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Abstract 

Hyperpolarized 129Xe (HP 129Xe) magnetic resonance imaging (MRI) is a relatively young 

field which is experiencing significant advancements each year. Conventional proton MRI is 

widely used in clinical practice as an anatomical medical imaging due to its superb soft tissue 

contrast. HP 129Xe MRI, on the other hand, may provide valuable information about internal organs 

functions and structure. HP 129Xe MRI has been recently clinically approved for lung imaging in 

the United Kingdom and the United States. It allows quantitative assessment of the lung function 

in addition to structural imaging. HP 129Xe has unique properties of anaesthetic, and may transfer 

to the blood stream and be further carried to the highly perfused organs. This gives the opportunity 

to assess brain perfusion with HP 129Xe and perform molecular imaging. However, the further 

progression of the HP 129Xe utilization for brain perfusion quantification and molecular imaging 

implementation is limited by the absence of certain crucial milestones.  

This thesis focused on providing important stepping stones for the further development of 

HP 129Xe molecular imaging and brain imaging. The effect of glycation on the spectroscopic 

characteristics of HP 129Xe was studied in whole sheep blood with magnetic resonance 

spectroscopy. An additional peak of HP 129Xe bound to glycated hemoglobin was observed. This 

finding should be implemented in the spectroscopic HP 129Xe studies in patients with diabetes. The 

optimization of cucurbit[6]uril hyperpolarized chemical exchange saturation transfer 
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(HyperCEST) performance will allow a significant reduction in the dose of injected biosensors for 

molecular imaging. The possibility of obtaining higher HyperCEST performance with lower 

molecular cage concentrations is possible with the utilization of the most effective pulse sequences 

for various molecular biosensors. The optimal pulse sequence for the cucurbit[6]uril molecule was 

identified, resulting in a 2.5-fold reduction in the detection limit. Multi-slice brain images acquired  

for the first time with HP 129Xe using gradient echo imaging open new capabilities for spatially 

accurate HP 129Xe brain perfusion evaluation. The feasibility of multi-slice imaging has been 

demonstrated for HP 129Xe, paving the way for advancements in all currently investigated 

techniques utilizing HP 129Xe. 

This groundbreaking research not only marks a significant milestone, but also paves an 

entirely new and promising avenue for the progression and enhancement of MRI techniques 

employing HP 129Xe. The findings of this study create a foundation for novel approaches and 

methodologies, fostering the potential for substantial improvements in the field of HP 129Xe MRI. 
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Chapter 1: Introduction 

1.1 Medical Diagnostic Imaging 

Medical imaging modalities are key components of accurate diagnoses in certain medical 

conditions1,2. Typically, they involve the visual representation of the structure or functions of 

organs or tissues in the body3. Medical imaging techniques can provide valuable information about 

biological processes and anatomical details, along with abnormalities and processes of various 

diseases4. Medical imaging can be considered a part of biological imaging, which also involves 

the detection of biological processes that can be a sign of pathological changes5.  

The main modalities used in medical imaging can be divided into two groups, those which 

utilize ionizing radiation and those which do not. The imaging modalities that involve ionizing 

radiation are X-ray radiography, X-ray computed tomography (CT), positron emission tomography 

(PET), digital mammography, and single-photon emission computed tomography (SPECT). 

Medical imaging modalities that do not involve any ionizing radiation are endoscopy, 

thermography, medical photography, medical optical imaging, electrical source imaging (ESI), 

tactile imaging, ultrasonic and electrical impedance tomography (EIT), magnetic resonance 

imaging (MRI), magnetic resonance spectroscopy (MRS), and magnetic source imaging (MSI). 

Moreover, there are recording and measurement techniques such as electroencephalography 

(EEG), magnetoencephalography (MEG), and electrocardiography (ECG), which do not produce 

images but represent data as a parameter graph vs. time or maps3,5. These methods have less 

accuracy as compared to others. Most commonly in clinical practice X-ray imaging, CT, MRI, 

ultrasound, and PET6 are used. All of the aforementioned modalities provide structural or 

anatomical imaging, with the exception of PET, SPECT, and MEG, which only provide functional 
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imaging. MRI is unique as it can provide both structural/anatomical and functional imaging with 

superb contrast. 

X-ray imaging is one of the most popular techniques when it comes to imaging the fine 

details of bones due to its high resolution7. It is based on the difference in attenuation coefficients 

of the tissues. The tissues’ attenuation coefficients depend on density and atomic composition, 

specifically they are influenced by the number of electronі. The higher the attenuation coefficient, 

the more radiation energy will be absorbed, hence the tissue will have a higher signal-to-noise ratio 

(SNR)8. It is a quick and non-invasive procedure which makes it cost-effective and widely 

accessible in the medical field. It has several limitations, however, such as overlapping structures 

when complex anatomical regions are imaged, and exposure limits. The ionizing radiation which 

always accompanies X-ray imaging severely limits its utilization as a repetitive method of 

imaging, since cumulative radiation exposure may increase the risk of radiation-related health 

problems9. Also, radiation makes X-ray undesirable for imaging during pregnancy. X-ray provides 

limited information about soft tissue contrast due to the low difference in the attenuation 

coefficients, hence it is ineffective for the detection of certain soft tissue pathologies10.  

CT also utilizes X-ray beams. It has the ability to produce 3D images of both bones and 

soft tissues through the back-projection of the sinogram created from multiple X-ray attenuation 

data8. It captures the entire area within the scanner's field-of-view (FOV) and provides a more 

detailed evaluation of a wide range of medical conditions compared to x-ray imaging5. CT has 

higher contrast and higher spatial resolution (~0.5-0.625 mm) than X-ray, however, it involves 

higher doses of radiation (10-20 mSv)11. Despite having the same disadvantages as X-ray and 

having the highest dose of ionizing radiation among all other medical imaging modalities, CT has 
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a tendency to be overused or ordered without medical necessity when other imaging methods 

would suffice due to the high spatial resolution (about 30 μm) of internal structures12,13. 

PET is a medical imaging modality that provides information on metabolic activity.  It 

relies on the β+-decay of injected radiolabelled tracers whose accumulation depends on the tissue’s 

properties. The commonly used isotopes for the radiolabeled tracers are 11C, 18F, 13N, and 15O. PET 

has the highest sensitivity among all imaging techniques due to the absence of the natural sources 

of the radiation emitted by the radiotracer’s gamma-rays within the human body.  Though a very 

small dose of radiopharmaceuticals is required for image acquisition (~10-6g)14, the patient is still 

subjected to ionizing radiation. Another limitation of PET is lower spatial resolution as compared 

to MRI and CT15,16, which is caused by relatively high positron spread range and strong time 

limitations due to the short half-life of the used isotopes17. The half-life of the radiolabeled 

compounds also contributes to the high cost of PET scans.  

Another imaging modality that is widely used for diagnoses of soft tissue abnormalities is 

ultrasound. It involves the detection of elastic waves with frequencies from 1 MHz to 20 MHz 

reflected from organs and internal structures8. Each wave must travel from the emitter to the area 

of investigation and back to the transducer, passing through multiple tissues in its path. Interaction 

with various tissues leads to high distortion of the sound waves and significant noise creation. The 

result is a relatively low SNR as compared to other imaging techniques18. Moreover, the ultrasound 

spatial resolution is also limited and is usually higher than 300 µm8.  Other important limitations 

of this modality are image artifacts and challenges associated with visualizing anatomical 

structures located beyond the bony structures within the human body5. Nevertheless, these 

limitations are compensated for by the affordability of this imaging method and the convenience 

of transporting ultrasound imaging systems.  
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MRI is able to provide both anatomical and functional imaging and is widely used for 

imaging of soft tissues due to the high contrast and reasonable spatial resolution (~100 µm)19. MRI 

relies on the nuclear magnetic resonance (NMR) signal originating from the difference in spin 

populations on the Zeeman energy levels created by the application of a strong magnetic field. 

Since the spin population excess is ~10-5, conventional clinical MRI sensitivity is relatively low20. 

Clinical proton (1H) MRI typically utilizes magnetic field strength in the range from 1.5 to 7 Tesla 

(T) and detects the signal from water protons21. The main advantage of MRI is that a wide range 

of medical conditions including neurological, musculoskeletal, and cardiovascular disorders can 

be detected without utilizing ionizing radiation. However, MRI has poor sensitivity and a high cost 

of operation. MRI is commonly used for imaging the brain22, spinal cord, joints, and organs like 

the heart and abdomen, among other applications in healthcare1. Functional imaging with 

conventional MRI may be performed with diffusion-weighted imaging (DWI), blood oxygenation 

level dependent (BOLD) functional MRI, oxygen-enhanced MRI, and other techniques. 

Multinuclear MRI techniques open possibilities of molecular imaging for the detection of 

abnormal processes within the body. 

 

1.2 1H Magnetic Resonance Imaging 

The history of MRI should be told from the development of NMR in 1937 by Isidor Rabi 

for which he received a Nobel Prize in 1944. His method was mainly used for chemical structures 

until the 1960s when Raymond Damadian proposed that this method could be used on living 

organisms. Paul Lauterbur published images of glass capillaries filled with water in 1973 and 

received a Nobel Prize together with Peter Mansfield (who developed the whole-body MRI 

scanner) in 200323. It's not surprising that each stage of MRI's development has been recognized 
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by the Nobel committee, considering how MRI has transformed the field of medical imaging by 

offering excellent soft tissue contrast and high resolution without the use of ionizing radiation. 

MRI technique is based on the imaging of nuclei with an odd number of protons and/or 

neutrons since they have differences in populations on the energy levels in the constant external 

magnetic field, also known as Zeeman splitting24. The most widely used nucleus in MRI is the 1H 

proton due to its presence in water molecules, which are highly prevalent in the human body.  The 

generated signal is directly proportional to the concentration of atoms, as well as the difference in 

populations on Zeeman’s energy levels (which is ~10-5 for thermally polarized nuclei).  Therefore, 

in order to receive an adequate signal, MRI requires a sufficient number of nuclei within the voxel. 

The most important feature of MRI is superior soft tissue contrast. The density of specific 

tissues causes different energy dissipation rates following energy transmission by radiofrequency 

(RF) pulse. Numerous techniques are available for selectively imaging specific tissues by 

leveraging the physical properties of the nuclei within those tissues25–27.  

While conventional proton MRI is a widely available clinical imaging method, it still faces 

several challenges that restrict its range of applications. The primary constraint lies in imaging 

regions lacking protons, such as the human lungs. The areas with low proton density also create 

image artifacts due to high differences in the magnetic susceptibility with surrounding tissues. 

Human lungs provide a good illustration of how disparities in tissue/air susceptibility result in 

signal voids on MRI images28–30. In addition to the abovementioned, MRI is highly susceptible to 

physiological motion which creates numerous image artifacts. Therefore, special techniques have 

been developed to eliminate artifacts caused by respiratory and cardiac motion. MRI signal is 

limited with the number of nuclei withing the region of interest. Additionally, in order to receive 

images with high resolution, techniques with long scan times have to be utilized.  
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1.3 Physics of Magnetic Resonance Imaging. 

In order to facilitate the investigation of the MRI imaging techniques developed in this 

thesis and offer a clearer comprehension of the underlying theory, this section offers insight into 

the essential principles of NMR. Readers who are interested in further details of basic MRI 

principles may check the “Basics of Magnetic Resonance Imaging” by Oldendorf et al19. Those 

who want to explore the complex details of MRI may find interesting “Magnetic Resonance 

Imaging: Physical Principles and Pulse Sequence Design” by Haacke et. al31.  

1.3.1 Angular Momentum, Nuclear Magnetic Moment and Magnetization in an external 

static magnetic field.  

Magnetic dipole moment 𝜇⃗  can be imagined as a pair of equal magnetic charges but with 

opposite signs, as an analogue of the electric dipole. However, this analogue is not perfect as the 

magnetic charges do not exist.   

In the constant magnetic field (𝐵⃗⃗), it will experience torque 𝑁⃗⃗⃗: 

𝑁⃗⃗⃗ = 𝜇⃗ × 𝐵⃗⃗, [1 − 1] 

 

where 𝜇⃗ is a magnetic moment. Non-zero torque on the system leads to the changing of the 

system’s total angular momentum 𝐽:  

𝑑𝐽

𝑑𝑡
= 𝑁⃗⃗⃗ [1 − 2] 

A combination of the two abovementioned equations will provide the change in angular 

momentum over time: 

𝑑

𝑑𝑡
𝐽(𝑡) =  𝜇⃗(𝑡) × 𝐵0⃗⃗⃗⃗⃗(𝑡) [1 − 3] 
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However, the intrinsic angular momentum of nuclei can also be derived from the quantum 

side: 

𝐽 =  ℏ𝐼, [1 − 4] 

where ℏ represents the Dirac constant and 𝐼 is the nuclear spin. These nuclei will have a 

magnetic moment 𝜇⃗ which will result from the multiplication of angular momentum with 

gyromagnetic ratio 𝛾: 

𝜇⃗ = 𝛾𝐽 [1 − 5] 

The gyromagnetic ratio is unique for each nucleus constant which represents the ratio of 

spin magnetic momentum  𝜇⃗ and the angular momentum 𝐽. Below in Table 1-1 can be found the 

gyromagnetic ratios of the most widely used nuclei in MRI diagnostic and research. Typically, 

only nuclei with a spin of  
1

2
 are used in MRI due to the complexity of NMR spectra of nuclei with 

higher spins and their reduced signal.  

Table 1-1: Gyromagnetic ratios of widely used atoms in MRI32. 

Nucleus 𝛾, 𝑀𝐻𝑧/𝑇 

1H 42.58 

19F 40.06 

31P 17.24 

13C 10.71 

3He -32.43 

129Xe -11.78 
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Up to this moment, all discussion was about one nucleus. However, it is useful to generalize 

our consideration of multinuclear systems. The magnetic properties of a multinuclear system can 

be described by magnetization. Magnetization of the spin system is the density of the spin magnetic 

moments in it: 

𝑀⃗⃗⃗ =
1

𝑉
∑ 𝜇𝑖⃗⃗⃗⃗

𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑖𝑛 𝑉

 , [1 − 6] 

where the volume V is small enough that the external magnetic field is constant over it in 

approximation.  

Taking into account equations [1-3] and [1-5], the equation [1-6] may be rearranged for the 

equation of the net magnetization in volume V: 

1

𝑉
∑

𝑑𝜇𝑖⃗⃗⃗⃗

𝑑𝑡
=

𝑁

𝑖=1

𝛾

𝑉
∑𝜇𝑖⃗⃗⃗⃗ × 𝐵0⃗⃗⃗⃗⃗

𝑁

𝑖=1

 [1 − 7] 

Or  

𝑑𝑀⃗⃗⃗(𝑡)

𝑑𝑡
= 𝛾𝑀⃗⃗⃗(𝑡) × 𝐵⃗⃗0(𝑡) [1 − 8] 

  

The equation above can be resolved using a determinant form: 

𝑑𝑀⃗⃗⃗

𝑑𝑡
= 𝛾 |

𝑖 𝑗 𝑘⃗⃗
𝑀𝑥 𝑀𝑦 𝑀𝑧

𝐵𝑥 𝐵𝑦 𝐵𝑧

| [1 − 9] 

Where 𝑖 ⃗⃗ , 𝑗, 𝑘⃗⃗ are unit vectors, and 𝑥, 𝑦, 𝑧 are directions.  

The determinant can be expended as a system of scalar differential equations, also known 

as Bloch equations: 
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{
 
 

 
 
𝑑𝑀𝑥(𝑡)

𝑑𝑡
= 𝛾 (𝑀𝑦(𝑡) ∙ 𝐵𝑧(𝑡) − 𝑀𝑧(𝑡) ∙ 𝐵𝑦(𝑡))

𝑑𝑀𝑦(𝑡)

𝑑𝑡
= 𝛾(𝑀𝑥(𝑡) ∙ 𝐵𝑧(𝑡) − 𝑀𝑧(𝑡) ∙ 𝐵𝑥(𝑡))

𝑑𝑀𝑧(𝑡)

𝑑𝑡
= 𝛾 (𝑀𝑥(𝑡) ∙ 𝐵𝑧(𝑡) − 𝑀𝑦(𝑡) ∙ 𝐵𝑥(𝑡))

 [1 − 10] 

The assumption that vector 𝐵0⃗⃗⃗⃗⃗ is placed along +z direction allows the solving of equation 

[1-10] to illustrate the component’s behaviour of net magnetization:  

𝑀𝑧 = 𝑀0𝑐𝑜𝑠𝜃 , [1 − 11] 

𝑀𝑥𝑦 = (𝑀0𝑠𝑖𝑛𝜃) ∙ 𝑒
−𝑖𝜔0𝑡. [1 − 12] 

Where 𝑀𝑥𝑦 is a rotating vector in the xy plane which was presented as a complex variable 

𝑀𝑥𝑦 = 𝑀𝑥 + 𝑖𝑀𝑦 and 𝑀𝑧 is the component of the magnetization vector along the +z axis. 𝜃 is a 

polar angle.  

The equations discussed above suggest that the net magnetization vector precesses about 

the magnetic field lines with the calculated frequency:  

𝜔0 = 𝛾𝐵0 [1 − 13] 

𝜔0 is known as a Larmor frequency, where the sign of the gyromagnetic ratio 𝛾 determines 

the direction of the unique precession of each nucleus. If 𝛾 > 0,  the direction of the precession is 

clockwise and if 𝛾 < 0 it is counterclockwise.  

1.3.2 Zeeman effect and Polarization 

The potential energy of the nuclear magnetic moment placed into an external magnetic field 

can be determined through the magnetic dipole moment and the external magnetic field induction 

vector 𝐵0⃗⃗⃗⃗⃗: 

𝐸 =  − 𝜇⃗ ∙ 𝐵0⃗⃗⃗⃗⃗ [1 − 14] 
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Considering the definition of the magnetic dipole moment stated in equations [1-4] and [1-

5]: 

𝐸 =  −𝛾ℏ𝐼𝐵0 [1 − 15] 

The nuclear spin of the proton has two opposite values of  𝐼 =  +
1

2
 and 𝐼 = −

1

2
, which 

correspond to the “spin-up” and “spin-down” energy states. In the presence of an external magnetic 

field, the “spin-up” state where the spin magnetic moment is aligned with the direction of the 

magnetic field will have lower energy and will be considered the “ground” state. While the spin 

magnetic moment which is antiparallel to the external magnetic field will have higher energy and 

can be considered an “excited” or “spin-down” state (Figure 1-1). In the absence of an external 

magnetic field, these two energy levels deteriorate. However, in the presence of a magnetic field, 

this phenomenon also recognized as Zeeman energy level splitting or simply Zeeman effect24 will 

create an energy gap between two energy states:  

𝐸 = −(−
1

2
) 𝛾ℏ𝐵0 − (−

1

2
𝛾ℏ𝐵0) = 𝛾ℏ𝐵0 [1 − 16] 

 

Figure 1-1 Thermally polarized nuclear spins in the presence of an external magnetic field 

The number of spins on each energy level can be determined by Boltzman’s distribution:  

𝑁𝑖 = 𝑁0𝑒
−𝐸𝑖
𝑘𝑇

 , [1 − 17] 
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where i is the number of the level, Ei is the energy of the level, and k is Bolzman constant 

(𝑘 = 1.38 × 10−23,
𝐽

𝐾
), T is the absolute temperature.  

Considering that the “ground” energy state has lower potential energy, it will be more 

populated than the “excited” state. This difference in the population can be determined by nuclear 

spin polarization:  

𝑃 =
𝑁↑ − 𝑁↓
𝑁↑ + 𝑁↓

, [1 − 18] 

where 𝑁↑ is the number of spins in the “ground” state aligned with the magnetic field and 

𝑁↓ is the number of spins in the “excited” state aligned against the magnetic field. Taking into 

account the Boltzman equation [1-17] and equation [1-14]: 

𝑃 =
𝑒
𝜇𝐵0
𝑘𝑇 − 𝑒−

𝜇𝐵0
𝑘𝑇

𝑒
𝜇𝐵0
𝑘𝑇 + 𝑒−

𝜇𝐵0
𝑘𝑇

= tanh (
𝜇𝐵0
𝑘𝑇

) = tanh (
ℏ𝛾𝐵0
2𝑘𝑇

) , [1 − 19] 

Since 2𝑘𝑇 ≫ ℏ𝛾𝐵0,  

𝑃 ≅
ℏ𝛾𝐵0
𝑘𝑇

 [1 − 20] 

Considering a clinical MRI magnetic field strength of 3T and a patient with nominal body 

temperature, the polarization of the proton atoms within the body will be approximately 

9.9 × 10−6. Due to this small polarization, the image voxel should have a large enough quantity 

of 1H nuclei to conduct imaging.  

To express the net magnetization in thermal equilibrium via polarization, the equation [1-

6] should be noted, along with equations [1-4] and [1-5]. If the spin 𝐼 =  −
1

2
: 

𝑀⃗⃗⃗ = 𝑁𝑉𝜇⃗𝑃 = 𝑁𝑉 (
ℏ𝛾

2
)(
ℏ𝛾𝐵0⃗⃗⃗⃗⃗

2𝑘𝑇
) =

𝑁𝑉ℏ
2𝛾2𝐵0⃗⃗⃗⃗⃗

4𝑘𝑇
, [1 − 21] 
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Where NV is the number of magnetic dipole moments in volume V.  

1.3.3 Magnetization precession in Time-Varying Magnetic Field.  

In the sections above we discussed the effect of a static magnetic field on nuclear 

magnetization. However, in order to obtain an NMR signal, an RF pulse should be applied to the 

system to disturb its thermal equilibrium. The RF pulse will create an additional time-varying 

magnetic field 𝐵1⃗⃗⃗⃗⃗ in the direction perpendicular to the static external magnetic field 𝐵0⃗⃗⃗⃗⃗. 𝐵1⃗⃗⃗⃗⃗ can 

also be described as a rotating vector in the xy-plane: 

𝐵1⃗⃗⃗⃗⃗(𝑡) = |𝐵1⃗⃗⃗⃗⃗| ∙ 𝑒
−𝑖𝜔𝑡, [1 − 22]

where 𝜔 is the angular frequency of an RF pulse. In order to further simplify the calculations, it 

would be prudent to transfer from a laboratory frame of reference (where 𝐵1⃗⃗⃗⃗⃗(𝑡) rotates), to the 

rotating reference frame (which rotates about the z-axis with the same frequency 𝜔 as 𝐵1⃗⃗⃗⃗⃗(𝑡)). The 

vector 𝐵1⃗⃗⃗⃗⃗(𝑡) will remain still in this reference frame. The effective magnetic field which will affect 

the net magnetization can be calculated considering the application of B1:  

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ = 𝐵1𝑖̂ + 𝛾 (𝐵0 −
𝜔

𝛾
) 𝑘̂. [1 − 23] 

In the equation above, the component 𝐵1𝑖 ̂ is static along the x-axis and the longitudinal 

component is reduced by 
𝜔

𝛾
.  

If the frequency of radiation of the RF pulse (𝐵1⃗⃗⃗⃗⃗(𝑡) field) is equal to the Larmor frequency 

of the system, only the time-varying component will determine the effective magnetic field: 

𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ = 𝐵1𝑖̂. [1 − 24] 

The behaviour of the net magnetization vector described in the previous section with 

equation [1-8] should be modified with consideration of the effective magnetic field:  
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𝑑𝑀⃗⃗⃗(𝑡)

𝑑𝑡
= 𝑀⃗⃗⃗(𝑡) × 𝛾𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ =  𝑀⃗⃗⃗(𝑡) × 𝛾𝐵1𝑖̂. [1 − 25] 

Using the previous solution for the equation of an external magnetic field, the rotation of 

the magnetization vector with the application of 𝐵1⃗⃗⃗⃗⃗ may be calculated: 

𝜔1 = 𝛾𝐵1. [1 − 26] 

The flip angle at which the RF pulse will rotate the net magnetization during the applied 

time 𝜏 can be calculated as a magnitude of the 𝜔1 integrated with respect to time: 

𝜃 = ∫ |𝜔1|
𝜏

0

𝑑𝑡 = 𝛾∫ 𝐵1(𝑡)𝑑𝑡
𝜏

0

. [1 − 27] 

When the RF pulse with flip angle (FA) 𝜃   is applied to the system, the position of the 

magnetization vector may be calculated through the next matrix: 

(

𝑀𝑥′

𝑀𝑦′

𝑀𝑧′

) = (
1 0 0
0 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
0 −𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

) ∙ (

𝑀𝑥

𝑀𝑦

𝑀𝑧

) . [1 − 28] 

The magnitudes of the components of the magnetization vector will be determined by: 

|𝑀𝑥𝑦| = 𝑀0𝑠𝑖𝑛𝜃;  |𝑀𝑧| = 𝑀0𝑐𝑜𝑠𝜃, [1 − 29] 

where M0 is the initial magnitude of the magnetization vector before the application of an 

RF pulse.  

If the frequency of the RF pulse is equal to the Larmor frequency of the system, the 

electromagnetic energy of the pulse will be absorbed by the nuclei in the “ground” state since the 

amount of provided energy will be equal to the energy gap between the “ground” and “excited” 

states. However, if the RF pulse is turned off, the nuclei will dissipate the excess of energy through 

the emission of electromagnetic waves with Larmour frequency. The excited nuclei will return 

from the “excited” state to the “ground” state.  
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After termination of the RF pulse, the net magnetization vector will continue to precess 

about the external magnetic field, even though the magnetization rotation around the x-axis is 

gone. The magnetization precession around the external magnetic field creates a changing 

magnetic flux through the coil placed perpendicular to the xy-plane. The magnetic flux, Ф, creates 

the measurable signal which is also referred to as free induction decay (FID). It is worth 

mentioning that only the transverse magnetization component will have an effect on the signal 

since it is perpendicular to the coil, while the longitudinal component which is parallel to the coil 

will not induce magnetic flux.  

The detected signal can be calculated with the help of the Faraday’s law of induction: 

𝑆(𝑡) =  −
𝑑Φ(𝑡)

𝑑𝑡
=  −∫ 𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ 𝑑𝑉 (

𝑑𝑀⃗⃗⃗(𝑟, 𝑡)

𝑑𝑡
) ,

𝑉𝑠

 [1 − 30] 

where 𝑆(𝑡) is the detected signal measured in volts, 𝑉𝑠 the volume of the sample, 𝐵1⃗⃗⃗⃗⃗(𝑟) – 

magnetic field produced by RF pulse, 𝑀⃗⃗⃗(𝑟, 𝑡) – magnetization density in the transverse plane at 

the position determined by the radius vector 𝑟.  

Considering that 𝑀⃗⃗⃗(𝑟, 𝑡) =  𝑀⃗⃗⃗(𝑟)𝑒−𝑖𝜔0𝑡, since it is a rotating vector the equation [1-30] 

may be modified: 

𝑆(𝑡) = 𝑖𝜔0𝑒
−𝑖𝜔0𝑡∫ 𝑀⃗⃗⃗(𝑟)

𝑉𝑠

∙ 𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ 𝑑𝑉. [1 − 31] 

However, the energy transferred to the net magnetization is dissipated by two different 

mechanisms. The longitudinal component of magnetization regrows, and the system returns to 

thermal equilibrium due to the interaction of the spins with surrounding molecules (spin-lattice 

relaxation), while the transverse component of magnetization decays due to interactions of spins 

(spin-spin relaxation). These mechanisms add more complexity to the equation [1-31].  
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1.3.4 Spin-lattice Relaxation 

After the application of an RF pulse, the system was excited due to transferred energy as 

discussed in the previous section. The process that brings the system back to thermal equilibrium 

is called spin lattice relaxation. It is responsible for regrowth of the net magnetization along the 

longitudinal direction. This process, also referred to as longitudinal or T1 relaxation, occurs via 

interaction with the rapidly fluctuating magnetic fields caused by movements of surrounding 

magnetic moments. In order to facilitate the transitions between energy states, the frequencies of 

the rapid magnetic fields should be reasonably close to 𝛾𝐵0. The T1 longitudinal relaxation, after 

the termination of the RF pulse in the rotating frame of reference, is described by a differential 

equation: 

𝑑

𝑑𝑡
𝑀𝑧 = −

𝑀𝑧 −𝑀0

𝑇1
. [1 − 32] 

Where M0 is the initial magnetization at thermal equilibrium, T1 is the longitudinal (spin-

lattice) time constant, and Mz is the longitudinal component of the magnetization.  

