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SUMMARY 
 

Brown adipose tissue (BAT) is one of the brightest hopes in the fight against the obesity epidemic. This 

peculiar subtype of fat tissue, in fact, when activated in response to cold exposure, breaks down 

triglycerides and glucose and dissipates the chemical energy into heat (“nonshivering thermogenesis”), 

therefore increasing energy expenditure and reducing the lipid buildup. Key to the understanding and 

management of BAT is the establishment of a noninvasive imaging method to unbiasedly detect and 

monitor brown and browning adipose tissue. The current imaging approaches are either invasive or lack 

a comprehensive capability to assess the structural and functional aspects of the tissue. Z-Spectrum MR 

Imaging (ZSI) can bridge this gap. In this dissertation, it is presented how ZSI can produce both structural 

and functional contrasts, which can be used to study brown and browning adipose tissue.  

In the first Aim, it is shown how ZSI can measure fat water fraction and how such measurement can be 

used to characterize BAT. The ZSI technique, in fact, produces a spectrum from every image pixel, where 

the largest dips in signal reflect the direct saturation of water and fat protons. By fitting the Z-spectrum 

it is possible to extract the relative contribution to the overall signal, summarized in the fat water 

fraction. After calibrating the FWF metric with an oil and water mixture phantom, it was validated in 

specimens, mice and human subjects. FWF values clearly differentiated WAT, BAT, and lean tissues. FWF 

maps of human subjects showed the same FWF distribution as a commercial Dixon’s sequence, while 

displaying no fat-water swapping artifact in regions of high field inhomogeneity.  

The technique was then tested in a clinically relevant scenario. It has been reported that polycystic ovary 

syndrome (PCOS) patients might have reduced BAT functionality. We therefore used ZSI to characterize 

brown adipose tissue in PCOS compared to healthy subjects. In summary, subjects with PCOS and higher 

BMI showed less area identified as BAT and increased FWF within such area, indicating relatively higher 

level of metabolically passive WAT infiltration in the depot and relatively reduced metabolism. This 
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result shows that ZSI can capture differences potentially instrumental to monitor treatment responses in 

PCOS therapies.  

It was then demonstrated the efficacy of Z-spectrum MRI in detecting adipose tissue activation through 

changes in FWF. A transgenic mouse model, TripBr2-KO, was treated with an adrenergic drug to 

stimulate fat activation. Mice were studied for two weeks by ZSI and compared to saline-treated wild 

types. Results showed that FWF was significantly lower over time in the treated group compared to the 

controls, suggesting that lipid consumption, associated with adipose tissue activation, has occurred. The 

successful detection, confirmed by a reduction in the depot size, was found both in perirenal brown fat 

and in subcutaneous white fat, albeit following different temporal patterns, reflective of the different 

activation potential of the depots.  

After demonstrating how the FWF contrast can characterize BAT mass and function, it was the aim in 

this thesis to show how ZSI can produce a marker of BAT very own thermogenesis. Here was then 

proposed a new sequence based on the ZSI platform, where the preparatory RF saturation pulse is 

substituted by a binomial pulse, the Jump-Return. The effect of the paired hard pulses is to refocus the 

saturated magnetization as a function of chemical shift. The resulting signal oscillates as a sine function 

of the offset. When the temperature changes, the proton resonance frequency shift effect (PRFS) 

assures a shift of the entire curve. The proof of concept was carried out in PBS solution exposed to hot 

air flow. Then, the technique was tested on a whipped cream phantom, used as a proxy for biological 

fatty tissue. The temperature measurement was successful and correlated well with the one form the 

electrode sensor probe inserted in the phantom. Being independent on phase artifacts and capable of 

fine thermal sensitivity, the technique is ideal for the study of thermogenesis.  

Finally, the feasibility of the binomial-ZSI technique implementation in vivo was assessed. The protocol 

was tested in healthy mice undergoing thermal challenge under anesthesia. Hind legs muscles and inguinal 
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fat depots were imaged. Binomial-ZSI provided a reliable measurement of the temperature change across 

the field of view with high resolution and high sensitivity. Results were in agreement with the nominal 

temperature set on the scanner bore and with the temperature measured in muscles by standard MRI 

methods, in both muscle and fat.  

These studies, taken together, show how Z-spectrum Imaging is capable of producing varied contrasts for 

a comprehensive characterization of brown and browning adipose tissue. 
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1. INTRODUCTION 
 

1.1 Background and motivation 

Brown adipose tissue (BAT) is one of the brightest hopes in the fight against the obesity epidemic. This 

peculiar subtype of fat tissue, in fact, when activated in response to cold exposure, breaks down 

triglycerides and glucose and dissipates the chemical energy into heat (“nonshivering thermogenesis”), 

therefore increasing energy expenditure and reducing the lipid buildup (1-5). Both preclinical and clinical 

studies have shown that BAT can protect against obesity, insulin resistance and other metabolic diseases 

(6-9). Moreover, it was discovered that cells in the conventional white adipose tissue (WAT) depots can 

also be converted into brown-like adipocytes and be activated, potentially extending the energy 

expenditure. The controlled stimulation of such “browning” process is now considered by many as one of 

the most promising strategies to treat obesity (10-16).  

However, despite the early enthusiasm, a clear picture of brown fat potential has not yet been clearly 

delivered. It is true that many reviews hinted to a unified description, but these are chiefly focused on the 

cellular characteristics, while the complexity of the macroscopic phenotype remains. Different depots 

show different composition, activation susceptibility and timing: a one-fits-all description is insufficient 

(17-19). At the same time, the apparent complexity may have been accentuated by the variability in the 

strategies adopted for the investigation. Even after the community’s effort to standardize the approaches 

to study BAT, the fundamental limits of the conventional techniques hinder a conclusive analyses (20-35). 

What is missing and dearly needed is a noninvasive imaging method to unbiasedly detect and monitor 

brown and browning adipose tissue. 

Currently, 18F-FDG PET/CT is the gold standard to detect BAT activity and Dixon MRI to measure its mass, 

based respectively on the measurement of high glucose uptake and low fat-water fraction (FWF). 
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However, not only they both carry physical and technical limitations, but also lack the power to combine 

the metabolic and the structural information: PET can only measure adipose tissue activity, and Dixon 

only BAT mass, thus they produce partial and often confounding results (18-19, 28, 36-43).  

Z-Spectrum MR Imaging (ZSI) could bridge such gap. This technique, based on the acquisition of a set of 

MR images following a frequency-varying saturation pulse, is sensitive to the direct saturation of water 

and fat signals. The combination of these signals makes the FWF, which can be used to identify BAT mass 

at rest (44). Chronic changes in FWF can be used instead as markers of tissue activation. In addition to 

that, ZSI can be adapted to measure the temperature-dependent water frequency shift, triggered by the 

active thermogenic fat. We therefore aimed to show that ZSI can grasp both structural and functional 

signatures, that can then be used to detect brown and browning adipose tissue, with no radiation 

concerns, at high resolution and easy clinical implementation.  

 

 

1.2 Hypothesis and dissertation objectives 

We hypothesize that Z-Spectrum MR Imaging (ZSI) can bridge the imaging technical gap by measuring 

both structural and metabolic contrasts that can be then used to detect BAT and WAT browning. 

We propose to test the hypothesis by completing two specific aims, directed at demonstrating the imaging 

contrasts that can be used to measure brown fat at rest (Aim 1) and after activation (Aim 2).  

Aim 1. To demonstrate the capacity of ZSI to provide structural contrast to characterize BAT and WAT at 

rest.  

Sub-aim 1.1. (Chapter 3) To introduce the biomarker FWF as extracted by the direct saturation 

of water and fat protons in ZSI data.  The fat water fraction will be used to differentiate brown 
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and conventional white adipose tissues in phantoms, healthy mice and human subjects, based 

on their different cellular composition. 

Sub-aim 1.2.  (Chapter 4) The technique will then be tested in the clinical research context. ZSI 

will be applied to the characterization of BAT features in Policystic Ovarian Syndrom (PCOS) 

patients. Parameters derived from the FWF will differentiate the patient cohort from healthy 

control group and correlate with BMI as a surrogate of fat content. 

Aim 2. To demonstrate the capacity of ZSI to provide functional contrasts to measure adipose tissue 

activation and browning. Such contrasts consist in structural change in FWF and functional change in 

temperature.  

Sub-Aim 2.1 (Chapter 5) To detect fat activation by measuring changes in FWF. Detection of fat 

chronic activation will be tested on a mouse model treated daily with a β3-adrenergic receptor 

agonist and imaged over time by ZSI. Differences in FWF compared to a control group will identify 

the structural signature of fat activation.  

Sub Aim 2.2 (Chapter 6) To develop temperature-sensitive ZSI aimed at detecting adipose tissue 

thermogenesis. ZSI will be modified to measure subtle frequency shifts caused by changes in local 

temperature. The technique’s proof of concept will be carried out on phantom of fatty tissue 

exposed to varying temperature. 

 Sub-Aim 2.3 (Chapter 7) To measure changes in temperature by ZSI in vivo. The validation of the 

technique will be carried out in the lean and fatty tissues of healthy mice exposed to heating 

challenges. 

 



4 
 

1.3 Significance 

The focus of this dissertation is the development of a noninvasive radiological method to study fat. 

With 2 billion people projected to be overweight by 2030 and a staggering 20% of the US annual medical 

expense dedicated to the obesity epidemic and its related disorders (45-47), the development of new 

diagnostic and therapeutic approaches for obesity and metabolic disease has become an “urgent priority” 

(48). Current treatments either require intensive lifestyle modifications, achieving only transient success 

(49), or are associated with side effects (50-51). Fortunately, there is something that can limit such a vast 

spreading of fat; another, unsuspected agent: fat itself.  

A fat that burns fat. Brown adipose tissue is a fat type that can convert the chemical energy from the 

breakdown of triglycerides and glucose into heat (1-4). In other words, when activated by exposure to 

cold, BAT uses lipids and glucose as fuel to warm up the body (the nonshivering thermogenesis process) 

(6-8). A decade of research has revealed BAT’s potential clinical benefits: active BAT reduces lipid buildup 

and increases energy expenditure (6); it enhances glucose uptake and insulin signaling (7-8); it alleviates 

inflammation and oxidative stress (9-10). Even more fascinating is the discovery that conventional white 

adipose tissue depots can also manifest thermogenic activation: the browning of WAT (12-14). The 

discovery elicited the hope that browning of widespread WAT could severely affect energy balance in 

obese subjects (12-14).  

However, the elusive nature and marked variability of adipose tissue activation hinder the assessment of 

browning’s potential (20-35). In fact, all studies of treatment feasibility and efficacy rely, first of all, on a 

solid and comprehensive method for brown fat detection. The goal of this study is therefore to provide a 

new mean to address the problem, that is, a diagnostic technique to identify and monitor brown and 

browning adipose tissue in vivo. 
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Currently, 18F-FDG PET/CT is the most-commonly used imaging method for BAT, thanks to its hallmark 

increase in glucose uptake when stimulated (17-18, 28, 36-42). For the same reason, however, PET is 

inherently sensitive to active tissue only: it cannot detect BAT at rest and might underestimate its total 

mass (11, 28, 41). Moreover, radiation exposure with PET/CT imaging does not allow for its use in 

longitudinal studies of treatment efficacy (24). On the other hand, MRI provides the flexibility, high 

resolution, and non-ionizing benefits that PET/CT is lacking. Dixon multi-echo MRI, in particular, has an 

established track record for the study of fat and can differentiate BAT from WAT based on the fat-water 

fraction (15,  19, 43), since brown adipocytes are more hydrated and have a reduced FWF than white cells.  

 

Dixon MRI, however, suffers from phase-related artifacts that misrepresent the fat content. In addition, 

although indicative of BAT mass based on its cellular structure, it cannot directly measure metabolic 

activation. Indeed, both aforementioned techniques (and others, more advanced but less viable (52-56)) 

cannot provide both functional and structural information simultaneously, but rather only give partial 

evidences. This translates into identification mismatches and some relevant clinical gaps: is lipid content 

a predictor of thermogenesis? Do other factors (e.g. the depot sympathetic innervation) play a bigger role 

in activation (57-59)? Can the risk of obesity or the patient-specific resistance to treatment be assessed 

Figure 1-1 Types of adipose cells.  
White adipocytes contain a single large lipid droplet and are mostly devoted to energy storage and endocrinal 
function. Brown cells are multilocular, with small lipid droplets and a high density of protein UCP1-positive large 
mitochondria immersed in the cytoplasm. When stimulated by cold or adrenergic drugs, BAT (and in some 
conditions, also WAT) is activated and consumes lipids and glucose to fuel the nonshivering thermogenesis. 
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on the basis of quantitative BAT biomarkers (18-19, 28, 39-40, 60)? These and other questions might 

remain unanswered without a comprehensive imaging method.  

The ZSI technique consists on acquiring a set of MR images after applying a saturation RF pulse at different 

frequency offsets. The contrast induced in each image depends on the saturated offset, therefore a 

spectrum can be derived from the series, reflecting the most abundant species in the voxel (for most 

tissues, mainly water). Although widely used in some fields (e.g. CEST MRI (44, 61-68)), the technique has 

never been directed to fat imaging specifically. In this project, it is exploited the direct saturation of the 

protons from water and fat, proportional to their relative concentration, which is captured into the FWF 

as a marker of adipose content in the tissue (44). In addition, by exploiting the known effect of proton 

resonance frequency shifting (PRFS) (69-73) when the tissue gets warmer, a modified ZSI can also become 

sensitive to temperature. In other words, on one hand ZSI can detect the cellular structure of any types 

of fat at rest through the FWF, and on the other, changes induced by thermogenic activation can be seen 

through both structural (change in FWF) and metabolic (change in temperature) contrasts. These markers 

together may describe both mass and function, and may measure fat at rest as well as in the active state. 

We therefore aim at demonstrating the capacity of Z-spectrum MRI to reveal these two types of contrast. 

Successful accomplishment of the aims will launch ZSI as a high-resolution, non-radiative and endogenous 

technique for comprehensive adipose tissue imaging. With this tool, it will be possible to measure the 

fraction of activating fat depots and discern how patient-specific tissues respond to stimulation. Fat 

monitoring by ZSI will potentially guide the optimization of treatment dosage and timing, and the 

identification of agents (environmental, physiological (74-76), pharmaceutical (77-79)) that more 

efficiently and with fewer side effects produce a lasting clinical outcome. In conclusion, we expect that 

ZSI, by the combined structural and functional characterization of brown and browning adipose tissue, 

will significantly advance the clinical diagnosis and treatment of obesity and metabolic diseases.  
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1.4 Innovation 

There are several innovations brought about by the development of ZSI in this project.  

1) Firstly, ZSI is presented as a novel imaging framework where structural and metabolic contrasts 

can be obtained in the same session for a comprehensive BAT identification, unlike currently used 

techniques (28, 42). Once validated, the combined contrast will differentiate not only BAT from 

WAT, but also adipose tissue activation from the resting state.  

2) The structural contrast is based on the combination of water (W) and fat (F) direct saturation as 

FWF=F/(F+W) (44). Notably, the signal from lipid resonances, historically treated as artifact in 

the field of CEST MRI (44, 68), is not removed, but rather exploited to produce the contrast.  

3) The measurement of temperature, direct indicator of BAT thermogenesis, can be derived from 

the temperature-dependent shift of the water resonance. However, in order to detect subtle 

increases (<5°C), which are typically observed in vivo, a high spectral selectivity is required (70-

73). By substituting the initial saturation RF pulse with a binomial 1-1 pulse, (details in Chapter 7), 

the resulting signal will vary as a sine function of the frequency offset (80-83). The temperature 

will then be measured from the shift of the curve, and the fine spectral periodicity of the sine 

function will allow the measurement with high thermal sensitivity (<1°C).  

4) Finally, the simultaneous presence of fat and water in the voxel produces an ambiguity in the 

phase component of the MRI signal, which can often lead to artifacts in MRI methods that 

conventionally depend on the phase information, either for the structural (Dixon) and the 

metabolic (PRFS) contrasts. ZSI relies solely on magnitude MR images and is therefore inherently 

immune to such artifacts. 
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1.5 Dissertation outline 

In the first chapter, the research goal has been introduced. After describing the context of the clinical 

problem - the obesity epidemic - the target of the research efforts - the brown adipose tissue – has been 

presented. The research gap consists in the technical shortcomings of the current approaches for 

imaging brown and browning adipose tissue. The hypothesis of the dissertation is that a new technique, 

Z-spectrum MRI, can fill the gaps left by the current techniques, by providing diverse contrasts based on 

both mass and activity and thus a more comprehensive analysis of thermogenic fat. The objective is 

therefore to show how these contrasts can be obtained, and the specific research strategy follows. 

In the second chapter, it is presented a review of the state of the art for those MRI methods concerning 

the aims of the dissertation. The goal is to set the background of the MRI research up to date, its 

accomplishment and where it falls short, so to illuminate the relevance of the innovations brought about 

in this work. The first part of the chapter will be focused on fat imaging, the second on MRI 

thermometry, the third more specifically on BAT imaging. At the end of the chapter, the Z-spectrum 

imaging technique is described in detail. 

In the third chapter, it is shown how Z-spectrum MRI can measure fat water fraction to differentiate 

brown and white adipose tissue at rest. The proof of concept is presented, and the technique tested in 

ex vivo phantoms and healthy mice. The technique is then tested on subjects and a comparison to 

commercial Dixon sequence is offered.  

In the fourth chapter, the results from the previous chapter are tested in a clinical research context.  

PCOS patients are studied by ZSI and the imaging features of BAT at rest are compared to a control 

group. The objective here is to show how FWF measured by ZSI can provide clinically relevant 

biomarkers in a metabolic disease. 
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In the fifth chapter, the measurement of FWF from ZSI is used no longer to assess BAT at rest, but its 

activation. A transgenic mouse model is chronically stimulated with an activating drug for two weeks 

and compared to a control group. The aim is to unveil changes in the FWF as markers of a prolonged 

thermogenic activation in brown and browning white adipose tissue depots.  

In the sixth chapter, a modification is implemented on the ZSI technique, to make it sensitive to changes 

in temperature. The rationale is that by measuring temperature, a unique marker of thermogenesis, ZSI 

will be equipped for a comprehensive analysis of brown and browning fat. The theoretical framework 

for the MRI sequence is described and tested on liquid phantoms. 

In the seventh chapter, the temperature-sensitive MRI is tested in vivo. An experiment is designed 

where thermal changes occur in the tissues of living mice, and ZSI is used to assess such changes and 

compare them to conventional measuring methods.  

Finally, the last chapter provides a summary of the key results, the original contributions of the thesis, 

and possible future research directions. 
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2. ADVANCED MAGNETIC RESONANCE IMAGING 
 

2.1 MRI in fat 

Magnetic resonance gives its superb radiographic efficacy to the high abundance of water molecules 

inside biological tissues. Its physical mechanism in fact relies on the capacity of the atomic nuclei to 

interact coherently with external magnetic fields, in a way ultimately described by the resonance 

equation (1). The different physical and chemical environments surrounding the nuclei lead to tissue-

specific qualities, including the precession frequencies, the relaxation times, flow and diffusion 

properties, chemical exchange, all of which ultimately conspire to form the contrast in the image. The 

hydrogen nucleus in the water molecules is therefore the main agent involved in the signal production, 

but by no means the only one. When considering biological tissue, a range of other molecules is 

constantly present in different quantities. While large rigid structures like proteins contribute limitedly 

due to their short T2 and high complexity, a relevant contribution to the signal can arise from fat (1-3). In 

the human body, the main source is the protons residing on the chains of triglycerides, and additional 

smaller sources are free fatty acids and oils, all of which manifest in MR as multiple distinguished 

resonances, depending on the chemical structure and the surrounding microenvironment.  

Figure 2-1 NMR spectrum of triglyceride.  
Ten peaks are visible, with the main methylene peak resonating at -3.5 ppm from water, here shown 
conventionally at 4.7 ppm. 
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As is visible in Figure 2.1, the spectral profile of triglycerides spans over a range of frequencies, the 

prevalent being the methylene peak resonating around -3.5 ppm from the water resonance. Now, it is 

not uncommon in MR Imaging experiments to use receiver spectral width on the order of hundreds of 

KHertz, which means that whatever resonates within such range, will pool into the signal, together with 

the water protons. At the receiver’s end, there’s no telling what the chemical source is and fat signal is 

indistinguishable from the one of water. This translates into misassignment or misplacement of signal, 

corrupting the final image with severe artifacts (2-5).  

2.1.1 Artifacts 

The signal from fat on conventional sequences appears brighter than water due to shorter T1, which 

causes fast recovery, and to breaking of J-coupling, that cause hyperintensity in fast spin echo sequences 

(3-4). While the higher signal can be effectively used to localize lipid depositions characteristic in many 

diseases, it can also compromise the contrast in the image and the correct determination of anatomy 

and tissue properties. 

In addition to that, by resonating at a slightly different frequency, fat protons can be misread as water’s 

and give rise to artifacts during the image formation. In fact, during the spatial encoding priming, the 

effect of the gradients is to have each location experiencing a slightly different B0 field, which will cause 

protons to resonate at a Larmor frequency 𝜔 = 𝛾𝐵. But other factors in the chemical and physical 

microenvironment, like the electronic shielding, also affect the local field. The resulting field 

experienced by fat protons is lower than the one experienced by water protons in the same location. Or, 

if we look it in another way, the fat protons will resemble water protons experiencing a lower gradient 

field, that is, protons located at a different position. In this way, it’s impossible to know a priori what 
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species is generating the signal and from where (5-6). The result is a corruption called the chemical shift 

artifact and is shown in the scheme in Figure 2.2.  

