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Abstract

Measuring skin sodium content has attracted significant interest due to its potential as a

biomarker for various diseases, including dermatological conditions, cardiovascular

disease, kidney disease, and diabetes. Skin sodium content can also vary between males

and females and increases with age in healthy individuals. Non-invasive quantification of

skin tissue sodium concentration (TSC) in vivo using sodium magnetic resonance

imaging (MRI) could provide valuable insights for monitoring disease progression and

understanding sodium regulation in the body. Various studies have quantified human skin

TSC using MRI. A commonly adopted method, first proposed in 2012 by Kopp et al, uses

a volume coil, GRE sequence with TE=2 ms, and 3×3×30 mm³ voxels and has been

widely adopted in skin sodium MRI studies. This method has limitations: TE=2 ms

causes significant signal loss due to the rapid biexponential signal decay of sodium in the

skin, and the large voxel size leads to partial volume effects because the skin is only 1-2

mm thick, affecting TSC quantification accuracy. This thesis aims to address these

limitations by reducing signal loss and improving the accuracy of skin TSC

measurements in healthy human skin using a surface coil and twisted-projection imaging

(TPI) with smaller, reshaped voxels.

Sodium images of calf skin were acquired on a 4.7T MRI scanner from 14 healthy adults

using TPI with a short echo time (TE) of approximately 0.1 ms. Initially, images were

captured with a volume radiofrequency (RF) coil using voxels measuring 1.5×1.5×15

mm³ (23Na MRI protocol denoted here as VolPencil), following the widely adopted skin

imaging protocol. Subsequently, a 5 cm diameter surface RF coil was employed, allowing
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for five times smaller voxels (0.8×0.8×10 mm³) while maintaining a similar

signal-to-noise ratio (SNR) within the same 12-minute scan time (SurfPencil). These

‘pencil-shaped’ voxels were replaced with ‘pancake-shaped’ voxels (0.4×4×4 =6.4 mm³),

better matching the anatomy of pressed flat skin (SurfPancake). The B1 field of the

surface coil was investigated using a novel spin-3/2 simulation. The relationship between

TSC measurement and skin thickness was also investigated.

Results indicated that the higher resolution SurfPencil approach yielded a 44±16%

greater skin sodium image intensity compared to VolPencil, while SurfPancake provided

an additional 20±9% increase (p < 1e-8), indicating reduced signal loss. Across

participants with skin thicknesses ranging from 1.0 to 1.8 mm, sodium intensity

significantly increased by 56%±19% and 44%±12% as a function of greater skin

thickness for VolPencil and SurfPencil, respectively (p < 0.003), but not for SurfPancake,

indicating reduced bias when pancake-shaped voxels are used. Imaging with SurfPancake

measured a skin sodium concentration of 34±5 mM, greater than the ~20 mM measured

using the widely adopted protocol but still much lower than the 85 mM measured by

atomic absorption spectroscopy. Simulation, which matched experimental trends,

identified a remaining 64% signal loss from signal loss during RF pulse and point spread

function (PSF) smearing. Relaxation-based compensation yielded a concentration of

95±15 mM, similar to the value obtained by atomic absorption spectroscopy.

These findings suggest that previously published studies using volume RF coils with

suboptimal spatial resolution may have underestimated skin sodium content due to partial
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volume effects from adjacent tissues like adipose, muscle and air. Consequently, observed

sex differences or disparities between healthy and diseased states in earlier studies could

be partially attributed to varying skin thickness rather than true physiological differences.

By adopting TPI sequence with 0.1 ms TE, surface coil and 6.4 mm³ voxels with only 0.4

mm voxel dimensions across the skin, these errors have been mitigated, providing more

accurate measurements of skin sodium concentration. Further, relaxation-based signal

compensation demonstrated that it is feasible to compensate for signal loss with T2

relaxation parameters, suggesting a future direction of measuring individual relaxation

values for more accurate skin TSC estimation. It is important to acknowledge the

limitations of this approach, as measurements are confined to a small region of skin, and

the entire cross-section of the leg is not imaged. Despite these limitations, this study

offers a promising tool for overcoming challenges in sodium quantification and could

lead to more precise assessments of sodium regulation and disease progression in the

human body.
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1. Introduction

1.1 Thesis Introduction

Sodium MRI in the skin has been an area of growing interest. While the skin is

hypothesized to play an important role in regulating sodium content in the body, acting as

a buffer for excessive amounts of sodium, this remains a subject of ongoing research and

is not yet definitively established1. Sodium ions are strongly associated (‘bind’) with

negatively charged glycosaminoglycans (GAGs) in the extracellular matrix of the skin2–4,

contributing to the skin’s role in maintaining sodium balance and influencing blood

pressure1. Research has demonstrated that skin sodium content may be elevated in

various pathological conditions (to be discussed later). Moreover, it may also increase

with age5–7 and differ between males and females5,8. However, these findings remain

subject to further investigation, and the current body of research should be interpreted

with caution.

Non-invasive techniques, such as sodium MRI, could monitor skin sodium content,

providing valuable insights into an individual's sodium balance and aiding in the

diagnosis and management of conditions like hypertension5 and chronic kidney disease9.

Exploring interactions between sodium storage in the skin and other physiological

systems could lead to targeted treatments. For example, therapies aimed at modifying the

skin's sodium storage capacity or enhancing the mobilization of stored sodium might

benefit patients with cardiovascular and renal diseases10.
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Quantifying sodium content in the skin presents several challenges. One of the primary

difficulties is the relatively low concentration of sodium ions compared to the proton

density in the skin, resulting in a weak MRI signal. This low sodium signal inherently

limits the amount of collectible data. Furthermore, the biexponential T2 relaxation time

for sodium in biological tissues is significantly shorter than that of protons. To mitigate

this rapid signal decay, it is necessary to use short echo times (TE) in order to capture a

greater amount of signal. Sodium MRI typically requires larger voxels to achieve

adequate signal-to-noise ratio (SNR), which, combined with the thin anatomy of the skin,

increases the effect of partial volume averaging.

Previous studies, such as those conducted by Kopp et al5,8,11,12, have utilized low SNR

radiofrequency (RF) volume coils, resulting in the need for larger voxel sizes. Plus, the

standard gradient-recalled echo (GRE) sequence was implemented in most existing skin

sodium MRI studies, which resulted in longer echo times, further reducing SNR. Volume

coils, while beneficial for their uniformity in signal reception, often lack the sensitivity

required for detecting low concentrations of sodium in small tissue volumes, such as skin.

To address these challenges, this thesis aims to minimize signal loss and enhance the

accuracy of skin tissue sodium concentration (TSC) measurements by using a more

sensitive surface RF coil. Volume coils will still be used to maintain consistency with

previous studies, while the surface coil is employed to facilitate the use of smaller voxels.

Surface coils provide higher SNR for regions proximal to the coil, making them

particularly suitable for skin imaging.
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Additionally, this approach incorporates using a twisted projection imaging (TPI)

sequence with a short TE to more effectively capture the rapidly decaying sodium signal.

Various flip angles (60°, 90°, and 120°) are prescribed for B1 mapping to correct signal

intensity. This combination of techniques is expected to significantly improve the

resolution and accuracy of sodium imaging in the skin, providing more reliable data for

future research.

Sodium MRI offers significant potential for non-invasive quantification of skin sodium

content, enhancing our understanding of physiological and pathological conditions. By

overcoming challenges related to low sodium concentration and rapid signal decay

through optimized imaging parameters and techniques, the accuracy and reliability of

sodium MRI can be improved. This advancement could aid in elucidating the skin's role

in sodium regulation and its disease implications.

1.2 Sodium Physiology in Skin

1.2.1 Sodium Function and Sodium Regulation in the Human Body

Sodium is an important electrolyte in the human body that plays a vital role in many

physiological functions. It is essential for transmitting nerve impulses by facilitating the

propagation of action potentials along neurons, which is crucial for communication

between the brain and the rest of the body13,14. Furthermore, sodium regulates blood

pressure by attracting and retaining water in the blood vessels, thereby sustaining blood

volume and contributing to overall blood pressure15.
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In addition to these roles, sodium is vital for maintaining body fluid homeostasis, which

includes regulating the osmotic balance between the intracellular and extracellular

environments16,17. Maintaining this balance is essential for proper cellular function and

cell integrity18. Moreover, sodium, in conjunction with potassium, is essential for muscle

contraction and relaxation, impacting both skeletal and cardiac muscles19. The healthy

human tissue has an extracellular sodium concentration of ~140 mM and an intracellular

sodium of ~10 mM20,21, while they have an extracellular potassium concentration of 5

mM and an intracellular concentration of 140 mM22 (Figure 1.1).

Figure 1.1: Intracellular and extracellular sodium and potassium distribution. This figure
illustrates the differential distribution of sodium (Na⁺) and potassium (K⁺) ions across the
cell membrane in healthy tissue. The extracellular fluid (ECF) is depicted with a
significantly higher concentration of sodium ions, approximately 140 mM, compared to
the intracellular fluid (cytoplasm), which contains around 10 mM of sodium23.
Conversely, the intracellular fluid is rich in potassium ions, with a concentration of
approximately 140 mM, while the extracellular fluid has about 5 mM of potassium ions22.
The maintenance of these ion gradients is critical for various cellular functions and is
primarily achieved through the activity of the sodium-potassium pump (illustrated in
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pink). This pump actively transports sodium ions out of the cell and potassium ions into
the cell, a process driven by the hydrolysis of adenosine triphosphate (ATP). During this
ATP-dependent process, one ATP is consumed to move three sodium ions out of the cell
and two potassium ions into the cell, resulting in the formation of adenosine diphosphate
(ADP) and an inorganic phosphate (P). Image created with Biorender.com.

