive tape in 

order to prevent motion artifacts. No motion was observed between the images of the 

different sequences and therefore no further post-processing image registration proved 

necessary. Respiration was monitored with a balloon sensor. Body temperature was 

monitored and maintained with a warm water pad. For reduction of susceptibility artifacts 

in the echo planar imaging (EPI) sequence, the tumor-bearing paw was covered with 

degassed ultrasound gel (Aquasonic 100, Parker Laboratories). Artifacts were further 

reduced by local shimming of the tumor-bearing paw. To illustrate the obtained image 

quality of the EPI sequence, representative images of a conventional T2-weighted spin-

echo acquisition and a T2-prepared gradient-echo EPI (GE-EPI) sequence are shown in 

Supplemental Figure S3. No apparent geometric distortion artifacts were present in the 

EPI images.   

 

The multi-slice MRI protocol, covering the whole tumor, started with a fat-suppressed T2-

weighted spin-echo sequence (echo time TE=30 ms, repetition time TR=1000 ms, number 

of averages NA=1) for anatomical reference. Subsequently, T1, T2, ADC and MTR 

mapping were performed. T1 mapping was performed with an inversion recovery Look-

Locker EPI method (TE=8 ms, TR=10000 ms, inversion time=30 ms, flip angle=20°, pulse 

separation=400 ms, number of points=15, NA=2). For T2 mapping, a T2-weighted MLEV-

prepared (27) GE-EPI sequence (TR=2000 ms, NA=2) was acquired with 7 TE’s ranging 

from 1 to 82 ms. For ADC mapping, a diffusion-weighted double spin-echo prepared EPI 

sequence (TE=41 ms, TR=4000 ms, NA=4) was used to acquire images with 4 different b-

values (0, 100, 200 and 400 s/mm2). The diffusion-sensitizing gradient was applied 

separately in three orthogonal directions. The MTR mapping protocol consisted of two 

GE-EPI acquisitions (TE=8 ms, TR=8000 ms, NA=2) with and without an off-resonance 

preparation pulse (4000 ms block pulse, B1=1.3 μT, -10 ppm from water resonance 
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frequency). All acquired images had a matrix size of 128x128, FOV of 4x4 cm2 and 1 mm 

slice thickness. Twelve to 16 slices were acquired covering the whole tumor volume.  

Image processing and generation of parameter maps  

Image analysis was performed in Mathematica 7.0 (Wolfram Research, Champaign, IL, 

USA). Regions of interest (ROIs) were defined on the T2-weighted images by manually 

drawing contours around the tumor tissue on each slice. Diffusion-weighted images were 

used as an additional reference for tumor demarcation. Parameter maps were calculated 

on a pixel-by-pixel basis in each slice. T1 maps were generated as described previously 

(28). T2 maps were calculated from mono-exponential fitting of the multi-echo data. For the 

generation of ADC maps, mono-exponential fitting was performed through the signal 

intensities at the different b-values for each diffusion-encoding direction separately. Next, 

ADC values of the different directions were averaged to obtain the final (orientation-

invariant) ADC value. MTR maps were generated according to MTR=(1-S/S0)*100%, in 

which S and S0 are the pixel signal intensities with and without off-resonance irradiation, 

respectively. 

ISODATA analysis  

ISODATA cluster analysis was employed to segment the multiparametric data into groups 

of pixels, i.e. clusters, with similar MR parameter values. The ISODATA technique was 

implemented in Mathematica 7.0 according to the description given by Jacobs et al. (25). 

A schematic overview of the ISODATA algorithm can be found in Supplemental 

Information S1. The ISODATA clustering technique is similar to the widely applied 

clustering algorithm k-means (29). However, as opposed to k-means, the number of 

clusters does not have to be determined a priori for the ISODATA algorithm. The number 

of clusters is rather adjusted iteratively according to the Euclidean distance between and 

within the clusters. ISODATA clustering was performed on the multi-slice parametric 

images of all animals (HIFU-treated and control) at all time points simultaneously. Prior to 

ISODATA clustering, features were normalized (mean μ=0, standard deviation (SD)=1) to 

remove scaling differences between the different parameters. Pixels of which the signal 

intensity in the T2-weighted images was at noise level, e.g. because of HIFU-induced 

hemorrhage, were excluded from ISODATA analysis. ISODATA clustering was performed 

on the following subsets of MRI parameters, termed feature vectors: {T2}, {ADC}, {T1,T2}, 

{T2,ADC}, {T1,ADC}, {ADC,MTR}, {T1,T2,ADC}, {T2,ADC,MTR}, {T1,ADC,MTR}, 

{T1,T2,MTR} and {T1,T2,ADC,MTR}. The resulting clusters were divided into two different 

classes: 

 Non-viable: clusters of which the fraction of assigned pixels increased significantly 

after HIFU (either at 1 h or 72 h) compared to before HIFU (paired Student’s t-test, 

P<0.05); 

 Viable: all remaining clusters. 
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Subsequently, all tumor pixels of both the HIFU-treated and non-treated animals at all 

experimental time points were assigned as either viable or non-viable based on the class 

of the cluster to which the pixel belongs. 

A schematic view of the classification of the clusters into either non-viable or viable tumor 

tissue is given in Figure 1. 

 

 

Figure 1. Flow chart of the classification of clusters resulting from ISODATA segmentation with feature vector 

{T1, T2, ADC}. MRI parameter maps were generated from the multiparametric MRI data (top left). The 

displayed MRI results originate from a tumor scanned at 72 h after HIFU treatment. Pixels were clustered into 

tissue populations with similar MRI parameters (top right; different colors represent different clusters). The 

resulting clusters were classified as either viable (labeled ‘V’ in the histogram) or non-viable (labeled ‘N’ in the 

histogram) based on the fraction of pixels assigned to the clusters at the different time points. Clusters of 

which the fraction of pixels had increased significantly (paired Student’s t-test, P<0.05) after HIFU compared 

to before HIFU were assigned to non-viable tumor tissue. The remaining clusters were assigned to viable 

tumor tissue. The histogram of the fractions of tumor pixels in each cluster at the different time points is 

displayed in the center of the figure. The white, grey and black bars represent mean ± SD of the fractions of 

tumor pixels before, at 1 h after and at 72 h after HIFU, respectively. The color coding on the x-axis of the 

histogram corresponds to the cluster colors in the ISODATA segmentation results (top right). The result of the 

ISODATA segmentation after classification of the clusters as either viable or non-viable tumor tissue is shown 

in the bottom part of the figure. A small number of tumor pixels was excluded from ISODATA analysis, 

because of a low signal-to-noise ratio (see Materials and Methods). 
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Based on this classification, ISODATA-derived non-viable tumor volume fractions were 

calculated for each tumor for the different feature vectors. These tumor fractions were 

compared to histology-derived non-viable tumor volume fractions in order to select the 

optimal feature vector, i.e. the combination of MRI indices, which led to the best 

agreement with the histological differentiation between non-viable and viable tumor tissue.

  

Mean MRI parameter values in the pixels classified as viable and non-viable tumor tissue 

were calculated to quantify the effects of HIFU treatment on the measured MRI 

parameters. 

 

Histological analysis  

Dissected tumors were snap-frozen in isopentane and stored at -80°C. Tumors were cut 

into 5 μm thick sections with a distance of approximately 300 μm between the sections. 

The cryo-sections were briefly air-dried and subsequently stained for nicotinamide 

adenine dinucleotide (NADH) diaphorase activity to assess cell viability. NADH-

diaphorase staining is a powerful histological tool for demarcation between viable and 

non-viable tumor tissue after HIFU treatment (30). Sections were incubated at 37°C for 1 

h in Gomori-Tris-HCl buffer (pH 7.4) containing β-NAD reduced disodium salt hydrate 

(Sigma-Aldrich, St. Louis, MO, USA, 0.71 mg/ml buffer solution) and nitro blue tetrazolium 

(Sigma-Aldrich, 0.29 mg/ml buffer solution). Brightfield microscopy was performed on all 

sections and consisted of mosaic acquisition of the entire section at 5x magnification.   

Analysis of the microscopy images was performed in Mathematica 7.0. ROIs were 

manually drawn around the pale non-viable tumor tissue and the entire tumor tissue on all 

sections of each tumor. From the ratio between the ROI areas of non-viable tumor tissue 

and entire tumor tissue on all tumor sections, a histology-derived non-viable tumor volume 

fraction was determined for each tumor.   

 

Statistical analysis  

Data are reported as mean±SD. For the determination of the optimal feature vector, non-

viable tumor fractions derived from ISODATA segmentation with the different feature 

vectors were quantitatively compared to the histology-derived non-viable tumor volume 

fractions. Initial feature vector selection was based on the one-to-one correspondence 

between histology-derived and ISODATA-derived non-viable tumor fractions. The one-to-

one correspondence was determined by calculation of the coefficient of determination (R2) 

of the data points, consisting of the ISODATA-derived and the histology-derived non-

viable tumor fraction of each tumor, to the line of identity (y=x). This initial selection led to 

the elimination of feature vectors for which the ISODATA-derived non-viable tumor 

fractions were either strongly over- or underestimated compared to the histology-derived 

non-viable tumor fractions. Subsequently, Pearson’s correlation coefficients were 

determined between the histology-derived and ISODATA-derived tumor fractions, as a 

measure for the strength of the linear relationship between the histology-derived and 

ISODATA-derived non-viable tumor fractions. These correlation values were determined 
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for two different groups of animals: one group consisting of the animals sacrificed after the 

MRI examination at 1 h after HIFU and the non-treated control animals (referred to as ‘1 h 

after HIFU + Control’) and one group consisting of the animals sacrificed after the MRI 

examination at 72 h after HIFU and the control animals (referred to as ’72 h after HIFU + 

Control’). This division in groups was made to take into account the temporal changes in 

tumor tissue after HIFU treatment, which might lead to a different optimal feature vector 

for the different time points after HIFU. The control animals were included in both groups 

to increase the statistical power and to obtain a larger range of non-viable tumor fractions. 

Differences in correlation values between the different feature vectors were tested for 

significance with a Wolfe’s test for Comparing Dependent Correlation Coefficients (31).  

For the HIFU-treated animals, the MRI parameter values in ISODATA-defined non-treated 

tumor tissue at all time points were compared to the parameter values in ISODATA-

defined non-viable tumor tissue at 1 h and 72 h after HIFU with a paired Student’s t-test. 

For all tests the level of significance was set at α=0.05. 

 

MRI parameter maps  

Representative MRI parameter maps as measured before, 1 h and 72 h after HIFU 

treatment are shown in Figure 2. A heterogeneous appearance of the HIFU-treated lesion 

was visible on the T2-weighted images at both time points after HIFU treatment. Distinct 

regions with decreased T1 and T2 were observed at 1 h after HIFU. A further increase in 

the area of T1 and T2 decline was observed in these regions at 72 h after HIFU. Increased 

ADC and MTR values were observed in roughly the same regions of T1 and T2 change, 

both at 1 h and 72 h after HIFU. However, no sharp demarcation between HIFU-treated 

and non-treated tumor tissue was visible on the individual MRI parameter maps obtained 

after HIFU. Tumor regions with altered MRI parameters co-localized only partially for the 

different parameters. This implied that more advanced analysis of the multiparametric 

data is necessary to enable MRI-based identification of the HIFU-treated tumor tissue. 

Therefore, quantitative multiparametric analysis of the MRI parameter changes after HIFU 

treatment was performed using the ISODATA technique. Clusters resulting from the 

ISODATA segmentation were classified as either viable or non-viable based on the 

fraction of pixels assigned to the clusters at the different experimental time points (Figure 

1). ISODATA clustering was applied on different combinations of the MRI parameters (i.e. 

feature vectors), to determine the feature vector that led to the most accurate 

segmentation between viable and non-viable tumor tissue. 
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Feature vector selection 

Selection of the optimal feature vector for the discrimination between HIFU-treated, non-

viable and non-treated, viable tumor tissue was performed based on quantitative 

comparison between non-viable tumor fractions resulting from ISODATA segmentation 

with different feature vectors and non-viable tumor fractions derived from whole-tumor-

based histology.  

 

Plots of the histology-derived non-viable tumor fractions versus the ISODATA-derived 

non-viable tumor fractions were processed for all assessed feature vectors. The R2 of the 

data points to the line of identity, indicative of the level of one-to-one correspondence 

between the results from ISODATA analysis and histology, was used as an initial criterion 

for feature vector selection. R2 values for all assessed feature vectors are listed in Table 

1. Relatively high R2 values (>0.7) were observed for three feature vectors: {ADC}, {T2, 

ADC} and {T1, T2, ADC}, which were therefore considered candidates for the 

segmentation of HIFU-treated tumor tissue. Scatter plots of the ISODATA-derived and 

histology-derived non-viable tumor fractions are displayed in Figure 3 for these candidate 

feature vectors.  

 

 

 

 

Figure 2. MRI parameter maps before and longitudinally after HIFU treatment. Representative example of 

multiparametric MRI of the hind limb region of a HIFU-treated tumor-bearing mouse before and 1 h and 72 h 

after HIFU treatment. T2-weighted images of an axial slice of the tumor-bearing paw are shown in the left 

panel. The hyper-intense tumor tissue is surrounded by hypo-intense muscle tissue. In the other panels the 

same T2-weighted images are displayed except that the tumor pixels are overlaid with MRI parameter maps. 

The parameter maps were scaled according to the color scale bar shown at the right-hand side of the figure. 

The corresponding parameter range for this scale bar is indicated above each panel. The approximate 

direction of the HIFU treatment is shown by the white arrow on the T2-weighted image, which was collected    

1 h after HIFU treatment. 
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Table 1 R
2
 values of ISODATA-derived versus histology-derived non-viable tumor fractions to the line of 

identity for all assessed feature vectors. 

Feature vector R
2
 to line of identity [-] 

{T2} 0.60 

{ADC} 0.74 

{T1, T2} 0.70 

{T2, ADC} 0.77 

{T1, ADC} 0.68 

{ADC, MTR} -1.67 

{T1, T2, ADC} 0.77 

{T2, ADC, MTR} -0.09 

{T1, ADC, MTR} 0.42 

{T1, T2, MTR} -0.79 

{T1, T2, ADC, MTR} -0.16 
 

 

 

The correlation between the histology-derived and ISODATA-derived non-viable tumor 

fractions was used as a second criterion for feature vector selection. The experimental 

groups were divided into two groups for this correlation analysis: ‘1 h after HIFU + Control’ 

and ’72 h after HIFU + Control’ (see Methods). Correlation plots for the three candidate 

feature vectors are depicted in Figure 4 for both groups. For group ‘1 h after HIFU + 

Control’ the strongest correlation was found for feature vector {T1, T2, ADC} (r=0.62, 

moderate correlation; Figure 4A). However, for this group, no statistically significant 

differences between the correlation values of the different candidate feature vectors were 

observed. A strong correlation was observed for all three feature vectors for group ’72 h 

after HIFU + Control’ (Figure 4B). The strongest correlation in this case was found for 

feature vector {ADC} (r=0.83), which was significantly higher than the correlation value 

found for feature vector {T1, T2, ADC} (r=0.80). 

 

Figure 3. Scatter plots of the ISODATA-derived non-viable tumor fractions following segmentation with feature 

vectors {ADC}, {T2, ADC} and {T1, T2, ADC} as a function of the histology-derived non-viable tumor fractions. 

The symbols ○, □ and ▲ indicate groups ‘1 h after HIFU’, ’72 h after HIFU’ and ‘Control’, respectively. The line 

of identity is shown as visual reference. The R
2
 values of the data to the line of identity are shown in the top 

left corner of each plot.  
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The third criterion for feature selection consisted of minimization of the number of pixels 

incorrectly assigned to non-viable tissue before ablation. Most notably for the feature 

vectors {ADC} and {T2, ADC}, a portion of pixels in the tumor rim was incorrectly assigned 

to non-viable tissue before HIFU, whereas this was observed to a lesser extent for feature 

vector {T1, T2, ADC}. The incorrect classification of the tumor pixels was caused by 

presence of peritumoral edema at the tumor rim. Visual inspection during excision of the 

tumors confirmed presence of edema around the HIFU-treated tumors. The fraction of rim 

pixels (rim thickness of 3 pixels) that was incorrectly assigned as non-viable before HIFU 

application was therefore used as a further selection measure. The fractions of incorrectly 

assigned rim pixels were significantly lower for feature vector {T1, T2, ADC} (0.15±0.09) as 

compared to feature vectors {ADC} and {T2, ADC} (0.28±0.10 and 0.25±0.08, 

respectively). 

 

Based on the above three criteria, feature vector {T1, T2, ADC} provided the optimal 

combination of MRI parameters for differentiation between HIFU-treated and non-treated 

tumor tissue. 

 

Figure 4. Correlation between histology-derived and ISODATA-derived non-viable tumor fractions. Correlation 

plots of ISODATA-derived non-viable tumor fractions following segmentation with feature vectors {ADC}, {T2, 

ADC} and {T1, T2, ADC} as a function of the histology-derived non-viable tumor fractions for two different 

groups of animals: ‘1 h after HIFU + Control’ (A) and ’72 h after HIFU + Control’ (B). The symbols ○, □ and 

▲indicate groups ‘1 h after HIFU’, ’72 h after HIFU’ and ‘Control’, respectively. Correlation values between the 

ISODATA-derived and the histology-derived tumor fractions are listed in the top left corner of each plot. 
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In Figure 5A representative results of the ISODATA segmentation with feature vector {T1, 

T2, ADC} are displayed for two HIFU-treated animals. As anticipated, at baseline the 

largest fraction of pixels (0.85±0.10 for all HIFU-treated animals) was assigned to viable 

tumor tissue. At 1 h after HIFU a region emerged in which pixels were assigned to HIFU-

treated, i.e. non-viable tumor tissue. At 72 h after HIFU this region had grown and showed 

good spatial agreement with a region of non-viable tumor tissue on an NADH-diaphorase 

stained section at approximately the same location within the tumor. In comparison, 

Figure 5B shows representative results of ISODATA segmentation of a non-treated 

control animal that was subjected to MRI examination at the same time points. Here only 

a small number of pixels was assigned to non-viable tumor tissue at all time points, in 

agreement with a fully viable tumor observed by NADH-diaphorase staining. 

 

Evaluation of MRI parameter changes 

Average MRI parameter values of ISODATA-defined viable tumor tissue at all 

experimental time points and non-viable tumor tissue at both time points after HIFU are 

listed in Table 2 for feature vector {T1, T2, ADC}. R1 (1/T1), R2 (1/T2), ADC and MTR were 

significantly increased in the non-viable, HIFU-treated tumor tissue 1 h after HIFU 

compared to viable tumor tissue. R1, ADC and MTR remained significantly increased in 

 
Figure 5. A) Representative T2-weighted images of the hind limb region of two HIFU-treated mice before, 1 h 

after and 72 h after HIFU. The results of ISODATA segmentation with feature vector {T1, T2, ADC} are overlaid 

on the tumor pixels. NADH-diaphorase stained sections of tumors dissected at 72 h after HIFU were made at 

approximately the same location within the tumor and are shown at the bottom of each column. ROIs around 

the entire (black line) and non-viable (red line) tumor tissue were drawn manually. Data in the left column are 

from the animal presented in Figure 1. B) Similar data of a non-treated control mouse that was subjected to 

serial MRI measurements at the same time points (Day 0, Day 1 and Day 4) as the HIFU-treated animals. 

Scale bar = 1 mm. 
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non-viable tumor tissue 72 h after HIFU. No significant differences in parameter values 

were observed between 1 h and 72 h after HIFU treatment. 

 

Table 2. MRI parameter values (mean±SD) in viable tumor tissue (tumor tissue assigned as viable tumor 

tissue at all time points (n=14)), non-viable tumor tissue at 1 h after HIFU (n=14) and non-viable tumor tissue 

at 72 h after HIFU (n=7) of the HIFU-treated animals following ISODATA segmentation with feature vector {T1, 

T2, ADC}. * and ** denote a significant difference between viable and non-viable tumor tissue with P<0.05 and 

P<0.001, respectively (paired Student’s t-test). 

MRI parameter Viable tumor tissue Non-viable  

tumor tissue  

1 h after HIFU 

Non-viable  

tumor tissue  

72 h after HIFU 

R1 [s
-1

] 0.45±0.01 0.61±0.13 ** 0.60±0.06 ** 

R2 [s
-1

] 21.7±1.4 35.8±19.5 ** 34.0±21.0 

ADC [10
-3

 mm
2
s

-1
] 0.84±0.12 1.09±0.20 ** 1.25±0.16 ** 

MTR [%] 23.3±1.2 26.4±2.7 ** 26.4±3.5 * 
 

In the present study multiparametric MR analysis was performed to distinguish non-viable, 

HIFU-treated tumor tissue from viable, non-treated tumor tissue in a murine tumor model. 

The longitudinal multiparametric MRI measurements consisted of quantitative 

assessments of T1, T2, ADC and MTR. ISODATA segmentation was applied on various 

feature vectors. ISODATA-derived non-viable tumor volume fractions were compared to 

non-viable tumor fractions derived from quantitative histology to identify the optimal 

feature vector for differentiation between non-viable, HIFU-treated and viable, non-treated 

tumor tissue.  

 

The most accurate distinction between HIFU-treated and non-treated tumor tissue was 

obtained with feature vector {T1, T2, ADC}. For this feature vector, the correlation between 

the histology-derived and ISODATA-derived fractions of non-viable tumor tissue was 

lower for group ‘1 h after HIFU + Control’ than for group ’72 h after HIFU + Control’. These 

results suggest that time is needed before HIFU-induced changes in the tumor tissue 

produce sufficient detectable contrast in the MRI images.   

 

A multiparametric protocol consisting of T1, T2 and ADC mapping was sufficient to 

segment HIFU-treated and non-treated tumor tissue. Inclusion of MTR to the protocol led 

to less agreement of the ISODATA segmentation with the histological analysis. 

Nevertheless, a significant increase in MTR was observed in the non-viable tumor tissue 

identified from ISODATA analysis with feature vector {T1, T2, ADC} (Table 2). However, 

since this increase was only subtle, clustering with inclusion of MTR led to merging of 

clusters of non-viable and viable tumor tissue, resulting in a lower specificity and 

sensitivity of the cluster method.  
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ISODATA clustering with feature vector {T1, T2, ADC} yielded 31 different clusters (Figure 

1), which indicated a large heterogeneity of the HIFU-treated tumor tissue. Extensive 

analysis of each cluster separately would yield additional information about the status of 

the different segmented tissue populations. However, the focus of this study was the 

binary distinction between non-viable, HIFU-treated and viable, non-treated tumor tissue. 

Therefore, it was decided to allocate the clusters resulting from ISODATA segmentation to 

two distinct classes, designated as non-viable and viable. A cluster was assigned to the 

non-viable class if the fraction of pixels within the cluster significantly increased by HIFU 

treatment. This criterion could however also be met if the cluster is associated with 

reversible HIFU-induced tissue changes instead of with non-viable tumor tissue. 

Nevertheless, since a high one-to-one correspondence between histology-derived and 

ISODATA-derived non-viable tumor fractions was observed for the optimal feature vector 

{T1, T2, ADC}, it seems reasonable to assume that the majority of the non-viable clusters 

for that feature vector indeed represents non-viable tumor tissue.  

 

A minor part of the tumor pixels after HIFU treatment (fractions of 0.05±0.03 and 

0.02±0.02 of the entire tumor tissue at 1 h and 72 h after HIFU, respectively) needed to be 

excluded from the multiparametric MR analysis, because the signal intensity of these 

tumor pixels was at noise level in the T2-weighted images (see Methods). This low signal 

intensity was most likely caused by HIFU-induced hemorrhage. Exclusion of these 

hemorrhage-associated pixels from the analysis did not influence the correlation results 

presented here, because it only involved a very low fraction of tumor pixels.   

 

Direct registration of the histological data with the MRI findings would allow for analysis of 

the spatial correlation between the ISODATA-segmented and histology-based non-viable 

volumes. However, 3D reconstruction of histological tumor sections was not performed in 

the present study. Accurate 3D histological reconstruction and its registration with MRI 

would have required an intermediate MRI scan after tumor excision, a robust anatomical 

reference and denser histological sampling (32). Additionally, spatial correlation of 

histology with MRI would require a higher spatial resolution of the MR images. This would 

lead to a substantially longer acquisition time of the multiparametric MR protocol and 

result in unacceptably long anesthesia times for the animals.  

 

Instead of assessment of spatial correlation, the ISODATA analysis method was 

optimized based on the correlation between histology-derived and ISODATA-derived non-

viable tumor fractions for different feature vectors. A similar correlation analysis has been 

performed for the detection of necrotic tumor tissue after radiotherapy, which yielded 

comparably strong correlations between clustering and histology (33), showing that this 

global correlation analysis is suitable for the optimization of clustering methods. For the 

optimized feature vector {T1, T2, ADC}, a strong spatial agreement between the region of 

ISODATA-derived non-viable tumor tissue and the region of non-viable tumor tissue on 

NADH-diaphorase-stained histological sections (Figure 5) was observed visually, which 
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indicates that the proposed methodology allows for accurate segmentation of HIFU-

treated, non-viable tumor tissue. 

 

Mean MRI parameter values were determined in non-viable and viable tumor tissue 

following ISODATA segmentation with feature vector {T1, T2, ADC} (Table 2). R1 was 

significantly increased in the non-viable, HIFU-treated tumor tissue both at 1 h and 72 h 

after HIFU as compared to viable, non-treated tumor tissue. Such increased R1 (or 

decreased T1) was previously also observed ex vivo in (non-cancerous) tissues after heat 

treatment (34), which was explained by a combination of coagulation of the blood volume 

fraction and disruption of biological barriers, which facilitates access of water molecules to 

paramagnetic sites in the coagulated blood. Decreased T1 was also observed as a result 

of tissue necrosis after chemotherapy (35).   

Graham et al. observed an increase in T2 after heating of ex vivo tissue, which was 

explained as vacuolization of water molecules caused by increased hydrophobic 

interactions induced by protein denaturation (34). We observed significantly increased R2 

(and thus decreased T2) in non-viable tumor tissue 1 h after HIFU treatment, whereas at 

72 h after HIFU treatment no significant R2 differences between non-viable and viable 

tumor tissue were observed. This initially decreased T2 could be explained by the 

aforementioned increased access of water molecules to paramagnetic centers in the 

coagulated blood. Furthermore, the large standard deviation of R2 in the non-viable, HIFU-

treated tumor tissue (Table 2) indicated large T2 heterogeneity due to the presence of 

areas with increased and decreased T2.   

The observed increased ADC values in the non-viable tumor tissue have been described 

earlier ex vivo in thermally treated tissue samples (34) and in vivo in preclinical 

experiments on the effects of HIFU treatment in a murine tumor model (36) and in clinical 

studies of RF ablation of liver lesions (19). Diffusion of water molecules could have been 

facilitated by HIFU-induced disruption of obstructing barriers, leading to an increased 

ADC.   

Reports on the effects of thermal treatment on the MTR are conflicting. Both a decreased 

(34) and increased (23) MTR have been observed in ex vivo thermally treated samples. 

An MTR decrease could be explained by denaturation of structural proteins (34), whereas 

an increase might be caused by increased access of water molecules to macromolecules 

due to disruption of barriers. Furthermore, T1 effects may play a role, since the MTR is 

known to be affected by tissue T1 (37). In the current study, a combination of these factors 

has probably influenced the observed MTR, which is also illustrated by the subtle yet 

significant increase in MTR in the non-viable, HIFU-treated tumor tissue compared to 

viable tumor tissue.  

 

The HIFU treatment was performed outside the MR system, since the preclinical 

therapeutic ultrasound transducer is not (yet) MRI-compatible. In an MRI-guided HIFU set-

up, results from the multiparametric MR analysis could be quantitatively compared to 

thermal dose maps derived from MR thermometry during HIFU treatment. Furthermore, 
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the MRI examinations before and directly after HIFU could then be combined within the 

same anesthesia period. This was not feasible in this study, since the ablation procedure 

was rather lengthy for the current set-up (~1 hour) and the subject would have to be 

positioned in the MR system twice. Nevertheless, no significant differences in MRI 

parameters were observed between the measurements of the control animals at Day 0 

and Day 1, corresponding in time with the measurements of the HIFU-treated animals 

before and at 1 h after HIFU. This indicated that the time between the examinations 

before and after HIFU did not influence the results presented here.   