The artifact arises at the interface between tissues: void and bright bands will show up in the image, 

depending on the direction of the gradient and if fat signal is erroneously reconstructed in the same 

voxel where water produces signal. The extent of the artifact can be computed from the receiver 

bandwidth and the size of the frequency-encoding direction sampling. For instance, given a receiver 

bandwidth of 100 kHz and 128 pixels in the frequency encoding direction, the pixel will cover a 

bandwidth of 100,000/128 = 781 Hz.  Knowing that the fat-water chemical shift difference at 9.4 T is 

about 1400 Hz, the extent of the artifact will be (1400 Hz) ÷ (781 Hz/pixel) = 1.8 pixels. Thus, shrinking 

the bandwidth will increase the artifact. Generally thus high bandwidth are used when dealing with fatty 

tissues, at the cost of a slightly decreased signal to noise ratio (3-4, 7). The chemical-shift artifact usually 

appears in the frequency encoding direction, with the exception of more sophisticated acquisition 

schemes like the EPI, where it appears in the phase-encoding direction. This happens because the phase 

difference in EPI is not refocused at every echo, as in the spin echo sequences, therefore fat and water 

will remain mismapped in both frequency and phase. It is also worth noting that chemical shift artifacts 

can also appear in the slice direction, since the encoding is performed through a frequency gradient as 

Figure 2-2 Chemical shift artifact.  
By having a lower resonance frequency than water, fat can be erroneously mapped in a different position during 
the frequency encoding. As a result, dark and bright bands are produced at the interfaces of bordering tissues. 
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well. Chemical-shift artifacts in the slice direction may appear as bright or dark areas around some 

structures or as subtle degradation of image quality (3-4). 

A second type of chemical shift artifact arises as a black contour around structures bordering with fat 

tissue. The dark signal is the result of destructive interference between water and fat, when both 

species are present in the voxel at the same time. Due to their different frequency, they evolve in the 

rotating frame at different speed and, at any given time the echo is sampled, that is, at any TE, they 

accrue different amount of phase. Over time, they will cyclically go in and out of phase with respect to 

each other. The final signal is going to be given by the vectorial sum of the two signals, from the 

maximum brightness when they are in-phase, to the minimum when they are perfectly out of phase and 

cancel each other. For an experiment ran at a 9.4 T field, this occurs at 𝑇𝐸 =
(2𝑛 + 1)

1400𝐻𝑧
⁄   with 

n=1, 2, … etc. This artifact is clearly occurring in GRE sequences, but it is not present in spin echo 

sequences, since the 180⁰ refocusing pulse brings back to phase all the pools at the center of the echo 

(2, 4). Given the occurrences just described, fat has historically been considered a nuisance in the way of 

a pristine MRI signal and several strategies to remove or isolate its signal have been developed. 

2.1.2 Fat suppression 

A first approach is to minimize the available fat magnetization before it can contribute to the signal 

formation. This can be performed by saturating the fat protons right before acquiring the image. The 

most widely used sequence to do this is the CHESS (chemical shift selective saturation), which is a simple 

module composed of a 90⁰ pulse followed by a spoiler gradient (8-9). The key to the technique is that 

the pulse is applied at a narrow spectral window around the fat methylene resonance, so that only fat 

spins are affected. Fat magnetization is first tilted to the transverse plane, and here its phase is 

dispersed by the spoiler gradient. The only magnetization left in the longitudinal plane is now water’s, 

which will be immediately imaged, before the T1 relaxation of fat can bring part of the signal back. The 
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CHESS technique gives its success to its simplicity and versatility, but suffers from B0 and B1 dependency. 

An inhomogeneous static field will result in the saturating pulse affecting other resonances and an 

imperfect exciting field will deliver suboptimal saturation in some part of the field of view. The 

technique benefits from high field scanners, where the separation between water and fat peaks is more 

marked and frequency selection more at reach (8-9).  

An alternative method exploits the difference in relaxation times between the species. It is the case of 

the STIR, or Short inversion Time Inversion Recovery (10-11). As the name suggests, it is based on the 

inversion recovery sequence. A 180⁰ pulse non selectively inverts the spins in the voxel. After some 

time, the magnetization will have recovered enough to cross the null point. At that moment, the 

readout module is applied. The key in this method is to carefully select the waiting time TI in order to 

match the time it takes the fat magnetization to cross the zero point. The resulting image formed 

immediately after will have thus no contributions from fat.  A great advantage of this technique is that it 

is insensitive to B0 and B1 inhomogeneity and can be generally adapted before any readout sequence. 

The flip side consists in long time and low SNR. In fact, due to its shorter T1, fat will reach the crossing 

point while water is still at the early phase of recovery and will provide just a little magnetization to the 

image (10-11). It is important to stress that the inversion pulse and subsequent recovery of longitudinal 

magnetization alters the image contrast, introducing a heavy T1 weighting, and is therefore not 

recommended when studying T1-shortening contrast agents. 
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The two techniques described so far can be combined into the SPIR (Spectral Presaturation with 

Inversion Recovery) (12-13). Here, a spectrally selective pulse inverts the fat resonance and the 

magnetization of water is probed at the time TI when fat is null.  This will lead to higher SNR than the 

parent sequence STIR, but will add the sensitivity to the fields typical of spectrally selective sequences. A 

variant that exploits adiabatic RF pulses for the presaturation, the SPAIR sequence, can reduce the 

dependency on B1 homogeneity (14).  

2.1.3 Selective excitation 

So far we’ve seen methods to suppress the fat signal. A different strategy is to not excite it at all, by 

exciting only the water signal. This can be carried out through a combination of spatial and spectral 

selection, so that, given a selected section, only one species is involved in the image formation. In order 

Figure 2-3 Signal evolution after an inversion pulse for different tissues.  
The STIR sequences performs fat suppression by choosing the inversion time TI equal to the nulling time of fat.  
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to perform this selection, a category of pulse schemes, the binomial pulses, can be used (15). The most 

basic example is the 1-1 scheme, shown in Figure 2.4. 

An RF pulse is initially applied nonselectively, irradiating both water and fat. As soon as the RF is turned 

off, the fat and water begin to lose phase coherence. When fat is precessing 180° out of phase to water, 

the RF pulse is applied again. The fat is at this point flipped back to the longitudinal axis and will not 

produce any signal, while the water experiences another excitation that is summed to the previous one. 

The waiting time for the out of phase condition can be computed as 𝜏 = 1
2∆𝑓⁄  where ∆f is the chemical 

shift difference between water and fat. The technique is relatively fast because there is no need for a 

spoiler gradient (16). It has a relatively high SNR and is insensitive to B1 heterogeneity. At higher fields, 

water excitation benefits from the wider spectral resolvability and shorter times between consecutive 

RF pulses; however, the shorter spacing implicates shorter RF pulses and stronger gradients, increasing 

SAR (17-18). It is also possible to use strategies with varying number of pulses and phases, with the 

sensitivity to B0 heterogeneities generally decreasing with sequence complexity (17). A variation of this 

concept is the basis for the sequence developed in Chapter 6 and 7. 

Figure 2-4 Scheme of the basic water excitation sequence.  
a) At equilibrium, both fat (yellow) and water (blue) are in phase. b) After a first RF pulse is applied, the two 
components tilt of a flip angle specified. c) After some given time, fat will have accrued 180⁰ of phase relative to 
water. d) After a second RF pulse is applied, fat is returned to the z-axis, while water is further tilted and will 
produce signal. 
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2.1.4 Water-fat separation 

Further methods to address the simultaneous presence of fat and water in the same voxel are the 

chemical shift encoded methods. Of these, the Dixon technique is the most successful. Originally 

introduced in 1984 (19), the Dixon technique is now a powerhouse brand that include many sequence 

variants and is the most widely adopted noninvasive method for fat-water separation.  

Since water and fat spins possess different precessing rates, their magnetization vectors rotate with 

respect to each other alternating in phase and out of phase states. When the spins are in phase, the 

total signal is proportional to their sum; when the spins are out of phase, at the opposite, the signal is 

proportional to the difference. In a gradient echo sequence, the appropriate choice of TE will determine 

the status of the relative spins phase, depending on the chemical shift. In the simplest case, the 

sequence consists of two repetitions at different TEs. The TE can be chosen precisely matching the in 

and out of phase conditions, and from a linear combination of them it’s possible to derive images of 

pure water o pure fat, according to: 

 
𝑊 =

𝐼𝑃 + 𝑂𝑃

2
,          𝐹 =

𝐼𝑃 − 𝑂𝑃

2
  

(1) 

The two-point Dixon is fast and easily implementable, but it is strongly affected by B0 inhomogeneity, as 

even a small shift in the fat resonance will cause an imperfect selection of the relative phase conditions 

(19-20). By adding more acquisitions at different TEs, the sequence gains resistance to inhomogeneity. 

There are now two-, three- and multi-points commercial sequences set up in scanners from all vendors 

for clinical routine. The key for the best results is the choice of the right TEs. In general, the longer the 

TE, the more robust is the fat/water separation, because the phase accrued is higher. But longer TE 

images suffer from low SNR and takes longer time to acquire, therefore a tradeoff must be reached. In 

reality, the signal behavior over time is more complex and needs more nuanced modeling. 
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A more realistic description of the fat profile would include multiple resonances, each one with a 

different chemical shift and prevalence. A general spectrum for triglycerides is shown in Figure 2.1. 

The total MR signal at time t is given by: 

  
𝑆(𝑡) = (𝑊 +  ∑ 𝛼𝑚

𝑁

𝑚
𝑒𝑖2𝜋∆𝑓𝑚𝑡)   𝑒𝑖2𝜋𝜑𝑡 𝑒

−
𝑡

𝑇2
∗
  

(2) 

where the coefficients 𝛼𝑚 represent the relative amplitude of the fat components and ∆𝑓𝑚 their 

chemical shift with respect to water. The second exponential describes the phase shift due to the local 

magnetic field and the last exponential takes into account the relaxation. At any given TE, the signal will 

be a combination of all N components at a different phase. In this form, the dependency on B0 is 

rendered explicit. The signal models developed on this basis are mainly characterized by the number of 

free parameters. In general, having additional free parameters offers more degrees of freedom and 

allows for more accurate modeling, but also requires more samples for a more robust fit (21-22). Taking 

into account transverse relaxation, in particular, improves the modeling substantially with a broader 

range of TEs.  

The most common artifacts encountered in Dixon methods are a local swapping of water and fat signal 

or a bleeding between two neighboring regions. The first is characterized by an abrupt transition 

between areas with correct and areas with incorrect assignment to water and fat signal, the second is 

visible as a smooth transition in signal intensity (23). In order to minimize the occurrence of these 

artifacts, more sophisticated reconstruction algorithms have been designed (24-25). Instead of a direct 

calculation of water and fat signal, Dixon methods now typically perform the separation in three steps. 

First, they calculate the solution for each component in the voxel, starting with an arbitrary initial value 

for the field 𝜑. The error from this solution is then used to estimate the error on the field phase. The 

solution is computed again after correcting the field map and the process repeated until the field error is 
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below a chosen threshold. Finally, after smoothing the map, since field variation are not expected to be 

abrupt but continuous, the solution for water and each fat component are recalculated with the final 

field map. This reconstruction, that can exploit both magnitude and complex data, has proven to greatly 

minimize the insurgence of artifacts in tissues, even in the presence of high field inhomogeneity. 

Nevertheless, it is still possible that the minimization descent in the algorithm encounters local minima 

for the field map, producing incorrect assignment of fat and water. To overcome this occurrence, several 

phase regularization methods implemented into the reconstruction, like the smoothing requirements 

mentioned above, have been proposed (26). Building on this seminal sequences, a number of other 

modifications and refinement have also been brought to light (4, 27-34). 

 

2.3 MR thermometry 

The measurement of temperature in biological tissue is one of the most fascinating and challenging 

tasks for radiological techniques.  

Most proton magnetic resonance parameters are temperature dependent: the resonance frequency or 

chemical shift, relaxation times (35-40), proton density or thermal equilibrium magnetization (41-42), 

and the diffusion coefficient (43-44). While the latter four parameters are interdependent, since they 

are obtained from the signal amplitude, the chemical shift can be derived just from the proton 

frequency and not from the other factors. 

2.3.1 Relaxation times 

The derivation of the analytic expression for relaxation times in the tissue from the known theory of 

relaxation is a hard task. Nevertheless, a working approximation sees the time T1 expressed in terms of 

the correlation time τc , (45-46) according to: 
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 1

𝑇1
=

2𝛾2𝐵𝑙𝑜𝑐
2

3

𝜏𝑐

1 + 𝜔0
2𝜏𝑐

2 
(3) 

where 𝛾 is the gyromagnetic ratio, ω0 the resonance frequency and Bloc the local field. This can be 

further reduced to: 

 1

𝑇1
∝ 𝜏𝑐 

(4) 

From this, knowing that τc is also inversely proportional to the temperature, we infer that T1 is directly 

proportional to temperature. This relationship has been described by: 

 
𝑇 =

𝑇1(𝑇) − 𝑇1(𝑇𝑟𝑒𝑓)

𝑚1
+ 𝑇𝑟𝑒𝑓 

(5) 

where m1 is a coefficient that varies for tissues with different macromolecular content and 

microstructure. For each different tissue, a different coefficient m1 has to be derived. T1 scales steeply 

with temperature, in fact it has been estimated that 1–3% changes can be detected per each degree 

Celsius in water, and even higher values in fat tissues (47-52). 

Unfortunately, conventional T1 measurement sequences like inversion recovery cannot be used in 

applications like ablative procedures, which are usually very fast. Quicker methods have been used, like 

dual-TR spin echo and sequences with variable flip angle (53-54). In the latter, two or more magnitude 

images acquired at different flip-angles are acquired and the T1 maps determined by a linearization of 

the signal equation. The method is generally not sensitive to B1 field inhomogeneities but is sensitive to 

error in flip angle estimation. In order to avoid the long flip angles mapping procedures, a study 

proposed to combine the method with a fast EPI readout, and greatly accelerated the sequence (50-51, 

55). Changes in T1 with temperature are reversible as long as temperature changes are contained, up to 

a temperature of 43 °C, in both water- and fat-based tissues. 
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The transverse relaxation time can also be used to study temperature. The local magnetic field varies in 

time due to the random thermal motions of the molecules, which results in variations in the spins’ 

frequency, and finally in an irreversible dephasing among the spins. The relaxation is again connected to 

the correlation time: 

 1

𝑇2
= 𝛾2𝐵𝑙𝑜𝑐

2 (𝜏𝑐 +
𝜏𝑐

1 + 𝜔0
2𝜏𝑐

2) 
(6) 

In free water, where spins are moving fast and are not restricted, τc will be short and the compartment 

will therefore have longer T2 values than other areas where the motion of the water molecules is 

restricted and the molecules move slower (49). The measurement of temperature through a series of T2 

maps relies again on a calibration factor and reference values: 

 
𝑇 =

𝑇2(𝑇) − 𝑇2(𝑇𝑟𝑒𝑓)

𝑚2
+ 𝑇𝑟𝑒𝑓 

(7) 

In the study on bovine fat mentioned earlier, it has been shown that different proton pools have 

different temperature coefficients m2, varying few percent points from CH2 to CH3 (49). T2 rises linearly 

with absolute temperature in the physiological range, and in a window of changes on the order of 5–7 

ms/°C (52, 57-58). Given the variability in the coefficients, in mixed areas, where water and fat have 

different m2, and their relative abundance and distribution is unknown, it is not possible to measure the 

change in T2 accurately. As for the pulse sequences, T2 -based approaches are either based on long 

multiple echoes from spin echo sequences (52), or sequences that combine two-echoes with FSE 

readouts, which deliver an image in 15 s (57-58). T2 -based thermometry is still a very open research 

area and a promising one, considering its high temperature sensitivity, especially compared to the 

longitudinal relaxation time. 
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2.3.2 Diffusion MRI 

Molecular diffusion depends on temperature according to the Stokes-Einstein formula:  

 𝐷 ≈  𝑒 −𝐸𝑎 (𝐷)/𝑘𝑇 (8) 

where D is the diffusion coefficient, T is the absolute tissue temperature, 𝐸𝑎 is the activation energy for 

translational molecular diffusion and k is the Boltzmann constant (59-60). Temperature changes will 

result in viscosity and diffusion changes which can be estimated by: 

 
𝛥𝑇 =  𝑇 − 𝑇𝑟𝑒𝑓 =  

𝑘𝑇𝑟𝑒𝑓
2

𝐸𝑎(𝐷)
 
𝐷 − 𝐷𝑟𝑒𝑓

𝐷𝑟𝑒𝑓
 

(9) 

where 𝐷𝑟𝑒𝑓is the diffusion constant measured at a reference temperature 𝑇𝑟𝑒𝑓. In this formula 𝐸𝑎is 

considered constant on the assumption that the temperature dependence of the activation energy is 

small, and that also the change in temperature is small compared to the reference: ΔT ≪ 𝑇𝑟𝑒𝑓.  The 

sensitivity of diffusion in vivo to temperature changes has been shown to be relatively high. Given an 

activation energy of 0.2 eV at 20 °C (60), the sensitivity can reach the range of 2.0–2.5 % per degree 

Celsius (61-62). However, practical difficulties in its application have hindered the spread of temperature 

measurements using the diffusion method. In particular, the high sensitivity to both physiological and 

bulk patient motion have severe impact on the results (63). Physiological factors can also corrupt the 

temperature measurement. For instance, cell swelling in ischemia can result in diffusion increases in the 

same way as temperature changes (64). Also, when temperature gradients are present in the same 

voxel, the water resonance frequency shifts, that in turn will disperse the spin phases, which can be 

misinterpreted as a change due to diffusion. The effect can even be heightened by the long TE values 

that are adopted in diffusion imaging. It is possible to avoid this effect altogether by using spin echo 

pulse sequences. Despite these challenges, diffusion weighted imaging has been used consistently to 

monitor relative temperature change (62-66).  
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2.3.3 Proton resonance frequency shift (PRFS) 

The resonance frequency of water protons in biological tissue is determined by two opposed forces: the 

external static magnetic field B0 and the currents induced in the electron cloud shielding the nuclei. 

When the temperature rises, the increased motion of water molecules leads to the stretching of the 

hydrogen bonds, eventually breaking them. The unbound electrons are then freer to move and exert a 

stronger current in the electron cloud, therefore increasing the shielding effect from the external 

magnetic field on the nuclei, resulting in a lower proton resonance frequency. 

A simple model can describe the thermal frequency shift. The resonance frequency is a function of the 

magnetic flux density B0, the volume susceptibility 𝜒 and electronic shielding with constant 𝜎: 

 𝜔(𝑇) = 𝛾𝐵0(1 − 𝜎(𝑇) + 𝜒(𝑇)) (10) 

It is possible to monitor changes in temperature by tracking the change in frequency respect to a 

reference condition: 

 ∆𝜔 = 𝜔 − 𝜔𝑟 = 𝛾𝐵0(𝜎𝑟 − 𝜎(𝑇) + 𝜒(𝑇) − 𝜒𝑟) (11) 

Since in water the susceptibility is expected to change little with temperature, we can neglect for now 

the susceptibility terms and we see that the chemical shift is solely dependent on the difference in 

shielding. When temperature changes, the water shielding scales linearly, (6-7, 21, 67): 

 ∆𝜎𝑊 = α∆𝑇 (12) 

and the chemical shift will scale accordingly: 

 ∆𝜔 = 𝛾𝐵0(∆𝜎𝑊) = 𝛾𝐵0(α∆𝑇) (13) 
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 where the coefficient α has been found conveniently stable across many tissues, around -0.01 ppm/⁰C. 

From the chemical shift, the change in temperature can thus be quantified and, short of a constant 

offset, also the absolute temperature. 

Magnetic resonance spectroscopy techniques can measure the chemical shifts. In this technique, an 

internal resonance is selected to reference all the spectrum. Conventionally, N-acetyl aspartate is used 

in the brain, since its frequency isn’t prone to shift. In breast experiments, lipid resonances have been 

used (68) and other nuclei with different resonances have been from time to time been proposed (69-

70). However, the relatively long data acquisition time, the low spatial resolution and coverage make 

MRS quite impractical in the study of biological tissues. 

After several studies proved its concept, instead, the phase mapping method grew up to be the most 

widely accepted for monitoring tissue temperature changes during thermal therapies (71-74). The PRF 

change is obtained from the voxelwise signal phase difference from gradient echo sequences at two 

different temperature stages (75-76): 

 
∆𝑇 =

∆𝜔

α
=

∆𝜑

𝛾𝐵0 α TE
 

(14) 

where ∆𝜑 is the phase difference and TE is the echo time of the acquisition. 

To achieve the optimal precision in PRF shift thermometry, the phase difference signal to noise ratio 

should be maximized. If the tissue variables are assumed to be relatively constant during the acquisition, 

the signal intensity will only depend on the imaging parameters. In a GRE sequence, the phase accrues 

linearly with time until the signal sampling at TE, so: 

 
𝑆𝑁𝑅∆𝜑 ∝ 𝑇𝐸 𝑒

−
𝑇𝐸
𝑇2

∗
 

(15) 
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where we can see that the optimal condition is a tradeoff between long TE for larger phase accrual and 

short TE for minor signal loss. 