Considering the longitudinal relaxation process, the dynamic of the net magnetization is: 

𝑑

𝑑𝑡
𝑀⃗⃗⃗(𝑡) = 𝛾 (𝑀⃗⃗⃗(𝑡) × 𝐵0⃗⃗⃗⃗⃗(𝑡)) −

𝑀𝑧(𝑡) − 𝑀0

𝑇1
𝑘̂ . [1 − 33] 

The general solution of the equation [1-32] describes the changes in longitudinal relaxation 

with respect to time: 

𝑀𝑧(𝑡) = 𝑀(0)𝑒
−
𝑡
𝑇1 +𝑀0 (1 − 𝑒

−
𝑡
𝑇1) . [1 − 34] 

If we consider that there is no longitudinal magnetization immediately after the application 

of a 90° RF pulse, M(0), longitudinal magnetization at t=0 is also 0. Hence, 

𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒
−
𝑡
𝑇1) . [1 − 35] 
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It can be observed from the equation above, that the longitudinal magnetization is 

regrowing exponentially with time and the rate of regrowth is determined by T1. Figure 1-2 

illustrates the behaviour of longitudinal magnetization for a range of T1 values after the application 

of a 90° RF pulse. 

 

Figure 1-2 Longitudinal magnetization change following the application of a 90° RF pulse for T1 

values of 100ms, 250ms, and 500ms.  

If we consider the RF pulses with FA 𝜃 different from 90°, the spin-lattice relaxation 

equation will be: 

𝑀𝑧(𝑡) = 𝑀0 (1 − (1 − 𝑐𝑜𝑠𝜃) ∙ 𝑒
−
𝑡
𝑇1) . [1 − 36] 
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Additionally, the equation [1-31] which describes signal evolution should be changed to 

reflect spin-lattice relaxation effect:  

𝑆(𝑡) = 𝑖𝜔0𝑒
−𝑖𝜔0𝑡 ∙ ∫ 𝐵1⃗⃗⃗⃗⃗(𝑟)

𝑉𝑠

𝑀⃗⃗⃗(𝑟) (1 − (1 − 𝑐𝑜𝑠𝜃)𝑒
−

𝑡
𝑇1(𝑟))𝑑𝑉.  [1 − 37] 

 

Since tissues in the human body have various T1 relaxation times, they will have different 

signal intensities at the same moment of time if signal readout happens before longitudinal 

magnetization has fully regrown. This property is used widely for obtaining MRI contrast images. 

Full regrowth of the longitudinal magnetization will provide the maximum signal. It was 

experimentally found that it happens approximately at 5T1 after the application of a 90° RF pulse.  

1.3.5 Spin-Spin Relaxation 

As mentioned previously, there are two components of magnetization: longitudinal and 

transverse. In the previous section, the behaviour of the longitudinal magnetization was discussed 

after the application of an RF pulse. However, the transverse magnetization also experiences 

changes. The interactions of the neighbouring spins' magnetic moments will cause the loss of their 

coherence and dephasing and, hence, the decay of transverse magnetization. This effect is called 

spin-spin (transverse or T2) relaxation. It can be represented by the following differential equation 

in a rotating frame of reference where T2 is the spin-spin relaxation constant:  

𝑑𝑀𝑥𝑦

𝑑𝑡
= −

𝑀𝑥𝑦

𝑇2
. [1 − 38] 

This equation can be solved for transverse magnetization Mxy to illustrate its behaviour: 

𝑀𝑥𝑦 = 𝑀(0)𝑒
−
𝑡
𝑇2 , [1 − 39] 

where M(0) is the transverse magnetization at the t=0 after the RF pulse ending.  
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It should be noted that T2 values are always less than or equal to the T1 value of the nuclei. 

The behaviour of the transverse magnetization after application of the 90° RF pulse is shown in 

Figure 1-3 for three different T2 values. 

 

Figure 1-3 Transverse relaxation after application of 90° FA RF pulse for T2 values of 5ms, 20ms, 

and 50ms.  

 In addition to the direct spin-spin interactions, spins can feel surrounding inhomogeneities 

of the external magnetic field and differences in local magnetic susceptibility. This will also 

contribute to the speed of spins dephasing and transverse magnetization decay. The relaxation time 

which includes the aforementioned factors is effective or apparent spin-spin relaxation time (𝑇2
∗), 

which is even shorter than T2 since it accounts for 𝑇2
𝑖- the contribution from magnetic field 
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inhomogeneities and 𝑇2
𝑠 – the effect of local susceptibility differences in the sample. The equation 

for  𝑇2
∗ is: 

1

𝑇2
∗ =

1

𝑇2
+
1

𝑇2
𝑖
+
1

𝑇2
𝑠 . [1 − 40] 

 The equation of the signal [1-37] should be modified to reflect the 𝑇2
∗ effect:  

𝑆(𝑡) = 𝑖𝜔0𝑒
−𝑖𝜔0𝑡 ∙ ∫ 𝑀⃗⃗⃗(𝑟) ∙

𝑉𝑠

𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ 𝑒
−

𝑡
𝑇2
∗(𝑟) ∙ (1 − (1 − 𝑐𝑜𝑠𝜃)𝑒

−
𝑡

𝑇1(𝑟))𝑑𝑉. [1 − 41] 

 

We have shown that spin-spin relaxation affects the signal, making it unique for each tissue 

at the same point in time. This is used for the generation of MRI contrast for tissues in which T2 

values are notably different.  

The longitudinal and transverse relaxation will alter the net magnetization 

behaviourdescribed in equation [1-25]: 

𝑑𝑀⃗⃗⃗

𝑑𝑡
= 𝛾 ∙ (𝑀⃗⃗⃗ × 𝐵𝑒𝑓𝑓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗) −

𝑀𝑥𝑖̂ + 𝑀𝑦𝑗̂

𝑇2
−
𝑀𝑧 −𝑀0

𝑇1
𝑘̂. [1 − 42] 

1.3.6 Spatial localization of the MRI signal. 

In the preceding sections, the primary emphasis was placed on the process of generating 

the MRI signal. However, to make MRI truly imaging modality, the signal must be localized. The 

signal from each voxel should be placed spatially in order to generate the image.  This localization 

is achieved through the linear magnetic field gradients applied in addition to the external magnetic 

field B0. These gradients are superimposed over the external magnetic field, hence the Larmor 

frequencies defined by equation [1-13] will be altered differently for specific points of the imaged 

sample. This will create a unique frequency and phase for each spatial position. Typically, three 

linear gradients are applied: 
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𝐺𝑥 =
𝑑𝐵𝑧
𝑑𝑥

; 𝐺𝑦 =
𝑑𝐵𝑧
𝑑𝑦

; 𝐺𝑧 =
𝑑𝐵𝑧
𝑑𝑧

. [1 − 43] 

The magnetic field gradient vector can be expressed by the following: 

𝐺⃗(𝑟, 𝑡) =
𝑑𝐵𝑧(𝑡)

𝑑𝑥
𝑖̂ +

𝑑𝐵𝑧(𝑡)

𝑑𝑦
𝑗̂ +

𝑑𝐵𝑧(𝑡)

𝑑𝑧
𝑘̂. [1 − 44] 

 Although three additional magnetic fields are applied, the net magnetic field will still point 

along the z-direction: 

𝐵⃗⃗(𝑥, 𝑦, 𝑧) = 𝐵0𝑘̂ + (𝐺𝑥𝑥 + 𝐺𝑦𝑦 + 𝐺𝑧𝑧)𝑘̂. [1 − 45] 

 

 The phase of the nuclei rotation is also spatially distributed by linear magnetic fields: 

∆𝜑(𝑟, 𝑡) = 𝛾∫ 𝐺
𝑡

0

(𝑟, 𝑡) ∙ 𝑟𝑑𝑡. [1 − 46] 

 Information about the MRI signal is stored in the k-space – a space of spatial frequencies.  

Let us assume that: 

𝑘⃗⃗(𝑡) =
𝛾

2𝜋
∫ 𝐺⃗
𝑡

0

(𝑡)𝑑𝑡. [1 − 47] 

 Therefore equation [1-46] changes to: 

∆𝜑(𝑟, 𝑡) = 2𝜋(𝑘⃗⃗(𝑡) ∙ 𝑟). [1 − 48] 

The position in k-space characterizes the amount of phase gained during the magnetic field 

gradients application. The information from k-space can be transformed into an image by doing 

the inverse Fourier transform which converts the signal from the frequency domain into the time 

domain.  

In doing so, the application of the magnetic field gradients will add an additional linear 

phase factor into the signal equation:  
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𝑆(𝑡) = 𝑖𝜔0𝑒
−𝑖𝜔0𝑡∫ 𝑀⃗⃗⃗

𝑉𝑠

(𝑟) ∙ 𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ (1 − 𝑒
−

𝑡
𝑇1(𝑟)) ∙ 𝑒

−
𝑡

𝑇2
∗(𝑟) ∙ 𝑒−𝑖∆𝜑(𝑟,𝑡)𝑑𝑉. [1 − 49] 

 And taking into account equation [1-48] we get: 

𝑆(𝑘⃗⃗) = 𝑖𝜔0𝑒
−𝑖𝜔0𝑡∫ 𝑀⃗⃗⃗

𝑉𝑠

(𝑟) ∙ 𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ (1 − 𝑒
−

𝑡
𝑇1(𝑟)) ∙ 𝑒

−
𝑡

𝑇2
∗(𝑟) ∙ 𝑒−𝑖2𝜋(𝑘⃗⃗∙𝑟)𝑑𝑉.  [1 − 50] 

For simplification of the equation above, the effective magnetization density that 

incorporates the relaxation effects, phase effects, and 𝐵1⃗⃗⃗⃗⃗  , will be introduced: 

𝑀𝑒𝑓𝑓(𝑟) = 𝑖𝜔0𝑒
(−𝑖𝜔0𝑡) ∙ 𝑀⃗⃗⃗(𝑟) ∙ 𝐵1⃗⃗⃗⃗⃗(𝑟) ∙ (1 − 𝑒

−
𝑡

𝑇1(𝑟)) ∙ 𝑒
−

𝑡
𝑇2
∗(𝑟). [1 − 51] 

Therefore equation [1-50] is modified to: 

𝑆(𝑘⃗⃗) = ∫ 𝑀𝑒𝑓𝑓
𝑉𝑠

(𝑟) ∙ 𝑒−𝑖2𝜋(𝑘⃗⃗∙𝑟)𝑑𝑉. [1 − 52] 

It may be observed that the signal is a function of the position in k-space and integrated 

over all image space. The effective magnetization density may be calculated using the inverse 

Fourier transform of equation [1-52]:  

𝑀𝑒𝑓𝑓(𝑟) = ∫ 𝑆(𝑘⃗⃗) ∙ 𝑒𝑖2𝜋(𝑘⃗⃗∙𝑟)

𝑘𝑠

𝑑𝑘. [1 − 53] 

Now effective magnetization is the function of the position in the image space and 

integrated over k-space.  

To have an MRI image with sufficient contrast and resolution, the k-space should have 

enough data. This data is acquired through the application of unique sequences of RF pulses, 

magnetic field gradient waveforms, and timing parameters.  
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1.3.7 Pulse sequence parameters 

The parameters of the pulse sequences determine the contrast, SNR, and resolution of the 

acquired image. Each pulse sequence can be separated into four main steps: RF pulse, slice-

selection, phase encoding, and frequency encoding.  

1.3.7.1 RF pulse 

The RF excitation pulse is the first step for nearly all pulse sequences (with the exemption 

of those where pre-pulses are applied). It tips the longitudinal magnetization into the transverse or 

xy-plane and makes it discoverable by the coils. The RF pulse may be of any angle as long as it 

creates a projection on the xy-plane. Intuitively, the closer FA is to 90°, the higher the acquired 

signal will be. However, the spin-lattice relaxation effect, which recovers the longitudinal 

magnetization, will affect the recovery time in the next way: the higher be FA, the longer time it 

will take for magnetization to recover. Therefore, the time between two subsequent excitation 

pulses,  necessary for magnetization to recover, is called repetition time or TR. Richard Ernst was 

awarded the Nobel Prize for his development of the optimal FA for SNR maximization for a 

particular TR33.   This so-called Ernst angle is expressed by: 

𝜃 = cos−1 (𝑒
−
𝑇𝑅
𝑇1 ) . [1 − 54] 

One of the fundamental characteristics of the RF pulse is the associated bandwidth (BW) 

which determines the range of the precessional frequencies that will be excited. If the FA of the 

RF pulse is less than 30°, the small FA approximation may be used for BW calculation: a Fourier 

transform of the RF pulse shape may be performed. However, if the RF pulse has an infinite 

spectrum, the BW is determined by the frequency range containing ~95% of the RF power.  This 

is typical for rectangular RF pulses.  
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1.3.7.2 Slice selection gradient 

The application of an RF pulse is necessary to excite the spins within the sample, however, 

the excitation of the whole sample is not desirable. Therefore, it must be localized.  This 

localization is achieved through the application of a slice-selective magnetic field gradient applied 

simultaneously with the RF excitation pulse. This gradient also can be referred to as z-gradient 

since it is conventionally aligned with the external magnetic field 𝐵0⃗⃗⃗⃗⃗. It allows the excitation of a 

specific slice of magnetization. There are three conventionally accepted orientations of the slices, 

which depend on the orientation of the slice-selecting gradient: axial orientation, coronal 

orientation, and sagittal orientation.  

The thickness of the 2D excited slice is determined by the 𝐵𝑊𝑅𝐹 – bandwidth of excitation 

pulse and 𝐺𝑧 – the strength of the slice-selection magnetic field gradient: 

∆𝑧 = 2𝜋 ∙
𝐵𝑊𝑅𝐹

𝛾𝐺𝑧
. [1 − 55] 

It should be mentioned that transverse magnetization accumulates the phase during the 

application of the slice-selecting gradient, henceforth an additional gradient is applied in the 

opposite direction to destroy the accumulated phase.  

1.3.7.3 Phase Encoding Gradient 

In order to arrange the data acquisition in 2D space the phase and frequency encoding 

gradients are applied. Their directions are interchangeable, but typically phase encoding gradients 

are applied along the ordinate or y-axis. The applied gradient makes the spins precess a frequency 

which is a function of the position:  

𝜔(𝑦) = 𝛾𝐺𝑦𝑦. [1 − 56] 
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After termination of the gradient, the frequency of the spins returns to the original value, 

but the phase accumulated during the gradient application remains.  

The position of the k-space after the phase encoding gradient is: 

𝑘𝑦 =
𝛾

4𝜋
∙ (𝑇𝑃𝐸 + 𝑡𝑓 − 𝑡𝑠)𝐺𝑦, [1 − 57] 

where 𝑇𝑃𝐸 – the duration of the phase encoding gradient, 𝑡𝑓  – time when the current in the 

gradient coil is terminated, and 𝑡𝑠 – a time when the gradient strength gets to the 𝐺𝑦 value. This 

equation was derived for the trapezoidal gradient form, which is the most widely utilized in 

practice. 

1.3.7.4 Frequency Encoding and Acquisition 

Frequency encoding gradients are applied after phase encoding happens or simultaneously 

with it. The filling of the k-space or data acquisition (ACQ) is happening at the same time as 

frequency encoding. Typically, frequency encoding gradients are applied along the abscissa or x-

axis.  

The duration and signs of the phase and frequency encoding gradients determine the 

trajectory of the k-space filling with data. 

1.3.8 Imaging Pulse Sequences 

There are numerous pulse sequences developed for MRI imaging. Conventionally the MRI 

signal is acquired after an echo of the excited signal is generated. There are two main techniques 

for it: spin echo and gradient echo. 

1.3.8.1 Spin Echo Imaging Pulse Sequence 

Considering section 1.3.5 where the transverse relaxation was discussed, there are T2 and 

T2
* decays. While T2 is irreversible and caused by microscopic magnetic field fluctuations, T2

* 
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decay is caused by local differences in the external magnetic field in addition to T2 decay. The 

dephasing caused by the local dissimilarities of the external magnetic field can be eliminated by 

the application of the refocusing RF pulse. The basic spin echo (SE) technique relies on the 

application of a 180° refocusing RF pulse which rotates magnetization vectors around the 

application axis of the refocusing pulse. It may be observed in Figure 1-4, that the 90° excitation 

pulse rotates the longitudinal magnetization vector into the transverse plane. The dephasing of the 

different magnetic moments’ vectors occurs over time. The refocusing 180° RF pulse is applied to 

result in the generation of the signal echo, which happens at echo time (TE). It should be mentioned 

that slice selective gradients are applied during the excitation and refocusing RF pulses, phase 

encoding gradient is applied before refocusing pulse and frequency encoding gradient is applied 

for echo readout. 

 

Figure 1-4 Basic spin echo pulse sequence.  
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1.3.8.2 Gradient Echo Imaging Pulse Sequence 

The first step of the SE pulse sequence and gradient echo (GRE) sequence is the same: 

application of excitation pulse together with slice selective gradient. However, the signal echo is 

created by the application of gradients, not by additional RF pulse. Firstly, a negative frequency 

gradient is applied which dephases magnetic moment vectors and after the refocusing positive 

frequency gradient is applied and an echo is created.  

Conventional 2D GRE utilizes Cartesian trajectories with k-space filled line-by-line (Figure 1-5). 

The pulse sequence should be repeated multiple times to fill all lines of k-space.

 

Figure 1-5 Pulse sequence diagram of the 2D gradient echo. 

1.3.8.3 3D Gradient Echo Imaging 

The conversion from 2D to 3D GRE requires some modifications. RF pulses typically used 

for 3D imaging have a short duration and a broad excitation profile in the frequency domain, they 
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are also considered “hard” pulses. 3D imaging requires the excitation of the whole imaged volume; 

therefore, the magnitude of the slice-selection gradient is reduced to excite a thick slice of 

magnetization or slice selective gradient is absent at all. When the k-space filling happens the 

phase encoding gradients are simultaneously applied in two directions 𝐺𝑦 and 𝐺𝑧; they are followed 

by a frequency encoding gradient (Figure 1-6). The 3D k-space dataset is sampled and then the 

Fourier transform is used to recreate the final 3D image. 

  

Figure 1-6 Pulse sequence diagram for a 3D GRE imaging acquisition.  

1.3.9 Image parameters 

Each image can be characterized by a field of view (FOV) which is calculated from the k-

space: 

𝐹𝑂𝑉𝑥 = ∆𝑘𝑥
−1; 𝐹𝑂𝑉𝑥 =

2𝜋

𝛾 ∙ 𝐺𝑥 ∙ 𝑇𝑠
, [1 − 58] 
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where ∆𝑘𝑥- the distance between two k-space points in x-direction, 𝑇𝑠 – signal sampling 

time.  

𝐹𝑂𝑉𝑦 = ∆𝑘𝑦;   𝐹𝑂𝑉𝑦 =
2𝜋

𝛾 ∙ ∆𝐺𝑦 ∙ 𝑇𝑝
, [1 − 59] 

where ∆𝑘𝑦 – the distance between two k-space points in y direction, ∆𝐺𝑦 – the difference 

of the 𝐺𝑦 magnitude, 𝑇𝑃𝐸 – duration of the phase encoding gradient.  

The image resolution is determined by the k-space coverage in both directions: 

∆𝑥, 𝑦 =
1

2𝑘𝑥,𝑦
max   . [1 − 60] 

One of the main and most important characteristics of an image is SNR, which also 

determines image quality. It is calculated by dividing the mean signal value by the standard 

deviation of the noise. The Brownian motion of electrons within the sample causes the MRI noise 

which can be described in the next equation:  

𝑛𝑜𝑖𝑠𝑒 = √(4𝑘𝑇𝑅𝑠∆𝑓), [1 − 61] 

where 𝑅𝑠 – the real part of the input impedance, ∆𝑓  - frequency BW, 𝑇 – sample 

temperature.  

Considering the equation [1-50] for the signal and the equation discussed above: 

𝑆𝑁𝑅 =
𝑖𝜔0

√4𝑘𝑇𝑅𝑠∆𝑓
𝑒−𝑖𝜔0𝑡∫ 𝑀⃗⃗⃗

𝑉𝑠

(𝑟) ∙ 𝐵1⃗⃗⃗⃗⃗ ∙ (1 − 𝑒
−

𝑡
𝑇1(𝑟)) ∙ 𝑒

−
𝑡

𝑇2
∗(𝑟) ∙ 𝑒−𝑖2𝜋(𝑘⃗⃗∙𝑟)𝑑𝑉. [1 − 62] 

Image SNR is determined by the available magnetization, 𝑇1, 𝑇2
∗, 𝑇𝑅, 𝑇𝐸. It can be 

calculated by the next equation for the applied FA 𝜃: 

𝑆𝑁𝑅 ∝
(1 − 𝑒

−
𝑇𝑅
𝑇1 ) 𝑒

−
𝑇𝐸
𝑇2
∗

1 − 𝑐𝑜𝑠𝜃𝑒
−
𝑇𝑅
𝑇1

∙ 𝑠𝑖𝑛𝜃. [1 − 63] 
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If 𝜃 = 90°: 

𝑆𝑁𝑅 ∝ (1 − 𝑒
−
𝑇𝑅
𝑇1 ) 𝑒

−
𝑇𝐸
𝑇2
∗
. [1 − 64] 

Additionally, SNR depends on the voxel size and acquisition time: 

𝑆𝑁𝑅 ∝ (𝑣𝑜𝑥𝑒𝑙 𝑠𝑖𝑧𝑒) ∙ √𝑟𝑒𝑎𝑑𝑜𝑢𝑡 𝑡𝑖𝑚𝑒; [1 − 65] 

𝑆𝑁𝑅 ∝ ∆𝑥 ∙ ∆𝑦 ∙ ∆𝑧 ∙ √
𝑁𝑆𝐴 ∙ 𝑁𝑥 ∙ 𝑁𝑦 ∙ 𝑁𝑧

𝐵𝑊
, [1 − 66] 

where 𝑁𝑆𝐴 is the number of signal averages, ∆𝑥, ∆𝑦, ∆𝑧 – dimensions of the voxel, 

𝑁𝑥, 𝑁𝑦, 𝑁𝑧 – number of readout points in x-, y-, and z-directions. 

Another important characteristic of the image is contras-to-noise ratio (CNR), it is 

calculated as a difference in signals of the region-of-interest (ROI) (𝑆𝑅𝑂𝐼) and background 

(𝑆𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) divided by noise value from equation [1-61]:  

𝐶𝑁𝑅 =
𝑆𝑅𝑂𝐼 − 𝑆𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝑛𝑜𝑖𝑠𝑒
 [1 − 67] 

 

 

1.4 Brain Proton Imaging 

As it is very clear by now from the information discussed above conventional 1H MRI has 

superior soft-tissue contrast. Hence, it is widely used for the diagnostic of brain diseases and 

abnormalities. The commonly acquired images for the clinical examinations are 3D T1- and T2- 

weighted images (T1WI and T2WI)34,35. The basic principles of T1WI are the utilization of short 

TE and short TR, while T2WI is acquired with intermediate TE and long TR.  
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3D T1WI images have high grey-white matter contrast and good spatial resolution, it is the 

most commonly used sequence for structural analysis and allows easy annotation of healthy 

tissues34,36–38. Moreover, T1WI provides a thorough assessment of cerebral atrophy39.  

T2WI is ideal for scoring the gray matter, subcortical lesions, and infratentorial lesion 

categories34.  

T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) is used to distinguish 

cerebrospinal fluid (CSF) and subtle lesions40. It utilizes the 180° pre-pulse at the inversion time 

prior to the excitation pulse, which nulls the signal from CSF on the images25.  It is used for 

vascular damage detection and can indicate metabolic, inflammatory, infective, and toxic 

processes36. It is considered best for changes in deep white matter lesions.  

T2
*-weighted (susceptibility-weighted) gradient echo sequence (T2*GRE) is used to detect 

microhemorrhages and cerebral microbleeds41, which is helpful for Alzheimer’s disease 

diagnosis34,42.  

Diffusion weighted imaging (DWI) contrast is created by microscopic water motion. It 

provides information which is absent in the standard T1WI and T2WI. It is mostly used for acute 

stroke assessment but also can be used for brain tumours. It is characterized by the apparent 

diffusion coefficient (ADC) and images are usually represented as ADC maps. Lesions with 

restricted diffusion are bright on the DWI images and dark on the ADC maps43. Additionally, DWI 

can differentiate between necrotic lesions and abscesses and it is particularly useful for detecting 

recent infarct44.  

As an example, the basic protocol used for clinical assessment of cognitive impairment 

includes the next sequences: 3D T1WI, T2WI, FLAIR, T2*GRE, and DWI (ADC map)36. Vascular 

brain injuries can be diagnosed by using routine MRI scans: white matter hypointensities are seen 
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on the FLAIR images, cerebral microbleeds are visible on GRE MRI sequences and T2-weighted 

MRI45. 

More advanced imaging techniques utilized in medical diagnosis include arterial spin 

labelling (ASL), magnetic resonance spectroscopy (MRS), dynamic susceptibility contrast (DSC), 

diffusion tensor imaging (DTI), and many others.   

ASL uses magnetically labelled blood as a flow tracer delivering the cerebral blood flow 

(CBF) images. The perfusion characteristics of brain and brain lesions may provide specific 

diagnosis46. It also provides valuable information about tumours tissue perfusion which is used for 

operation planning43.  

MRS or chemical shift imaging (CSI) is a multivoxel technique, which acquires signals 

from different metabolites in the brain. Typically, MRS acquisition starts with anatomic images, 

which are used for further localization, and then the spatial distribution of metabolites is acquired. 

The result of 2D MRS is a matrix of metabolites spectra. The concentration of metabolites is very 

important information, which can tell about abnormal processes47.  For example, the main 

metabolites of interest in brain tumours are choline, creatine, N-acetylaspartate, myoinositol, lipids 

and lactate.   

DSC MRI is mostly used for measuring relative cerebral blood volume, cerebral blood 

flow, mean transit time and other parameters38. Typically, the gadolinium-based contrast agents 

(GBCA) are utilized for the injection. They further spread through the body and brain tissue 

specifically and alter the signal of the surrounding protons. The diffusion of the GBCA is 

monitored by a dynamic series of T2 or T2
*-weighed MR images48.   
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1.5 Hyperpolarized 129Xe MRI 

Conventional MRI relies on the signal detection from the excited spins, however, as it was 

discussed in section number 1.3.2, only a small number of spins with lower energy can accept the 

energy. This number of spins is determined by population difference, which is also referred to as 

polarization. Indeed, the extremely low thermal polarization of almost all nuclei poses a challenge, 

requiring a combination of factors such as high natural abundance, high gyromagnetic ratio, and 

most importantly – high concentrations of the nuclei in the imaged sample or area. However, when 

imaging the areas which by default do not have a high proton concentration, for example, lungs, 

the only solution is to use gaseous agents visible in MRI.  The effectiveness of this solution was 

for the first time demonstrated by Albert et al in 1994, when the imaging of the excised mouse 

lungs was performed using hyperpolarized 129Xe (HP 129Xe) at 9.4 T49. Utilization of HP gases 

allowed to visualize the distribution of the inhaled gas within the lungs50.  

This section is dedicated to the basic concepts of the HP MRI and its utilization. There are 

three main techniques that allow transferring nuclei into the hyperpolarized state: spin exchange 

optical pumping (SEOP), dynamic nuclear polarization (DNP), and metastable exchange optical 

pumping (MEOP). DNP is mostly used for hyperpolarization of 13C atoms51, but also can be 

utilized for non-conducting solids, while MEOP may only be used for 3He hyperpolarization52.   

To gain a deeper understanding of the fundamental concepts behind HP noble gas MRI, 

readers are encouraged to consult the book titled "Hyperpolarized and Inert Gas MRI: From 

Technology to Application in Research and Medicine" authored by Albert and Hane53.  

1.5.1 Spin Exchange Optical Pumping 

Since the main focus of this work is HP 129Xe, only its hyperpolarization process will be 

discussed in detail. Spin Exchange Optical Pumping (SEOP) may be used for hyperpolarization 
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only gases, but with high levels of polarization54. The process involves the initial polarization of 

the alkali atom’s electrons by circularly polarized light and further transfers the polarization to the 

noble gas nuclei. Alkali metals are used for SEOP due to having one valence electron on the outer 

shell, the most widely utilized alkali metal is rubidium (Rb). Rb has a comparably big atom radius 

and, a low melting point, its D1 transition is possible using commercially available lasers, and the 

spin-exchange cross-section between Rb and noble gas is high.  

The first step is optical pumping during which the Rb vapour is created and illuminated by 

circularly polarized light (Figure 1-7A). It will cause the polarization of the electrons on the s-

shell, specifically, the transition from the ground state 2𝑆1 2⁄  to the excited state 2𝑃1 2⁄  (of course, 

different alkali metal transitions will occur from the  𝑆1 2⁄  to  𝑃1 2 ⁄ on correcsponding energy level). 