 

A murine tumor model was used to assess the effects of HIFU treatment on tumor tissue 

status. The CT26 colon carcinoma was chosen because previous studies have shown that 

subcutaneous inoculations of CT26 cell suspensions lead to well-vascularized tumors (38) 

with limited necrosis (39). This is beneficial for the current study, because extensive 

natural necrosis could mask the effects of HIFU-induced necrosis. However, the method is 

not restricted to this tumor model, since similar approaches, consisting of multispectral 

MR imaging combined with cluster analysis, have been employed for the identification of 

viable and non-viable tissue after chemotherapy (40) and radiotherapy (33) in other 

preclinical tumor models.   

Clinical translation of the multiparametric protocol is feasible, since MR sequences for 

acquisition of the proposed MRI parameters, T1, T2 and ADC, are already clinically 

available. The total acquisition time of the multi-slice T1, T2 and ADC protocol was 

approximately 25 minutes. Further reduction of the measurement time would facilitate 

inclusion of the multiparametric MR measurements in clinical HIFU treatment protocols. 

The MR parameter mapping acquisitions could be accelerated by for example rapid 

imaging techniques, such as parallel imaging and compressed sensing. Prior to clinical 

introduction of the proposed multiparametric MR analysis, it would be necessary to further 

confirm that the ISODATA-derived non-viable tumor tissue spatially corresponds to non-

viable tumor tissue in histology. This could for example be achieved by image-guided 

biopsies from the ISODATA-derived viable and non-viable tumor tissue. Since clinical 

trials on HIFU treatment of malignant tumors generally use treat-and-resect protocols (41), 

it would be feasible to include image-guided biopsies in the workflow of these studies. 

Such extensive validation should be performed in different tumor subtypes to assess the 

full clinical potential of the proposed methodology.   

 

In summary, we have shown that non-viable, HIFU-treated tumor tissue could be 

distinguished from non-treated tumor tissue using quantitative multiparametric MRI 

combined with the ISODATA clustering technique. Clustering with feature vector {T1, T2, 

ADC} yielded a strong correlation between ISODATA-derived and histology-derived non-

viable tumor fractions. The presented methodology not only offers clear insights in the 

HIFU-induced changes in MRI parameters, but could also ultimately be made suitable for 

clinical application and might offer the unique possibility to automatically detect residual or 

recurring tumor tissue after HIFU treatment in an objective manner. Furthermore, since 
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the proposed MRI analysis is solely based on endogenous contrast, immediate 

retreatment is possible when residual or recurring tumor tissue is detected, without the 

risk of inaccurate temperature mapping due to presence of a Gd-based contrast agent. 

 

The authors thank Ralf Seip from Philips Research for his advice on the HIFU treatment 

settings. Furthermore, the authors want to acknowledge Holger Grüll from Eindhoven 

University of Technology and Philips Research for useful discussions. 
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Supplemental Information S1  

Theory: the ISODATA clustering algorithm 

The ISODATA clustering described in the manuscript was performed with different feature 

vectors, consisting of either 1, 2, 3 or all 4 (T1, T2, ADC and MTR) MR contrast 

parameters. Extensive details of the ISODATA clustering algorithm can be found in the 

original paper by Jacobs et al. (1). A brief theoretical description of the concepts of the 

clustering algorithm is given below. 

If the clustering would be performed with a feature vector consisting of for example three 

parameters, the values in the tumor pixels can be represented in a 3D space, as 

schematically shown below, in which each black spot represents a single tumor pixel. To 

explain the ISODATA concept and for reasons of clarity, the clustering steps described in 

the figures below were performed on simulated data describing a limited number of well-

separated clusters. The actual tumor data yielded typically 20-40 clusters, which would 

make the figures unclear.  

 

 

As the first step in the algorithm, an initial number of clusters is defined. In this example 

the initial number of clusters was set to 8. Cluster centroids (red spots below) are 

randomly defined for each cluster.  
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Next, pixels are assigned to the cluster of which the centroid is closest to the parameter 

values of the pixel. The different clusters that are the results of this step in the process are 

given by the different colors. 

 

Subsequently, the centroids of each cluster are re-calculated. Clusters are split into two 

separate clusters, if the intra-Euclidean distances between the pixel vectors and the 

centroid of each cluster are larger than a pre-defined threshold. These intra-Euclidean 

distances are a measure of the spread within a certain cluster. Furthermore, pairs of 

clusters are merged into one cluster if the inter-Euclidean distance between the two 

cluster centroids is smaller than a pre-defined threshold, which means that the clusters 

are close to each other. In the example, the dark-blue and purple clusters were merged in 

this step, as can be seen below. 
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The previous step is repeated until convergence of the algorithm is reached. The 

algorithm is converged if the objective function (1) has not changed between subsequent 

iterations, which means that no alterations in the composition of the clusters occurred in 

the last iteration.  

 

 

 

 

 

1. Jacobs MA, Knight RA, Soltanian-Zadeh H, Zheng ZG, Goussev AV, Peck DJ, Windham JP, 
Chopp M. J Magn Reson Imaging 2000;11:425-437. 
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Supplemental Figures 

 

Supplemental Figure S1. HIFU set-up. Left Photograph of the HIFU set-up. The animal was positioned 

underneath the acoustic coupler. Animal temperature was maintained with an infrared lamp with temperature 

feedback control from a rectal temperature probe. The motion control stage allowed for accurate movement of 

the therapy transducer between the pre-defined treatment points. Right Schematic drawing of the HIFU set-

up, showing positioning of the tumor tissue in the focus point of the therapy transducer. The surrounding hind 

limb tissue was positioned outside the focal zone. 

 

 
Supplemental Figure S2. Temperature profile. Typical example of a temperature profile during HIFU 

treatment. The tumor tissue temperature increased to 66 °C during the sonication of 30 seconds, followed by 

cooling of the tissue to pre-sonication temperature during the wait time of 120 seconds. The temperature 

information was acquired by a thermocouple, which was inserted into the tumor tissue during the pilot 

experiments. The focal point of the therapeutic transducer co-localized with the tip of the thermocouple. This 

co-localization was verified by multiple low-power sonications around the expected thermocouple position. The 

exact thermocouple position was determined as the position at which the highest temperature increase was 

observed during the sonication. 
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Supplemental Figure S3. Two representative examples of conventional T2-weighted spin-echo images (left 

column of panels) and T2-prepared GE-EPI images (right column of panels). The effective echo times are 

similar for both images (30 ms for the conventional T2-weighted images; 28 ms for the T2-prepared GE-EPI 

images). Regions of interest (ROIs) of the tumor tissue are indicated with the red lines, showing absence of 

apparent geometric distortion within the tumor tissue in the EPI images. 
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Purpose    

In this study the suitability of amide proton transfer (APT) imaging as a biomarker for the 

characterization of High Intensity Focused Ultrasound (HIFU)-treated tumor tissue was 

assessed.  

 

Materials and Methods 

APT imaging was performed on tumor-bearing mice before (n=15), directly after (n=15) 

and at 3 days (n=8) after HIFU treatment. A control group (n=7) of non-treated animals 

was scanned at the same time points. Histogram analysis of the tumor APT-weighted 

signal distributions was performed to assess HIFU-induced changes in the tumor APT 

contrast. 

 

Results 

Distinct regions of decreased APT-weighted signal were observed at both time points after 

HIFU treatment. Analysis of the tumor APT-weighted signal distribution showed a 

pronounced shift towards lower APT-weighted signal values after HIFU treatment. A 

significantly increased fraction of pixels with an APT-weighted signal value between -10 

and -2% was observed both directly (0.37±0.16) and at 3 days (0.49±0.16) after HIFU 

treatment as compared to baseline (0.22±0.16).  

 

Conclusions 

The presented results show that APT imaging is sensitive to HIFU-induced changes in 

tumor tissue and may thus serve as a new biomarker for monitoring the response of tumor 

tissue to HIFU treatment. 
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High Intensity Focused Ultrasound (HIFU) is an emerging technique for the thermal 

treatment of solid tumors (1-3). During HIFU treatment, high-intensity ultrasound waves 

are focused in the target tissue, which leads to deposition of ultrasonic energy. This 

energy deposition leads to a temperature rise, which induces cell death in the target tissue 

with minimal collateral damage to surrounding tissue. For the application of HIFU for the 

treatment of malignant tumors, such as prostate (4-6) and breast tumors (7) and liver 

metastases (8,9), full tumor coverage of the treatment is essential. This requires, besides 

adequate treatment planning and monitoring, a treatment evaluation method that is 

capable of detecting local residual or recurrent tumor tissue after HIFU treatment. In 

chapter 3, it was demonstrated that residual non-treated tumor tissue can be detected by 

multiparametric MRI, consisting of quantitative assessment of T1, T2 and the apparent 

diffusion coefficient (ADC), combined with cluster analysis. The highest correlation 

between MRI-derived HIFU-treated tumor fractions and histology-derived non-viable 

tumor fractions was observed at 3 days after HIFU. As a next step, we aimed to assess 

whether more advanced MRI parameters could give complementary, yet distinct, 

information on tumor tissue status after HIFU treatment. These parameters could be more 

sensitive to HIFU-induced changes in tumor tissue instantly after treatment, possibly 

allowing for accurate identification of successfully treated tissue directly after the HIFU 

procedure. Furthermore, treatment evaluation with these parameters could lead to 

improved insights in the interaction of HIFU with tumor tissue.  

Specifically, MRI parameters that are sensitive to macromolecular content and the 

exchange between macromolecules and water protons will be assessed as possible 

biomarkers for the characterization and identification of HIFU-treated tumor tissue. It is 

expected that these MRI parameters change after HIFU-induced protein denaturation and 

coagulative necrosis. Magnetization transfer imaging has shown potential sensitivity for 

HIFU-induced macromolecular changes in an ex vivo study on HIFU treatment of porcine 

muscle tissue (10). However, in our previous study, we observed that magnetization 

transfer imaging has a lower sensitivity for the discrimination between HIFU-treated and 

non-treated tumor tissue as compared to T1, T2 and ADC measurements. Only a subtle, 

yet significant, increase was found in the magnetization transfer ratio of HIFU-treated 

tumor tissue as compared to non-treated tumor tissue (chapter 3). Other, more specific, 

macromolecule-sensitive MRI methods, including amide proton transfer (APT) imaging, 

might be more suitable for the distinction between HIFU-treated and non-treated tumor 

tissue.  

APT imaging is an emerging application of chemical exchange saturation transfer (CEST) 

imaging (11-13). The contrast in CEST imaging experiments originates from the change in 

water signal intensity due to chemical exchange of water protons with saturated solute 

protons. APT imaging employs the saturation transfer from amide protons of 

protein/peptide backbones, resonating at 3.5 ppm downfield of the water resonance 

frequency. The APT contrast depends on both the concentration of the amide protons and 
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the exchange rate. Since the exchange rate of the amide protons is dependent on tissue 

pH, APT imaging has been used to study pathologies associated with altered pH, such as 

cerebral ischemia (14-16). Furthermore, the dependence of the APT contrast on amide 

proton concentration has been exploited by imaging of brain tumors, both preclinical 

(17,18) and clinical (19-21), based on the increased cytosolic content of amide-proton-rich 

proteins and peptides in malignant brain tumors (22). The APT contrast has also been 

assessed in other tumors, including breast (23) and prostate (24) carcinomas.  

Recently, APT imaging has been applied to monitor treatment response after radiotherapy 

of rat brain tumors. In that study, radiation necrosis could be differentiated from tumor 

progression using the APT contrast mechanism (25). Similar, preliminary findings were 

reported in a clinical study on APT imaging to monitor breast tumor response to 

chemotherapy treatment (23). To the best of our knowledge, no studies have reported on 

the use of APT imaging to evaluate HIFU treatment of tumors. Therefore, the goal of the 

present study was to investigate whether APT imaging can be used as a biomarker for 

tumor necrosis induced by HIFU treatment. To this aim, APT imaging was performed 

before, directly after and 3 days after HIFU treatment of a murine tumor model to assess 

the influence of HIFU treatment on the characteristics of APT contrast in the tumor.  

Murine tumor model  

CT26.WT murine colon carcinoma cells (American Type Culture Collection (ATCC; CRL-

2638)) were cultured as a monolayer at 37°C and 5% CO2 in RPMI-1640 medium (2 mM 

L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L 

sodium bicarbonate) (Invitrogen, Breda, The Netherlands), supplemented with 10% fetal 

bovine serum (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) and 50 U/ml 

penicillin/streptomycin (Lonza Bioscience, Basel, Switzerland). Early passages (5-10) of 

the original ATCC batch were used for inoculation. 

10-12 week-old Balb/c mice (Charles River, Maastricht, The Netherlands) were inoculated 

with 2x106 CT26.WT cells subcutaneously in the right hind limb. Approximately 10 days 

after inoculation, tumors became visible in all animals. The first MRI experiment was 

performed when tumors had reached a size of approximately 300 mm3. The animal 

experiments were approved by the animal experiment committee of Maastricht University 

(The Netherlands). 

Study design  

MRI examinations were performed 1 day before (n=15), directly after (n=15) and 3 days 

after (n=8) HIFU treatment. A control group (n=7) of non-treated animals was included. 

The time points of MRI examinations of the control animals were the same as for the 

HIFU-treated animals and are referred to as day -1, day 0 and day 3. Directly after the last 

MRI experiment, the mice were sacrificed, and the tumors were dissected and processed 

for histological analysis. This study design led to three different experimental groups: 
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HIFU-treated animals sacrificed after the MRI examination directly after treatment (n=7), 

HIFU-treated animals sacrificed after the MRI examination at 3 days after treatment (n=8) 

and non-treated control animals (n=7). 

HIFU treatment  

HIFU treatment was performed with the preclinical Therapy Imaging Probe System (TIPS, 

Philips Research, Briarcliff Manor, NY, USA), outside the MR system. Technical 

specifications and calibrations of the TIPS device are reported elsewhere (26). The 

transducer was coupled to the tumor tissue with degassed water and ultrasound gel. 

Reflections were avoided with an acoustic absorber (Aptflex F28P, Precision Acoustics, 

Dorchester, UK), which was positioned underneath the tumor-bearing paw. The tumors 

were treated under general anesthesia (1-2% isoflurane) and precautionary analgesia 

(buprenorphine, 0.1 mg/kg s.c., administered 30 min before treatment). The control 

animals received an equal dose of analgesia at the corresponding time point. The HIFU 

treatment involved partial tumor ablation, to allow for internal reference between HIFU-

treated and non-treated tumor tissue. A square 4x4 mm2 treatment grid consisting of 25 

equally-spaced treatment points was defined within the tumor area. A wait time of 120 s 

was applied between sonication of the different treatment points to allow cooling of the 

tissue to body temperature. Treatment settings were: frequency 1.4 MHz, pulse repetition 

frequency 20 Hz, acoustic power 12 W, duty cycle 50%, treatment time 30 s. Three pilot 

experiments, in which a thermocouple (80-μm-diameter bare-wire T-type thermocouple; T-

150A, Physitemp Instruments, Clifton, NJ, USA) was inserted into the tumor tissue during 

the HIFU treatment, showed that a temperature of approximately 65°C was reached 

during sonication with the above-mentioned treatment settings. Directly after sonication of 

the last treatment point, the animals were transferred to the MRI system. The positioning 

of the animals in the MR scanner took approximately 15 minutes, which ensured recovery 

of the temperature of the HIFU-treated tissue to body temperature.  

MRI measurements  

MRI measurements were performed with a 6.3 T scanner (Bruker BioSpin, Ettlingen, 

Germany) using a 3.2-cm-diameter quadrature birdcage RF coil (Rapid Biomedical, 

Rimpar, Germany). The mice were positioned in a custom-made cradle, equipped with a 

mask for anesthetic gas (1-2% isoflurane). Respiration was monitored with a balloon 

sensor. Body temperature was monitored and maintained at approximately 37 °C with a 

warm water pad. An infusion line with contrast agent was placed in the tail vein to enable 

injection during the MRI experiment. For reduction of susceptibility artifacts in the echo 

planar imaging (EPI) sequence, the tumor-bearing paw was covered with degassed 

ultrasound gel (Aquasonic® 100, Parker Laboratories, Fairfield, NJ, USA).  

For all MRI acquisitions a matrix size of 128 x 128 and a field of view of 4 x 4 cm2 were 

used. Slice thickness was 1 mm for all experiments. 

Prior to APT acquisitions, higher-order local shimming was performed on the tumor-

bearing paw using the Bruker MAPSHIM routine to improve B0 homogeneity. To assess 
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the influence of the local shimming procedure on the field homogeneity, a point-resolved 

spectroscopy (PRESS) sequence (echo time TE=20 ms, repetition time TR=2500 ms, 

number of averages NA=1) was acquired before and after local shimming on a single 

voxel surrounding the tumor-bearing paw. The average voxel size was 2.3±0.9 cm3. To 

correct for possible deviations between the scanner frequency setting and the actual 

water frequency, a magnetization transfer spectrum with a low saturation power (0.5 μT, 

saturation time 4 s) and a narrow offset range (-0.6 to 0.6 ppm, interval 0.05 ppm) was 

acquired on the central tumor slice, as described previously (25). Signal read-out was 

performed with dual-shot gradient-echo EPI (TE=8 ms, TR=10000 ms, NA=1). The 

deviation of the magnetization transfer spectrum center frequency from 0 ppm was 

determined and used to adjust the scanner transmitter frequency.  

Subsequently, multi-slice, high signal-to-noise ratio (SNR) APT imaging was performed. 

Twelve to 16 adjacent slices (0.1 mm slice gap) were defined, covering the whole tumor 

volume. The APT imaging protocol consisted of three acquisitions; two images with 

saturation at -3.5 ppm and 3.5 ppm from the water frequency, Ssat(-3.5 ppm) and  

Ssat(3.5 ppm) respectively, and one control image in the absence of RF saturation (S0). 

The saturation consisted of a 4 s block pulse with a power level of 1.3 μT, as described 

previously in a study on APT imaging of rat brain tumors (18). Signal read-out was 

performed with dual-shot gradient-echo EPI (TE=8 ms, TR=10000 ms, NA=8).    

In addition to the APT imaging protocol, T2-weighted imaging (spin-echo, TE=30 ms, 

TR=1000 ms, NA=1) and contrast-enhanced T1-weighted imaging (spin-echo, TE=8 ms, 

TR=800 ms, NA=2, acquisitions before and directly after intravenous injection of Dotarem 

(0.3 mmol Gd/kg)) were performed with the same geometry as used for the high SNR APT 

images. 

Data analysis  

Image analysis was performed in Mathematica 7.0 (Wolfram Research, Champaign, IL, 

USA). Regions of interest (ROI’s) were defined on the T2-weighted images by manually 

drawing contours around the tumor tissue on each slice. APT-weighted signal maps in the 

tumor ROI were generated according to: 

APT-weighted signal = [(Ssat(-3.5 ppm) – Ssat(3.5 ppm))/S0] * 100% 

For analysis of HIFU-induced changes in the APT-weighted signal distribution, histograms 

of the APT-weighted signals were generated for each tumor at each time point separately. 

The histogram characteristics were: 20 bins, bin width 1% and an APT-weighted signal 

range from  -10 to 10%. Histograms of the animals within the different groups (HIFU-

treated and control) were averaged for each time point and spline fitting through these 

averaged histograms was performed to visualize the APT-weighted signal distribution at 

the different time points for both groups. 
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From the contrast-enhanced acquisitions, the signal enhancement (SE) after Gadolinium 

injection was calculated in each pixel in the tumor ROI according to: 

SE =[(SIafter injection – SIbefore injection) / SIbefore injection] * 100%, 

in which SIbefore injection and SIafter injection  are the signal intensities in the images before and 

after contrast agent injection, respectively. 

For determination of non-perfused tumor fractions after HIFU treatment, the tumor pixels 

were assigned as either enhanced or non-enhanced. A pixel was assigned as enhanced if 

SIafter injection > SIbefore injection+2*SDbefore injection, in which SDbefore injection is the standard deviation 

of SIbefore injection in the tumor ROI. Subsequently, the non-perfused tumor fractions were 

calculated by dividing the number of non-enhanced tumor pixels by the total number of 

tumor pixels.  

Histological analysis  

Dissected tumors were snap-frozen in isopentane and stored at -80 °C. Tumors were cut 

into 5 μm thick sections with a distance of approximately 300 μm between the sections. 

Multiple sections were collected at each position to allow for different staining protocols. 

The cryo-sections were briefly air-dried and subsequently stained for nicotinamide 

adenine dinucleotide (NADH) diaphorase activity to assess cell viability. Sections were 

incubated at 37 °C for 1 h in Gomori-Tris-HCl buffer (pH 7.4) containing β-NAD reduced 

disodium salt hydrate (Sigma-Aldrich, St. Louis, MO, USA, 0.71 mg/ml buffer solution) and 

nitro blue tetrazolium (Sigma-Aldrich, 0.29 mg/ml buffer solution). Adjacent cryo-sections 

were stained with haematoxylin and eosin (H&E) to analyze general morphology. 

Brightfield microscopy was performed on selected stained sections and consisted of 

mosaic acquisition of the entire section at 5x magnification.  

Statistical analysis 

All data are presented as mean±standard deviation (SD). The histograms of APT-

weighted signal values of the HIFU-treated tumors before and after HIFU were statistically 

compared by a paired Student’s t-test. A similar analysis was performed to compare the 

APT-weighted signal distributions of the non-treated control tumors at the different time 

points. The APT-weighted signal distributions of the HIFU-treated and control tumors were 

compared with a Student’s t-test. The difference in non-perfused tumor fractions and 

tumor fractions with HIFU-induced APT-weighted signal changes was tested for 

significance with a paired Student’s t-test. In all analyses, the difference was considered 

significant at P<0.05. 
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To evaluate the effect of HIFU treatment on the APT-weighted signal in tumor tissue, APT 

imaging was performed before and at two time points after HIFU treatment. The APT 

imaging results were compared to conventional T2-weighted and contrast-enhanced T1-

weighted images, which are routinely used in the clinic to monitor tumor treatment 

response. Figure 1A shows representative MRI results of a HIFU-treated animal before, 

directly after and 3 days after HIFU treatment. Before HIFU, a homogeneous appearance 

of the tumor tissue was observed, both in the T2-weighted images and the APT-weighted 

signal maps. Furthermore, substantial signal enhancement (SE) after Gd injection was 

observed throughout the entire tumor tissue before HIFU treatment. Both directly after and 

at 3 days after HIFU treatment, a heterogeneous appearance of the HIFU-treated lesion 

was observed on the T2-weighted images. From these images, successfully treated tumor 

tissue could not be distinguished from residual non-treated tumor tissue. Contrary, on the 

APT-weighted signal maps, a distinct tumor region with decreased APT-weighted signal 

as well as a smaller region with increased APT-weighted signal appeared directly after 

HIFU treatment. The region of decreased APT-weighted signal had increased in size at 3 

days after HIFU. The SE maps derived from the contrast-enhanced T1-weighted images 

showed large non-perfused volumes, both directly and at 3 days after HIFU treatment. 

Interestingly, these non-perfused volumes were substantially larger than the regions with 

decreased APT-weighted signal.  

To aid in the interpretation of the MRI results, histology was performed on excised tumor 

tissues. Figure 1B shows adjacent NADH-diaphorase and H&E-stained tumor sections 

obtained at 3 days after HIFU treatment. The tumor sections were collected at 

approximately the same location in the tumor as the MRI slice displayed in Figure 1A. A 

distinct, pale, non-viable tumor area was observed in the NADH-diaphorase-stained tumor 

section. This region of non-viable tumor tissue corresponded to necrotic tumor tissue on 

the H&E-stained tumor section. Furthermore, good spatial agreement between the region 

of decreased APT-weighted signal (Figure 1A, bottom row) and the region of non-viable, 

necrotic tumor tissue in histology was observed. 

 

Non-treated control animals were scanned at the same time points to investigate the 

effects of tumor progression on the tumor APT-weighted signal and to assess whether the 

observed changes in the tumor APT-weighted signal distribution in the HIFU-treated 

animals could be purely attributed to the effects of HIFU treatment on tumor tissue status. 

Representative MRI results of a non-treated control animal are displayed in Figure 2A. A 

relatively homogeneous appearance of the tumor tissue was observed on the T2-weighted 

images and the tumor APT-weighted signal maps at all time points. Occasionally, local 

spots of decreased APT-weighted signal were observed, possibly associated with natural 

necrosis in the tumor tissue. The SE maps after Gd injection showed substantial contrast 

enhancement throughout the entire tumor tissue at all time points. The corresponding 

NADH-diaphorase- and H&E-stained tumor sections (Figure 2B) confirmed general 

viability of the tumor tissue, with small regions of necrosis. 
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Figure 1. A) Representative example of MRI of a tumor-bearing leg before, directly after and 3 days after 

HIFU treatment. T2-weighted images of an axial slice of the tumor-bearing paw are shown in the left column of 

panels. The hyper-intense tumor tissue is surrounded by hypo-intense muscle tissue. In the center and right 

panels the APT-weighted signal maps and signal enhancement (SE) maps after Gd injection are overlaid on 

the tumor pixels, respectively. The parameter maps were scaled according to the color scale bar shown at the 

right-hand side of the figure. The corresponding parameter range for this scale bar is indicated above each 

column of panels. B) NADH-diaphorase (top) and H&E stained tumor sections (bottom) obtained at 3 days 

after HIFU at approximately the same location within the tumor. A region of non-viable (NADH-diaphorase 

negative), necrotic (H&E) tumor tissue was observed in the upper right part of the sections, next to viable 

(NADH-diaphorase positive, and normal on H&E staining) tumor tissue. 

 

 
Figure 2. A) Representative example of MRI of a tumor-bearing leg of a non-treated control animal at day -1, 

day 0 and day 3. The structure of the figure is identical to the figure of representative MRI results of the HIFU-

treated animals (Figure 1A). B) NADH-diaphorase and H&E stained tumor sections obtained at day 3 at 

approximately the same location within the tumor. 
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The changes in APT contrast after HIFU treatment were quantified by histogram analysis 

of the tumor APT-weighted signals. Histograms of the APT-weighted signal values were 

obtained for each tumor at the different experimental time points. These were averaged 

for each time point to visualize the effect of HIFU treatment on the tumor APT-weighted 

signal profiles. The averaged histograms of the HIFU-treated animals are shown in Figure 

3A. Significantly increased fractions of tumor pixels with negative APT-weighted signal 

values ranging from -10% to -3% and positive APT-weighted signal values ranging from 4 

to 10% were observed directly after HIFU as compared to before HIFU (paired Student’s t-

test, P<0.05). The fractions of pixels with negative APT-weighted signal values ranging 

from -9 to -4% were further increased at 3 days after HIFU treatment. Spline fitting 

through these averaged histograms was performed to facilitate visualization of the HIFU-

induced changes in tumor APT-weighted signal distribution. The resulting APT-weighted 

signal distribution plots are displayed in Figure 3B. A clear shift towards lower APT-

weighted signal values was observed directly after HIFU treatment and this effect was 

more prominent at 3 days after HIFU. Figure 3C shows the difference in APT-weighted 

signal distribution between baseline values and directly and 3 days after HIFU treatment. 

A clear increase in fraction of pixels with an APT-weighted signal range between -10 and -

2% was observed at both time points after HIFU. This APT-weighted signal range was 

assumed to be related to HIFU-induced changes in the tumor tissue. A highly significant 

increase in the fractions of pixels within this APT-weighted signal range was observed 

directly (0.37±0.16) and 3 days (0.49±0.16) after HIFU treatment as compared to baseline 

(0.22±0.16) (Figure 3D). 