High dietary sodium intake has been shown to elevate blood pressure and negatively

impact cardiovascular health, kidney function, and endothelial function24. Additionally,

excessive salt intake is associated with increased inflammation in the body25. Given its

multifaceted roles, the regulation of sodium levels is crucial for overall health and

homeostasis, making it a key focus for understanding various health conditions.

Traditionally, the kidney was considered the primary organ responsible for sodium

regulation26. However, emerging evidence has highlighted that skin serves not only as a

protective barrier but also as an active participant in sodium homeostasis27,28. A study by

Heer et al discovered that contrary to common belief, a high sodium diet increases

plasma volume by shifting fluid from the interstitial space to the bloodstream without

increasing total body water or body mass29. A study by Titze, including a 135-day

terrestrial MIR simulator experiment (MIR stands for the Russian space station Mir,

which was a modular space station that operated in low Earth orbit from 1986 to 2001),

suggested that sodium can be stored in an osmotically inactive form, possibly in bone or

connective tissue30. These findings challenge the conventional two-compartment model

of sodium distribution, which states that total body water is partitioned between the

intracellular component, comprising two-thirds, and the extracellular compartment,

comprising one-third, with both compartments having similar osmolality27. Therefore, a
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three-compartment model that incorporates the skin as a significant non-osmotic reservoir

for sodium storage was proposed31.

The skin might participate in the regulation of body sodium and water by buffering

excessive dietary sodium27. Also, sodium gradients in the skin could create a hypertonic

barrier that regulates fluid loss, similar to how countercurrent exchange systems work in

the kidneys28. The skin's extracellular matrix is rich in GAGs, negatively charged

molecules that ‘bind’ to positively charged sodium ions, creating a reservoir of

osmotically inactive sodium32. This ‘binding’ mechanism allows the skin to store sodium

without significantly affecting the osmotic balance32, thereby acting as a buffer during

dietary fluctuations. In the skin, macrophages can modulate the growth of lymph vessels

through the release of vascular endothelial growth factor-C (VEGF-C)33. The growth of

lymphatic vessels is believed to help the skin better transport and remove excess sodium

from the tissue, which is considered the main process for removing excess sodium from

the skin. In conditions of high sodium levels, extracellular sodium triggers the

cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathway in dermal fibroblasts34.

This activation leads to the production of GAGs, which enhances the skin's sodium

storage capacity35. Additionally, increased sodium intake stimulates macrophages to

express COX-2, further contributing to the regulation of sodium storage and release36.

In addition to skin, the endothelial surface layer (ESL) is also likely involved in

nonosmotic sodium storage. The ESL is a thin structure consisting of GAGs,

proteoglycans and adsorbed plasma proteins, covering the inner surface of the

endothelium37 that lines the interior surface of blood vessels and lymphatic vessels. The
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ESL can provide immediate intravascular sodium storage, unlike in the skin interstitium

where sodium must be transported27. With a volume of approximately 1.5 liters in healthy

individuals, the ESL can inactivate a significant amount of sodium immediately upon its

entry to the circulation38. This three-compartment paradigm is illustrated in Figure 1.2.

Figure 1.2: This paradigm challenges the traditional two-component theory that
attributes sodium homeostasis primarily to kidney function. Traditionally, the kidney is
viewed as the central organ responsible for maintaining sodium balance by excreting
excess sodium. However, the three-compartment model offers a different perspective,
suggesting that sodium is distributed across these spaces as follows: approximately 67%
of sodium is located within the intracellular space, while 33% resides in the extracellular
space. A key feature of this model is the concept of non-osmotic sodium storage,
particularly in the skin and ESL. In this compartment, sodium ions can be stored by
‘binding’ to GAGs, as illustrated in the figure showing sodium ions ‘binding’ with GAGs
within the skin and ESL. Image created with BioRender.com.
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1.2.2 Skin Sodium Change in Pathological Conditions

Skin sodium levels have been found to change in various pathological conditions,

indicating a potential link between sodium accumulation and disease progression39.

Understanding these variations offers new insights into disease mechanisms and may lead

to potential therapeutic approaches beyond traditional sodium intake management40.

Previous sodium MRI studies have studied skin sodium levels in various pathological

conditions. These conditions include dermatological conditions such as bacterial skin

infection41, lipedema42–44 and psoriasis45; cardiovascular diseases such as

hypertension5,46,47 and acute heart failure48; type 2 diabetes mellitus (T2DM)12,49,50;

autoimmune disease such as primary hyperaldosteronism (PHA)8,51, cutaneous systemic

sclerosis (SSc)11, systemic lupus erythematosus (SLE)52, primary adrenal insufficiency

(PAI)53 and multiple sclerosis54; kidney disease such as chronic kidney disease9,55,56 and

acute kidney injury57. Multiple studies also investigated skin sodium levels for patients

undergoing dialysis58–61 (Table 1.1). Figure 1.3 presents sodium MRI images of a 24-year

old normotensive man and an 85-year-old hypertensive man. The images are adapted

from a 2013 study by Kopp5, which focused on TSC and hypertension. This study was

among the first to apply 23Na MRI to calf skin, and its sodium MRI protocol has been

widely accepted to investigate skin TSC and disease associations5,8,9,11,12,41,46–50,52,54,57–59.
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Table 1.1: Sodium MRI studies in skin in vivo which focused on skin sodium content
and disease associations (grouped by various disorders).

Study Condition Subjects 23Na MRI Protocol Main findings

Jantsch
201541

Bacterial skin
infection

Bacterial skin
infection patients
(n=6).

Volume coil
3T
2D GRE sequence
TA=13.7 min,
TE=2.07 ms,
TR=100 ms, FA=90°
Resolution=3×3×30
mm3

(denoted as ‘Kopp
Protocol’)

Skin TSC in the infected limb
vs. the contralateral uninfected
part: 96% ↑

Crescenzi
201842

Lipedema Lipedema
patients (n=10)
and controls
(n=11).

Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30
mm3

Skin TSC in lipedema vs.
controls: 25% ↑
Subcutaneous adipose TSC in
lipedema vs. controls: 27% ↑

Crescenzi
202043

Lipedema Lipedema
patients (n=15)
and controls
(n=14).

Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30
mm3

Skin TSC in lipedema patients
vs. controls: 13% ↑
Calf skin TSC was significantly
correlated with pain and
lipedema stage.

Donahue
202244

Lipedema Stage 1-2
lipedema and
early stage
lipedema
patients (n=5).

Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30
mm3

Skin TSC in lipedema patients
vs. before physical therapy: 9%
↓

Maifeld
202245

Psoriasis Psoriasis patients
(n=18), controls
(n=12).

Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30
mm3

Skin TSC in psoriasis patients
with PASI greater than 5 vs.
controls: 24% ↑
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Kopp 20135 Hypertension Hypertensive
patients (n=57),
controls (n=56).

Kopp Protocol Skin TSC in women with
refractory hypertension vs.
controls: 29% ↑

Ott 201846 Hypertension Treatment
resistant
hypertension
patients (n=41).

Kopp Protocol Renal denervation did not
change skin sodium content in
treatment-resistant hypertensive
skin.

Alsouqi
202247

Hypertension Hypertensive
patients (n=60).

Kopp Protocol Dietary salt restriction or
diuretic intervention did not
reduce skin and muscle sodium
content over an 8-week period in
patients with hypertension.

Hammon
201548

Acute heart
failure

Acute heart
failure patients
(n=9), controls
(n=9).

Kopp Protocol Skin TSC in acute heart failure
patients before furosemide
treatment:vs. controls: 106% ↑
Skin TSC in acute heart failure
patients after furosemide
treatment vs. controls: 53% ↑

Friedrich
202258

Cardiovascular
disease (CVD)
patients on
hemodialysis
(HD)

HD patients with
CVD history
(n=23), HD
patients without
CVD history
(n=29).

Kopp Protocol Skin TSC in HD patients with
previous CVD events vs. HD
patients without CVD: 39% ↑
Muscle TSC in HD patients with
previous CVD events vs. HD
patients without CVD: 15% ↑

Kopp
201812

T2DM Hemodialysis
patients without
diabetes (n=30),
type 2 diabetes
hemodialysis
patients (n=10).

Kopp Protocol Skin TSC in T2DM vs. controls:
27% ↑

Karg 201850 T2DM Patients with
type 2 diabetes
(n=59).

Kopp Protocol Skin TSC in T2DM after 6
weeks of dapagliflozin treatment
vs. baseline: 6% ↓

Kannenkeril
201949

T2DM Patients with
type 2 diabetes
mellitus (n=59)
and patients with
primary arterial
hypertension
(n=33).

Kopp Protocol Skin TSC in T2DM vs. primary
hypertension: 19% ↑
Muscle TSC in T2DM vs.
primary hypertension: 26% ↑
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Kopp
20128

PHA PHA patients
(n=5), controls
(n=18)

Kopp Protocol Muscle TSC in PHA vs.
controls: 29% ↑
Skin TSC in PHA vs. controls: ↑
(numerically higher, but not
statistically significant)

Kopp
201711

SSc Patients with
diffuse
cutaneous SSc
(n=12) and
controls (n=21).

Kopp Protocol Skin TSC in fibrotic skin of SSc
vs. healthy controls: 27% ↑
Skin TSC in fibrotic skin vs.
non-fibrotic SSc skin: 36% ↑

Christa
201951

PHA PHA patients
(n=6) and
controls (n=8)

1H/23Na Surface coil
3T
3D-GRE sequence
TA=17 min, TE=2.01
ms,
TR=100 ms, FA=90°
Resolution=3.9×3.9×20
mm3 for heart and
muscle
1.3×11.8×30 mm3 for
skin

Skin TSC in PHA vs. controls:
39% ↑
Myocardium TSC in PHA vs.
controls: 27% ↑
Calf muscle TSC in PHA vs.
controls: 38% ↑

Carranza
-leon
202052

SLE SLE patients
(n=23), controls
(n=28)

Kopp Protocol Muscle TSC in SLE vs.
controls: 19% ↑
Skin TSC in SLE vs. controls: ↑
(numerically higher, but not
statistically significant)

Huhn
202154

Multiple
sclerosis

Male patients
with relapsing
remitting
multiple
sclerosis(RRMS)
(n=29) and
healthy controls
(n=29).