The allowed change of the magnetic quantum number determined by electronic selection rules is 

∆𝑚 = ±1. Hence the allowed transitions for Rb are 𝑚𝑠 = −1 2⁄ → 𝑚𝑝 = +1 2⁄  and 𝑚𝑠 =

+1 2⁄ → 𝑚𝑝 = −1 2⁄ , these transitions are induced by left circularly polarized light (red wavy 

arrow) and right circularly polarized light respectively. The excited electrons will tend to lose the 

gained energy and relax back to the ground state, this transition will also occur by selection rule. 

Additionally, atoms with electrons in the excited state may collide with noble gas atoms, which 

will equalize the population of 𝑚𝑝 = −1 2⁄  and 𝑚𝑝 = +1 2⁄  sublevels. In order to fully polarize 

the Rb vapour, the quenching gas N2 is present in the chamber. The collisions of the excited 

electrons with N2 molecules allows the transition ∆𝑚 = 0: 5𝑃(𝑚𝑝 = −1/2) → 5𝑆(𝑚𝑠 = −1/2)  

and 5𝑃(𝑚𝑝 = +1/2) → 5𝑆(𝑚𝑠 = +1/2). As a result of these collisions, the process will continue 

until the complete polarization of the Rb vapour. It should be noted that buffer gases such as helium 
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are present in the chamber for pressure broadening of the Rb absorption cross section to enable a 

large fraction of laser light to be productively absorbed. 

The next step of the SEOP is spin exchange, which is initiated by flowing the mixture of 

noble gas, 4He, and N2 through the optical cell. The interaction of the noble gas and polarized s-

shell Rb electrons allows the transfer of angular momentum through hyperfine Fermi interaction. 

The transfer may occur through either binary non-elastic collisions or the formation of transient 

Van der Waals complexes. Binary collisions (Figure 1-7B) involve only Rb and noble gas atoms, 

they are dominant for noble gases with high pressure (~760 Torr). For heavier noble gases like 

129Xe, which polarized at low pressures (~10-100 Torr), the contribution of van der Waals 

complexes to the spin exchange greatly exceeds the contribution of binary interactions. Atoms of 

Rb and noble gas create van der Waals complex (Figure 1-7C), which is destroyed by the collision 

with N2 molecules, however, the time of interaction is enough for orbital moment transfer. 

 

Figure 1-7 A) Optical pumping process of alkali metal electronic spins. B) Two-body spin-exchange 

collisions. C) Three-body spin-exchange collisions.  
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The HP noble gas has then to be separated from the mixture. The mixture is accumulated 

in the cold finger immersed in liquid N2, noble gases typically have a higher freezing point, hence 

they are frozen out and separated from 4He and N2. 

Of course, not all interactions lead to successful spin-exchange transfer, however, the Rb 

vapour can be “reused” and polarized again with optical pumping. This will allow to achieve high 

polarization of the noble gases over time.  

1.5.2 Imaging considerations for HP nuclei 

The hyperpolarized state is an artificially induced metastable state, hence it does not exist 

in thermal equilibrium and trying to reach it. That causes different nuclear magnetic properties of 

the HP nuclei compared to thermally polarized nuclei discussed in sections 1.3.4 and 1.3.5.   

The main difference in the HP nuclei properties is the absence of longitudinal 

magnetization regrowth. Spin-lattice relaxation brings the net magnetization to the thermal 

equilibrium state, however, in this state the excess in the spin population between the energy levels 

is much lower than in the hyperpolarized state. The hyperpolarized state has a large population 

excess on one of the Zeeman levels and T1 relaxation will destroy this excess, and the energy will 

dissipate. This property changes the equation for longitudinal magnetization [1-35] since 𝑀(0) ≫

𝑀𝑜: 

𝑀𝑧(𝑡) = 𝑀(0)𝑒
−
𝑡
𝑇1 . [1 − 68] 

The inability of HP nuclei to restore net magnetization after imaging sequences causes 

conventional MRI imaging techniques to be unsuitable for HP imaging.  

In order to create MRI images with decent quality as many as possible data points should 

be stored in k-space, this requires longitudinal magnetization to last sufficiently long. This can be 
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achieved with the utilization of low FA for excitation pulses to encode the lines of k-space. 

However, loss of magnetization will happen over k-space encoding, resulting in image blurring if 

the outer areas of k-space are encoded last. If constant FA is used it is possible to correct the k-

space trajectory to compensate for signal loss. The other solution is using variable FA, which will 

account for magnetization loss.  

Another approach for HP imaging is returning the longitudinal magnetization by rewinding 

pulses. Basically, the initial 90° excitation pulse and the first k-space trajectory are acquired, then 

another pulse is applied to tip back magnetization to the z-axis and the sequence is repeated. This 

technique requires a long enough spin relaxation time of the HP nuclei in the media. Additionally, 

there is a high possibility of image artifact due to local and external magnetic field 

inhomogeneities55.  

Yet, there is an advantage of using HP nuclei due to the absence of need in long TR times. 

Therefore, the scan times for HP nuclei are very low compared to 1H MRI.  

1.5.3 Imaging with HP 129Xe 

The HP MRI was initially invented to address the challenges of the conventional MRI in 

lung imaging. The main “go-to” HP gases are 3He and 129Xe, however, 129Xe slowly wins over 3He 

due to its lower cost. It is used in research and preclinical imaging, moreover, it was approved for 

clinical lung imaging in the UK in 202156 and by US FDA in 202257.  

Xenon is a well-known general anesthetic agent, hence it is safe for inhalation if the total 

concentration of it in the lungs stays below 50% and the patient’s oxygen saturation is monitored58. 

Typically, the single breath-hold inhalation of 1L of HP 129Xe is done for lung imaging as this 

allows to keep the 129Xe concentration at a safe level without any adverse effects59–61. Lung 

imaging with HP 129Xe allows for visualization of well-ventilated lung areas and areas with 
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ventilation defects determined by the 129Xe signal intensity. The important biomarkers for 

pulmonary disorders such as ventilation volume (VV) and ventilation defect percentage (VDP) 

may be estimated from the images. Diffusion weighted imaging with HP 129Xe allows to 

calculation of ADC values which provides information about the alveolar size and lung 

microstructure62,63. Moreover, HP 129Xe lung imaging was recently used to understand the 

consequences of COVID-1964–66. The ventilation abnormalities were clearly detected in the lungs 

impacted by COVID-19.  

Another important application of HP 129Xe is assessment of the brain perfusion. It is 

possible due to sufficient 129Xe solubility in the blood (Oswald coefficient is 0.17, L)30 and further 

distribution to the highly perfused organs like the brain and kidneys. The utilization of HP 129Xe 

for brain imaging is elaborated in Chapter 2 of this thesis.  

1.5.4 HP 129Xe in blood  

As it was mentioned before HP 129Xe has good solubility in blood67 and other tissues. 

Furthermore, the chemical structure of 129Xe comprises a relatively big atom and large electron 

cloud which is very stable due to the complete outer valence shell. The presence of a large electron 

cloud makes HP 129Xe very sensitive to the local magnetic fields resulting in a unique chemical 

shift of 129Xe in each media. For example, in the whole blood, HP 129Xe has two distinct peaks: 

129Xe bound to RBC and 129Xe dissolved in plasma68. Additionally, the other spectroscopic 

parameters are also changing with the altering of the media properties. Albert et al proved that HP 

129Xe T1 is affected by the oxygenation of the whole blood69.   

The discussed HP 129Xe properties were efficiently used for the gas transfer study in the 

human lungs. The first-ever results were demonstrated by Mugler et al in 1997 with inhalation of 

0.5 L of HP 129Xe and signal observation over time70. Over the time, the techniques for gas transfer 
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were refined and currently, there are two main approaches: chemical shift saturation transfer 

(CSSR) and xenon transfer contrast (XTC). 

CSSR technique utilizes a narrow BW 90° saturation pulse for dissolved 129Xe signal 

destruction and further monitors its recovery over time71. It should be mentioned that only the MR 

spectroscopy spectra are acquired. It calculates the average gas time which can be used as a 

biomarker for various lung diseases72–74 and correlates with lung parenchyma thickness72.  

XTC relays on the acquisition of time-resolved depolarization maps of the HP 129Xe gas 

phase75,76. Depolarization pulses in this case applied multiple times to the 129Xe dissolved in blood 

and lung tissue. Of course, signals in the blood and lung tissue will regrow due to exchange, which 

will result in gas phase signal depletion which gets mapped by XTC imaging.  

However, for both of these approaches, the exact value of the 129Xe chemical shift in the 

blood and lung tissue is required. But, as it was already proven, chemical shift can be altered by 

the presence of molecules with local magnetic fields, hence it is feasible to study the effects of 

metabolites such as oxygen and glucose on the chemical shift of the dissolved HP 129Xe.  

1.5.5 Chemical Exchange Saturation Transfer 

Chemical Exchange Saturation Transfer (CEST) involves saturation of the bound pool with 

RF pulses applied over a time period longer than the presence of a molecule, whose signal is 

saturated, in the host. This results in the destruction of the signal from the bound pool. However, 

due to chemical exchange, the signal from the bulk pool will be also saturated by the accumulation 

of the thousands of molecules affected by the saturation pulse from the bound pool. The saturation 

may be evaluated quantitively by the next formula:  

𝐶𝐸𝑆𝑇 =
𝑆𝑁𝑅𝑟𝑒𝑓 − 𝑆𝑁𝑅𝑠𝑎𝑡

𝑆𝑁𝑅𝑟𝑒𝑓
∙ 100, [1 − 69] 
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Where 𝐶𝐸𝑆𝑇 is the saturation of the bulk pool in %, 𝑆𝑁𝑅𝑟𝑒𝑓 – signal-to-noise ratio of the 

bulk pool without application of saturation pulses, 𝑆𝑁𝑅𝑠𝑎𝑡 – signal-to-noise ratio of the bulk pool 

after application saturation pulses to the bound pool. The results of the CEST approach may be 

illustrated by z-spectrum, which shows the remaining z-magnetizations after saturation pulses 

application over the range of frequencies.  

 

1.5.6 Hyperpolarized Chemical Exchange Saturation Transfer 

The decent solubility of HP 129Xe in aqueous solutions makes it a good candidate for 

multiple molecular studies77–79. Additionally, HP 129Xe’s large electron cloud provides it with a 

broad chemical shift range (about 300 ppm) in different chemical environments. If a host structure 

is present in the solution, HP 129Xe may undergo transient binding with it. In addition, if the 

exchange time is relatively slow compared to the NMR time scale, two different HP 129Xe NMR 

resonances may be detected: one from the bulk pool or dissolved 129Xe and another from the bound 

pool or 129Xe inside of the host. In cases, when these two resonances are well-separated, the 

selective RF pulses may be applied to one of them (typically the bound pool). Another 129Xe pool 

will also “feel” these RF pulses due to constant 129Xe exchange. This may be used for the detection 

of one of the pools by NMR.  

If the CEST effect is combined with HP nuclei, a new method Hyperpolarized Chemical 

Exchange Saturation Transfer (HyperCEST) is created. The HyperCEST scheme is shown in 

Figure 1-8 on the example of cucurbit[6]uril molecule (CB6). HP 129Xe atom enters CB6 from the 

dissolved pool and the depolarization RF pulse applied at the frequency of 129Xe bound to CB6. 

This leads to the destruction of HP 129Xe polarization inside the CB6 molecule. Depolarized 129Xe 

leaves the CB6 molecule and transfers to the dissolved pool. Depolarized 129Xe accumulated in 
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the dissolved pool over time of saturation pulse application due to constant exchange, which makes 

the signal from the dissolved 129Xe significantly drop or disappear at all. It should be noted, that 

in the whole blood dissolved 129Xe exists in two forms: 129Xe bound to red blood cells (RBC) and 

129Xe dissolved in plasma, this makes the HyperCEST experiment more complicated.  

 

Figure 1-8 HyperCEST scheme with cucurbit[6]uril as a host molecule.  

Over the span of the HyperCEST experiment RF depolarization pulse is applied to the 

range of frequencies and NMR spectra are recorded after each RF depolarization pulse. The results 

of HyperCEST are displayed in z-spectra the same as for CEST. The typical z-spectra is shown in 

Figure 1-9, there is only one dissolved pool of HP 129Xe for simplicity.  
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Figure 1-9 HyperCEST z-spectrum for HP 129Xe with one 129Xe dissolved pool.  

HyperCEST has some advantages compared to other CEST techniques80. The first one is 

the large chemical shift between pools, which allows full depolarization of one of the pools. 

Second is the relatively long exchange times, hence excessively large B1 pulse (depolarization 

pulse) powers are not required for good saturation response. The third advantage is the relatively 

long T1 values of HP 129Xe in the dissolved pool, hence the decay of the hyperpolarized signal does 

not affect HyperCEST values considerably.  

1.5.7 HyperCEST agents 

There are a lot of important properties of HP 129Xe host agents that have to be considered 

for high HyperCEST performance such as biocompatibility of solvent which is capable of 

dissolving the agent, chemical shift of 129xe within the agent and binding constant. Currently, only 
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these effective host agents are known for HP 129Xe: cryptophanes, cucurbit[6]urils, pillar[5]arenes, 

cyclodextrins, metal organic polyhedrals (MOPs), micelles and liposomes, viral capsids and 

bacteriophages, gas binding proteins, nanoemulsions and gas vesicles. 

Cryptophanes are one of the most well-studied supramolecular hosts for HP 129Xe. They 

provide a hydrophobic cavity formed by two hydrophobic cyclotriveratrylene units (CTV) 

connected by three linkers81. Cryptophane-A (CryA) has been shown as the most efficient 

HyperCEST agent among cryptophanes. It is formed by three ethoxy alkyl linkers connecting two 

CTV caps and can host one 129Xe atom. It provides a good chemical shift of encapsulated 129Xe: 

~62 ppm and ~193 ppm for 129Xe-CryA and free 129Xe in solution respectively79. The main 

advantages of cryptophanes are a high 129xe binding constant and medium to fast exchange rate, 

nM sensitivity as HyperCEST agents, functionalizable, and water-soluble. Conversely, there are 

some disadvantages: a complicated synthesis with low yields, commercial unavailability, having 

some isomers, that are not easy to isolate, and which does not provide HyperCEST82.  

Cucurbit[n]urils are also hydrophobic hosts which are synthetized by condensation of 

glycoluril and formaldehyde/paraformaldehyde under acidic conditions83. Depending on the 

number of glycoluril units in the molecule, “n” in the cucurbit[n]urils may be equal to 5,6,7,8,10. 

Cucurbit[6]uril (CB6) was shown as the most efficient HyperCEST agent for HP 129Xe84. It is the 

only supramolecular cage in which HyperCEST was demonstrated in-vivo by Hane et al85. 

Cucurbit[n]urils have several benefits over other hosts. They are non-toxic and have been studied 

in-vivo, easily synthesizable and commercially available, enable fast 129Xe exchange and gas 

turnover, they are water-soluble in the presence of ions. On the other hand, they are not easily 

functionalizable due to high stability, the presence of other biological molecules may reduce their 

HyperCEST performance. CB6 was utilized for the creation of chemically activated CB6-rotaxane 
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molecular biosensors86. Rotaxane was used as a blocker of the CB6 cavity, while its “dumbbell” 

part was used as a stopper. The activation of the HyperCEST is performed by creating the 

conditions for rotaxane cleavage from CB6. For example, CB6-rotaxane was utilized for sensing 

the extracellular H2O2 at low physiological levels87,88.  

Pillar[n]arenes is another family of the supramolecular cages, where typically n=5. They 

have a rigid cylindrical pillar-like structure consisting of repeating phenyl units connected by 

methylene bridges at the para position89,90. Pillar[5]arene has electron-rich groups which help 

encapsulate electron-deficient and neutral molecules. Recently, Fernando et al synthesized a water-

soluble decacationic pillar[5]arene, which can be easily functionalized and showed 23% of 

HyperCEST depletion91. The main advantages of the pilla[5]arenes are the ability to “tune” HP 

129Xe exchange and chemical shift by introducing co-guests, good yields of synthesis, and 

potentially low toxicity. The disadvantages are unavailability from commercial sources, fast 129Xe 

exchange, and the need for the co-guest for decent 129Xe binding.  

Cyclodextrins (CDs) are cyclic oligosaccharides built from glucose subunits connected by 

α-1,4 glycosidic bonds92,93. There are three main CDs that have six, seven and eight glucose 

subunits, α-, β- and γ- cyclodextrins respectively. These supramolecules are cone-shaped and 

contain hydrophobic interior and polar exterior surface94. All three types of CDs combined with 

pseudorotaxanes complexes are exploited for HyperCEST studies, with HyperCEST depletion of 

30% for α-CD95, and 47.5% for γ-CD86, unfortunately β-CD complex did not show any 

HyperCEST. The biggest advantage of CDs over all other agents is the easy synthesis and relatively 

easy functionalization of pseudorotaxanes96.  

MOPs are self-assembling supramolecular metal complexes consisting of metal cations and 

organic sub-components. They have hydrophobic cavities of different sizes and can encapsulate 
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hydrophobic guest97. Recently Du et al reported metal organic tetrahedral capsules [Co4L6]
4-, 

where L is 4,4′-bis[(2-pyridinylmethylene)amino][1,1′-biphenyl]-2,2′-disulfonate, which showed 

the HyperCEST depletion of 85%98. Similar results were observed when Co was replaced by Fe 

atoms, however, four different HyperCEST depletions were observed99. The advantages of MOPs 

are weak 129Xe binding and relatively slow exchange, good water solubility, straightforward 

synthesis, and bound 129Xe peak position may be altered by temperature and pH. However, the 

cation present in MOPs may alter the T1 of HP 129Xe which is not desirable. Also, the 

monofunctionalization of MOPs may be difficult to accomplish. 

Liposomes also are self-assembling entities which have a spherical form and contain 

phospholipids. They usually are combined with CryA as an HP 129Xe host for utilization in 

HyperCEST. Capsids and bacteriophages also utilize CryA for being able to perform HyperCEST 

detection100–102.  

Proteins on the other hand can reversibly bind gas molecules due to their unique structure. 

A good example of such proteins is TEM-1 β-lactamase which is engineered from E.coli. It showed 

23% HyperCEST depletion at 0.1 µM protein concentration103. The greatest advantage of proteins 

is that they are non-toxic, however, they may exhibit non-specific binding which makes them less 

desirable as HyperCEST hosts.  

Another gas carriers that may act as a 129Xe hosts are perfluorooctyl bromide (PFOB) 

nanodroplets104. 129Xe has a broad peak when placed inside of PFOB with the chemical shift from 

the dissolved phase of -80 ppm105. Similar to the nanodroplets bacterial gas vesicles also may 

encapsulate 129Xe. They are gas-filled protein-shelled intracellular nano compartments that provide 

buoyancy to cells once the fraction of the cell volume is occupied by gas106–109.  The structure of 

gas vesicles had to be tuned to produce strong enough interactions with HP 129Xe, as a result, the 
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HyperCEST depletion of 33% was observed110. Potentially, the utilization of nanodroplets and gas 

vesicles may lead to the detection of HP 129Xe with picomolar sensitivity, they can easily be 

combined with targeting moiety and enable stable HyperCEST due to physical partitioning instead 

of chemical affinity. Still, nanoemulsions may be unstable over time and gas vesicles may collapse 

under pressure, which may affect their in-vivo applications.  

Overall, the 129Xe HyperCEST approach is still under development and further 

investigation of all possible supramolecular and other hosts is crucial for the creation of efficient 

molecular biosensors with HP 129Xe.  

1.6 Thesis Outline 

Chapter 1 has described the theoretical basics of 1H MRI, the background of HP 129Xe MRI 

its advantages over clinically available MRI and its challenges. The main advantages and 

disadvantages of widely used imaging modalities were discussed. The current utilization of HP 

129Xe in research studies was presented. HyperCEST technique background and its utilization for 

molecular imaging were presented. 

Chapter 2 introduces the overview of the HP 129Xe brain imaging current state, its 

achievements, and future directions. This work was published in Magnetic Resonance in Medicine 

(a peer-reviewed journal) in 2022.  

Chapter 3 describes the effect of the glucose concentration changes on the HP 129Xe 

chemical shift and spin-spin relaxation in whole sheep blood. The changes in T2 relaxation were 

observed with the increase of glucose concentration. Two different peaks of HP 129Xe were 

identified. The red blood cells glycation was assumed to be the origin of the additional to typical 

HP 129Xe bound to normal hemoglobin peak. Consequently, the second peak was attributed to HP 
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129Xe bound to glycated hemoglobin. This work was published in International Journal of 

Molecular Sciences (a peer-reviewed journal) in 2023. 

Chapter 4 demonstrates the application of HP 129Xe for multi-slice brain imaging done for 

the first time. Five slices of the human brain were successfully acquired in axial and sagittal 

orientations. The intensity of the HP 129Xe signal was correlated with the different brain tissues. 

This work was published in Magnetic Resonance in Medicine (a peer-reviewed journal) in 2021. 

Chapter 5 describes the maximization of HyperCEST performance for cucurbit[6]uril. Four 

different hyperpolarization saturation pulses were studied: sinusoidal, block, sinc, and hyperbolic 

secant. In addition, the effect of the pulse flip angle on the HyperCEST depletion was evaluated. 

The best performance was demonstrated by sinusoidal and sinc pulses. The highest HyperCEST 

values were observed at the maximum angles. This allowed for a decrease in the detectability limit 

of cucurbit[6]uril in phosphate-buffered saline and whole bovine blood. This work was published 

in ChemPhysChem (a peer-reviewed journal) in 2023. 

Chapter 6 provides a brief overall summary of my thesis work and discusses possible future 

research directions.  
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Chapter 2: Hyperpolarized 129Xe imaging of the brain 

 

This topic has been elaborated in the following publication: Shepelytskyi Y., Grynko V., 

Rao M.R., Li T., Agostino M., Wild J.M., Albert M.S “Hyperpolarized 129Xe imaging of the 

brain: Achievements and Future Challenges” published in Magnetic Resonance in Medicine, 

volume 86, issue 6, pages 3175-3181 (2021). The publication text is listed below, it was published 

under CC BY 4.0 DEED licence.  
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Abstract: 

Hyperpolarized (HP) xenon-129 (129Xe) brain MRI is a promising imaging modality 

currently under extensive development. HP 129Xe is nontoxic, capable of dissolving in pulmonary 

blood, and it is extremely sensitive to the local environment. After dissolution in the pulmonary 

blood, HP 129Xe travels with the blood flow to the brain and can be used for functional imaging 

such as perfusion imaging, hemodynamic response detection, and blood-brain barrier permeability 

assessment. HP 129Xe MRI imaging of the brain has been performed in animals, healthy human 

subjects, and in patients with Alzheimer’s disease and stroke. In this review, the overall progress 

in the field of HP 129Xe brain imaging is discussed, along with various imaging approaches and 

pulse sequences used to optimize HP 129Xe brain MRI. In addition, current challenges and 

limitations of HP 129Xe brain imaging are discussed, as well as possible methods for their 

mitigation. Finally, potential pathways for further development are discussed as well. HP 129Xe 

MRI of the brain has the potential to become a valuable novel perfusion imaging technique and 

has the potential to be utilized in the clinical setting in the future. 

2-1. Introduction 

There are multiple brain imaging modalities currently available for clinical diagnostic use, 

including ultrasound, computed tomography (CT), single-photon emission computed tomography 

(SPECT), positron emission tomography (PET), and magnetic resonance imaging (MRI). MRI is 

a non-invasive technique that utilizes no ionizing radiation and can produce images with high 

spatial resolution and contrast-to-noise ratio (CNR). Despite numerous developments and 

discoveries since MRI was invented in 19731, the main limitation of MRI remains the same – low 

sensitivity2,3. The MRI signal originates from the net magnetization of the sample due to the small 

population difference between the Zeeman energy levels of nuclei with typically a ½ spin number. 
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Conventional MRI utilizes the nuclear magnetic resonance (NMR) signal from water protons (1H); 

numerous contrast agents are being developed to enhance the 1H MRI signal and provide the ability 

to localize the area of interest4–6. Many of these agents, such as gadolinium chelated contrast 

agents, are focused on decreasing the spin-lattice (T1) and effective spin-spin (T2*) relaxation of 

1H nuclei, which increases the MR contrast in T1- and T2*-weighted images. Despite the wide use 

of 1H contrast agents, this approach is limited due to the presence of the background signal from 

surrounding tissues, which limits any increase in CNR. Additionally, there are a variety of 

techniques, such as Blood Oxygen Level Dependent (BOLD) functional MRI, Arterial Spin 

Labeling (ASL), and MR angiography, which require multiple image acquisitions and complicated 

image postprocessing procedures for accurate data interpretation7,8.  

Another fundamentally different method for enhancing the MRI signal involves creating a 

hyperpolarized (HP) nuclear state9. The HP state is a metastable state which can achieve up to a 

105 times larger spin population excess, compared to the thermal equilibrium state. Traditional HP 

MRI techniques work with non-proton MRI sensitive nuclei such as xenon-129 (129Xe), helium-3 

(3He), and carbon-13 (13C)10–13. The signal from HP nuclei can be enhanced by up to 105 times, 

and MRI images of HP agents can be acquired with almost no background signal. Due to this signal 

boost, imaging of low concentration HP agents becomes possible. Currently, the main application 

of HP gas MRI is for lung imaging of healthy individuals and individuals with lung disorders2,13. 

HP 129Xe undergoes gas exchange in the lungs14–16, it easily dissolves in pulmonary blood13,16,17, 

and it then distributes throughout the body. Since HP 129Xe has a sufficiently long T1 relaxation 

time in the blood (T1 in a range of 3.4 -7.8 s)18–21, HP 129Xe MRI has the potential to produce 

functional images of highly perfused organs9,22–24. Although this idea was originally formulated at 
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the end of the 20th century9, HP 129Xe imaging in the brain is only recently under extensive 

development, and HP 129Xe imaging of the kidneys has just been demonstrated about a year ago. 

Despite the intensive development of dissolved-phase HP 129Xe imaging in brain tissues 

over the past decade, there have been no dedicated comprehensive reviews for the advances in this 

area. This review article aims to highlight the current progress and development in the field of HP 

129Xe brain imaging, as well as to discuss the technical challenges associated with this technology. 

The imaging approaches currently used are also reviewed and discussed. It is anticipated that 

insights into the challenges and opportunities of this field can be highlighted and aid in further 

advancements in the methodology and technique development of this technology with subsequent 

clinical translation. 

2-2. HP 129Xe spectroscopy and Chemical Shift Imaging (CSI) of the brain  

Historically, xenon was utilized in medicine as an anesthetic due to its ability to dissolve 

in brain tissue25–29. In addition to its anesthetic applications, xenon-129 was widely employed for 

cerebral blood flow evaluation using Xenon Computed Tomography (Xe-CT)30–32. Implementation 

of the hyperpolarization process for boosting the 129Xe MRI signal established an entirely new 

field of brain imaging and investigations with HP 129Xe9. One of the properties that is most 

important for brain research with HP 129Xe dissolved in various brain tissues is its chemical shift. 

The first in vivo 129Xe brain magnetic resonance spectrum was obtained by Swanson et al. in 1997 

from the rat brain33. A single blood-tissue resonance peak was identified and used to produce an 

HP 129Xe 2D chemical shift MRI image of the rat brain (Figure 2-1). Later that year, Mugler et al. 

performed the first 129Xe magnetic resonance spectroscopy (MRS) study of the human head34. In 

that study, volunteers inhaled between 300 mL and 500 mL of HP 129Xe in one breath; fifteen 

consecutive spectra of the head were subsequently acquired during and after a 15 s breath-hold 
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period. The spectra showed one peak from the gas phase and one peak from the dissolved phase 

that was shifted 196 ppm from the gas peak. The dissolved phase peak appeared at the end of the 

inhalation period at approximately 5 s and disappeared 40 s after the start of the breath-hold. The 

main limitation for the acquisition of human brain images at that time was the extremely low 

polarization of HP 129Xe achievable, approximately 2%34.  

 

Figure 2-1 (A) HP 129Xe axial 2D chemical shift images of the rat brain in greyscale; (B) Color-coded 

overlay onto a high-resolution proton image. The signal-to-noise ratio of the HP 129Xe image was equal to 

20. (C) High-resolution proton spin-echo MRI image used for brain localization. Images are reprinted with 

permission from the publisher33. 

Obtaining a spectral peak from HP 129Xe dissolved in the brain allowed the conduction of 

a dynamic study of the distribution of xenon in the rat brain using 1D and 2D CSI35. Swanson et 

al. detected a signal from the rat brain using 1D CSI with a low flip angle and investigated the time 

evolution of this signal. The polarization of 129Xe in this study, however, was still low (5-8%); the 

study was performed mainly to observe the signal evolution within the body of the rat.  