 

For a quantitative comparison between the areas of decreased APT-weighted signal and 

the areas of decreased perfusion (i.e. decreased signal enhancement after contrast agent 

injection), non-perfused tumor fractions were determined for the HIFU-treated animals at 

both time points after HIFU treatment. Directly after HIFU treatment, the non-perfused 

tumor fraction (0.61±0.21) was significantly larger than the tumor fraction with APT-

weighted signals within the HIFU-related APT-weighted signal range (0.37±0.16). At 3 

days after HIFU treatment, the non-perfused tumor fraction continued to be larger 

(0.59±0.22), yet non-significantly, than the tumor fraction within the HIFU-related APT-

weighted signal range (0.49±0.16). 
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Figure 3. A) Average histogram of APT-weighted signal values in tumors before (white), directly after (gray) 

and 3 days after HIFU treatment (black). Bars represent mean±SD. * and 
#
 indicate significantly increased 

fractions of pixels directly and at 3 days after HIFU treatment, respectively, as compared to before HIFU with 

P<0.05 (paired Student’s t-test). ** and 
##

 indicate a significant increase in the fractions of pixels directly after 

and at 3 days after HIFU respectively, as compared to baseline with P<0.001. B) Average distribution of tumor 

APT-weighted signal values before (solid line), directly after (thin dashed line) and at 3 days after HIFU 

treatment (thick dashed line). The lines were generated by spline fitting through the averaged histograms. The 

transparent gray bands around the curves represent the standard error.  C) Difference in distribution of tumor 

APT-weighted signal values directly after (thin dashed line) and at 3 days after HIFU (thick dashed line) with 

respect to baseline, generated by subtraction of the average distribution before HIFU from the average 

distributions directly and 3 days after HIFU, respectively. The APT-weighted signal range that showed a 

pronounced increase of fraction of pixels both directly and at 3 days after HIFU was assumed to be HIFU-

related (APT-weighted signals between -10 and -2%). D) Fraction of tumor pixels (mean±SD) within the 

defined HIFU-related APT-weighted signal range before (white bar), directly after (gray bar) and 3 days after 

HIFU treatment (black bar). ** indicates a significantly increased fraction of pixels in the HIFU-related APT-

weighted signal range after HIFU as compared to before HIFU (paired Student’s t-test, P<0.001). 

 

Similarly to the HIFU-treated tumors, the APT-weighted signal distribution in the control 

tumors was determined at each time point. The resulting averaged histograms are 

displayed in Figure 4A. No significant differences were observed between the APT-

weighted signal distribution at day -1 and day 0. However, small, yet significant, increases 

in the fractions of tumor pixels with lower APT-weighted signal values (-10 to -8% and -6% 

to -5%) were observed at day 3 as compared to day -1.  

 

To take into account the influence of tumor progression on the observed changes in APT-

weighted signal after HIFU treatment, a quantitative comparison between the tumor APT-

weighted signal distributions of the non-treated control tumors at day 3 and the HIFU-

treated tumors at 3 days after HIFU was performed. Spline fits through the averaged 

histograms of the HIFU-treated and non-treated control tumors at the last experimental 

time points were made. The resulting APT-weighted signal distribution plots are displayed 

in Figure 4B. The tumor APT-weighted signal distribution of the HIFU-treated animals was 
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obviously shifted towards lower values as compared to that of the control animals. A 

significant increase in the fraction of pixels within the above defined HIFU-related APT-

weighted signal range was observed for the HIFU-treated tumors at 3 days after HIFU 

(0.49±0.16) as compared to the control tumors at day 3 (0.23±0.16) (Figure 4C). 

In the present study, it was assessed whether APT imaging could be used as a novel 

biomarker for the characterization of HIFU-treated tumor tissue. APT imaging was 

performed before, directly after and at 3 days after HIFU treatment. A significant shift 

towards lower APT-weighted signal values (between -10% and -2%; termed HIFU-related 

APT-weighted signal range throughout this paper) was observed both directly and at 3 

days after HIFU. These results can be compared to other studies in which APT imaging 

was used to monitor treatment response of tumor tissue. Zhou et al. reported a significant 

decrease in the tumor APT-weighted signal after radiotherapy of rat glioma (25). Similar 

findings were reported in a preliminary clinical study on the effects of chemotherapy on 

the APT signal in breast tumors (23). The observed decreased APT signals were 

attributed to decreased concentration of mobile proteins and peptides due to the loss of 

cytoplasm (25). The decreased APT signals in the present study were already observed 

 

Figure 4. A) Average histogram of APT-weighted signal distribution in non-treated control tumors at day -1 

(white), day 0 (gray) and day 3 (black). Bars represent mean±SD. 
#
 indicates a significantly increased fraction 

of pixels at day 3 as compared to day -1 (paired Student’s t-test, P<0.05). B) Average distribution of tumor 

APT-weighted signal values of the non-treated control animals at day 3 (solid line) and the HIFU-treated 

animals at 3 days after HIFU treatment (dashed line; identical to dashed line in Figure 2B). The lines were 

generated by spline fitting through the averaged histograms. The transparent gray bands around the curves 

represent the standard error. C) Mean±SD fraction of tumor pixels within the HIFU-related APT-weighted 

signal range for the control animals at day 3 (white bar) and the HIFU-treated animals at 3 days after HIFU 

(gray bar). * indicates a significantly increased fraction of tumors pixels within the HIFU-related APT-weighted 

signal range for the HIFU-treated animals as compared to the control animals (P<0.05). 
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directly after HIFU treatment. It is unlikely that this early change in APT contrast is solely 

caused by decreased protein concentration, since the lymphatic drainage in tumor cells is 

known to be poor (27). Protein aggregation due to thermal stress during the HIFU 

treatment (28,29) likely also contributed to the observed decline in tumor APT-weighted 

signal, because aggregation of proteins causes a decrease in the number of amide 

protons that are available for exchange with the bulk water. Furthermore, HIFU-induced 

pH changes could have contributed to the observed decreased APT-weighted signal. It 

was previously reported that tumor pH decreases after hyperthermic treatment, probably 

because of lactate accumulation resulting from an increased metabolic rate of the tumor 

cells under hyperthermic conditions (30). In a future study, the contribution of pH changes 

to the observed decreased APT-weighted signal after HIFU treatment could be 

investigated by comparison between APT imaging and quantitative pH mapping. In vivo 

pH measurements could be obtained by various MRI techniques, including phosphorus 

spectroscopy (31) and imaging of pH-responsive CEST agents (32,33).   

In addition to the observed shift towards lower APT-weighted signal values, also a small, 

yet significant, increase in fraction of tumor pixels with APT-weighted signal values 

ranging from 4 to 10% was observed directly after HIFU (Figure 3A). These small regions 

of increased APT-weighted signal were located outside the large region of decreased 

APT-weighted signal as evident from the APT-weighted signal maps acquired directly 

after treatment (Figure 1). Since these regions were outside the main ablation volume, 

(mild) hyperthermia in these regions may have caused unfolding of proteins. Since these 

unfolded, not (yet) aggregated proteins have more exchangeable amide proteins on their 

surface, presence of these proteins possibly explains the small areas of increased APT-

weighted signal directly after HIFU treatment.  

Partial tumor ablation was performed to allow for internal comparison between the APT-

weighted signal values of HIFU-treated and residual non-treated tumor tissue. Global 

analysis of the changes in APT-weighted signal in the tumor tissue by calculation of mean 

APT-weighted signal values in the tumor tissue would mask the effects of HIFU treatment 

on tumor APT-weighted signal because of the presence of unaffected viable tumor tissue. 

Therefore, histogram analysis was preferred, which is more sensitive to regional changes 

after treatment. A similar histogram analysis of tumor APT signals before and after 

treatment has also been performed in the aforementioned study on the effects of 

radiotherapy on the APT signal, in which a similar shift towards lower APT-weighted signal 

values was observed (25).   

 

The histogram analysis was also carried out for non-treated control tumors of which APT 

imaging was performed at the same time points. Subtle, yet significant, increases in the 

fractions of pixels with lower APT-weighted signal values (-10 to -8% and -6% to -5%) 

were observed at day 3 as compared to day -1. This decrease in tumor APT-weighted 

signal was possibly caused by necrosis induced by tumor progression during the time 

between the experiments. Nevertheless, the shift towards decreased APT-weighted signal 
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values was much less pronounced than for the HIFU-treated animals. A significant 

increase was observed in the fraction of tumor pixels within the HIFU-related APT-

weighted signal range for the HIFU-treated animals at 3 days after HIFU as compared to 

the control animals at the corresponding experimental time point (Figure 4C). 

The APT imaging protocol consisted of a multi-slice acquisition, covering the whole tumor 

volume. APT imaging is known to be sensitive to B0 field inhomogeneities. Since the APT-

weighted signals in this study were derived from asymmetry analysis, the water resonance 

signals should be properly centered at the offset of 0 ppm. Sufficient B0 homogeneity was 

achieved by higher-order local shimming of the tumor-bearing leg. As a quality 

assessment of the shimming routine, a PRESS sequence was run in the shimming 

volume before and after local shimming. From the spectra, the line width of the water 

signal was determined. The water line width at half height was significantly decreased by 

local shimming (0.17±0.04 ppm before shimming, 0.12±0.02 ppm after shimming), 

indicative of good B0 homogeneity in the tumor tissue. Importantly, no significant 

difference between the water line widths of spectra of HIFU-treated and non-treated 

tumors was observed (0.12±0.02 ppm and 0.11±0.02 ppm, respectively). To further 

assure proper centering of the water resonance signal around 0 ppm, a magnetization 

transfer spectrum around 0 ppm was acquired at the center slice to correct for a possible 

deviation between the scanner transmitter frequency setting and the actual water 

frequency (see Materials and Methods). After local shimming and the frequency 

correction, accurate APT measurements could be performed in which significant contrast 

between HIFU-treated and non-treated tumor tissue was observed. In clinical practice, 

accurate water frequency determination and shimming might be considerably more 

challenging. Fortunately, extensive Z-spectrum acquisitions and analyses combined with 

voxel-by-voxel correction of the B0 field inhomogeneities (19,34) and the development of 

APT imaging strategies that are more robust to B0 inhomogeneities (35) have shown 

potential to improve the APT image quality in clinical studies. 

A potential drawback of asymmetry analysis for the determination of the APT contrast, 

could be the possible influence of aliphatic protons, resonating at ~-3.5 ppm. Direct 

saturation of these protons and a Nuclear Overhauser Effect (NOE) caused by cross-

relaxation between aliphatic and water protons (36) could affect the measured APT-

weighted signals. Recently, asymmetry analysis showed to be non-sufficient to 

discriminate between normal and necrotic tumor tissue in a subcutaneous mouse tumor 

model, possibly caused by the aliphatic effect (37). In those experiments, APT-weighted 

signals of approximately -4 % were observed for the tumor tissue. We observed an 

average tumor APT-weighted signal of -0.07±1.20% at baseline, indicating that the 

aliphatic effect probably had less effect in our experiments. Furthermore, a clear 

distinction between HIFU-induced tumor necrosis and viable tumor tissue was observed. 

The better performance of the asymmetry analysis in our experiments could be caused by 

the different tumor model used here. Furthermore, our APT measurements were 

performed with a higher amplitude of the saturation pulse (1.3 μT vs. 0.6 μT), which 
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probably increased the contrast in the asymmetry analysis (38). The influence of aliphatic 

protons could be assessed by extensive analysis of the z-spectrum, which was beyond 

the scope of this study. 

The acquisition time of the multislice APT imaging protocol was 96-128 minutes for 12-16 

slices. Since acquisition time is not a major issue during preclinical studies, a long TR (10 

s) between the saturation pulses was chosen to minimize the dependence of the APT 

signals on T1 relaxation. Furthermore, a relatively long low-power saturation pulse was 

used for saturation to reduce the effects of direct water saturation and conventional 

magnetization transfer effects. However, for human application, this long acquisition time 

would be unacceptable. Recently, multiple 3D and multislice CEST imaging protocols 

have been proposed that allow for APT imaging with large volume coverage within a 

clinically acceptable acquisition time (39-42).  

The APT imaging results were compared to T2-weighted and contrast-enhanced T1-

weighted imaging, which are conventional MRI techniques that are clinically used to 

assess tumor tissue status after HIFU treatment. A heterogeneous appearance of the 

HIFU-treated tumor tissue was observed in the T2-weighted images, which was also 

observed in previous studies on the evaluation of HIFU treatment of prostate tumors (5,6). 

The contrast-enhanced T1-weighted images showed a large, non-enhancing tumor volume 

after HIFU treatment that was substantially larger than the volume of decreased APT-

weighted signal. Quantitative analysis showed that the non-perfused tumor fractions were 

larger than tumor fractions within the HIFU-related APT-weighted signal range at both 

time points after HIFU. Good visual agreement between necrotic, non-viable tumor tissue 

regions observed in histology and tumor regions with decreased APT-weighted signal was 

observed, which suggests that the contrast-enhanced T1-weighted imaging overestimated 

the extent of tissue necrosis. Contrary, a recent study on MR-guided HIFU treatment of a 

rabbit tumor model reported that contrast-enhanced T1-weighted imaging underestimates 

the area of necrosis in histology directly after HIFU treatment (43). The larger non-

perfused volume in the present study was likely caused by the fact that the subcutaneous 

CT26 colon carcinoma is highly vascularized  (44,45) and therefore probably more 

sensitive to tumor vessel destruction induced by the HIFU treatment (46). 

In chapter 3, it was demonstrated that residual non-treated tumor tissue could be 

detected by multiparametric MR analysis, based on T1, T2 and ADC. The strongest 

correlation between HIFU-treated tumor volume fractions derived from the multiparametric 

MR analysis and histology-derived non-viable tumor fractions was observed at 3 days 

after HIFU. In the current study, a significant change in the APT-weighted signal 

distribution in the tumor was already observed directly after HIFU treatment. This could 

indicate that inclusion of APT imaging in the previously described MRI protocol would 

allow for improved discrimination between successfully treated and residual non-treated 

tumor tissue directly after HIFU. Therefore, in a future study, APT imaging will be included 

in the previously described multiparametric MR protocol. Quantitative histology will be 
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performed to assess the complementary value of APT imaging as compared to more 

traditional MRI parameters for identification of HIFU-treated tumor tissue. In the current 

study, MR imaging was restricted to APT imaging, since the objective of this initial study 

was to assess whether tumor APT contrast changes by HIFU treatment.  

In summary, tumor regions with substantially decreased APT-weighted signal were 

observed after HIFU treatment. These regions showed visual agreement with non-viable, 

necrotic tumor regions observed in histology. Analysis of the tumor APT-weighted signal 

distribution showed a pronounced shift towards lower APT-weighted signal values after 

HIFU. The fractions of pixels with APT-weighted signals between -10 and -2 % 

significantly increased after HIFU treatment. These results provide evidence that APT 

imaging may serve as a new biomarker for identification of HIFU-treated tumor tissue. In 

the near future, APT imaging will be added to the previously described multiparametric 

protocol to assess its complementary value for HIFU treatment evaluation.  

 

This research was performed within the framework of CTMM, the Center for Translational 

Molecular Medicine (www.ctmm.nl), project VOLTA (grant 05T-201).  
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Purpose 

This study was aimed to assess the effects of High Intensity Focused Ultrasound (HIFU) 

thermal ablation on tumor T1ρ.  

 

Materials and Methods  

In vivo T1ρ measurements of murine tumors at various spin-lock amplitudes (B1=0-2000 

Hz) were performed before (n=13), directly after (n=13) and 3 days (n=7) after HIFU 

treatment. T2 maps were obtained from the measurements at B1=0 Hz.  

 

Results 

Average tumor T1ρ distributions at the different experimental time points showed a shift 

toward lower T1ρ values after HIFU for all spin-lock amplitudes, which became larger with 

increasing spin-lock amplitude at 3 days after treatment. Statistical analysis confirmed a 

significant effect of spin-lock amplitude on the average change in T1ρ (ΔT1ρ) as compared 

to baseline at 3 days after HIFU. At 3 days after treatment, ΔT1ρ values at B1 above 100 

Hz were significantly lower (more negative) than at B1=0 Hz (T2).  

 

Conclusions 

Significant changes in tumor T1ρ were observed after HIFU treatment. These T1ρ changes 

were distinctly more pronounced than HIFU-induced changes in T2. The results indicate 

that T1ρ imaging is sensitive to HIFU-induced tissue changes and may thus be a suitable 

MR method for the evaluation of HIFU treatment. 
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Magnetic resonance-guided High Intensity Focused Ultrasound (MR-HIFU) is extensively 

being investigated as a non-invasive technique for thermal treatment of tumors (1). During 

HIFU ablation, coagulative necrosis is induced in the tissue by rapid heating to a 

temperature of approximately 60°C (2). Currently, the main clinical application of MR-

HIFU is the ablation of benign uterine fibroids (3,4). The last decade, the clinical use of 

MR-HIFU has been expanded to the treatment of malignant tumors, such as prostate (5,6) 

and breast (7) tumors. For the application of MR-HIFU for the treatment of malignant 

lesions, it is of key importance that the success of the ablation intervention can be 

accurately determined and that residual or recurrent tumor tissue can be detected after 

the procedure. In chapter 3, it was shown by quantitatively comparing MRI data with 

histology that residual non-treated tumor tissue can be distinguished from successfully 

treated tumor tissue by multiparametric MRI analysis based on a combination of T1, T2 

and apparent diffusion coefficient (ADC) data. The HIFU-treated and non-treated tumor 

tissue could not be accurately segmented with any of the individual MRI parameters. 

Despite the promising results of the above multiparametric MR analysis as a method for 

HIFU evaluation, other MRI parameters may be more specific to the nature of HIFU-

induced changes in the tumor tissue. Tissue destruction by HIFU is mainly based on 

protein denaturation, which results in cell death by coagulative necrosis. Several 

advanced MRI methods may report more directly on protein denaturation than T1, T2 and 

ADC. In chapter 4, it was shown for example that amide proton transfer (APT) imaging is 

a promising MR technique for the evaluation of HIFU treatment. Both directly and 3 days 

after HIFU treatment distinct regions of decreased APT-weighted signal were observed 

that corresponded with non-viable tissue observed in histology.  

Another MRI parameter that is potentially sensitive to HIFU-induced protein denaturation 

is the longitudinal relaxation time in the rotating frame (T1ρ). T1ρ is a measure of the decay 

of magnetization in the transverse plane during a spin-lock pulse which is applied parallel 

to the magnetization vector. Tissue T1ρ values are predominantly influenced by protein-

water interactions (8). While APT measurements are sensitive to the relatively slowly 

exchanging amide protons in tissue, on-resonance T1ρ measurements are mainly sensitive 

to fast exchanging protons. T1ρ imaging may thus provide another yet related source of 

contrast between HIFU-treated and non-treated tumor tissue. T1ρ imaging has previously 

been used for multiple applications, including the characterization of cartilage composition 

and degeneration (9,10), tumors (11-13), stroke (8,14), myocardial infarction (15,16) and 

neurodegenerative diseases (17). Several preclinical studies have reported on changes in 

T1ρ after chemotherapy (18) and gene therapy (19-21) of tumors. In these studies, 

prolonged T1ρ values were observed after treatment. Modeling of the T1ρ dispersion 

showed that the rise in T1ρ was caused by water accumulation in the tumor tissue and an 

increase in both the correlation time of water associated with macromolecules and the 

exchange correlation time (20). 
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The goal of the present study was to assess the effects of HIFU treatment on the T1ρ of 

tumor tissue. To that aim, T1ρ measurements at spin-lock strengths varying between 0 and 

2000 Hz were performed before, directly after and at 3 days after HIFU treatment of a 

murine subcutaneous tumor model. The HIFU treatment consisted of partial ablation of 

the tumors to allow for internal reference between successfully treated tumor tissue and 

residual non-treated tumor tissue. 

Murine tumor model  

CT26.WT murine colon carcinoma cells (American Type Culture Collection (ATCC; CRL-

2638)) were cultured as a monolayer at 37°C and 5% CO2 in RPMI-1640 medium (2 mM 

L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L 

sodium bicarbonate) (Invitrogen, Breda, The Netherlands), supplemented with 10% fetal 

bovine serum (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) and 50 U/ml 

penicillin/streptomycin (Lonza Bioscience, Basel, Switzerland). Early passages (5-10) of 

the original ATCC batch were used for inoculation. 

10-12 week-old male Balb/c mice (Charles River, Maastricht, The Netherlands) were 

inoculated with 2x106 CT26.WT cells subcutaneously in the right hind limb. Approximately 

10 days after inoculation, tumors became visible in all animals. The first MRI experiment 

was performed when tumors had reached a size of approximately 300 mm3. The animal 

experiments were approved by the animal experiment committee of Maastricht University 

(The Netherlands). 

Study design  

Both HIFU-treated (n=13) and non-treated control (n=7) animals were included in this 

study. The HIFU-treated animals were subjected to MRI 1 day before (n=13), directly after 

(n=13) and 3 days after (n=7) HIFU treatment. The time points of the MRI examinations of 

the control animals corresponded with the MRI examinations of the HIFU-treated animals 

and are referred to as day -1, day 0 and day 3. The study design comprised three different 

experimental groups: HIFU-treated animals sacrificed after the MRI examination directly 

after HIFU (n=6), HIFU-treated animals sacrificed after the MRI examination at 3 days 

after HIFU (n=7) and non-treated control animals that were sacrificed after the MRI 

examination at day 3 (n=7). 

HIFU treatment  

The HIFU treatment was performed outside the MR scanner with the preclinical Therapy 

Imaging Probe System (TIPS, Philips Research, Briarcliff Manor, NY, USA) (22). 

Treatment was performed under general anesthesia (1-2% isoflurane) and precautionary 

analgesia (buprenorphine, 0.1 mg/kg s.c., administered 30 min before treatment). The 

control animals received an equal dose of analgesia at the corresponding time point. A 

square 4x4 mm2 treatment grid consisting of 25 equally-spaced treatment points was 

defined within the tumor area. The treatment volume typically covered approximately 50% 
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of the total tumor volume to allow for presence of both HIFU-treated and residual non-

treated tumor tissue after the HIFU procedure. Treatment settings were: frequency 1.4 

MHz, pulse repetition frequency 20 Hz, acoustic power 12 W, duty cycle 50%, treatment 

time 30 s. A wait time of 120 s was applied between sonication of consecutive treatment 

points to allow cooling of the tissue to body temperature. During pilot experiments of three 

mice, a bare-wire thermocouple (80-μm-diameter T-type thermocouple; T-150A, 

Physitemp Instruments, Clifton, NJ, USA) was inserted into the tumor tissue to monitor 

temperature development during HIFU treatment. A temperature of approximately 65°C 

was reached during sonication with the above-mentioned HIFU settings. The 

thermocouple was not used during HIFU treatment of the experimental groups to prevent 

non-HIFU-induced damage to the tumor tissue. 

MRI measurements  

The MRI examinations were performed with a 7T scanner, equipped with a 72-mm-

diameter quadrature RF coil (Bruker BioSpin, Ettlingen, Germany). The mice were 

positioned in a cradle with an anesthesia mask (1-2% isoflurane). Respiration and body 

temperature were monitored with a balloon sensor and rectal probe, respectively. The 

body temperature was maintained at approximately 37°C with a warm water pad. The 

tumor-bearing paw was covered with degassed ultrasound gel (Aquasonic® 100, Parker 

Laboratories, Fairfield, NJ, USA) for reduction of susceptibility artifacts in the echo planar 

imaging (EPI) sequence.  

Higher-order local shimming (Bruker MAPSHIM routine) was performed on the tumor-

bearing paw to improve B0 field homogeneity. The T1ρ pulse sequence was performed in 2 

segments and consisted of a spin-lock preparation compensated for B1 and B0 field 

imperfections (23) followed by gradient-echo EPI read-out (echo time TE=5 ms, repetition 

time TR=2000 ms, number of averages NA=2). The acquisition was performed with 6 

different spin-locking times (5, 10, 20, 40, 60 and 80 ms) and 8 different spin-lock 

amplitudes (B1 = 0, 100, 250, 500, 750, 1000, 1500 and 2000 Hz). The acquisitions with 

the amplitude of 0 Hz can be considered as a T2 measurement, as the B0- and B1-

compensated spin-lock preparation in the absence of a spin-lock pulse is T2-weighted. 

In addition to the T1ρ acquisitions, T2-weighted imaging (spin-echo, TE=30 ms, TR=1000 

ms, NA=1) and contrast-enhanced T1-weighted imaging (spin-echo, TE=8 ms, TR=800 

ms, NA=2, acquisitions before and directly after intravenous injection of Dotarem (0.3 

mmol Gd/kg)) were performed. 

For all MRI acquisitions a matrix size of 128 x 128 and a field of view of 4 x 4 cm2 were 

used. Eight to 12 slices with a slice thickness of 1 mm were defined covering the whole 

tumor volume. 

Data analysis  

Image analysis was performed in Mathematica 8.0 (Wolfram Research, Champaign, IL, 

USA). T1ρ maps at each spin-lock amplitude were generated by mono-exponential fitting 
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of the signal intensities at the different spin-lock times. Regions of interest (ROIs) were 

manually drawn around the tumor tissue on each slice of the T2-weighted acquisitions. In 

addition, small ROIs (10-20 pixels) in the muscle tissue surrounding the tumor were drawn 

on each slice. These muscle tissue ROIs were used to assess the repeatability of the T1ρ 

measurements. 

To analyze the effects of HIFU treatment on the T1ρ in the tumor tissue, histograms of T1ρ 

in the tumor ROI were generated for each tumor at each time point. The histograms were 

made for all spin-lock amplitudes. The histogram properties were: 20 bins, bin width 5 ms 

and a T1ρ range from 0 to 100 ms. Histograms were averaged for all animals within the 

different groups (HIFU-treated and control) and spline fitting was performed through these 

averaged histograms to visualize the T1ρ distributions at the different experimental time 

points. 

From the contrast-enhanced T1-weighted acquisitions, maps of the signal enhancement 

(SE) after Gadolinium injection were generated according to the following formula: 

SE =[(SIafter injection – SIbefore injection) / SIbefore injection] * 100%, 

in which SIbefore injection and SIafter injection  are the signal intensities in the images before and 

after contrast agent injection, respectively.   

Histological analysis  

Dissected tumors were snap-frozen in isopentane and stored at -80 °C. Subsequently, 

tumors were cut into 5 μm thick sections with a distance of approximately 300 μm 

between the sections. Multiple sections were collected at each position to allow for 

different staining procedures. The cryo-sections were briefly air-dried and subsequently 

stained for nicotinamide adenine dinucleotide (NADH) diaphorase activity to assess cell 

viability. Sections were incubated at 37 °C for 1 h in Gomori-Tris-HCl buffer (pH 7.4) 

containing β-NAD reduced disodium salt hydrate (Sigma-Aldrich, St. Louis, MO, USA, 

0.71 mg/ml buffer solution) and nitro blue tetrazolium (Sigma-Aldrich, 0.29 mg/ml buffer 

solution). Adjacent cryo-sections were stained with haematoxylin and eosin (H&E) to 

analyze general morphology. Brightfield microscopy was performed on a selection of the 

stained sections and consisted of mosaic acquisition of the entire section at 5x 

magnification. 

Statistical analysis  

All data are presented as mean±standard deviation (SD). To assess the repeatability of 

the T1ρ measurements, the effect of time on the average T1ρ values in the muscle ROI in 

the control animals was tested for significance using an Analysis of Variance (ANOVA) 

method for repeated measures. For both the HIFU-treated and control animals, the 

average T1ρ values in the tumor ROI at the different time points were statistically 

compared with a two-sided paired t-test for each spin-lock amplitude. The effect of spin-

lock amplitude on the difference in average tumor T1ρ (ΔT1ρ) between before and after 
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HIFU treatment was tested for significance using ANOVA for repeated measures with the 

spin-lock amplitude as the within-subject factor. The ΔT1ρ value was obtained by 

subtraction of the average T1ρ value in the tumor ROI before HIFU from the average T1ρ 

value after treatment. In the case the influence of spin-lock amplitude on the ΔT1ρ proved 

to be significant, ΔT1ρ values at the different spin-lock amplitudes were compared 

separately with a one-sided paired t-test. For all tests, the level of significance was set at 

α=0.05. 