Kopp Protocol Skin TSC in male with RRMS
vs. controls: 13%↑

Chifu
202253

PAI Longitudinal
study: newly
diagnosed PAI
patients (n=8)
and controls
(n=8);
Cross-sectional
study: chronic
PAI patients
(n=22) and
controls (n=22).

1H/23Na Surface coil
3T
3D-GRE sequence
TA=17 min, TE=2.01
ms,
TR=100 ms, FA=90°
Resolution 3.9×3.9×20
mm3 for muscle
1.3×11.8×30mm3 for
skin

Skin TSC in first diagnosed PAI
vs. controls before treatment:
25% ↓
Skin TSC in first diagnosed PAI
vs. controls after treatment:
similar levels
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Dahlman
201559

HD Hemodialysis
patients (n=24)
and age-matched
healthy controls
(n=27).

Kopp Protocol Skin TSC in end-stage renal
disease vs. controls: 50%↑

Schneider
20179

Chronic
kidney
disease(CKD)

Patients with
mild to moderate
CKD (n=99).

Kopp Protocol Skin sodium is a strong
independent predictor of left
ventricular mass and is
positively correlated with
systolic blood pressure.

Hammon
201757

Acute kidney
injury (AKI)

AKI patients
(n=7) and
controls (n=14).

Kopp Protocol Skin TSC in AKI before
hemodialysis vs. control: 147%↑
Skin TSC in AKI after
hemodialysis vs. control: 139%↑
Muscle TSC in AKI before
hemodialysis vs. control: 97%↑
Muscle TSC in AKI after
hemodialysis vs. control: 91%↑

Qirjazi
202155

CKD CKD patients
(n=12), HD
patients (n=13),
and peritoneal
dialysis (PD)
patients (n=10),
controls (n=20).

Volume coil
3T
(Sequence not specified)
TA=30 min, TE=1.2 ms,
TR=100 ms, FA=90°
Resolution=3×3×30
mm3

Skin TSC in patients on HD vs.
controls: 72%↑
Skin TSC in patients on PD vs.
controls: 87%↑

Sahinoz
202160

PD and
maintenance
hemodialysis
(MHD)

MHD (n=33),
PD (n=10),
controls (n=119 )

Volume coil
3T
2D GRE sequence
TA=16 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30 mm

Skin TSC in MHD vs. controls:
+29%
Skin TSC in PD vs. controls:
+64%

Salerno
202261

Dialysis HD patients
(n=52)

Volume coil
3T
Density adapted 2D
projection
reconstruction,
TA=30 min, TE=1.2 ms,
TR=100 ms, FA=90°
Resolution=3×3×30
mm3

Higher skin sodium was
associated with all-cause
mortality and composite events.
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Salerno
202356

Pediatric CKD Healthy pediatric
participants
(n=17), pediatric
participants with
CKD (n=19),
and healthy
adults (n=19).

Volume coil
3T
Density adapted 2D
projection
reconstruction
TA=30 min, TE=1.2 ms,
TR=100 ms, FA=90°
Resolution=3×3×30
mm3

No significant skin sodium
differences were found between
healthy prediatric participants
and CKD patients.

Figure 1.3: Comparison of sodium MRI scans of the calf muscle between a healthy
24-year-old man and an 85-year-old man with hypertension using the Kopp protocol. The
images demonstrate visibly higher skin sodium concentration for the 85-year-old
hypertensive man, with reference phantoms of 10 mM, 20 mM, 30 mM, and 40 mM
sodium displayed below each scan for calibration. Figure adapted from Kopp
Hypertension 20135.

Changes in skin sodium concentration in these pathologies could be due to various

reasons. In atopic dermatitis, sodium levels are notably higher in affected skin areas

compared to unaffected ones62. This elevation in sodium is linked to the development of

the disease, particularly through mechanisms involving T-helper 2 (TH2) cells62.

Similarly, in psoriasis, a chronic inflammatory dermatological disease, T-helper 17
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(TH17) cells produce the cytokine IL-17, which is crucial for the disease’s progression,

and elevated skin sodium levels can exacerbate the inflammatory responses in psoriasis45.

For patients with lipedema, the accumulation of lipid, sodium, and water results from

impaired lymphatic vessel function, as a healthy lymphatic system is crucial for

maintaining sodium balance within the skin42–44.

Sodium storage in the skin could influence the renin-angiotensin-aldosterone system

(RAAS), which regulates blood pressure and fluid balance and thus causes

hypertension63,64. Reducing sodium intake can alter circulating microRNA expressions,

which are associated with lower blood pressure and improved arterial compliance, which

suggests a direct link between dietary sodium and cardiovascular health65.

In PHA, excess aldosterone leads to increased sodium retention in the skin51. In SSc,

fibroblasts release an increased amount of GAGs which lead to deposition of sodium11.

Furthermore, a study on dialysis patients has demonstrated that sodium levels in human

tissues can vary due to differences in glycosaminoglycan content66. This variation is

linked to the differing expression levels of the enzyme XYLT-1 among individuals, which

influences the amount of glycosaminoglycan present and thus influences sodium

storage66.
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1.2.3 Skin Sodium Level in Healthy Controls

In addition to pathological conditions, skin sodium levels vary among healthy

individuals. Investigating skin TSC levels in healthy controls is essential for establishing

baseline data and providing a reference point for understanding sodium dysregulation.

Various studies have reported skin TSC measured by MRI protocols using volume coils

and large voxels at 3×3×30 mm3. A study from 2012 by Kopp et al8 was among the first

to investigate sodium MRI in human calf skin using a 2D gradient echo sequence,

measuring skin TSC of approximately 18 mM in healthy females and 24 mM in healthy

males8. Subsequent studies using similar methodologies (2D GRE, TE=2 ms, spatial

resolution=3×3×30 mm3) reported average calf skin sodium content varying between

about 14 mM to 24 mM in healthy controls5,11,48,52,57,60. It is worth noting that most

existing skin sodium MRI studies, including this one, focus on calf skin rather than other

body parts due to several factors. Firstly, patient comfort is enhanced, and less movement

artifact is likely when the subject is lying supine. Additionally, many studies have

standardized the measurement of skin sodium in the calf, facilitating better comparison

and reproducibility of results across different studies and populations.

Some research employed 3D GRE with a shorter TE (0.99 ms) than 2D GRE to measure

skin sodium content in healthy individuals. For instance, Crescenzi et al. (2018)

measured an average of 12 mM in healthy controls42, while Crescenzi et al. (2020)

reported 14 mM in the calf and 12 mM in the forearm43.

Skin TSC quantification could benefit from utilizing a surface coil due to its high

efficiency in areas close to the coil. A study by Linz utilized a 2D GRE sequence with
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TE=2 ms and a 70 mm×64 mm surface coil, with a spatial resolution of 0.9×0.9×30 mm3,

measuring average skin TSC at approximately 53 mM in adult males7 at 7T. However,

these MRI-derived values are still generally lower than those measured by atomic

absorption spectroscopy. For example, the study by Kopp et al. from 2012 used this

technique to find skin sodium levels of 77 mmol/kg wet weight8, roughly equivalent to 85

mM in calf skin in healthy controls (for a skin density of 1.1 kg/L67). Another study by

Maifeld et al., which focused on psoriasis, measured skin sodium content in both healthy

individuals and psoriasis patients using atomic absorption spectroscopy and found an

average of 60 mM in healthy controls45. A comprehensive list of studies which quantified

skin TSC using different MRI methods are shown in Table 1.2. As shown in the table,

many studies using volume coil and GRE methods at 3T have measured average skin

TSC in their respective cohorts at 12-21 mM, only one study using surface coil and a

higher field strength at 7T7 measured substantially higher average skin TSC of ~53 mM.

Studies have shown that skin sodium contents tend to be higher in men compared to

women5,8 and in older individuals compared to younger ones5–7,59. Studies that found a

significant increase in skin TSC with aging or between males and females are denoted in

Table 1.3. The age-related increase in skin sodium TSC may be linked to the progressive

rise in blood pressure that accompanies the aging process68.

The variability in skin sodium TSC among the healthy population may be influenced by

differences in skin thickness between males and females, as well as changes in skin

thickness with age. Studies have found that men typically have thicker skin than

women69–72 and that skin becomes thinner with age72–74. Average skin thickness of calf in

healthy adults has been reported to range from 1.1 mm to 1.5 mm72,75,76.
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However, most existing sodium MRI protocols use large voxels (3×3×30 mm3) relative to

the actual skin thickness, leading to significant partial volume effects with adjacent air

and adipose tissue, which has a 27% lower TSC than skin42. As a result, the age-related

changes in TSC could be biased by variations in skin thickness. A study by Linz which

used smaller voxels (0.9×0.9×30 mm3) and surface coil imaging found a 24% increase in

TSC with aging (25-53 years old)7, while a study that used the ‘Kopp’ protocol with

larger voxels (3×3×30 mm3) reported a 53% increase in TSC over the same age range5.

This finding suggests that using smaller voxels may result in more accurate (and

potentially smaller) measurements of age- or sex-related increases in skin TSC.

Table 1.2: Skin sodium MRI studies which quantified absolute TSC values in healthy
subjects (ordered by year of study).