Despite being the popular choice for the assessment of temperature in medical research, phase 

mapping is not free from many confounding factor that can corrupt the measurement. The phase 

difference changes with the magnetic field (77), tissue susceptibility (78), and motion (71, 79). Also, 

when other signals, from different pools like fat, are present in the voxel, they prevent the accurate 

calculation of the phase change in the water signal (80). Either these non-water signals are used as 

internal reference, or they surely should be suppressed. In addition, a temperature-dependent change 

in the susceptibility gradient between watery and fatty bordering tissues can corrupt irreversibly the 

temperature estimation (81). 

2.3.4 MR Thermometry in fat 

Thermometry based on PRFS in non-watery tissues, such as in fat depots, is not widespread due to the 

minimal shift in the protons in fatty acids, which do not have hydrogen bonding (82). Alternatively, 

techniques using T1-weighted or proton density images has been implemented (83). Methods exploiting 

the T2 relaxation time has been applied on swine and humans, requiring a previous signal calibration 

through ex vivo tissues (51-52). In a study on bovine fat tissue in vitro, the relaxation times of the major 

fat spectral components (methylene and terminal methyl) showed a linear correlation with 

temperature, albeit with different coefficients in the two components (69). Interestingly, in this study, 

the coefficients were similar in different specimens, therefore indicating that fat temperature could be 

quantified if the different components are successfully isolated.  

Sequences combining variable flip angles and multiple TEs have been used to quantify the T1-related 

coefficients in lipids and the frequency of water in a mixed tissue, although a formal optimization of the 

technique parameters is lacking (70, 84). Another technique combining PRF and T1 was proposed to 
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assess changes in temperature in watery and fatty tissues. The method was based on the Dixon 

sequence and detected signals without differentiating the chemical shift components of fat. The 

approach was successful and was extended to quasireal-time 3D fat and water temperature imaging 

during human breast tissue HIFU. The implementation, however, is not straightforward and requires a 

dedicated system (85-86).  

 

2.4 MRI in brown adipose tissue 

Several of the aforementioned techniques have been used for the study of brown and browning adipose 

tissue.  

2.4.1 Water-fat composition 

The protocols most often used to assess BAT morphology and to differentiate BAT from WAT are based 

on the quantification of water and fat relative content. In fact, BAT is more hydrated and has a reduced 

fat content, thus quantification of water–fat composition can be used to differentiate it from WAT. 

Single-voxel proton MRS or chemical shift encoding-based water–fat MRI are the two main approaches 

used for this purpose. Single-voxel proton MRS can be used to quantify water and fat content within a 

large voxel, by resolving the different peaks and thus measuring fatty acid composition (87). MRS 

acquisitions, however, requires long TR to minimize T1 weighting effects, and an acquisition with 

multiple TEs to correct for T2 weighting effects. These long acquisition times, together with voxel 

misregistration due to the sensitivity to physiological motion and strong susceptibility gradients in the 

tissue, cause severe spectral line broadening, which ultimately hinders the correct quantification of 

water and fat spin components in the tissue.  
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Chemical shift encoding methods have become probably the most widely used for BAT detection. These 

techniques can quantify the lipid content, or proton density fat fraction (PDFF), defined as the 

proportion of mobile proton density in tissue attributable to fat (88). PDFF has been measured with 

excellent linearity, accuracy, and precision across different field strengths and MR manufacturers and 

applied for the study of liver and other organs (89-90). The technique usually combines a multi-echo 

gradient echo acquisition with a reconstruction strategy to separate water and fat. The measurement 

also takes into account some confounding factors, like T1 bias (92-93), the presence of multiple fat 

peaks, T2∗ decay and some phase error effects (94-95). However, there is no systematic analysis on the 

effect of these confounding factors for BAT. Thus, the current approaches rely on methodologies 

developed in the study of other tissues (1, 91). Usually complex-based methods are preferred over 

magnitude-based methods, thanks to their reduced sensitivity to signal model mismatches, even though 

they bring about a stronger chance of phase corruption (96-98). The presence of inhomogeneous time-

varying magnetic field gradients can produce an incorrect field map estimation which results in the 

infamous water– fat swaps in the reconstruction. There is an abundance of field mapping techniques 

addressing such errors, by imposing a smoothness constraint on the field map estimation or by applying 

an a priori known magnetic field inhomogeneity, but a definitive solution has not been established (100-

101). 

A clear identification of BAT based on MRI fat fraction measurements alone is still challenging. In fact, 

BAT lipid content strongly depends on many physiological processes, factors like age, BMI, thermal living 

conditions, diet, and the variable response to acute and chronic exposure to cold or adrenergic 

stimulation (102-104). Furthermore, contrary to rodents, which have a large and homogeneous BAT 

depot such as the iBAT depot, humans have few small depots highly sparse in their composition. The 

greater BAT heterogeneity found in adult humans that, unlike mice, do not live under constant thermal 

stress, is probably the main reason for the conflicting results found in activation studies. 
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2.4.2 Microstructure 

Multiple previous works have shown that BAT has shorter T2∗ than WAT, both in mice and in humans 

(105-108). The shorter T2
∗ of BAT is due to its abundance of iron-rich mitochondria, which give to this 

tissue its characteristic brown color. Most of studies on the accuracy and precision of T2
∗ mapping have 

been carried out in aqueous tissues, and little is known about the performance of T2
∗ mapping in fatty 

tissues. A recent study showed that using a 20-multiecho gradient echo acquisition delivered a markedly 

decreased range of T2∗ value and standard deviation in supraclavicular and gluteal adipose tissue when 

compared to a shorter protocol with 6 echoes (109). This effect pointed out the variability of the results 

from different acquisition protocols, and the sensitivity of adipose tissue T2∗ quantification on the 

underlying fatty acid composition (109). 

Another technique that has been proposed to detect BAT is based on intermolecular multiple quantum 

coherences (iMQCs) between water and fat spins. iMQCs between 1H spins residing in the molecules can 

be made observable by using a combination of pulses and gradients that regulate the longitudinal 

magnetization by breaking its spatial isotropy, and regaining the effect of long-range dipolar field 

interaction between those spins that interact at a given correlation distance (110-111). The long range 

dipolar field will cause antiphase magnetization originating from iMQCs to evolve in an observable 

signal. The choice of a correlation distance in the scale of the cellular size can cause the longitudinal 

magnetization from water and fat spins that are only a few micrometers apart create the signal, while at 

the same time suppressing the iMQC signal between spins that are farther from each other, which likely 

reside in different tissues. The great novelty of this method is the ability to probe the tissue at the 

cellular level, a scale that is currently inaccessible by clinical MR techniques. The protocol was applied in 

vivo to map BAT distribution in mice and rats (112-113). Since the iMQC signal intensity scales as the 

square of magnetization density and thus as the square of the magnetic field strength, application in 

clinic scanners are still limited. Also, at 3 T, the time needed to the dipolar field to refocus the signal 



41 
 

originating from iMQCs is several hundreds of milliseconds— much longer than the characteristic 

transverse relaxation times of BAT, thus further limiting the detectable signal.  

Diffusion-weighted imaging can also probe tissue at the microscopic level and it’s been used for the 

assessment of BAT microstructure. However, no significant difference was found between an obese and 

a healthy subjects group in the only study that assessed its water diffusion. The founding of a slightly 

more restricted water in the obese BAT was explained by a reduced extracellular space due to the larger 

adipocytes (108). DW-MRS, the combination of diffusion weighting and spectroscopy, enables one to 

assess the diffusion properties of both water and lipid signals, without the need for fat suppression. 

Through it, by applying high b-value gradients at variable diffusion times, one can detect differences in 

cell size (114-115). The high b-values are required because fat diffuses 100 times slower than water. A 

lower ADC was found in the WAT samples of rats on a high fat diet compared to those on a normal chow 

diet. Again, the lower ADC was linked to longer fatty acid chain lengths and more saturated fatty acids in 

the triglycerides. Consistently, the smaller radii found for the BAT of chow diet rats agreed with the 

histological findings. In vivo, lipid droplet size measurements in organs like leg bone marrow have also 

been demonstrated (114-115). However, spin dephasing due to intra-voxel motion can result in 

confounding signal attenuation, which in turn leads to an overestimation of fat diffusion properties 

(116-117). In another study  in the human supraclavicular fossa, the impact of motion was reduced by 

referencing water to the fat peaks before fitting the ADC value (118). In this preliminary study, a more 

restricted diffusion behavior of the water signal in brown fat was found, which stands in contrast to the 

findings of the study using DWI (108, 119). Further measurements validated by histological assessment 

of the tissue are yet needed for a better modeling of the DW-MRS signal in BAT. 
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2.4.3 Perfusion 

The sympathic nervous system stimulation key to BAT activation typically is accompanied by an increase 

in tissue perfusion (120-121). In fact, during stimulation of thermogenesis, BAT vessels and capillaries 

are dilated to increase blood flow, while arterial–arterial shunts are used to divert blood from 

conventional WAT. A study using Dynamic Contrast Enhanced (DCE) MRI on the iBAT depot in rats 

assessed the blood flow after activation with adrenaline and found it higher than in a control group 

(122). Similarly, another study found three times higher uptake of contrast agent in cold-exposed rats 

compared to a thermoneutral control group (123). Another, more quantitative study correlated the 

uptake kinetics of DCE-MRI with fat content (124). The study showed an increase in tissue perfusion in 

both iBAT and inguinal beige fat after activation, together with a decrease in fat fraction. No study has 

yet used DCE-MRI in humans to study BAT. An alternative to T1-shortening gadolinium-based contrast 

agents, like the one used in DCE-MRI, are superparamagnetic iron oxide nanoparticles, that shorten T1, 

T2, and T2*. Monocrystalline iron oxide nanoparticles have been used to study BAT perfusion in rats after 

injection of a β3-adrenergic receptor agonist through the change in the signal intensity in T2-weighted 

images. However, a low accuracy was reported for this method (125). Alternatively, radioactively labeled 

superparamagnetic iron oxide nanoparticles (Triglyceride-Rich Lipoprotein (TRL)-59FESPIOs) have been 

tested, by embedding them into a lipoprotein layer to study the uptake of the nanoparticles by different 

organs, such as the liver, blood, muscle, and BAT. Cold-exposed mice showed a significant decrease of 

T2* in BAT compared to the control group, showing how lipid uptake can be an optimal target for the  

study of BAT metabolism (126). The BOLD effect linked to natural perfusion has been also exploited. In 

rodents undergoing noradrenergic stimulation, activation leaded to a decrease in blood oxygenation 

level and thus to a drop in T2
*, and to a consequent reduction in MR signal intensity, clearly observed 

near the Sulzer’s vein (127). In humans, whether the MR signal increases or decreases upon activation is 

still unclear. The same mechanism in fact leads to a change is susceptibility, which can adversary 
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confound the results. Specifically, a strong shift toward higher magnetic susceptibility gradients was 

detected during BAT activation in a mouse model after injection of a β3-agonist (127). 

Table 1. Summary of the main MR-based techniques for the study of BAT. 

  

Finally, Hyperpolarized xenon gas-enhanced MRI, a technique widely used to detect lung ventilation 

function in humans, has also been used to detect BAT, both in rodents and in humans (128-129). 

Because of the high solubility of xenon in lipids, the gas can accumulate in fat-rich tissues, like BAT, at a 

rate that is directly proportional to tissue perfusion and blood flow. As a result, changes in BAT blood 

flow can be detected as an increase in the lipid peak in Xenon MRI, after administration of the gas to the 

patient (129). 

Notwithstanding all these methods for the study of perfusion in BAT, however, a recent study showed 

that increased blood flow to BAT was observed in mice regardless of the amount of thermogenic 

activation (128-129). Therefore, it is worth noting that measurements of changes in BAT perfusion 

represent a promising way to probe BAT stimulation but do not reflect thermogenic response (130).  

Technique Information 
provided 

Specific 
to BAT 

Sensitive 
to ΔB0  

Advantages Disadvantages 

Chem shift 
encoded  

Fat fraction No Yes High SNR, resolution; fast 
acquisition. 

Phase artifacts 

T2*/QSM 
Iron 

content; 
Perfusion 

No Yes 
Fast acquisition 

Low SNR, many 
confounding effects 

DCE; SPIOs Perfusion No/Yes Yes High SNR Contrast agent 

DW MRS 
Diffusion; 

lipid droplet 
size 

Yes No 
Probes both water and fat; micro 

scale 

Requires large b-
values; motion; 

contradicting results 

iMQC 
Intracellular 

water-fat 
correlation 

Yes Yes 
Micro scale; no partial volume  

Low SNR, resolution; 
complex sequence;  

iZQC 

correlation 
distance/che

mical shift 

Yes Yes 
Micro scale; no partial volume; 

temperature measurement 

Low SNR, resolution; 
complex sequence; 
confounded by fat 
distribution 

Xe-MRI 
Xe deposit in 
fat; chemical 

shift 

Yes No 
Background-free; potentially both 

mass and activity information. 

Low SNR; resolution; 
contrast agent; 

special instruments 
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2.4.4 Thermogenesis 

BAT temperature measurements represent the most direct and accurate way to detect BAT metabolic 

activity, which is defined by oxidation of fatty acids in order to generate heat (131). Yet, so far, non-

invasive monitoring of thermogenic activity in rodents has been assessed almost entirely indirectly, by 

either measuring the resting energy expenditure with indirect calorimetry, by point-source temperature 

measurements, or by estimating the ability of animals to defend the core body temperature when 

exposed to cold challenge. Skin temperature measurements by infrared thermography are also used to 

detect BAT activation (132-133). However, these measurements are not very specific as they are 

influenced by other physiological responses, and suffer from a low penetration capability. 

MRI has a long tradition of thermometric use. In fact, many MR parameters can be exploited for the 

measurement, as described in the previous paragraph. In the majority of the applications, the 

temperature-induced proton resonance frequency shift of water is the preferred probe (126). 

Unfortunately, the technique suffer from some limitations in practice. On a standard 3T MRI system, for 

example, the temperature-induced shift of the water resonance resonance is only about 1 Hz/◦C, 

compared to the much higher shift caused by varying susceptibility gradients, magnetic field drift or 

motion artifacts, that range in 10–50 Hz. As mentioned before, the resonance frequency of lipid protons 

can sometimes be used to correct for macroscopic field inhomogeneity and motion (83). But care must 

be taken when the intra-voxel distribution of water and fat spins and the geometry of the distribution 

causes large difference in the local field experienced by the two chemically different spins, which result 

in severe temperature errors of a few degrees Celsius (134). Therefore, even though it is still possible to 

use PRFS for temperature monitoring in rodents, where BAT temperature can increase by more than 5◦C 

(135), it can be a hard task to measure the smaller temperature increase (1–2◦C) expected in human BAT 

during cold exposure.  
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A fascinating possibility would be the use of iMQC to remove the effect of magnetic field inhomogeneity 

and motion at the microscopic level. One particular type of iMQC signal, the intermolecular zero 

quantum coherence (iZQC), evolves as the difference in frequency between water and fat protons, 

resulting in removal of some inhomogeneous broadening at the microscopic level, and possibly enabling 

absolute temperature measurements in the tissue (136). In practice, this is precluded by the much 

higher sensitivity of the water–fat iZQC frequency to the spatial distribution of water and fat tissue at 

the microscopic level (137).  

Finally, the use of hyperpolarized 129Xe gas for MR thermometry measurements was demonstrated 

feasible in fatty tissues (188). The key to this method is the much higher temperature sensitivity (−0.2 

ppm/◦C) of the chemical shift of xenon dissolved in fat, compared to the sensitivity of conventional 1H 

MRI (-0.01 ppm/◦C). This methodology was demonstrated in both rodents and humans (128-129, 138), 

and the ability to directly measure absolute temperature in fat tissues was also demonstrated (128). In 

fact, this can be done by using the lipid resonance, which is coupled with the dissolved xenon, as an 

internal reference to remove the effect of magnetic susceptibility gradients. This methodology is to date 

the only MR-based approach that delivered reliable results, but requires injection of contrast agent and 

a dedicated instrumentation and analysis, not currently available at most laboratories. 

 

2.5 Z-Spectrum MR imaging 

This dissertation focuses on the implementation of Z-spectrum MR imaging in the study of fat. In the 

following, the basic principles of the technique and the relevance of its use in medical research are 

covered.  
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The technique aims to show the evolution of the longitudinal magnetization (the z-magnetization) as a 

function of the frequency offset. Since the water is by far the dominant molecular species present in the 

tissue, it is customary to reference the spectrum to the water resonance, as opposed to what happens in 

conventional NMR, where water resonate at 4.7 ppm referenced to tetramethylsilane (TMS, Si(CH3)4). 

At the beginning of the century, the Z-spectrum MRI found great relevance in the study of tissue 

metabolism thanks to the introduction of the CEST effect in the MRI arena. Chemical exchange 

saturation transfer (CEST) is the mechanism through which metabolites that exchange protons with the 

bulk water can produce a visible MRI signal (139). The sequence makes use of a long saturation pulse 

irradiated at the resonance frequency of a given metabolite. The protons just saturated by the RF will 

depart form the molecule and attach themselves to the water molecules surrounding the metabolite, 

which also will have donated a proton in the exchange. This chemical process is continuous and 

sustained throughout the duration of the long RF pulse. So, over time, protons saturated at the 

metabolite’s offset will accumulate into the water pool. The net effect will be a reduction in the signal of 

water, of an amount proportional to the concentration of the saturated metabolite and of its chemical 

exchange rate. By virtue of this accumulation, the MR signal from this metabolite is amplified hundreds-

fold compared to conventional MR Spectroscopy (140-141). The acquisition returns a stack of images 

with the contrast in each image depending on the saturated frequency offset. For each pixel, it is 

possible to generate a spectrum, the Z-spectrum. The calculation of the CEST effect is commonly 

performed by evaluating the difference between the amount of saturation transferred, that is, the 

reduction of the water signal at a specific offset, and a reference value, usually the offset at the 

symmetric side of the water resonance: 
(𝑆−𝜔 − 𝑆𝜔)

𝑆−𝜔
⁄ (142). 

CEST effects from amine, amide, sulfhydryl, and hydroxyl protons, each one with a specific resonance 

frequency range and associated with important endogenous metabolites, have been shown to provide 
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metabolic images of many healthy and pathological tissues, including brain (143-144), muscle (145-148), 

and cartilage (149), among others. ZSI images can reach high spatial resolution (down to 0.1/0.01 mm2 

in clinical/preclinical MRI) and can typically be acquired within 5 or 10 min, depending on the protocol.  

Now, the contrast mechanism produced by the presaturation is not restricted to CEST effects. In fact, 

the largest signal decrease in the Z-spectrum is due to those spins directly irradiated in the water pool, 

which are subsequently imaged, producing close to null signal. This is the direct saturation of water and 

can span over a wide range of frequencies, depending on the T2 of water, the homogeneity of the field 

and the intensity of the RF field applied. Other contrasts generated by the saturation pulse are the 

magnetization transfer from semisolid structures like macromolecules, which, having very short T2, 

presents with a very large linewidth (142); and the Nuclear Overhauser Enhancement effect, produced 

by the dipolar interaction from the metabolites, subsequently relayed to water through a CEST-like 

mechanism (140-142). All these different physical phenomena are encompassed in the structure of the 

Z-spectrum and can be highlighted or minimized by an accurate choice of the RF parameters or post 

processing strategies (140-142). The asymmetry analysis mentioned earlier, for example, has been 

introduced precisely with the intention of minimizing the impact of the large water direct saturation. But 

given the presence of many other contributors to the spectrum, alternatives processing methods have 

been proposed and among these, the most popular is surely the use of fitting models for the entire Z-

spectrum. Here we use a model consisting of the sum of multiple Lorentzian curves, each one 

representing the MR signal of a single component: 

 𝑆(𝜔) = 1 − ∑ 𝐿𝑚(𝛼, 𝛾, 𝜔)𝑁
𝑚  ,        𝐿𝑚(𝛼, 𝛾, 𝜔) =

𝛼

1+4
(𝜔−𝜔0)2

𝛾2

 (16) 
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Where 𝛼, 𝛾, 𝜔 represents the amplitude, linewidth and frequency offset for each peak, respectively. By 

fitting the Z-spectrum to this model, it is possible to extract information about the precise resonance 

frequency of each component, and its concentration, proportional to the amplitude of the curve.  

In this context, this technique has hardly ever been implemented in adipose tissue, since the fat spins 

resonating close to water produce important direct saturation peaks themselves. It is clear that if the 

prevalence of such peaks is of the same order of the water one, it is almost impossible to obtain 

uncorrupted CEST measurement, especially through the asymmetry analysis, and so several strategies 

has been designed to remove them (150-151).  

In this dissertation, the lipid signal will not be regarded as an artifact, but rather will be exploited and its 

direct saturation will be used in the production of biomarkers to study brown and browning adipose 

tissue. 

  

Figure 2-5 Z-spectrum MR imaging. 
 a) A series of saturation pulses are swept at different offsets and followed by image collection. b) Each image in 
the series shows a different contrast, depending on the saturated offset. c) In every pixel, the signal varies as a 
function of frequency. The Z-spectrum can be fitted to extract the isolated contribution from multiple proton 
pools. 
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3. MAPPING BROWN ADIPOSE TISSUE BASED ON FAT WATER FRACTION PROVIDED BY Z-

SPECTRAL IMAGING 
 

(Previously published as Scotti A, Tain RW, Li W, Gil V, Liew CW, Cai K. Mapping brown adipose tissue 

based on fat water fraction provided by Z-spectral imaging. J Magn Reson Imaging. 2018 Jun;47(6):1527-

1533.) 