 

Figure 1. A) Representative example of the MRI results of a tumor-bearing leg before, directly after and 3 

days after HIFU treatment. T2-weighted images of an axial slice in the tumor-bearing leg are shown in the first 

column of panels. In the second and third column the T1ρ maps at B1=0 Hz, which can be considered as T2 

maps, and at B1=2000 Hz are overlaid on the tumor pixels, respectively. In the fourth column the signal 

enhancement (SE) maps after Gd injection are overlaid on the tumor pixels. The parameter maps were scaled 

according to the color scale bar which is shown at the right-hand side of the figure. The corresponding 

parameter range for this scale bar is shown above each column. B) NADH-diaphorase (top) and H&E-stained 

tumor sections (bottom) obtained at 3 days after HIFU treatment at approximately the same location as the 

MRI slice at 3 days after treatment. A large region of non-viable (NADH-diaphorase negative) and necrotic 

(H&E) tumor tissue was observed. A small region of residual viable tumor tissue was observed in the left 

bottom of the section. 

 

Figure 1A shows representative MRI results as obtained before, directly after and 3 days 

after HIFU treatment. No clear effects of the HIFU treatment were observed on the T2-

weighted images. This was confirmed by absence of visible changes after HIFU in the T1ρ 

maps at B1=0 Hz, which essentially represent T2 maps. In contrast, the T1ρ maps at 

B1=2000 Hz showed a pronounced decrease in T1ρ in a large portion of the tumor at 3 

days after HIFU treatment. Directly after treatment, only a minor decrease was observed 

in tumor T1ρ
 at B1=2000 Hz. The signal enhancement maps before HIFU treatment 

showed an area of decreased perfusion in the tumor core surrounded by regions of high 

perfusion in the tumor rim. After HIFU treatment, the area of decreased perfusion 
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extended throughout almost the entire tumor tissue. NADH-diaphorase- and H&E-staining 

on tumor sections obtained at 3 days after HIFU treatment confirmed extensive necrosis 

in the tumor tissue (Figure 1B). This necrotic, non-viable region visually corresponded to 

the areas of decreased T1ρ at B1=2000 Hz. 

Average tumor T1ρ distributions of the HIFU-treated animals at the different experimental 

time points are displayed in Figure 2 for all assessed spin-lock amplitudes. T1ρ shifted 

toward higher T1ρ values at larger spin-lock amplitudes, indicative of presence of tumor T1ρ 

dispersion in the used range of spin-lock amplitudes. After HIFU treatment, a shift toward 

lower T1ρ values was observed for all spin-lock amplitudes. At 3 days after HIFU 

treatment, the tail of the T1ρ distributions toward lower values became larger with 

increasing spin-lock amplitude, indicative of a larger contrast between non-treated and 

HIFU-treated tumor tissue at higher spin-lock amplitudes. 

 

Quantitative analysis of the average T1ρ value in the tumors of the HIFU-treated animals at 

the different experimental time points (Figure 3A) showed a significant decrease in the 

average T1ρ at 3 days after HIFU treatment as compared to before treatment for spin-lock 

amplitudes higher than or equal to 100 Hz. No significant differences between the average 

T1ρ values before HIFU and directly after HIFU were observed. To further evaluate the 

contrast between the T1ρ of HIFU-treated and non-treated tumor tissue, average changes 

in T1ρ values (i.e., ΔT1ρ) were calculated for the entire tumor ROIs (Figure 3B). No 

 

Figure 2. Average T1ρ distributions in the HIFU-treated tumors at the different experimental time points for all 

assessed spin-lock amplitudes. The lines were generated by spline fitting through averaged histograms.  
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significant effect of spin-lock amplitude on the ΔT1ρ value between directly after and before 

HIFU was observed. The average ΔT1ρ between 3 days after HIFU treatment and before 

HIFU clearly decreased to larger negative values with increasing spin-lock amplitude. 

Statistical analysis confirmed a significant effect of spin-lock amplitude on ΔT1ρ at 3 days 

after HIFU (P=0.048). The ΔT1ρ values at B1 strengths above 100 Hz were significantly 

lower (more negative) than at B1=0 Hz at 3 days after treatment. Furthermore, the ΔT1ρ 

value at 2000 Hz was significantly lower than the ΔT1ρ values at B1 strengths between 0 

and 1000 Hz.  

 

 

Figure 3. A) Average T1ρ values in the HIFU-treated tumors at the different experimental time points as a 

function of the spin-lock amplitude. The error bars represent the SD. * indicates a significant difference 

between the average T1ρ before and after treatment (P<0.05). B) Average T1ρ changes (ΔT1ρ) when comparing 

both time points after HIFU with before HIFU as function of the spin-lock amplitude. The error bars represent 

the SD. * indicates a significantly lower (more negative) ΔT1ρ value than at B1=0 Hz (P<0.05). 
#
 indicates a 

significantly lower (more negative) ΔT1ρ value than at all other spin-lock amplitudes, except 1500 Hz.  

Representative MRI results of the non-treated control animals, which were scanned at 

three equivalent time points, are shown in Figure 4A. Homogeneous appearance of the 

tumor tissue was observed on the T2-weighted images at all three time points. No visible 

changes of the T1ρ of the tumor tissue in time were observed, both at 0 Hz and 2000 Hz. 

The signal enhancement pattern after Gd injection was similar at all time points and 

consisted of a less perfused tumor core surrounded by a highly perfused tumor rim. The 

NADH-diaphorase- and H&E-stained tumor sections, obtained at approximately the same 

location as the MRI slice at day 3, confirmed general viability of the tumor tissue with 

small areas of non-viable tumor tissue. 
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Figure 4. A) Representative example of MRI results of the tumor-bearing leg of a non-treated control animal at 

day -1, day 0 and day 3. The layout of the figure is identical to that of Figure 1A. B) NADH-diaphorase and 

H&E-stained tumor sections obtained at day 3 at approximately the same location within the tumor as the MRI 

slice measured at day 3. 

The average tumor T1ρ distributions of the control animals at the different experimental 

time points are shown in Figure 5. Similar T1ρ distributions were observed for day -1 and 

day 3 at all spin-lock amplitudes. At day 0, the T1ρ distribution slightly, but not significantly, 

shifted toward higher T1ρ values as compared to day -1 and day 3. 

Figure 6A shows the average T1ρ value in the tumor tissue of the control animals at all 

time points as a function of the spin-lock amplitude. For all assessed spin-lock amplitudes, 

the average T1ρ values did not change significantly in time. In Figure 6B the average T1ρ 

value in the muscle tissue is plotted versus the spin-lock amplitude for the control animals 

at all time points. For each spin-lock amplitude, no significant effect of time on the muscle 

T1ρ was observed.  
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Figure 5. Average T1ρ distributions in the non-treated control tumors at the different experimental time points 

for all assessed spin-lock amplitudes. The lines were generated by spline fitting through averaged histograms.  

 

 
Figure 6. A) Average T1ρ values in the non-treated control tumors at the different experimental time points as 

a function of the spin-lock amplitude. The error bars represent the SD. No significant differences between the 

average T1ρ values at the different experimental time points were observed for all assessed spin-lock 

amplitudes. B) Average T1ρ values in the muscle tissue surrounding the non-treated control tumors at the 

different experimental time points as a function of the spin-lock amplitude. The error bars represent the SD. 

For each spin-lock amplitude, there was no significant effect of time on the T1ρ value of the muscle tissue. 
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In this study, the effect of HIFU treatment on the T1ρ of tumor tissue was assessed. A 

significant decrease in tumor T1ρ was observed at 3 days after HIFU treatment. The T1ρ 

decline became significantly larger at higher spin-lock amplitudes. Directly after HIFU 

treatment, no significant changes of the tumor T1ρ values were observed as compared to 

before HIFU. As indicated in the Introduction, HIFU-induced tissue damage is mainly 

based on protein denaturation, which occurs instantly during treatment. The absence of 

significant effects of the HIFU treatment on the tumor T1ρ immediately after treatment 

indicates that T1ρ may not be directly sensitive to HIFU-induced protein denaturation.  

The significant decrease in tumor T1ρ at 3 days after HIFU treatment was likely caused by 

latent effects of the HIFU treatment. In contrast to the results presented here, in other 

preclinical studies on the effect of tumor treatment (gene therapy (19-21) and 

chemotherapy (18)) increased values of T1ρ were observed after treatment. In the studies 

on T1ρ after gene therapy, the rise in T1ρ occurred at 4 days after gene therapy, whereas a 

significant increase in T1ρ was observed already at 18 hours after chemotherapy (18). 

Modeling of the T1ρ dispersion of non-treated tumor tissue and gene-therapy-treated tumor 

tissue showed that the observed T1ρ rise was caused by an increase of free water and an 

increase in both the correlation time of water associated with macromolecules and the 

exchange correlation time (20). The observed decline in tumor T1ρ at 3 days after HIFU 

treatment reported in the present study was likely caused by opposite effects. HIFU-

induced protein denaturation and aggregation could have led to extrusion of water from 

the tumor tissue because of increased hydrophobic interactions, as has been described in 

an ex vivo study on thermal treatment of various tissues (24). This extrusion of water 

could have led to a decrease of the free water proton fraction and thereby have decreased 

the tumor T1ρ values after HIFU treatment. Furthermore, the correlation time of the 

exchange between protons of proteins and water molecules could have changed after 

HIFU treatment. Accumulation of the above-mentioned effects probably led to the 

significant contrast between HIFU-treated and non-treated tumor tissue observed at 3 

days after HIFU treatment.  

Modeling of the T1ρ dispersion in the tumors before and after HIFU treatment could give 

additional insights in the effects of HIFU treatment on the macromolecular tissue status. 

However, accurate fitting of the T1ρ dispersion in the presented data could not be 

performed, as the maximum spin-lock amplitude (2000 Hz) was too low. In a previous 

study on T1ρ imaging of gene-therapy-treated gliomas, the T1ρ dispersion could be 

modeled based on T1ρ data with spin-lock amplitudes up to approximately 6000 Hz (20). In 

the current study, inclusion of T1ρ values at similarly high spin-lock amplitudes would 

probably have improved sampling of the T1ρ dispersion. Furthermore, T1ρ measurements at 

higher spin-lock amplitudes could even further increase the contrast between non-treated 

and HIFU-treated tumor tissue, since the absolute ΔT1ρ value at 3 days after HIFU was still 

increasing at 2000 Hz (Figure 3B). Unfortunately, T1ρ measurements at higher spin-lock 

amplitudes were not possible with our current setup, because of hardware restrictions on 
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the maximum coil power. In addition, analysis of the level of protein denaturation in the 

excised treated tumors could have allowed for further validation of the observed changes 

in T1ρ. Recently, a method for measurement of the concentration of denatured proteins in 

ex vivo heart and liver samples that were treated with HIFU-induced histotripsy was 

described (25). However, the goal of the current study was to initially assess the effects of 

HIFU treatment on tumor T1ρ. Therefore, ex vivo analysis of the excised tumors was for 

now restricted to conventional H&E and NADH-diaphorase histology. 

Large error bars were observed on the average ΔT1ρ values (Figure 3B), both directly and 

at 3 days after HIFU treatment, indicative of a large variation in the HIFU-induced T1ρ 

change in the different tumors. This was probably caused by the fact that the tumors were 

treated partially. A fixed treatment area of 4x4 mm2 was used, which led to a variation in 

the tumor volume fractions that were ablated. A lower treated tumor fraction leads to 

presence of a relatively large region of residual, non-treated tumor tissue, causing a 

smaller change between the tumor T1ρ values before and after treatment. Consequently, 

the absolute ΔT1ρ values would likely be even larger if the residual, non-treated tumor 

tissue after HIFU treatment was excluded from this analysis. However, since significant 

changes between the ΔT1ρ values at the different spin-lock amplitudes were already 

observed with analysis based on all tumor pixels, analysis with exclusion of non-treated 

tumor pixels after HIFU was not necessary to demonstrate the enhanced contrast 

between HIFU-treated and non-treated tumor tissue at higher spin-lock amplitudes. 

To investigate the effect of tumor progression on the tumor T1ρ values, non-treated control 

animals were scanned at the same time points as the HIFU-treated animals. The tumor 

T1ρ values of the control animals did not significantly change in time, which shows that the 

observed changes in T1ρ in the HIFU-treated animals could be purely attributed to the 

effects of HIFU treatment on the tumor tissue. In addition, the average T1ρ value in the 

muscle tissue surrounding the tumor remained constant for all MRI examinations of the 

control animals, which is indicative of good repeatability of the T1ρ measurements. 

The T1ρ data were qualitatively compared to T2-weighted imaging and contrast-enhanced 

T1-weighted imaging. The effects of HIFU treatment were not visible on the T2-weighted 

images, which was supported by absence of visible contrast after HIFU on the T2 maps 

(T1ρ at B1=0 Hz). The inadequacy of T2-weighted imaging for the evaluation of HIFU 

treatment has been pointed out before in a clinical study of HIFU treatment of prostate 

tumors (26). The areas of decreased perfusion derived from the contrast-enhanced 

acquisitions were apparently larger than the areas of decreased T1ρ (Figure 1). A similar 

finding was reported in the study on APT imaging of HIFU-treated tumor tissue (chapter 

4), in which we observed that the areas of decreased contrast agent uptake after HIFU 

treatment were significantly larger than the areas of decreased APT-weighted signal. 

Since the areas of decreased APT signals visually corresponded with areas of non-viable 

tissue in histology, contrast-enhanced T1-weighted imaging was found to overestimate the 

extent of necrosis. This overestimation is probably caused by HIFU-induced destruction of 
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tumor-feeding blood vessels (27,28). Vessel destruction leads to diminished perfusion of 

the tissue that is supplied by the damaged vessel. If this poorly perfused tissue is outside 

the treatment volume, it will not undergo coagulative necrosis, but may become necrotic in 

a later stage.   

 

T1ρ measurements have been linked to chemical exchange saturation transfer (CEST) 

imaging experiments (29,30). Both methods are sensitive to the chemical exchange 

between protons of different molecules. In chapter 4, it was shown that APT imaging, 

which is a variant form of CEST imaging, provides significant contrast between HIFU-

treated and non-treated tumor tissue. APT imaging employs the chemical exchange of 

protons between amide groups of mobile proteins and water molecules. The on-

resonance spin-lock measurements as performed in this study are mainly sensitive to fast 

exchanging protons for which the exchange rate is much higher than the offset frequency 

from water, whereas amide protons are in slow exchange with water with an exchange 

rate of approximately 10-30 Hz (31). The APT and T1ρ measurements are thus sensitive to 

different proton pools and could therefore provide complementary information on changes 

in the macromolecular characteristics of the tissue. Nevertheless, the spin-lock 

measurements can be made sensitive to amide protons by using off-resonance spin-lock 

pulses. Strong similarities between off-resonance spin-lock measurements and CEST 

imaging of amide proton-containing phantoms have been observed (29).  

Clinical translation of T1ρ imaging for the evaluation of HIFU treatment seems feasible. 

However, the specific absorption rate (SAR) associated with the relatively long spin-lock 

pulses limits the maximum spin-lock amplitude. In clinical studies, typically B1 strengths of 

500 Hz are used with spin-lock times up to 60 ms (17,32). In the present study, significant 

contrast between non-treated and HIFU-treated tumor tissue was already observed at 

B1=100 Hz, which suggests that evaluation of HIFU treatment with T1ρ would be feasible 

within the clinical SAR constraints. Nevertheless, the T1ρ contrast after HIFU treatment 

should be tested in different human tumor types to assess its clinical potential, since the 

changes in T1ρ after HIFU could be different in other tumors. Furthermore, the dependence 

of T1ρ on the strength of the B0 field should be taken into account. T1ρ has shown to 

decrease with increasing field strength (33). Since clinical MR scanners generally have a 

lower field strength than the 7T preclinical scanner used here, the contrast in T1ρ between 

treated and non-treated tumor tissue may be influenced by the difference in B0 field. In 

addition, the generally lower signal-to-noise ratio and spatial resolution of clinical MR 

measurements may affect the sensitivity of T1ρ imaging to HIFU-induced tissue changes. 

To fully assess the suitability of T1ρ imaging as a biomarker for the evaluation of HIFU 

treatment, T1ρ imaging should be compared to other MRI parameters in terms of their 

sensitivity to HIFU-induced changes in the tumor. We have previously shown that APT 

imaging (chapter 4) and multiparametric MRI analysis (chapter 3) are both promising 

methods for the evaluation of HIFU treatment. While a significant change in the tumor 

APT-weighted signal was already observed directly after HIFU treatment, the 
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multiparametric MR analysis method based on combined T1, T2 and ADC data had the 

largest sensitivity for HIFU-induced necrosis at 3 days after HIFU treatment. The larger 

change in T1ρ compared to T2 at 3 days after HIFU that was observed in the current study 

suggests that T1ρ is of substantial additive value to the previously described 

multiparametric analysis. In addition, the T1ρ measurements could be performed at later 

time points after treatment to assess the effects of tissue repair (34) on tumor T1ρ. The 3-

days time point in the current study was chosen because it has been reported that the 

necrotic ablation region is largest in size at that time point after treatment (35). 

In conclusion, we have shown that T1ρ mapping gives superior contrast between thermally 

ablated and non-treated tumor tissue as compared to T2 mapping. Although only partial 

tumor ablation was performed, global analysis of the average T1ρ values in the whole 

tumor already showed a significant difference between tumor T1ρ before and at 3 days 

after HIFU, indicative of substantial T1ρ contrast between HIFU-treated and non-treated 

tumor tissue. T1ρ imaging may thus be a suitable MR method for the evaluation of HIFU-

induced changes in tumor tissue. 

The authors thank Igor Jacobs for useful discussions. This research was performed within 

the framework of CTMM, the Center for Translational Molecular Medicine (www.ctmm.nl), 

project VOLTA (grant 05T-201). 
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Evaluation of High Intensity Focused Ultrasound (HIFU) treatment with MRI is generally 

based on the assessment of the non-perfused volume from contrast-enhanced T1-

weighted images. However, the vascular status of the tissue surrounding the non-

perfused volume has not been extensively investigated with MRI. In this study, cluster 

analysis of the transfer constant Ktrans and extravascular extracellular volume fraction ve, 

that were derived from dynamic contrast-enhanced MRI (DCE-MRI) data, was performed 

in the tumor tissue surrounding the non-perfused volume to identify subregions of tissue 

with distinct vascular characteristics.  

DCE-MRI was performed in CT26.WT colon carcinoma-bearing Balb/c mice before 

(n=12), directly after (n=12) and 3 days after (n=6) partial tumor treatment with HIFU. In 

addition, a non-treated control group (n=6) was included. The non-perfused volume was 

identified based on the level of contrast enhancement. Quantitative comparison between 

non-perfused tumor fractions and non-viable tumor fractions derived from NADH-

diaphorase histology showed that there was a stronger agreement between these 

fractions at 3 days after treatment (R2 to line of identity=0.91), compared to directly after 

treatment (R2=0.74). Next, k-means clustering with 4 clusters was applied on the Ktrans and 

ve parameter values of all significantly enhanced pixels. The fraction of pixels within two 

clusters, that were characterized by a low Ktrans
 and either a low or high ve, significantly 

increased after HIFU treatment. Changes in the composition of these clusters were 

considered to be HIFU-induced. Qualitative H&E histology showed that the HIFU-induced 

alterations in these clusters may be associated with hemorrhage and structural tissue 

disruption.  

In conclusion, it was demonstrated that, in addition to assessment of the non-perfused 

tumor volume, the presented methodology gives further insight in HIFU-induced effects on 

the tissue vascular status. This method may aid in the assessment of the consequences 

of the observed vascular alterations for the fate of the tissue. 
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High Intensity Focused Ultrasound (HIFU) is an emerging technique for the non-invasive 

thermal treatment of tumors (1). While routine clinical use of HIFU treatment is mainly 

restricted to noncancerous growths, such as uterine fibroids (2-4), its application range is 

now being extended to malignant tumors, such as breast (5,6), prostate (7-10) and liver 

cancer (11-13). The clinical introduction of HIFU treatment of such malignant lesions has 

benefited from the development of ultrasound-guided and magnetic resonance imaging-

guided HIFU (MR-HIFU) systems, which provide spatial guidance of the treatment (1,14-

16). In an MR-HIFU system, the HIFU transducer is integrated in the patient bed of a 

clinical MR scanner (17). Apart from accurate treatment planning, this system also 

facilitates treatment monitoring by measuring the temperature rise during HIFU treatment 

using MR thermometry, providing direct feedback to the ultrasound transducer (18,19).  

Dependent on the treatment conditions, hyperthermia may lead to alterations in tumor 

physiological properties. Whereas mild hyperthermia may (temporarily) enhance 

microvascular functions, higher temperature elevations or longer treatment times may 

damage the microvasculature and impair the microcirculation (20). It has been described 

that hyperthermic ablation induces a lesion that consists of three zones: a central zone, in 

which temperatures of approximately 60°C result in protein denaturation and coagulative 

necrosis; a peripheral zone with sublethal temperature elevations between 40-45°C 

resulting from thermal conduction; and the surrounding tissue that is not affected by the 

HIFU treatment (21). Appropriate treatment evaluation is required to confirm that tumor is 

non-viable in the intended treatment zone and to assess potential damage in the 

surrounding tissue.  

 

Contrast-enhanced T1-weighted imaging is one of the most commonly used MRI methods 

for the evaluation of HIFU treatment (8,9,22). A lack of contrast enhancement is generally 

observed in the central ablation volume, due to vascular destruction. Therefore, the non-

perfused volume serves as an important readout parameter (9,22-24). In the transition 

zone between the central ablation volume and tumor tissue that is not affected by the 

HIFU treatment, milder temperature elevations may result in indirect heat-induced injury 

and more subtle vascular alterations. The vascular changes in the peripheral zone around 

the central ablation volume are strongly dependent on the exact temperature and/or 

thermal dose that is reached during the HIFU intervention. In addition, these peripheral 

vascular effects can be transient in nature. Directly after HIFU, hyperthermic conditions in 

the peripheral zone could (transiently) increase tumor blood flow and microvascular 

permeability and increase tumor oxygenation (20,25). At a later time point, heat-induced 

injury could result in apoptosis (21). Destruction (26) or (transient) occlusion (27) of the 

tumor vasculature could cause ischaemia or ischaemia-reperfusion injury and result in 

delayed cell death  (21,26,28). In addition, the immune response may be enhanced in the 

transition zone and inflammation-associated hyperemia may be observed (8,21,22). At a 

later stage (approximately 7 days (29)) after treatment, also fibrosis and revascularization 

may alter the tumor vascular status (28-30). On contrast-enhanced T1-weighted images, 
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often an enhancing rim is reported in the region surrounding the central ablation zone, 

which may be due to these vascular alterations or result from residual unaffected tumor 

tissue in case of incomplete ablation (8,22). Since the observed contrast enhancement is 

almost equal in regions of different vascular changes and in unaffected residual tumor 

tissue, conventional contrast-enhanced MRI does not have a high specificity for the 

identification of subtle vascular effects after HIFU treatment.  

It is however important to gain further insights in the vascular status of the peripheral 

tumor zone, since HIFU-induced changes in the microvascular function of the tumor tissue 

in this region may have substantial consequences for the microenvironment and fate of 

the tumor. In addition, if residual tumor is present after HIFU treatment, this may be 

treated with adjuvant tumor therapies. The sensitivity of the tumor to these therapies may 

also be affected by the vascular status (21). The perfusion status could affect the 

oxygenation of the tumor and thereby its sensitivity to radiotherapy. In addition, residual 

tumor tissue could be treated with additional chemotherapy, which requires a proper 

vascular supply. Also strategies in which HIFU is exploited for hyperthermia-mediated 

drug delivery require a detailed knowledge of the tumor vascular status (31,32). 

Therefore, it is of great importance that regional changes in tumor vascular status in the 

transition zone can be identified.  

Compared to conventional contrast-enhanced MRI, assessment of changes in contrast-

agent uptake kinetics by dynamic contrast-enhanced MRI (DCE-MRI) may be a more 

suitable method to gain insight in the altered vascular status in the tissue around the 

coagulated lesion. It has been previously shown that semi-quantitative DCE-MRI 

parameters obtained at 3-14 days after HIFU treatment of human breast tumors correlated 

well with the histology-derived percentage of residual tumor (33). A fully quantitative 

analysis of the DCE-MRI data may lead to an improved insight in changes in contrast 

agent uptake-kinetics after HIFU treatment. Pharmacokinetic modeling of DCE-MRI data 

can be applied to determine biomarkers that are sensitive to vascular changes; e.g. with 

the widely employed Tofts model the transfer constant Ktrans and the extravascular 

extracellular volume fraction ve can be determined (34). Hijnen et al. have used these 

kinetic parameters for HIFU therapy assessment in a rat tumor model (35). Cheng et al. 

have shown that these parameters could give insight in regional changes in the 

microvasculature after HIFU treatment of rabbit muscle tissue (29,36). Adjacent to the 

central ablation region without contrast enhancement, a region with low Ktrans and high ve 

was identified, which was associated with restricted flow due to vascular congestion and 

hemorrhage and an increased capacity for contrast agent accumulation due to structural 

disruption and vacuolation. In addition, an outer region with higher Ktrans and ve was 

observed, which was characterized by edema and mild inflammation in the first few days 

after treatment and by revascularization at a later stage. To the best of our knowledge, 

there are no studies in which the anticipated subtle changes in tumor vascular status 

around the HIFU ablation volume have been investigated with pharmacokinetic modeling 

of DCE-MRI data. 
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In the present study, DCE-MRI was performed before, directly after and at 3 days after 

HIFU treatment of a murine subcutaneous tumor model. Partial tumor treatment was 

performed to allow for the presence of both HIFU-treated and residual tumor tissue after 

the HIFU procedure. Tracer-kinetic modeling was performed on the tumor pixels outside 

the non-perfused volume to assess HIFU-induced changes in contrast agent uptake-

kinetics. Cluster analysis based on Ktrans
 and ve was employed to identify subregions with 

different uptake kinetics and the regional distribution of these clusters within the tumor 

was determined. These kinetic parameters derived from DCE-MRI may provide a more 

refined picture of HIFU-induced regional changes in vascular status compared to 

conventional contrast-enhanced MRI. 

Ethics Statement  

All animal experiments were performed according to the Directive 2010/63/EU of the 

European Parliament and approved by the Animal Care and Use Committee of Maastricht 

University (protocol: 2010-097 and 2010-132).  

 

Murine tumor model  

CT26.WT murine colon carcinoma cells (American Type Culture Collection (ATCC; CRL-

2638)) were cultured as a monolayer at 37°C and 5% CO2 in RPMI-1640 medium 

(Invitrogen, Breda, The Netherlands), supplemented with 10% fetal bovine serum (Greiner 

Bio-One, Alphen a/d Rijn, The Netherlands) and 50 U/ml penicillin/streptomycin (Lonza 

Bioscience, Basel, Switzerland). Early passages (5-10) of the original ATCC batch were 

used for inoculation.  

 

10-12 week-old Balb/c mice (Charles River, Maastricht, The Netherlands) were inoculated 

with 2x106 CT26.WT cells subcutaneously in the right hind limb. Approximately 10 days 

after inoculation, tumors became palpable in all animals.  

Study design  

MRI was performed 1 day before (n=12), directly (2-3 h) after (n=12) and 3 days after 

HIFU treatment (n=6). A control group of non-treated animals (n=6) was included that 

underwent MRI at the same time points as the HIFU-treated animals. The time points of 

the control animals are referred to as day -1, day 0 and day 3. Directly after the last MRI 

experiment, the mice were sacrificed, and the tumors were excised for histological 

analysis. This study design led to three different groups for quantitative histology: animals 

sacrificed after the MRI examination directly after HIFU treatment (n=6, referred to as 

‘Directly after HIFU’), animals sacrificed after the MRI examination at 3 days after HIFU 

treatment (n=6, referred to as ’3 days after HIFU’) and non-treated control animals (n=6, 

referred to as ‘Control’). 

HIFU treatment  

HIFU treatment was performed outside the MR scanner with the preclinical Therapy 
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Imaging Probe System (TIPS, Philips Research, Briarcliff Manor, NY, USA) (37). 