Study Number of
Controls

Imaging
Part

23Na MRI Protocol Average skin TSC in
controls

Kopp 20128 30 Calf Kopp Protocol 21 mM

Kopp 20135 56 Calf Kopp Protocol 20 mM

Linz 20147 17 Calf Surface Coil
7T
2D-GRE sequence
TA=10 min
TE=2.3 ms
TR=135 ms, FA=90°
Resolution=0.9×0.9×30 mm3

53 mM

Dahlman 201559 27 Calf Kopp Protocol 20 mM

Hammon 201548 9 Calf Kopp Protocol 21 mM

Kopp 201711 21 Calf Kopp Protocol 21 mM
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Deger 201777 8 Calf Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30 mm3

18 mM

Hammon 201757 14 Calf Kopp Protocol 18 mM

Crescenzi
201842

11 Calf Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30 mm3

12 mM

Dyke 20186 30 Calf Volume coil
3T
GRE sequence
TA=15 min,
TE=1.91 ms,
TR=100 ms, FA=90°
Resolution=3×3×30 mm3

15 mM

Crescenzi
202043

14 Calf and
forearm

Volume coil
3T
3D GRE sequence
TA=15 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30 mm3

Calf: 14 mM
Forearm: 12 mM

Carranza-leon
202052

28 Calf Kopp Protocol 16 mM

Qirjazi 202055 10 Calf Volume coil
3T
(Sequence not specified)
TA=30 min, TE=1.2 ms,
TR=100 ms, FA=90°
Resolution=3×3×30 mm3

19 mM

Sahinoz 202160 119 Calf Volume coil
3T
2D GRE sequence
TA=16 min,
TE=0.99 ms,
TR=130 ms, FA=90°
Resolution=3×3×30 mm

14 mM
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Salerno 202356 17 Calf Volume coil
3T
Density adapted 2D
projection reconstruction
TA=30 min, TE=1.2 ms,
TR=100 ms, FA=90°
Resolution=3×3×30 mm3

14 mM

Table 1.3: Skin sodium MRI studies showing changes in TSC with demographic factors
(sex or age) in healthy controls. Only healthy control subjects information are listed here
in this table.

Study Subjects 23Na MRI Protocol Main findings

Kopp 20128 n=30,
17 males, age 62±7
years,
13 females, age 60±7
years

Kopp Protocol Males have higher skin TSC than
females (24 mM vs. 18 mM).

Kopp 20135 n=56,
males and females,
age 22-90 years

Kopp Protocol Males have higher skin TSC than
females(24 mM vs. 18 mM).
↑skin TSC as age(youngest: 11
mM; oldest: 35 mM).

Linz 20147 n=17, males only,
age=46±18 (range:
20-80) years

Surface Coil
7T
2D-GRE sequence
TA=10 min
TE=2.3 ms
TR=135 ms, FA=90°
Resolution=0.9×0.9×30
mm3

↑skin TSC as age(youngest: 45
mM; oldest: 56 mM).

Dahlman 201559 n=27, 18 males and 9
females, age (<60
years): 44±10, age
(>60 years): 69±7

Kopp Protocol ↑skin TSC as age (<60 years: 15
mM; >60 years20 mM).

Dyke 20186 n=30,
15 males and 15
females, age 46±15
(range: 24-76) years

Volume coil
3T
GRE sequence
TA=15 min,
TE=1.91 ms,
TR=100 ms, FA=90°
Resolution=3×3×30
mm3

↑skin TSC as age (TSC vs. age
not provided).
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1.3 Introduction to Sodium MRI

1.3.1 Sodium Spin and Magnetization

MRI relies on the interaction of nuclear spins with externally applied magnetic fields.

The source of MRI signals is rooted in certain nuclei having a net magnetic moment,

which aligns with or against an applied static magnetic field B0 . In the presence of B0 ,

these nuclear spins can exist in either a lower energy parallel state or a higher energy

antiparallel state relative to the field. The slight excess of spins in the lower energy state

results in a net magnetization (M0) along the direction of B0 . This net magnetization is the

basis for generating MRI signals. This process allows the nuclei to behave in unison,

making it possible to detect their reaction to a perturbation. For a nucleus to respond to

this perturbation and to be viable to NMR, it must have a non-zero spin quantum number

(I ≠ 0).

The spin quantum number for a nucleus is determined by the number of protons and

neutrons it contains. Nuclei with even numbers of both protons and neutrons exhibit a

spin quantum number of due to pairing effects (e.g., 12C). Nuclei with odd numbers𝐼 = 0
of both protons and neutrons possess spin quantum numbers that are positive integers

(e.g., 2H, 14N). Most isotopes, however, have either even/odd numbers of protons and

neutrons or odd/even numbers of protons and neutrons. These nuclei would have spin

quantum numbers that are half-integer values (Table 1.4).

The spin state of each nucleus is intricately linked to its spin quantum number. For a

nucleus with a spin I, the possible spin states range from -I to I in integer steps. For

example, a nucleus with has two spin states: and . This is the case for 1H,𝐼 = 12 12 − 12
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which is prevalent in the human body. On the other hand, 23Na, which has 11 protons and

12 neutrons, possesses a spin quantum number of . Consequently, 23Na has four spin32
states: , , , . Because sodium has these four energy levels, there would be− 32 − 12 12 32
more scenarios for energy transitions for sodium MRI than proton MRI.

A spin can shift between two neighboring energy levels, a process known as a single

quantum transition. Additionally, transitions can occur between different states, involving

double or triple quantum changes (Figure 1.4). In fluids that contain sodium, such as

saline, only single quantum transitions are observed, resulting in a simple single-line

spectrum as all single-quantum transitions have the same energy. However, in highly

ordered environments such as gels (e.g. agar gel or gellan gel), or some biological tissues

such as cartilage, the energy gaps between quantum states of 23Na shift due to anisotropy.

This variation occurs when Na+ ions interact with ordered molecules. Consequently, the

spectrum will exhibit a central peak and two satellite peaks, separated by the quadrupole

frequency ωQ.

In addition to spin angular momentum I, another critical parameter is the nuclear

magnetic moment μ. The nucleus precesses around the B0 field, with the direction and

frequency of this precession determined by the alignment of μ with the external magnetic

field. The gyromagnetic ratio γ of a nucleus is defined by the equation:

(1.1)γ = 2πµ𝐼ℎ
where h is the Planck constant. The spin quantum numbers, proton/neutron counts, and

gyromagnetic ratios of some common nuclei are detailed in Table 1.4.
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When subjected to the B0 field, nuclei precess at a specific frequency known as the

Larmor frequency (ω0), given by:

(1.2)ω0 = γ𝐵0
At B0=3 T, the Larmor frequency of 23Na would be 33.8 MHz, whereas at 4.7 T the

Larmor frequency of 23Na would be 52.9 MHz.

During an MRI acquisition, an additional oscillating magnetic field B1, which is applied

perpendicular to the B0 field, is introduced. The B1 field perturbs the nuclei, causing the

net magnetization to flip away from the z axis and towards the x-y plane. This angular

displacement of M0 is defined as

(1.3)α = γ𝐵1𝑡𝑟𝑓
where is the RF pulse duration.𝑡𝑟𝑓
Table 1.4: Spin number, number of protons and neutrons, and gyromagnetic ratios for
some nuclei commonly found in biological tissues.

Nucleus Spin(I) Number of protons/Number of neutrons Gyromagnetic Ratio γ
(MHz/T)

1H 1/2 1/0 42.58

13C 1/2 6/7 10.71

14N 1 7/7 3.08

23Na 3/2 11/12 11.26

31P 1/2 15/16 17.24

35Cl 3/2 17/18 4.18

39K 3/2 19/20 1.99
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Figure 1.4: Energy state transitions of sodium nucleus spin. These transitions include
single quantum transitions (blue arrows), double quantum transitions (orange arrows) and
triple quantum transitions (green arrow).

1.3.2 Sodium Relaxation In Vivo

During MRI, M0 is initially rotated away from the z-axis by the RF pulse. The component

of M0 projected onto the x-y plane, known as transverse magnetization (Mxy), forms the

basis of the signal detected in NMR acquisition. After RF excitation, Mxy begins to decay,

and simultaneously the longitudinal magnetization (Mz) starts to recover. The recovery of

Mz is characterized by the longitudinal relaxation (spin-lattice relaxation) time constant

T1. Transverse relaxation, also known as spin-spin relaxation, results from the dephasing

of the precessional phases of individual magnetic dipoles within the tissue. The
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transverse relaxation time constant is T2. The relaxation behavior of 1H can be described

in exponential decay equations:

(1.4)𝑀𝑧(𝑡) = 𝑀0(1 − 𝑒− 𝑡𝑇1 )
(1.5)𝑀𝑥𝑦(𝑡) = 𝑀0𝑒− 𝑡𝑇2

A non-uniform local magnetic field, however, can alter the local static field and cause T2

relaxation to happen more rapidly. The apparent transverse relaxation time (T2
*) accounts

for the dephasing process and is related to T2 by this equation:

(1.6)1𝑇2* = 1𝑇2 + 1𝑇2'

where is the relaxation time constant attributable to local magnetic field𝑇2'
inhomogeneities.

In saline solutions, sodium relaxation is monoexponential because all possible

single-quantum transitions in water have the same energy. However, in biological tissues,

sodium relaxation is biexponential due to the presence of spin 3/278. This leads to a

biexponential decay for transverse magnetizations and also a biexponential recovery for

longitudinal magnetizations in biological tissues79.

For T2 relaxation, a 60/40 ratio of fast (T2fast) to slow (T2slow) components is present when

assuming a homogeneous environment. Although T1 relaxation is theoretically

biexponential as well80, the fast component is usually negligible (~20%), so most sodium

T1 relaxation studies report using monoexponential models (Figure 1.5).
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The transverse relaxation decay and longitudinal relaxation recovery for 23Na in vivo,

assuming a homogeneous environment, are given by:

(1.7)𝑀𝑧(𝑡) = 𝑀0(1 − 𝑒− 𝑡𝑇1 )
) (1.8)𝑀𝑥𝑦(𝑡) = 𝑀0(0. 6 * 𝑒− 𝑡𝑇2𝑓𝑎𝑠𝑡 + 0. 4 * 𝑒− 𝑡𝑇2𝑠𝑙𝑜𝑤

  A summary of sodium relaxometry measurements for various human tissues in vivo is

presented in Table 1.5. T1 values range from 20 ms in knee cartilage to 39 ms in brain81,82.