3.1 Background and Introduction 

Over the recent years the study of fat has attracted increasing interest of clinicians and researchers as it 

grew from being considered a simple energy storage tissue to a much more faceted organ secreting 

hormones involved in critical functions, from metabolism regulation to motivation and depression(1,2). 

In particular, the last ten years have seen the resurgence of the interest in brown adipose tissue (BAT). 

This peculiar kind of fat has a great significance in whole-body energy balance, given to its property of 

converting triglycerides and glucose into heat, through the non-shivering thermogenesis process(3–6). 

Moreover, BAT has a great biological relevance in metabolic diseases and has been shown to be reduced 

in obesity and insulin resistance subjects(7–10). Localization and quantification of BAT reservoirs is 

therefore key to study the disrupted metabolic homeostasis and investigate potential treatment 

strategies.  

Currently, 18FDG-PET/CT is the standard method to detect BAT activation by measuring the increased 

glucose uptake due to BAT metabolism. However, it has been shown that 18F-FDG uptake can be fully 

maintained even when oxygen consumption and BAT thermogenesis are diminished, suggesting that 

increased BAT 18F-FDG uptake can occur independently of thermal function (11). Also, PET radiation 

exposure limits its application to longitudinal studies necessary for treatment assessment, and can only 

detect active BAT function, while it is unusable for measuring the resting-state BAT mass (12).  
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Conventional and novel MRI-based techniques have been used as well, in particular to target the 

structural difference in relative water and lipid content between brown and white adipose tissues 

(WAT). The latter in fact is characterized by large lipid droplets taking up most of the intracellular space, 

while BAT shares the space between smaller lipid droplets and other organelles immersed in the 

cytoplasm(12–14). The cell structural difference leads to a different balance of fat and water within the 

cells, providing a marker for MRI.  

Dixon multiecho MRI has an established track record in the study of fat and can differentiate white and 

brown adipose reservoirs, providing a measure of the relative amount of fat contained in the tissue, i.e. 

fat-water fraction(14,15). However, despite the valuable contribution of reconstruction algorithm like 

IDEAL (Iterative Decomposition of water and fat with Echo Asymmetry and Least square estimation), the 

technique still has some pitfalls, like the ever-present sensitivity to phase wrapping and B0 field 

inhomogeneity artifacts(16–19). On the other hand, innovative and promising approaches under 

development, such as multiple quantum coherence(20) and hyperpolarized Xe gas imaging(21), face 

challenges in signal to noise ratio and the requirement of exogenous contrast agents  and/or special 

instruments that are not readily available in most of the clinical scanners. 

Z-Spectrum Imaging (ZSI), based on the acquisition of multiple images following a saturation pulse swept 

over a short range of frequencies(22,23), shows both water and fat dips due to the direct saturation at 

their resonance frequencies. With these signals, fat-water fraction may be quantified and used to 

differentiate BAT from WAT and lean tissues. This technique is intrinsically immune from phase 

heterogeneity given that information on water and fat resonance and ΔB0 can all be determined from 

the Z-Spectrum. In this study, we aimed to address the efficacy of ZSI in fat-water fraction quantification 

and therefore BAT detection.  
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3.2 Materials and Methods 

The procedure was first tested on ex vivo tissue samples and calibrated on phantoms with known 

mixture of oil and water. It was then applied in vivo on healthy mice and finally translated to human 

subjects. All animals and human studies were performed according to protocols approved by the 

Institutional Animal Care and Use Committee and Institutional Review Board.  Signed informed consent 

was obtained by all volunteers. 

3.2.1 Ex vivo studies 

Specimens of fat and lean tissues were extracted from 3 healthy C57BL/6 mice (male, 7 weeks old). Lean 

muscle tissue from the flank, WAT from the visceral area and BAT from the interscapular depot were 

resected from freshly deceased animals and pressed into separate NMR tubes (5 mm in diameter, New 

Era Enterprises, Inc., Vineland, NJ, USA). For calibration purpose, a cylinder phantom (1cm diameter) 

was prepared containing water and peanut oil, chosen to mimic human triglycerides(24,25). In order to 

provide different fat / water ratios, the imaging slice (2.5 mm thick) was placed at an angle (56o was 

found to be optimal for this set up) crossing the oil-water interface such as to have a linear gradient of 

fat-water fraction in the image plane. The actual fat-water fraction was estimated geometrically from 

the sagittal T2 images as the fraction of oil volume covered within the slice depth at any position, 

resulting in partial volumes overlap of oil and water. 

MRI was carried out at an Agilent Varian 9.4T preclinical scanner with a 39 mm proton volume coil. A 

CEST sequence was used to acquire Z-Spectra with a square saturation pulse of 3.5 μT for 1s and 

frequency offsets ranging from -5 to 5 ppm at intervals of 0.25 ppm, together with ±10, ±20, ±100 ppm 

offsets. The saturation pulse was followed by single-slice fast spin echo (FSE) readout with parameters: 

FOV = 40 x 40 mm2, matrix size = 128 x 128, echo train length (ETL) = 16, effective TE = 4.9 ms, T1 delay 

time, i.e. the time between successive repetitions = 3 s. The acquisition time for the entire Z-Spectrum 
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was about 26 min. A WAter Saturation Shift Referencing (WASSR) scheme was adopted for correction of 

B0 inhomogeneity as previously reported(26). The sequence had a low-power pulse of 0.4 μT for 200 ms 

and frequency range from -1 to +1 ppm and same readout parameters as the Z-Spectrum Imaging. 

3.2.2 In vivo mouse study 

Four C57BL/6 male mice, 7 weeks old, were used in this study. As a general procedure for all the mice, 

anesthesia was induced by 2 % isoflurane, later maintained at 1–1.5 % in 100 % O2 via a nose cone with 

spontaneous respiration throughout the experiment. A rectal probe was used to monitor the body 

temperature, which was maintained at 33±0.5 °C via regulating the warm air flow into the scanner bore. 

Temperature and respiration rate were monitored using an MRI- compatible physiological monitoring 

system (Model 1025, SA Instruments Inc., Stony Brook, NY, USA). The interscapular region containing 

the largest known BAT depot in mice was placed in the center of the RF coil. First and second order 

shimming was performed in this area prior to the acquisition. T2-weighted images of the region were 

obtained for anatomical reference. Single slice Z-Spectrum was acquired through the center regions of 

interscapular BAT depot using the same protocol as in the ex vivo studies.  

3.2.3 In vivo human study 

The ZSI concept was then tested on healthy human subjects (n=5, male, age 30-40, BMI 21-27) at a 

clinical 3T MRI scanner (GE750, GE Healthcare, Waukesha, WI) with a 32 channels cardiac coil. The 

saturation pulse consisted of a train of 10 Hanning windowed saturation pulses 98 ms long with a 2 ms 

inter-pulse delay, resulting in a excitation of 3.5 μT for 1 s. Saturation was followed by a single shot 

FLASH readout with centric phase encoding order with parameters: slice thickness = 10 mm, flip angle = 

10°, shot TR = 6 s, TE = 3.2 ms, field of view = 48 × 48 cm2, matrix size = 128 × 128, and in-plane 

resolution = 3.75×3.75 mm2. CEST images were collected at 16 frequencies, specifically from -4.75 to 

4.75 ppm with 0.64 ppm intervals and a 100 ppm image for referencing. The acquisition time for 
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collecting the partial Z-Spectrum was about 3.5 min. In addition, a Dixon 6-points sequence with IDEAL 

reconstruction was acquired in the same session to quantify the fat fraction distribution. The sequence 

is the GE commercial version (IDEAL IQ), with a model including 6 fat peaks and 6 echoes: TE1 = 1.3 ms, 

ΔTE=2.0 ms, TR = 7.3s, matrix size = 256x256(27,28).  

3.2.4 Image processing 

To separately quantify the direct saturation of fat and water and the semi-solid MT effect, Z-Spectral 

data were first normalized to the reference signal at ±100 ppm and then fitted to a model that consists 

of three Lorentzian functions representing the three different compartments (Fig. 3.1).  

The amplitudes of the water (W) and methylene-fat (F) peaks were used to compute the fat-water 

fraction as: 

 
𝐹𝑊𝐹 =

𝐹

𝐹 + 𝑊
 

(17) 

The pixelwise FWF value was used to produce color-coded FWF maps and overlapped onto T2-weighted 

images for anatomical reference. To produce quantitative maps, a calibration was performed assuming 

FWF=0.9 in areas of pure fat and FWF=0 in lean tissue. 

Figure 3-1 ZSI processing. 
Z-Spectrum Imaging data are fitted to a multi-Lorentzian model including the peaks corresponding to water (cyan), 
fat (red) and MTC (green) pools. Total fit performance is good (R2>0.98) with residuals < 2%. 
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3.2.5 Statistical analysis 

The FWF maps were evaluated based on a priori knowledge of BAT depots distribution and values were 

presented as mean ± standard deviation and compared to results from previous published works.  

Fit performance was assessed by both the correlation coefficient and the residuals between the fit and 

the raw data. Average values from regions of interest in subcutaneous white and interscapular or 

supraclavicular brown fat were presented. Differences between tissue types both in vitro and in vivo 

were assessed by Student’s t-test and significance level was set to 0.05. Also, comparison to Dixon IDEAL 

fat water fraction was evaluated by t-tests in the human subjects. 

 

3.3 Results 

The Lorentzian fitting of a representative Z-Spectrum from ex vivo BAT tissue is shown in Fig. 3.1 with 

three peaks corresponding to fat, water and MTC. Z-Spectra were well fitted with an average R2>0.981 

and residues < 2%. Fig. 3.2a shows representative Z-Spectra from BAT, WAT, and lean tissue (muscle). Z-

Spectra from the extracted tissues were characterized by two major peaks corresponding to the water 

and lipid direct saturation. Samples containing white fat showed predominantly the peak originating 

from the methylene protons at -3.5 ppm from the water resonance (set at 0 ppm), while lean tissue 

samples showed only the water peak. Interscapular BAT samples showed apparently larger water dip 

than WAT. Maps of fat-water fraction were obtained for the three samples, clearly showing the 

difference in relative fat content (Fig.3.2b).  
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In the calibration phantom, the oblique placement of the imaging plane resulted in a linear gradient of 

oil and water composition as shown on the T2-weighted images (Fig. 3.3 a). As expected, FWF map 

derived from the Z-Spectral fitting showed the gradient of oil to water ratio across the oil-water 

interface (Fig. 3.3 b, c). The measured FWF values from the pixels crossing the oil-water interface were 

found to be linearly correlated to the actual fat water fraction (R2=0.986).  

 

Figure 3-2 ZSI results from extracted mouse tissues.  
Data are centered to water frequency. WAT and Muscle are characterized by either the fat or the water peak, 
while BAT shows a mixed contribution of both (a). Fat-water fraction can be derived from the fitted amplitudes in 
every pixel to produce colored maps (b).  W: Water; F: Methylene-Fat. 
 

Figure 3-3 FWF calibration in phantom containing a mix of peanut oil and water.  
(a) T2-weighted image displaying the oblique slice placement. The interface area shows a gradual mix of fat and 
water within the slice. (b) FWF map of the slice shows a linear gradient across the interface (dotted black box). (c) 
FWF scales linearly with the estimated fat volume fraction in the interface area (R² = 0.986). 
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In vivo data from healthy young mice confirmed the in vitro results. From the sagittal and axial T2-

weighted images covering the central region of the fat depot, we can identify the triangular shaped 

subcutaneous WAT and the two underlying lobes of BAT, the largest known BAT depots in the 

interscapular region. The FWF maps computed from this area showed that BAT has lower levels of fat-

water fraction than WAT. The fraction values were found comparable to what previously 

reported(14,29,30), ranging between 0.4 and 0.6 (0.54 ± 0.08) in the BAT lobes (Fig. 3.4b). The 

subcutaneous WAT identified on both T2-weighted and CEST images, instead, showed FWF values 

ranging from 0.7 to 0.9 (0.74 ± 0.06). Areas with predominantly lean tissues showed very low FWF (< 

0.3). After calibration, values were corrected to 0.62± 0.10 and 0.82 ± 0.04 for BAT and WAT respectively 

(Fig. 3.4 c). As expected, t-tests revealed that FWF in BAT was significantly different (p<0.004) from WAT 

in all animals and in the specimens sets.  

 

Figure 3-4 In vivo FWF heatmaps.  
T2-weighted images from healthy male mice, showing location of the interscapular BAT depot with respect to the 
WAT layer, in axial (left) and sagittal (right) orientation (a). Fat-water fraction maps superimposed to the same 
anatomical references before (b) and after (c) calibration.  
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The human study further demonstrated the capability of ZSI to characterize BAT. FWF map of the 

supraclavicular area, site of active BAT depots in adult humans, showed a heterogeneous FWF 

distribution compared to the homogeneous subcutaneous fat in the torso, with FWF values of 0.56 ± 

0.09, compared to 0.72 ± 0.04 of WAT. In addition, we found a high agreement in FWF spatial 

distributions between values derived from Z-Spectrum data and those produced by the Dixon’s method 

(Fig. 3.5 a,b). The agreement is further improved by the calibration performed using WAT from the torso 

and muscles as reference points (Fig. 3.5 c) resulting in no significant difference between the values 

evaluated in the ROIs (p>0.07). Fat-water fractions were 0.63 ± 0.07 for BAT and 0.83 ± 0.05 for WAT as 

evaluated by ZSI, while 0.55 ± 0.04 and 0.79 ± 0.03 as given by the Dixon MRI (Fig. 3.5 d). As expected, 

Dixon’s method occasionally rendered fat-water switch artifacts caused by phase wrapping during the 

IDEAL reconstruction. The artifact can be visualized in the whole neck region (Figure 3.5 a, arrow), where 

a high fat fraction value is assigned to areas containing lean tissue. No such errors were observed in the 

colormap derived from the ZSI method (Figure 3.5 b).  

 

Figure 3-5 FWF in human subjects. 
The protocol was tested at a clinical 3T scanner on healthy volunteers. FWF maps derived from Dixon MRI (a) and 
ZSI (b) show similar patterns. Similarity is further improved after calibration (c). Supraclavicular BAT depots (a-c, 
arrows) have lower fat content than the subcutaneous WAT. (d) No significant difference is assessed between the 
results from the two techniques in both brown and subcutaneous white fat. 
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3.4 Discussion 

We demonstrated in this study with in vitro and in vivo experiments that Z-Spectral imaging can 

measure the fat-water fraction in tissues based on the direct saturation of both water and lipid signals, 

providing a tool to quantify brown adipose tissue mass.  

Multi-point Dixon sequences with reconstruction algorithms like GE’s IDEAL have been often used to 

measure fat and water signals for BAT detection and differentiation from white fat. However, up to 10% 

of routine scans are affected by fat-water swapping artifacts, due to algorithm’s convergence to local 

minima in areas where phase is wrapped(16,17,31,32). The novel ZSI method is inherently insensitive to 

phase wrapping and field inhomogeneity issues. Z-Spectrum Imaging can provide the signal of each 

component alone through fitting, with no prior knowledge about the chemical shifts of either pool, 

producing B0-insensitive fat-water fraction maps. For the same reason, ZSI is also independent from 

chemical shifts induced by environmental factors, like local susceptibility and temperature variations. 

Conventional multiecho sequences instead, rely on the assumption that the chemical shift between 

water and fat is constant and do not take into account such confounding factors(16,18).  

It is also worthwhile to note that chemical shift encoded techniques (such as the Dixon’s method) can 

suffer from T2* biases(29). In fact, the different signal losses between the in- and out-of-phase echoes 

due to varying TEs and hence T2* decays of water and fat can erroneously be attributed to phase 

cancellation and lead to an inaccurate quantification of FWF. Currently this effect has been reported 

only in cases of very short T2*, like in fatty livers with excessive iron(29), and the T2* impact on high 

vascularized BAT tissues remains to be explored. In any case, ZSI is carried out at the same TE for each 

frequency offset and is immune to T2* decay issues.  

The calibration of the ZSI technique with oil and water phantoms revealed a linear relationship between 

the computed and actual FWF, allowing for a straightforward interpretation of quantitative results. 
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In the images, the transition area between the fluids appears curvilinear. This is likely caused by the fact 

that the oblique orientation of the imaging plane cuts through the interface in a cylindrical probe, but it 

is also due to the curvature induced by the different superficial tension in the two fluids at the interface. 

Nevertheless, the area where the transition is linear is clearly visible and extends for more than 10 pixels 

along the whole curve profile.  

The  same phantom design we used in the calibration was previously adopted by other influential 

studies(33). Such design provides a continuous range of fat water fraction from 0 to 100%, artificially 

created from the partial volume effect of oil present in an imaging slice obliquely crossing the oil-water 

interface. Given its starkly hydrophobic nature, oil doesn’t mix with water naturally and it’s challenging 

to obtain homogeneous mixtures with controlled ratios of the two species. Other groups addressed this 

limitation by using emulsifiers to bind oil molecules to water, and agar or other gelling agents to trap the 

emulsion in a stable phase(24,34). Although this approach can deliver satisfactory compounds at low fat 

fractions, it fails almost completely to produce stable mixture at increasing fat content (from 

FWF>50%)(24,35). Moreover, the mixing procedure during the gel cooling phase always entails the risk 

of creating air bubbles and inhomogeneous density distributions. Aware of this practical limitation, we 

opted for this imaging method relying on partial volume effect.  

It must be noted, though, that the imaging device we produced is simply a simulation of the partial 

volume effect, not exactly a replica of the BAT structure at the cellular scale, which is characterized by a 

mixed composition of water and fat droplets within the cell. Nevertheless, this method allows us to 

validate and calibrate our technology for the quantification of FWF. Also, the calibration performed in 

vitro doesn’t translate directly to the in vivo quantification given that the calibrated slope may change 

with tissue relaxation times and imaging parameters.  Calibrations can nevertheless be easily established 

for any in vivo applications with only two required reference data points, for example by setting the FWF 

of subcutaneous WAT to 0.9 and muscle to 0, according to published results(35,36). 
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Similarly to the present study, other works used MR spectroscopy or spectroscopic imaging to measure 

FWF difference between BAT and WAT(35,37). Although the basic principles are similar, our approach 

has a number of advantages by providing higher spatial resolution and taking shorter acquisition time. 

While shorter than MRS methods, the acquisition time in ZSI is still the limiting factor when compared to 

Dixon MRI. However, fast imaging technologies are being increasingly applied to CEST 

techniques(38,39),  and we foresee that reasonable scanning time will bridge 3D ZSI to wide clinical 

applications in the near future. 

Another potential limitation is the use of a single peak to model the lipid compartment, which has been 

described by up to 9 small resonant groups(18,32,39). Even though the fitting of the methylene peak 

alone provided a reliable FWF quantification in this study, the inclusion of the smaller contributions in a 

Z-Spectrum acquired with a lower and shorter saturation pulse may reveal intriguing results about tissue 

lipid composition.  

Other players can also contribute to the Z-Spectrum, like CEST effects from exchanging protons and 

Nuclear Overhauser Enhancement (NOE) effects from dipole-dipole interactions between semi-solid 

components and water. However, such contributions are expected to be small compared to the 

dominant direct saturation on water and fat signals. In fact, the current fitting is accurate enough to 

render negligible errors (<2%) across the entire Z-spectrum. Further investigation of these smaller 

components may be used to study the metabolism of fat tissues, which will be our future work.  

The spatial resolution used in this study is not high and can be improved by increasing the matrix size 

during the signal short acquisition, without notably increasing the acquisition time. However, due to the 

sparse nature of BAT distribution, high resolution imaging is definitely beneficial while not critically 

important for the quantification of fat water fraction. 
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Finally, we decided not to study the correlation with a widespread technique like 18FDG-PET. In fact, we 

already mentioned how PET may have biases in the detection of active BAT and is virtually insensitive to 

inactive BAT(11,12). In addition, we feel that the comparison of FWF data with fat fractions derived 

geometrically (in phantoms) or from Dixon MRI (in vivo) sufficiently validates the ZSI strategy. 

Nevertheless, we plan to further characterize the technique by including the aforementioned 

correlations and by increasing the sample size in future studies.  

In conclusion, Z-Spectrum Imaging has been demonstrated in this study to be a potentially valuable tool 

in the measurement of brown fat mass in vivo in preclinical and clinical settings. Unlike other chemical 

shift based imaging methods, this novel technique is insensitive to imaging phase issues and field 

inhomogeneity.  ZSI for the quantification of BAT may therefore serve as an important novel tool for the 

diagnosis and treatment of metabolic diseases.  

 

3.5 Summary 

Brown adipose tissue (BAT) has a great relevance in metabolic diseases and has been shown to be 

reduced in obesity and insulin resistance patients. Currently, Dixon MRI is used to calculate fat-water 

fraction (FWF) and differentiate BAT from white adipose tissue (WAT). However, it may fail in areas of 

phase wrapping and introduce fat-water swapping artifacts. The purpose in this study is therefore to 

investigate the capacity of the Z-Spectrum Imaging (ZSI) for the identification of BAT in vivo.  

As a proof of concept, WAT, BAT and lean tissue from healthy mice were studied ex vivo on a 9.4T 

preclinical scanner. Four C57BL/6 healthy mice were then assessed in vivo, and finally 5 healthy 

volunteers were studied at 3T.  

Z-Spectra data were fitted to a model with three Lorentzian peaks reflecting the direct saturation of 

tissue water (W) and methylene fat (F), and the magnetization transfer from the semi-solid tissues. The 
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peak amplitudes of water and fat were used to map the FWF. The novel FWF metric was calibrated with 

an oil and water mixture phantom and validated in specimens, mice and human subjects. FWF 

distribution was compared to published work and values compared to Dixon's MRI results. Comparisons 

were performed by t-tests. 