Treatment was performed under general anesthesia (1-2% isoflurane) and precautionary 

analgesia (buprenorphine, 0.1 mg/kg s.c., administered at least 30 min before treatment). 

Control animals received an equal dose of analgesia at the corresponding time point. 

Partial tumor treatment was performed by definition of a square 4x4 mm2 treatment grid 

within the tumor area, consisting of 25 equally-spaced ablation volumes (1x1x9 mm3) that 

were placed within the tumor under guidance of an ultrasound imaging system (HDI5000 

imaging system combined with a P7-4 phased array transducer, Philips Ultrasound, 

Bothell, WA, USA). This resulted in the presence of both HIFU-treated and non-treated 

tumor tissue after the HIFU procedure. Treatment settings were: frequency 1.4 MHz, 

pulse repetition frequency 20 Hz, acoustic power 12 W, duty cycle 50%, treatment time 30 

s. A wait time of 120 s was applied between sonication of consecutive treatment points to 

allow for sufficient cooling of the treated tissue. A temperature increase to 66°C during 

HIFU treatment was confirmed by insertion of a thermocouple into the tumor in 3 pilot 

experiments, as described previously (chapter 3).  

 

MRI measurements  

MRI measurements were performed with a 6.3 T horizontal-bore scanner (Bruker BioSpin, 

Ettlingen, Germany) using a 3.2-cm-diameter quadrature birdcage RF coil (Rapid 

Biomedical, Rimpar, Germany) under general anesthesia (1-2% isoflurane). The mice 

were positioned in a custom-made cradle, equipped with a mask for anesthetic gas. 

Respiration was monitored with a balloon sensor. Body temperature was monitored and 

maintained with a warm water pad. For reduction of susceptibility artifacts in echo planar 

imaging (EPI), the tumor-bearing paw was covered with degassed ultrasound gel 

(Aquasonic® 100, Parker Laboratories). Artifacts were further reduced by local shimming.  

A fat-suppressed T2-weighted spin-echo sequence (TE=30 ms, TR=1000 ms, number of 

averages NA=1) was used for anatomical reference. 

Pre-contrast T1 mapping was performed using an inversion recovery Look-Locker EPI 

sequence (TE=8 ms, TR=10000 ms, inversion time=30 ms, flip angle=20°, pulse 

separation=400 ms, number of points=15, NA=2). 

DCE-MRI measurements were performed using a gradient-spoiled dual gradient echo EPI 

sequence (TR=1250 ms, TE1/TE2=7.5/26.1 ms, NA=2, number of segments=2, flip 

angle=80°, temporal resolution=5 s, number of repetitions=100). At 1.5 min after start of 

the acquisition, a bolus of 0.3 mmol/kg Gd-DOTA (Dotarem; Guerbet, Villepinte, France) 

with a saline flush was injected in 5 s via the tail vein using an infusion pump (Chemyx 

Fusion 100, Stafford, TX, USA). 

All images were acquired with a matrix size of 128x128, FOV of 4x4 cm2 and 1 mm slice 

thickness. 12-16 slices were acquired covering the whole tumor volume.  
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DCE-MRI data processing  

Image analysis was performed in Mathematica 8.0 (Wolfram Research, Champaign, IL, 

USA) and MATLAB R2013a (The MathWorks, Natick, MA, USA). Regions of interest 

(ROIs) were defined on the T2-weighted images by manually drawing contours around the 

tumor tissue on each slice. From these ROIs the tumor volumes at the different 

experimental time points were determined. Pre-contrast T1 maps were generated as 

described previously (38).   

A T2
* correction was performed on the dynamic signal intensities to account for the T2

* 

changes caused by contrast agent influx (39,40). The dynamic T2
* values in the tumor 

pixels were determined based on the ratio of the signal intensities at the two echo times. 

Dynamic T1 values were calculated from the signal equation for a spoiled gradient-echo 

sequence using the T2
*-corrected dynamic signal intensities and the pre-contrast T1 

values. A B1 correction was applied to the flip angle used in the dynamic acquisition, using 

a B1 map acquired with the same RF coil in a 2% agarose/0.05 mM CuSO4 phantom. 

Dynamic T1 values were converted to dynamic contrast agent concentrations ([CA]) using 

the Dotarem plasma relaxivity at 7 T at 37°C (3.53 mM-1s-1 (41)). 

Pharmacokinetic analysis of DCE-MRI data  

Pharmacokinetic analysis of the DCE-MRI data was performed with a custom-written 

MATLAB tool. For determination of Ktrans and ve in each tumor pixel, the standard Tofts 

model (34,42) was used, in which the dynamic contrast agent concentration in the tumor 

tissue is defined as: 

Ct(t)=Ktrans ∫ Cp(τ)e-kep(t-τ)dτ
t

0

 

in which Ct and Cp are the contrast agent concentrations in the tumor tissue and the blood 

plasma, respectively and kep is the rate constant (kep=Ktrans/ve). A delay term (td) was 

included in the model to allow for a delay between bolus arrival in the blood and the tissue 

response. A literature-based bi-exponential arterial input function (AIF), measured in the 

mouse iliac artery upon injection of a similar dose of Dotarem (43), was used and modified 

to match with our data. The bi-exponential AIF is described by: 

Cp(t)= {
 0                                     t<ti

 a1e-m1t+a2e-m2t          t≥ti
 

in which ti is the injection time.  

The peak amplitude of the AIF was adapted based on the injected dose and the mouse 

plasma volume. In addition, the second exponent of the AIF, describing the AIF tail, was 

adapted based on blood kinetics data of Dotarem from five separate CT26.WT tumor-

bearing Balb/c mice. For this purpose, the gadolinium concentration of blood plasma 

samples acquired at different time points after CA injection was determined by means of 

Inductively Coupled Plasma-Atomic Emission Spectrometry or Inductively Coupled 
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Plasma-Mass Spectrometry. These adaptations resulted in the following bi-exponential 

AIF parameters: a1=5.36 (mM), m1=11.20 (min-1), a2=1.27 (mM), m2=0.0655 (min-1). 

The standard Tofts model was fitted to the dynamic [CA] curves using the MATLAB 

function lsqcurvefit, with constraints Ktrans≥0 min-1, kep≥0 min-1 and 0≤td≤7 repetitions.  

Identification of non-perfused tumor volume  

Non-perfused pixels were selected based on the level of contrast enhancement. Pixels 

were considered non-perfused if the median [CA] after injection was lower than 5 times 

the standard deviation (SD) of the data points in the dynamic [CA] curve before injection. 

Non-perfused volumes were calculated from the total number of non-perfused pixels in 

each tumor multiplied by the pixel volume. Non-perfused fractions were derived from the 

ratio between the non-perfused volume and the total tumor volume. The non-perfused 

pixels were not included in the subsequent histogram and cluster analyses.  

Selection of pixels for cluster analysis  

A number of criteria were defined to select the perfused tumor pixels that were included in 

the cluster analysis. Pixels in which the dynamic T1 became lower than 250 ms or the 

dynamic T2
* became lower than the first echo time (7.5 ms) were excluded for further 

analysis, since such low T1 and T2
* values could not be accurately determined with the 

present DCE-MRI acquisition settings. A second criterion included a constraint on the 

goodness-of-fit R2 of the curves fitted to the data. Curves with an R2 value lower than 0.8 

were excluded from analysis. In addition, pixels with non-physiological ve values higher 

than 1 were omitted. 

To get insight in the Ktrans and ve distribution in the perfused tumor tissue of the HIFU-

treated and control animals at the different experimental time points, histograms of Ktrans 

(20 bins, bin width 0.025 min-1, range 0-0.5 min-1) and ve (20 bins, bin width 0.025, range 

0-0.5) in the selected perfused tumor pixels were made.  

Cluster analysis  

k-means clustering with 3, 4, 5 and 6 clusters was performed on the combined Ktrans and 

ve data of the selected perfused pixels of all (HIFU-treated and non-treated) animals at all 

time points simultaneously with a custom-written Mathematica function. Prior to clustering, 

data were normalized (mean=0, SD=1) to remove scaling differences between Ktrans and 

ve. Changes in the fraction of pixels in the different clusters were defined as treatment-

associated if the fraction of pixels assigned to the particular cluster increased significantly 

(one-sided paired t-test, P<0.05) after HIFU treatment (either directly or at 3 days after 

HIFU) compared to before HIFU treatment. 

Regional distribution of clusters  

To assess the spatial distribution of the different clusters with respect to the non-perfused 

volume, the distance of each pixel in each cluster to the closest non-perfused pixel was 

determined. Histograms (6 bins, bin width 1 pixel, range 1-7 pixels) of these minimal 
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distances to the non-perfused volume were made for each cluster at each time point after 

HIFU treatment to visualize the regional distribution of the different clusters with respect to 

the non-perfused volume. In addition, the median minimal distance of each cluster to the 

non-perfused volume was calculated for each HIFU-treated mouse at both time points 

after HIFU treatment.  

Histological analysis  

Dissected tumors were snap-frozen in isopentane and stored at -80°C. Tumors were cut 

into 5 μm thick sections with a distance of approximately 300 μm between the sections. 

The cryo-sections were briefly air-dried and subsequently stained for nicotinamide 

adenine dinucleotide (NADH) diaphorase activity to assess cell viability. Sections were 

incubated at 37°C for 1 h in Gomori-Tris-HCl buffer (pH 7.4) containing β-NAD reduced 

disodium salt hydrate (Sigma-Aldrich, St. Louis, MO, USA, 0.71 mg/ml buffer solution) and 

nitro blue tetrazolium (Sigma-Aldrich, 0.29 mg/ml buffer solution). Brightfield microscopy 

was performed on all sections and consisted of mosaic acquisition of the entire section at 

5x magnification. Analysis of the microscopy images was performed in Mathematica 7.0. 

ROIs were manually drawn around the pale non-viable tumor tissue and the entire tumor 

tissue on all sections of each tumor. From the ratio between the ROI areas of non-viable 

tumor tissue and entire tumor tissue on all tumor sections, a histology-derived non-viable 

tumor volume fraction was determined for each tumor. Subsequently the MRI-derived 

non-perfused tumor fractions were compared to the histology-derived non-viable tumor 

fractions. 

Apart from the NADH-diaphorase staining, haematoxylin and eosin (H&E) staining was 

performed on paraffin sections of a separate CT26.WT tumor that was treated with the 

same HIFU settings. This tumor was excised at ~2.5 h after HIFU treatment. Brightfield 

microscopy was performed to inspect morphological changes in the tumor tissue after 

treatment. 

Statistical analysis  

Data are presented as mean±SD. At all experimental time points, the relative tumor sizes 

of the HIFU-treated and non-treated tumors were statistically compared with a two-sided t-

test assuming equal variances. The non-perfused tumor volumes at the different 

experimental time points were compared for statistical significance with a two-sided paired 

t-test. Correlation analysis between the MRI-derived non-perfused tumor fractions and 

histology-derived non-viable tumor fractions was performed for all groups by calculation of 

the Pearson correlation coefficient. In addition, the one-to-one correspondence between 

the non-viable and non-perfused tumor fractions was determined by calculation of the R2 

of the data points to the line of identity. The difference between non-viable tumor fractions 

of the HIFU-treated and non-treated control tumors at the last experimental time point was 

tested for significance with a two-sided t-test assuming equal variances. Changes in the 

Ktrans and ve histograms between the two time points after HIFU and before HIFU were 

tested for significance with a two-sided paired t-test. A one-sided paired t-test was 
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performed for each cluster to assess if the fraction of pixels in that cluster was increased 

after HIFU. The median minimal distances to the non-perfused volume of the different 

clusters were statistically compared with a two-sided paired t-test. For all tests, the level of 

significance was set to α=0.05.  

The partial tumor ablation with HIFU resulted in a significantly lower relative tumor size at 

day 3 compared to the control mice (Figure 1).   

 
Figure 1. Tumor growth. Mean±SD relative tumor size, based on ROIs drawn on the anatomical MRI images, 

at the different experimental time points for the HIFU-treated and the control animals. For the HIFU-treated 

animals day 0 corresponds to the day of treatment. * indicates a significant difference in relative tumor size 

between the HIFU-treated and control animals at measurement day 3 (two-sided t-test, P<0.05). 

 

Representative pharmacokinetic parameter maps in the tumor tissue before and at both 

time points after HIFU treatment are shown in Figure 2A (for the same animal). Before 

HIFU treatment, the tumor vasculature was characterized by higher Ktrans values in the 

tumor rim than in the tumor center. Furthermore, a small region of low Ktrans was observed 

in the tumor core. The ve values were also generally higher in the tumor rim than in the 

center. Directly after partial HIFU treatment of the tumors, a large area of decreased Ktrans 

emerged. Such area of decreased Ktrans was also present at 3 days after HIFU treatment. 

At both time points after HIFU treatment, the area of decreased Ktrans corresponded to 

regions with low ve with small subregions of high ve. No substantial differences in Ktrans and 

ve were detected for the non-treated control animals between measurement day -1 and 

day 0, although a reduction in Ktrans was observed at day 3 (Figure 2B). 
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To assess the effect of the partial ablation on tumor perfusion, non-perfused tumor 

volumes were determined first, based on the level of contrast enhancement in the tumor 

pixels. The average non-perfused tumor volumes of the HIFU-treated and control animals 

at the different experimental time points are displayed in Figure 3A and B, respectively. 

Directly after HIFU treatment, the non-perfused tumor volume significantly increased 

compared to before HIFU treatment. No significant difference between the non-perfused 

tumor volume 3 days after HIFU compared to either before or directly after HIFU was 

observed. For the control animals, the non-perfused tumor volume remained constant 

between measurement day -1 and 0, whereas the non-perfused tumor volume was 

significantly increased at day 3.   

 

 
Figure 2. Pharmacokinetic parameter maps. A) Representative pharmacokinetic parameter maps overlaid on 

the tumor pixels of an axial T2-weighted image of a tumor-bearing paw before, directly after and at 3 days after 

HIFU treatment. B) Representative pharmacokinetic parameters maps for a control animal at the 

corresponding experimental time points. The parameters were scaled according to the color bar shown at the 

right side of the figure. The corresponding parameter range for this scale bar is indicated at the left side of the 

parameter maps.  
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The average histology-derived non-viable tumor fraction at the last experimental time 

point was higher for the HIFU-treated animals than for the control animals, although this 

difference was not significant (Figure 3C). Correlation plots between the MRI-derived non-

perfused tumor volume fractions and histology-derived non-viable tumor volume fractions 

are displayed in Figure 3D for the different experimental groups. For the HIFU-treated 

animals sacrificed directly after HIFU, a high, significant correlation (r=0.866) was 

observed between the MRI-derived non-perfused and histology-derived non-viable tumor 

fractions. However, the non-perfused tumor fractions were generally higher than the non-

viable tumor fractions at that time point after HIFU treatment, resulting in a relatively low 

one-to-one correspondence (R2 to line of identity = 0.74). At 3 days after HIFU treatment, 

also a high correlation (r=0.933) was observed between the non-perfused and non-viable 

tumor fractions. At this time point after HIFU treatment, a good one-to-one 

correspondence between the non-perfused and non-viable tumor fractions was observed 

(R2=0.91). For the control animals, both the correlation (r=0.242) and one-to-one 

correspondence (R2=0.57) between the non-perfused and non-viable tumor volume 

fractions were low.  

 

 

Figure 3. Non-perfused tumor volumes.  A) Mean±SD non-perfused tumor volumes before, directly after and 

at 3 days after HIFU treatment. ** indicates a significant increase in the non-perfused tumor volume directly 

after HIFU compared to before HIFU (two-sided paired t-test, P<0.001). B) Mean±SD non-perfused tumor 

volumes at measurement day -1, 0 and 3 for the control animals. * indicates a significant increase in the non-

perfused tumor volumes between measurement day 0 and 3 (two-sided paired t-test, P<0.05). C) Mean±SD 

histology-derived non-viable tumor fractions of the control and HIFU-treated animals at measurement day 3. 

D) Correlation plots of MRI-derived non-perfused tumor fractions vs. histology-derived non-viable tumor 

fractions for the three different experimental groups. The line of identity is shown as a visual reference. The 

correlation coefficient and the R
2
 to the line of identity are displayed in the right bottom corner of each figure. 

 

In addition to the above measurements of non-perfused tumor fractions and volumes, a 

detailed analysis of the pharmacokinetic parameters in the perfused tumor surrounding 

the non-perfused ablation volume was performed. The average distributions of Ktrans and 
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ve in the perfused pixels in the HIFU-treated tumors at all time points are shown in Figure 

4A and B, respectively. Directly after HIFU treatment, the fraction of pixels with a Ktrans 

value between 0 and 0.025 min-1 was significantly increased compared to before HIFU. In 

addition, the fraction of pixels in a number of bins with a higher Ktrans (>0.1 min-1) was 

significantly decreased directly after HIFU. At this time point, the fraction of pixels with a ve 

value between 0.05 and 0.15 was significantly lower than before HIFU, whereas a 

significant increase in the fraction of pixels with both a lower ve value (0-0.025) and a 

higher ve value (>0.25) was observed. At 3 days after HIFU treatment, the fraction of 

pixels in most bins was not significantly different from that before treatment. The average 

Ktrans and ve distributions in the perfused pixels of the non-treated control animals at the 

different time points are displayed in Figure 4C and D, respectively. No significant 

changes in the Ktrans and ve of the perfused pixels were observed between the different 

time points, except for one bin in the ve histogram in which the fraction of pixels was 

significantly increased at day 3 compared to day -1. 

 
Figure 4. Pharmacokinetic parameter histograms. A and B) Average K

trans
 and ve histograms in the HIFU-

treated tumors at the different experimental time points, respectively. The error bars represent the SD. * and # 

indicate a significant increase and decrease in the fraction of pixels after HIFU compared to before HIFU, 

respectively (two-sided paired t-test, P<0.05). C and D) Average K
trans

 and ve histograms in the non-treated 

control animals at the different experimental time points, respectively. The error bars represent the SD. * 

indicates a significant increase in the fraction of pixels at day 3 compared to day -1 (two-sided paired t-test, 

P<0.05). 
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Cluster analysis was performed on the perfused pixels of all tumors and all time points to 

identify subregions with different contrast agent uptake kinetics. Four clusters appeared to 

be the optimal number of clusters with which the most prominent vascular changes could 

be identified. In Figure 5 the results of the cluster analysis with four clusters are overlaid 

on the tumor pixels of the same slice from the same animal as shown in Figure 2. The 

white region represents the non-perfused tumor pixels. The different colors represent the 

four clusters that were identified. The median dynamic [CA] curves of all pixels assigned 

to the different clusters are shown in the bottom of Figure 5. After HIFU treatment, the 

number of pixels assigned to the blue and green clusters strongly decreased. The DCE-

MRI curves in these clusters were characterized by a rapid upslope, a clear wash-out and 

substantial contrast agent influx. At both time points after HIFU, a large region of non-

perfused tissue emerged. Curves in the non-perfused tumor area, shown at the right of 

the figure, were characterized by a lack of contrast agent inflow. The area around the non-

perfused volume consisted mostly of pixels assigned to the red and yellow clusters. 

Contrast agent uptake in pixels assigned to the red cluster was small and relatively slow. 

The curves in the yellow cluster typically indicated slow uptake kinetics, but pronounced 

contrast agent influx. The area of non-perfused pixels visually corresponded well to the 

area of non-viable tissue on the NADH-diaphorase stained section obtained at 3 days 

after HIFU treatment at approximately the same location in the tumor, in agreement with 

the data presented in figure 3D. 

In Figure 6 the average fraction of pixels assigned to the four clusters is shown for the 

HIFU-treated animals at the different time points. Directly after HIFU treatment, the 

fraction of pixels in the yellow and red cluster was significantly increased compared to 

before HIFU. At 3 days after HIFU treatment, the fraction of pixels in these clusters was 

not significantly higher than before HIFU. Because of the HIFU-induced increase in the 

fraction of pixels in the yellow and red clusters, changes in these clusters were considered 

as treatment-associated. 
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Figure 6. Cluster composition at the different experimental time points. Mean±SD fraction of pixels assigned 

to the four different clusters before, directly after and at 3 days after HIFU treatment. * indicates a significant 

increase in the fraction of pixels directly after HIFU compared to before HIFU (P<0.05, one-sided paired t-

test). 

 

Figure 5. Clustering of pharmacokinetic parameter values. Representative clustering results overlaid on the 

tumor pixels of the T2-weighted image of the tumor-bearing paw of the same animal as shown in figure 1 

before, directly after and at 3 days after HIFU treatment. The four clusters are represented by the different 

colors (yellow, green, red and blue). The non-perfused pixels, that were excluded from cluster analysis, are 

represented by the white color. An NADH-diaphorase stained tumor section obtained at approximately the 

same location as the MRI slice at 3 days after HIFU treatment is shown at the top right corner of the figure. A 

clear pale, non-viable tumor region was observed next to NADH-diaphorase positive, viable tumor tissue. The 

median dynamic [CA] curves of all pixels in each of the 4 clusters (shown by the different colors) and the non-

perfused pixels are shown in the figure bottom (from top to bottom, left to right: green cluster, yellow cluster, 

non-perfused pixels, blue cluster and red cluster). The bands around the curves represent the range between 

the 25
th

 and 75
th

 percentiles. 
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In Table 1 the Ktrans and ve parameter values in the different clusters are displayed. In the 

clusters with a treatment-associated increase in fraction of pixels (yellow and red 

clusters), Ktrans was lower than in the other (green and blue) clusters. The ve in these 

clusters was either higher (yellow cluster) or lower (red cluster) than in the other clusters. 

Table 1. K
trans

 and ve values (mean±SD) in the four clusters. 

Cluster K
trans

 [min
-1

] ve [-] 

Yellow 0.066±0.054 0.495±0.170 

Green 0.356±0.107 0.223±0.098 

Red 0.039±0.026 0.095±0.061 

Blue 0.150±0.044 0.138±0.067 
 

To gain insight in the regional distribution of the different clusters with respect to the non-

perfused volume, the minimal distance of each perfused pixel in each cluster to the 

closest non-perfused pixel was determined. The histograms in Figure 7 show the 

distribution of these minimal distances for all clusters at the two time points after HIFU 

treatment and provide information on the proximity of the different clusters to the non-

perfused volume. Both directly and at 3 days after HIFU treatment, the red cluster was 

most closely located to the non-perfused volume. The yellow cluster was more closely 

located to the non-perfused volume than the green and blue clusters, but further away 

from the non-perfused volume than the red cluster. The median minimal distances 

between the four clusters and the non-perfused volume, averaged for all HIFU-treated 

animals, are given in Table 2 for both time points after treatment. Directly after HIFU, the 

average distance to the non-perfused volume was significantly smaller for the red cluster 

compared to all other clusters. Furthermore, a significantly smaller distance to the non-

perfused volume was observed for the yellow cluster compared to the blue cluster. At 3 

days after HIFU treatment, the red cluster was still significantly closer to the non-perfused 

volume than the blue cluster.  

 

Figure 7. Spatial distribution of clusters with respect to non-perfused volume. Distribution of the minimal 

distance of the pixels in each of the four different clusters to the closest non-perfused pixel directly after and at 

3 days after HIFU treatment. The yellow, green, red and blue lines represent the different clusters. The 

dashed lines represent the clusters with a treatment-associated increase in the fraction of pixels (yellow and 

red clusters) and the solid lines represent the other (blue and green) clusters. 
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Representative microscopy images of H&E-stained sections of a tumor excised at ~2.5 h 

after HIFU treatment are shown in Figure 8. A region of viable tumor tissue was observed, 

which was structurally intact (Figure 8A). The cells in the viable tumor tissue were densely 

packed and cell nuclei had a normal appearance. In addition, a zone of coagulated tissue 

was observed, surrounded by a region characterized by structural disruption (Figure 8B). 

The nuclei of the cells in the coagulated zone were typically dark and shrunken. Gaps 

between the tumor cells were visible in the structurally disrupted tumor tissue (Figure 8B 

and C). Disrupted tumor blood vessels and presence of red blood cells in the 

extravascular space were observed, indicative of hemorrhages (Figure 8B and D). These 

hemorrhages were mainly located close to the coagulated areas.  

 

Figure 8. H&E microscopy. Representative brightfield microscopy images of H&E-stained sections of a HIFU-

treated CT26.WT tumor excised at ~2.5 h after treatment. A) Viable tumor tissue at 20x magnification. B) 

Border zone of coagulated tumor tissue surrounded by structurally disrupted tumor tissue at 20x magnification. 

C) Structurally disrupted tumor tissue at 100x magnification. D) Region with hemorrhage at 100x 

magnification. 

Table 2. Distance of clusters to the non-perfused volume. Median minimal distance from the different clusters 

to the non-perfused volume averaged for all HIFU-treated animals, at both time points after HIFU treatment. 

Data are presented as mean±SD. 
#
 and 

## 
indicate a significantly smaller distance of a cluster to the non-

perfused volume compared to the cluster(s) indicated between the parentheses, with P<0.05 and P<0.001, 

respectively. 

Cluster Distance directly after 

HIFU [pixels] 

Distance 3 days after HIFU 

[pixels] 

Yellow 2.31±0.67 
# (blue) 

2.51±0.34 

Green 2.79±1.67 3.67±1.78 

Red 1.52±0.51 
#(green, blue)

 
##(yellow)

 2.15±0.68 
# (blue) 

Blue 3.13±1.50 3.41±1.25 
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In this study, pharmacokinetic analysis of DCE-MRI data was performed to identify tumor 

regions with different contrast agent uptake kinetics longitudinally after HIFU treatment. In 

addition to the commonly performed assessment of non-perfused volumes, cluster 

analysis of pharmacokinetic parameters was performed to gain insight in more subtle 

underlying changes in vascular status in the area surrounding the non-perfused central 

ablation volume. 

A significant increase in the non-perfused tumor volume was observed directly after HIFU 

treatment (Figure 3A). At this time point, the non-perfused tumor fractions were generally 

higher than the histology derived non-viable tumor fractions (Figure 3D). This finding is 

possibly caused by HIFU-induced destruction of tumor vasculature in the zone 

surrounding the ablated region, which could lead to delayed cell death (20,21,26,28). This 

delayed cell death may explain the better agreement between the non-viable and non-

perfused tumor fractions at 3 days after treatment. Temporary HIFU-induced vascular 

constriction (27) could also have contributed to the higher non-perfused fraction directly 

after treatment, although this contribution is probably minor since the non-perfused tumor 

volume at 3 days after HIFU was not significantly lower than directly after HIFU (Figure 

3A). The correlation between non-viable and non-perfused tumor fractions for the non-

treated control animals was low, in contrast to the treated animals (Figure 3D). For the 

control animals, the non-perfused tumor fraction was generally higher than the non-viable 

tumor fraction. Likely, part of the non-perfused pixels represented hypoxic, yet viable, 

tumor tissue, which is also known to be poorly perfused (44,45). This hypoxic tissue may 

become necrotic at a later stage of tumor progression. Therefore, non-perfused pixels do 

not necessarily represent necrosis leading to a disagreement between the non-viable and 

non-perfused tumor fractions. This complicates the classification of tumor as non-viable 

solely based on the lack of contrast enhancement after HIFU in a setting in which tumors 

were already relatively non-perfused before treatment.  

Nevertheless, pharmacokinetic analysis can still give additional insights in uptake-kinetics 

and thereby provide information on changes in the underlying vascular status in the zone 

peripheral to the central ablation volume. Histogram and cluster analysis of the 

pharmacokinetic parameters in the perfused pixels showed that there were subtle yet 

significant HIFU-induced changes in the pharmacokinetic parameter values in the areas 

surrounding the non-perfused volume. Since in two clusters the fraction of pixels 

significantly increased after HIFU treatment (Figure 6), these alterations were assumed to 

be treatment-associated. One of these clusters was characterized by a low Ktrans and high 

ve (yellow cluster) and the second by a low Ktrans and low ve (red cluster) combination 

(Table 1). The uptake kinetics (Figure 5) characterizing the region with low Ktrans and high 

ve could be explained by a more difficult contrast agent access due to HIFU-induced 

vascular congestion and hemorrhage, but a higher capacity for accumulation due to the 

presence of vacuolation and structural disruption in the extravascular tissue space. The 
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low Ktrans and low ve in the other cluster with a treatment-associated  increase in fraction of 

pixels (red cluster) was likely caused by more severe vascular damage, which may 

include vascular disruption, congestion and hemorrhage. Regions with these types of 

vascular characteristics around the central region of coagulative necrosis were previously 

also identified with DCE-MRI analysis and confirmed by extensive histological evaluation 

in a study on HIFU treatment of rabbit thigh muscle (36). 