T2fast values span from as low as 0.17 ms in skin to 2.4 ms in brain83,84, while T2slow values

span from as low as 7.6 ms in skin to 32 ms in brain7,84. Skin tends to exhibit shorter T2fast

values compared to more hydrated tissues such as brain and muscle (see Table 1.5),

which further highlights the importance of using short TE sequences to minimize signal

loss when imaging the skin.

Table 1.5: Summary of sodium relaxometry in vivo. This table provides a comparative
summary of the relaxation times T1 , T2fast , and T2slow for various body tissues, as reported
by different studies conducted at various magnetic field strengths.

Body Tissue Study/B0 field T1 T2

Knee Cartilage Madelin 2012/7T81 20 ms T2fast: 0.5 ms-1.4 ms
T2slow:11.4 ms-14.8 ms

Knee Cartilage Feldman 2013/4.7T85 21 ms T2fast=0.8 ms
T2slow=19.7 ms

Muscle Kordzadeh 2020/4.7T86 N/A T2fast=1.6 ms
T2slow=16.1 ms

Skin Stobbe 2023/4.7T83 N/A T2fast=0.17 ms
T2slow=12.5 ms

Skin Kordzadeh 2020/4.7T86 N/A T2fast=0.4 ms
T2slow=9.3 ms
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Skin Linz 2014 /7T7 27 ms T2fast=0.5 ms
T2slow=7.6 ms

Brain Coste 2019/3T82 39 ms N/A

Brain Worthoff 2019/4T84 N/A T2fast=2.4 ms
T2slow=32 ms

Figure 1.5: Illustration of 23Na MRI relaxation decay plotted using measurements from
previous studies by Linz (2014)7(A) and Kordzadeh (2020)86(B). In this figure, t

represents time after 90° RF pulse. (A)Monoexponential longitudinal relaxation decay
(T1=27 ms)7, 95% of the signal is recovered at t=85 ms. (B) Biexponential transverse
relaxation decay (T2fast(60%)=0.4 ms, T2slow(40%)=9.3 ms)86. The biexponential T2 decay
occurs much more rapidly than the T2 decay of 1H, with 59% of the signal dropped at t=1
ms, and 68% of the signal dropped at t=2 ms.
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1.4 Skin Sodium MRI Applications

1.4.1 Sequences Used for Skin Sodium MRI

GRE is one of the most readily available and straightforward sequences for sodium MRI.

It can be adapted from existing 1H MRI sequences found on most platforms, which makes

GRE a practical initial choice for sodium imaging87.

However, the minimum TE allowed for GRE sequences is 1-2 ms, which makes it

challenging to capture adequate signal due to the rapid bi-exponential decay of 23Na

(Figure 1.5). Ultrashort sequences could address this limitation. Short TE smaller than 1

ms can be obtained through non-cartesian trajectories such as radial or spiral k-space

trajectories, which start data acquisition at the center of k space20. Examples of radial

trajectories include 3D radial sequence88 and density adapted radial sequence89. Spiral

trajectories sample more of k-space with each projection, enhancing their sampling

efficiency and consequently reducing scan time90. Examples of these spiral sequences

include TPI91 and 3D cones92.

A notable study conducted in 2014, utilizing a 9.4 Tesla magnetic field strength,

compared the performance of five different imaging sequences: TPI, 3D radial imaging,

density adapted 3D radial imaging, 3D Cones, TPI, and GRE. Among these sequences,

TPI demonstrated the superior capability for quantifying sodium content in the brain93.

In this study, the TPI sequence was implemented. TPI is a rapid three-dimensional

imaging technique characterized by a consistent sampling density. It is distinguished by
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rapid and uniform sampling of a spherical volume in k-space, which can minimize noise

transferred into the image domain94.

The TPI trajectory begins radially at the center of k-space and extends along a cone angle

θ, twisting along the surface of the cone to reach the maximum k-space value (Kmax)94.

The illustration of k-space trajectory of TPI and TPI pulse sequence are demonstrated in

Figure 1.6 and Figure 1.7.

Figure 1.6: K-space trajectories of TPI sequence.
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Figure 1.7: 3D-TPI pulse sequence. The initial ‘flat’ component of Gx, Gy and Gz
compose the ‘center-out’ portion of each TPI k-space trajectory.

1.4.2 Hardware Used for Skin Sodium MRI

In MRI, RF coils are used to transmit RF energy and receive the MR signal95. Often,

particularly in sodium MRI, the same RF coil functions as both the transmit (Tx) and the

receive (Rx) coil. During transmission, the RF coil generates an electromagnetic field

oscillating at ω0. A volume RF coil is often used to produce a more uniform B1 field

within the field-of-view (FOV). Other types of coils, such as surface coils, may produce a

less uniform B1 field, resulting in varying excitation profiles. When the spins in the

sample are excited, they generate an oscillating magnetic field, which induces an electric

current in the RF coil. This current is then detected by the RF coil during the reception

phase to capture the MR signal. X-nuclei imaging typically requires the use of
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custom-built RF coils because X-nuclei resonate at different frequencies than protons.

Plus, X-nuclei are generally far less abundant than protons, which often requires careful

consideration of the coil's geometry to maximize SNR in the tissue of interest.

RF coils can be seen as a simple RLC circuit, and the resonant frequency can be

described as:

(1.9)ω = 1𝐿𝐶
Where L is the inductance and C is the capacitance. For 23Na MRI at 4.7T, the coil should

be tuned to 52.9 MHz. And when the coil is tuned to Larmor frequency, f0 can be

determined as

(1.10)𝑓0 = 12π 𝐿𝐶
The quality factor (Q factor) is a parameter used to measure the coil’s sensitivity and

efficiency in detecting MR signal96. Q factor of a RLC circuit is defined as

95 (1.11)𝑄 = 2π𝑓0𝐿𝑅 = 1𝑅 𝐿𝐶
In practice, the Q factor is usually measured by the equation below, where B is the -3 dB

coil bandwidth.

(1.12)𝑄 = 𝑓0𝐵
High Q factors in RF coils are indicative of narrow bandwidth, which means the coil can

operate efficiently at a specific frequency with minimal energy loss, essential for

enhancing SNR and sensitivity in imaging.
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When testing the coil, both loaded Q factor (Qloaded) and unloaded factor Q (Qunloaded)

should be tested. The ratio of Qunloaded and Qloaded is defined as:

(1.13)𝑟 = 𝑄𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑𝑄𝑙𝑜𝑎𝑑𝑒𝑑
The r value can indicate coil sensitivity. Qunloaded is always bigger than Qloaded, so r is

always bigger than 1. A higher r value suggests that the coil maintains good performance

even when loaded with a sample.

The most commonly used types of coils for skin 23Na imaging are birdcage coils and

surface coils. Birdcage coils are particularly widely used due to its homogeneous RF field

in the volume of interest and larger volume coverage. Plus, birdcage coils are generally

more readily available. In contrast, surface coils are generally preferred for their high

SNR in regions close to the coil and their ability to be tailored to specific anatomical

regions. Surface coils are often used in applications requiring high-resolution imaging of

superficial structures. However, the two dimensional design of surface coils leads to a

non-uniform, transmit and receive profile. Images acquired with surface coils can exhibit

high SNR near the coil but have a rapid signal drop-off with increased distance. Surface

coil arrays can extend the effective imaging volume, allowing for high sensitivity

coverage over a larger area97. Most existing studies have used volume coils for skin

sodium imaging, however, some more recent research has been utilizing surface coils.

Giovannetti (2014)98 used spectroscopy to propose the design of a circular

transmit-receive single loop surface coil (diameter=25 cm) and demonstrated its

feasibility across various tissues, including the calf, brain, kidney, and heart, although
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specific tissue sodium concentration (TSC) numbers were not provided. Linz (2014)7

measured the mean skin TSC in adult males at ~53 mM at 7T with a two-loop surface

coil (each outer loop size is 7 cm×6 cm), which is more than twice as high as values

obtained from low-resolution volume coil studies. Christa (2019)51 used a receive coil of

17 cm×14 cm, and employed flat voxels with small dimensions across the skin and

detected a 39% increase in skin TSC in PHA patients compared with controls, a result not

observed with the Kopp method (Kopp, 2012)8, potentially due to reduced partial volume

effects. Milani (2019)99 used a single loop surface coil with the diameter of 14 cm,

compared 2D GRE and UTE protocols for imaging upper leg muscle and skin,

concluding that the GRE protocol yielded higher SNR, while UTE was necessary for T2fast

and T2slow quantification and for detecting small sodium amounts. Chifu (2022)53 used the

same protocol as Christa (2019) and found that, in newly diagnosed patients, tissue

sodium was initially reduced but significantly increased after treatment in muscle and

skin, although no TSC numbers were provided. Although the application of surface coils

to measure skin TSC is promising, there are currently limited studies in this area, with the

study by Linz (2014) being the only one to provide absolute TSC numbers. Table 1.4 lists

past studies that have applied surface coil on sodium imaging of the skin.
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Table 1.6: Studies that applied surface coil in sodium MRI on skin.

Study/Surface
coil used in the

study

Subjects Body Part 23Na MRI
Protocol

Main Findings

Giovannetti 201498

Transmit-receive
23Na single loop
surface coil, 25
cm diameter

Healthy
volunteer(not
specified)

Calf, brain,
kidney, and heart

3T
FID-CSI(Free
induction decay
chemical shift
imaging)
TR=480 ms TA=5
min 7 s
Resolution=1.6×1.
6×20 mm3 (Calf)
Resolution=2.4×2.
4×40 mm3 (Brain)
Resolution=2.5×2.
5×40 mm3

(Kidney)
Resolution=2.7×2.
7×25 mm3 (Heart)

Proposed the
design of a
circular
transmit-receive
surface coil.