Duhamel et al. used a different approach for observation of the HP 129Xe solubility in the 

rat brain at 2.35 T36. They injected naturally abundant HP 129Xe dissolved in a lipid emulsion, into 

the carotid artery, and observed two peaks at 199 and 194 ppm. These peaks were identified as 

129Xe dissolved in the tissue and the intravascular compartment, respectively36. It was clear that 

the signal intensity was too small to observe peaks from all brain tissues. Therefore, a final 
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conclusion regarding the specific resonance frequencies of all 129Xe compartments, rather than 

merely just their frequency ranges, was not possible. Wakai et al. was able to observe all the 

individual 129Xe resonances by averaging 60 acquisitions during continuous breathing of an 

enriched HP 129Xe gas mixture. They observed five 129Xe spectral peaks in the rat brain that ranged 

between 189 ppm and 210 ppm37. Following this work, Nakamura et al. assigned a spectral peak 

at 195 ppm to the brain tissue, one at 210 ppm to HP 129Xe dissolved in the blood, and one at 189 

ppm to non-brain tissues (assumed to be muscle)38. Their conclusions on the resonance frequencies 

of HP 129Xe in the brain were aided by employing a rat model involving an arterial ligation. 

Kershaw et al. found the peaks at 195 ppm and 192 ppm originated from grey and white matter, 

respectively39. Additionally, the peaks at 189 ppm and 198 ppm were interpreted as signals from 

the jaw muscle and fat tissue39. 

The ability to distinguish the HP 129Xe peaks in the human brain has become possible with 

the availability of increased xenon polarization. 1D CSI spectra of the human brain with 129Xe 

polarized up to 8%, and a 2D CSI image using 14% polarized 129Xe dissolved in brain tissue 

superimposed on a 1H image, were obtained by Kilian et al in 200240. Two additional peaks at 198 

ppm and 195 ppm were observed on the 1D CSI spectra beside an already identified peak at 196 

ppm from Mugler et al.’s results34. The 2D CSI measurements (Figure 2-2) revealed at least three 

additional peaks at 185 ppm, 193 ppm, and 200 ppm after spectral averaging, in addition to a peak 

previously observed at 197 ppm40. Following their initial study, Kilian et al. performed an 

additional 2D CSI using isotopically enriched HP 129Xe to determine the origin of 129Xe peaks in 

the tissue compartment41. The authors observed two dominant peaks from HP 129Xe in the brain 

region at 196 ppm and 193 ppm, and two additional minor peaks from HP 129Xe in non-brain 



68 

 

 

tissues located below the brain at 190 ppm and 201 ppm. The origins of the dominant peaks at 196 

ppm and 193 ppm were proposed to come from the grey and white matter, respectively. 

 

Figure 2-2 2D CSI spectra of HP 129Xe dissolved in brain tissue superimposed onto a 1H image. The 

image was reprinted with permission from the publisher40.  
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After more than 10 years since these animal studies, during which time the polarization of 

HP 129Xe was significantly improved, Rao et al. demonstrated the first HP 129Xe human brain CSI, 

with detailed spectroscopy, at 1.5 T in 2015, where a red blood cell (RBC) 129Xe peak was observed 

for the first time42. During the following year, they published a detailed study on the assignments 

of all the observed HP 129Xe brain peaks, which was based on high-resolution spectroscopy and 

CSI measurements43.  In the latter study, three healthy volunteers each inhaled 1 L of HP 129Xe, 

followed by a 20 s breath-hold, during which the acquisition was performed. CSI was conducted 

to assign the HP 129Xe peaks obtained from the spectroscopy results (Figure 2-3d) to various tissue 

compartments within the head. An HP 129Xe peak at 188 ppm (Figure 2-3a) was assigned to HP 

129Xe dissolved in soft muscular tissue in the cheek and 129Xe in the midbrain. The peak at 192 

ppm (Figure 2-3b) corresponded to HP 129Xe dissolved in white matter, the peak at 196 ppm 

(Figure 2-3c) corresponded to HP 129Xe dissolved in grey matter, and the peak at 200 ppm (Figure 

2-3e) was assigned to HP 129Xe dissolved in the plasma, fat tissue outside of the brain, and 

cerebrospinal fluid. The final peak observed at 217 ppm (Figure 2-3f) showed high signal intensity 

at the location of the Circle of Willis and corresponded to HP 129Xe dissolved in RBCs. The results 

of this study mostly agreed with the results obtained from previous studies using animal models. 

One difference, however, was in frequency of the RBC peak, which was reported at 210 ppm in 

rats, and at 217 ppm in humans.  

 



70 

 

 

 

Figure 2-3 2D CSI of spatially resolved peaks from 129Xe in the human head superimposed onto 1H 

images. (a) Tissue in the cheek muscle and the midbrain/brainstem (b) White matter and cartilaginous soft 

tissue (c) Gray matter (d) Spectra of the whole brain with a bandwidth of 136.0 9 ppm and a spectral 

resolution of 0.33 ppm (e) Body interstitial fluid/plasma, fat tissue outside of the brain and cerebrospinal 

fluid (f) RBC. The figure was reprinted with permission from the publisher43. 
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A spectroscopic study by Li et al.44 evaluated the influence of the pulmonary oxygen 

concentration on the HP 129Xe brain signal. The authors proposed an “apparent relaxation time” as 

a parameter that reflects the dependence of the HP 129Xe brain signal on the pulmonary oxygen 

concentration. The optimal pulmonary oxygen concentration range for maximizing the SNR of 

129Xe brain images was reported to be between 25% and 35%, which agrees with previous 

experimental and theoretical findings45. 

Antonacci et al. raised an important question of the effect of the macroscopic susceptibility 

gradients upon the dissolved-phase HP 129Xe chemical shift46. They pointed out the lack of 

consistency of the HP 129Xe chemical shift dissolved in the same tissues in the different studies. 

To solve this problem, they proposed a novel method for mitigation of the effects of the 

macroscopic susceptibility gradients by referencing the dissolved 129Xe resonances with the 

chemical shifts of the nearby 1H water protons. This allows the comparison of the chemical shift 

values from different studies and aids in the correct identification of the origin of the peaks.  

2-3. Relaxation time measurements 

Another important characteristic of HP 129Xe are the spin-lattice or longitudinal (T1) and 

spin-spin or transverse (T2) relaxation times. The image quality depends on the repetition time and 

echo time, which are set based on the longitudinal and transverse relaxation time values 

respectively. The first measurement of the longitudinal relaxation was performed ex vivo in rat 

brain tissue at 9.4 T by Wilson et al.47 T1 relaxation times were determined at varying oxygenation 

levels and were reported to be 18±1 sec in the oxygenated state and 22±2 sec in the deoxygenated 

state. Following this ex vivo study, Duhamel et al. measured the longitudinal and transverse 

magnetization in vivo at 2.35 T48. The T1 of HP 129Xe dissolved in brain tissue was calculated to 

be 14±1 sec and the T2
* was measured to be 8.0±1.2 ms49. Spin-lattice relaxation for the white 
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matter was also derived from human brain dynamic spectra by Kilian et al. to be 8 s50. The next 

measurement of T1 relaxation was performed in vivo in the rat brain by Wakai et al, who proposed 

a method for measuring the longitudinal relaxation without the need for an estimation of the flip 

angle51. Using this approach, the longitudinal relaxation time of 129Xe in the rat brain was found 

to be 26 ± 4 s. Due to the large discrepancies reported for T1 in the above studies, in 2008, Zhou 

et al. reinvestigated the longitudinal relaxation time of 129Xe dissolved in the rat brain by 

developing a mathematical description of the HP 129Xe wash-out process from the brain52. The 

authors determined the longitudinal relaxation time of 129Xe dissolved in the rat brain using a two 

pulse method (T1 = 15.3 ± 1.2 s) and also a multi-pulse protocol (T1 = 16.2 ± 0.9 s)52. 

The effective spin-spin relaxation (T2
*) for the 129Xe grey matter peak in the rat brain was 

estimated mainly from the linewidth at half-height of the peak by Mazzanti et al. to be 5.42±0.3 

ms at 4.7 T  (observed at 194.7 ppm)53, and by Rao et al. in the human brain at 1.5 T to be 8.8 ms43. 

In summary, there is a lack of consistency among the measured relaxation values (Table 2-

1). Furthermore, there were no T1 measurements performed for HP 129Xe dissolved in the grey 

matter in humans. An accurate assessment of HP 129Xe T1 in the grey matter at different magnetic 

field strengths is vital for the practical implementation of HP 129Xe brain imaging. Indeed, one of 

the main potential applications of HP 129Xe brain imaging is rapid quantification of cerebral 

perfusion, as well as blood-brain barrier permeability. According to multiple mathematical models 

that were developed50,54–56, however, the HP 129Xe signal dynamics depend equally on both tissue 

perfusion and  the T1 relaxation time. Therefore, until T1 is quantified with high accuracy in healthy 

individuals as well as in patients with neurodegenerative or cerebrovascular diseases, brain 

perfusion imaging using HP 129Xe MRI will remain mostly qualitative. 
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Surprisingly, there were no T2* measurements conducted for HP 129Xe dissolved in human 

brain white matter, cerebral blood plasma and RBCs, and soft muscle tissue. These measurements 

are essential for further HP 129Xe brain imaging pulse sequence development because they will 

allow proper optimization of the imaging TEs. 

Table 2-1: Chemical shift, longitudinal and transverse relaxation of HP 129Xe 

dissolved in the different brain tissues 

 

Chemical shift relative to 

gas peak (ppm) 

T1(s) T2
*(ms) 

Rat brain 

studies 

Tissue 

194.5 (2.0 T)33 

199 (2.35 T)36 

195 (4.7 T)38 

198 (4.7 T)39 

14.0±1.0 (2.35 T)48 

3.6±2.1 (2.35 T)57 

26±4 (4.7 T)51 

15.3-16.2 (4.7 T)52 

8.0±1.2 (2.35 T)48 

5.42±0.3 (4.7 T)53 

Muscle 

189 (4.7 T)38 

189 (4.7 T)39 

Blood 210 (4.7 T)38 

Gray 

matter 

195 (4.7 T)39 

White 

matter 

192 (4.7 T)39 

Arterial 

blood 
  

18±1 (oxygenated 9.4T)47 

22±2 (deoxygenated 9.4T)47 

13.7±1.6 (4.7 T)18 
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13-16 (1.5 T)20 

Human brain 

studies 

Grey 

matter 

196.5 (2.94 T)50  

196 (3 T)41 

196 (1.5 T)43 

 8.8 (1.5 T)43 

White 

matter 

193 (3 T)41 

192 (1.5 T)43 

8 (2.94 T)50   

Red 

Blood 

Cells 

222 (1.5 T)20 

224 (4.7 T)18 

217 (1.5 T)43 

  

Blood 

plasma 

197 (1.5 T)20 

198 (4.7 T)18 

200 (1.5 T)43 

  

Muscle 

tissue 

188 (1.5 T)43   

 

2-4. Structural brain imaging with HP 129Xe. 

At the end of the 20st century, the initial discovery of boosting the 129Xe signal with 

hyperpolarization for structural imaging of the brain using HP 129Xe was extremely promising9. 

After signal intensity measurements at the beginning of the 21st century, however, it became clear 

that the polarization of HP 129Xe needed to be significantly higher than what was possible at that 

time. Swanson et al. measured an SNR of 20 in the rat brain with 3.1x3.1x10 mm3 voxels33. Due 
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to the limited concentration of HP 129Xe dissolved in brain tissue, CSI was employed as the main 

imaging approach for HP 129Xe brain studies. To address the limitation of relying upon CSI for HP 

129Xe brain imaging, Nouls et al. developed a fast 3D radial gradient echo acquisition approach for 

HP 129Xe brain imaging58. They acquired high-resolution 3D images of the HP 129Xe distribution 

in the rat brain with an isotropic 32 x 32 x 32 matrix and a voxel size of 3.65 x 3.65 x 3.65 mm3. 

(Figure 2-4).  

 

Figure 2-4 3D HP 129Xe MR images of rat brains. The dissolved HP 129Xe image (color) is overlaid 

onto a 1H anatomical image (grayscale). The 129Xe signal largely matches the brain tissue. The 129Xe signal 

was notably intense in the olfactory bulb and mid-brain regions and was largely absent from the cerebellum. 

The images are reprinted with permission from the publisher58. 

Recently, Friedlander et al. demonstrated spectrally resolved HP 129Xe imaging of the rat 

brain using iterative decomposition with echo asymmetry and least-square estimation (IDEAL) 

using a spiral readout at 3.0 T59,60. Using this approach, images of 129Xe dissolved in brain tissue 

and red blood cells (RBCs) were acquired with an SNR of 31±4 and 16±2, respectively, and a 

resolution of 0.5x0.5 cm2.59 Utilizing time-resolved dynamic spiral IDEAL imaging, Friedlander 

et. al. was able to perform, for the first time, 129Xe local blood-brain barrier (BBB) permeability 

assessment in hypercapnic and normocapnic rats during continuous breathing of HP 129Xe60. 
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Successful IDEAL decomposition of the dissolved-phase HP 129Xe signal will likely be of interest 

for human brain imaging in future studies.  

The first HP 129Xe structural human brain image was acquired at 1.5 T by Rao et. al. in 

2015, once the process of polarization was improved42. The image was acquired in an axial 

projection using a 2D spoiled gradient-echo sequence with a voxel size of 6.88 x 6.88 x 50 mm3. 

The HP 129Xe brain image correlated with the corresponding anatomical 1H MR image.  

Rao et al. recently went on to perform 3D isotropic spectroscopic imaging of HP 129Xe in 

the human brain61. The acquisition matrix was 10 x 10 x 10, yielding a slice thickness of 2 cm and 

an acquisition voxel size of 8 cm3. The acquired images were interpolated to a voxel size of 0.24 

cm3 and a slice thickness of 0.625 cm. This novel approach for HP 129Xe spectroscopic imaging 

cold be potentially implemented in further brain oxygenation mapping.  

 The most recent contribution to HP 129Xe structural brain imaging was achieved by Grynko 

et. al. by acquiring 3D multi-slice images of the human brain at 3.0 T (Figure 2-5)62. Five slices of 

the human brain were imaged with a slice thickness of 20 mm and an acquisition voxel volume of 

1.22 cm3 which is the smallest acquisition voxel volume of HP 129Xe human brain imaging 

currently achieved.  The highest SNR was reported to be 18.76±4.95 from the inhalation of 1 L of 

HP 129Xe polarized to ~50%.  
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Figure 2-5 The first HP 129Xe 3D GRE multi-slice image of the human brain. (A) 1H T2-weighted 

anatomical axial turbo spin-echo (TSE) images of a representative healthy volunteer, (B-D) Axial 

anatomical images of grey matter (B), white matter (C), and cerebrospinal fluid (CSF) (D) segmented using 

high-resolution TSE 1H T2- -weighted images of a representative healthy volunteer. (E) 3D GRE HP 129Xe 
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axial brain slices acquired 10 s into the breath-hold. (F) Thresholded HP 129Xe axial brain slice images 

superimposed on top of the corresponding 1H anatomical images from row (A). It can be seen, that the HP 
129Xe signal corresponds well to the grey matter distribution in the brain. In addition, a partial correlation 

has been observed between the white matter images and the HP 129Xe images. The image was reprinted 

with permission from the publisher60. 

These two recent studies provided a significant step forward, demonstrating the ability of 

HP 129Xe brain imaging to produce multiple slices, which will allow the accurate and precise 

anatomical localization of HP 129Xe dissolved in the human brain.  

Despite these recent achievements in structural HP 129Xe imaging of the brain, the imaging 

voxel size remains approximately two orders in magnitude larger compared to that of conventional 

anatomical proton MRI (1H voxel size ~ 10 mm3). The low concentration of 129Xe dissolved in the 

brain tends to significantly restrict the spatial resolution achievable for imaging. Based upon 

previous uptake models50,63  (detailed in the next section) and the Oswald solubility of 129Xe in 

pulmonary blood64, it is estimated that only about 1-2% percent of the amount of inhaled 129Xe 

actually dissolves in the brain tissues. In spite of the low concentrations of 129Xe achievable in 

brain tissue, however, it will be seen in the following sections that there is great value for 

employing HP 129Xe for perfusion and other functional studies of the brain. 

2-5. HP 129Xe uptake models 

The dynamics of HP 129Xe uptake in the brain and its wash-out are complex and require 

careful consideration of multiple factors. Therefore, an accurate mathematical model of HP 129Xe 

signal dynamics is required for appropriate experimental design.  

The first attempt to model 129Xe uptake in brain tissues was performed by Peled et al. in 

199663. They proposed an uptake model which calculated the time-dependent build-up of polarized 

129Xe in brain tissue compartments based on estimates of the 129Xe relaxation times in tissue, 

perfusion rates, arterial transmit time, and partition coefficients. The authors considered 
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continuous breathing a dose of 70% enriched HP 129Xe mixed with 30% O2. The model predicted 

a maximum concentration of 129Xe of 27 uM for grey matter and 8 uM for white matter and myelin, 

reached at 60 s after inhalation. Martin et al. extended Peled’s model by accounting for different 

breathing protocols and estimated the 129Xe concentration in the brain for a wide range of T1 values 

for the gas and tissue phases65. The key 129Xe T1 parameters used in the model were as follows: 

1000 s in the polarizer cell, 6 s in the arterial blood and in the tissue, and 12 s in the mouth and 

lungs. In this model, the polarization of 129Xe was assumed to be equal to 100%. The lung to brain 

transit time was estimated to be 5 s. Three different breathing protocols were investigated: 

continuous breathing, hyperventilation followed by a breath-hold, and hyperventilation followed 

by continuous breathing. The maximum HP 129Xe concentration in the grey matter was calculated 

to be 0.09 mM at 15 s post inhalation for both the hyperventilation with a breath-hold, and the 

continuous breathing, methods. The 129Xe concentration in the brain was predicted to be 0.04 mM 

at 50 s after inhalation for the continuous breathing protocol65. Although both of these initially 

proposed models did not account for such factors as chemical shift effects, HP 129Xe passage 

through biological membranes, and 129Xe exchange between brain compartments, they provided 

useful information for conducting further research. Kilian et al. went on to propose an improved 

129Xe uptake model based on spectroscopic MR measurements at various time points after 129Xe 

inhalation50. The model was in agreement with the quantitative 129Xe spectroscopy experimental 

data. Kilian also reported that the longitudinal 129Xe relaxation in grey matter was slower than that 

in white matter (T1g>T1w)50. This model, however, also had drawbacks. It did not account for the 

gradient of 129Xe solubility in grey and white matter or the exchange of 129Xe between the tissues 

and the bloodstream. Following this, Shepelytskyi et. al. expanded  upon Kilian’s model for the 

case of HP 129Xe dynamic imaging, and implemented it for perfusion imaging of the human brain54  
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An additional mathematical description of the HP 129Xe wash-out process was developed 

by Zhou et al. for better estimation of the longitudinal relaxation time of 129Xe dissolved in the 

brain tissues52. Following this, Kimura et al. developed an HP 129Xe uptake model and investigated 

129Xe uptake using Chemical Shift Saturation Recovery (CSSR) spectroscopy in the mouse brain66. 

This model allowed improvements to the estimation accuracy of the HP 129Xe longitudinal 

relaxation time in the mouse brain. Imai et al. also developed a theoretical model of the 129Xe 

signal dynamics in the mouse brain, and suggested a method for its quantitative measurement 

under continuous 129Xe ventilation conditions67. 

The most recent kinetic model of HP 129Xe uptake was developed by Rao et al. for the 

determination of the transfer rate of inhaled xenon from cerebral blood to the grey matter in the 

human brain55,68. Using the time course of the HP 129Xe spectroscopic signal, the authors 

introduced a tracer kinetic model that explains the exchange of 129Xe between these 

compartments55. In this model, the transient ratio of the HP 129Xe concentration from grey matter 

to the blood was calculated from single-voxel MRS spectra. The slope of the transient ratio over 

time was proposed as a physiological marker of BBB permeability. The main advantage of Rao et 

al.’s model compared to other uptake models is that it considers the forward exchange of 129Xe 

between the cerebral blood and grey matter tissue. It considers, however, only the forward transfer 

of HP 129Xe, and also neglects the gradient of the HP 129Xe concentration in the grey mater.  

The further development of more complex mathematical models is required to accurately 

describe the concentration of HP 129Xe in the brain, and consequently, its signal dynamics. Future 

models must also make a special effort to describe the HP 129Xe diffusion processes in brain tissues. 

They must consider both forward and retrograde transfer of HP 129Xe as well as properly describe 

the HP 129Xe concentration gradient within the brain tissues. The diffusion coefficients of HP 129Xe 
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in the cerebral blood and brain tissues currently remains unknown, which reduces the accuracy of 

the previously established models since they often utilize the value of the 129Xe diffusion 

coefficient in aqueous solutions as a substitute for that in the brain. Dedicated measurements of 

these important physical parameters for HP 129Xe are required in order to make further progress 

on HP 129Xe uptake modelling.  

2-6. Perfusion imaging with HP 129Xe  

Perfusion imaging is widely used in the clinic for the assessment of cerebrovascular 

physiology in order to diagnose brain pathologies such as brain tumours and stroke. 

Hyperpolarized 129Xe is an exogenous agent which can act as an imaging agent for the evaluation 

of brain perfusion. This application was first predicted by Duhamel et al. in 2002, but the low 

polarization values of HP 129Xe (18-20%) at that time did not permit the researchers to obtain high-

quality results for perfusion assessment in the rat brain49. The next attempt for perfusion evaluation 

was performed by Rao et al. in the human brain in 2018, with HP 129Xe polarized to 35% at 1.5 

T68–70. Three healthy volunteers inhaled 1 L of 87% enriched 129Xe for a 24 s breathhold duration. 

The HP 129Xe uptake images were acquired with time intervals of 8 s, 16 s, 24 s, 32s, 40 s, and 48 

s after inhalation (Figures 2-6a-f). The volunteers resumed breathing at 24 s. The resulting images 

were zero-padded up to an 80x80 in-plane resolution from 7.81x7.81x130 mm3 voxels with a 

32x32 resolution. The first four images were signal averaged for further comparison to arterial spin 

labeling (ASL) imaging. The signal averaged HP 129Xe images exhibited certain advantages over 

ASL perfusion imaging in that they did not require averaging over a period of several minutes and 

they further lacked any undesired signals from blood vessels (Figure 2-6h). The SNR from the 

averaged images (Figure 2-6g) was 31±9, 24±4 and 23±2 from the three healthy volunteers70. 

Although this technique is limited by the quantity of 129Xe that is delivered to the brain and also 
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by the loss of 129Xe polarization during transport from the lungs to the brain, it can be utilized for 

qualitative perfusion estimates in the human brain.  

 

Figure 2-6 Brain perfusion in vivo images of a healthy volunteer. (a-f) HP 120Xe imaging at 1.5 T at 

(a)8 s, (b) 16 s, (c) 24 s after inhalation during a breath-hold, (d) 32 s, (e) 40 s, (f) 48 s after continuing 

breathing. (g) average of the first four images (a-d) with 33 s total imaging time. (h) Pseudocontinuous 

arterial spin-labeling image at 3.0 T; summation of seven contiguous sections with total imaging time of 10 

minutes. Images are reprinted with permission from the publisher70. 



83 

 

 

Recently, Rao et al. demonstrated a moderate correlation between the cerebral perfusion 

values as measured by ASL and the 129Xe uptake in the human brain71. In order to investigate this 

correlation, the ASL perfusion images were corrected for any depolarization that 129Xe would 

experience using two exponential terms to account for the T1 polarization decay of HP 129Xe in the 

blood and during its residency time in grey matter. The authors reported a moderate positive 

correlation (correlation coefficient range of 0.34 - 0.63) between the corrected perfusion images 

obtained using ASL and the HP 129Xe brain images.  

The most recent study on HP 129Xe perfusion imaging was conducted by Shepelytskyi et 

al. in 202054. They demonstrated a novel 129Xe Time-of-Flight (TOF) MR imaging technique 

capable of quantitative perfusion measurements. It was a different approach compared to that 

employed by Rao et al70. It was based on the time-resolved depolarization of dissolved HP 129Xe 

in the brain and the acquisition of dynamic images after subsequent TOF wash-in delays. It fostered 

the absence of any background signal and isolated the HP 129Xe delivered by the cerebral blood 

flow. Cerebral perfusion was recalculated from the dynamic HP 129Xe TOF images using a 

modified version of Kilian’s HP 129Xe uptake model50. Three dynamic TOF images were acquired 

using incremental TOF delay times: 2.5 s, 6.7 s, and 7.1 s for axial projections; and 1 s, 6.5 s, and 

7.1 s for sagittal projections. The images were acquired using a 20x20 acquisition matrix with a 

12.5x12.5x70 mm3 voxel volume, and zero-padded to a 32x32 matrix. Figure 2-7 shows the 

dynamic HP 129Xe images and resulting perfusion map, overlaid on T2-weighted 1H brain images. 
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Figure 2-7 Example of perfusion map acquisition. (a,f) High-resolution, T2-weighted 1H scans for 

brain localization. (b-d) Three dynamic HP 129Xe TOF images acquired 2.5 s, 6.8 s, and 7.1 s after the 

application of a depolarization radiofrequency pulse in the axial projection. The gradual SNR increase can 

be observed with increasing wash-in time. (e) The perfusion map created by the pixel-by-pixel recalculation 

of the TOF slope was used to calculate the sum of the perfusion rates of gray and white matter superimposed 

on top of a high-resolution proton brain image. Three dynamic TOF images acquired after 1 s, 6.5 s, and 8 

s in the sagittal view (g-i). (j) Perfusion map in the sagittal view. Similar to (e), the intensity values were 

the net sum of the white and gray matter perfusion rates. Images are reprinted with permission from the 

publisher54. 

In spite of the fact that several major advances have been made in the development of HP 

129Xe perfusion imaging, this methodology remains largely in its infancy. There are numerous 

technical challenges associated with these approaches that originate from the issues highlighted in 

the sections above. Most applications of HP 129Xe MRI for cerebral perfusion imaging remain to 

a large extent qualitative due to the fact that there have not been any imaging techniques developed 

which allow an accurate implementation of the existing HP 129Xe dynamic models. Shepelytskyi 

et. al. carried out a quantitative estimation of cerebral perfusion54, however, they utilized several 

significant simplifications which somewhat reduce the accuracy of their estimations.  

2-7. Functional MRI with HP 129Xe 

Since HP 129Xe acts as a natural cerebral blood flow tracer, it was suggested that HP 129Xe 

brain imaging should be capable of detecting physiological activity in the brain via changes in the 
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local hyperpolarized 129Xe density contrast9. The fundamental principles behind this mechanism 

are quite simple compared to the conventional Blood Oxygen Level Dependence (BOLD) 

technique for functional brain MR imaging (fMRI): blood flow to areas of the brain that respond 

to stimulation is higher, and consequently, the local concentration of HP 129Xe in these regions will 

also be higher. Brain activation maps can therefore be created after subtraction of an HP 129Xe 

reference image acquired during a resting state. This approach was utilized by Mazzanti et al. in 

2011, who first demonstrated the ability of HP 129Xe brain MRI to detect and map sensory 

stimulation of the rat brain53. Two-dimensional HP 129Xe CSI images were acquired pre- and post-

stimulation (Figure 2-8b-d) from injection of capsaicin into the fore-paw. The authors observed an 

increase of the HP 129Xe signal in the somatosensory brain regions responsible for pain 

processing53. 
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Figure 2-8 HP 129Xe fMRI data from three animals. The HP 129Xe signal is shown as a false-color 

overlay on the corresponding 1 mm thick coronal proton reference image taken from the same animal. The 

left panel shows the HP 129Xe signal intensity during baseline, and the right panel shows HP 129Xe signal 

intensity after injection of capsaicin 20 ul (3 mg/ml) into the right forepaw. The color scale represents SNR, 

and only signal with SNR above two are shown. Superimposition of a rat brain atlas (18) shows specific 

areas of the brain: cingulate cortex (Cg), the motor cortex (M), primary somatosensory cortex, SS1 forelimb 

region (SS1 and SS1 fl), the secondary somatosensory cortex (SS2), and striatum (CPu). The images were 

reprinted with permission from the publisher53. 
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Although these early results seemed promising, this methodology was fraught with inherent 

errors and limitations. The direct subtraction approach for two HP 129Xe brain images is associated 

with a high level of potential errors caused by the interbreath-hold variability of the HP 129Xe 

signal. This signal variability has been estimated to be ~ 30%, which can cause a large potential 

for false-positive and false-negative results during hemodynamic response mapping. This 

challenge was overcome by Shepelytskyi et al. who performed functional MRI of the human brain 

using the novel HP 129Xe TOF imaging technique, which had been developed for perfusion 

assessment54. The HP 129Xe TOF pulse sequence substantially reduced the interbreath-hold signal 

variability72 and functioned well for an accurate assessment of the hemodynamic response 

(HDR)54.  The HDR to visual and motor stimuli (Figure 2-9) was investigated. The resulting 

functional brain HDR maps (Figure 2-9b) correlated well with conventional 1H BOLD functional 

MRI (Figure 2-9d). 