The pixels in the clusters with treatment-associated changes (yellow and red clusters) 

were located more closely to the non-perfused pixels than pixels in the other clusters 

(Figure 7). In addition, H&E staining confirmed the presence of tumor regions with 

structural disruption and hemorrhage after HIFU (Figure 8). However, although the 

observed changes in the fractions of pixels in the different clusters were induced by HIFU 

treatment and histological evidence was presented for these changes, the kinetic uptake 

characteristics of the red and yellow clusters cannot be regarded as specific for HIFU-

treated tumor based on the presented results. The relatively high fraction of pixels in the 

red cluster before treatment (Figure 6), indicates that pixels with these characteristics can 

be naturally present in this tumor model. This could be explained by the fact that for this 

tumor model perfusion was relatively low in the tumor center. Therefore, most likely 

hypoxic regions with an impaired perfusion are naturally present. More pronounced HIFU-

induced changes in contrast agent uptake-kinetics and clusters that are more specific for 

HIFU-induced vascular alterations may be detected if the cluster analysis would be 

applied in better perfused tumor models. 

Extensive histological analysis, in which the clusters with specific vascular characteristics 

are spatially compared to histological features, could give further insights in the underlying 

effects causing the observed vascular changes. In the present study however, histological 

evaluation was mainly focused on the definition of the non-viable tumor volume fraction in 

order to compare these with non-perfused tumor fractions. Furthermore, HIFU treatment 

was performed outside the MR system, since the preclinical therapeutic ultrasound 

transducer is not MR-compatible. In a HIFU set-up with MRI guidance, temperature maps 

could be acquired during the treatment allowing changes in the pharmacokinetic 

parameters to be compared with the applied thermal dose (36). This information would 

also allow for a better definition of the danger zones around the central ablation volumes 

and a more detailed comparison between applied thermal dose, temperature-dependent 

changes in uptake kinetics and histological appearance of these regions.  

The HIFU treatment generally led to a decreased blood flow in the region around the 

coagulated zone. No evidence for an increased blood flow or enhanced microvascular 

permeability due to mild hyperthermia was observed. Hyperthermia of 43.5°C has shown 

to induce a gradual perfusion increase during the first 30 min after treatment, followed by 

a substantial decrease in perfusion up to 24 h after treatment (46). In our case, the 

heating times were most likely too short to induce any considerable perfusion increase. In 

case one would want to exploit the increased perfusion or vascular permeability, for 
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example if adjuvant chemotherapy is applied after the HIFU intervention, it is important to 

verify that the hyperthermic conditions have indeed led to these vascular conditions. The 

cluster analysis performed in the present study provides a way to identify the existence 

and location of tumor regions with such vascular status. 

The DCE-MRI data in the current study were acquired up to 3 days after treatment. 

Measurements performed longitudinally during a longer time period after HIFU treatment 

would give further insight in the temporal response of tumor tissue to HIFU treatment. 

Whereas early after HIFU treatment mainly acute HIFU-induced vascular damage and 

inflammation are expected, repair processes such as regeneration, fibrosis and 

revascularization may be observed at a later time point after treatment (29). The 

described cluster analysis could be applied to identify regions of tissue repair with 

corresponding vascular characteristics. In a previous study on DCE-MRI analysis of HIFU-

treated muscle tissue, it has been shown that regions at the outer edge of the HIFU-

treated lesion exhibited higher Ktrans
 and ve values compared to the surrounding unaffected 

tissue at 7 days after treatment. These regions corresponded to areas of tissue repair in 

histology (29). In addition to analysis of vascular changes at late time points after HIFU 

treatment, it would also be of specific interest to assess whether vascular changes 

observed at an early time point after treatment have prognostic value for the ultimate fate 

of the tissue. Knowledge of the implications of the different vascular changes in the tumor 

tissue for the long-term outcome could ultimately increase the specificity of DCE-MRI for 

the detection of residual tumor tissue after treatment. Importantly, the proposed analysis 

of vascular changes by clustering of DCE-MRI-derived pharmacokinetic parameters is not 

restricted to HIFU treatment. The methodology could also be employed to evaluate other 

tumor therapies that have substantial effect on the tumor vasculature, such as treatment 

with vascular-disrupting agents.  

In conclusion, it was demonstrated that analysis of DCE-MRI data by means of cluster 

analysis on pharmacokinetic parameters can be used to identify regions with different 

contrast agent uptake-kinetics after HIFU treatment, that may be reflective of their 

vascular status. In addition to the commonly performed analysis of non-perfused tumor 

volume after HIFU treatment, the presented methodology gives additional insight in 

uptake-kinetics in the transition zone adjacent to central ablation volume. This method 

could aid in assessment of the consequences of the different vascular alterations after 

HIFU for the microenvironment and fate of the tissue and the sensitivity of the tumor to 

additional therapies.  
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For the clinical application of High Intensity Focused Ultrasound (HIFU) for the thermal 

ablation of malignant tumors, accurate treatment evaluation is of key importance. In this 

study, we have employed a multiparametric MRI protocol, consisting of quantitative T1, T2, 

ADC, amide proton transfer (APT), T1ρ and DCE-MRI measurements, to evaluate MR-

guided HIFU treatment of subcutaneous tumors in rats. K-means clustering using all 

different combinations of the endogenous contrast MRI parameters (feature vectors) was 

performed to segment the multiparametric data into tissue populations with similar MR 

parameter values. The optimal feature vector for identification of the extent of non-viable 

tumor tissue after HIFU treatment was determined by quantitative comparison between 

clustering-derived and histology-derived non-viable tumor fractions. The highest one-to-

one correspondence between these clustering-based and histology-based non-viable 

tumor fractions was observed for feature vector {ADC, APT-weighted signal} (R2
 to line of 

identity (R2
y=x)=0.92) and the strongest agreement was seen at 3 days after HIFU 

(R2
y=x=0.97). To compare the multiparametric MRI analysis results with conventional HIFU 

monitoring and evaluation methods, the histology-derived non-viable tumor fractions were 

also quantitatively compared with non-perfused tumor fractions (derived from the level of 

contrast enhancement in the DCE-MRI measurements) and 240EM tumor fractions (i.e. 

thermal dose>240 equivalent minutes at 43°C). The correlation between histology-derived 

non-viable tumor fractions directly after HIFU and the 240EM fractions was high, but not 

significant. The non-perfused fractions overestimated the extent of non-viable tumor tissue 

directly after HIFU, whereas an underestimation was observed at 3 days after HIFU.  

In conclusion, we have shown that a multiparametric MR analysis, based on the ADC and 

the APT-weighted signal, can accurately determine the extent of non-viable tumor tissue 

after HIFU treatment. We expect that this method can be incorporated in the current 

clinical workflow of MR-HIFU ablation therapies. 
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High Intensity Focused Ultrasound (HIFU) is a promising technique for the non-invasive 

thermal treatment of tumors (1,2). For the clinical introduction of HIFU for thermal ablation 

of malignant tumors, accurate treatment planning, monitoring and therapy assessment are 

of critical importance to ensure a successful and safe treatment. To fulfill these needs, 

HIFU treatment is generally performed under image guidance, either by magnetic 

resonance imaging (MRI) or ultrasound. In an MR-guided HIFU system (MR-HIFU), the 

HIFU transducer is integrated in the patient bed of a clinical MR scanner. MR thermometry 

can be utilized to monitor the temperature evolution in real-time (3) allowing for the 

definition of thermal dose areas which are lethal to the tumor tissue (i.e. tumor regions in 

which the delivered thermal dose was at least 240 equivalent minutes (EM) at 43°C) (4,5). 

In addition, the excellent soft tissue contrast of MRI offers unique possibilities for 

treatment planning and evaluation. Clinical evaluation of HIFU treatment with MRI has 

been mainly restricted to T2-weighted and contrast-enhanced T1-weighted imaging. 

Although these methods provide useful information about treatment response (6-10), they 

often lack the sensitivity and/or specificity to accurately identify the non-viable tumor 

tissue after HIFU (10-12). 

In chapter 3 it was shown that HIFU-treated non-viable tumor tissue can be accurately 

identified at 3 days after HIFU treatment using a multiparametric MRI analysis of 

combined T1, T2 and apparent diffusion coefficient (ADC) data. However, directly after 

treatment, the multiparametric analysis performed less well with respect to the 

identification of non-viable tumor tissue. Other MRI methods, especially those that are 

sensitive to protein denaturation and aggregation which occur instantly during HIFU 

treatment, may be more suitable for direct treatment evaluation. Amide proton transfer 

(APT) imaging is a very promising method for tumor tissue characterization (13-18) and 

treatment evaluation (19). APT imaging selectively measures the saturation transfer from 

amide protons of mobile proteins and peptides to bulk water protons. Another MR 

parameter that is sensitive to macromolecular changes in the tumor tissue is the 

longitudinal relaxation time in the rotating frame (T1ρ). T1ρ is primarily sensitive to protein-

water interactions. In chapter 4 and chapter 5, respectively, it was shown that APT 

imaging and T1ρ mapping are both promising MRI methods for the detection of HIFU-

induced macromolecular tissue changes.  

We hypothesized that inclusion of these advanced MR contrast parameters in the 

previously described multiparametric analysis leads to a more accurate identification of 

successfully HIFU-treated tumor tissue. Therefore, the goal of the current study was to 

identify a subset of MRI parameters that are suitable for accurate early HIFU therapy 

assessment. In addition, we aimed to compare the performance of this optimal 

multiparametric analysis with conventional HIFU monitoring and evaluation methods, 

namely MR thermometry and contrast-enhanced MRI. Such quantitative comparison with 

conventional techniques could not be performed in the previous studies described in 

chapter 3, 4 and 5, mainly because the HIFU treatment was performed outside the MR 
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system. In the present study, the HIFU treatment was performed in a rat tumor model on a 

clinical 3 Tesla MR-HIFU system, allowing for real-time acquisition of MR temperature 

maps during treatment. The multiparametric MRI protocol, consisting of quantitative T1, T2, 

ADC, APT and T1ρ mapping was performed in the same MR-HIFU system before, directly 

after and at 3 days after HIFU treatment. In addition, dynamic contrast-enhanced MRI 

(DCE-MRI) was performed after HIFU to assess changes in the tumor vascular status and 

to determine the non-perfused tumor volume after treatment. Cluster analysis, that 

segments the multiparametric data into tissue populations with similar MR parameter 

values, was performed on all possible combinations of the endogenous MR contrast 

parameters. The optimal subset of MRI parameters for HIFU treatment evaluation was 

determined by quantitative comparison between clustering-derived and histology-derived 

non-viable tumor fractions. The performance of the proposed multiparametric analysis 

with respect to the identification of non-viable tumor tissue was compared to contrast-

enhanced MRI and MR thermometry by quantitative correlation analyses between 

clustering-derived non-viable tumor fractions, non-perfused tumor fractions, 240EM tumor 

fractions (i.e. the fraction of the tumor in which the thermal dose exceeded 240EM) and 

histology-derived non-viable tumor fractions. 

Ethics statement  

All animal experiments were performed according to the Directive 2010/63/EU of the 

European Commission and approved by the Animal Care and Use Committee of 

Maastricht University (protocol: 2012-171). 

Rat tumor model  

5 to 7-week old female Fischer 344 rats (Charles River, Maastricht, The Netherlands) 

were inoculated with 1*106 GS 9L cells (early passages of the original batch obtained from 

Public Health England, London, UK) in 100 µL phosphate buffered saline (PBS, Sigma-

Aldrich), subcutaneously in the left hind limb. The average tumor size at the time of the 

first MRI examination was 878±533 mm3
 as determined from region-of-interest (ROI) 

analysis on the anatomical MR images. 

Study design  

The tumor-bearing rats underwent MRI directly before (n=12), directly after (n=12) and 3 

days after (n=6) HIFU treatment. A non-treated control group (n=6) was included that 

underwent MRI at the same time points, but did not undergo MR-HIFU treatment. 

Immediately after the final MRI measurement, rats were sacrificed by cervical dislocation 

and tumors were excised for histological analysis. This study design resulted in three 

different groups for histology; rats that were sacrificed immediately after the MRI scan 

directly after MR-HIFU ablation (referred to as ‘Directly after HIFU’, n=6), rats that were 

sacrificed directly after the MRI scan at 3 days after MR-HIFU ablation (referred to as ‘3 

days after HIFU’, n=6) and a non-treated control group (referred to as ‘Control’, n=6). 
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MR-HIFU system and small animal setup  

HIFU treatment was performed using a clinical 3T MR-HIFU system (Philips Sonalleve, 

Philips Healthcare, Vantaa, Finland). A dedicated small animal HIFU-compatible MR 

receiver coil (Philips Healthcare, Vantaa, Finland) with a multi-channel volumetric design 

was used to obtain optimal signal to noise ratio. The utilized MR-HIFU system and small 

animal set-up have been described in detail previously (20). 

Animal handling  

Animals were anesthetized with 3% isoflurane in medical air (0.6 L/min) and maintained 

with 1.0-2.5% isoflurane during the HIFU treatment and MRI measurements. At least 30 

minutes prior to HIFU treatment, precautionary analgesia was given (carprofen; rhymadyl, 

4 mg/kg s.c.). An equal dose of analgesia was administered to the control animals before 

the first MRI measurement. For optimal coupling of the ultrasound to the skin, fur was 

removed from the tumor and hind limb by shaving and application of a depilatory cream 

(Veet, Hoofddorp, The Netherlands). During MRI measurements and MR-HIFU treatment, 

the animal’s respiration rate was monitored with a pressure balloon sensor (Graseby, 

Smiths Medical, St Paul, MN, USA) and body temperature was monitored using a rectal 

temperature probe (Neoptix, Québec City, Canada) and maintained at 37°C. 

HIFU treatment  

A 4-mm diameter treatment cell was planned within the tumor using anatomical MR 

images. Volumetric thermal ablation of the tumor tissue was performed with a 256-

element spherical phased array transducer by electronic steering of a single focus point 

along a circular trajectory perpendicular to the direction of ultrasound propagation, as 

described previously (20,21). Ultrasound was applied as a continuous wave with a 

frequency of 1.44 MHz. Thermal ablation was performed by 90 seconds of sonication at 

35 W acoustic power (resulting in an average maximum ablation temperature of 58.5±5.6 

°C (n=12)). The sonication time was intentionally kept constant rather than using the MR 

thermometry-based feedback control to stop the sonication when a certain target 

temperature or thermal dose was reached. It has previously been described that HIFU 

treatment using a constant power and sonication time without feedback results in a wider 

spread of temperatures in the treatment volume and subsequently to a larger variation in 

the thermal lesion size, as compared to sonications with MR thermometry feedback (22). 

Since a large spread in thermal lesion size and subsequently a large range of non-viable 

tumor fractions was beneficial for the correlation analyses between MRI-derived and 

histology-derived non-viable tumor fractions in the current study, the sonications were 

performed without thermometry feedback. Tumors were only partially treated with a single 

treatment cell, which was smaller than the typical tumor diameter, to allow for the 

presence of both treated and untreated tumor tissue in the multiparametric MR images. 

MRI protocol  

The MRI protocol started with a T2*-weighted 3D gradient-echo acquisition (repetition time 

(TR)=15 ms, echo time (TE)=12 ms, field of view (FOV)=280x280x20 mm3, reconstructed 
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voxel size=0.28x0.28x2 mm3, flip angle (FA)=10°, number of averages (NA)=2, scan 

duration=1 min 58 s) to check for the presence of air bubbles in the HIFU beam path or in 

close proximity to the tumor tissue.  

The HIFU treatment cell was planned on anatomical images covering the entire tumor, 

acquired with a multi-slice steady-state gradient-echo sequence (TR=793 ms, TE=13 ms, 

FOV: 40x48x20 mm3, reconstructed voxel size: 0.25x0.25x1 mm3, FA=20°, NA=2, scan 

duration=5 min 6 s).  

The temperature rise in the treatment area during MR-HIFU ablation was monitored with a 

dynamic gradient-echo EPI acquisition (TR=38ms, TE=20ms, FOV=250x250 mm2, 

reconstructed voxel size=1.42x1.42x4.08 mm3, FA=19.5°, EPI factor=7, NA=2, temporal 

resolution=4.8 s) in 3 adjacent slices perpendicular and 1 slice parallel to the acoustic 

beam path. 

The multiparametric MRI protocol consisted of quantitative assessment of the T1, T2, ADC, 

APT-weighted signal and T1ρ as well as a DCE-MRI acquisition. For the HIFU-treated 

animals, DCE-MRI was only performed after the HIFU treatment, since the presence of 

the paramagnetic Gd could affect the assessment of the endogenous contrast parameters 

directly after treatment and induce inaccuracies in the temperature mapping due to 

magnetic susceptibility changes (23). The acquisitions of the multiparametric protocol 

were performed with a FOV of 150x150x10 mm3 and reconstructed at a voxel size of 

0.94x0.94x2 mm3, resulting in a 3D matrix size of 160x160x5. For the DCE-MRI sequence 

the FOV was extended to 150x150x30 mm3 (matrix size 160x160x15) to avoid aliasing 

artifacts, with the same center slice positions and reconstructed voxel size as for the other 

sequences. The orientation of the central slice of all imaging methods of the 

multiparametric MRI protocol was aligned with the central slice of the temperature 

mapping sequence, perpendicular to the acoustic beam axis. 

T1 mapping was performed using a 3D Look-Locker segmented gradient-echo (turbo field 

echo) sequence. T1-weighted images were acquired with inversion times ranging from 18-

6418 ms in steps of 100 ms. Further acquisition parameters were: TR=5.6 ms, TE=2.8 

ms, FA=5°, turbo-factor 10, NA=1, scan duration: 8 min. 

T2 mapping was performed by acquisition of T2-weighted images with TE ranging from 

4.1-251.7 ms in steps of 16.5 ms using a multi-slice fast spin-echo sequence (TR=14526 

ms, NA=1, scan duration=12 min 35 s). 

For ADC mapping a diffusion-weighted echo planar imaging (EPI) sequence was used, 

with b-values of 0, 100, 200, 400, 600, 800, 1200 s/mm2. Other imaging parameters were: 

TR=1000 ms, TE=71 ms, FA=90°, EPI factor=11, NA=2, scan duration=9 min 22 s. 

For APT imaging, a z-spectrum was recorded using a 3D turbo gradient-echo sequence 

with irradiation offsets ranging from -6 to 6 ppm with 0.5 ppm steps. The saturation pulses 

were continuous wave RF pulses with a duration of 2 s at a saturation power level 

corresponding to a field amplitude of B1, rms=1.8 µT. In addition, a control acquisition (S0) 
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was performed with irradiation at ~-1560 ppm. Further acquisition parameters were: 

TR=7.5 ms, TE=3.8 ms, FA=20°, turbo-factor=75, NA=2, scan duration=17 min 50 s. B0 

homogeneity was improved by local second-order pencil-beam shimming. 

T1ρ was acquired with a 3D gradient-echo sequence (TR=3.6 ms, TE=2.1 ms, FA=20°, 

NA=8, scan duration 3 min 54 s), with a spin-lock preparation compensated for B1 and B0 

field imperfections (24). Images were acquired with 2 different spin-lock durations (5 and 

40 ms) using a spin-lock amplitude of 350 Hz. 

DCE-MRI was performed with an RF-spoiled 3D T1-weighted turbo gradient-echo 

sequence with the following acquisition parameters: TR=5.2 ms, TE=2.6 ms, FA=15°, 

turbo-factor=51, NA=1, dynamic scan time=4.3 s, total scan duration=10 min 46 s. After 1 

minute of pre-contrast images acquisition, a bolus of 0.2 mmol/kg Gd-DOTA (Dotarem; 

Guerbet, Villepente, France) with a saline flush was injected in 5 s at a rate of 3 mL/min 

by use of an infusion pump (Chemyx Fusion 100, Stafford, TX, USA). 

The total acquisition time of the multi-slice multiparametric protocol was approximately 75 

minutes. 

Image processing and generation of parameter maps 

Data analysis was performed with Mathematica 8.0 and MATLAB R2013a. Tumor ROIs 

were manually drawn using the image with TE=37.1 ms of the T2 mapping dataset. 

Diffusion-weighted images were used as a visual reference for the correct identification of 

tumor tissue. Parameter maps were calculated on a pixel-by-pixel basis in each slice. 

Only the central slice of the multiparametric images was selected for all further analyses, 

since the orientation of this slice corresponded to the central slice of the temperature 

maps perpendicular to the HIFU beam axis. T1 maps were generated as described 

previously (25). To calculate the T2 maps, mono-exponential fitting was performed through 

the multi-echo data, omitting the first two echoes due to signal fluctuations. The ADC was 

determined by mono-exponential fitting through the signal intensities at the 4 highest b-

values (400, 600, 800, 1200 s/mm2). 

For analysis of the APT data, first the minimum of the z-spectrum was determined by 

fitting a 23rd-order polynomial function through the z-spectrum after which the minimum of 

this function was calculated. Subsequently, the minimum of the z-spectrum was centered 

at 0 ppm and the APT-weighted signal maps were generated via a magnetization transfer 

asymmetry (MTRasym) analysis using MTRasym = (Ssat(-3.5 ppm)-Ssat(3.5 ppm))/S0, in which 

Ssat(-3.5 ppm) and Ssat(3.5 ppm) are the signal intensities in the z-spectrum at -3.5 ppm 

and 3.5 ppm from the water frequency, respectively, and S0 is the signal intensity in the 

acquisition with the saturation offset far from the water peak (~-1560 ppm).  

The T1ρ values were determined by calculation of (tsl,2-tsl,1)/ln(SIsl,1/SIsl,2), where tsl,1 and tsl,2 

are the different spin-lock durations and SIsl,1 and SIsl,2 are the corresponding signal 

intensities. 



| Chapter 7 

144 
 

From the DCE-MRI data, dynamic T1 values were calculated in the tumor ROIs from the 

dynamic signal intensities and the pre-contrast T1 values using the signal equation for an 

RF-spoiled gradient-echo sequence (26). Dynamic T1 values were converted to dynamic 

contrast agent concentrations ([CA]) using the relaxivity of Dotarem (3.78 mM-1s-1), which 

was measured ex vivo in rat plasma at 3 T at 37°C. Tracer-kinetic analysis of the DCE-

MRI data was performed with a custom-written MATLAB tool. The standard Tofts model 

(27) was fitted to the DCE-MRI data to determine the transfer constant Ktrans and 

extravascular extracellular volume fraction ve in each tumor pixel. A delay term (td) was 

included in the model to allow for a delay between bolus arrival in the blood and the tissue 

response. A population-averaged bi-exponential arterial input function (AIF) was used as 

proposed by McGrath et al. (28). The bi-exponential AIF is described by: 

Cp(t)= {
 0                                     t<ti

 a1e-m1t+a2e-m2t         t≥ti
 

in which ti is the injection time. The exponents of the bi-exponential function were 

determined based on blood kinetics data of Dotarem acquired in 3 separate female 

Fischer 344 rats. Blood sampling in these separate animals was performed from the 

saphenous vein at different time points (0.5, 2, 5, 10, 15, 20, 30 min) after contrast agent 

injection. The Gd3+ concentration in the blood samples was determined by means of 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) or ICP-Mass 

Spectrometry (ICP-MS). The blood concentrations of Gd3+ were converted to plasma 

concentrations using a hematocrit value of 53.8% (29). Subsequently, the bi-exponential 

model was fitted to the time-plasma concentration data points. The a1 and a2 parameters 

following from this fit were adapted such that the sum of a1 and a2 was equal to the 

theoretical peak concentration, which was calculated based on the injected dose and the 

rat plasma volume. These adaptations led to the following bi-exponential AIF parameters: 

a1=5.38 mM, a2=1.38 mM, m1=2.82 min-1, m2=0.04 min-1.   

The Standard Tofts model was fitted to the dynamic [CA] curves using the MATLAB 

function lsqcurvefit, with constraints Ktrans≥0  min-1, kep (=Ktrans/ve) ≥0 min-1 and 0≤td≤7 

repetitions. Tumor pixels were considered non-perfused if the median dynamic [CA] after 

injection was lower than 5 times the standard deviation (SD) of the data points in the 

dynamic [CA] curve before injection. 

Maximum temperature maps were generated from the acquired MR thermometry data. 

Thermal dose maps were calculated using the Sapareto-Dewey equation (30) with 43°C 

as reference temperature. Although the slice orientation was the same for the temperature 

maps and the multiparametric MR images, the image resolution and position within the 

slice plane of the temperature maps and multiparametric MR images were different. 

Therefore, registration of the temperature maps to the multiparametric images was 

performed by translation and interpolation in the slice plane. 240EM thermal dose areas 

were defined and MR parameter changes directly after MR-HIFU treatment were related 

to the maximum temperature and thermal dose. 
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Histograms of the parameter values in the tumor pixels at the different time points were 

calculated for all MRI parameters to assess HIFU-induced changes in the parameter 

distributions. 

Cluster analysis  

k-means cluster analysis was performed to segment the multiparametric MRI data into 

groups of pixels, i.e. clusters, with similar MR parameter values (31). Prior to clustering, 

the parameter values were normalized (mean=0, standard deviation=1) to prevent scaling 

bias between the different MR parameters. Clustering was performed with a custom-

written Mathematica tool with 2 to 6 clusters and all possible feature vectors (i.e. all 

different combinations of MR parameters). The pharmacokinetic parameters resulting from 

the DCE-MRI analysis were not included in the cluster analysis, since DCE-MRI was only 

performed after treatment. 

After clustering with the different feature vectors, clusters were defined as non-viable if the 

fraction of pixels that was assigned to that cluster significantly increased after MR-HIFU 

ablation (either directly or at 3 days after ablation) compared to before treatment (one-

sided paired Student’s t-test, P<0.05). The remaining clusters were defined as viable. 

Subsequently, all tumor pixels were classified as either viable or non-viable based on the 

cluster to which they were assigned. Based on this classification, the k-means clustering-

derived non-viable tumor fractions were calculated for each tumor and for each feature 

vector. 

Histology 

After sacrifice, tumors were excised for histological processing and analysis. A tissue 

marking dye kit (Sigma-Aldrich) was utilized to draw lines of four different colors on the 

tumor, to aid in retrieval of the same orientation as the MRI slices. The tumor was sliced in 

two pieces, such that the cutting face matched with the central slice of the multiparametric 

and MR thermometry acquisitions. Subsequently, one of the pieces was processed to 

prepare paraffin sections and the other to prepare cryosections. For cryosections, tumors 

were embedded in Cryomatrix (Shandon, Thermo Scientific, Waltham, MA, USA), snap-

frozen in isopentane of -40°C and stored at -80°C. For paraffin sections, the tumors were 

fixed in 4% formaldehyde solution for approximately 40 hours and then stored in 70% 

ethanol until they were embedded in paraffin. Both the paraffin-embedded and the snap-

frozen tumor pieces were subsequently cut in 5-6 µm thick sections.  

For quantitative assessment of the non-viable tumor fraction, cryosections were briefly air-

dried and subsequently stained for nicotinamide adenine dinucleotide (NADH) diaphorase 

activity as a marker for cell viability. Tumor sections were incubated in filtered Gomori-

Tris-HCl buffer of pH 7.4, with 0.71 mg/mL β-NAD reduced disodium salt hydrate (Sigma-

Aldrich) and 0.29 mg/mL nitro blue tetrazolium (Sigma-Aldrich) for 1 hour at 37°C. 