Linz 20147

Transmit-receive
23Na two loop
surface coil, each
with an outer loop
size of 70 mm×64
mm and a
conductor width
of 12 mm.

Healthy male
adult volunteers (n
= 17)

Calf 7T
2D-GRE sequence
TA=10 min
TE=2.3 ms
TR=135 ms,
FA=90°
Resolution=0.9×0.
9×30 mm3

Feasibility study
of applying
surface coil to
measure skin TSC.
Skin sodium
concentration
correlates with
age.

Christa 201951

Dual tuned
1H/23Na surface
coil: 23Na transmit
coil (single loop
280×175 mm),
and a combination
of a loop
(170×135 mm)
and an 8-shaped
coil for reception

8 PHA patients
and 12
normotensive
healthy controls

Heart, calf muscle
and skin

3T
3D-GRE sequence
TA=17 min,
TE=2.01 ms,
TR=100 ms,
FA=90°
Resolution=3.9×3.
9×20 mm3 for
heart and muscle
1.3×11.8×30mm3

for skin

Compared to
healthy control,
PHA patients had
higher sodium
content in their
myocardium, calf
muscle and skin.

Milani 201999

A transmit-receive
sodium surface
coil, single loop,
diameter=14 cm

Healthy controls
(n=11)

Upper leg 3T
GRE sequence:
TR=100 ms
TE=1.73 ms
TA=13.25 min

GRE protocol
yielded higher
SNR than UTE
protocol, however,
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Resolution=4.7×4.
7×33 mm3

UTE sequence:
TE=0.2 ms
TR=100 ms
TA=13.20 min
Resolution=4.7×4.
7×4.7 mm3

for T2fast and T2slow

quantification and
quantifying small
amounts of
sodium, UTE is
needed.

Chifu 202253

Dual tuned
1H/23Na surface
coil: 23Na transmit
coil (single loop
280×175 mm),
and a combination
of a loop
(170×135 mm)
and an 8-shaped
coil for reception

A longitudinal
study on 8 patients
newly diagnosed
with PAI, and 8
matched healthy
controls.
A cross-sectional
study with 22
patients with
chronic PAI and
22 matched
healthy controls.

Calf 3T
3D-GRE sequence
TA=17 min,
TE=2.01 ms,
TR=100 ms,
FA=90°
Resolution
3.9×3.9×20 mm3

for muscle
1.3×11.8×30mm3

for skin

In newly
diagnosed
patients, tissue
sodium was
reduced and
significantly
increased after
treatment in
muscle and skin.

1.4.3 B1 Correction

B1 correction in sodium MRI is essential for improving the accuracy of sodium

concentration maps by mitigating the effects of B1 inhomogeneity. The B1 field consists

of two components: B1
+ and B1

-. The B1
+ field refers to the transmit RF field, while the

B1- component refers to the reception RF field, which detects the resulting MR signal.

B1
+ determines flip angle αactual and B1

- affects the sensitivity of the coil in detecting MR

signal. Variations in B1
+ field can lead to non-uniform actual flip angles across the

imaging volume. This non-uniformity results in inaccurate signal intensities, thereby

compromising the reliability of the obtained images. B1 correction is essential to achieve

accurate and quantitative sodium MRI data.

Typically, B1 mapping falls into two categories, which is signal magnitude-based or

signal phase-based, while most methods are based on the alteration of signal
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magnitude100. The conventional approach for B1
+ mapping is to use a double-angle

method (DAM). This method involved acquiring two images with flip angles of α and 2α.

Actual flip angle αactual can be calculated with the signal intensities acquired from these

two images. The signal intensities in the two images can be described as:

(1.14)
𝑆2α𝑆α = 𝑠𝑖𝑛(2α𝑎𝑐𝑡𝑢𝑎𝑙)𝑠𝑖𝑛(α𝑎𝑐𝑡𝑢𝑎𝑙)

And given the trigonometric identity , one can get:𝑠𝑖𝑛(2α) = 2𝑠𝑖𝑛(α)𝑐𝑜𝑠(α)
(1.15)

𝑆2α𝑆α = 2𝑐𝑜𝑠(α𝑎𝑐𝑡𝑢𝑎𝑙)
And then the αactual can be solved from the equation above. The relative B1

+ (rB1
+ ) for a

point of tissue would be With being the actual flip angle and
α𝑎𝑐𝑡𝑢𝑎𝑙α𝑛𝑜𝑚𝑖𝑛𝑎𝑙 . α𝑎𝑐𝑡𝑢𝑎𝑙 α𝑛𝑜𝑚𝑖𝑛𝑎𝑙

being the prescribed flip angle. This DAM B1 mapping method is relatively simple and is

broadly available101.

One commonly-used phase-based B1
+ mapping method is the Bloch-Siegert off-resonance

(BLOSI) method100. This method was reported to be faster and independent of T1 effects

and yields higher SNR than the double-angle approach. BLOSI has been reported to offer

several advantages over the double angle method. Following the RF excitation pulse, the

Bloch–Siegert pulse induces a B1
+ dependent phase shift. Notably, BLOSI is faster, as it

does not depend on T1 relaxation effects102. Additionally, this method provides a higher

SNR compared to the double angle approach103. A study by Vaeggemose et al

demonstrated that the BLOSI B1 field correction method is clinically feasible and
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time-efficient for sodium imaging on multiple tissues including the brain, heart, kidney,

and thigh muscle104.

The phase shift caused by the Bloch-Siegert effect can be described as:

104 (1.16)φ𝐵𝑆 = 𝐵1,𝑝𝑒𝑎𝑘2 0
𝑇∫ (γ𝐵1,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝑡))22ω𝑅𝐹(𝑡) 𝑑𝑡 = 𝐵1,𝑝𝑒𝑎𝑘2 · 𝐾𝐵𝑆

104 (1.17)𝐵1(𝑡) = 𝐵1,𝑝𝑒𝑎𝑘 · 𝐵1,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝑡)
is a constant that characterizes the phase shift induced by a specific RF pulse,𝐾𝐵𝑆 𝐵1,𝑝𝑒𝑎𝑘

and represents the magnitude of the maximum point in the RF waveform100.

By performing at least two acquisitions with the Bloch–Siegert off-resonance frequency

applied in both positive and negative directions, it is possible to eliminate undesired

phase effects originating from other sources. This process allows for the accurate

measurement of the B1
+ field100.

1.5 Project Aims and Hypothesis

This study aims to enhance the accuracy of skin sodium quantification through the

application of novel sodium MRI techniques. The primary objective is to reduce signal

measurement error by employing an SNR-efficient surface coil, reshaping voxels to

match the unique anatomy of the skin, and utilizing a TPI sequence with a short TE.

Furthermore, skin thickness measurements will be conducted using 1H anatomical images

to investigate potential correlations between skin thickness and TSC. In addition, the

36



study will examine possible correlations between age, sex, and skin TSC to understand

demographic influences on sodium accumulation. The central hypothesis is that these

methodological advancements will result in a more accurate estimation of skin TSC.

Moreover, this thesis proposes a robust and efficient methodology for quantifying skin

TSC for future research.
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2. Methodology

This chapter elaborates on the preliminary experiments and experimental procedures,

offering more detail than the main results discussed in Chapter 3.

2.1 Participants

A total number of 14 healthy adults (aged 21 – 61 years, 8 male, 6 female) were

recruited, and informed written consent was received for each participant. Demographic

information such as age, height, and weight was recorded at the time of MRI.

Inclusion criteria mandated that participants be free from any preexisting chronic

conditions known to potentially influence or alter skin tissue sodium concentration

measurements.

2.2 Experiment Setup

All sodium images were acquired on a Varian Inova (Palo Alto, CA, USA) 4.7 T scanner,

using VnmrJ 1.1 D. The gradient amplifier has maximum gradient capabilities of 60

mT/m.

2.2.1 Volume Coil Setup

For volume coil imaging, the left leg of each participant was positioned within a

single-tuned 12 rung birdcage transmit-receive knee volume coil (diameter = 17.8 cm,

length = 10 cm). This coil was selected in order to mimic the commonly used volume coil

protocol for existing skin sodium MRI studies.
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To position the participant's leg, the volume coil was set up in a manner that allowed the

calf to rest comfortably and securely within the coil. The participant lay supine on the

scanner table, and the leg was gently inserted into the coil, ensuring that the knee was

centrally aligned. Proper alignment was verified to maintain consistent field distribution

and image quality across all participants.

Figure 2.1: Experiment setup for volume coil imaging. The space inside the volume coil
allows for the calf to rest on a platform and an agar phantom was placed on the bottom of
the platform.

2.2.2 Surface Coil Setup

A transmit-receive surface coil with a diameter of 5 cm was employed in this study. The

size of the coil was selected because it ensured that the calf section being imaged fully

covers the coil. The surface coil was placed in a custom-cut foam piece to elevate the coil
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to the same height as the iso-center, and pieces of custom-cut fiberglass were used to

separate the surface coil, skin and agar calibration phantom to ensure symmetric B1 on

both sides (Figure 2.2). A reference line was drawn from left to right along the thickest

part of the calf, serving as a consistent marker for the imaging location throughout the

experiment. This reference line was maintained for all sodium MRI and proton MRI

acquisitions. During the sodium MRI sessions, the reference line was carefully aligned

with the center of the surface coil, guaranteeing that the region of interest was optimally

positioned within the coil's sensitive area. The surface coil setup is illustrated in Figure

2.3.

Figure 2.2: (A) The single-loop surface coil (diameter=5 cm) used in this thesis. (B)The
surface coil (with fiberglass spacers to separate the coil from calf skin/agar) setup. The
numbers of fiberglass pieces on each side of the coil were chosen to ensure B1 equivalent
surface on each side.
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Figure 2.3: An illustration of the surface coil setup for calf skin imaging in this thesis.