 

Figure 2-9 Detection of a hemodynamic response from a colorful visual stimulus using HP 129Xe 

perfusion mapping validated by blood oxygenation level-dependent (BOLD) brain functional MRI (fMRI). 



88 

 

 

(a) Experimental design used for hemodynamic response detection. Two separate perfusion maps were 

acquired during the control (gray screen) and visual stimulation. (b) Hemodynamic response map created 

by subtracting the control perfusion map from the stimulated perfusion map and overlaid on top of a high-

resolution proton scan. Activation of the occipital lobe, superior parietal lobe, and frontal gyrus was 

observed. (c) BOLD fMRI experimental design for validation of the HP 129Xe technique. (d) BOLD fMRI 

3D activation maps demonstrate a correlation with a 129Xe hemodynamic response map. The activated areas 

are indicated by colored arrows. Images are reprinted with permission from the publisher54. 

Although a spatial correlation between the HP 129Xe HDR maps and conventional 1H fMRI 

images was observed, the HP 129Xe HDR maps had a substantially lower spatial resolution. The 

HDR maps had a single slice thickness of ~70 mm and 300 mm for axial and sagittal orientation 

respectively and an in-plane pixel size of 7.81 mm2, whereas the conventional proton fMRI images 

were acquired with a 4 mm slice thickness and 3.91 mm2 in-plane spatial resolution. Despite the 

significant limitations in spatial resolution, HP 129Xe HDR mapping outperformed conventional 

fMRI in terms of temporal resolution as the whole brain was mapped in less than in 20 s.  

 

 

2-8. Brain disease detection with HP 129Xe 

Despite the low signal intensity of HP 129Xe dissolved in the human brain, it is possible to 

evaluate various differences in xenon physical properties between healthy subjects and subjects 

with brain-related diseases. Zhou et al. demonstrated the first application of HP 129Xe brain CSI 

for in vivo ischemic stroke imaging73 in a rat model. The large hypointense region corresponding 

to the ischemic core (Figure 2-10c) was observed in an HP 129Xe image (Figure 2-10b)73. These 

results were corroborated by conventional 1H diffusion-weighted imaging as well as by histology 

(Figure 2-10a).  
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Figure 2-10 In vivo evaluation of stroke using 2D 129Xe CSI. (a) Representative 1H apparent diffusion 

coefficient map image obtained after a right middle cerebral artery occlusion. (b) Corresponding HP 129Xe 

2D CSI indicating the large signal void corresponding to the ipsilesional hemisphere. (c) Corresponding 

2,3,5-triphenyltetrazolium chloride (TTC)-stained brain section of the same animal. (d) Tricolor map based 

on the ADC and TTC images shown in (a) and (c). Green, red and blue represent non- ischemic stroke. The 

images were reprinted with permission from the publisher73.  

Following this initial study in animal models, Rao et al. conducted HP 129Xe brain perfusion 

imaging in a 52-year old volunteer who had a stroke two years and three months before imaging 

with HP 129Xe74. The conventional proton MRI revealed intracranial arterial occlusion with 

collateralization (Figure 2-11a). To evaluate perfusion using HP 129Xe, three 32 x 32 images were 
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acquired during a breath-hold at 8 s, 16 s and 24 s after inhalation of 1 L of HP 129Xe with 35% 

polarization. The images were reconstructed up to an 80 x 80 in-plane resolution with subsequent 

averaging from a 32 x 32 matrix with voxel size 6.875 x 6.875 x 50 mm3. The final image (Figure 

2-11d) revealed a region of signal hypointensity, which indicated poor 129Xe uptake in the stroke 

area. The regional cerebral blood flow (CBF; Figure 2-11c) calculated from pseudo-continuous 

arterial spin labelling (pASL) (Figure 2-11b), however, was higher in the same area, which 

indicated a delayed hyper-perfusion. The lower 129Xe signal can be explained by a shorter mean 

transit time due to a higher CBF. This reduces the transfer of 129Xe to the tissue and delays the 

delivery of 129Xe to that area, which affects the magnetization because of its T1 decay. Overall, this 

pioneering study demonstrated proof-of-principle contrast for using HP 129Xe imaging for stroke 

imaging in human subjects. 
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Figure 2-11 Brain MR images acquired in the same session from a subject with established stroke. (a) 

axial T1-wighted image showing infarct in the centrum semiovale of the left cerebral hemisphere (arrow). 

(b) An axial image from pseudocontinuous ASL shows hyperintensity in the cerebral cortex adjacent to 

infarction. (c) Map of CBF estimated from ASL in (b) shows increased perfusion. (d) Hyperpolarized 129Xe 

brain image shows reduced uptake in the brain tissue supplied by the left internal carotid artery. The 129Xe 

signal in the region of hypointensity in (d) was 60% lower when compared with the average signal in the 

healthy region. Images are reprinted with permission from the publisher74. 

Another neurological disorder that affects the cerebral blood flow and the brain tissues is 

Alzheimer’s disease (AD). To investigate the possibility of using HP 129Xe imaging for AD 

detection, Hane et al. conducted an HP 129Xe washout study in 201856. Four participants diagnosed 

with mild to moderate AD and four age-matched healthy volunteers underwent HP 129Xe gas MRS 

and MRI during a 20 s breath-hold. Sixty dynamic MRS scans were acquired every 2 s starting 
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from initialization of the breath-hold. Three dynamic balanced steady state free precession (SSFP) 

MRI images were acquired at 10 s, 20 s, and 30 s after gas inhalation. Five different peaks were 

observed using MRS that agreed with the spectroscopy results from Rao et al. in 201643. 

Interestingly, however, in this study, the 129Xe signal from grey matter was 43% lower in AD 

participants compared to healthy volunteers, and the white matter peaks were not statistically 

different between the two subject cohorts. This reduction in HP 129Xe signal resulted in a decrease 

in the SNR of images acquired from the AD subjects (Figure 2-12a). The white and grey matter 

spectral peaks were monitored over time: the 129Xe washout half-life for healthy participants was 

20 s and 16 s for white and grey matter, respectively, while the 129Xe washout half-life for 

participants with AD was 42 s and 43 s in white (Figure 2-12c) and grey matter (Figure 2-12d), 

respectively. The analysis of the dynamic 129Xe MR images (Figure 2-12b) revealed that the Xe 

washout parameters were similar in the caudal brain regions for both cohorts of participants, 

whereas the prefrontal regions showed a reduction of the localized 129Xe washout parameter in AD 

volunteers. Therefore, a 129Xe retention parameter was proposed as a potential biomarker for AD 

detection.  
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Figure 2-12 Axial and sagittal 129Xe MRI of healthy controls and Alzheimer’s Disease (AD) 

participants. (b) Xenon washout parameter maps of healthy controls age-matched to AD patients overlaid 

onto T2W anatomical images. MRS SNR of 129Xe-WM (C) and 129Xe-GM (D) spectral peaks as a 

function of time for healthy controls (blue) and AD participants (red). The participants inhaled 500 mL of 

HP 129Xe and held their breath for 20 s. 129Xe MRS from the brain region was acquired every 2 s. An 

increase in 129Xe signal after approximately 10 s was noticed as the 129Xe reached the brain. At 20 s, the 

participant exhaled and the 129Xe signal began to decrease at different rates for AD participants compared 

to healthy controls for WM and GM.  Images are reprinted with permission from the publisher54. 

2-9. Discussion 

HP 129Xe MR imaging of the brain is a promising medical imaging modality that is 

currently under extensive development. Thirteen articles on HP 129Xe brain imaging were 

published between the period of the invention of HP 129Xe MRI in 1994, and 2008, while 26 articles 

were published between 2008 to the present. Furthermore, the number of papers published in the 
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HP 129Xe brain imaging field grew steadily over the past decade. The most prominent practical 

application of HP 129Xe brain imaging so far has been its utilization for cerebral perfusion 

imaging54,56,70,74. The free dissolution of HP 129Xe in the pulmonary blood renders 129Xe an 

exogeneous blood-flow contrast agent. The signal intensity of HP 129Xe brain images is determined 

mainly by the tissue perfusion, but further regulated by the level of polarization, the amount of Xe 

that is inhaled, and the concentration of xenon that is transferred to the brain (Xe solubility are 

0.17 in the blood, 0.135 in grey matter, and 0.224 in white matter50). Furthermore, HP 129Xe is an 

exogeneous perfusion inhalation contrast agent that does not provide any undesired background 

signal. 

Unlike 1H arterial spin labelling (ASL) perfusion imaging, the lack of background signal 

and need for intensive signal averaging both provide some of the main advantages of HP 129Xe 

brain perfusion imaging. With this in mind, the acquisition protocol for HP 129Xe MRI can 

potentially be simpler compared to that required for ASL MRI for future implementation in the 

clinic. Since no signal averaging is required, the specific absorption rate of HP 129Xe perfusion 

imaging scans can also potentially be lower compared to ASL proton scans. Also, in contrast to 

ASL MRI, HP 129Xe brain perfusion imaging can be performed at low field, due to both the 

exogeneous nature of HP 129Xe and the fact that its signal has a weak dependence of the Bo 

magnetic field strength75–77. While ASL perfusion imaging is already well developed for clinical 

use, HP 129Xe perfusion imaging is still in its infancy; further improvements to its method of signal 

acquisition, and increases to the 129Xe polarization level, will be required in order to render HP 

129Xe perfusion imaging competitive with ASL MRI.  

Another advantage of HP 129Xe brain perfusion imaging is its ability for extremely rapid 

image acquisition. This fact originates from the non-recoverable nature of the hyperpolarized 
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longitudinal magnetization. Since the HP state is a metastable non-equilibrium state, spin-lattice 

relaxation destroys the longitudinal component of its net magnetization over time. Therefore, the 

utilization of a short TR is highly beneficial, which also results in a short scan time. HP 129Xe brain 

image acquisition times are typically on the order of seconds56,74 (Table 2), albeit, further 

shortening of the scan time is usually possible. Such short image acquisition times also reduce the 

sensitivity of HP 129Xe cerebral perfusion imaging to motion artifacts. In contrast, ASL perfusion 

imaging scans usually require several minutes due to the need for multiple signal averages, which 

makes conventional ASL MRI techniques very sensitive to motion artifacts78–80.  

Despite the aforementioned advantages of HP 129Xe cerebral perfusion imaging, this 

methodology currently has several limitations. First, in order to perform HP 129Xe MR imaging, 

the research center or clinical site must possess an MRI scanner capable of performing 

multinuclear imaging. In addition, is the need for a high yield 129Xe polarizer (which is an 

expensive piece of equipment), and dedicated MRI coils tuned to the resonance frequency of 129Xe. 

It is desirable to utilize a dual-tuned 1H/129Xe RF head coil since initial 1H brain localization is 

required prior to HP 129Xe brain imaging. Additionally, the use of isotopically enriched 129Xe is 

often required to achieve acceptable SNR levels since the concentration of HP 129Xe is relatively 

low in the brain tissues. The necessity of specialized equipment and isotopically enriched 129Xe 

gas renders HP 129Xe brain perfusion imaging much more expensive than conventional clinical 1H 

perfusion MRI techniques.  

As previously mentioned, another challenge for HP 129Xe brain imaging is the relatively 

low concentration of 129Xe dissolved in brain tissues (on the order of  uM50). Therefore, the overall 

HP 129Xe signal level originating from the brain is quite low, resulting in relatively low image 

SNR, which significantly limits the utilization of HP 129Xe for anatomical brain imaging. In 
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common practice, in order to optimize the HP 129Xe brain image SNR, the acquisition matrix is 

typically kept at a low resolution, and a single slice image is commonly acquired. The most 

commonly used acquisition matrix is 32 x 32, which is two times smaller compared to the most 

frequently used acquisition matrix for ASL imaging. In addition, ASL-based perfusion imaging 

techniques can acquire images with a slice thickness ~3-4 mm, whereas the minimum slice 

thickness achieved so far for HP 129Xe imaging is 20 mm. This yields an HP 129Xe voxel size that 

is at least 20 times larger compared to typical ASL voxel sizes.  Recent advances in 3D GRE HP 

129Xe brain imaging can help to increase the spatial resolution of HP 129Xe cerebral perfusion 

images and potentially render them comparable to modern clinical ASL standards. Further 

increases to the HP 129Xe polarization (ideally up to the theoretical limit of 86%81) could potentially 

facilitate the enhancement in the signal required for utilization of an acquisition matrix of 64 x 64, 

which would meet current clinical standards for perfusion imaging. Even if this is accomplished, 

a 64 x 64 acquisition matrix will not be sufficient for structural brain imaging with HP 129Xe, since 

conventional 1H MRI is capable of much higher resolution. Therefore, it can be foreseen that HP 

129Xe brain MRI does not bode well as a new anatomical MRI imaging modality, but has great 

potential for applications in the fields of functional imaging, such as perfusion imaging, blood flow 

detection, and BBB permeability imaging.  

Extensive development of both hardware and MR pulse sequences is required to increase 

the SNR and spatial resolution of HP 129Xe brain MRI. The highest reported level of 129Xe 

polarization utilized for brain imaging so far was ~ 50%54,62,72, which is a significant advancement 

compared to polarization values used for earlier experiments41,50. An increase in the polarization 

level will produce a linear increase in the 129Xe signal level. In addition, an increase in the isotopic 

enrichment of 129Xe gas used for imaging will also give a linear increase in the image SNR. Finally, 
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the development and implementation of a multi-channel phased-array receiver RF coil could also 

increase the SNR of HP 129Xe brain imaging. Although preliminary results have been reported 

using a 6-channel phased array 129Xe brain coil for in vivo single-voxel spectroscopy82, further 

implementation of the parallel imaging approach for imaging purposes is essential to advance HP 

129Xe imaging of the human brain.  

Alongside hardware development, future work must also be focused on imaging pulse 

sequence development and breathing protocol optimization. Due to the short TR requirements, HP 

129Xe brain imaging mostly utilizes gradient echo (GRE) imaging pulse sequences. Until recently, 

the most commonly used MR protocol for 129Xe brain imaging was a thick single-slice 2D GRE 

image acquisition with standard sequential k-space filling54,56,70,74. The use of non-Cartesian k-

space trajectories, which oversample the center of a k-space (such as radial trajectories), can further 

increase the image SNR, and may allow the acquisition of thinner slices and higher spatial 

resolution in HP 129Xe brain images. The downside of using non-Cartesian k-space trajectories is 

that they undersample the outer edges of k-space, which results in blurriness of the image.  

Recent development by Rao et. al. allowed progression to 3D multi-slice isotropic 129Xe 

brain MRI spectroscopic imaging, which could be further implemented for brain oxygenation 

mapping and for voxel-wise quantification of HP 129Xe dissolved in different brain 

compartments61.    

 Another pulse sequence approach worth pursuing is translation from 2D GRE to 3D GRE 

imaging. 3D GRE imaging will allow the image SNR to increase through additional phase 

encoding in the slice-selection direction and will allow multi-slice image acquisition. A proof-of-

concept demonstration of 3D GRE HP 129Xe imaging in humans was recently demonstrated by 

Grynko et. al62. In this study, utilization of a 3D GRE sequence allowed reduction of the voxel size 
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by 93% compared to the 2D GRE imaging approach. Since all the spins in the volume of interest 

get excited simultaneously, 3D GRE multi-slice imaging better utilizes the hyperpolarized 

magnetization, compared to 2D GRE multi-slice imaging. Combining 3D GRE pulse sequences 

with non-Cartesian k-space trajectories has the potential to further improve the quality of HP 129Xe 

brain images. 

 The breathing protocol is another vital factor that should be carefully considered. The most 

commonly used breathing protocol for HP 129Xe human brain imaging is the inhalation of 1L of 

HP gas followed by a subsequent breath-hold54,56,70,74,83,84. This approach, however, is associated 

with a high level of signal variability (~30%)72,84. This signal variability can be caused by 

numerous factors, such as the exact quantity of HP 129Xe gas dispensed in the bag each time, the 

T1 relaxation during gas storage before being administered, different concentrations of HP 129Xe 

in the lungs, cerebral perfusion values, lung-brain arterial transit times, and the amount of time 

into the breath-hold when image acquisition begins. All these factors affect the concentration of 

HP 129Xe dissolved in the brain at a particular moment in time. A recent study demonstrated that 

the utilization of a time-resolved initial depolarization pulse (TOF technique), reduces the 

variability of the HP 129Xe signal by up to 2.4 times72. Utilization of an initial depolarization pulse, 

therefore, is highly beneficial for all further HP 129Xe brain imaging studies. Despite achieving a 

significant reduction, however, the presence of an initial depolarization pulse did not completely 

eliminate the interbreath-hold signal variability issue. A contributing factor which cannot be 

eliminated originates from variations in blood flow in the cerebral arteries feeding the tissues, 

which directly affects the HP 129Xe brain signal. The highest level of signal variability was 

observed to correspond to the brain region supplied by the posterior cerebral artery, whereas the 

lowest variability corresponded to the region supplied by the anterior cerebral artery72. 
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In order to maximize the image SNR, data acquisition should be performed once the brain 

tissues are saturated with HP 129Xe72. Based on the various HP 129Xe brain uptake models 

previously developed50,54, the concentration of HP 129Xe in the brain reaches a maximum at 

approximately 15 s into the breath-hold for typical values of cerebral perfusion, arterial transit 

times, and T1 relaxation times in the blood and brain tissues. In order to maximize the HP 129Xe 

SNR, therefore, the image should be acquired at this moment in time. If a subject cannot hold their 

breath for this amount of time (e.g. subjects with pulmonary disorders or children), however, or if 

the imaging purpose is to acquire dynamic images over a breath-hold (e.g. to quantify HP 129Xe 

uptake), the resulting image SNR can potentially be lower.  

It is worth considering other breathing protocols. One that might be of interest for future 

studies, and which might overcome some of the issues mentioned above, is continuous breathing 

using HP 129Xe premixed with oxygen. Continuous breathing protocols have been utilized for 

animal lung studies85,86, and human lung studies with 3He87–89 and 129Xe90. They might be 

beneficial for HP 129Xe brain imaging since they can prolong the plateau of the maximum brain 

129Xe concentration period. This could allow the conductance of longer scans, signal averaging, 

and acquisition of HP 129Xe brain images in subjects that are not capable of performing a long 

breath-hold. 

Currently, the main advantages of ASL over HP 129Xe cerebral perfusion imaging is the 

higher in-plane spatial resolution (typically 64 х 64), thinner slices, and commercially available 

software for image analysis. As shown in Table 2, the SNR values of HP 129Xe perfusion images 

are comparable with clinically available pseudo-continuous ASL (pCASL) perfusion images. The 

recent implementation of a 3D GRE readout has further increased the SNR of HP 129Xe brain 

images up to the level that is comparable with velocity-selective ASL (VSASL). The spatial 
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resolution of HP 129Xe images, however, remains at least four times lower compared to ASL 

techniques. To bridge this gap, further improvements to the HP 129Xe SNR, as discussed above, 

can be converted into increasing the acquisition matrix and reducing the slice thickness.  

In addition, the further development of mathematical models for HP 129Xe signal dynamics 

and its conversion into computer algorithms for HP 129Xe cerebral perfusion image calculation can 

improve the accuracy of HP 129Xe perfusion imaging. Additional experimental characterization of 

HP 129Xe in the brain should accompany the optimization of mathematical models, as there still 

remain multiple fundamental physical properties of HP 129Xe dissolved in cerebral blood and brain 

tissues that remain unknown. For example, accurate measurements of the T1 relaxation times of 

each of the HP 129Xe spectral components, as well as HP 129Xe diffusion coefficients, are required. 

Without these experimental data, it will not be possible to quantify cerebral perfusion accurately.  

 In spite of these shortcomings, it is inspiring that HP 129Xe brain imaging has already 

demonstrated its potential to image subjects with Alzheimer’s Disease56 and stroke70. Moreover, 

because the HP 129Xe brain signal depends upon the cerebral perfusion, as well as the permeability 

of the blood-brain barrier (BBB), it might also be useful for the detection of other diseases 

associated with cerebral blood flow changes (e.g. Parkinson’s disease91, atherosclerosis92, etc.) or 

those with associated BBB impairment (e.g. cerebral small vessel disease93, multiple sclerosis94, 

etc.). Additionally, due to the high lipophilicity of xenon, HP 129Xe imaging may also be useful for 

brain cancer detection. Although there were two preliminary studies on this application95,96, the 

validation of HP 129Xe brain imaging for use in cancer detection will require further proof-of-

concept studies.  

In summary, HP 129Xe brain imaging is a promising imaging modality that has been rapidly 

developing over the past several years. With further development, it has the potential to provide 
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rapid and direct imaging of perfusion with an SNR comparable to that of ASL perfusion imaging, 

even at low field. HP 129Xe perfusion imaging has an extremely fast acquisition time (less than 20 

s), has no endogenous background signal, and is much simpler in practice than other MRI 

techniques from the MR pulse sequence design point of view. The rapid acquisition times possible 

for HP 129Xe perfusion images ensure its insensitivity to motion artifacts.   In addition, due to 

xenon’s ability to cross the BBB, assessment of BBB permeability can readily be performed using 

HP 129Xe MRI55,60.  HP 129Xe perfusion imaging has the potential to become a valuable new 

perfusion imaging technique that eventually will take its place alongside of clinical ASL MRI and 

dynamic contrast-enhanced perfusion imaging.  
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Chapter 3: Effect of blood glycation on 129Xe spectroscopic 

parameters 

 

This topic has been elaborated in the following publication: Mikowska, L.; Grynko, V.; 

Shepelytskyi, Y.; Ruset, I.C.; Deschamps, J.; Aalto, H.; Targosz-Korecka, M.; Balamore, D.; 

Harańczyk, H.; Albert, M.S. “Revealing a Third Dissolved-Phase Xenon-129 Resonance in 

Blood Caused by Hemoglobin Glycation” published in International Journal of Molecular 

Sciences, volume 24. Issue 14, article number 11311 (2023). The publication text is listed below. 
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Abstract:  

Hyperpolarized (HP) xenon-129 (129Xe), when dissolved in blood, has two NMR 

resonances: one in red blood cells (RBC) and one in plasma. The impact of numerous blood 

components on these resonances, however, has not yet been investigated. This study evaluates the 

effects of elevated glucose levels on the chemical shift (CS) and T2
* relaxation times of HP 129Xe 

dissolved in sterile citrated sheep blood for the first time. HP 129Xe was mixed with sheep blood 

samples premixed with a stock glucose solution using a liquid–gas exchange module. Magnetic 

resonance spectroscopy was performed on a 3T clinical MRI scanner using a custom-built 

quadrature dual-tuned 129Xe/1H coil. We observed an additional resonance for the RBCs (129Xe-

RBC1) for the increased glucose levels. The CS of 129Xe-RBC1 and 129Xe-plasma peaks did not 

change with glucose levels, while the CS of 129Xe-RBC2 (original RBC resonance) increased 

linearly at a rate of 0.015 ± 0.002 ppm/mM with glucose level. 129Xe-RBC1 T2
* values increased 

nonlinearly from 1.58 ± 0.24 ms to 2.67 ± 0.40 ms. As a result of the increased glucose levels in 

blood samples, the novel additional HP 129Xe dissolved phase resonance was observed in blood 

and attributed to the 129Xe bound to glycated hemoglobin (HbA1c). 

Keywords: hyperpolarized 129Xe; magnetic resonance spectroscopy; glycation; glucose; 

hemoglobin 

3-1. Introduction 

Since its invention [1], hyperpolarized (HP) xenon-129 (129Xe) MRI has been primarily 

used for the functional imaging of the human lungs and for studying pulmonary disorders [2–7]. 

Over the past decade, the feasibility of HP 129Xe dissolved-phase imaging has been demonstrated 

for imaging pulmonary gas transfer [8–12], brain imaging [13–18], and kidney imaging [19,20]. 
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HP 129Xe dissolved-phase imaging relies on the sufficiently long T1 relaxation time in blood (~3.4–

7.8 s) [21–25] and the well-distinguished resonances of HP 129Xe nuclei dissolved in blood and 

various tissue compartments. Therefore, the chemical composition of blood should have a critical 

effect on HP 129Xe dissolved-phase imaging since it affects the T1 and chemical shift (CS) of the 

dissolved 129Xe resonances. A number of studies have previously evaluated the role of blood 

oxygenation and its effects on HP 129Xe MR spectra [21,22,24,26]. However, there is another vital 

component of blood chemical composition that has yet to be explored—the glucose level. 

A high glucose concentration in blood leads to excessive non-enzymatic chemical 

interactions between glucose and proteins in the blood [27]. Hemoglobin is the protein most 

affected by glycation. Structurally, hemoglobin has four subunits, consisting of two α and two β 

chains, each of which carry an iron-containing heme group responsible for oxygen binding [28]. 

During the glycation process, a non-enzymatic reaction occurs between glucose and the α-amino 

groups of valine residues at the N-terminus of the β-chains [29]. The most abundant form of 

glycated hemoglobin, which is widely used in clinical practice for the evaluation of glycemia in 

diabetes mellitus, is hemoglobin A1c (HbA1c) [30]. Glycated hemoglobin is naturally present in 

healthy individuals (~4%), whereas glycation levels up to 20% have been reported in patients 

diagnosed with diabetes [31]. Elevated HbA1c levels (>6.5%) are routinely used for the diagnosis 

of diabetes mellitus [32]. The standard HbA1c test is used for the diagnosis of type 2 diabetes and 

prediabetes. It shows the amount of glycated hemoglobin and reflects the average blood glucose 

level over the past three months [33]. 

Hemoglobin glycation induces the formation of oxygen-derived free radicals, which are 

responsible for causing oxidative stress in erythrocytes [34], leading to an increase in membrane 

lipid peroxidation [35] and membrane damage in diverse cell types. The glycation of iron-
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containing heme proteins can cause the degradation of heme and further reactions with H2O2, 

leading to increased iron release, as well as ferryl myoglobin formation [27,36]. In addition, iron 

overload caused by high concentrations of glycated hemoglobin has been shown to be associated 

with changes in the structure of the red blood cells (RBCs) and increased thrombotic events [37]. 

Numerous studies have been conducted evaluating the effect of elevated levels of glycated 

hemoglobin on red blood cell distribution width (RDW); however, the data published has been 

inconclusive [38]. Some studies have also suggested that hyperglycemia may have some effect on 

erythropoiesis and RBC survival at concentrations of glucose higher than 40 mM [35,38]. 

It is known that the HP 129Xe signal from blood originates from Xe in plasma and the RBCs 

[1]. 129Xe binds to hemoglobin in hydrophobic cavities close to the external surface in both α and 

β chains [39]. Therefore, alternations in the structure of hemoglobin caused by glycation are 

expected to have a direct effect on the HP 129Xe magnetic environment and its dipole–dipole 

interaction with hemoglobin, potentially resulting in CS changes. Furthermore, the overall increase 

in free radical levels can also be anticipated to cause an effect on HP 129Xe CS. The destruction of 

heme groups accompanied by the release of iron would be expected to have potential effects on 

HP 129Xe-RBC CS, as well as on the T2
* relaxation process. 

The present lung studies with HP 129Xe exploit the measuring of the signal intensity of 

129Xe bound to tissue and RBC [2–4,7,8]. However, the elevated glucose level in blood may have 

a considerable impact on the 129Xe spectroscopic properties and should be taken into account for 

patients with diabetes. 

This work, for the first time, investigates the effect of glucose concentration in blood on 

the physical properties of dissolved HP 129Xe, such as CS and on the effective spin–spin relaxation 

time T2
*. Moreover, using non-linear curve fitting, we demonstrated that the spectrum of HP 129Xe 
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in blood contains not two (as was conventionally thought) but three dissolved-phase resonances. 

We report the resonance frequencies, T2
* relaxation times, and the CS dependance on glucose level 

of the three observed spectral components in sterile citrated sheep blood. In addition, we propose 

a potential mechanism for glycation-related changes in the physical parameters of the dissolved 

HP 129Xe. This research suggests that for a comprehensive understanding of dissolved-phase 

imaging, glucose levels in the blood should also be taken into account along with blood 

oxygenation, since both play distinct roles. 