The paraffin sections were used for hematoxylin and eosin (H&E; Sigma-Aldrich) staining 

to assess morphological tumor changes after MR-HIFU ablation. 
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After staining, one paraffin section and one cryosection were selected (blinded from the 

MRI results) for each tumor and brightfield microscopy was performed on a Pannoramic 

MIDI digital slide scanner (3DHistech Ltd, Budapest, Hungary) at 41x magnification to 

obtain images of the entire tumor section. 

Analysis of the microscopy images of the NADH diaphorase-stained tumor sections was 

performed in Mathematica 8.0 (Wolfram Research, Champaign, IL, USA). For 

quantification of the non-viable tumor fraction, ROIs were manually drawn around the 

entire tumor tissue and around the pale non-viable tumor tissue. For each tumor the non-

viable tumor fraction was determined from the ratio between the two ROI areas. 

Comparison between MRI and histology  

The cluster results of the different feature vectors were analyzed by quantitative 

comparison between clustering-derived and histology-derived non-viable tumor fractions. 

This comparison was done by assessment of the Pearson’s correlation coefficient and the 

one-to-one correspondence between the fractions. The latter was determined by 

calculation of the coefficient of determination (R2
y=x) between the data points and the line 

of identity. All groups (‘Directly after HIFU’, ‘3 days after HIFU’ and ‘Control’) were 

combined in this analysis. The feature vector with the highest one-to-one correspondence 

between clustering-derived and histology-derived non-viable tumor fractions was selected 

as the optimal feature vector for the identification of non-viable tumor tissue. After 

selection of the optimal feature vector, the one-to-one correspondence and Pearson’s 

correlation coefficient between clustering-derived non-viable tumor fractions and 

histology-derived non-viable tumor fractions were also determined separately for the 

different experimental groups. The histology-derived non-viable fractions were also 

quantitatively compared to the DCE-MRI-derived non-perfused fractions and the 240EM 

fractions, again by calculation of the R2
y=x and the correlation coefficient.  

Statistical analysis  

All data are shown as mean±SD. Two-sided paired t-tests were used to compare: the 

average parameter values in the tumor ROI before and at both time points after HIFU 

treatment; the histograms of the endogenous contrast MRI parameters before and at both 

time points after HIFU treatment; and the average parameter values in the 240EM area 

before and directly after HIFU ablation. Two-sided t-tests assuming equal variances were 

used to compare: the average parameter values in the HIFU-treated and non-treated 

control tumors; and the Ktrans and ve histograms of the HIFU-treated and non-treated 

control animals at corresponding time points. The calculated Pearson’s correlation 

coefficients were tested for significance with a one-sample t-test. For all tests, the level of 

significance was set to α=0.05. 
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MR parameter maps and average parameter values  

Representative MR parameter maps at the different experimental time points (‘Before 

HIFU’, Directly after HIFU’ and ‘3 days after HIFU’) are shown in Figure 1A. The observed 

changes in the individual endogenous MR parameter values after HIFU treatment were 

rather subtle and heterogeneous between the different endogenous contrast parameters. 

The Ktrans
 maps derived from the DCE-MRI measurements showed that the tumor was 

largely non-perfused directly after treatment, while the perfusion was partly restored at 3 

days after treatment. On the maximum temperature maps (Figure 1B) a circular region 

was observed in which a significant temperature increase was measured. This circular 

region was more distinctly visible on the thermal dose maps (Figure 1B), because of the 

exponential increase of thermal dose at higher temperatures. The NADH-diaphorase-

stained tumor section shown in Figure 1C, obtained at approximately the same position 

and orientation in the tumor as the MRI slice at 3 days after HIFU treatment, shows mostly 

non-viable tumor (pale) with a small amount of viable tumor (blue) on either side of the 

non-viable region. 

Table 1 shows average MRI parameter values in the entire center slice, consisting of both 

HIFU-treated and non-treated tumor tissue because of the partial tumor ablation. HIFU 

treatment resulted in a subtle, yet significant, decrease in ADC directly after HIFU, 

whereas ADC values were pronouncedly, and significantly, increased at 3 days after 

HIFU. In addition, T1 values were significantly decreased at 3 days after HIFU compared 

to before HIFU. Directly after HIFU treatment, the average T1 values in the HIFU-treated 

tumors were significantly higher than those in the control tumors at the corresponding time 

point, although the increase in T1 between before and directly after treatment in the HIFU-

treated tumors was not significant. The Ktrans and ve values were significantly lower in the 

HIFU-treated tumors directly after HIFU compared to the control tumors at day 0. At 3 

days after HIFU treatment, Ktrans remained significantly lower in the HIFU-treated tumors 

compared to the control tumors.   

Further insight in the MR parameter distributions in the tumor tissue at the different 

experimental time points is provided by the histograms of MR parameter values in all 

tumor pixels in the center slice, which can be found in the supplemental information (Part 

I). The most notable changes in these histograms were observed at 3 days after HIFU 

treatment. At that time point, a pronounced significant shift toward high ADC values and a 

slight, non-significant, shift toward low APT-weighted signal values were observed. 

Results of the analysis of the relation between temperature/thermal dose and changes in 

MR parameter values directly after treatment can also be found in the supplemental 

information (Part II).  
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Figure 1. A) Representative T2-weighted images and MR parameter maps (T1, T2, ADC, APTw signal, T1ρ, K

trans
 and ve)  

superimposed on the T2-weighted images in the center slice of the tumor-bearing hind limb, before, directly after and at 3 

days after HIFU treatment. The parameter maps of K
trans

 and ve before HIFU are absent, since DCE-MRI was not performed 

at this time point. The color coding represents the MR parameter values in the tumor, of which the scaling is given by the 

scale bar on the right and the range is indicated on the left side of each row. B) Maps of the maximum temperature that was 

reached (top) and the applied thermal dose in each tumor pixel (bottom). The scale bar on the right and the numbers on the 

left represent the range in parameter values. C) The NADH diaphorase-stained tumor section at the same location as the 

shown MRI slice, excised at 3 days after HIFU treatment. The blue region is viable tumor and the pale region is non-viable 

tumor. 
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Cluster analysis and feature vector selection  

After evaluation of the changes in the individual MR parameters, cluster analysis was 

performed to combine information of the different endogenous contrast MR parameters to 

identify HIFU-treated non-viable tumor tissue. Clusters were classified as non-viable when 

the fraction of pixels within the clusters significantly increased after HIFU treatment. 

Subsequently, the one-to-one correspondence (R2
y=x) between the non-viable tumor 

fractions derived from clustering with all different feature vectors and the histology-derived 

non-viable tumor fractions was determined. All experimental groups were included in this 

analysis. Clustering with 4 clusters led to a stronger one-to-one correspondence between 

histology and clustering compared to other numbers of clusters. R2
y=x values between 

histology-derived non-viable tumor fractions and non-viable tumor fractions derived from 

clustering with 4 clusters are displayed in Table 2 for all feature vectors. Feature vector 

{ADC, APTw signal} was identified as the optimal feature vector, since clustering with 

these two MR parameters resulted in the best one-to-one correspondence (R2
y=x =0.92) 

between the histology-derived and clustering-derived non-viable tumor fractions. 

 

 

Table 1. MR parameter values (mean±SD) in the entire center tumor slice of the HIFU-treated rats before 

HIFU, directly after HIFU, 3 days after HIFU, as well as in the control animals at day 0 and day 3. For the 

HIFU-treated animals, the p-values next to the average parameter values result from a paired two-sided 

Student’s t-test between the ‘Directly after HIFU’ or ‘3 days after HIFU’ data and the ‘Before HIFU’ data. The 

p-values between the parentheses result from a two-sided Student’s t-test between the HIFU-treated and non-

treated control tumors at corresponding time points. The p-values given for the control animals at day 3 result 

from a two-sided paired Student’s t-test (P<0.05) between the data at day 0 and day 3. The p-values are 

highlighted bold if the mean MR parameter values showed statistically significant differences (P<0.05). 

 HIFU-treated animals Control animals 

Parameter Before  

HIFU 

Directly after  

HIFU 

3 days after  

HIFU 

Day 0 Day 3 

T1  

[ms] 

1674±41 

(P=0.061) 

1694±57;P=0.085 

(P=0.030) 

1520±134;P=0.041 

(P=0.386) 

1624±63 1581±96;P=0.347 

T2  

[ms] 

183±16 

(P=0.313) 

173±29;P=0.152 

(P=0.175) 

160±17;P=0.111 

(P=0.372) 

198±45 

 

177±39;P=0.423 

ADC  

[10
-3

 

mm
2
/s] 

1.14±0.14 

(P=0.360) 

1.04±0.14;P=0.030 

(P=0.036) 

1.65±0.17;P=0.001 

(P=0.001) 

1.21±0.19 1.27±0.13;P=0.614 

APTw 

signal  

[%] 

2.23±0.71 

(P=0.261) 

2.39±0.66;P=0.538 

(P=0.458) 

1.55±1.35;P=0.150 

(P=0.186) 

2.67±0.86 2.63±1.25;P=0.925 

T1ρ  

[ms] 

127±9 

(P=0.118) 

136±18;P=0.178 

(P=0.050) 

119±15; P=0.604 

(P=0.727) 

116±20 115±22;P=0.918 

K
trans

  

[min
-1

] 

- 0.013±0.010 

(P=0.013) 

0.044±0.013 

(P=0.048) 

0.076±0.034 0.085±0.041;P=0.560 

ve  

[-] 

- 0.093±0.046 

(P=0.000) 

0.205±0.068 

(P=0.095) 

0.258±0.040 0.332±0.151;P=0.301 
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Table 2. One-to-one correspondence (R
2

y=x) between histology-derived non-viable tumor fractions and non-

viable tumor fractions resulting from k-means clustering with 4 clusters and all possible feature vectors (i.e. 

combinations of MR parameters). The R
2

y=x values are given for all feature vectors, grouped per number of 

MR parameters of which the feature vector consisted, and ordered from low to high values. The highest R
2

y=x 

value is highlighted in bold (for feature vector {ADC, APTw signal}). 

 Feature vector R
2

y=x 

1
 p

a
ra

m
e

te
r 

{T1ρ} -21.7 

{T2} 0.00 

{APTw signal} 0.00 

{T1} 0.16 

{ADC} 0.63 

2
 p

a
ra

m
e

te
rs

 

{T2, APTw signal} 0.00 

{T2, T1ρ} 0.00 

{APTw signal, T1ρ} 0.23 

{T1, ADC} 0.29 

{T1, APT} 0.37 

{T1, T1ρ} 0.48 

{T1, T2} 0.58 

{ADC, T1ρ} 0.60 

{T2, ADC} 0.81  

{ADC, APTw signal} 0.92 

3
 p

a
ra

m
e

te
rs

 

{T1, T2, T1ρ} 0.50 

{T1, APTw signal, T1ρ} 0.51 

{T2, APTw signal, T1ρ} 0.59 

{T1, T2, APTw signal} 0.61 

{T2, ADC, T1ρ} 0.61 

{T1, T2, ADC} 0.68 

{T1, ADC, T1ρ} 0.71 

{T2, ADC, APTw signal} 0.72 

{T1, ADC, APTw signal} 0.74 

4
 p

a
ra

m
e

te
rs

 

{T1, T2, ADC, T1ρ} 0.55 

{T1, T2, APTw signal, T1ρ} 0.55 

{ADC, APTw signal, T1ρ} 0.73 

{T2, ADC, APTw signal, T1ρ} 0.74 

{T1, T2, ADC, APTw signal} 0.86 

{T1, ADC, APTw signal, T1ρ} 0.91 

5
 p

a
ra

m
e

te
rs

 {T1, T2, ADC, APTw signal, T1ρ} 0.77 
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Figure 2. Representative results of k-means clustering with feature vector {ADC, APTw signal} and 4 clusters 

at the different experimental time points of all animals in the experimental group ‘3 days after HIFU’, 

superimposed on the tumor pixels in the T2-weighted images. The MR slice of rat 1 is the same as the slice 

shown in Figure 1. The four colors (cyan, blue, orange and yellow) represent the different clusters. 
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Representative cluster maps, resulting from clustering with the optimal feature vector 

{ADC, APTw signal} and 4 clusters, for all rats that underwent MRI follow-up until 3 days 

after MR-HIFU are shown in Figure 2 at the three experimental time points. Before HIFU, 

almost all tumor pixels were assigned to the cyan and blue clusters. Also directly after 

HIFU treatment, only a minor number of pixels was assigned to the yellow and orange 

clusters. However, at 3 days after HIFU treatment large regions emerged in which pixels 

were assigned to the yellow and orange clusters. Remarkably, in rat 3 most tumor pixels 

remained in the blue and cyan clusters at 3 days after treatment, indicative of presence of 

a substantial amount of residual viable tumor tissue, which was confirmed by histology 

(see later in this section). However, the MR thermometry measurements suggested a 

successful ablation of this particular tumor (maximum temperature = 65.3°C, 240EM 

fraction = 0.32).  

 

 

The fractions of pixels assigned to the different clusters following from segmentation with 

feature vector {ADC, APTw signal} at the three time points of the HIFU-treated animals 

are shown in Figure 3. Indeed, a significantly increased fraction of pixels in the yellow and 

orange clusters was observed at 3 days after HIFU compared to before treatment. These 

clusters were therefore classified as non-viable. 

The average MR parameter values in the clusters resulting from segmentation with the 

optimal feature vector {ADC, APTw signal} are listed in Table 3. The clusters that were 

classified as non-viable were characterized by a high ADC value and either a low APT-

weighted signal (yellow cluster) or an APT-weighted signal that is comparable to values 

measured before HIFU (orange cluster). 

 

 

 

Figure 3. Bar chart of the fraction of pixels within the different clusters at the different experimental time 

points. * denotes a significant increase in the fraction of pixels within the cluster compared to before HIFU 

(one-sided paired Student’s t-test, P<0.05). 
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Table 3. MR parameter values (mean±SD) in the different clusters resulting from k-means clustering with 

feature vector {ADC, APTw signal} and 4 clusters. 

Cluster ADC [10
-3

 mm
2
/s] APTw signal [%] 

Blue 0.97±0.18 1.83±0.62 

Cyan 1.11±0.26 3.69±0.76 

Orange 2.20±0.36 2.24±1.13 

Yellow 1.52±0.26 0.97±0.95 
 

 

The qualitative visual agreement between the clustering-derived and histology-derived 

non-viable tumor tissue at 3 days after HIFU treatment is depicted in Figure 4. Large 

tumor regions were classified as non-viable by the cluster analysis. These regions were 

generally in good visual agreement with areas of non-viable tumor tissue in histology. The 

remarkable cluster results of rat 3, that showed that the major part of the tumor was 

classified as viable at 3 days after treatment in contrast to what would be expected from 

the lethal thermal dose maps, were supported by histology. The NADH-diaphorase 

stained tumor section of this rat also indicated that a large part of the tumor was still viable 

at 3 days after HIFU. 

The correlation plot in Figure 5A demonstrates that clustering with 4 clusters and the 

optimal feature vector {ADC, APTw signal} resulted in a strong correlation (r=0.92) and 

good one-to-one correspondence (R2
y=x=0.92, corresponding to the value in Table 2) 

between clustering-derived and histology-derived non-viable tumor fractions, when all 

data points of all experimental groups were combined. Directly after HIFU treatment, the 

agreement with histology was less (r=0.63, R2
y=x=0.62; Figure 5B). Nevertheless, Figure 

5C demonstrates that there was a strong correlation (r=0.87) and excellent one-to-one 

correspondence (R2
y=x=0.97) between clustering-derived and histology-derived non-viable 

tumor fractions at 3 days after HIFU treatment. For the control animals (Figure 5D) the 

correlation with histology was strong (r=0.95), although the clustering-derived non-viable 

tumor fractions were consistently higher than the histology-derived non-viable tumor 

fractions (R2
y=x=0.67). 
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Figure 4. Classification of the tumor pixels as viable (green) or non-viable (red) from clustering with 4 clusters 

and feature vector {ADC, APTw signal} for all animals in the experimental group ‘3 days after HIFU’, 

superimposed on the tumor pixels in the T2-weighted images. The MR slice of rat 1 is the same as the slice 

shown in Figure 1. On the right side of the figure, the corresponding NADH-diaphorase-stained tumor sections 

are shown. The tumor regions that were identified as non-viable on histology is delineated by red contours. 
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Figure 5. Correlation plots between clustering-derived and histology-derived non-viable tumor fractions 

resulting from k-means clustering with 4 clusters and feature vector {ADC, APTw signal}, for all data (‘Directly 

after HIFU’, ‘3 days after HIFU’ and ‘Control’) (A) and for the individual experiment time points (B, C and D). 

The symbols ■, ● and ∆ indicate the experimental groups ‘Directly after HIFU’, ’3 days after HIFU’ and 

‘Control’, respectively. The dashed lines represent the line of identity y=x. The Pearson’s correlation 

coefficient with corresponding p-value and R
2

y=x are listed in each correlation plot. 

Correlation between 240EM fractions, non-perfused tumor fractions and histology  

In order to compare the performance of the proposed multiparametric analysis with 

conventionally used HIFU treatment monitoring and evaluation methods, a similar 

correlation analysis between 240EM fractions, non-perfused fractions, deduced from 

DCE-MRI, and histology-derived non-viable fractions was performed (Figure 6). A trend 

(P=0.070) toward a strong correlation between the 240EM fraction and the histology-

derived non-viable tumor fraction directly after HIFU was observed (Figure 6A). Directly 

after treatment, no relation was found between the non-perfused and histology-derived 

non-viable tumor fractions (Figure 6B). The non-perfused tumor fractions were 

consistently larger than the histology-derived non-viable tumor fractions. At 3 days after 

HIFU, a strong positive correlation (r=0.90) between the non-perfused fraction and 

histology-derived non-viable fraction was observed, although the non-perfused tumor 

fraction was consistently lower than the histology-derived non-viable tumor fraction 

(Figure 6C).  
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A summary of the results of the correlation analyses between the histology-derived non-

viable fractions and the 240EM, non-perfused and clustering-derived non-viable tumor 

fractions is displayed in Table 4. This table further illustrates that only the clustering-

derived non-viable fractions at 3 days after HIFU had a significant correlation and good 

agreement with the histology-derived non-viable tumor fractions.  

 

 

 

 

 

 

 

 

 

Figure 6. Correlation plots between the 240EM fractions and histology-derived non-viable fractions (A), non-

perfused fractions and histology-derived non-viable fractions directly after HIFU (B) and non-perfused fractions 

and histology-derived non-viable fractions at 3 days after HIFU (C). The symbols ■ and ● represent the 

experimental groups ‘Directly after HIFU’ (A-B) and ‘3 days after HIFU’ (C), respectively. The dashed line 

represents the line of identity y=x. The Pearson’s correlation coefficient with corresponding p-value and R
2

y=x 

are listed in each correlation plot. 
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Table 4. Overview of the results of the correlation analysis between the histology-derived non-viable fractions 

and the 240EM, non-perfused and clustering-derived (feature vector {ADC, APTw signal} and 4 clusters) non-

viable fractions. S and NS indicate whether there was a significant or non-significant correlation (P<0.05), 

respectively. The symbols >, <, ≈ and = indicate whether the fractions indicated in the corresponding row 

heading were generally larger, smaller, almost equal or equal compared to the histology-derived non-viable 

fractions. - indicates that the correlation analysis was not performed, because it was practically impossible to 

spatially register the MR data at 3 days after treatment to those directly after treatment (see Discussion). 

 
 

 Histology-derived  

non-viable fraction 

 Directly 

after 

3 days 

after 

240 EM fraction NS, ≈ - 

Non-

perfused 

fraction 

Directly 

after 

NS, > - 

3 days 

after 

- S, < 

Clustering-

derived non-

viable 

fraction 

Directly 

after 

NS, ≈ - 

3 days 

after 

- S, = 

 

 

H&E histology  

Representative microscopy images of H&E-stained sections of tumors excised directly 

and at 3 days after HIFU are shown in Figure 7. At both time points, extensive necrosis 

was observed throughout the tumor tissue. Other major morphological changes observed 

directly after HIFU treatment were dilated and coagulated blood vessels and the infiltration 

of immune cells. HIFU-induced tissue damage was more pronouncedly visible at 3 days 

after treatment. At that time point, extensive inflammation was seen in areas around the 

central zone of coagulative necrosis. In addition, cell debris and hemorrhages were 

observed. 
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Figure 7. Representative brightfield microscopy images of H&E-stained sections of tumors excised directly 

(~2 h) and at 3 days after treatment. Regions of specific interest are magnified and shown as separate 

images. The position of these regions within the tumor section is indicated with the black lines. The inset in the 

center image of the tumor section obtained directly after HIFU shows a magnification of infiltrating immune 

cells. The insets in the top-right and center-right image of the tumor section obtained 3 days after HIFU show 

magnifications of inflammatory cells and cell debris, respectively. 

In the present study, a multiparametric analysis was employed to identify treated (non-

viable) and residual non-treated tumor tissue after MR-HIFU treatment. Global analysis of 

the MRI parameter values in the tumor tissue in the central MRI slice showed that HIFU-

induced changes in the MRI parameters were more pronounced at 3 days after HIFU 

compared to directly after treatment (Table 1). For the individual MR parameters only a 

subtle, yet significant, change in the average ADC in the tumor was observed directly after 

HIFU treatment. The detected decrease in ADC may be caused by cytotoxic cell swelling 

(32,33). In contrast, a strong increase in ADC was observed at 3 days after HIFU 

treatment. This more pronounced change is likely attributable to necrosis-induced cell 

shrinkage, increased cell membrane permeability and disruption of diffusion barriers in the 

necrotic tumor region (9,34). Related to that, the significant decrease in T1 at 3 days after 

treatment was probably caused by an increased access of water molecules to 

paramagnetic sites and an increased macromolecular content in the interstitial space (34). 

Furthermore, a population of pixels with decreased APT-weighted signal intensity was 

identified in the APT parameter distribution at 3 days after HIFU (Supplemental 

Information, Part I). This can be explained by protein aggregation due to thermal stress, 

which results in a decreased availability of mobile amide protons for exchange with the 

bulk water (chapter 4). In addition, changes in pH, for example due to ischemia, may 

have contributed to the decrease in APT-weighted signal (chapter 4). These above 
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alterations in tumor morphology, to which the different MRI parameters are sensitive, 

apparently require time to develop and seem too subtle to allow for detection of 

endogenous MR contrast changes shortly after the thermal ablation. This was supported 

by the qualitative assessment of morphological changes after HIFU treatment with H&E 

staining (Figure 7), which indicated that HIFU-induced tissue damage was more 

pronounced at 3 days after treatment compared to directly after treatment.  

The cluster analysis, in which multiple MRI parameters were combined in a single 

analysis, also showed the overall highest sensitivity for HIFU-induced cell death at 3 days 

after treatment. At that time point, a strong correlation and high one-to-one 

correspondence was observed between histology-derived non-viable tumor fractions and 

non-viable tumor fractions derived from clustering with 4 clusters and feature vector {ADC, 

APTw signal}. In the study on multiparametric MRI analysis of HIFU-treated tumor tissue 

in chapter 3, the largest correlation between MRI and histology was also found at 3 days 

after treatment. In that particular study, {T1, T2, ADC} was identified as the optimal feature 

vector for the identification of HIFU-treated, non-viable tumor tissue. In the current study it 

was hypothesized that addition of the advanced MRI parameters APT-weighted signal and 

T1ρ to the multiparametric MR analysis would improve its efficacy for early HIFU treatment 

evaluation, because these advanced MRI methods are expected to be sensitive to early 

HIFU treatment effects including protein denaturation. However, even with inclusion of 

these advanced parameters, the overall correlation between clustering and histology was 

lower directly after MR-HIFU ablation compared to 3 days after treatment. Directly after 

HIFU treatment, the highest one-to-one correspondence between clustering-derived and 

histology-derived non-viable fractions was observed for feature vector {T1, T1ρ}. At that 

time point, the R2
y=x value was 0.63 for that particular feature vector, which was 

substantially lower than the R2
y=x value of the feature vector that was identified as optimal 

({ADC, APTw signal}) at 3 days after treatment (R2
y=x=0.97; Figure 5C). Nevertheless, the 

APT-weighted signal appeared to be a valuable addition to the multiparametric analysis. 

In contrast to our previous study, in which three MRI parameters were needed for the 

accurate identification of non-viable tumor tissue at 3 days after treatment (chapter 3), in 

the current study the combined ADC and the APT data were sufficient to obtain an 

excellent agreement between the extent of non-viable tumor tissue identified by clustering 

and histology.  

Importantly, measurement of a single endogenous contrast MRI parameter appeared to 

be unsuitable for accurate identification of HIFU-treated tumor tissue. No clear 

demarcation of the HIFU-treated tumor region could be observed in the different MR 

parameter maps (Figure 1). In addition, the one-to-one correspondence between 

clustering-derived and histology-derived non-viable tumor fractions was low for all feature 

vectors consisting of one single MRI parameter (Table 2), which strongly indicates the 

additional value of multiparametric analysis for the evaluation of HIFU treatment as 

compared to therapy assessment based on analysis of separate MR images. 
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Inclusion of the DCE-MRI data to the cluster analysis may increase its sensitivity to early 

HIFU treatment effects by measuring changes in tumor vascular status. A significant 

reduction in Ktrans and ve was observed in the HIFU-treated tumors compared to control 

tumors. This decline in the DCE-MRI-derived pharmacokinetic parameters was probably 

caused by vascular destruction (35,36), which results in a lack of contrast agent inflow in 

the treated tumor. However, although (D)CE-MRI may be more sensitive to HIFU-induced 

tissue changes directly after HIFU, the changes in contrast enhancement after HIFU 

treatment do not necessarily represent cell death. In fact, a poor agreement between non-

perfused and histology-derived non-viable tumor fractions was observed both directly and 

at 3 days after HIFU treatment. Directly after HIFU treatment, the non-perfused fraction 

was consistently larger than the non-viable fraction. This may be explained by the fact that 

HIFU-induced vascular destruction could extend beyond the central ablation zone, due to 

heat stress in regions surrounding this zone. It has been found in multiple studies that the 

non-perfused volume is generally larger than the estimated treatment volume (37-39) 

directly after HIFU thermal ablation. While coagulative necrosis is immediately induced in 

the central zone of ablation due to protein denaturation, cellular and nuclear membrane 

damage and halted metabolism (40),  the vascular destruction in the peripheral zone may 

not directly result in tumor necrosis. Furthermore, temporary vascular occlusion (41) could 

have contributed to the relatively high non-perfused tumor fractions directly after HIFU. In 

contrast to directly after HIFU, at 3 days after treatment the non-perfused tumor fraction 

was consistently lower than the non-viable tumor fraction, which might be due to contrast 

agent diffusion into the borders of the non-viable tumor area. A similar underestimation of 

the extent of non-viable tumor tissue by contrast-enhanced MRI has been reported in a 

study on HIFU treatment of rabbit tumors (42).  

The 240EM thermal dose threshold can also not be regarded suitable for predicting the 

extent of non-viable tissue after HIFU treatment. The thermal sensitivity varies largely 

between tissue types and therefore 240EM cannot be regarded as a universal threshold 

for lethal thermal dose (4,5). In the present study we observed a strong, but non-

significant, correlation between histology-derived non-viable fractions and 240EM 

fractions (Figure 6A). One should however take into account that HIFU-induced necrosis 

can extend beyond the thermal coagulation zone, because of delayed cell death due to 

vascular damage. Identification of non-viable tumor tissue after HIFU treatment solely 

based on the 240EM fraction would therefore likely underestimate the total extent of 

HIFU-induced cell death. An underestimation of the extent of tumor necrosis by the 

240EM fraction was also reported in a pre-clinical study of HIFU-treated rabbit tumors 

(42).  