ZSI clearly differentiated WAT, BAT, and lean tissues by having FWF=1, 0.5 and 0 respectively. 

Calibration with oil mixture phantoms revealed a linear relationship between FWF and the actual fat 

fraction (R2=0.98). In vivo experiments in mice confirmed in vitro results by showing FWF=0.6 in BAT. 

FWF maps of human subjects showed the same FWF distribution as Dixon’s MRI (p>0.07). ZSI is 

independent from B0 field inhomogeneity and fat-water swapping since both lipid and water frequency 

offsets are determined simultaneously during Z-Spectral fitting.  

In conclusion, we demonstrated that ZSI can derive artifact-free FWF maps, which can be used to 

identify BAT distribution in vivo non-invasively. 

  



77 
 

Bibliography 

1.  Ruegsegger GN, Booth FW. Running from disease: Molecular mechanisms associating dopamine 

and leptin signaling in the brain with physical inactivity, obesity, and type 2 diabetes. Front Endocrinol 

(Lausanne). 2017;8(MAY):1–8.  

2.  Rajan T, Menon V. Psychiatric disorders and obesity: A review of association studies. J Postgrad 

Med. 2017;63(3):182.  

3.  Herrero L. Fatty acid metabolism and the basis of brown adipose tissue function. Adipocyte. 

2016;5(2):98–118.  

4.  Chen Y, Pan R, Pfeifer A. Fat tissues , the brite and the dark sides. Pflügers Arch - Eur J Physiol. 

2016;1803–7.  

5.  Nicholls DG. The hunt for the molecular mechanism of brown fat thermogenesis. Biochimie. 

2016;1–10.  

6.  Cypess AM, Haft CR, Laughlin MR, Hu HH. Brown Fat in Humans: Consensus Points and 

Experimental Guidelines. Cell Metab. 2015;20(3):408–15.  

7.  Beijer E, Schoenmakers J, Vijgen G, Kessels F, Dingemans A, Schrauwen P, et al. A role of active 

brown adipose tissue in cancer cachexia ? Oncol Rev. 2012;6:88–94.  

8.  Trayhurn P. Origins and early development of the concept that brown adipose tissue 

thermogenesis is linked to energy balance and obesity. Biochimie. 2016;  

9.  Wu B, Warnock G, Zaiss M, Lin C, Chen M, Zhou Z, et al. An overview of CEST MRI for non-MR 

physicists. EJNMMI Phys. 2016;3(1):19.  

10.  Cristina T, Bargut L, Aguila MB, Mandarim-de-lacerda CA. Tissue and Cell Brown adipose tissue : 

Updates in cellular and molecular biology. Tissue Cell. 2016;48(5):452–60.  

11.  Abreu-vieira G, Hagberg CE, Spalding KL, Cannon B, Nedergaard J. Adrenergically stimulated 

blood flow in brown adipose tissue is not dependent on thermogenesis. Am J Physiol Endocrinol Metab. 

2015;822–9.  

12.  Gifford A, Towse TF, Walker RC, Avison MJ, Welch EB, Gifford A, et al. Characterizing active and 

inactive brown adipose tissue in adult humans using PET-CT and MR imaging. Am J Physiol Endocrinol 

Metab. 2016;i(2):95–104.  

13.  Chen Y, Pan R, Pfeifer A. Fat tissues , the brite and the dark sides. Pflügers Arch - Eur J Physiol. 

2016;1803–7.  

14.  Hu HH, Jr. DLS, Nayak KS, Goran MI, Nagy TR. Identification of Brown Adipose Tissue in Mice 

with Fat-Water IDEAL-MRI. J Magn Reson Imaging. 2010;31(5):1195–202.  

15.  Hamilton G, Jr. DLS, Bydder M, Nayak KS, Hu HH. Magnetic resonance properties of brown and 

white adipose tissues. J Magn Reson Imaging. 2012;34(2):468–73.  



78 
 

16.  Bley TA, Wieben O, Francois CJ, Brittain JH, Reeder SB. Fat and water magnetic resonance 

imaging. J Magn Reson Imaging. 2010;31(1):4–18.  

17.  Ladefoged CN, Hansen AE, Keller SH, Holm S, Law I, Beyer T, et al. Impact of incorrect tissue 

classification in Dixon-based MR-AC: fat-water tissue inversion. EJNMMI Phys. 2014;1(1):101.  

18.  Yu H, Shimakawa A, Hines CDG, Mckenzie CA, Hamilton G, Sirlin CB, et al. Combination of 

Complex-Based and Magnitude-Based Multiecho Water-Fat Separation for Accurate Quantification of 

Fat-Fraction. MRM. 2012;66(1):199–206.  

19.  Glover GH. Multipoint Dixon Technique for Water and Fat Proton and Susceptibility Imaging. 

JMRI. 1991;1:521–30.  

20.  Branca RT, Zhang L, Warren WS, Auerbach E, Khanna A, Degan S, et al. In Vivo Noninvasive 

Detection of Brown Adipose Tissue through Intermolecular Zero-Quantum MRI. PLoS One. 2013;8(9).  

21.  Branca RT, He T, Zhang L, Floyd CS, Freeman M, White C, et al. Detection of brown adipose 

tissue and thermogenic activity in mice by hyperpolarized xenon MRI. Proc Natl Acad Sci. 

2014;111(50):18001–6.  

22.  Grad J, Bryant RG. Nuclear magnetic cross-relaxation spectroscopy. J Magn Reson. 1990;90(1):1–

8.  

23.  Ward KM, Aletras AH, Balaban RS. A new class of contrast agents for MRI based on proton 

chemical exchange dependent saturation transfer (CEST). J Magn Reson. 2000;143(1):79–87.  

24.  Holmes JH, Johnson KM, Hernando D, Reeder SB, Samsonov A. Magnetization transfer ratio ( 

MTR ) imaging in the presence of fat. In: Intl Soc Mag Reson Med. 2015. p. 100651.  

25.  Lunati E, Farace P, Nicolato E, Righetti C, Marzola P, Sbarbati A, et al. Polyunsaturated Fatty 

Acids Mapping by 1 H MR-Chemical Shift Imaging. Magn Reson Med. 2001;883:879–83.  

26.  Kim M, Gillen J, Landman BA, Zhou J, Peter CM. WAter Saturation Shift Referencing (WASSR) for 

chemical Exchange Saturation Transfer Experiments. 2010;61(6):1441–50.  

27.  Lilburn DML, Cooper AS, Murphy P, Sinclair CDJ, Semple SI, Janiczek RL. Initial experience using 

Magnetization Transfer with Iterative Decomposition of water and fat with Echo Asymmetry and Least-

squares estimation ( MT-IDEAL ) in the abdomen . In: Intl Soc Mag Reson Med. 2015. p. 1744.  

28.  Healthcare GE. Discovery TM MR750, a 3.0T system. Tech data. 2009;  

29.  Hu HH, Hines CDG, Smith Jr DL, Reeder SB. Variations in T2* and Fat Content of Murine Brown 

and White Adipose Tissues by Chemical-Shift MRI. MRM. 2013;30(3):323–9.  

30.  Prakash KNB, Srour H, Velan SS, Hsiang-Kai C. A method for the automatic segmentation of 

brown adipose tissue. Magn Reson Mater Physics, Biol Med. 2016;29(2):287–99.  

31.  Reeder SB, Wen Z, Yu H, Pineda AR, Gold GE, Markl M, et al. Multicoil Dixon Chemical Species 

Separation With an Iterative Least-Squares Estimation Method. Magn Reson Med. 2004;45(July 

2003):35–45.  



79 
 

32.  Ma J. Dixon Techniques for Water and Fat Imaging. JMRI. 2008;558:543–58.  

33.  Fuller S, Reeder S, Shimakawa A, Yu H, Johnson J, Beaulieu C, et al. Iterative decomposition of 

water and fat with echo asymmetry and least-squares estimation (IDEAL) fat spin-echo imaging of the 

ankle: Initial clinical experience. Am J Roentgenol. 2006;187(6):1442–7.  

34.  Qiang G, Kong HW, Xu S, Pham HA, Parlee SD, Burr AA, et al. Lipodystrophy and severe 

metabolic dysfunction in mice with adipose tissue-speci fi c insulin receptor ablation. Mol Metab. 

2016;5(7):480–90.  

35.  Peng X, Ju S, Fang F, Wang Y, Fang K, Cui X, et al. Comparison of brown and white adipose tissue 

fat fractions in ob, seipin, and Fsp27 gene knockout mice by chemical shift-selective imaging and 1 H-MR 

spectroscopy. Am J Physiol Endocrinol Metab. 2013;(30):160–7.  

36.  Zhang Q, Kuang H, Chen C, Yan J, Do-umehara HC, Dada L, et al. Highly-accelerated CEST 

Measurements in Three Dimensions with Linear Algebraic Modeling. Proc Intl Soc Mag Reson Med 24. 

2015;16(5):458–66.  

37.  Boesch C, Machann J, Vermathen P, Schick F. Role of proton MR for the study of muscle lipid 

metabolism. NMR Biomed. 2006;(2):968–88.  

38.  Dixon WT, Hancu I, Ratnakar SJ, Sherry AD, Robert E, Alsop DC. A Multislice Gradient Echo Pulse 

Sequence for CEST Imaging. Magn Reson Med. 2010;63(1):253–6.  

39.  Hines CDG, Yu H, Shimakawa A, McKenzie CA, Brittain JH, Reeder SB. T1 independent, T2* 

corrected MRI with accurate spectral modeling for quantification of fat: Validation in a fat-water-SPIO 

phantom. J Magn Reson Imaging. 2009;30(5):1215–22.  

  



80 
 

4. CHARACTERIZATION OF BROWN ADIPOSE TISSUE (BAT) IN POLYCYSTIC OVARY SYNDROME 

(PCOS) PATIENTS BY Z-SPECTRUM IMAGING (ZSI)  
 

(Previously published as: Li L, Scotti A, Fang J, Yin L, Xiong T, He W, Qin Y, Liew C, Khayyat N, Zhu W, Cai 

K. Characterization of brown adipose tissue (BAT) in polycystic ovary syndrome (PCOS) patients by Z-

Spectral Imaging (ZSI). Eur J Radiol. 2020 Feb; 123:108777.) 

4.1 Introduction 

Polycystic ovary syndrome (PCOS) is a common reproductive female disorder which can affect women's 

health during different stages of reproductive and post-reproductive life. The worldwide occurrence of 

PCOS ranges from 6 % to 21 % according to the ESHRE/ASRM 2003criteria [1]. PCOS is frequently 

associated with several metabolic con-sequences [2, 3], although the mechanism underlying this 

association is still not clear [4]. A majority of patients with PCOS demonstrate obesity, abdominal 

adiposity, and chronic insulin resistance. As a result of their insulin resistance and suboptimal 

compensatory hyperinsulinemia, patients with PCOS are at increased risk for metabolic syndrome, type 

2 diabetes mellitus and cardiovascular disease [2, 3]. In the study of metabolic disorders, researcher 

have recently focused on brown adipose tissue (BAT), a subtype of fat that can affect the whole-body 

metabolism by producing heat to improve glucose tolerance, increase insulin sensitivity, and promote 

weight loss [5]. Given that the majority of patients with PCOS demonstrate obesity and chronic insulin 

resistance [2, 3], and the loss of the weight in PCOS patients is associated with the resumption of 

ovulation [6], the relationship between PCOS and BAT can potentially carry insight of the treatment of 

PCOS. 18F-FDG PET/CT scanning is the most commonly used non-invasive method for determining the 

presence of active BAT in humans, relying on the glucose uptake in the activated state of BAT. PET/CT-

based BAT analysis has recently been challenged [7,8]. Fundamentally, the precise correlation between 

18F-FDG uptake and BAT thermogenesis is not fully validated [8–10]. It has been shown that 18F-FDG 
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uptake is fully maintained even when BAT thermogenesis are diminished, suggesting that increased BAT 

18F-FDG uptake may occur independently of thermal function at least in some instances [11, 12]. The 

other limitation for PET/CT imaging is the radiation exposure, preventing frequent longitudinal 

examinations [13, 14]. Therefore, alternative approaches are desirable. To date, conventional and novel 

MRI techniques [15–20] have been used to detect BAT mass. Due to relatively reduced fat content in 

BAT compared to white adipose tissues (WAT) [21], fat-water fraction (FWF) has emerged as a natural 

biomarker for the detection of BAT [7,22, 23]. Dixon MRI and Z-spectral imaging (ZSI) have been used to 

calculate the FWF and detect BAT in vivo, with the latter overcoming the inherent sensitivity to phase 

artifacts due to direct saturation of both water and fat signals [22]. In addition, the image processing for 

ZSI quantification of FWF is relatively simple. In this study, therefore, we aimed to characterize BAT mass 

and function in PCOS by using ZSI. 

 

4.2. Materials and methods 

4.2.1. Subjects  

The study was performed with approved IRB protocols and all subjects signed informed consent. The 

study included 3 groups of subjects: 1) 19 healthy female controls (NCF), between 24–34 years old with 

normal ovulation (BMI: 20.24 ± 1.90). 2) 17 healthy male controls (NCM), between 22-35years old (BMI: 

22.58 ± 1.57). 3) 13 female patients with polycystic ovary syndrome (PCOS), between 20–33years old 

(BMI: 25.76 ± 3.64). The exclusion criteria of the three groups were 1) if subjects have systemic diseases 

(hyperthyroidism or hypothyroidism, hypertension, diabetes, cancer, or acute infection); 2) if subjects 

have medication history (taking β-blockers, antidepressants, oral contraceptives and drug abuse history) 

and history of surgery and drug allergy. On the other hand, the inclusion criteria for PCOS [1] were 1) if 

patients meeting two or more of the following criteria: scanty menstruation or anovulation, 
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hyperandrogenism, ovarian morphological changes based on ultrasound (12 or more small follicles in 

one or two ovaries, or ovarian volume greater than 10 cm3); 2) if ovulation disorders or 

hyperandrogenism were not caused by other diseases; 3) The patients did not take any medications. 

Some biological and physiological information were also collected from subjects including general 

conditions (history of smoking and drinking, and exercise intensity) and physical examinations (heart 

rate, blood pressure). Also, there are additional information collected for the PCOS subjects, including 

hematology results (blood glucose and insulin concentrations in oral glucose tolerance test (OGTT)) for 

the determination of insulin resistance [24] and serum hormone levels for hyperandrogenism [25]. 

4.2.2. Imaging protocols 

MRI scans were performed using a 3 T MR scanning system (GE Discovery MR 750; GE Healthcare, 

Waukesha, WI, USA) with a 32-channel torso coil. All the scans were completed before 1 pm of the 

examining day in winter time (January - April) and the temperature in the scanner was maintained at 18 

°C to narrow the BAT differences caused by time changes. All the subjects wear the hospital gown to 

standardize the clothing condition, and they had breakfast 2 h to being not fasted and did not have 

smoking or caffeine intake for 2 days before the scan. All NCF subjects were scanned within 1–2 days 

after the menstrual period when metabolic rate is stable [26]. T2-weighted coronal anatomical body 

images were acquired as follow: fast spin echo (FSE) sequence with repetition time (TR) of 4 sand echo 

time (TE) of 85 ms, matrix size of 320 × 224, field of view (FOV) of 46 × 46 cm2, and slice thickness of 5 

mm. Single-slice ZSI data was then acquired on the optimal BAT coronal section in the supraclavicular 

area. The slice selection was based on the T2-weightedimages. The pre-saturation pulse of the ZSI 

sequence consisted of a train of 4 saturation pulses with magnitude of 0.94μT, 50 ms each, resulting in a 

total saturation duration of 200 ms, followed by a single-shot fast spin echo (FSE) readout with 

parameters: slice thickness =5 mm, TR = 6 s, TE = 2.7 ms, FOV = 46 × 46 cm2, and matrix size = 128 ×128. 

ZSI images were collected at 43 pre-saturation frequencies from -5 to 5 ppm with 0.25 ppm intervals and 
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+100 ppm for signal normalization. The total acquisition time for collecting the ZSI data was 4 min and 

25 s. In addition, a 6-point Dixon MRI with the commercial GE version (IDEAL IQ) reconstruction was 

performed using parameters TE1= 1.3 ms, ΔTE = 2.0 ms, TR = 7.3 s, and matrix size = 160 × 160.  

4.2.3 Image processing  

The collected Z-spectra contain information for the direct saturation of fat and water. To separately 

quantify these components, Z-spectra were first normalized to the reference signal at +100 ppm and 

then fitted to a model consisting of multiple Lorentzian functions representing the different 

compartments. For the fat components [22, 23], 6 Lorentzian functions were prescribed with offsets 

tightly constrained to the main methylene peak location (-3.4 ppm from water resonance).The lipid 

offsets are -3.8 ppm, -3.4 ppm, -2.67 ppm, -1.93 ppm, -0.5 ppm and 0.61 ppm, respectively. The 

amplitudes of the fitted water (W) dip and the main methylene-fat (F) dip were used to compute the fat-

water fraction as FWF = F/ (F + W). The pixel-wise FWF value was used to produce color-coded FWF 

maps which were then overlapped onto the raw ZSI images. All the tissue within the manually-drawn 

supraclavicular area was then classified as WAT, BAT, or muscle based on FWF thresholds determined as 

described below. The histogram distribution of FWF from the supraclavicular region of interest was 

created. In reference to our preview study [22] and other studies [7, 23], the FWF distribution with the 

highest FWF represented WAT, with FWF ranging from 0.7 to 1. The FWF distribution with lowest FWF 

values (FWF < 0.4) represented muscle, and the midlevel distribution was considered to be BAT. Based 

on these thresholds, three separated masks were generated corresponding to WAT, BAT, and muscle. 

Two major parameters were quantified: BAT fraction (BATf), defined as the normalized area of BAT over 

the total fat (Eq. 19) and the average FWF value within BAT area or FWF(BAT) (Eq. 20), 

 
𝐵𝐴𝑇𝑓 =

𝐵𝐴𝑇

𝐵𝐴𝑇 + 𝑊𝐴𝑇
 

(18) 
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𝐹𝑊𝐹(𝐵𝐴𝑇) =

∑ 𝐹𝑊𝐹𝑖
𝑛
1

𝑛
 

(19) 

Where 𝐹𝑊𝐹𝑖 represents the pixel-wise FWF value within the BAT segmentation and n represents the 

total number of BAT pixels. 

4.2.4. Statistical analysis 

Differences among the parameters (BATf and FWF(BAT)) in the three groups were evaluated by 

Student’s t-test and the statistical significance was prescribed if p < 0.05. For the comparison analysis 

among the three groups, 3 subjects from the NCM group were excluded because their BMI was larger 

than 25 (overweight). The correlations between BATf and the BMI, FWF(BAT) and the BMI in the three 

groups were also examined based on linear regressions by ANOVA test. Results were presented as mean 

± standard deviation. Statistical analyses were all performed with the statistics software package SPSS 

(IBM, ver. 23.0). 

 

4.3 Results 

There was no statistical difference in the age, history of smoking/drinking, exercise intensity, and 

physical examination among the three study groups. However, there was significant difference in the 

BMI between the NCF (20.0 ± 5.6) and NCM (22.6 ± 6.9) groups (P = 0.001) and between the NCF and the 

PCOS (25.76 ± 3.64) group (P < 0.001). The hematology results for the NCF and NCM were within norm 

ranges, while all the patients in the PCOS group showed hyperandrogenism and insulin resistance 

(HOMA-IR = 5.47 ± 2.21). Representative ZSI data from BAT, WAT, and muscle ROIs are fitted to a multi-

Lorentzian model including the dips corresponding to the direct saturation of water and multiple fat 

components (Fig. 4.1).  
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There were multi-fat peaks and a water peak in the Z-spectra of BAT, while there were higher multi-FAT 

peaks but lower water peak in WAT. And, there were a broadest and deepest water peeks and small FAT 

peaks in muscle. The total fit performance is good (R2> 0.98) with residuals<2%. Pixel-wise FWF was 

calculated with the fitted amplitude of the direct saturation of water and the main lipid component 

centered at -3.4 ppm from water as demonstrated in Fig. 4.2B. Although the absolute scaling was slightly 

different, there is high agreement found in FWF spatial distributions in the FWF maps derived from ZSI 

data and those produced by the Dixon’s method (Fig. 4.2B&C),consistent to our previous report [22]. A 

representative histogram distribution of pixel-wise FWF values quantified with ZSI from the 

supraclavicular region of interest was showed in Fig. 4.2D. With the FWF thresholds, the supraclavicular 

tissue (Fig. 4.2E) was segmented as WAT, BAT or muscle (Fig. 4.2F–H). 

Figure 4-1 Z-Spectral imaging data. 
Representative ROIs spectra of BAT (A), WAT (B), and muscle (C) are fitted to a multi-Lorentzian functions 
corresponding to the direct saturation of water (blue) and fat peaks (yellow). 
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4.3.1 The correlation between BATf, FWF(BAT) and BMI  

The correlations between the BATf, FWF(BAT) and the BMI for all subject groups are shown in Fig. 4.3. 

In the NCM group, there was an obviously linear correlation between the BATf and BMI (R2=0.7748, P < 

0.001), and between the FWF(BAT) and BMI (R2=0.3219, P < 0.05). Correlation for BATf (R2=0.2549, P < 

0.05) was showed in the NCF group, while there was no linear correlation between the FWF(BAT) and 

BMI (P > 0.05). Interestingly, no correlation was found in the PCOS group between BATf and BMI, the 

FWF(BAT) and BMI (P > 0.05). 