3-2. Results 

3-2.1. CS Analysis Using a Conventional Three-Peak Model (3PM) 

The measurements of the CS of the 129Xe dissolved in plasma (129Xe-plasma) and 129Xe 

dissolved in RBC (129Xe-RBC) resonances were conducted for the glucose concentration range of 

0–55 mM. The acquired MRS spectra were first fitted using the conventional three-peak model 

(3PM): gas peak, plasma peak, and RBC peak. Figure 3-1A,B show MRS acquired for 10 mM and 

45 mM glucose concentrations in the blood, respectively. The increase in glucose concentration 

did not cause a significant change in the 129Xe-plasma CS. Conversely, the 129Xe-RBC resonance 

shifted from 217.86 ppm (10 mM of glucose) to 219.07 ppm (45 mM). Figure 3-1C shows three 

representative cumulative Lorentzian 3PM fits for 10 mM, 20 mM, and 45 mM glucose 

concentrations. The downfield shift of the HP 129Xe-RBC resonance with respect to the gaseous 

129Xe resonance can be clearly observed with increasing glucose concentration. The observed CS 

increased linearly with the increased glucose concentration (Figure 3-1D). The fit of the CS 

dependence of the 129Xe-RBC peak on glucose concentration revealed a (0.025 ± 0.004) ppm/mM 

129Xe-RBC change rate. A strong positive correlation (r = 0.91) was observed between the 129Xe-

RBC peak CS and the glucose concentration in the measured blood samples. It can be clearly seen 
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that the 129Xe-plasma peak was completely unaffected by an increase in glucose concentration (r 

= 0.1 with a slope of the line equal to (0.001 ± 0.005) ppm/mM. The observed downfield shift of 

the HP 129Xe-RBC resonance is similar to the HP 129Xe-RBC resonance frequency change due to 

the increase in blood oxygenation, albeit with a total span of only ~1.25 ppm. 

 

Figure 3-1 HP 129Xe MRS spectra of the 10 mM sample (A) and 45 mM sample (B) fitted to the 

conventional 3PM. The CS scale was selected to depict dissolved-phase resonances. The black line 

corresponds to the acquired HP 129Xe spectra. The red and blue lines are Lorentzian fits of the 

129Xe-plasma and 129Xe-RBC peaks, respectively. (C) Three fitted HP 129Xe MRS spectra of 10 

mM, 20 mM, and 45 mM samples demonstrate a noticeable downfield shift of the 129Xe-RBC 

resonance with a glucose concentration increase. The CS versus glucose concentration dependence 

of HP 129Xe-RBC peak appeared to be linear (D), whereas the CS of the HP 129Xe dissolved in 

plasma remained unaffected by blood glucose concentration. 
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3-2.2. T2
* Relaxation Measurements 

Following the measurements of CS, T2
* relaxation was assessed based on Lorentzian fits 

of the measured spectra to 3PM. No significant change was observed in T2
* values for HP 129Xe 

dissolved in both RBC and plasma pools with an increase in glucose content (Figure 3-2). The 

mean T2
* values were equal to (1.48 ± 0.09) ms and (0.87 ± 0.07) ms for HP 129Xe dissolved in 

plasma and RBC, respectively. 

 

Figure 3-2 HP 129Xe T2
* relaxation dependance on blood glucose level for 129Xe-plasma (black line) 

and 129Xe-RBC (red line). T2
* values were not affected by the blood glucose level. 

3-2.3. Four-Peak Spectroscopic Model (4PM) Analysis 
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With the blood glucose level increase, the RBC resonance in the 129Xe spectrum became 

more asymmetrical and its linewidth increased slightly (Figure 3-3). In addition, a small splitting 

of the RBC peak was noted for higher glucose concentrations (red arrow on Figure 3-3). 

Considering the glycation process in RBCs, the observed asymmetry and splitting in the RBC peak 

can be interpreted by a four-peak spectroscopic model (4PM). In general, structural and functional 

changes to hemoglobin occur as a result of glycation [27]. Therefore, we can subdivide the RBC 

pool into HP 129Xe bound to non-glycated HbA0 and HP 129Xe bound to glycated HbA1c. These 

two pools can be characterized by their own HP 129Xe resonances. The suggested 4PM includes 

one gas phase resonance and three dissolved-phase resonances: 129Xe-plasma, 129Xe-RBC1, and 

129Xe-RBC2. 
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Figure 3-3 HP 129Xe MRS spectra acquired for a pure blood sample (black line) and for a 25 mM blood 

glucose concentration (purple line). The RBC peak became asymmetrical and broader with the 

addition of glucose. A small splitting of the RBC peak can be seen (red arrow). 

The suggested 4PM was used to fit the experimental data (Figure 3-4A,B). The application 

of the 4PM did not affect the plasma peak position. The position of the HP 129Xe-RBC1 peak was 

barely affected by glucose: 216.08 ppm for the 10 mM solution and 215.92 ppm for the 45 mM 

solution. The 129Xe-RBC2 peak, however, shifted downfield with increasing glucose 

concentrations: 220.32 ppm for the 10 mM solution and 220.78 ppm for the 45 mM. The residual 

error for the 3PM, once plotted, showed distinct peaks at 216, 218, and 222 ppm for the 10 mM 

sample and at 216 ppm and 219 ppm for the 45 mM sample (Figure 3-4C,D). Once the spectrum 

is fitted to the 4PM, however, the residual error becomes flat at the RBC resonance position 
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(between 210 ppm and 240 ppm). This indicates that 4PM fits the acquired HP 129Xe blood spectra 

more accurately compared to the conventional 3PM. 

 

 

Figure 3-4 HP 129Xe MRS spectra of the 10 mM sample (A) and 45 mM sample (B) fitted to the 

proposed 4PM. The CS scale was selected to depict dissolved-phase resonances. The black line 

corresponds to the acquired HP 129Xe spectra. The red line corresponds to the Lorentzian fit of the 

plasma resonance. The green and blue lines represent the Lorentzian fit of the 129Xe-RBC1 and 
129Xe-RBC2 peaks, respectively. The residuals of 3PM (black lines) and 4PM (red line) were plotted 

as a function of chemical shift for the 10 mM sample (C) and 45 mM sample (D). It can be clearly 

seen that the conventional 3PM shows some residual signal present (green arrows). The proposed 

4PM, however, results in a flat baseline with almost no residual signal at the RBC resonance 

position (between 210 ppm and 240 ppm) indicating a better fit of the RBC signal. Therefore, the 

proposed 4PM better suits the acquired HP 129Xe MRS spectra analysis compared to the 

conventional 3PM. 
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It should be noted that the 4PM fit worked better for glucose concentrations above 5 mM. 

This was indicated by slightly higher R2 values. In addition, small alterations in the peak position 

for the RBC resonances did not affect R2 significantly. Therefore, a lower accuracy of the 

recalculated spectral parameters can be anticipated for the pure blood and 5 mM samples compared 

to the samples with higher glucose levels. This is in accordance with our hypothesis that the second 

HP 129Xe RBC peak originates from HbA1c. There is no naturally occurring HbA1c in the pure 

blood and the concentration is expected to be low in a 5 mM glucose sample. 

The proposed 4PM did not affect the CS of the HP 129Xe gas peak and 129Xe-plasma peak. 

The HP 129Xe-RBC1 CS change was not observed with a glucose level increase (Figure 3-5A). 

The HP 129Xe-RBC2 resonance frequency, however, increased with a rate of (0.015 ± 0.002) 

ppm/mM. A strong Pearson correlation was observed between the HP 129Xe-RBC2 peak position 

and the blood glucose level (r = 0.95). The T2
* relaxation time for 129Xe-plasma did not depend on 

the glucose concentration in the sample (Figure 3-5B). Conversely, the 129Xe-RBC1 T2
* time 

increased non-linearly from (1.58 ± 0.24) ms up to (2.67 ± 0.40) ms over the studied range of 

glucose concentrations. The 129Xe-RBC2 T2
* relaxation time increased from (0.66 ± 0.10) ms to 

(1.23 ± 0.19) ms over a 0–10 mM glucose concentration range and leveled out at approximately 

(0.91 ± 0.03) ms at higher glucose levels. 
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Figure 3-5 HP 129Xe 4PM CS measurements and T2
* relaxometry. (A) HP 129Xe CS dependences for 

129Xe-plasma (black), 129Xe-RBC1 (red), and 129Xe-RBC2 (blue) as a function of blood glucose 

concentration. The dashed lines correspond to a linear fit of the measured CS dependances. A strong 

positive correlation can be observed between 129Xe-RBC2 CS and glucose level, whereas the CS 

of HP 129Xe-plasma and 129Xe-RBC1 remains unaffected by blood glucose. (B) HP 129Xe T2
* 

relaxation dependence on blood glucose level for 129Xe-plasma (black line), 129Xe-RBC1 (red line), 

and 129Xe-RBC2 (blue line). T2
* values of HP 129Xe in plasma were not affected by the blood 

glucose level, whereas the T2
* relaxation time of 129Xe-RBC1 increased non-linearly with a glucose 

concentration increase. T2
* values of the 129Xe-RBC2 peak increased slightly over the range of 0–

10 mM and then leveled out. 

3-3. Discussion 

In normal physiological conditions, 95–98% of the hemoglobin in RBCs is present in the 

HbA0 state [31]. Once glucose levels elevate in the blood, HbA1c is generated as part of the 

glycation process [40]. In fact, the concentration of HbA1c hemoglobin increases linearly with the 

glucose concentration [30]. Watala et al. demonstrated that there are three major sites where 

structural changes occur in HbA1c: at the amino N-terminus of the β chain (~1/3 of the total amount 

of glucose binds to this site), α amino sites (~1/3 of the total glycation), and lysine residues (~40% 

of all glycation) [41]. Even if glucose is mostly linked to N-terminal valine, the glycation affects 

the spatial structure of the whole hemoglobin molecule. Ye at al. demonstrated that glycation 

transforms alpha-helices into beta-sheets, which results in conformation changes or the unfolding 

or even aggregation of hemoglobin [42]. Moreover, Sen at al. observed that the conformation 
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caused by glycation increased the exposure of the hydrophobic tryptophan residues, like Trp14 in 

alpha-chains, which created one of the xenon-binding sites [27]. These structural changes result in 

significant alterations in hemoglobin conformation [27,41]. Glycation-induced conformational 

changes in hemoglobin weaken the heme-globing linkage in HbA1c and make it more thermolabile 

compared to HbA0 [27]. Thus, the global changes in spatial hemoglobin’s structure (tertiary and 

quaternary structure) may affect the shape of hydrophobic cavities or the binding sites of xenon, 

potentially resulting in a different chemical shift. 

Savino et al. identified a total of twelve 129Xe binding sites per Hb4 tetramer: the α1 chain 

contains four binding sites; the α2 chain contains three; three more are located in the β2 chain; and 

two can be found in the β1 chain [43]. Considering the glycation-induced structural changes in 

HbA1c, it is possible and fairly likely that the number, size, and/or spatial location of 129Xe binding 

sites are different in HbA1c compared with HbA0. In addition, the glycation of hemoglobin results 

in the accumulation of free OH∙ radicals due to an iron-mediated Fenton’s reaction [27]. Increasing 

OH∙ concentrations are anticipated to result in the deshielding of the HP 129Xe nuclei. This 

hypothesis is supported by our experimental data, indicating the linear shift of the RBC HP 129Xe 

resonance downfield with respect to the resonance frequency of the gaseous HP 129Xe due to the 

increase in glucose concentration. The linear change in the HP 129Xe CS as a function of glucose 

level is in agreement with a known linear increase in HbA1c concentration caused by an increase 

in glucose concentration. 

Considering our hypothesis that HP 129Xe binding sites are affected by glycation and are 

different in HbA1c compared to HbA0, it is reasonable to assume the existence of two HP 129Xe 

resonances—one from 129Xe bound to HbA0 and another originating from 129Xe bound to HbA1c. 

Therefore, instead of utilizing a conventional three peak model (gas phase resonance, plasma 
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resonance, and RBC resonance) for spectroscopic data analysis, a four-peak model (gas phase 

resonance, plasma resonance, and two RBC resonances) can be used, according to our hypothesis. 

Spectral data were analyzed using both models and the residual analyses better supported the 

hypothesis of the 4PM. After 4PM Lorentzian fits, the residual error was smooth and almost 

completely flat in the region between 213 and 235 ppm. On the contrary, several residual peaks 

were observed in the same region after 3PM Lorentzian fits, indicating the presence of certain 

spectral component that remained unaccounted for by the 3PM. The residual analysis findings 

were further supported by the visual observation of asymmetry of the RBC peak and the presence 

of a small peak splitting for higher glucose concentrations. 

It should also be mentioned that the 4PM Lorentzian fits of the spectroscopy data acquired 

for higher glucose concentrations were much better compared to the 4PM Lorentzian fits for the 

low glucose levels. For the pure blood samples as well as for the 5 mM glucose concentration, 

perturbations in 129Xe-RBC1 and 129Xe-RBC2 peak positions did not affect R2 significantly, if at 

all. Therefore, it can be concluded that the 4PM functions better for blood glucose levels above 5 

mM. For concentration ranges between 0 mM and 5 mM, the 4PM can potentially result in some 

level of inaccuracy due to the four-peak fitting process. This can plausibly be explained by a low 

glycation level of the 0 mM and 5 mM samples. 

The utilization of the 4PM demonstrated that the CS of one of HP 129Xe-hemoglobin peaks 

(RBC1) is independent of glucose level, whereas the resonances of the RBC2 peak experience a 

downfield shift linearly with an increase in the glucose level, and thereby, an increase in HbA1c 

concentration. Although the 4PM preserves the overall linear trend of the 129Xe CS evolution, the 

net span of CS changes was reduced from ~1.25 ppm (for 3PM) down to ~0.9 ppm. The CS change 

in HP 129Xe resonances due to the glycation of hemoglobin is much smaller than the previously 
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reported changes due to the blood oxygenation by Norquay et al. [24]. It should be mentioned that 

the actual physiological range of glucose levels in the blood has an upper limit of ~35 mM. 

Therefore, the net expected physiologically relevant change in HP 129Xe RBC resonances due to 

HbA1c formation is limited to ~ (0.53 ± 0.07) ppm, which is one order of magnitude smaller 

compared to the blood oxygenation CS changes. The plasma resonance position was unaffected 

by the elevation of the blood glucose level. 

The analysis of the T2
* relaxation times indicated that the HP 129Xe-plasma resonance was 

unaffected by glucose level. Interestingly, the T2
* values for the RBC1 peak increased non-linearly 

over the studied range of glucose concentrations. The T2
* dynamics of the RBC2 peak were similar 

for glucose levels below 10 mM, albeit leveling out at higher concentrations. 

Considering that the HP 129Xe-plasma resonance was completely unaffected by alternations 

in glucose concentration, the detected changes of HP 129Xe RBC relaxation should originate from 

internal alternations in RBCs’ magnetic susceptibilities and/or from changes in HP 129Xe spin–spin 

interactions with hemoglobin. There are two plausible mechanisms accounting for HP 129Xe 

transverse relaxation changes within the RBC. It was previously suggested that glycation induces 

iron release from heme pockets of hemoglobin [27] and, therefore, should reduce the spin–spin 

interaction between HP 129Xe enclosed in hemoglobin and the heme–iron atoms. Alternatively, 

conformational changes of HbA1c may occur in a way that the heme pockets become spatially 

distanced from HP 129Xe binding sites, thereby reducing the HP 129Xe—namely iron spin–spin 

interactions. Considering that iron release and conformational changes occur during the glycation 

process itself, it is possible that both mechanisms contribute to the observed changes in the T2
* 

relaxation of HP 129Xe within the RBC. 
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Although a careful study of the position of the 129Xe binding sites in HbA1c is required for 

a proper explanation of the observed results, it is plausible that conformational changes in 

hemoglobin due to glycation occur in such a way that the dissociation constant of the HP 129Xe-

HbA1c becomes substantially lower compared to the dissociation constant of the HP 129Xe-HbA0 

complexes. Unfortunately, an accurate assessment of the relative changes in dipole–dipole 

interaction strength is not possible without knowledge of the location of 129Xe atoms in HbA1c. 

Despite the fact that the knowledge of the 129Xe-HbA1c binding sites is of critical 

importance before attempting a quantitative description of the relaxation mechanisms responsible 

for the changes in HP 129Xe relaxation and the alternations of the CS, it should be possible to 

hypothesize the origin of the 129Xe-RBC1 and 129Xe-RBC2 peaks by combining our experimental 

results with previous knowledge on the glycation process and HbA1c. Due to the glycation process, 

iron is released from the heme pocket of hemoglobin [27]. In addition, hydrogen peroxide is 

produced by autoxidizing glucose, and its concentration builds up with time [44]. Hydrogen 

peroxide further initiates iron release from hemoglobin [45], affecting HbA1c much faster 

compared to HbA0 [27]. The iron released from heme pockets participates in an iron-dependent 

Fenton’s reaction that becomes a source of free OH∙ radicals within RBCs [27]. The charge of free 

radicals deshields the HP 129Xe nuclei, resulting in a downfield chemical shift detected via MRS. 

On the other hand, the release of iron may result in a decrease in the spin–spin interaction between 

the HP 129Xe bound to the hemoglobin. Since the iron release is much higher for HbA1c, it is 

plausible that the reduction in spin–spin interaction would be substantial for HP 129Xe enclosed 

within HbA1c. The T2
* of HP 129Xe bond to HbA0 would be less affected due to the lower amount 

of iron released. Therefore, based on our results, we hypothesize that the RBC1 peak originates 

from HP 129Xe-HbA1c, while the RBC2 peak corresponds to the HP 129Xe-HbA0 signal. It is further 
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plausible that the CS of the HP 129Xe-HbA1c signal is unaffected by the free OH∙ radical levels 

due to the conformational changes of the HbA1c and potential enclosure of HP 129Xe within the 

protein structure. On the other hand, the HP 129Xe-HbA0 signal experiences a linear downfield CS 

change due to the interaction with free radicals. It is also possible that the small change in T2
* of 

HP 129Xe-HbA0 is a result of substantially slower iron extraction from HbA0. 

Our study has several limitations. First, the initial incubation time of the blood samples 

with glucose solution was relatively short (only ~1 h). The glycation process is relatively slow, 

consisting of several steps and lasting a span of several days [44]. In the first step, the non-

enzymatic Maillard early phase reaction takes place. This occurs after the binding of glucose 

transferred from the blood to the hemoglobin in RBCs and dictated by the interaction between the 

aldehyde group of the reducing glucose with the N-terminal amino base and ε-amino base of the 

lysine residue with the consequent formation of the Schiff base (almidine). This reaction is 

reversible—it is followed by an irreversible Amadori rearrangement, which results in the 

production of a stable form of HbA1c (ketoamine) [46]. The Amadori rearrangement is considered 

to be the limiting reaction in the glycation process [47,48]. The amount of HbA1c and synthetized 

H2O2, and therefore, the final concentration of free radicals, increases gradually over the glycation 

time course. Koga et al. used a 1 h incubation time in their study and confirmed the formation of 

the labile-glycated hemoglobin (aldimine); however, the formation of stable glycated hemoglobin 

(ketoamine) was not observed [46]. Thus, it is likely that we observed only the initial changes in 

the HP 129Xe CS and T2
* relaxation time. A longer incubation time period will result in more 

pronounced changes in CS and in T2
* relaxation time for HP 129Xe dissolved in RBCs. It should 

be noted that longer incubation times must be moderated by the fact that a small percentage of 

hemoglobin will be converted into methemoglobin in standing blood over time [49]. The formation 
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of methemoglobin from hemoglobin within the red blood cells is an ongoing oxidative process that 

can result from the exposure of blood to the atmosphere in long standing blood samples. 

Methemoglobin forms when hemoglobin is oxidized to contain iron in the ferric [Fe3+] state rather 

than the normal ferrous [Fe2+] state [49]. Since methemoglobin is paramagnetic, this itself will 

cause additional changes to the CS and T2
* relaxation time [23]. Therefore, longer incubation times 

are a tradeoff between allowing the full glycation of the blood samples versus limiting the 

formation of methemoglobin. In addition, all experiments were conducted on sterile citrated sheep 

blood. While it is not clear how the presence of citric acid affects protein glycation, the 

reproduction of these experiments may be performed in other types of animal blood. 

Our work is a pioneering proof-of-concept study that should be further expanded by 

performing experiments with purified human hemoglobin, which is very low in the glycated form 

and separated RBCs from healthy and hyperglycemic subjects. This will allow us to study the 

effects of glucose on human RBCs. Consequently, the present study can be translated to the 

utilization of human blood drawn from healthy participants and hyperglycemic participants to 

observe how glycose-related changes are affected by the presence of other biological moieties from 

human blood. Furthermore, glycation level measurements are vital for obtaining reliable 

conclusions regarding the glucose effect on the 129Xe spectroscopic properties in blood. 

Additionally, no studies have yet been performed that investigate HP 129Xe binding to the glycated 

form of hemoglobin, which can be assessed in future X-ray diffraction (XRD) studies. 

3-4. Materials and Methods 

3-4.1. Sample Preparation 

A 500 mM solution of glucose was prepared by dissolving 3.6 g of D-glucose (Sigma-

Aldrich, St. Louis, MO, USA) in 40 mL of phosphate-buffered saline (PBS) at pH 7.4 at room 
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temperature. The mixture was stirred for complete dissolution and used as a stock solution for the 

preparation of the blood samples. Various volumes of the glucose solution in PBS were mixed with 

20 mL of fresh citrated sheep blood (Cedarlane, Burlington, CA, USA) to create the following set 

of concentrations: 5, 10, 15, 20, 25, 35, 45, and 55 mM. The volume of glucose solution added to 

the blood was at least one order of magnitude smaller than the volume of the blood, in order to 

minimize blood dilution effects. A total of 20 mL of the pure citrated sheep blood without any 

additives served as a control sample. All blood samples were allowed to equilibrate to room 

temperature for approximately 1 h. The reported incubation times for glycation in the literature 

vary between 30 min up to hundreds of hours, depending on the incubation protocol [50]. 

Moreover, the vast majority of studies were able to confirm hemoglobin glycation for all of the 

incubation time periods. Therefore, successful hemoglobin glycation is expected within our 

experimental time frame. 

4.2. Magnetic Resonance Spectroscopy (MRS) 

129Xe gas was polarized up to 56% using a XeBox-10E polarizer (Xemed, Durham, NH, 

USA) and disposed into 1 L Tedlar bags. The experimental setup (Figure 3-6) used for mixing HP 

129Xe with blood was similar to that used by Norquay et al. [25]. Mixing was performed using an 

exchange module (Superphobic MicroModule 0.5 × 1 G680 Contactor; Membrana, Charlotte, NC, 

USA). A steady flow of HP 129Xe was set through the exchange module with the help of a pressure 

chamber pressurized with a continuous flow of N2 gas. The flow rate of N2 into the pressure 

chamber was controlled by a ventilator. The solution of sheep blood in the 10 mL syringe was 

connected to an exchange module and placed in a custom-built dual 1H/129Xe quadrature MRI 

birdcage coil, while the other empty syringe was connected to the other side of the exchange 

module. The blood was pumped back and forth manually through the exchange module 
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perpendicular to the 129Xe flow for ~6 s. This technique allowed a sufficient amount of HP 129Xe 

to dissolve in the sheep blood and avoid the formation of gas bubbles in the blood. 

 

Figure 3-6 Setup used for mixing the blood with HP 129Xe and further MR signal acquisition. A steady 

flow of HP 129Xe from the 1L bag was regulated by the continuous flow of N2 in the pressure 

chamber, forcing the HP 129Xe through the exchange module. The mixing of blood and HP 129Xe 

was performed by manually pumping the blood through the exchange module. 

A clinical Philips Achieva 3.0 T MRI scanner (Philips, Andover, MA, USA) equipped with 

a custom-built dual 1H/129Xe quadrature MRI birdcage coil was used for all 129Xe-blood 

spectroscopy acquisitions. The coil was tuned to 35.33 MHz, and the scanner was shimmed on the 

1H signal from blood to correct for B1 inhomogeneities. Prior to taking any measurements, the coil 

was calibrated for the blood samples by applying a series of ten RF pulses with a 10° flip angle 
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centered on the gas peak position of HP 129Xe resonance (for this, 1 mL syringes filled with HP 

129Xe were placed into the coil near the blood sample). 

To measure the effect of glucose concentration on the CS of the 129Xe dissolved in plasma 

(129Xe-plasma) and in RBC (129Xe-RBC) resonances, high-resolution single voxel spectroscopy 

was acquired for all samples. The receiver bandwidth was equal to 22 kHz and the number of 

samples was set to 4096, yielding a 0.15 ppm spectral resolution. A total of 0 ppm was set in 

between the peaks of 129Xe dissolved in plasma and the RBCs. A 90° rectangular excitation pulse 

was utilized. An FID spectrum was acquired with a TR of 189.6ms and a TE of 0.25 ms. 

Measurements were repeated five times for each sample. 

3-4.3. Data Reconstruction and Statistical Analysis 

All data were initially analyzed using custom MatLab scripts in Matlab 2020b (Mathworks, 

Natick, MA, USA). The MRS spectra were postprocessed in Origin2021b (OriginLab, 

Northampton, MA, USA) for CS and T2
* relaxation time assessment. HP 129Xe MRS spectra were 

fitted to either three (gas resonance, 129Xe-plasma resonance, and 129Xe-RBC resonance) or four 

(gas resonance, 129Xe-plasma resonance, and two 129Xe-RBC resonances) Lorentzian curves. The 

quality of fit was accessed via R2 value and through the residual fit error, which was automatically 

calculated at the end of the fitting algorithm. The comparison between the three and four peak 

model was performed based on the R2 and the residuals. 

The full width half maximum (FWHM) of Lorentzian curves was utilized for calculations 

of the T2
* of 129Xe dissolved in RBCs and plasma using the following equation [51]: 

T2
∗ =

1

𝜋 ∗ 𝐹𝑊𝐻𝑀
. [3 − 1] ( 
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To evaluate statistical significance of the acquired results, a paired two-tailed t-test was 

used with a statistical significance level of 0.05. Pearson’s correlation coefficient was calculated 

between the CS changes of each HP 129Xe dissolved phase resonance and the glucose 

concentration. All statistical analysis was conducted using Origin2021b v.9.8.5.212 software. 

3-5. Conclusions 

In this work, for the first time, we demonstrated glucose-induced changes in CS and T2
* 

relaxation of HP 129Xe dissolved in blood. By using a residual analysis, we observed the evidence 

for a third dissolved-phase resonance, which was attributed to HP 129Xe bound to HbA1c produced 

during HbA0 glycation. Our four-peak model suggests that one dissolved 129Xe resonance 

originates from plasma, whereas two other peaks originate from 129Xe encapsulated by HbA0 and 

HbA1c (the fourth peak stems from the gas phase resonance). We observed a linear dependence of 

the 129Xe-HbA0 resonance CS on the blood glucose levels. The 129Xe-HbA1c T2
* changed non-

linearly with an increase in glucose level. The HP 129Xe-plasma resonance was not affected by 

alternations in the glucose level. 
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Chapter 4: Multi-slice brain imaging with hyperpolarized 129Xe 

 

This topic has been elaborated in the following publication: Grynko V., Shepelytskyi Y., 

Li T., Hassan A., Granberg K., Albert M.S “Hyperpolarized 129Xe multi-slice imaging of the 

human brain using a 3D gradient echo pulse sequence” published as a technical note in 

Magnetic Resonance in Medicine, volume 86, issue 6, pages: 3175-3186 (2021). The publication 

text is listed below. 
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Abstract 

Purpose: To demonstrate the possibility of performing multi-slice in-vivo human brain magnetic 

resonance imaging (MRI) using hyperpolarized (HP) xenon-129 (129Xe) in two different 

orientations and to calculate the signal-to-noise ratio (SNR). 

Methods: Two healthy female participants were imaged during a single breath-hold of HP 129Xe 

using a Philips Achieva 3.0T MRI scanner (Philips, Andover, MA). Each HP 129Xe multi-slice 

brain image was acquired during separate HP 129Xe breathholds using 3D gradient echo (GRE) 

imaging. The acquisition started 10 s after the inhalation of 1 L of HP 129Xe. Overall, four sagittal 

and three axial images were acquired with five slices each (seven imaging sessions per participant). 

The SNR was calculated for each slice in both orientations.  

Results: The first ever HP 129Xe multi-slice images of the brain were acquired in axial and sagittal 

orientations. The HP 129Xe signal distribution correlated well with the grey matter distribution. The 

highest SNR values were close in the axial and sagittal orientations (19.46±3.25 and 18.76±4.94 

respectively). Additionally, anatomical features, such as the ventricles, were observed in both 

orientations.  

Conclusion: The possibility of using multi-slice HP 129Xe human brain magnetic resonance 

imaging was demonstrated for the first time. HP 129Xe multi-slice MRI can be implemented for 

brain imaging to improve current diagnostic methods.  