2.2.3 Phantom Construction and Calibration

In this study, phantoms were constructed to facilitate the quantification of skin sodium

content. Phantoms used for this study were made using a mixture of agar powder, a

gelatinous substance that can be easily molded, and has electrical properties similar to

human skin (SELECT Agar by Invitrogen), water, and sodium chloride (sodium chloride

crystalline powder PDV, 99+% by Thermo Scientific).

Specifically, 12.5 g of agar powder was added to 250 ml of H2O to create a 5% agar

mixture. To this mixture, 0.35 g (6 mmol, which equals 24 mM in a 250 ml solution) of

NaCl was added. The mixture was heated in a microwave at low power to minimize air

content and water evaporation, with small amounts of water added to compensate for any

water loss. It is important to note that the sodium concentration in the agar powder is

unknown. This agar phantom was constructed to achieve a target sodium concentration of
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60 mM, and the exact sodium concentration was measured during phantom calibration.

The mixture was then poured into a petri dish (10 mm in height, 92 mm in diameter) and

sealed with plastic bonder. A saline solution of 50 mM NaCl was prepared and poured

into a petri dish of the same size.

The phantom was calibrated using both the VolPencil protocol and SurfPancake protocol

(details described in Chapter 2.4), both with flip angle of 90o and TR=200 ms. For

volume coil imaging, the agar phantom and the B1 equivalency in agar and saline for

surface coil imaging were tested prior to calibration. A longer repetition time (TR) of 200

ms was selected because T1 in 5% agar gel is 36 ms and T1 in saline is at 55 ms105. The

signal intensities of the agar phantom and saline were compared to determine the sodium

concentration in the agar phantom, which was constructed to have a sodium concentration

of 60 mM. A representative agar phantom calibration image is shown in Figure 2.4.

Figure 2.4: Calibration of sodium MRI phantoms using different imaging coils. (A)
shows the results from a volume coil and (B) from a surface coil. Both utilize a 50 mM
saline solution as the reference at the top and feature an agar phantom at the bottom
(comprising 250 mL H₂O, 0.35g NaCl, 12.5g Agar). Each imaging technique
demonstrates consistent sodium detection of 60 mM Na⁺ in the agar gel.
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2.3 Preliminary Experiments

2.3.1 Surface Coil Symmetric B1 Experiments

To determine the B1 equivalent surfaces, symmetric B1 was verified using two agar

phantoms with the same size and sodium concentration. To verify B1 equivalent surfaces

for the surface coil and to achieve a uniform B1 profile on the surfaces closest to the coil,

different spacing (from 0 to 0.8 cm) above and beneath the coil was tested by calculating

B1 maps of the two agar phantoms. 0.5 cm above and below the surface coil was chosen

to take into account both B1 efficiency and B1 homogeneity in the region of interest

(ROI).

Figure 2.5: B1 profiles of two identical 5% agar phantoms for symmetric B1 testing. This
experiment involved varying the number of fiberglass spacers, each 0.2 cm thick, on each
side of the surface coil to achieve a uniform B1 profile of 1 on each surface while
avoiding inhomogeneities. Configurations from (A) to (D) demonstrate the effects of
different spacer arrangements. The white dotted line marks the position of the surface
coil. (A) shows symmetric B1 distribution; however, it yields an average B1 of 1.1 on both
sides with higher B1 values near the coil loop, indicating a lack of surface homogeneity.
(B) and (C) show reduced B1 values at the top with increased spacers on that side. (D)
Achieves the targeted symmetric and uniform B1 profile of 1 on both surfaces.
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2.3.2 Agar T2 Relaxation Measurement

Measuring the T2 relaxation times in agar allows for a comparison with T2 relaxation in

skin tissue. This comparison is particularly useful since skin is expected to exhibit a

greater signal impact due to its much shorter expected T2fast and T2slow values compared to

agar. The measurements were performed on a 5% agar phantom with a sodium

concentration of 60 mM. T2 measurements of agar were conducted using a sodium

density-weighted sequence with the following parameters: TR=100 ms, flip angle=90o,

voxel size=1×1×5 mm³, total acquisition time=2.5 minutes. The echo times used for the

measurements were TE = [0.1, 0.8, 2.0, 3.5, 6.0, 9.0, 12.0, 16.0, 20.0, 25.0, 30.0] ms.

Signal intensities in each ROIs were acquired and subsequently subjected to

biexponential fitting to distinguish between the fast and slow T2 components. The signal

intensities were fit to a 60%/40% T2fast/T2slow ratio. The analysis revealed that T2fast(60%) =

4.3 ms, and the T2slow (40%) = 27.2 ms.
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Figure 2.6: T2 relaxation fitting of a 60 mM agar phantom used in this study. The graph
shows signal intensity (SI) in arbitrary units plotted against echo time (TE) in
milliseconds. Each data point (marked with an asterisk) represents the signal intensity at a
specific TE, demonstrating a typical bi-exponential decay pattern as TE increases. The
fitting yields T2fast(60%) = 4.3 ms and T2slow (40%) = 27.2 ms.

2.4 Sodium TPI Acquisition

2.4.1 Volunteer Study

Sodium images of the left calf were acquired on a Varian Inova 4.7T whole body scanner.

Each participant underwent four 23Na scans: one with volume coil and four with surface

coil. The 23Na MRI scans in this thesis each had 6000 TPI trajectories with each
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trajectory duration=9 ms, TR=120 ms, ultra-short TE of approximately 0.1 ms enabled by

TPI sequence, and a total scan duration of 12 minutes. The long TR of 120 ms was

selected to allow full T1 relaxation. At the beginning of each measurement, B0 shimming

and B1 mapping were performed.

For volume coil imaging, one volume coil protocol with pencil-shaped voxels (VolPencil)

was acquired with voxels of 1.5×1.5×15 mm3. The imaging parameters were: TE=0.13

ms, TR=120 ms, and RF pulse duration=0.16 ms. The FOV was 16×16×16 cm3. This

protocol was designed to mimic the typical ‘baseline’ Kopp protocol which used a

volume coil, 90° flip angle, and 3×3×30 mm3 voxels. The efficient data acquisition in TPI

enables the use of smaller voxel sizes within reasonable scan times without

compromising the signal-to-noise ratio (SNR). B1 maps for volume-coil imaging were

created from two images with low resolution (6×6×12 mm3) with prescribed flip angles

of 60° and 120°, with a total scan time of 1.2 minutes.

The SurfPencil protocol employed pencil-shaped voxels that were five times smaller

(0.8×0.8×10 mm3) than those in the VolPencil protocol, with a 90° flip angle. The

in-plane resolution of 0.8 mm was chosen because it is smaller than the average skin

thickness in the calf of 1.1 mm to 1.5 mm72,75,76. This reduction in voxel size was enabled

by the higher SNR efficiency of the surface coil. The SNR efficiency of an RF coil is

approximately proportional to the square root of the volume it accommodates, making

compact surface coils highly advantageous for skin imaging. The FOV for this protocol

was 8×8×8 cm3 to ensure complete coverage of the coil’s sensitive area, with a TE of 0.12

ms and an RF pulse duration of 0.12 ms.
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The SurfPancake protocol used pancake-like voxels (0.4×4×4 mm3) with a thinner

dimension of 0.4 mm across the skin (0.4×4 mm2 in-plane) and a 90° flip angle, with TE

of 0.11 ms and an RF pulse duration of 0.12 ms. The 0.4×4 mm2 in-plane resolution was

chosen to fit the anatomy of skin when the skin is pressed flat on the surface coil. The

voxels are only 0.4 mm thin across the skin (~1.1-1.5 mm thick) which would further

minimize partial volume effect compared with VolPencil protocol. Voxel reshaping was

achieved by designing the trajectory in advance to sample a different matrix volume. The

FOV for this protocol was restricted at 8×8×8 cm3 to align with the limited sensitive area

of the surface coil. Smaller FOV can also enable higher resolution given the same

sampled data points. To investigate B1, three SurfPancake images were acquired using the

same RF power to generate flip angles of 60°, 90°, and 120° (RF pulse durations of 0.08

ms, 0.12 ms, and 0.16 ms, respectively). The 60° and 120° images were acquired for B1

mapping.

2.4.2 Surface Coil Reproducibility Test

A reproducibility test was conducted to ensure that the results obtained from the surface

coil MRI are reliable and consistently reproducible. Three subjects participated in the

test: one female aged 23 and two males aged 28 and 29. The tests were carried out using

the surface coil sodium MRI protocol specified in the study, with the SurfPancake

protocol and a flip angle of 60 degrees. This protocol was chosen because it provides the

highest uncorrected skin/agar sodium intensity.

Three MRI scans were performed using the protocol mentioned above, with a five-minute

break given between each scan. During the break, the participant was removed from the
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scanner and allowed to sit or walk before being repositioned in the scanner for the

subsequent scan. Before the first scan, a reference line was drawn on the subject’s calf

and the line was maintained for all three scans. In each scan the line was aligned with the

iso-center to ensure consistent imaging locations. Shimming was performed before each

scan.

The variation in relative skin/agar (60 mM) sodium signal intensity within each subject

was below 5%, indicating high consistency in the surface coil MRI results.

Figure 2.7: Variation in skin/agar signal intensity in arbitrary units across three scans for
each volunteer. Skin/agar sodium signal intensity ratios are depicted for three volunteers,
with Volunteers 1 and 2 exhibiting a 1% variation and Volunteer 3 a 4% variation,
demonstrating high level of consistency.
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2.5 Proton Imaging of Calf for Skin Thickness Measurement

An anatomical proton image was taken from each volunteer for anatomical reference and

skin thickness measurement. The 1H MRIs are acquired with the Siemens Prisma 3T

scanner. A T1 weighted fat-saturated GRE sequence was used to better separate 1H signal

from the skin and subcutaneous adipose tissue. The spatial resolution for this image was

0.31×0.31×5.0 mm3, and the in-plane resolution was interpolated to 0.156×0.156 mm2.