Figure 4-2 FWF analysis. 
 A) An anatomical ZSI image collected at -2.25 ppm. B) The color-coded FWF map produced from ZSI. C) The color-
coded FWF map produced from Dixon’s method. D) The histogram of pixel FWF values calculated with ZSI analysis 
from image B. E) ZSI FWF map of the manually-drawn supraclavicular area were segmented into BAT (F), WAT (G) 
and muscle (H) maps. 
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4.3.2. Comparison of group BATf and FWF(BAT) 

The BAT, WAT and muscle maps were compared directly to show the distributions in the three groups 

(Fig. 4). The subject in NCM group had most “muscle” and least “WAT”, while the subject in PCOS group 

had least “muscle” and most “WAT”. However, the subject in NCF group had more content of BAT than 

the subjects in NCM and PCOS groups. Due to the individual differences of the subjects in the three 

groups, the comparisons of BATf and FWF(BAT) among the different groups are summarized in Fig. 4.5.  

The average BATf in the PCOS group (0.5651 ± 0.1102) was found significantly lower than the NCF group 

(0.7671 ± 0.1238, P = 0.00005), while there was no significant difference (P = 0.252) between the NCF 

group and the NCM group (0.8134 ± 0.0946). As for the FWF(BAT), the mean value in BAT of the PCOS 

Figure 4-3 Correlations between ZSI parameters and BMI. 
 The correlation analysis between BATf and BMI (A, B, C) and between FWF(BAT) and BMI (D, E, F) for the subjects 
in the three groups. 
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group (0.5702 ± 0.0086) was significantly higher than the NCF group (0.5518 ± 0.0152, P = 0.0005), while 

the mean value in the NCF group was higher than the NCM group (0.5363 ± 0.0182,P = 0.01). 

 

 

Figure 4-4 FWF segmentation. 
 Representative maps of FWF, BAT, WAT, and muscle segmentations from NCM (A), NCF (B), and PCOS (C) 
subjects. 
 

Figure 4-5 Comparisons of group averages. 
Significant differences (*P < 0.05) were found between PCOS and controls in BATf (A) and FWF(BAT) (B). 
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4.4 Discussion 

In this study, we have characterized BAT in PCOS patients and compared with healthy subjects using a 

novel ZSI MR technique. PCOS and metabolic syndrome are highly associated with each other, and BAT 

is considered to a new and promising target for the treatment of metabolic diseases. Therefore, the 

characterization of BAT in PCOS with ZSI may help to monitor responses of the treatments targeting 

PCOS syndromes, facilitating the development of new therapies for PCOS. As a novel imaging technique, 

ZSI allows the quantification of BAT in human subjects by providing comparable FWF maps with the 

conventional Dixon’s method. With the analysis of ZSI data, two important parameters were produced. 

One is the BATf, which shows the ratio of BAT mass over the whole fat tissue. It is essentially a relative 

measurement of BAT mass. It is a better index for BAT mass than BAT area itself given that the 

normalization to total fat area helps to minimize inter-subject variability and any other possible 

variations due to imaging setups and RF transmission and receiving. PCOS group showed significantly 

lower BATf, indicating relatively reduced BAT mass or increased WAT in PCOS patients. Given that BAT is 

metabolically beneficiary, reduced BAT in PCOS confirmed that PCOS patients have metabolic disorders. 

Another important parameter provided by ZSI is the FWF(BAT), the mean FWF value in the BAT tissue, 

essentially the relative fat content in the BAT tissue. FWF(BAT) is a parameter that reflects BAT activity 

given that the fat content is reduced in brown fat cells proportionally to cellular metabolism as reported 

early [27]. Prolonged activation of BAT cells led to reduced fat deposition in cells due to the 

consumption of free fatty acids into heat, the non-shivering thermogenesis process. On the other hand, 

insufficient stimulation of BAT increases lipid deposition within brown adipocytes as it has been 

observed in obese subjects [28]. Therefore, the smaller the FWF(BAT), the higher the activities of BAT 

mass. PCOS patients have the highest FWF(BAT) level compared to healthy female and male controls, 

indicated their BAT mass have the least activity level. Recently, a cutaneous temperature measurement 

[29] of the supraclavicular skin was used to explored BAT thermogenesis and its associations in women 
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with and without PCOS, suggested that women with PCOS have lower BAT activity compared to controls, 

which is consistent with our in vivo result with novel method. We believe that insulin resistance 

associated with PCOS patients [5] may lead to the reduced activity in BAT mass. Such hypothesis needs 

further investigation. PCOS animal models [30] may help to study the underlying mechanism. 

Furthermore, there were negative linear correlations between BATf and BMI in the normal subjects 

(NCM & NCF), which indicated that normal subjects with higher BMI had relatively lower level of 

metabolic beneficial BAT depot but higher level of metabolic passive WAT depot. On the other hand, 

normal subjects with higher BMI also have increased FWF(BAT), indicating relatively increased lipid 

content and reduced metabolism in their BAT depots. This is in consistent to literature. Cypess [5] and 

other researchers [10, 23, and 31] also found that BMI was a predictor of the presence and the activity 

of BAT mass. Interestingly, we found that BATf and FWF(BAT) of PCOS patients did not correlate with 

BMI, which indicated that the BAT mass and the activity were affected by PCOS pathology. Our results 

also seem to indicate the difference on BAT function between normal non-obese male and female 

subjects. While the BATf was the same between normal male and female subjects, the subjects in NCF 

group had higher FWF(BAT) level compared to the male subjects, indicating that BAT in females may 

have lower activity level. The difference of BAT mass and function between male and female is still 

under debating. Some previous 18F-FDG PET/CT studies [5, 9, 31, 32] showing higher prevalence of BAT 

in women than in men under thermo-neutral conditions. However, Saito [11] and Yoneshiro [12] 

recently found no gender difference in BAT prevalence with a con-trolled cooling protocol by 18F-FDG 

PET/CT. This inconsistency may due to the variations in acquisition and quantification methods. On the 

other hand, it also reflects that the measurement of BAT mass and function with 18F-FDG PET/CT is still a 

challenge. The glucose-uptake activity measured by 18F-FDG-detected BAT can be influenced by many 

other factors, including partial volume effects and normalization of SUV to body weight [9,10 11, and 

14]. In addition, the direct correlation between BAT thermogenesis and 18F-FDG uptake is still 
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questionable [11]. Given that the difference on BAT mass and function between genders is still not clear, 

more systematic studies on the effects of sex steroids [33] or other biochemical factors on BAT mass are 

needed in the future. The limitation of this study is that the BMI of the PCOS patients were not matched 

with that of the control female subjects given that PCOS patients are typically overweighed. With more 

subjects to be recruited for this study in the future particularly those healthy females with relatively 

large BMI, we could perform BMI-matched comparison between PCOS and healthy subjects to better 

control for any bodyweight induced confounding factors.  

In conclusion, we found that BAT mass and functional variations are associated with PCOS patients. 

Therapies targeting to BAT may provide new insight for the treatment of PCOS syndrome. Novel imaging 

techniques with ZSI for the quantification of BAT mass and function may help to monitor treatment 

responses of PCOS therapies, facilitating new treatment development for PCOS patients. 

 

4.5 Summary 

The purpose of the study was to characterize brown adipose tissue (BAT) in polycystic ovary syndrome 

(PCOS) patients in comparison to healthy subjects using Z-spectral imaging (ZSI).  

ZSI data were collected on 19 normal control females (NCF), 17 males (NCM), and 13 PCOS patients. By 

fitting to multiple Lorentzian functions, ZSI provides fat-water fraction (FWF) of tissue in the 

supraclavicular area that can be used to differentiate between white adipose tissue (WAT), BAT, and 

muscle. The fraction of BAT over the total fat depot (BATf) and the average FWF in BAT or FWF(BAT) 

were then computed, reflecting relative BAT mass and BAT metabolism respectively. The parameters 

were compared among the three groups, and the correlations to Body Mass Index (BMI) were also 

quantified.  
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We found an inverse correlation between BATf and BMI in normal subjects. The BATf of the PCOS group 

was significantly smaller than the NCF (P < 0.001). On the other hand, FWF(BAT) correlated linearly with 

BMI in healthy subjects. The PCOS group had higher FWF(BAT) than the NCF group (P < 0.001).  

In summary, normal subjects with higher BMI show less BATf and have increased FWF(BAT), indicating 

relatively higher level of metabolic passive WAT depot and relatively reduced metabolism in their BAT 

depots. PCOS patients have the least BATf and the highest FWF(BAT), suggesting decreased BAT mass 

and function in PCOS. Novel imaging technique with ZSI for the characterization of BAT mass and 

function in PCOS may help to monitor treatment responses of PCOS therapies.  
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5. Z-SPECTRUM IMAGING CAN DETECT ADIPOSE TISSUE ACTIVATION THROUGH CHANGES IN FWF  

5.1 Background and introduction 

In Chapter 1, we introduced brown adipose tissue and its perks, especially the metabolic benefits its 

activation can bring about [1,2]. Unfortunately, BAT is not abundant in obese patient and its activation 

would have limited impact on the overall condition, limiting its application to surgical approaches [3-4]. 

The good news is that more and more reports are surfacing about the possibility of converting the 

widespread white adipose tissue into brown-like tissue.  In fact, browning of adipose cells have been 

observed in various white fat depots [5-11]. Browning of visceral fat is of particular interest to human 

health due to its association to high risk of metabolic disease and its resistance to conventional 

browning stimuli [12-14]. Recently, browning of adipose cells have been observed in subcutaneous and 

visceral fat of a murine model [12-13]. 

Detection of BAT or the browning process is conventionally performed by measuring activity in the form 

of glucose uptake in 18FDG-PET. Standard detection by PET/CT is yet inadequate especially for 

longitudinal monitoring, due to radiation exposure and low spatial resolution. Moreover, glucose, the 

conventional source of contrast for PET, provides just 10% of the thermogenesis fuel, whereas 

intracellular and plasma lipid make up for the prevalent amount [6,15]. An alternative noninvasive 

method is the detection of increased perfusion in BAT during activation through change in T2*. However, 

the mechanism is not specific and no consistent results have been obtained from the studies that 

attempted this feat [16-20]. Several studies have successfully used fat water fraction as a marker of 

activation, under the hypothesis that thermogenesis is fueled by lipolysis, leading to reduced fat content 

in the cells. In this context, almost the totality of works are based on the use of chemical shift encoded 

techniques like Dixon MRI [21-22]. Despite being reliable and available commercially, we showed in 

Chapter 3 how Z-Spectrum imaging has the advantages of being artifacts free and independent on B0 
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field inhomogeneity [23]. Here we therefore aimed at showing the efficacy of Z-spectrum MRI in 

detecting adipose tissue activation by measuring changes in FWF. In order to do so, we made use of a 

transgenic mouse model that previously showed enhanced predisposition to fat activation, and in 

particular browning of visceral fat [13-14, 24]. We chronically stimulated such mouse model with CL 

316,243, a drug that is known to activate thermogenesis in adipose tissue, and compared the results 

after two weeks to a control group.  

 

5.2 Materials and methods 

In order to optimize the possibility of detection of the activation process, we included in the study the 

transgenic mice model developed by Liew et al. [13-14, 24]. These transgenic mice were developed from 

a C57Bl/6 strain by ablating the transcriptional regulator TRIP-Br2, a factor associated with obesity-

related inflammation. In the KO model, expression of adipose tissue activation is facilitated.  

Five female mice, aged 7 weeks old, were bred and housed at regular conditions (12 hours day/night 

cycle, ad libidum access to normal chow diet, 24 ⁰C housing temperature).  Every day at the same time, 

around noon, for fifteen days, mice were treated with 1mg/Kg of the activating drug β3 adrenergic 

receptor agonist CL316,243 by an intraperitoneal injection [25]. Age matched wild types were similarly 

treated with saline solution.  

5.2.1 MRI protocol 

Animals underwent MRI before and 4, 10 and 15 days after the beginning of the treatment. Experiments 

were carried out at a preclinical 9.4T animal scanner with 10cm bore (Varian-Agilent, Santa Clara, CA, 

US.). Mice were anesthetized by breathing a mixture of 3% isoflurane and air, and maintained asleep for 

the entire duration of the experiment by breathing through a nosecone with 1.5% mix. Respiratory 



98 
 

patterns and rectal temperature were monitored by a MRI compatible sensor system (Model 1025, SA 

Instruments Inc., Stony Brook, NY, USA). Mice were placed prone and immobilized with bitebar and 

tape, in order to minimize respiratory motion. The visceral area of interest was identified by scout 

images and high resolution multislice T2-weighted sequences were acquired for anatomical references. 

Fat in the T2 FSE sequence appears bright due to breaking of J-coupling and is therefore easily 

distinguishable from muscular tissue. The entire fat depot spanning from the top end of the kidneys to 

the level of intestine was imaged and region if interest were drawn on the T2-weighted slices in order to 

compute the depots volume.  

The subcutaneous fat sitting at the same level was imaged, but volume was not calculated, given that 

slightly different animal positions might result in the skin and its attached fat layers being pulled in one 

direction or another.  Once the area of interest was identified, global and slice shimming routines were 

performed and a WASSR sequence [26] acquired. After a visual inspection of the WASSR data, if the B0 

inhomogeneity fell within ±0.25 ppm from the central frequency in the muscular tissue in the field of 

view, the field distribution was considered acceptable. Otherwise, manual shimming was repeated, or 

the central frequency was shifted to minimize the offset in the slice. ZSI consisted of a CEST sequence 

with a series of ten square saturation pulses of 0.47 μT for 50ms each and a 1005 duty cycle, resulting in 

Figure 5-1 Coronal view of mouse body.  
ZSI was carried out on the slice highlighted in red, including portions of the perirenal and subcutaneous fat depots. 
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an equivalent 500ms pulse. Frequency offsets ranged from -6 to 6 ppm at intervals of 0.1 ppm, together 

with ±10, ±20, ±100 ppm offsets. The saturation pulse was followed by single-slice fast spin echo 

readout with parameters: FOV = 40 x 40 mm2, matrix size = 128 x 128, echo train length (ETL) = 16, 

effective TE = 4.9 ms. The delay time between repetitions was 1.5 s.  

5.2.2 Image processing  

After normalizing all data to the 100 ppm signal intensity, Z-spectral data were smoothed with a spline 

function over the frequency dimension, to remove gross jerk-motion artifacts. Pixelwise curves were 

fitted to a multi-Lorentzian model including the direct saturation of water and fat peaks and the 

magnetization transfer from semisolid components like macromolecules. The fat profile was described 

by the main 6 resonances. The least square fit curves’ were fitted by determining the parameters 

amplitude, width and offset for each Lorentzian curve, as described before. Parameters were loosely 

constrained to account for variation in lipid composition. FWF was quantified from the fitted amplitudes 

as previously said and colormaps generated for each mouse [23].  

Perirenal fat depots and subcutaneous fat regions of interest were drawn on FSE T2 images at the 

corresponding slice to the ZSI images. Comparison between groups at different time points were 

evaluated by two-tailed student’s t-test. Significance level was set to 5%.  

 

5.3 Results  

Image quality in the visceral area was good, free from gross artifacts deriving from respiratory or 

peristaltic motions. Fitting performance was good everywhere, with residuals below 2%. The perirenal 

depots in the axial view were easily identifiable and distinguishable from surrounding organs or 
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muscular tissue, given the bright signal on FSE images (especially at 100 ppm offset, where direct 

saturation is minimal).  

As a main result we found that the drug treated mice developed a lower fat-water fraction over time 

compared to the control group. Exemplary fat-water fraction maps derived from the pixelwise fitting are 

shown in Fig. 5.2. The treated mice feature a clearly reduced content of lipids compared to the wild type 

controls treated with saline, both in the perirenal (white arrows) and the subcutaneous (black arrows) 

fat depots. 

 

The groupwise distribution is shown in Figure 5.3. Values are presented as mean ± standard deviation 

among mice in the treated and untreated groups. The average values within the regions of interest of 

depots on both sides were used to compute the distribution. FWF differences between the groups in 

perirenal fat up to 15% were already detectable after 4 days, and increased to 20% at ten days, but 

decreased at 2 weeks. Subcutaneous fat showed a sustained decrease in FWF, reaching an average of 

25% reduction at the end of the study, but with a higher variability within the group (12% in 

subcutaneous vs 6.5% in perirenal).  

Figure 5-2 FWF colormaps. 
Color-coded maps of fat-water fraction in treated transgenic (left) and wild types untreated mice (right), overlayed 
to anatomical T2-weighted slice of the visceral area. Data are from 10 days into the treatment. 
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Decrease in FWF was consistent with a reduced volume: the perirenal fat depots decreased in size over 

time in the KO mice, with volumes shrinking from 11.7±1.9mm3 before treatment to 6.9±2.4mm3 after 

two weeks. The wild types instead had stable or slightly increased size throughout the study. Finally, also 

the average body weight was found lower in the mice from the treated group compared to the 

untreated wild types (18.9 vs 24.2 g). 

Figure 5-3 FWF trends. 
 Lower fat-water fraction was found in the CL316243- treated mice compared to the wild types, in both perirenal 
brown fat and subcutaneous white fat.  
 

Figure 5-4 Volume trends. 
 Perirenal brown fat depot volume assessed by T2-weighted multislice images. Treated transgenic mice (blue line) 
decreased in volume compared to the wild types. On the right, perirenal depots, resected from mice after two 
weeks of treatment, show a clear difference in size between the groups. 
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5.4 Discussion 

In this experiment, we showed how Z-spectrum MRI can successfully measure changes in FWF as a 

marker of brown fat activation. After the increased uptake of glucose seen on 18FDG PET, measuring fat 

content reduction is the most widespread method to assess the thermogenic activity in the adipose 

organ [27-30]. Here, we aimed at following this strategy for demonstrating the validity of the proposed 

technique, ZSI, in accomplishing a similar task. At the same time, we wanted to exploit the potential of 

an animal model which features gives him a relevant position in the study of brown adipose tissue [13-

14, 24].  

We found significantly lower FWF and volume in the transgenic mice treated with the adrenergic drug, 

compared to the saline-treated wild types. In all tested mice, derived FWF maps were free form phase 

artifacts and a small intersubject variability was recorded. 

As pointed out by many other works, the reduction in fat fraction can descend from two separate 

factors. Firstly, to an increased water content, attributable to an enhanced blood flow. It is in fact been 

demonstrated that BAT depots are much more vascularized than white depots and when activated, a 

potent blood flow is cast into the tissue [30-31]. It is possible that chronic activation over two weeks led 

to a boosted vascular system in the adipose depots.  

Still, the volume ratio of even an enhanced vascularization could not justify more than 10% decrease in 

FWF. The second possible factor to be called into question is therefore a reduced lipid content, most 

likely manifesting as a breakdown of intracellular triglycerides. It has been previously observed a 

reduction in the size of the lipid droplets harbored within the cells of a fat depot undergoing activation, 

and a relative occupation of their space by the cytoplasm. The mechanism underlying our technique, Z-

spectrum MRI, is based on the direct saturation of protons on the fatty acids chains. A reduction in the 

cellular volume of lipids available for saturation will lead to a reduced relative fat saturation and an 
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increase in the signal from water, translating in a net lower fat-water fraction. This mechanism is 

consistent with the second main finding of our study, that is, a reduced size of the entire perirenal fat 

depot. It is therefore reasonable to conclude that the lower fat fraction in transgenic mice was indeed 

due to a lower intracellular lipid content, marker of brown adipose tissue activation, induced by the drug 

stimulation.  

It is interesting to note the different evolution of FWF in perirenal and subcutaneous fat depots. In mice, 

the small depots below the kidneys is considered to be formed by classical brown adipocytes, similar to 

the ones found in the interscapular depots [32-33]. What we see in our results is that FWF is slightly 

decreased over time, but what drives the main difference between the groups is the increase in FWF in 

the control group. The wild types mice, in fact, seem to undergo a mild fat accumulation in the depot. 

Considering the mice under study are young, the phenomenon can be attributed to the simple process 

of ageing [34-35]. Chronic BAT activation in the treated mice will cause resistance to this accumulation 

and maintain a low FWF in the depot over time. The data show a different story in the subcutaneous 

white fat, where the FWF significantly decreased over time in all treated mice, compared to the 

beginning of the study. It is here than a true browning process, a conversion from white to brown 

adipocytes, is more impactful. The timeline of FWF changes, with a quick and maintained response in 

brown depot, as opposed to a delayed but increasing response in the white/beige depot, is also 

consistent with a different susceptibility to activation previously suggested [36-38]. It is possible that 

extending the duration of the experiment beyond two weeks would have showed different results. In 

some recent studies, in fact, Liew et al. suggested a potential adaptation mechanism occurring in 

adipose tissue subject to thermogenic stimulation, especially in visceral fat [39]. Such mechanism 

consists on a remodeling of the lipid composition and might lead to resistance to activation, after an 

initial apparent response. In future studies, we will address this possibility and investigate the best 

timeline for a comprehensive study. 
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There are a number of confounding effects in the study of brown adipose tissue activation. The mice 

housing temperature (24⁰C) might have caused the mice to be in a state of mild activation, being not at 

complete thermoneutrality (30⁰C) [36]. The effect of the CL 316,243 drug in this case would be to 

stimulate the activation further, with respect to the untreated cohort. It has been proposed that a more 

translational approach would have been to select “humanized” conditions, that is, the conditions at 

which BAT in mice is more similar to BAT in humans: living at thermoneutrality, with a high fat diet, 

sedentary. Regardless, the differences between the cohorts still reach significant levels and we expect at 

humanized conditions they would have been accentuated.  