4-1. Introduction 

Since the introduction of HP 129Xe as an MRI imaging agent in 19941, the scope of its 

applications has grown tremendously. The imaging of various lung diseases such as asthma2–4, 

chronic obstructive pulmonary disease (COPD)4–6, idiopathic pulmonary fibrosis (IPF)7,8, and 
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cystic fibrosis (CF)9–12 has been investigated. HP 129Xe MRI has been clinically approved in the 

United Kingdom13 and has a promising role in the clinic. HP 129Xe is not restricted to only the gas 

phase as it undergoes gas exchange in the lungs14–16 and easily dissolves in the pulmonary blood17–

19. Upon inhalation, the gas is distributed throughout human body via the blood flow and dissolves 

in highly perfused organs such as the kidneys20,21 and brain18,22-34.  

Early imaging of the brain using HP 129Xe was performed in animals using 2D Chemical 

shift imaging (CSI)26–28 followed by axial rat brain imaging29. The first 3D multi-slice rat brain HP 

129Xe imaging was performed in 201130. This achievement suggests the possibility of transitioning 

3D HP 129Xe imaging into human studies.  

 During the relatively short period of time from the first human brain imaging until present, 

advances in the application of HP 129Xe have revealed its potential as a functional imaging 

modality for visualizing cerebral perfusion22,25, hemodynamic response detection22, stroke 

diagnosis18 and detection of Alzheimer’s disease31. Despite active progress in the field of HP 129Xe 

human brain imaging, the studies to date were limited to only single slice imaging. This fact has 

limited the application of HP 129Xe brain imaging due to the inaccurate anatomical localization of 

the HP 129Xe signal in the brain. The necessity of acquiring a thick single slice images for HP 129Xe 

brain imaging is due to the low concentration of HP 129Xe dissolved in the brain tissues (~µM)34, 

which results in a weak signal intensity. The further development of effective imaging pulse 

sequences can further improve the quality of HP 129Xe human brain imaging. Utilization of 3D 

GRE pulse sequences allow fast and robust acquisition and better use of the hyperpolarization in 

the brain as the time required for conducting the full scan is much smaller than the T1 relaxation 

times of the HP 129Xe in the brain tissues34. Excitation of a thick slab and data readout into one 3D 

k-space, leads to the acquisition of isotropic voxels32,33 and decreases motion and blood flow 
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artifacts35. In addition, isotropic 3D k-space acquisition eliminates potential cross-talk artifacts 

which are characteristic of 2D multi-slice acquisitions36.  

In this work, we have demonstrated for the first time, multi-slice HP 129Xe 3D GRE 

imaging of the human brain. Five slices were acquired in the axial and sagittal orientations. Using 

a multi-slice 3D GRE imaging pulse sequence is an important step for the evolution of the 

development of HP 129Xe brain imaging as it allows a relatively accurate spatial localization of the 

HP 129Xe signals.  

4-2. Methods 

1. General information 

This research study was approved by the research ethics boards (REB) at Lakehead 

University and the Thunder Bay Regional Health Sciences Centre (TBRHSC; REB file number 

RP-307), and conducted in accordance with the Tri-Council Policy Statement-2 (TCPS-2). Two 

healthy female volunteer participants (25 and 29 years) were recruited from the community and 

signed an informed consent form. All participants were cognitively normal and consented to the 

dissemination of data obtained from them in this report. A clinical Philips Achieva 3T MRI scanner 

(Philips, Andover, MA) was equipped with a dual-tuned 1H/129Xe quadrature head coil (Clinical 

MR Solution, LLC, Brookfield, WI, USA).  

2. 1H MRI imaging 

Participants were placed into a dual-tuned 1H/129Xe head coil. A 1H GRE imaging localizer 

scan was acquired first using the following parameters: FOV = 250×250 mm2; TR/TE = 11 ms/4.6 

ms; acquisition matrix = 256×128; BW = 142 Hz/pixel; slice thickness = 10 mm; gap = 5 mm; 

number of slices = 15 (5 axial, 5 coronal, and 5 sagittal), NSA = 1, flip angle (FA) = 15º. Following 

the localizer scan, high-resolution 1H T2-weighted (T2W) anatomical scans were acquired using a 
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fast spin echo (FSE) imaging pulse sequence with the following parameters: FOV = 250×250 mm2; 

TR/TE = 3s/80ms; acquisition matrix = 256×256; BW = 298 Hz/pixel; slice thickness = 20 mm; 

number of slices = 5; gap =0; NSA =1; FA = 90º.  

The high-resolution T2W proton images were acquired in the sagittal and axial orientations. 

Sagittal slices were aligned in such a way that the centre of the middle slice matched the midbrain 

line in the axial view (Figure 4-1a). In order to align the high-resolution axial scans, the border 

between the second and third slices was aligned with the line between the anterior and posterior 

commissures on the mid-sagittal slice (Figure 4-1b). 

 

Figure 4-1 Slice orientation for high-resolution T2W proton and 3D HP 129Xe images in (a) sagittal 

and (b) axial views. 

3. HP 129Xe MRI imaging  

A commercial polarizer (Xemed LLC, NH, USA) was used to polarize enriched (83%) 

129Xe gas up to a ~50% polarization level. HP 129Xe was dispensed into four 1 L Tedlar bags. 

Following anatomical localization, the participants inhaled 1 L of HP 129Xe gas and held their 

breath for a period of 20 s. HP 129Xe 3D multi-slice (GRE) MRI with a Cartesian readout was 
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performed in both the axial and sagittal orientations: FOV = 250×250 mm2; TR /TE = 6.2 ms/1.45 

ms, FA = 12.5°, BW = 150 Hz/pixel, acquisition matrix = 32×32, slice thickness = 20 mm, number 

of slices = 5. The acquisition duration was optimal for the chosen bandwidth and matrix size 

because the T2* of grey matter is 8.8 ms37. In addition, a Cartesian method was used for readout 

with centric k-space ordering. Overall, 6 phase encodes were performed in the slice selection 

direction. The total scan time was 0.88 s. The acquisition started 10 s after the breath-hold 

initialization. The HP 129Xe images have the same orientation as the high-resolution 1H T2W 

images. During each scan session, we acquired four axial and three sagittal HP 129Xe 3D multi-

slice images; one acquisition was performed per one breath hold. Overall, each participant inhaled 

seven 1L batches of HP 129Xe.  

4. Image reconstruction and data analysis 

All MRI images were reconstructed and analyzed using custom MATLAB scripts using 

MATLAB R2016b (MathWorks, Inc, Natick, MA). No zero padding was performed. The image 

signal-to noise ratio (SNR) was calculated for each slice as the ratio of the mean signal value in a 

rectangular region of interest (ROI) (marked as green rectangles on Figure 2 and Figure 3) in a 

posterior region of the brain, divided by the standard deviation of noise in a similar ROI located 

in the background. The mean SNR was calculated as the average value for eight images in the axial 

orientation and for six images in the sagittal view. The standard deviation (STD) of the SNR was 

calculated and taken into account as SNR uncertainty. Segmentation of the high-resolution 1H T2W 

image was performed using the SPM12 software according to the procedure previously described 

38 using MATLAB R2018b (The Mathworks, Inc, Natick, MA). HP 129Xe images were thresholded 

with the level of 40 for slices #1-4 and threshold of 15 for slice #5. Thresholded HP 129Xe images 

were overlayed on top of 1H T2W anatomical images. 
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4-3. Results 

The oxygen saturation (SpO2) level of the participants did not fall below 97% during the 

experiments. The second participant reported mild light-headedness and mild finger numbness 

after each xenon breath-hold, which was reversed within a few seconds of free breathing. No 

additional adverse effects were observed.  

Five axial slices for HP 129Xe dissolved in the human brain are shown in Figure 4-2E. For 

comparison of the anatomical structures in each slice, T2W 1H anatomical images of the slices 

corresponding to the HP 129Xe slices are shown in Figure 4-2A. Segmented from T2W 1H 

anatomical gray matter image, white matter and SCF images are shown in Figures 4-2B, 4-2C, and 

4-2D respectively. Figure 4-2F shows HP 129Xe images superimposed on top of 1H anatomical 

T2W images. The mean SNR value of the HP 129Xe images increased in the second slice: from 

17.18 ± 3.85 in the first slice to 18.76 ± 4.95 in the second slice; this was the highest SNR value 

observed in the axial orientation. The SNR values, however, gradually diminished over the 

remaining slices. The SNR values for the third, fourth and fifth slices were 14.16 ± 3.64, 8.63 ± 

2.17 and 3.21 ± 0.53, respectively.  
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Figure 4-2 1H T2W anatomical axial turbo spin-echo (TSE) images of a representative healthy 

volunteer, (B-D) Axial anatomical images of grey matter (B), white matter (C), and cerebrospinal fluid 

(CSF) (D) segmented using high-resolution TSE 1H T2W images of a representative healthy volunteer. (E) 

3D GRE HP 129Xe axial brain slices acquired 10 s into the breath-hold. (F) Thresholded HP 129Xe axial 
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brain slice images superimposed on top of the corresponding 1H anatomical images from row (A). It can 

be seen, that the HP 129Xe signal corresponds well to the grey matter distribution in the brain. In addition, 

a partial correlation has been observed between the white matter images and the HP 129Xe images. Green 

rectangles illustrate the ROIs used for SNR calculations 

Figure 4-3B illustrates HP 129Xe MR images from five sagittal slices. The highest SNR 

values were observed from the three middle slices and were approximately the same: 19.47 ± 3.25, 

19.28 ± 3.32 and 19.28 ± 4.02 in the second, third and fourth slices respectively. It should be noted 

that the SNR values decayed symmetrically in both hemispheres towards the sides of the brain. 

The first and fifth edge slices also had similar SNR values of 14.08 ± 2.76 and 16.03 ± 3.32, 

respectively. T2W 1H anatomical images of the same slices are shown in Figure 4-3A. Figure 4-3C 

shows HP 129Xe MR images overlaid onto the proton images. 129Xe signal hypointensity was 

observed from the brain ventricles.  

 

 

Figure 4-3 1H T2W anatomical sagittal TSE images of a representative healthy volunteer. (B) HP 

129Xe sagittal brain slice images of a representative healthy volunteer acquired using 3D GRE imaging 10 
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s into the breath-hold. (C)Thresholded HP 129Xe sagittal brain slice images superimposed on top of the 

corresponding 1H anatomical images. Green rectangles illustrate the ROIs used for SNR calculations. 

The mean SNR and STD values calculated for each slice in the axial and sagittal 

orientations are shown in Figure 4-4. The SNR values of the second slice in the axial view (18.76 

± 4.95) and the middle slices in sagittal view (19.47 ± 3.25, 19.28 ± 3.32 and 19.28 ± 4.02) were 

relatively similar. The SNR dependence on slice number for the sagittal scans was relatively 

symmetrical. The SNR values of the axial slices decreased towards the top of the brain.  

 

Figure 4-4 Calculated mean SNR values with standard deviation in the axial and sagittal orientations 

for each slice. 
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4-4. Discussion 

Even though HP 129Xe MRI of the human brain is a relatively new imaging modality, its 

potential has been previously demonstrated for the detection of perfusion related diseases such as 

stroke18 and Alzheimer’s disease31. Additionally, its use has been proposed for functional brain 

mapping and detection of a hemodynamic response22. Previous HP 129Xe human brain images were 

acquired as a single 50 mm slice with a voxel volume of 2.36 cm3
,
 18,25 and in the present work we 

demonstrate the first acquisition of multi-slice HP 129Xe images of the human brain with voxel 

volume of 1.22cm3. In addition, two 25 mm thick slices acquired using 2D GRE were presented 

by Rao et al. at the Annual meeting of the International Society for Magnetic Resonance in 

Medicine in 2019. 

The main problem associated with HP 129Xe brain imaging is the low concentration of HP 

129Xe in the brain tissue. To transfer this technique from single slice to multi-slice imaging, a high 

enough HP 129Xe signal level has to be attained. Therefore, the future of HP 129Xe dissolved phase 

imaging consists of increasing the signal intensity. There are several different approaches for 

boosting the SNR. The first is to increase the polarization of HP 129Xe, and the second to the use 

of more highly enriched gas. The polarization level achieved in this study was ~50% and is 

currently the highest achievable among commercially available polarizers. The enrichment level 

of the 129Xe gas utilized was 83%. To maximize the image SNR further, we employed a 3D GRE 

pulse sequence instead of a 2D sequence. According to the basic principles of MRI32, the SNR 

increases as the square root of the number of phase encodes39 and, therefore, performing phase 

encoding in the third dimension provides an additional SNR boost that can be used for multi-slice 

image acquisition. Finally, the center lines of k-space were acquired first, followed by the outer 
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lines of k-space. This approach allows for an additional SNR increase since the low spatial 

frequencies in k-space are responsible for the overall image signal level.  

On the contrary, increasing of the number of slices can potentially cause some additional 

T1-associated signal loss issues. The total scan time of one HP 129Xe 3D multi-slice GRE was equal 

to 0.88 s. The net scan time was short enough to neglect the potential SNR differences between 

the acquired slices caused by any T1 relaxation of HP 129Xe. However, if the scan time is 

sufficiently long, an SNR decrease with slice number may be observed. This issue can be resolved 

at the image reconstruction stage by correcting the k-space lines with respect to HP 129Xe T1 

relaxation. On the other hand, the short TR makes destruction of 129Xe hyperpolarization due to 

RF excitation pulses dominant. Although the inflow of fresh HP 129Xe into the imaged region with 

utilization of longer TR may boost the SNR, the increase of TR should be carefully considered, 

taking into account the T1 of the HP 129Xe in the alveoli (ca. 16 sec)43 and blood (ca. 6.4 sec)43, so 

that the gains from increasing TR are not negated by the losses due to spin-lattice relaxation. 

Additionally, a sufficiently long TR would not permit the acquisition of a larger number of slices 

within a tolerable breathhold period. 

Five slices of HP 129Xe in the human brain were acquired in the axial and sagittal 

orientations. Some anatomical features such as the ventricles can be clearly observed on the middle 

slices in both orientations (slices 2, 3 and 4 in Figure 4-2E and 4-3C). A high local correlation 

between the gray matter tissue distribution segmented from T2W 1H brain images and HP 129Xe 

signal intensity was clearly observed on the first four slices (Figures 4-2B and 4-2E slices #1-4). 

In addition, there was a moderate correlation between the white matter and HP 129Xe signal 

observed (Figures 4-2C and 4-2E). This can be explained by a higher perfusion of the grey matter 

compared to the white matter (68±10 ml·min-1·(100 ml tissue)-1 and 25±5 ml·min-1·(100 ml tissue)-
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1 respectively)40. Albeit solubility of Xe in grey matter is lower (HP 129Xe Ostwald solubility 

coefficients are 0.135 for gray matter and 0.224 for white matter)34,41. A weak local correlation 

was observed between the CSF distribution and the HP 129Xe signal on the first four slices; the 

signal origin on the fifth slice is inconclusive due to a relatively weak HP 129Xe signal. Overall, it 

can be concluded that a much higher HP 129Xe signal originated from the grey matter compared to 

the HP 129Xe in the white matter.  

The second slice in the axial orientation had the highest SNR value out of all image slices 

(Figure 4-4, axial); the observed SNR gradually decreased in the top brain slices. Similar to the 

axial slices, the sagittal slices had similar SNR changes where the highest value was observed in 

the three centre slices and is close to the values of the adjacent slices (Figure 4-4, sagittal). It should 

be noted that the maximum SNR values were similar for the axial and sagittal views. 

In this study, we acquired the first multi-slice HP 129Xe human brain imaging using a 3D 

GRE pulse sequence with a Cartesian readout. This achievement is beneficial for all currently 

developed methodologies using HP 129Xe, including cerebral perfusion imaging, functional brain 

imaging with HP 129Xe MRI, and disease detection such as Alzheimer’s disease and stroke. 

Hopefully, this research will open the door to a new era for 3D multi-slice HP 129Xe brain imaging. 

The ability to produce multiple slices will allow the accurate and precise anatomical localization 

of HP 129Xe in brain images. Further, accurate spatial localization will be extremely beneficial for 

HP 129Xe hemodynamic response detection and quantitative cerebral perfusion measurements. 
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Chapter 5: Optimization of Hyperpolarized Chemical Exchange 

Saturation Transfer Performance 

 

This topic has been elaborated in the following publication: Grynko, V.; Shepelytskyi, Y.; 

Batarchuk, V., Aalto, H.; Li, T., Ruset, I.C.; DeBoef, B., Albert, M.S. “Cucurbit[6]uril 

Hyperpolarized Chemical Exchange Saturation Transfer Pulse Sequence Parameter Optimization 

and Detectability Limit Assessment at 3.0T” published in ChemPhysChem, article number 

e202300346 (2023). The publication text is listed below. 
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Abstract:  

Molecular imaging is the future of personalized medicine; however, it requires effective 

contrast agents. Hyperpolarized chemical exchange saturation transfer (HyperCEST) can boost the 

signal of Hyperpolarized 129Xe MRI and render it a molecular imaging modality of high efficiency. 

Cucurbit[6]uril (CB6) has been successfully employed in vivo as a contrast agent for  HyperCEST 

MRI, however its performance in a clinical MRI scanner has yet to be optimized. 

In this study, MRI pulse sequence parameter optimization was first performed in CB6 

solutions in phosphate-buffered saline (PBS), and subsequently in whole sterile citrated bovine 

blood. The performance of four different depolarization pulse shapes (sinusoidal, 3-lobe sinc 

(3LS), rectangular (block), and hyperbolic secant (hypsec) was optimized. The detectability limits 

of CB6 in a clinical 3.0T MRI scanner were assessed using the optimized pulse sequences. The 

3LS depolarization pulses performed best and demonstrated 24% depletion in a 25µM solution of 

CB6 in PBS. It performed similarly in blood. The CB6 detectability limit was found to be 100µM 

in citrated bovine blood with a correspondent HyperCEST depletion of 30% ± 9%. For the first 

time, the HP 129Xe HyperCEST effect was observed in red blood cells (RBC) and had a similar 

strength as HyperCEST in plasma. 

5-1. Introduction 

Hyperpolarized (HP) xenon-129 (129Xe) magnetic resonance imaging (MRI) is a powerful 

imaging modality utilized for imaging of the lungs1–7 and brain8–14. Hyperpolarization multiplies 

the nuclear polarization of 129Xe by a factor of 105, substantially increasing its MRI signal1. Further 

amplification of the HP 129Xe signal by several orders of magnitude is possible via utilization of 

HP chemical exchange saturation transfer (HyperCEST)15. The HyperCEST effect relies on 

constant chemical exchange between the dissolved HP 129Xe in the pool and a supramolecular cage 
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that can effectively encapsulate HP 129Xe atoms. If a radiofrequency (RF) pulse is applied at the 

specific resonance frequency of HP 129Xe that corresponds to 129Xe residing withing the 

macrocycle, the 129Xe atoms become depolarized within the supramolecular agent. Due to 

chemical exchange, the depolarized atoms enter the liquid pool next, depleting the HP 129Xe signal 

in it. The HyperCEST effect renders HP 129Xe MRI as a molecular imaging modality that can 

potentially detect, localize, and characterize lesions within the body without the need for invasive 

biopsies.  

Currently, numerous HyperCEST agents such as cryptophanes15–17, cucurbit[6]urils18–21, 

cyclodextrin-based pseudorotaxanes22, pillar[5]arenes23,24, metal-organic capsules25, and 

microbubbles26 have been investigated in vitro. Despite this technique being invented in 2006 15, 

it took more than a decade to move from in vitro to in vivo imaging. Currently, cucurbit[6]uril 

(CB6) is the only HyperCEST agent studied in vivo because of its biocompatibility27 and 

commercial availability. The biodistribution of CB6 was first imaged in living rats at 3.0T21  and, 

recently, in a living mice at 9.4T 28. Although McHugh et. al. performed a breathing protocol 

optimization for in vivo HyperCEST MRI in the most recent work28, none of the studies previously 

conducted have optimized HyperCEST MRI and MR spectroscopy (MRS) pulse sequences in 

order to maximize the performance of the agent. Furthermore, none of the studies have performed 

a comparison of the performance of different RF pulse shapes during HyperCEST experiments. 

In the current study, we conducted a thorough optimization of HyperCEST saturation RF 

pulses. We investigated four different pulse shapes including a (3-lobe sinc (3LS), sinusoidal, 

rectangular, and hyperbolic secant (hypsec)), and their performances during HyperCEST MR 

spectroscopy experiments at 3.0T. In addition, we have measured, for the first time, the 

detectability limits of CB6 in aqueous solution in a clinical whole body 3.0T MRI scanner. 
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5-2. Methods 

Sample Preparation 

Samples in PBS: 

A 1mM solution of CB6 was made by dissolving 9.968mg of CB6 hydrate (Sigma-Aldrich, 

St. Louis, MO, USA) in 10mL of PBS at a pH of 7.4 at room temperature. The mixture was shaken 

gently until full dissolution of CB6 was achieved. A portion of the original 1mM solution of CB6 

was diluted with PBS to create 0.5mM, 0.25mM, 0.1mM, 25µM, and 10µM solutions of CB6 in 

PBS. Samples of 2.5mL of the various CB6 solutions were drawn into the frit phantom vessel and 

placed inside a custom-built quadrature dual-tuned 1H/129Xe MRI coil within a clinical Philips 

Achieva 3.0T MRI scanner (Philips, Andover, MA).  

Samples in citrated bovine blood:  

Citrated sterile bovine blood was purchased from Cedarlane, Burlington, CA, USA. 

Samples of CB6 (1mM, 0.5mM, 0.25mM, 0.1mM, 50µM, 25µM, and 10µM) were prepared by 

adding a constant volume (1.33mL) of CB6 in PBS to blood (8.67mL) in order to achieve 10mL 

samples. The citrated bovine blood was chosen for its stability in the liquid state since citrate acts 

as anticoagulant and prevents blood clotting29. The concentrations of CB6 in PBS stock solutions 

were 7.5mM, 3.75mM, 1.875mM, 0.750mM, 0.347mM, 0.188mM, 0.075mM, which maintained 

a constant dilution of the blood. Samples were drawn into the 10mL syringe and pumped through 

the exchange module into a second 10mL syringe which was placed into the RF coil.  

129Xe Magnetic Resonance Spectroscopy 

Samples in PBS: 

Naturally abundant 129Xe gas (~ 26% of the 129Xe isotope) was polarized up to 56% via 

spin-exchange optical pumping (SEOP) using a XeBox-10E commercial polarizer (Xemed LLC, 
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Durham, NH, USA). A 1L volume of HP 129Xe was dispensed into a TedLar bag which was 

immediately transferred into a pressurized chamber withing the bore of the MRI scanner. The 

pressure within the chamber was maintained between 20-45kPa above atmospheric pressure using 

a pressure sensitive ventilation device connected to a nitrogen (N2) source to facilitate the flow of 

HP 129Xe gas from Tedlar bag. The pressure chamber was connected to the glass-fritted cell 

containing the CB6 solution to create a constant HP 129Xe flow through the sample. While passing 

through the fritted disc, the HP 129Xe produced microbubbles which aided in its dissolution into 

the solution. 

As HP 129Xe gas continually flowed through the sample, 129Xe MRS data was 

simultaneously obtained. The MRI scanner software was configured to allow automated dynamic 

measurements of HyperCEST depletion spectra. To depolarize HP 129Xe encapsulated within the 

CB6 macrocycles, an RF pulse train was applied with a net duration of 480ms, ensuring the same 

depolarization time for each HyperCEST experiment. Four different depolarization pulse shapes 

were investigated: 3LS, block, sinusoidal, and hypsec. In the cases of the 3LS, block, and 

sinusoidal RF depolarization pulses, the depolarization train contained 16x30ms subsequent RF 

pulses. The duration of 30ms resulted in 106.0Hz (3ppm at 3T), 4.6Hz (0.13ppm at 3T), and 3.9Hz 

(0.11ppm at 3T) spectral bandwidths (BW) for the 3LS pulses, block pulses, and sinusoidal pulses, 

respectively. The hypsec RF pulse train consisted of 12x40ms pulses, resulting in a 388.6Hz 

(11ppm at 3T) depolarization BW. The BW of the studied pulses was obtained from Philips 

Sequence Development Tool on our R5.3 MRI system. 

During the HyperCEST experiments, 3LS pulses were applied in a range from -149 to 

50ppm with a step of 3ppm. The sinusoidal and block RF depolarization pulses were applied with 

a step of 2ppm starting at -150ppm. The adiabatic hypsec pulses were applied using a 12ppm step, 
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starting at -144ppm. Numerous flip angles (FA) of the depolarization pulses were studied: 90°, 

180°, 270°, 330°, 400°, 540°, 800°, 990°, 1200°, 1530°, and 1800°. The effect of the FA for the 

3LS pulses was evaluated only up to 1200º since higher FAs were not allowed by the scanner 

software for the given pulse duration, due to governance of the specific absorption rate (SAR). 

Dynamic HyperCEST MRS was performed using the following parameters: TR/TE = 

10s/0.25ms; receiving BW = 32kHz; 90° excitation block pulse; 2048 sampling data point. One 

free induction decay (FID) spectrum was acquired per one depolarization pre-pulse train. The 

spectral resolution in the experiments was equal to 0.44ppm.  

Samples in citrated bovine blood:  

The experimental set-up used for mixing HP 129Xe with blood was similar to that used by 

Norquay et al30. Mixing was performed using an exchange module (Superphobic MicroModule 

0.5×1 G680 Contactor; Membrana, North Carolina, USA). A steady flow of HP 129Xe was sent 

through the exchange module with the aid of a pressurized chamber that was pressurized with a 

continuous flow of N2 gas. The flow rate of N2 into the pressurized chamber was controlled by a 

ventilator. A 10mL syringe containing blood was connected to an exchange module and placed 

into a custom-built dual 1H/129Xe quadrature MRI birdcage coil. The blood was pumped back and 

forth through the exchange module perpendicular to the 129Xe flow for ~6s.  

MRS spectra for the 1mM solution of CB6 in blood were acquired after each “pump” cycle 

using the same parameters as for CB6 in the PBS solutions. 0ppm was assigned to be at the 

midpoint between the 129Xe-RBC and 129Xe-plasma resonances. The depolarization pulses had the 

same parameters, however, the FA used were the maximum for each pulse (1800° for sine, block 

and hypsec and 1200° for 3LS).  
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The HyperCEST effect in blood at CB6 concentrations other than 1mM was measured 

using the following approach. The “off-resonance” spectrum was acquired following the 

application of the depolarization pulse train at +80ppm. The “on-resonance” FID spectrum was 

acquired following depolarization pulses applied at -83ppm. The “on-resonance” and “off-

resonance” FID spectra were acquired four times for each concentration. 

MRS data analysis 

  All the acquired HP 129Xe spectra were initially analyzed using a custom-built 

MatLab script in MATLAB 2020b (The Mathworks, Inc, Natick, MA). The acquired spectra for 

CB6 solutions in blood were averaged (NSA = 4). The intensities of peaks which could not be 

distinguished from noise, for the samples in bovine blood, were considered to be 0. The signal-to-

noise ratio (SNR) of the dissolved 129Xe peak was calculated as the ratio of peak intensity to the 

standard deviation (SD) of the noise region.  The HyperCEST depletion value was calculated as 

previously described by Fernando et. all23. The spectral data were further postprocessed using 

OriginPro 2021b (OriginLab Corp, USA). 

5-3. Results and Discussion 

Even though CB6 is one of the most well studied molecular cages for 129Xe 

HyperCEST18,19,21,31–35, there were no studies performed to date to maximize its performance as a 

HyperCEST agent via pulse sequence development. We began the evaluation of four different 

depolarization pulse trains (3-lobe sinc, sine, block, and hypsec) with CB6 dissolved in PBS and 

subsequently proceeded to the solutions of CB6 in citrated bovine blood. The overall 

depolarization pre-pulse train duration was set the same for all the RF pulse shapes investigated 

and was equal to 480ms (which is the closest value to the maximum duration of 500ms allowed 

by default on a clinical Philips Achieva 3T scanner). The number of pulses within the 
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depolarization pulse train was the same for the block, sine and 3LS pulses and was equal to 16. 

The hypsec pulses had a longer pulse duration of 40ms, which resulted in 12 RF pulses within the 

depolarization train.  