A limitation of the current study is the lack of spatial registration between the subsequent 

MRI examinations of the same animal. Repositioning the tumor-bearing paw in exactly the 

same position as during the first MRI examination was practically impossible, mainly due 

to tumor progression between the examinations. Hence, quantitative analysis between 

MRI findings directly and at 3 days after HIFU treatment was mainly restricted to global 
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analysis of MRI parameter changes across the entire tumor. The effect of HIFU treatment 

on the MRI parameters is likely underestimated in this global analysis of average tumor 

parameter values, since both successfully treated and non-treated tumor tissue were 

included because of the partial tumor treatment. In addition, although best effort was 

taken to match the cutting plane of histology with the center MRI slice, tissue deformation 

during histological processing is inevitable and therefore exact spatial registration 

between MRI and histology remained difficult. Consequently, the correlation analyses 

were based on tumor fractions rather than on absolute tumor areas. Furthermore, one 

should take into account that the thickness of the histological sections (5-6 µm) was 

substantially smaller than the MR slice thickness (2 mm), which can further explain 

deviations in the appearance of the tumor on MRI and in histology. For clinical application 

of the proposed multiparametric analysis a reduction of scan time of the multiparametric 

protocol may be necessary. The total acquisition time of the ADC and APT measurements 

was approximately 27 minutes. The scan time could possibly be shortened, without 

affecting accuracy, by decreasing the number of b-values and irradiation offsets in the 

ADC and APT measurements, respectively. In addition, acceleration techniques such as 

parallel imaging (43,44) and compressed sensing (45) could be employed. 

In summary, we demonstrated that a multiparametric MR analysis, based on ADC and the 

APT-weighted signal, can accurately determine the extent of non-viable tumor tissue after 

HIFU treatment. The presented analysis outperformed the conventional methods that are 

used for monitoring and evaluation of HIFU therapy, i.e. thermal dose mapping and CE-

MRI, respectively, with respect to the identification of non-viable tissue after treatment. We 

expect that, after extensive validation in different human tumor types, the proposed 

method can be incorporated in the current clinical workflow of MR-HIFU therapies. 
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Part I - Tumor MR parameter distributions 

Histograms of MR parameter values in all tumor pixels in the center slice at the different 

experimental time points are displayed in Figure S1. A significant increase in the fraction 

of pixels with T1 values between 1250 and 1450 ms was observed at 3 days after HIFU 

(Figure S1A). In the distribution of T2, a slight but significant shift towards lower T2 values 

was visible both directly and at 3 days after HIFU (Figure S1B). The distributions of the 

ADC values (Figure S1C) show that the fraction of pixels with a low ADC (between 

0.65*10-3 and 0.75*10-3 mm2/s) was significantly higher directly after HIFU compared to 

before HIFU. In contrast, at 3 days after HIFU, a pronounced shift towards high ADC 

(larger than 1.4*10-3 mm2/s) values was observed. In the APT-weighted signal histograms 

(Figure S1D) a population of pixels with APT-weighted signal between -2.25 and 0.25 % 

emerged at 3 days after HIFU, although these changes were not significant. The T1ρ 

distribution (Figure S1E) was not evidently altered at either of the time points after HIFU 

treatment compared to before HIFU, except for a minor decrease in fraction of pixels with 

a relatively low T1ρ value (45-75 ms).  

In the distributions of the pharmacokinetic parameters Ktrans (Figure S1F) and ve  (Figure 

S1G), the data from the control rats at the same experimental time points are shown as a 

reference since no DCE-MRI was performed before HIFU in the treatment groups. The 

fraction of pixels with a Ktrans close to zero (0.0-0.0075 min-1) was significantly higher 

directly after HIFU than for the control rats. At 3 days after HIFU, the fraction of pixels with 

low Ktrans values (0.0-0.0225 min-1) was still significantly higher than for the control rats. 

For the control rats, a significantly higher fraction of pixels with intermediate Ktrans values 

between 0.01125-0.1425 min-1 was observed at day 0 compared to day 3. In the 

distribution of ve, the fraction of pixels with a low ve, mainly between 0.0-0.045, was 

significantly higher for the HIFU-treated rats than for the control rats, at both experimental 

time points. 
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Figure S1. Average MR parameter distributions in the central tumor slice for the HIFU-treated animals at the 

different time experimental points (‘Before HIFU’, Directly after HIFU’, ‘3 days after HIFU’). Since DCE-MRI 

was not performed before HIFU, in the histograms of K
trans

 and ve the mean parameter values of the control 
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animals at the corresponding measurement days (day 0 and day 3) are shown. The error bars represent the 

standard deviation. For all endogenous MR parameters (T1, T2, ADC, APT-weighted signal, T1ρ) * and 
#
 denote 

a significant increase and decrease in the fraction of pixels after HIFU compared to before HIFU, respectively 

(two-sided paired Student’s t-test, P<0.05). For the DCE-MRI parameters (K
trans

 and ve), * and 
#
 denote a 

significantly higher or lower fraction of pixels after HIFU compared to the control animals, respectively (two-

sided paired Student’s t-test, P<0.05). 
&
 denotes a significant difference in fraction of pixels at day 3 compared 

to day 0 for the control animals. 

 

Part II - Relation between temperature, thermal dose and MR parameter changes 

In addition to evaluation of MR parameter changes in the entire center tumor slice, the 

relation between HIFU-induced temperature elevation and changes in MR parameter 

values directly after treatment was more closely investigated. For all endogenous MR 

parameters, the average MR parameter values within the 240EM area (i.e., the area in 

which the thermal dose is generally considered as lethal to cells), directly after HIFU and 

in the same tumor area before HIFU are shown in Table S1. In this area, only the T2 was 

significantly changed directly after HIFU compared to before HIFU.   

For the pharmacokinetic parameters, the average Ktrans and ve in a population of pixels are 

plotted versus the maximum temperature that was reached in these pixels in Figure S2. 

All tumor pixels in the center slice, regardless of the reached thermal dose, were included 

in this analysis. A slight increase in Ktrans values could be observed at temperatures 

around 41-42°C. Thereafter, the Ktrans generally seemed to decrease with increasing 

temperature (Figure S2A). A gradual reduction in ve values for increasing temperatures 

was observed (Figure S2B). A similar analysis of maximum temperature vs. parameter 

value was performed for the endogenous MR contrast parameters. However, no 

correlation between any of the endogenous MRI contrast parameters and maximum 

temperature was identified directly after HIFU (data not shown). 

Table S1. MR parameter values (mean±SD) in the 240EM thermal dose area directly after HIFU and in the 

same tumor area before HIFU. The p-values result from a two-sided paired Student’s t-test between the 

‘Directly after HIFU’ and ‘Before HIFU’ data. K
trans

 and ve are not shown, since DCE-MRI was only performed 

after HIFU. The p-values are highlighted bold if there was a significant difference in the MR parameter values 

between before and directly after HIFU (P<0.05). 

Parameter Before HIFU Directly after HIFU 

T1 [ms] 1679±56 1656±46 (P=0.119) 

T2 [ms] 161±13 149±15 (P=0.002) 

ADC [10
-3

 mm
2
/s] 1.01±0.10  1.00±0.18 (P=0.901) 

APT-weighted signal [%] 2.45±1.04 2.81±1.25 (P=0.474) 

T1ρ [ms] 121±21 121±22 (P=0.954) 
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Figure S2. Plot of the relation between pharmacokinetic parameter values (mean±standard error) and ablation 

temperature. The graph was assembled by determination of the population of pixels in which a certain 

maximal temperature had been reached and estimation of the mean K
trans

 and ve values in this population of 

pixels directly after HIFU. 
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Thermal ablation using HIFU is an upcoming method for tumor treatment. To date, the 

main clinical application of focused ultrasound therapy is the thermal ablation of uterine 

fibroids. For these benign lesions partial HIFU treatment is generally sufficient to achieve 

substantial symptom relief. However, the extension of HIFU for the thermal therapy of 

malignant lesions does require that the treatment covers the entire tumor, while the 

surrounding tissue is minimally affected. The development of MR-guided HIFU systems 

can be considered as an important step toward clinical introduction of HIFU treatment of 

malignant lesions. Apart from treatment monitoring based on MR thermometry, MRI can 

also be used for accurate tumor localization before the HIFU intervention as well as for 

early treatment evaluation and long-term follow-up. The aim of this thesis was to develop 

suitable MRI methods for accurate HIFU treatment planning and evaluation. It was shown 

in a preclinical research setting that the extent of non-viable tumor tissue at 3 days after 

HIFU treatment can be accurately determined with a multiparametric MRI analysis that 

combines the data of different MRI contrast mechanisms (chapter 3, 7). Application of this 

multiparametric MRI analysis for the evaluation of HIFU treatment could substantially 

improve the accuracy of the detection of residual tumor tissue compared to conventional 

approaches in which a single MRI method, such as contrast-enhanced T1-weighted 

imaging, is employed. 

In the majority of the studies in this thesis, the HIFU treatment evaluation was done on a 

high-field (6.3 or 7 T) preclinical MR scanner (chapter 3, 4, 5 and 6).The HIFU treatment 

was performed outside the MR system since integration of the preclinical transducer in the 

MRI scanner was not (yet) possible. Nevertheless, incorporation of HIFU systems in high-

field MRI scanners could be preferable compared to conventional clinical MR scanners 

that operate at 1.5 or 3.0 T. Because the signal-to-noise ratio linearly increases with field 

strength, generally a higher spatial resolution can be achieved with high-field MRI 

systems. This higher spatial resolution could allow for more accurate treatment planning 

and evaluation. However, one also has to take into account that many MRI parameters 

are field-dependent (e.g. T1 becomes higher with increasing field strength, while T2 and 

T1ρ decrease at higher field strengths). The contrast between tumor tissue and 

surrounding non-tumor tissue as well as between successfully treated and residual tumor 

tissue could thus be affected by a difference in field strength. In addition, since magnetic 

susceptibility effects scale with MR field strength, the implementation of accurate MR 

thermometry based on the generally used Proton Resonance Frequency Shift method is 

challenging at high-field, because this method is very sensitive to field fluctuations. 

Reports on MR thermometry at high-field are very limited, although recently a promising 

technique for accurate MR thermometry at 7 T was described, in which the temperature-

sensitive water phase images were corrected for field fluctuations using images that were 

acquired alternately in a reference substance, such as fat (1). In the study in chapter 7 

the HIFU treatment was performed within the 3 T MR scanner. The results show that the 

proposed multiparametric MR protocol is strongly sensitive to HIFU-induced cell death, 
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despite the lower field strength. However, the spatial resolution in this 3 T study was lower 

(0.94x0.94x2 mm3) compared to the high-field studies (0.31x0.31x1 mm3), which implies 

that the MRI protocol at low field is less suitable for the detection of small regions of 

residual tumor tissue. 

Regardless of the field strength, the sensitivity of MRI is not high enough to allow for 

detection of small numbers of residual tumor cells after HIFU treatment. It is of high 

importance that the presence of these residual tumor cells after HIFU treatment can be 

detected or – even better – prevented. Even a small number of residual tumor cells could 

lead to substantial tumor progression, especially if these tumor cells are hypoxic due to 

HIFU-induced vascular damage. Under hypoxic circumstances the hypoxia inducible 

factors HIF-1α and HIF-2α could be activated. This activation may lead to an increased 

expression of vascular endothelial growth factor (VEGF) (2,3), which is a key stimulator of 

angiogenesis. The newly formed blood vessels provide nutrients and oxygen to the 

residual tumor cells, which may lead to tumor progression. Importantly, the tumor cells 

could also migrate through the neovasculature and enter the circulatory system, which 

could induce the development of metastases.   

However, the growth of residual tumor tissue, even it is far away from the ablated region, 

could also be inhibited by a systemic anti-tumor immune response that is triggered by the 

HIFU treatment. In the last few decades both preclinical and clinical studies, that were 

recently listed in a comprehensive review (4), have been performed, that show evidence 

for this anti-tumor immune response after the HIFU intervention. The mechanism of this 

immune response is not well understood yet, but there are a few plausible hypotheses 

based on the published results (4). First, it could be that the HIFU treatment lessens host 

immune suppression induced by the tumor cells, which would consequently lead to 

increased host antitumor immunity. Secondly, HIFU treatment leads to increased levels of 

heat-shock proteins, which can act as a sort of vaccines to produce a host immune 

response. Thirdly, the cytokines that are secreted by the immune cells inside the zone of 

inflammation around the central ablated region may induce the development of mature 

cytotoxic T lymphocytes. Finally, the extensive cellular debris that is present in the 

coagulative tissue will lead to the recruitment of macrophages and other cells that can 

function as antigen presenting cells, which can further boost the antitumor response. 

Regarding the different mechanisms that are activated after HIFU that can either induce 

rapid tumor progression or a halt in tumor growth, there is obviously a considerable risk 

associated with the presence of residual viable tumor cells after treatment. This risk could 

be reduced, yet not fully eliminated, by treatment of a safety margin around the tumor (5). 

This safety margin allows for treatment of occult cancer cells that could be present around 

the primary tumor (6). The possible presence of these occult, MRI-invisible cells should 

also be taken into account in MR methods for treatment planning, such as described in 

chapter 2. To further increase the therapy efficacy, the HIFU treatment may also be 

combined with e.g. adjuvant chemotherapy with anti-angiogenic agents to prevent tumor 
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progression induced by the presence of residual unaffected tumor cells. In addition, HIFU 

treatment could be combined with immune therapy to further boost the HIFU-induced 

antitumor immunity (4). 

Although the application of a safety margin during HIFU treatment and the adjuvant 

administration of chemo- or immunotherapeutics seem promising ways to tackle the 

issues associated with potential presence of residual tumor cells, it would nevertheless be 

preferable if these tumor cells could be detected in some way to prevent over- or 

undertreatment. While they are invisible with conventional MRI methods, these residual 

tumor cells could potentially be detected by molecular MR imaging with tumor-specific 

probes. However, the detection of targeted MRI probes is often hampered by the relatively 

low sensitivity of MRI for the detection of contrast agents. This sensitivity issue may be 

overcome by using targeted nanoparticles that can carry a large payload of contrast-

generating materials, such as Gd-chelates and iron oxides. Nevertheless, because of its 

inherent higher sensitivity, the nuclear imaging technique positron emission tomography 

(PET) may be favorable for the detection of low numbers of residual tumor cells with 

tumor-targeted probes (7). PET has been used for the detection of local recurrences after 

HIFU therapy of solid tumors (8,9). In these studies, the PET tracer 18F-2-fluoro-2-deoxy-

D-glucose (18F-FDG) was used, which is a marker for metabolism and thus cell viability. 
18F-FDG PET can be regarded as a suitable method to assess the extent of cell death 

after HIFU treatment. However, it is less specific to detect the presence of residual tumor 

cells, because 18F-FDG also accumulates in other highly metabolizing tissue regions after 

treatment, such as areas of inflammation and edema. The use of 18F-fluorothymidine (18F-

FLT), which is a PET tracer sensitive to cell proliferation, may be more suitable for the 

detection of residual tumor cells, since it is known to be more tumor-specific. Despite the 

apparent superb sensitivity of PET imaging for the detection of residual tumor tissue, it 

also has distinct disadvantages. PET has a much lower spatial resolution compared to 

MRI and does not offer anatomical information. Though expensive, the use of a hybrid 

MR-PET system may allow for complete HIFU treatment assessment by combining the 

proposed multiparametric MRI approach for determination of the extent of non-viable 

tumor tissue with 18F-FLT-PET for the detection of residual individual tumor cells. 

Next to the extensive set of MRI biomarkers that was explored in this thesis, there are still 

a number of other contrast mechanisms that may be suitable for HIFU treatment 

assessment. Especially contrast mechanisms that are expected to be strongly sensitive to 

acute treatment effects may increase the sensitivity of the multiparametric MRI analysis to 

early changes after treatment. Examples of these contrast mechanisms are 23Na MRI and 

hyperpolarized 13C MR (chapter 1). Inclusion of these non-proton MR methods in the 

multiparametric protocol would require MR hardware set-ups that allow for the use of 

multinuclear coil designs. Coil setups that allow for combined 1H and 23Na (10) or 13C (11) 

acquisitions within the same experiment without the need for moving the RF coil or subject 

have been described previously. 
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A potential drawback of the use of a multiparametric MRI protocol is that it usually leads to 

long acquisition times, which are generally unacceptable in clinical practice. However, the 

acquisition times of the individual MRI scans could be substantially reduced by the use of 

acceleration techniques such as compressing sensing (12) and parallel imaging (13,14). 

In addition, integration of the multiparametric protocol into a magnetic resonance 

fingerprinting (MRF) acquisition could considerably shorten the acquisition time. MRF is a 

recently introduced MR method that uses a pseudorandom acquisition by dynamic 

alteration of several MR acquisition parameters (15). The resulting signal evolutions – or 

‘fingerprints’ – obtained in the imaging pixels are unique for each tissue type and a 

function of multiple MR contrast parameters. The fingerprints are subsequently matched 

to a predefined dictionary of predicted signal evolutions, which allows for the construction 

of quantitative maps of the MRI parameters of interest. Up to now only an MRF method 

that allows for quantification of T1, T2 and proton density has been reported (15). 

However, the MRF acquisition can be readily adapted to include quantitative assessment 

of other parameters, such as ADC, MTR and the APT-weighted signal.  

In the studies presented in this thesis, the subcutaneous rodent tumors were intentionally 

only treated partially by HIFU. This was primarily done to allow for internal reference 

between successfully treated and non-treated tumor tissue. However, as indicated above, 

the residual non-treated tumor tissue cannot be considered truly unaffected. Apart from 

the above-mentioned hypoxia-induced angiogenesis and systemic antitumor immune 

response, the hyperthermic and possibly ischemic conditions in the residual tumor tissue 

could also lead to other delayed treatment effects, such as cell death (chapter 1). These 

delayed treatment effects should be taken into account if the success of the HIFU 

treatment is assessed directly after the intervention to prevent over- or undertreatment. It 

would be interesting to investigate whether the MRI data obtained directly after HIFU 

treatment are of predictive value for the fate of the tumor tissue at 3 days – or later – after 

HIFU treatment. Especially the APT-weighted signal seems to be a promising biomarker 

for the prediction of delayed treatment effects, since it is not only sensitive to protein 

denaturation, but also to ischemia (chapter 1, 4). However, in the current setting, it was 

not feasible to assess the predictive value of the MRI results directly after treatment, 

because the data obtained directly after and at 3 days after HIFU could not be spatially 

registered due to considerable tumor growth between these time points. Such analysis 

would be better feasible if applied in more slowly growing tumors or if the tumor would be 

treated completely. Complete ablation of the small subcutaneous tumors (~1 cm diameter) 

seems practically impossible, because it would induce considerable damage to the 

surrounding muscle tissue, leading to massive inflammation and edema. Therefore, future 

studies on multiparametric MR analysis for the evaluation of HIFU treatment should 

preferably be performed in larger preclinical tumor models, such as the VX2 tumor in 

rabbits, or in the clinical setting. Apart from analysis of the predictive value of MRI data 

obtained early after HIFU treatment, the results of the multiparametric MRI analysis could 
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then also be quantitatively compared with ultimate treatment outcome. Because of the 

substantial tumor progression after HIFU treatment, such long-term studies could not be 

performed in the present setting. 

The use of subcutaneous small rodent tumor models obviously has limitations. Apart from 

the impossibility to treat the entire tumor, it is challenging to translate the results obtained 

in the subcutaneous rodent tumors to clinically relevant human tumors. The tumor 

microenvironment and surrounding tissue are generally very different in these preclinical 

tumors compared to human tumors. In addition, the tumor to body weight ratio of 

preclinical ectopic tumor models is generally much larger than in human tumors, which 

means that systemic responses to treatment may be relatively larger in the laboratory 

animals compared to patients. The use of orthotopic tumor models, such as animals 

models of liver or breast cancer, would have been more clinically relevant. However, 

accurate HIFU treatment of the relatively small orthotopic rodent tumor models is 

considerably more challenging, if not impossible, with the used HIFU set-ups, because of 

the effects of respiratory and cardiac motion and the presence of bones or vital organs in 

the vicinity of the tumor. Despite the shortcomings of subcutaneous tumor models, the 

results presented here clearly give first insights in the MR contrast mechanisms that are 

promising for the evaluation of (pre)clinical HIFU treatment. The techniques can be readily 

translated to clinical studies to investigate whether the multiparametric MR analysis is also 

suitable for the evaluation of HIFU treatment of human tumors. An important step toward 

clinical translation of the proposed methodology for the evaluation of HIFU treatment was 

taken in chapter 7, in which the multiparametric MRI protocol was implemented on the 3T 

clinical MR-HIFU system. 

In conclusion, the sensitivity of multiple MRI methods to the responses to HIFU treatment 

was assessed in this thesis. Several MR contrast parameters, mainly the ADC and APT-

weighted signal, seem promising with respect to their sensitivity to HIFU-induced tissue 

changes, especially if these contrast parameters are combined within a multiparametric 

MR analysis. As a next step, these MRI methods should be applied to a larger variety of 

tumor types to fully assess their suitability for the accurate identification of non-viable 

tissue after HIFU treatment.   
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High Intensity Focused Ultrasound (HIFU) is an emerging technique for the non-invasive 

thermal treatment of solid tumors. For HIFU treatment of malignant tumors it is of key 

importance that the therapy covers the entire tumor volume and that the success of the 

treatment can be accurately assessed. Thanks to the development of magnetic resonance 

imaging (MRI)-guided HIFU systems, MRI can be used for planning, monitoring and 

evaluation of HIFU treatment. The aim of this thesis was to develop suitable MRI methods 

for accurate HIFU treatment planning and evaluation. 

MRI protocols for treatment planning should allow for accurate distinction between tumor 

and surrounding tissue. These protocols preferably consist of non-contrast-enhanced MRI 

methods, because the presence of contrast agent in the tumor tissue could interfere with 

the treatment. In addition, automatic tumor segmentation is preferred compared to manual 

segmentation, since it is more objective and time-effective. Chapter 2 describes a fully 

automatic segmentation algorithm that is based on clustering of endogenous contrast MRI 

data, consisting of quantitative T1, T2 and apparent diffusion coefficient (ADC) maps. The 

cluster analysis was performed with all possible combinations of the MRI parameters, i.e. 

feature vectors, and varying numbers of clusters. A strong linear agreement between 

automatically and manually segmented mouse subcutaneous tumor volumes was 

observed when clustering was performed with feature vector {T2, ADC} and 4 clusters. 

This indicated that accurate automatic tumor segmentation can be achieved based on 

endogenous MR contrast. 

The major part of the thesis consisted of the identification of MRI biomarkers that are 

suitable for accurate evaluation of the HIFU treatment. In most studies (chapter 3, 4, 5 

and 6), HIFU treatment of mouse subcutaneous tumors was performed outside the 6.3 or 

7 Tesla MR system with a preclinical therapeutic ultrasound transducer. The mouse 

tumors were treated partially to allow for internal reference between HIFU-treated and 

non-treated tumor tissue. 

A multiparametric MR analysis was performed on T1, T2, ADC and magnetization transfer 

ratio (MTR) data acquired before, directly after and 3 days after treatment (chapter 3). 

Cluster analysis was done on all possible feature vectors to determine the optimal 

biomarkers for HIFU treatment evaluation. Non-viable tumor fractions derived from NADH-

diaphorase histology and non-viable tumor fractions derived from the clustering with 

different feature vectors were quantitatively compared to define the optimal feature vector 

for the identification of HIFU-treated tumor tissue. The highest correlation was found for 

feature vector {T1, T2, ADC} (correlation r=0.80) at 3 days after HIFU treatment, while this 
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correlation was less directly after treatment (r=0.62). These results indicate that the 

proposed multiparametric MR analysis is a promising method for the assessment of 

subacute effects of the HIFU treatment.  

In subsequent studies, the more advanced MR methods Amide proton transfer (APT) 

(chapter 4) and T1ρ imaging (chapter 5) were assessed for their sensitivity to the 

identification of HIFU-treated tumor tissue. Both methods have a potential sensitivity to 

acute HIFU-induced tissue changes, such as protein denaturation. A significant decrease 

in the APT-weighted signal was observed both directly and at 3 days after HIFU 

treatment, while the T1ρ was only significantly decreased at 3 days after treatment. These 

results show that these methods could be of additional value for the multiparametric MRI 

analysis and that especially the APT-weighted signal may enhance the sensitivity of this 

analysis to early treatment effects. 

To assess changes in the tumor vascular status after HIFU treatment, quantitative 

dynamic contrast-enhanced-MRI (DCE-MRI) was performed to extract the vascular 

parameters Ktrans and ve (chapter 6). Subsequently, cluster analysis on these parameters 

was done to identify regions of different vascular characteristics. Both directly and at 3 

days after treatment a distinct non-perfused tumor volume was identified that was mainly 

surrounded by pixels in clusters that were characterized by a low Ktrans and either a low or 

high ve. Qualitative haematoxylin and eosin (H&E) staining showed that these clusters 

corresponded to HIFU-induced hemorrhage and structural disruption of the tumor tissue. 

In a final study, all MRI parameters were combined in a single multiparametric MRI 

protocol to define an optimal subset of MRI parameters for the assessment of HIFU 

treatment (chapter 7). To advance clinical translation of the proposed multiparametric 

MRI analysis, the HIFU thermal ablation as well as the MRI-based treatment evaluation 

were performed on a clinical 3 Tesla MR-guided HIFU system. An extensive analysis on 

the changes in the different MRI parameters was performed. In addition, cluster analysis 

was carried out with all possible combinations of the MRI parameters. Similarly to the 

previous multiparametric MRI study, the clustering results were compared to quantitative 

histology to determine the optimal MRI biomarkers for HIFU treatment evaluation. The 

largest correlation between histology-derived and clustering-derived non-viable tumor 

fractions was achieved with feature vector {ADC, APT-weighted signal} (r=0.87) at 3 days 

after HIFU treatment. These results suggest that the inclusion of APT imaging and T1ρ 

does not enhance the sensitivity of the multiparametric analysis to acute lethal tissue 

changes after HIFU treatment. Nevertheless, the APT-weighted signal proved to be an 

additional suitable biomarker for later treatment evaluation. 

In summary, this thesis describes multiple MRI methods for the assessment of the 

success of the HIFU treatment as well as a technique for automatic MRI-based tumor 

segmentation that is potentially suitable for HIFU treatment planning. Ultimately, the 

proposed methods could be adapted for clinical translation and thereby potentially 

advance the clinical application of HIFU for the treatment of malignant lesions. 
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 ADC  apparent diffusion coefficient 

 AIF   arterial input function 

 ANOVA  analysis of variance 

 APT  amide proton transfer 

 ASL   arterial spin labeling 

 BOLD  blood oxygenation-level dependent 

 CA   contrast agent 

 CE-MRI  contrast-enhanced MRI 

 CEST  chemical exchange saturation transfer 

 DCE-MRI   dynamic contrast-enhanced MRI 

 EM   equivalent minutes 

 EPI   echo planar imaging 

 FA   flip angle 

 FOV  field-of-view 

 GE-EPI  gradient-echo echo planar imaging 

 GUI   graphical user interface 

 H&E  haematoxylin and eosin 

 HIFU  High Intensity Focused Ultrasound 

 ISODATA  Iterative Self Organizing Data Analysis 

 IVIM  intravoxel incoherent motion 

 kep   transfer constant from interstitial space to blood plasma 

 Ktrans  transfer constant from blood plasma to interstitial space 

 MRF  magnetic resonance fingerprinting 

 MR-HIFU  magnetic resonance-guided high intensity focused ultrasound 

 MRI   magnetic resonance imaging 

 MRS  magnetic resonance spectroscopy 

 MT(R)  magnetization transfer (ratio) 

 NA   number of averages 

 NADH  nicotinamide adenine dinucleotide 

 NOE  nuclear overhauser effect 

 NPV  non-perfused volume 

 NSF  nephrogenic systemic fibrosis 

 PET  positron emission tomography 

 PRESS  point-resolved spectroscopy 

 PS   phospatidylserine 

 RF   radiofrequency 

 ROI   region of interest 

 SAR  specific absorption rate 
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 SD   standard deviation 

 SE   signal enhancement 

 SI   similarity index 

 SNR  signal-to-noise ratio 

 T1   longitudinal relaxation time 

 T1ρ   longitudinal relaxation time in the rotating frame 

 T2   transverse relaxation time 

 TE   echo time 

 TIPS  therapy imaging probe system 

 TR   repetition time 

 US   ultrasound 

 ve   extravascular extracellular fraction 

 VEGF  vascular endothelial growth factor 
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