The choice of performing a chronic activation in spite of an acute activation in the experiment design is 

given by the more consistent results found in literature and by the possibility to use isoflurane as 

anesthetic agent. Isoflurane and other volatile anesthetics have been suggested to significantly reduce 

activation in mice [40]. While different studies managed to detect activation even when using 

isoflurane, we resolved to avoid such possibility even for a slightly reduced activation. By administering 

the drug on awake mice, every day, we limit the impact that the anesthetic inhaled only during image 

session might have on the overall activation status. 

The inclusion of the transgenic mouse model Trip2-KO, while not strictly indispensable for the 

assessment of ZSI efficacy, has nevertheless indicated a valid model for the study of fat activation, in 

particular in the visceral area. The majority of imaging BAT studies focuses on the larger interscapular 

depot in mice, but the perirenal depots offers the advantages of being less affected by respiratory 

motion and phase artifacts and more clearly isolated from subcutaneous fat. We showed how, in this 

mouse model, activation of perirenal BAT and subcutaneous white fat is easily achievable by a simple 

adrenergic drug administration. In this experiment we lacked the possibility to perform a solid 

pathological validation of the ZSI findings, including for example staining for the thermogenic protein 

UCP1. But we expect that our study would have produced similar results to what previously published 
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[13-14, 24]. Surely we will include a histological assessment in the next study, along with a larger sample 

size (~10/group) and a control group of wild types treated with CL 316,243 to investigate differences 

uniquely given by the transgenic model.  

In conclusion, we demonstrated how the use of Z-spectrum MRI to measure FWF is feasible in an in vivo 

experiment of adipose tissue activation. We showed that in the current transgenic model, chronic 

treatment with CL 316,243 leads to reduced fat content and volume in perirenal brown and 

subcutaneous visceral white fat. 

 

5.5 Summary 

The purpose of this experiment was to demonstrate the efficacy of Z-spectrum MRI in detecting adipose 

tissue activation through changes in FWF. Detection of brown and white adipose tissue activation are of 

particular interest due to their benefits against obesity and metabolic disorders. Here a transgenic 

mouse model, TripBr2-KO, was treated with an adrenergic drug to stimulate fat activation. Mice were 

studied for two weeks by Z-spectrum MRI and compared to saline-treated wild types. FWF derived from 

ZSI was significantly reduced over time in the treated group compared to the controls, suggesting that 

lipid consumption, associated with adipose tissue activation, has occurred. The successful detection, 

confirmed by a reduction in the depot size, was found both in perirenal brown fat and in subcutaneous 

white fat. 
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6. Z-SPECTRUM IMAGING TO MEASURE TEMPERATURE 

6.1 Introduction 

The first and most distinguishing feature of brown adipose tissue is unquestionably the nonshivering 

thermogenesis (1). This mechanism has been historically considered a regulatory system to maintain the 

optimal body temperature in harsh environmental conditions, but it also has a range of metabolic 

consequences (2-4). The path to fully understand the mechanism of activation of thermogenesis in fat is 

still long and impervious and a convenient strategy for its detection hasn’t been established yet. In adult 

humans it has been reported that BAT distribution is sparse and detection relies on a priori knowledge 

of the position of active depots (5). 18FDG-PET is currently the gold standard technique (6-8), but its use 

in BAT imaging is burdened by technical and conceptual limits (9). It is also inadequate for the study of 

thermogenesis, since it has been shown that increased BAT 18F-FDG uptake can occur independently of 

thermal function (10). Alternatively, it has been proposed to exploit the characteristic increased 

perfusion to image thermogenic fat (11). However, the thermogenic process is uncoupled from the 

perfusion increase, as it has been recently reported (12), suggesting a simultaneous occurrence but not 

a causal relationship. In conclusion, a direct detection of the thermogenesis is a preferable route.  

Among the noninvasive methods, Magnetic Resonance has become the methodology of choice for 

thermometry measurement and is currently used to monitor clinical thermal therapies efficacy (13).  

Many MR properties are affected by temperature changes: relaxation times T1 and T2, magnetization 

transfer ratio and proton resonance frequency shift. Water PRFS-based temperature measurements are 

widely used because of the relatively high sensitivity (−0.01 ppm/°C) and because of their versatility in 

different tissues (13-14). PRF shifts can be measured directly by 1H-MR Spectroscopy in the localized 

voxels of interest relying on non-shifting protons like methyl and methylene protons as reference (15-

16). However, being a spectroscopic method, this technique suffers from low spatial resolution or 
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impractically long acquisition times. In alternative, the temperature change can be derived from the 

phase difference between gradient echo images acquired at different temperatures (17-18). 

Unfortunately, when the measurement has to be performed in fatty tissues, the signal might be 

corrupted by the fat protons resonating close to water (-3.5 ppm distant) but generally stable from shifts 

in the frequency domain. The cohabitation of protons from the two species in the same voxel translates 

to an ambiguity in the signal phase, which can produce artifacts or uncertainties (19-21). This problem is 

present in any mixed tissue, and crucially relevant in thermogenic brown adipose tissue.  

As discussed in the previous chapters, Z-Spectrum imaging has been used to measure the fat-water 

fraction in BAT by the simultaneous measurement of fat and water resonances. Interestingly, the 

spectrally selective nature of the technique has in theory the potential to provide also information about 

frequency shifts and therefore temperature (22-23), while at the same time being independent from 

phase artifacts encountered in mixed tissues (23).  Here we aim to prove this concept by designing a 

modification of the Z-spectrum imaging sequence that allows a high sensitivity thermal measurement in 

aqueous and fatty tissues.  

 

6.2 Materials and methods 

6.2.1 Z-spectrum for temperature  

As described in Chapter 2, the PRFS effect allows to derive the information on local temperature from 

the Larmor frequency in the voxel. Therefore, any sequence that can selectively tag the water resonance 

and monitor its traveling in the frequency domain is theoretically amenable to temperature 

measurement. Z-spectrum imaging, as presented here, fits the description: the water offset is identified 

by the position of the center of the Lorentzian curve representing the direct saturation of the bulk water 
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protons. When temperature changes, we can observe the curve shifting (Fig. 6.1) and is thus possible to 

measure the thermal differential after fitting the curve at two time points, as presented in (23-24). 

 

Now, the accuracy of the thermal measurement depends on the precision of the water resonance offset 

assessment. Sources of indetermination in the fitting of the Lorentzian curve can be low SNR or 

inadequate model. In our case, approaches to change the SNR (lower matrix, spectral width or ETL) led 

to negligible improvement of the already high performances (<2% residuals) or were limited by the 

presence of fat protons. Refinements of the model, by adding fat peaks to the spectral profile, carried 

more fitting parameters and inconsistency with previous results. Another, more resilient source of 

indetermination is the wide linewidth in the direct saturation curve. This can be minimized by improving 

the local shim or by reducing the intensity of the saturation, which has to be traded for enough signal 

over the background noise. But even after optimizing these factors, the linewidth is inherently limited by 

the T2 of the bulk water pool; our experimental routine couldn’t accurately detect resonance shifts 

below 0.04 ppm, which translates to 4⁰C in aqueous tissues and is therefore not adequate for detecting 

the thermogenesis effect, reportedly within 3-5⁰C.  

Hence we see how Z-spectrum imaging, due to its spectrally selective form, is a natural platform for the 

measurement of proton resonance frequency shifts, but lacks the accuracy to provide fine 

Figure 6-1 Z-spectra from brown adipose tissue at different temperatures.  
When the tissue is heated, the water dip (around 0 ppm) shifts toward lower frequencies (red curve). The 
methylene dip (around -3.5ppm) is instead fairly stable and no shift is observed. 
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quantifications. A potential remedy can rest on the modification of the sequence by changing the 

preparation pulse.  

6.2.2 Binomial preparation pulse 

It is known that under some conditions, the excitation profile in the frequency domain can be predicted 

by the Fourier transform of the RF perturbation in the time domain (25). The magnetization at the 

frequency offset ∆𝜔 can be expressed as  

 𝑀(∆𝜔) = 𝑖𝛾𝑀0(∆𝜔) 𝐹𝑇−[𝐻1(𝑡 − 𝑡0)] (20) 

where the function H1(t) is the perturbation profile of the RF irradiation and it is assumed to be much 

shorter than the relaxation time T2. The pulse sequence scheme that produces a frequency profile 

proportional to 𝑀(∆𝜔) can be thus simply inferred by inverting equation 20.  In our case, we want to 

obtain an excitation profile that allows a high spectral resolvability, so to be able to measure fine 

frequency shifts. A simple sinusoidal pattern would allow this. Remembering that a cosine function is 

the Fourier transform of two delta functions, we can design a preparatory module made of two short 

pulses separated by a delay. If we consider two sinc pulses ts long, separated by a lag time τ, so that ts << 

τ, we have: 

 
𝐻1(𝑡) = 𝑠𝑖𝑛𝑐(𝑡) ∙

1

2
[𝛿(𝑡 − 𝜏) + 𝛿(𝑡 + 𝜏)] 

(21) 

The Fourier transform of this function, for the convolution theorem, corresponds to the convolution of 

the Fourier transforms of the individual functions: 

 𝑀(𝑓) =
𝜋

2
𝑟𝑒𝑐𝑡(∆𝑓) ∗ 𝑐𝑜𝑠(2𝜋 𝜏 ∆𝑓) (22) 
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which represents a sinusoidal pattern oscillating within a window related to the pulse’s parameters. The 

periodicity of the function is dependent on the delay between the pulses. It is therefore possible to 

modulate the periodicity, and thus the spectral resolvability, by choosing a long enough delay 𝜏.  

This can perhaps be better pictured in the classical description of the magnetization vector. Let’s 

consider the binomial pulse module just described, also known as the Jump and Return sequence (26-

29), with hard pulses along the y-axis and opposite polarity (this is necessary for a balanced result, as 

we’ll explained shortly. Besides the excitation profile resulting in a sine rather than a cosine, the concept 

is the same as for pulses with same polarity). The equilibrium magnetization along the z-axis is flipped by 

the first pulse, allowed to evolve during the delay τ, and then flipped back to the yz-plane by the second 

pulse irradiated along -y. On-resonance protons do not evolve in the rotating frame and their 

magnetization will be fully flipped back onto the z-axis. Off-resonance spins instead will dephase during 

τ according to their chemical shift and will have less magnetization available at the end of the module, 

when the readout part starts. In proximity of the central frequency, the net excitation profile will 

resemble a sinusoidal function of the chemical shift ∆𝜔, with null/maxima values determined by the 

delay-resonance product ∆𝜔 ∙ 𝜏.  

 

Figure 6-2 Scheme of the magnetization vector traveling during the binomial pulse.  
a) At equilibrium, all spins are aligned along z. b) After the first pulse along y-axis, the spins are tilted along the x-
axis. c) After the delay τ, the off-resonance spins fan out, depending on the frequency difference with respect to 
the central on-resonance frequency, which is stable. d) The second pulse along –y, tilts back the spins on the yz 
plane. The more the magnetization is off-resonance, the more has fan out and produces less signal. e) The final 
pattern near the resonance is a sine function of chemical shift.  
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When temperature changes, the water resonance 𝜔0 = ∆𝜔 − 𝜔 shifts and with it the curve. By fitting 

the curve with a sine function of (∆𝜔 ∙ 𝜏), it is possible to keep track of the shift and therefore of the 

temperature changes. 

6.2.3 In vitro experiments 

As a proof of principle, experiments were first carried out on a phantom containing phosphate buffer 

sodium solution at a 9.4 T preclinical animal scanner. Temperature in the phantom was increased from 

16 to 31 °C by regulating the warm air flow into the scanner bore. An MRI- compatible physiological 

monitoring system with the sensor tip inserted in the phantom monitored the thermal changes in real 

time. A scheme of the binomial-ZSI sequence is shown in Figure 6.3.  

 

 

Figure 6-3 Scheme of the binomial-ZSI sequence.  
The preparation module, on the left, consists of two frequency-selective pulses opposed in phase and separated by 
a delay much longer than their pulse width. Immediately following the preparation, a FSE readout is carried out. 
The scheme is repeated while tuning the preparation at all frequency offsets to sample the Z-spectrum. 
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The sequence consisted on a preparatory module of two 90° sinc pulses 0.3ms long with opposite phase 

(along y and –y axes), separated by a 3ms long delay. Following the preparation, applied at different 

frequency offsets, a FSE readout with 2 segments and a 32x32 matrix collected the signal. The sequence 

was repeated to monitor the temperature going up and down as controlled by the air flow.  

Interleaved to the binomial-ZSI sequences, also conventional gradient echo sequences (min TE=0.85ms, 

15 echoes) were acquired, and temperature variation derived from the phase differences (30-32).  

After the proof of concept in the aqueous phantom, the protocol was then tested on a phantom 

containing heavy whipped cream (commercial, fat content ~25%) undergoing temperature variation, 

with the intent of showing the efficacy of the method in mixed composition tissues. 

6.2.4 Image processing 

Data from each repetition were pooled together and fitted to a function of the chemical shift: 

 𝑆(𝑓) = 𝑎|1 − sin (2π 𝜏 (𝑓 − 𝑓0))| (23) 

 where a is a scaling factor constant over all repetitions, the frequencies are expressed in Hertz and the 

delay in seconds. The absolute value is considered because the fit is performed on the magnitude 

images. The only variable changing over time is the water resonance frequency 𝑓0.  It’s possible to derive 

the temperature changes as: 

 
∆𝑇 =

∆𝑓0

𝛼
 

(24) 

Where f is the saturation offset frequency, ∆𝑓0 is the shift of the water resonance at a given time point, 

and α=-0.01 °C/ppm (31).  

For the study in fatty tissue, the fitting model was the sum of two sine functions (for fat and water 

protons) with a starting relative phase difference of  𝑓0 − 𝑓𝐹 = −3.5𝑝𝑝𝑚 ∙ 400 𝑀𝐻𝑧/𝑝𝑝𝑚 



118 
 

 𝑆(𝑓) = | 𝑎 [1 − sin (2π 𝜏 (𝑓 − 𝑓0))] + 𝑏 [ 1 − sin (2π 𝜏 (𝑓 − 𝑓𝐹))] | (25) 

In this case, the system reduced to two variables constant over time a, b and two time-varying 

frequencies for water and fat pools respectively 𝑓0, 𝑓𝐹. 

 

6.3 Results 

6.3.1 Excitation profile 

The excitation profile in aqueous solution is described by the convolution of a sine and a square 

function, as predicted in equation 22. The signal over a wide range of offsets is shown in Figure 6.4. The 

curve rolls over as an effect of considering the magnitude signal, and the imperfect square envelope is 

due to the approximation of the condition ts<<τ.  

Figure 6-4 Excitation profile of binomial ZSI. 
The signal oscillates as a function of the chemical shift and the delay between the pulses, within a square window 
determined by the pulse parameters. 
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In the square window, the signal oscillates with a frequency given by the product 2π∙ Δf ∙τ and is null at 

any f=n/2τ offsets from the central frequency (or half of it, due to magnitude rollover). As a comparison, 

a preparation module with square pulses instead of sinc, produces a sinc envelope: 

6.3.2 Phantoms at varying temperature 

When temperature changed inside the phantom, the curve clearly shifted toward lower frequencies 

according to the PRFS effect: 

Figure 6-5 Excitation profile of binomial ZSI with square pulses. 
 Signal as a function of the chemical shift when the excitation module is made of a pair of square pulses separated 
by a delay. 
 

Figure 6-6 Signal modulation over frequency offsets at different temperatures. 
The proton resonance frequency shift observed through the binomial-ZSI in PBS phantom heated by flowing hot air.  
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The curve fitting in every pixel returned colormaps of temperature change, computed with respect to 

the initial time point. The temperature assessment was homogeneous across the field of view and 

independent of B0 inhomogeneity. 

 

The protocol, finally tested in the whipped cream phantom, also delivered an accurate measurement of 

temperature change over time. 

 

Figure 6-7 Temperature change in PBS phantom as measured by binomial-ZSI.  
The distribution of temperature across the imaged slice is very homogeneous, even when B0 variation are present. 
 

Figure 6-8 Temperature changes in whipped cream. 
The measurement by the binomial ZSI (blue) followed the ground truth measurement by the thermal electrode 
directly inserted in the phantom (red). 
 



121 
 

In fact, the thermal variation obtained from the frequency shift correlated with the ground truth 

measurement from the sensor, with a coefficient R2>0.99, contrary to the results from the GRE phase 

differences, which produced as expected variable results when fat and water protons were not in-phase.  

 

6.4 Discussion 

In this chapter is presented the successful design and implementation of a temperature-sensitive 

modification of the Z-spectrum imaging technique. After demonstrating the proof of concept in a watery 

solution, the protocol was applied on a whipped cream phantom exposed to heating air. Whipped 

cream filled in the role of a generic tissue with homogeneously mixed composition. While it might not 

reflect the distribution of lipid droplets in an animal cell, still the co-presence of fat and water 

components within the voxel constitute a valid model for the technique demonstration. Here, we were 

able to measure temperature change in fatty tissues through the proton resonance frequency shift (13-

15).  

Figure 6-9 Correlation between ZSI and GRE results.  
The measurement of temperature changes performed by binomial-ZSI and the ground truth sensor placed inside 
the phantom correlated linearly with R2>0.99 
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Two great advantages derive from this technique. First, it is magnitude based, no phase component is 

necessary and therefore it does not suffer from the phase ambiguity that originates in fatty tissues when 

other techniques are used (19-21). In our test, in fact, the GRE multiecho sequence returned variable 

results depending on the TE adopted. For the same TE at which the echo is formed in the GRE, we 

assume a defined combination of water and fat protons contributing to the signal. But when the 

chemical shift decreases, the two species travel a series of intermediate conditions between in-phase 

and out-of-phase states, therefore introducing a variable weighting to the fat component into the final 

signal. Severe B0 inhomogeneities can also influence the determination of temperature. While 

reconstruction algorithms can more or less effectively address the problem, we here propose a 

straightforward and easily implementable approach that is inherently insensitive to phase or field issues. 

 A second advantage relies in the ability to control the thermal sensitivity of the technique. The key is 

the parameter τ: by choosing larger delays, the periodicity of the sine function representing the signal 

over the frequency offsets will decrease (27). With a narrower curve, and enough signal over the noise, 

it will be possible to measure smaller shifts, which means, finer temperature changes. In the present 

work, we reached a thermal sensitivity below 1⁰C. We expect the same can be adopted in vivo. 

The pulse structure 1-1 that we used in this work, also known as the Jump and Return (26), is the 

simplest version of binomial pulse. Many other more sophisticated combinations have been developed 

and can be used for the same purpose. The choice in the current work was driven by the higher signal 

and stable phase across the spectrum with respect to other pulses in the binomial series (27-29).  

The binomial-ZSI measurement is generally dependent on the fat water fraction, as the collected signal 

include the resonance of both species. We don’t expect in this experiment a significant change in FWF 

because the variation of temperature was small. The amplitude parameter a in equation 25 can include 

FWF weighting , but is also dependent on the tissue T1. It will be a priority in future experiment to 



123 
 

combine the information from FWF and temperature, especially aimed at a comprehensive assessment 

of brown and browning adipose tissue. 

 

6.5 Summary 

Here we proposed a new sequence based on a ZSI platform, where the preparatory RF saturation pulse is 

substituted by a binomial pulse, the Jump-Return. The effect of the paired hard pulses is to refocus the 

saturated magnetization as a function of chemical shift. The resulting signal oscillates as a sine function 

of the offset. When the temperature changes, the PRFS assures a shift of the entire curve. The technique 

has been tested in PBS and fatty solution exposed to hot air flow. Being independent on phase artifacts 

and capable of fine thermal sensitivity, the technique may be suitable for the study of adipose tissue 

activation. 
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7. Z-SPECTRUM MEASUREMENT OF TEMPERATURE IN VIVO 

7.1 Introduction 

Detecting thermogenesis directly is arguably the best approach to assess the function of brown and 

browning adipose tissue.  The availability of a reliable method to measure thermogenesis is however one 

of the biggest limiting factor for the advancement of the field (1-2). Without it, it is harder to understand 

the macroscopic thermogenic mechanism, in terms of temporal and spatial distribution of activation. 

More importantly, without measuring thermogenesis, it is hard to develop pharmaceutical or 

environmental therapies to induce white fat browning and monitor the efficacy of activation-based 

treatments in obesity and metabolic diseases (1, 3-4).   

Temperature in biological tissue can be studied through several diverse mechanisms. Indirect calorimetry 

is used to estimate the metabolic strain of a task, based on oxygen consumption or carbon dioxide 

production rate (5). Infrared thermography exploits the long-infrared range to detect the heat emitted 

through the body surface (6-7). But these and other popular methods are either unspecific, non-local or 

cannot reach penetration depths meaningful for the study of internal organs and tissues. In this respect, 

MRI is surely competitive and can offer large coverage, high spatial resolution and good contrast. As we 

presented in Chapter 2, several MR-based methods can perform temperature measurement, each one 

with different sensitivity and dependent on different conditions (8-10). Z-spectrum imaging is one of such 

methods and it has been shown in the previous chapter how the technique can in practice be adapted for 

thermometry. 

The aim in this chapter is to show that binomial-ZSI technique can reliably be applied in vivo and provide 

thermometry data comparable to conventional methods.  