 Four representative depletion spectra acquired using the sinusoidal depolarization pre-

pulses of 540°, 800°, 900°, and 1200° from the 1mM CB6 solution in PBS illustrate the effect of 

FA values on the HyperCEST effect in Fig 5-1A. The HyperCEST effect increased with an increase 

in the depolarization FA up to 95% for a FA of 1200°. The observed HyperCEST effect dynamics 

can be easily explained by an increase in overall RF power transmitted to the encapsulated HP 

129Xe with an increase in pulse FA. Indeed, having the constant pulse duration, the increase of the 

FA resulted in a linear increase in the maximum RF B1 field  and root mean square (rms) B1 field 

as shown in Fig 5-1C and 5-1D respectively. The effect of different shapes of depolarization pulses 

is illustrated in Fig 5-1B. Fig 5-1B shows the HyperCEST depletion spectra acquired with the 

sinusoidal, block, hypersecant and 3LS depolarization pulse trains of 1200° FA. The 3LS, block, 

and sinusoidal pulses demonstrated similar HyperCEST depletion of ~ 95%, whereas hypsec 

pulses showed a slightly smaller depletion of 91%. This could be explained by a smaller number 

of hypsec pulses within the depolarization pre-pulse train resulting in a somehow weaker 

depolarization of CB6-encapsulated HP 129Xe nuclei.  

It should be noted that an increase in the transmitted RF power resulted in an increase in 

off-resonance saturation effects that ultimately caused the lower depletion values in a range 

between -20ppm and -55ppm (Fig 5-1A, 5-1B). Despite this, both dissolved phase HP 129Xe and 

encapsulated 129Xe resonances were well distinguished. Further implementation of the pre-pulse 

trains with higher power remains promising and should have no negative effect on the resulting 

HyperCEST image quality during in vivo imaging. 
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In spite of having a higher B1
 field and, thereby, higher peak power compared to the sine 

and block pulse shapes (Fig 5-1C), an adiabatic hypsec RF pulse train demonstrated much lower 

off-resonance saturation effects. In addition, the average transmitted power (which is proportional 

to the square of rms B1) of the hyperbolic secant pulse was similar to the mean power of the 

sinusoidal pulse and slightly exceeded the average power of the block pulse. Thereby, the 

substantially lower HyperCEST depletion of hypersec saturation pulses can be attributed to the 

lower number of pulses in the saturation pre-pulse train.  

 

Figure 5-1 HyperCEST depletion spectra of a 1mM CB6 solution in PBS using A) sinusoidal 

depolarization pulses with 540°, 800°, 900°, 1200° flip angles B) 3 lobe-sinc, sinusoidal, block, and hypsec 

depolarization pulses with a flip angle of 1200°. C) peak B1 field values for different flip angles of 3 lobe-

sinc, sinusoidal, block, and hypsec depolarization pulses. D) rms B1 field values for different flip angles of 

3 lobe-sinc, sinusoidal, block, and hypsec depolarization pulses 
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The effect of the depolarization train flip angle on the HyperCEST effect is shown for all 

pulse shapes that were investigated in Fig. 5-2A. The representative MRS spectra of 1mM CB6 in 

PBS after application of each depolarization pulse of the highest FA are presented in Supporting 

Information (S1-4). Depletion increased with FA growth for the sine, block and hypsec pulses and 

reached a maximum of 95% at FA higher than 1530°. This depletion increase occurred with a 

similar rate for the sinusoidal and block pulses. The adiabatic pulse train exhibited a somewhat 

slower HyperCEST increase rate. Similar HyperCEST behavior was observed for the 3-lobe sinc 

depolarization pulse train; the increase in depletion, however, was much more rapid and the 

maximum depletion (96%) was observed at a lower FA of 800°. Unfortunately, FA higher than 

1200° were not possible to achieve for 3LS depolarization pulses due to SAR limitations on our 

MRI scanner. Due to the smaller number of depolarization pulses in the pre-pulse train, the 

adiabatic hypsec pulse shape demonstrated the weakest HyperCEST performance. Sinusoidal and 

rectangular pulses demonstrated quite similar performances, which was expected due to the 

similarity in their BW. Finally, the 3LS completely outperformed the other three pulse shapes due 

to its highest transmitting power and relatively broad (3ppm) rectangularly-shaped BW, allowing 

better depolarization of HP 129Xe nuclei within the supramolecular host.   

Further dilution of the 1mM CB6 solution in PBS and depletion measurements allowed the 

determination of the detectability limits for each pulse train (Fig 5-2B). The same FA of 1200° was 

used for all depolarization pulses to compare their performance for different CB6 concentrations. 

The detectability limit of CB6 in PBS was 25µM for all pulse shapes; the depletion values were 

24%, 17%, 12% and 7% for the 3LS, sine, block and hypsec pulses respectively. The difference in 

detectability limit for different pulses originates from the cumulative effect of the following 

factors: a) transmitted RF power, b) number of pulses in the pulse train. Indeed, sine and block 
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pulses had an average transmitted power approximately two times smaller compared to 3LS pulse 

(Fig. 5-1D) which is in good agreement with depletion values drop at the detectability limit for 

these pulses. On the contrary, hypsec depletion at the detectability limit was three times smaller 

compared to achieved with 3LS pulses. This can be attributed to a smaller number of saturation 

pulses as well as smaller transmitted RF power. 

 

Figure 5-2 HyperCEST depletion of the CB6 solution in PBS as a function of A) applied FA for 

depolarization pulses and B) CB6 concentration for 3-lobe sinc, sinusoidal, block, and hypsec 

depolarization pulses.   

Once we optimized all the parameters and determined the most promising depolarization 

pulse for the maximum CB6 performance as a molecular agent in PBS, we decided to investigate 

biological media. The FAs that demonstrated the best HyperCEST performance in PBS were used 

during in vitro blood experiments. Citrated sterile bovine blood was chosen for its similarity to 

human blood. Unfortunately, the continuous flow set-up for HP 129Xe bubbling through the 

solution was not suitable for these experiments with blood due to rapid contamination of the glass-

fritted cell membrane. Hence, another experimental set-up was adopted from Norquay et al30 and 

altered for our experiments, which allowed gas exchange between the HP 129Xe flow and the blood 
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pool without creating 129Xe bubbles within the solution and thereby avoiding creation of blood 

foam. 

Full depletion z-spectra were acquired for the 1mM solution of CB6 in bovine blood using 

sinusoidal (Fig 5-3A), block (Fig 5-3B) and hyperbolic secant pulses (Fig 5-3D) with FA equal to 

1800° and a 3-lobe sinc pulse of 1200° (Fig 5-3C). The depletion values were calculated separately 

for the resonances of HP 129Xe dissolved in the plasma pool and 129Xe bound to the RBC. The 

strong HyperCEST depletion peaks (HyperCEST effect ~ 100%) were observed for both 129Xe-

plasma and the 129Xe-RBC pools (representative on- and off- resonance MRS spectra are provided 

in Supporting Information S5-8). In fact, to the best of our knowledge, 129Xe HyperCEST was 

observed in the RBC pool for the first time. Observation of this phenomenon was allowed by 

maximization of the HyperCEST effect for CB6 and by employing the alternative experimental 

setup for measuring the HyperCEST effect compared to previous studies. There was a previous 

study of the HyperCEST effect of CB6 in the whole bovine blood performed by Hane at al18, 

however, that study had several experimental drawbacks. The blood was almost twice diluted with 

the solution of CB6 in PBS for the highest concentration and the dilutions were different for the 

lower concentrations. In our study, we specifically maintained a constant dilution of blood (it was 

only 15%) to minimize the effect of different amounts of blood cells within the sample. 

Additionally, in the previous study, the mixing of blood with HP 129Xe was performed manually 

by shaking the syringe of blood with 129Xe, which resulted in unequal dissolution of 129Xe within 

each sample. Furthermore, it created 129Xe bubbles, which could also affect the HyperCEST results 

by potentially increasing the 129Xe signal by further exchange between the 129Xe gas in the bubbles 

and in solution. In present work, we used the set-up similar to that utilised by Norquay et al30, 

which allowed us to minimize the experimental error associated with uneven amounts of dissolved 
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129Xe, since 129Xe was constantly exchanged through the membrane while blood was pumped in 

the perpendicular direction through the membrane with the same speed and time for each sample. 

The present set-up, however, has its own drawbacks since the extraction of the depolarized 129Xe 

from the blood sample between two subsequent pump cycles is somewhat complicated and the 

complete replenishment of depolarized 129Xe with fresh HP 129Xe cannot be guarantied. We believe 

that in the future, the set-up for testing molecular agents in blood should allow continuous flow of 

HP 129Xe through the blood to allow the substitution of depolarized 129Xe with fresh HP 129Xe.  

Although the sinusoidal, rectangular, and 3LS pulse shapes resulted in an approximately 

100% HyperCEST effect in bovine blood, the adiabatic hypsec pre-pulse train demonstrated a 

limited performance. The HyperCEST depletion values of 129Xe-RBC was 44.5% and 129Xe 

dissolved in plasma was 70.6% after hypsec pulse application. (Fig 5-3D). 
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Figure 5-3 HyperCEST depletion spectra of 1 mM CB6 in whole citrated bovine blood after 

application of A) sine and B) block depolarization pulses 1800° FA; c) 3LS 1200° FA pulse and D) hypsec 

pulse with 1800° FA. 

The next step of the present project was to quantitatively evaluate the detectability limit of 

CB6 in the sterile citrated bovine blood using the optimized pulse sequence parameters. The CB6 

detectability limit was assessed based on both HP 129Xe-plasma and 129Xe-RBC depletions (Fig. 

5-4). The HyperCEST values decreased with a decrease of CB6 concentrations for both plasma 

and RBC resonances, albeit the measured RBC HyperCEST values demonstrated larger variability 

compared to the plasma HyperCEST values. Larger variability of the RBC HyperCEST values 

may be explained by the lower 129Xe-RBC peak intensity compared to the plasma resonance. 
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Moreover, oxygenation of the blood could potentially vary throughout the experiment as well as 

the possibility of partial coagulation occurring.  Finally, there exists a large array of additional 

molecules present in biological fluids such as blood which may limit the mobility of 129Xe within 

the solution and which may take part in non-specific competitive binding with the CB6 molecule.  

The CB6 detectability limit was set as 2 standard deviations (SD) of the HyperCEST 

depletion value and was found to be equal to 100uM in citrated bovine blood for the 3LS and 

sinusoidal depolarization pulses. The observed HyperCEST effect strength varied between the 

different RF pulse shapes. Application of 3LS pulses resulted in ~30% ± 9% HyperCEST effect in 

plasma and only ~ 4%± 7% for the RBC (Fig. 5-4C). The HyperCEST depletion of the HP 129Xe-

plasma resonances was similar for the sine and hypsec pulse shapes and was approximately equal 

to 15% for the 100µM CB6 concentration (Fig. 5-4A, D), however, for the block pulse it was only 

~6% ± 8% (Fig. 5-4B). On the contrary, the 129Xe-RBC HyperCEST demonstrated larger variations 

between the pulses. The strongest 129Xe-RBC HyperCEST effect was observed after application 

of the sinusoidal pulse shapes (~ 28% ± 9%), whereas the adiabatic hyperbolic secant 

depolarization pulses resulted in only ~ 16% ± 13%.  The detectability limit was much lower for 

CB6 concentration than was observed by Hane et al. in the previous study using bovine blood18. 

Hane et al. observed a 14% depletion at 0.25mM using the 3LS pulses with 330° FA, while we 

observed a 41% HyperCEST effect in plasma at the same concentration with the same pulse shape 

but using a larger FA. The observed 2.5 improvement in sensitivity compared to the previous study 

resulted from the proper pulse sequence optimization performed in our present study.  

Lower HyperCEST effect values are expected when transitioning to in vivo studies since 

the in vivo milieu is much more complex than sterile bovine blood. More biological molecules 

could potentially bind to CB6 and 129Xe in vivo, reducing their ability to interact.  The large values 
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of HyperCEST observed at the 0.1mM CB6 concentration in bovine blood, however, give a basis 

to predict a similar detectability limit within a living organism. 

 

Figure 5-4 HyperCEST depletion dependence on the CB6 concentration in citrated sterile whole 

bovine blood after application of A) sinusoidal (1800° FA), B) block (1800° FA), C) 3-lobe sinc (1200° 

FA), and D) hyperbolic secant (1800° FA) depolarization pre-pulse trains. 

In the current study, we evaluated the HyperCEST performance of four different 

depolarization pre-pulse trains: sinusoidal, block, 3LS and hyperbolic secant. Each of these pulses 

has its own advantages and disadvantages for further practical implementation.  We kept the 

duration of the pulse trains the same (480ms) to maintain the same net magnetization so that the 

results would be comparable. Sinusoidal and block pulse shapes are commonly employed in NMR 

spectroscopy and the block pulse shape is usually available on clinical MRI scanners. Both pulse 
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shapes have a very narrow bandwidth and transfer high energy at the specific frequency. The 

duration of both pulses in this study was 30ms which was equal to a 0.1ppm bandwidth. This BW 

value is very selective and extremally useful for in vitro evaluation of unknown HyperCEST agents 

since high selectivity allows accurate probing of the entire spectral region. Such high spectral 

selectivity, however, may cause some issues during further translation to preclinical and clinical 

studies since the frequency of 129Xe within the CB6 cage may change within living tissues and 

may cause a mismatch of the pulse and 129Xe frequencies; this will result in lower HyperCEST 

performance, ultimately resulting in much lower sensitivity. The performances of the sine and 

block pulses were similar, however, the sine pulse resulted in a somewhat higher variability of the 

HyperCEST effect. This possibly could be explained by an off-resonance saturation of the HP 

129Xe dissolved phase caused by the block pulses. 

The most promising depolarization pre-pulse train is the 3LS. It has a rectangular spectrum 

and a relatively wide BW (~ 3ppm in the present study), allowing depolarization of a larger 129Xe 

frequency region. Although it may not be the best choice for in vitro studies, it is useful for in vivo 

HyperCEST imaging since it is much less sensitive to a potential mismatch of frequencies. In 

addition, the 3LS has the highest amount of power transmitted for each pulse, resulting in the most 

optimal performance in our study. The relatively wide BW of the 3LS pulses, however, can also 

cause unwanted off-resonance saturation if the cage peak is close to the dissolved phase HP 129Xe 

resonance.  

The hyperbolic secant depolarization pulse demonstrated the worst performance among all 

the pulses, albeit further implementation of this pulse shape may be attractive for in vivo 

HyperCEST imaging. The poor performance of the hypsec pulse can be explained by a smaller 

number of pulses (12) in the 480ms pre-pulse train. which was caused by limitations on our clinical 
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MRI scanner. Hypsec pulses have a bell-shaped spectrum with a large BW (~ 12ppm). This 

resulted in a lower amount of depolarization energy transmitted, compared to the other pulses. 

Despite its underperformance, the hypsec pulse has one considerable benefit over all other pulses 

– its performance is independent of B1 field inhomogeneities due to its adiabatic nature. This makes 

its further investigation highly worthy for future use for in vivo imaging and further translation to 

human studies.  

There are several avenues for further improvement of the effectiveness of the 

depolarization pulses, such as increasing the number of pulses within the saturation pulse train and 

hence increasing its length. This, however, will increase the SAR, which is not desirable. An 

increase in SAR can be mitigated by either introducing time spacing between the depolarization 

pulses or increasing the scan TR. Time delays between depolarization pulses, however, likely will 

not be beneficial due to the short T1 relaxation of HP 129Xe in blood. On the other hand, increases 

in TR may allow for higher HP 129Xe signal to accumulate due to a larger amount of 129Xe being 

washed into the field of view (FOV) with blood flow, albeit prolonging the scan duration. While 

considering further prolongation of the depolarization pulse train, we should keep in mind the 

software and hardware limitations that different MRI scanners have. For example, the 

depolarization duration time can be increased on our clinical MRI by employing pulse 

programming. This may not be a straightforward option, however, for sites that desire to implement 

HyperCEST imaging on their MRI machines for preclinical and clinical imaging in the future. 

5-4. Conclusion 

In the present study we tested different depolarization pre-pulse trains and identified the 

best parameters for maximization of the 129Xe HyperCEST effect for the CB6 molecule. In 

addition, we determined the detectability limit of CB6 in whole citrated sterile bovine blood, which 
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should allow us to minimize the concentration of CB6 injected in future studies. This study is a 

stepping stone for the further investigation of potential CB6 applications for molecular imaging.  
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Hyperpolarized 129Xe Spectra in Phosphate-Buffered Saline and Whole Bovine 

Blood 

 

Figure 5-S1 MRS spectra of 1mM CB6 in PBS after application of sinusoidal saturation pulse at 

different frequencies.  0 ppm was set on the dissolved phase. 
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Figure 5-S2 MRS spectra of 1mM CB6 in PBS after application of block saturation pulse at different 

frequencies.  0 ppm was set on the dissolved phase. 
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Figure 5-S3 MRS spectra of 1mM CB6 in PBS after application of 3-lobe sinc saturation pulse at 

different frequencies.  0 ppm was set on the dissolved phase. 
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Figure 5-S4 MRS spectra of 1mM CB6 in PBS after application of hyperbolic secant saturation pulse 

at different frequencies.  0 ppm was set on the dissolved phase. 

The peak at -192ppm observed on Figs. S1 to S4 originates from the 129Xe gas phase which 

accumulates in the free space above the solution in the glass frit used for dissolution of HP 129Xe. 

The set-up used for the CB6 in PBS solutions is the same as was used by Prete at al33.  

Unfortunately, the set-up used for CB6 in PBS solution is not suitable for CB6 solution in 

blood due excessive foam creation once put in a frit phantom under constant flow of Xe. Hence, 

the new set-up utilized previously by Mikowska et al36  was used for mixing of HP  129Xe and 

blood. The 129Xe gas phase peak was not observed with utilization of this set-up.  
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Figure 5-S5 MRS spectra of 1mM CB6 in sterile citrated bovine blood after application of sinusoidal 

depolarization pulse train 1800° FA at A) 80 ppm (off-resonance) and B) -83 ppm (on-resonance). 0 ppm 

was set in between 129Xe-RBC and 129Xe plasma. 



197 

 

 

 

Figure 5-S6 MRS spectra of 1mM CB6 in sterile citrated bovine blood after application of block 

depolarization pulse train 1800° FA at A) 80 ppm (off-resonance) and B) -83 ppm (on-resonance). 0 ppm 

was set in between 129Xe-RBC and 129Xe plasma.  
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Figure 5-S7 MRS spectra of 1mM CB6 in sterile citrated bovine blood after application of 3-lobe sinc 

depolarization pulse train 1800° FA at A) 80 ppm (off-resonance) and B) -83 ppm (on-resonance). 0 ppm 

was set in between 129Xe-RBC and 129Xe plasma.  
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Figure 5-S8 MRS spectra of 1mM CB6 in sterile citrated bovine blood after application of hyperbolic 

secant depolarization pulse train 1800° FA at A) 80 ppm (off-resonance) and B) -83 ppm (on-resonance). 0 

ppm was set in between 129Xe-RBC and 129Xe plasma. 
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Chapter 6: Conclusion and Future Work 

6.1 Summary  

Non-Proton MRI gained a lot of attention during the last two decades. Its ability to solve 

various imaging problems, and fill the gaps in diagnostics needs, makes it even more promising in 

the future. We are entering the era of personalized medicine when conventional imaging modalities 

do not provide enough information for proper individual treatment guidance. The need for precise 

detection and visualization of the disease sites is crucial and the quantitative functional analysis is 

vital. HP 129Xe MRI has already proven its efficiency for the detection, imaging, and treatment 

monitoring of lung diseases and abnormalities. HP 129Xe is a perfect exogenous contrast agent that 

can transfer to the blood flow and travel to the highly perfused organs. It gives the ability to use it 

for brain imaging. However, despite extensive development of the imaging techniques with HP 

129Xe, there are multiple fundamental questions that haven’t been explored and several stepping 

stones are vitally necessary for further progression. Therefore, this work was focused on the two 

most promising and least developed areas of HP 129Xe MRI application: molecular imaging, and 

brain imaging. 

HP 129Xe has specific NMR characteristics such as chemical shift and relaxation times in 

biological fluids and is highly sensitive to the chemical environment. These HP 129Xe physical 

parameters may be affected by physiological factors such as blood oxidation and glycation. 

Knowledge of HP 129Xe chemical shift and relaxation times is crucial for molecular imaging 

utilizing the HyperCEST contrast mechanism as well as for cerebral perfusion evaluation in 

different tissues. The accurate pulse application at the precise frequency guarantees a successful 

experiment. Despite the paramount importance of the understanding how chemical composition of 
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blood affects HP 129Xe, there was a limited number of studies dedicated to this issue and all of 

them focused on blood oxygenation.  

This work studied the impact of the glucose concentration on the chemical shift and 

transverse relaxation in the whole citrated sheep blood. It was found that increasing glucose 

concentration causes HP 129Xe to have an additional peak which was attributed to the glycated 

haemoglobin. Spin-lattice relaxation time also increased nonlinearly. These findings may be used 

for parameter corrections in patients with hyperglycemia.  

Perfusion imaging in the brain may provide valuable information about its function and 

any structural abnormalities at the early stages of its development. HP 129Xe was previously shown 

as a promising agent for perfusion imaging. Multiple imaging techniques were developed for 

accurate perfusion imaging with HP 129Xe. However, up to now, all brain imaging done with HP 

129Xe was performed for the whole-brain projection, which subsequently limited accurate 

localization of the signal.  

This work demonstrated, for the first time, the multi-slice HP 129Xe brain imaging by using 

the commercially available 3D GRE pulse sequence. Overall, five slices of the brain were acquired 

and the HP 129Xe signal was correlated with the segmented 1H conventional MRI images.  

Another advanced technique that allows molecular imaging with HP 129Xe is HyperCEST. 

Currently, various supramolecular hosts have been explored for effective HyperCEST 

performance. Typically, only a 3-lobe sinc saturation pulse shape has been used for imaging of 

HyperCEST agents, but the optimization and comparison of different pulse shapes' performance 

has never been done. Cucurbit[6]uril is the only supramolecular cage whose performance was 

proven in-vivo in living rodents, which makes it a promising molecular imaging agents for further 

explorations.   
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The optimization of the cucurbit[6]uril HyperCEST performance was done for four 

different saturation pulses sinusoidal, block, sinc, and hyperbolic secant. The highest HyperCEST 

depletion values were observed for sinusoidal and sinc pulses at the highest flip angles. 

Additionally, the detectability limit of cucurbit[6]uril was studied in phosphate-buffered saline and 

whole bovine blood. The values obtained with optimized saturation pulses were significantly lower 

than previously observed.   

6.2 Future Work  

6.2.1 Hardware development 

Unfortunately, HP 129Xe SNR in the brain and bloodstream is significantly limited by 129Xe 

concentration.  This SNR limitation directly translates into the spatial resolution and the slice 

thickness of acquired HP 129Xe brain images. Therefore, in order to further progress in the multi-

slice brain imaging with HP 129Xe, the acquired SNR should be considerably higher.  

RF coil is one of the main hardware aspects that determines image SNR. Only quadrature 

single-channel coils are widely available for HP 129Xe imaging.  Unfortunately, the development 

of the multichannel phased array coils for multinuclear MRI, which can significantly increase 

captured SNR and decrease scan time, is rather slow. Recently, a four-channel RF receive coil was 

custom built for HP 129Xe brain imaging and used for assessment of perfusion1 and establishment 

of stroke2. The same coil was also used in brain MRSI to describe brain tissue uptake3. 

Additionally, a 6-channel RF array was reported for 129Xe brain imaging at 3T, however, only 

phantom studies were performed with it4. Multi-channel RF receivers are also developed for lung 

imaging with HP 129Xe. Eight-channel receive-only RF coil has been demonstrated for lung 

imaging in 1.5T5. Moreover, a 32-channel phased-array surface coil was designed for the 

improvement of lung imaging6.  
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The implementation of a multi-channel coil for multi-slice 129Xe brain imaging will be 

highly beneficial for the resolution and will allow the acquisition higher number of thinner slices. 

This will lead to better signal localization and a more accurate correlation of the 129Xe signal with 

brain tissues.  

6.2.2 Pulse sequences improvement 

Pulse sequences utilized for imaging are the major contributors to the HP 129Xe image 

quality.  

The multi-slice HP 129Xe brain imaging in this work was performed using conventional and 

widely available GRE pulse sequence with Cartesian readout. Moreover, a couple of approaches 

for SNR boost were utilized in the present work. Centric k-space ordering was used for higher 

SNR acquisition in the k-space low spatial frequencies. To maximize the image SNR 3D GRE 

sequence was used as it gives additional increase to the SNR. However, the acquisition of multiple 

slices significantly increased the scan time which made SNR susceptible to the T1-associated signal 

loss. This issue may be resolved at the image reconstruction stage with the correction of k-space 

lines with respect to T1 relaxation. An additional approach that may be used for shortening the scan 

time is the utilization of non-cartesian k-space trajectories such as stack-of-spirals and FLORET7. 

However, this may result in undesired SNR loss and image blurriness due to k-space 

undersampling. In addition, the effect of HP 129Xe signal decay over time may be corrected with 

flip-angle maps generation from 2D spiral images acquired in addition to 3D GRE images. This 

approach was used for HP 129Xe lung imaging8.   

It would be very beneficial to acquire separate multi-slice images of HP 129Xe in grey 

matter, white matter, and cerebrospinal fluid. This will allow to measure 129Xe uptake by each 

brain tissue which can be used for brain abnormalities assessment. This may be achieved through 
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the utilization of phase separation methodologies. The most promising one is iterative 

decomposition with echo asymmetry and least squares estimation (IDEAL)9–11.  

The combination of multi-slice HP 129Xe imaging approach with perfusion imaging will 

result in accurate spatial localization of perfusion values. This will take perfusion imaging with 

HP 129Xe on the same level with clinically used perfusion assessment techniques such as ASL and 

DCE imaging.  

6.2.3 Translation to the in-vivo imaging 

The assessment of the glucose effect on HP 129Xe chemical shift and optimization of the 

HyperCEST pulse sequence were performed in-vitro. The evaluation of the glucose concentration 

effect on HP 129Xe spectroscopic parameters was done in sterile citrated sheep blood. This is a 

decent media for initial assessment; yet, the evaluation of the glucose effect should be also done 

in the different blood types. Additionally, the important parameter such as blood oxygenation was 

not taken into account. The complex study for evaluation of glucose effect on the HP 129Xe 

chemical shift and relaxation time should be performed in the whole human blood along with 

measurements of oxygenation level changes. This will allow the transfer to the in-vivo experiments 

with living animals.  

Optimization of the cucurbit[6]uril HyperCEST performance was done in-vitro in 

phosphate-buffered saline, which is the best solution for blood mimicking without an abundance 

of biological molecules. The in vitro experiments were performed with whole sterile citrated 

bovine blood utilizing the saturation pulse’s flip angles which previously demonstrated the best 

results. The project's subsequent phase will involve in-vivo HyperCEST performance evaluation 

using the optimized saturation pulse parameters.  
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It should be noted, that cucurbit[6]uril is the only supramolecular host that is now suitable 

for utilization as a molecular biosensor.  Henceforth, it should be functionalized with affinity tags, 

which will have high affinity. Alternatively, cucurbit[6]uril may be modified to have chemical or 

biological activation at the disease site. Unfortunately, it is almost impossible to attach affinity tags 

directly to the cucurbit[6]uril molecule due to its spherical symmetry, however, there is another 

potential approach which involves the creation of the cucurbit[6]uril-based rotaxanes. The 

activation of cucurbit[6]uril may happen with the cleavage of the internal molecular axle of 

rotaxane, which may happen under various conditions. The performed optimization of the 

saturation pulses for HyperCEST maximization will also allow to gain more prominent results 

from molecular imaging with rotaxanes.  

In addition to all the aforementioned, the optimization of HyperCEST performance should 

be done for all HP 129Xe molecular hosts to maximize their performance. This will allow to 

decrease the injection volume of the molecular agents that have toxicity considerations.  

  



206 

 

 

6.3  Conclusion 

While HP 129Xe MRI holds immense promise for clinical applications, its full potential is 

hindered by the absence of crucial foundational elements. Presently, the primary focus of HP 129Xe 

MRI development centers on lung imaging. Nevertheless, the scope of HP 129Xe MRI applications 

extends far beyond this, encompassing molecular imaging with its remarkable sensitivity levels 

and offering a viable alternative to conventional clinical methods in the realm of perfusion 

imaging. 

This thesis demonstrates the multiple advances to the HP 129Xe MRI, specifically HP 129Xe 

brain imaging and HyperCEST molecular imaging. In addition, it answers the fundamental 

question of blood composition effects on the HP 129Xe spectral characteristics.  

Every project within this study was designed to tackle one or more of the obstacles that 

have been encountered in the field of HP 129Xe MRI imaging. These challenges have historically 

impeded the widespread application of this promising technology in clinical settings. Furthermore, 

each of these projects plays a pivotal role in laying down the essential building blocks required to 

bridge the gap between cutting-edge HP 129Xe imaging techniques and their practical use in clinical 

environments. In doing so, they contribute significantly to the realization of the potential benefits 

that HP 129Xe MRI can offer within healthcare. 
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