In order to test the hypothesis, healthy young mice were studied under a thermal challenge. Ideally, the 

best validation should be carried out in brown adipose tissue, for example within the interscapular depot 

in rodents, right where the thermogenesis process occurs. But it has been reported that thermogenesis 
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might be hindered or reduced under the use of volatile anesthetics like isoflurane (11-12). In the current 

study, alternative anesthetics like pentobarbital were not available and therefore we were constrained to 

the use of isoflurane and its possible side effects. In order to avoid unpredictable thermic behavior, the 

experiment was then carried out in other tissues, namely the inguinal area, where large homogeneous 

portions of muscular and fat tissues are present. We here demonstrated that binomial-ZSI can be 

performed as a valid temperature measurement in vivo. 

 

7.2 Materials and methods 

The experiment included three 7 weeks old healthy male C57BL/6 mice. All studies were performed 

according to protocols approved by the Institutional Animal Care and Use Committee.  

Before starting the MRI study, mice were observed with a thermal infrared camera (HT-04D Thermal 

Imager 160x120, Xintai Instrument Co., Dongguan City, GD, China) to monitor the physiological decay in 

body temperature induced by anesthesia. Emissivity was set to 0.95 and the camera was kept at 15 cm 

from the mouse body. Anesthesia was induced by 3.5% isoflurane and air mix, and maintained during 

imaging at 1–1.5% in 100 % O2 by means of a nose cone with spontaneous respiration throughout the 

experiment. Mice were allowed to sleep prone on a holder in fixed position, without blanket or 

ventilation, and their surface temperature was registered by the thermal camera every few minutes for 

two hours. After experiment was completed, a different mouse was anesthetized for the MRI session. 

During the MR study, temperature ranging from 27°C to 36 °C in ascending and descending order were 

set by regulating the air flow into the scanner bore. Five minutes of delay were introduced before 

acquiring each image set, in order to allow some temperature stabilization. An MRI- compatible 

physiological monitoring system (Model 1025, SA Instruments Inc., Stony Brook, NY, USA) recorded the 

respiratory pattern and the body temperature through a rectal probe sensor registering the thermal 



129 
 

changes in real time. The imaging field of view was selected as the inguinal area due to its close 

proximity to the sensor probe. The imaging plane was placed just above the position of the sensor tip, in 

order to avoid susceptibility artifacts. MRI was carried out at an Agilent Varian 9.4T preclinical scanner 

with a 39 mm proton volume coil. First and second order shimming was performed to minimize B0 field 

inhomogeneity. WASSR sequences at the beginning and the end of the experiment were carried out to 

assess the entity of the inhomogeneity and eventually correct it by manually adjusting the central 

frequency. T2-weighted images were obtained for anatomical reference. As in the in vitro experiments, 

the binomial-ZSI was carried out by a CEST sequence with a preparatory module consisting of two 

opposite phase sinc-shaped π/2 pulses 0.5 ms long, separated by a 5 ms delay. The readout involved a 

fast spin echo sequence with 4 segments over a rectangular matrix 128x64 and a square 20 mm2 FOV, 

producing square pixels sized 0.64x0.64 mm and 1 mm thickness. The preparation was repeated over 41 

offsets around the water resonance, from -200 Hz to 200 Hz. The protocol was repeated without 

interruption throughout the duration of the thermal challenge. Interleaved to the binomial-ZSI, 

conventional GRE sequences with 20 echoes, a minimum TE of 1.47 ms and ΔTE=1.55 ms were acquired 

as references, and the phase difference between consecutive repetitions was used to compute 

temperature change in every pixel. In the binomial-ZSI, temperature was derived from the proton 

resonance frequency shift measured as a variable parameter in the curve fitting as described in the 

previous Chapter. To study the variation in fatty tissue, where it is expected that gradient echo 

sequences will suffer from phase artifacts, a series of T1 mapping sequences was acquired interleaved to 

ZSI in another experiment. Eleven inversion times ranging from 100 ms to 7 s were used in an inversion 

recovery-type sequences, for a duration of 5 minutes and a reduced matrix: 64x32. Since the coefficient 

m1  from equation 5 was not known in the case of mouse tissue at 9.4T, only relative T1 variations, 

proportional to true temperature variations, were considered. Finally, correlation between the imaging 

techniques were carried out with linear regressions and Pearson’s coefficient was evaluated. 
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7.3 Results 

Shortly after mice were anesthetized with isoflurane, their body temperature started to decrease. The 

decrease continued steadily for 2 hours, approaching the room temperature, until measurement stopped, 

going from 29oC to 24oC surface temperature.  

 

 

Figure 7-2 Surface measurement from IR thermal camera.  
The measurement showed a steady decrease approaching room temperature in a few hours of anesthesia. The red 
line estimates the logarithmic trend. 
 

Figure 7-1 Example of binomial Z-spectra. 
The spectra were consecutively repeated over time (blue) and fitted to the model function (red). Each repetition 
covers three sine cycles and reflects the magnetization oscillating over [-0.25,0.25] ppm.   
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The temperature measurement in the mice ventral area showed a clear trend of the proton resonance 

frequency shift in the studied tissues. The sinusoidal fit faithfully predicted the behavior of the signal with 

a least square coefficient R2>0.97. In the following figure, it is shown the fit overlaid to Z-spectra from 

pixels in muscular and fat tissue. Spectra are concatenated to the consecutive repetitions.  

The first ZSI study without temperature control revealed an exponential thermal descent analogous to 

the one observed from the IR camera, albeit with different time constants. 

 

In the subsequent experiments, the temperature changes estimated by the binomial ZSI reflected the 

temporal and spatial distribution of the ones measured by the conventional GRE sequence. 

 

Figure 7-3 ZSI temperature over time. 
Temporal evolution of temperature measurement from binomial ZSI in the muscles of a healthy mouse 
anesthetized with isofluorane. The red line estimates the logarithmic trend. 
 

Figure 7-4 PRFS maps from first mouse. 
 Comparison of proton resonance frequency shift measured by binomial ZSI and multiecho GRE sequences for the 
first mouse undergoing thermal challenge. The body temperature measured by the rectal probe is indicated for 
each time point. 
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The good agreement between the techniques qualitatively observed in the heatmaps was confirmed by 

the quantitative region of interest analysis.  

Figure 7-6 PRFS maps from the second mouse. 
Comparison of proton resonance frequency shift measured by binomial ZSI and multiecho GRE sequences for the 
second mouse undergoing thermal challenge. 

 

Figure 7-5 PRFS maps from the third mouse. 
Comparison of proton resonance frequency shift measured by binomial ZSI and multiecho GRE sequences for the 
third mouse undergoing thermal challenge. 

 

Figure 7-7 Correlations between GRE and ZSI. 
The temperature changes measured by the binomial ZSI and the phase difference from GREs correlated linearly in 
all studied mice.  
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In fact, in all three mice the correlation between the temperature measured in the muscle region by ZSI 

and the phase difference from the GRE was linearly correlated with R2>0.92. In fat areas, despite the 

presence of trends, the comparison didn’t produce consistent significant correlations. 

 In the experiment comparing ZSI to T1 mapping, it was instead found a good linear correlation between 

the techniques in both muscles and fat.  

 

7.4 Discussion 

In this experiment, the feasibility of the binomial-ZSI as a noninvasive in vivo thermometry method was 

demonstrated.  The technique allowed a measurement of the full field of view in less than three minutes 

and a signal to noise ratio on average >10 per single image. The data presented as a sinusoidal function, 

as expected, and fitting was successfully performed by keeping a single varying parameter, which reflected 

the temperature change. The measurement detected changes <1oC between consecutive measurements 

and was independent of B0 inhomogeneity. More importantly, the measurement was in agreement with 

the nominal temperature set for the air flow, measured in feedback through the rectal probe, with the 

Figure 7-8 Comparison between ZSI and T1 mapping. 
The temperature changes derived from the binomial ZSI and T1 mapping linearly correlated in both muscle and fat 
regions of interest. 
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infrared surface measurement, with phase difference from GRE and with T1 changes in muscles as in fat 

tissues.  

The technique was tested in the inguinal area of healthy mice, covering the upper thigh muscles and 

inguinal fat depots. This area was chosen because it is fairly distant from sources of motion like the lungs 

and the heart and artifacts are therefore minimized, while at the same time being close to the 

temperature rectal probe. 

In the first experiment, the temperature decreased exponentially as the mouse body acclimated to the 

laboratory temperature under anesthesia. The measurement from the binomial ZSI reflected the one from 

the IR camera, reproducing the decay over time. It is worth noting that the experiment was carried out on 

different mice and that the starting temperature in the two measurements was necessarily different (29⁰C 

vs 25⁰C, due to the longer time under anesthesia during the MRI setup). At a qualitative level, 

nevertheless, this result provided a first validation of the ZSI technique. A second outcome can also be 

deduced from this experiment. It is known that intensive use of rapidly switching gradients can overheat 

the scanner and ultimately lead to a shift in the central proton resonance (13). The purely exponential 

decay observed in this simple experiment points to a single contribution to the frequency shift, namely 

the temperature-induced effect, rather than the linear drift due to scanner setup degrading.  

In the thermal challenge experiments, it was possible to produce heatmaps of frequency shift distribution, 

independent of field inhomogeneity assessed by B0 maps. It is possible to notice a spatial variability of 

water resonance shift in the ZSI-derived heatmaps. This variability is likely caused by the different level of 

exposure to the air flow due to the mouse position on the holder. Such variability cannot be captured by 

the measurement performed with the rectal probe, at a single point source and in a specific physical 

compartment, measuring the core temperature. This observation simply reiterates the need for a 

thermometric method with large coverage and high resolution capability. The colormaps derived from the 

multiecho serve therefore as a more apt comparison in our study. In fact, the variability observed on the 
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ZSI colormaps was confirmed by the GRE maps. On a more quantitative level, the correlation analysis 

demonstrated that the average values in the muscle region were in high agreement between the two 

techniques.  

It is interesting to note that the same analysis in other areas failed to produce consistent significant 

correlations. Only one out of three mice had a correlation with R2>0.7 in the bladder, and none in the fat 

tissue. While the lack of consistency in the bladder might be due to field inhomogeneity and various 

spectral components corrupting the signal, the results in fat are likely due to a more complex mechanism. 

Both ZSI and phase difference rely on the proton resonance frequency shift effect, which depends on the 

decreased electronic shielding around the nuclei, stretched under higher temperature. While the 

measurement is perfectly evident in watery tissues, it is commonly assumed that fat protons shouldn’t be 

significantly affected, since the shielding constant in lipids is an order of magnitude lower compared to 

water: 𝜎𝐹 = 0.002, 𝑣𝑠 𝜎𝑊 = 0.01 per degree Celsius (14). Nevertheless, we sometimes observed 

frequency shifts inside the fat tissues. This effect in turn can be due to either the scanner central frequency 

drifting under the intensive gradient switching during fast sequences, or to changes in the temperature-

dependent susceptibility, which is described by a constant of the same magnitude of 𝜎𝑊. Since we didn’t 

observe the same steady B0 drift in other areas of the field of view, we can conclude that the shift has to 

be due to susceptibility, as it has been suggested before (15). It is possible that the different sensitivity to 

this effect translates in the GRE and the ZSI methods recording different frequency shifts, sometimes with 

inverted polarity. The measurement through the T1 mapping method can thus serve as an alternative 

reference for the study in fat tissue. The linearity found in the correlation with temperature as measured 

from the binomial ZSI, confirmed the reliability of this technique in both muscular and fatty tissue. 

It can therefore be concluded that this study validated the binomial-ZSI as a reliable method to measure 

temperature changes in vivo. 
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The ultimate goal of this project would be the implementation of this technique in clinics. The binomial-

ZSI technique has been developed in a preclinical environment, at a high field animal scanner. In a 

translational perspective, the use of a lower field will likely reduce the temperature sensitivity as the 

spectral resolution will decrease. While we expect that optimization of the delay time and pulses width 

will still deliver a sensitivity <1oC, it will be advisable to implement more sophisticated designs for the 

preparatory pulse segment. Furthermore, the application of the ZSI technique for the study of brown 

adipose tissue in clinics will face the sparse nature of the depots in humans. In order to accurately assess 

the local temperature changes, it will be necessary to acquire the sequence at high spatial resolution, or 

to adopt reduced field of view strategies (16), provided the excitation scheme doesn’t interfere with the 

preparatory module. 

In conclusion, this chapter served as the demonstration that the binomial-ZSI technique can reliably 

measure temperature changes in vivo, paving the path for its application in the study of brown and 

browning adipose tissue. 

 

 

7.5 Summary 

In this chapter, the feasibility of the binomial-ZSI technique implementation in vivo has been 

demonstrated. The protocol was tested in healthy mice undergoing thermal challenge under anesthesia. 

Hind legs muscles and inguinal fat depots were imaged. Binomial-ZSI provided a reliable measurement of 

the temperature change across the field of view with high resolution and high sensitivity. Results were in 

agreement with the nominal temperature set on the scanner bore and with the temperature measured 

by conventional magnetic resonance methods in both muscle and fat tissues. 
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8. CONCLUSION 

8.1 Summary 

Brown adipose tissue is one of the brightest hopes in the fight against the obesity epidemic. Key to the 

understanding and management of BAT is the establishment of a noninvasive imaging method to 

unbiasedly detect and monitor brown and browning adipose tissue. The current imaging approaches are 

either invasive or lack a comprehensive capability to assess the structural and functional aspects of the 

tissue. Z-Spectrum MR Imaging can bridge this gap. In this dissertation, it is presented how ZSI can 

produce both structural and functional contrasts, which can be used to study brown and browning 

adipose tissue.  

In the first step it has been shown how ZSI can measure fat water fraction to detect BAT. The technique 

consists in a series of images acquired after saturating the protons resonating over a range of frequency 

offsets. The largest dips in signal reflect the direct saturation of water and fat protons. By fitting the Z-

spectrum it is possible to extract the relative contribution to the overall signal, summarized in the fat 

water fraction. The novel FWF metric was calibrated with an oil and water mixture phantom and 

validated in specimens, mice and human subjects. FWF distribution was compared to published work 

and values compared to Dixon's MRI results. ZSI clearly differentiated WAT, BAT, and lean tissues by 

having FWF=1, 0.5 and 0 respectively. FWF maps of human subjects showed the same FWF distribution 

as Dixon’s MRI, but showed no fat-water swapping artifact in regions of high field inhomogeneity.  

The technique was then tested on a clinical problem. In fact, it has been reported that polycystic ovary 

syndrome (PCOS) patients might have reduced BAT functionality. We therefore used ZSI to characterize 

brown adipose tissue in PCOS compared to healthy subjects. Spectral data were collected at a 3T and a 

histogram analysis of the FWF distribution in the supraclavicular area was used to derive the fraction of 

BAT over the total fat depot (BATf) and the average FWF in BAT (FWF(BAT)). The parameters were 

compared among the male, female patients and the female healthy group, and the correlations to Body 
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Mass Index were also quantified. In summary, subjects with higher BMI showed less BATf and increased 

FWF(BAT), indicating relatively higher level of metabolic passive WAT depots and relatively reduced 

metabolism correlating with BMI. As for the disease, PCOS patients showed the smallest BATf and the 

highest FWF(BAT) among the groups, suggesting decreased BAT involvement in PCOS. This result show 

that ZSI can be of use to monitor treatment responses of PCOS therapies.  

Next, this dissertation proceeded to demonstrate the efficacy of Z-spectrum MRI in detecting adipose 

tissue activation through changes in FWF. Detection of brown and white adipose tissue activation are of 

particular interest due to their benefits against obesity and metabolic disorders. Here a transgenic 

mouse model, TripBr2-KO, was treated with an adrenergic drug to stimulate fat activation. Mice were 

studied for two weeks by ZSI and compared to saline-treated wild types. Results showed that FWF was 

significantly lower over time in the treated group compared to the controls, suggesting that lipid 

consumption, associated with adipose tissue activation, has occurred. The successful detection, 

confirmed by a reduction in the depot size, was found both in perirenal brown fat and in subcutaneous 

white fat, albeit following different temporal patterns, reflective of the different activation potential of 

the depots.  

After showing the potential of the FWF biomarker in characterizing BAT mass and function, it was the 

aim in this thesis to use to ZSI to produce a marker of BAT very own thermogenesis. Here was then 

proposed a new sequence based on the ZSI platform, where the preparatory RF saturation pulse is 

substituted by a binomial pulse, the Jump-Return. The effect of the paired hard pulses is to refocus the 

saturated magnetization partially as a function of chemical shift. The resulting signal oscillates as a sine 

function of the offset. When the temperature changes, the proton resonance frequency shift effect 

(PRFS) assures a shift of the entire curve. The proof of concept was carried out in PBS solution exposed 

to hot air flow. Then, the technique was tested on a whipped cream phantom, used as a proxy for 

biological fatty tissue. The temperature measurement was successful and correlated well with the one 
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form the electrode sensor probe inserted in the phantom. Being independent on phase artifacts and 

capable of fine thermal sensitivity, the technique is ideal for the study of thermogenesis.  

Finally, the feasibility of the binomial-ZSI technique implementation in vivo was assessed. The protocol 

was tested in healthy mice undergoing thermal challenge under anesthesia. Hind legs muscles and inguinal 

fat depots were imaged. Binomial-ZSI provided a reliable measurement of the temperature change across 

the field of view with high resolution and high sensitivity. Results were in agreement with the nominal 

temperature set on the scanner bore and with the temperature measured in muscles by standard MRI 

methods, in both muscle and fat.  

These studies, taken together, show how Z-spectrum Imaging is capable of producing varied structural 

and functional contrasts that can be used to comprehensibly characterize brown and browning adipose 

tissue. 

 

8.2 Contributions to the field 

The 2019 Workshop on obesity and metabolic disorder from the International Society of Magnetic 

Resonance Imaging redacted a summary that highlights the most urgent needs in the field. Among these, 

it reads: “The integrated understanding of the BAT physiology and its therapeutic role in metabolic 

disorders and obesity remains largely unanswered.” The outcome of this dissertation goes precisely in this 

direction: to provide a novel imaging method that produces metabolic and structural contrasts, for a 

comprehensive adipose tissue characterization. Current techniques, in fact, are either invasive or lack the 

capacity to observe both the structure and the thermogenic function of the adipose organ. Here it was 

shown that Z-Spectrum Imaging not only can measure fat water fraction and differentiate BAT from WAT, 

but can also assess thermal changes that can reflect thermogenesis. Despite the enthusiasm that captured 

the scientific community when active BAT in humans was re-discovered now a decade ago, development 
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in therapies to exploit the tissue have stagnated. One culprit is surely the lack of a reliable evaluation 

method for such therapies. On the long term, therefore, ZSI can be used to monitor the impact of 

pharmacological treatments of obesity and metabolic disease, their efficacy duration and the need for 

repeated dosage or stimulation, in summary providing a comprehensive screening tool for the treatment.  

A few results can also have a more immediate impact. The development of an alternative method to 

chemical shift encoded (Dixon) MRI to measure fat content can expand the number of accessible tissues. 

The innate resistance of Z-spectrum imaging to field inhomogeneity and phase errors can allow 

measurement in iron-loaded organs and other heterogeneous boundary areas, like the bone marrow in 

the spinal cord. Moreover, the temperature measurement based on the binomial-ZSI showed great results 

in fatty tissues, where current imaging is limited mainly to T1 relaxation, which requires calibration for 

each tissue under study. The possibility to modulate the excitation profile and the thermal sensitivity 

through the sequence parameters and delays, further highlights the potential of the Z-spectrum Imaging 

technique.  

 

8.3 Future works 

In this dissertation it was demonstrated the ability of Z-spectrum MR Imaging to produce structural and 

functional contrast, useful to assess the status of metabolic adipose tissue. The proof of concept, 

validation through phantoms, ex-vivo tissues, in vivo experiments and the comparison to standard clinical 

techniques were all successfully completed and partly published.  

Several avenues are now open and the present study requires optimization in order to be translated to 

clinical research.  

The application of ZSI to characterize brown adipose tissue in PCOS patients was fully conducted and 

published. With more subjects to be recruited for future studies, particularly healthy females with large 
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BMI, it will be possible to perform BMI-matched comparison between PCOS and healthy subjects to 

better control for any bodyweight-induced confounding factors 

The study of activation in the visceral area through changes in fat-water fraction was completed, 

presented as abstract and a manuscript is being drafted. Since it has been reported that visceral fat is 

generally resistant to standard stimulation, further studies with larger sample size (~10/group) and a solid 

pathological validation of the ZSI findings (in particular by staining for the thermogenic protein UCP1) will 

be carried out. In addition, by stimulating the mice over time, it will also be possible to assess if activation 

is maintained in all depots or if it is transient, indicating areas potentially resistant to the browning 

treatment.  

The work on the development of the temperature sensitive ZSI has been presented as abstract and a 

paper is being drafted. In the next step, a fitting model from the Bloch-McConnell equations, thus taking 

into account possible variations in relaxation times and pools fraction, will also be designed. The 

technique will then delve in measuring BAT thermogenesis directly, first in mice anesthetized with 

pentobarbital and stimulated through adrenergic drug, and then in human volunteers undergoing a cold 

challenge. Besides measuring temperature deltas, the comprehensive ZSI measurement will inform 

about the relationship between adipose tissue mass and function. We expect that WAT areas identified 

through FWF will have negligible or little temperature increase. We expect to see a general correlation 

between BAT area identified by FWF and thermogenic area. However, subtle activation variability within 

the depot has been reported and we therefore expect to image such intradepot distribution. With high 

spatial and thermal resolution, ZSI will provide quantitative, subject-specific measurements, ideal for the 

monitoring of obesity treatments. 
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