TE=3.0 ms, TR=7.4 ms, flip angle=6°, total acquisition time = 4 min.

To ensure precise anatomical alignment, a predefined reference line on each volunteer’s

calf was aligned with the isocenter using the scanner's localizing laser. A custom-made

microfiber platform, identical to the one utilized in volume coil sodium imaging, was

placed under the volunteer’s calf. This platform was designed to press the skin flat, which

aids in accurate skin thickness measurement. To prevent any movement during the scan,

the calf and the platform were securely wrapped with a foam piece to avoid movement.

The 1H anatomical image obtained was then used to measure the skin thickness. Image

intensity values were interpolated along lines perpendicular to the surface at intervals of

0.039 mm (¼ of the pixel width). The skin thickness was measured by defining it as the

width of the intensity profile at 60% of the maximum skin intensity.
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2.6 TSC Quantification

2.6.1 ROI Analysis

A custom MATLAB software was developed in house at University of Alberta

specifically for sodium MRI ROI analysis in this study. All sodium images were

zero-filled to a 320 isotropic matrix to facilitate manual ROI analysis. This software

facilitated the precise and consistent mapping of ROIs across all acquired images. All

ROIs were manually drawn for each image to ensure accuracy.

For each ROI, a thin box was drawn in the first slice to define the initial boundary of the

region. Subsequently, another thin box, ideally of identical size and in the same relative

location to the iso-center as the first box, was drawn in the last slice of the ROI. The

width and slice numbers of each ROI were kept consistent for all images.

In the case of volume coil imaging, the ROIs in agar phantoms were positioned close to

the skin. For surface coil imaging, the ROIs in both skin and agar were positioned at the

same distance from the surface coil. Representative ROIs are shown in Figure 2.8.
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Figure 2.8: Representative ROIs for volume coil and surface coil imaging shown in the
axial, sagittal and coronal planes. Arrows in (A)&(D) point to the ROIs in skin and agar
respectively. (A) (B) (C): ROIs are shown in axial, sagittal and coronal sodium MRI
images acquired by volume coil. Sodium signal in the skin is noticeably higher than the
sodium signal in subcutaneous fat tissue. There’s also a noticeable amount of signal in
muscle and blood veins. (D) (E) (F): ROIs in axial, sagittal, and coronal views acquired
using a surface coil. The sodium signal in the skin is sharply distinguished from adjacent
air and adipose tissue. However, sodium in deeper muscle tissues is not visible due to the
surface coil’s sensitivity to superficial layers.

2.6.2 B1 Correction

TSC quantification without B1 correction was initially achieved by comparing signal

intensities in the skin and the agar phantom. However, B1 correction is essential in this

study to account for the spatial variation of coil's B1 field, possibly due to calf skin having

higher tissue conductivity and permittivity (Figure 2.9).
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Figure 2.9: Low resolution volume coil B1 map ((A)&(B)), surface coil B1 map
((C)&(D)) from both phantom scans and volunteer scans, the variation in the B1 map in
the skin points to the necessity for B1 correction in surface coil sodium MRI. (A) B1 map
from a volume coil scan of two identical 60 mM Na+ agar phantoms (axial view), showing
a relatively uniform relative B1 field of 1. (B) B1 map from a volume coil scan including
the calf of a 46-year-old male and a calibration phantom, indicating similar B1 values
across the calf and phantom, both approximately 1. (C) B1 map from a surface coil scan
of two 60 mM Na+ agar phantoms, depicting B1 value at 1 at both surfaces near the coil,
with 4 spacers above and 2 spacers below the coil described in Figure 2.5. (D) B1 map
from a surface coil scan of the same 46-year-old male's calf, where relative B1values are
higher (~1.1) in the calf skin than in the phantom(~1).

The B1 correction method implemented in this study is described as follows:

The B1 field can exhibit spatial inhomogeneity, particularly when utilizing a surface RF

coil. Surface coils demonstrate higher sensitivity near their surface, with sensitivity
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rapidly decreasing as the distance from the surface increases. The rationale and steps for

B1 correction in this study are described as follows:

The actual flip angle ( ) at a point of tissue is defined as:α𝑎𝑐𝑡𝑢𝑎𝑙
(2.1)α𝑎𝑐𝑡𝑢𝑎𝑙(𝑟) =  γ𝐵1(𝑟)+ · τ

Where is the actual flip angle at a certain location of the tissue, is theα𝑎𝑐𝑡𝑢𝑎𝑙(𝑟) γ
gyromagnetic ratio of sodium, which is 11.26 MHz/T, is the transmit RF field at the 𝐵1(𝑟)+
location of the tissue, and is the RF pulse duration.τ
The signal intensity at the tissue location r can be described as

(2.2)𝑆𝐼(𝑟) ∼  ρ𝑁𝑎(𝑟) · 𝑠𝑖𝑛(α𝑎𝑐𝑡𝑢𝑎𝑙(𝑟)) · (𝑤 · 𝑒− 𝑇𝐸𝑇2𝑓𝑎𝑠𝑡 + (1 − 𝑤)· 𝑒− 𝑇𝐸𝑇2𝑠𝑙𝑜𝑤 )
Where is the sodium MR signal intensity at location r, is the sodium𝑆𝐼(𝑟)  ρ𝑁𝑎(𝑟)
density, is the weight of component, which is 0.6 in a homogeneous sodium𝑤 𝑇2𝑓𝑎𝑠𝑡
environment and is the weight of component, which would be 0.4 in a(1 − 𝑤) 𝑇2𝑠𝑙𝑜𝑤
homogeneous sodium environment. TE is the echo time of the acquisition.

In this study, B1
+ mapping was done using the double-angle method(as described in the

introduction). B1
- value was defined as the relative B1 sensitivity rB1.

The signal intensity correction with B1
+ taken into consideration 𝑆𝐵1+𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟)

would be:
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(2.3)𝑆𝐵1+𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟) = 𝑆𝐼(𝑟)𝑠𝑖𝑛(α𝑎𝑐𝑡𝑢𝑎𝑙(𝑟)) · 𝑠𝑖𝑛(θ)
Where is the acquired signal intensity at location r, and θ is the prescribed flip𝑆𝐼(𝑟)
angle.

To perform signal intensity correction with both B1
+ and B1

- taken into consideration, the

corrected signal intensity would be:

(2.4)𝑆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟) = 𝑆𝐵1+𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟)𝑟𝐵1
Combining the two equations together, it follows that:

(2.5)𝑆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟) = 𝑆𝐼(𝑟)·𝑠𝑖𝑛(θ)𝑠𝑖𝑛(α𝑎𝑐𝑡𝑢𝑎𝑙(𝑟))·𝑟𝐵1
Given that , the corrected signal intensity would be:α𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑟𝐵1 · θ

(2.6)𝑆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑟) = 𝑆𝐼(𝑟)·𝑠𝑖𝑛(θ)𝑠𝑖𝑛(𝑟𝐵1·θ)·𝑟𝐵1

2.7 Statistical Analysis

Paired t-tests were employed to evaluate the differences in skin TSC across all 23Na MRI

protocols obtained in this study. To investigate potential correlations between skin

sodium concentration and other variables, multiple linear regression analyses were

conducted. This approach allows for the examination of relationships between the
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dependent variable(skin TSC) and multiple independent variables (skin thickness, age,

and sex). The regression model for each 23Na MRI protocol was formulated as:

(2.7)𝑇𝑆𝐶 = β0 + β1 · (𝑠𝑘𝑖𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) + β2(𝐴𝑔𝑒) + β3(𝑆𝑒𝑥) +ϵ
Where is the intercept, , and are the coefficients for each independent variable,β0 β1 β2 β3
and is the error term. Given the limited sample size of 14 individuals, including onlyϵ
four older adults aged 46-61 years, the analysis of age and sex dependencies should only

be considered preliminary.

Given the number of tests conducted, a correction for multiple comparisons was

necessary to control the false discovery rate (FDR). The Bonferroni correction method

was applied, setting the significance level at . All statistical𝑝 < 0.05𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛𝑠
analyses were performed using MATLAB.
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3 Sodium MRI of the Skin Using a Surface Coil to

Investigate and Reduce Signal Loss and Bias

A version of this chapter had been submitted for publication

(J. Zhu, C. Beaulieu, K. Damji, R. Stobbe)

3.1 Introduction

The measurement of skin sodium concentration is growing in interest with previous

studies reporting elevated skin sodium levels in various pathologies including, but not

limited to: hypertension5, type 2 diabetes mellitus 1112,49, chronic kidney disease with left

ventricular hypertrophy9, primary aldosteronism8, acute kidney injury57, and acute heart

failure48. Additionally, greater skin sodium has been measured in males versus females

45,8 and in older individuals versus younger ones5–7. However, quantifying skin sodium

concentration with 23Na MRI is challenging. ‘Gold standard’ atomic absorption

spectroscopy measured healthy skin sodium of ~77 mole/kg8. For a skin density of 1.1

kg/L67
, this amounts to a tissue sodium concentration of ~85 mM. The widely-adopted

23Na MRI protocol of Kopp et al.5,8,9,11,12,41,47–50,52,54,57–59,106 has measured healthy skin

sodium concentration of only ~20 mM, across age and sex5,8,12,48,52,57,106. The purpose of

this paper is to identify 23Na MRI sources which contribute to this discrepancy, and to

propose 23Na MRI methodology that reduces sodium signal loss (bias).
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The first problem of 23Na MRI is that its concentration yields >1000× less signal than 1H

MRI, and for this reason, voxel volumes are necessarily large. The voxels of the

widely-adopted Kopp protocol8 are 3×3×30 mm³, however, the thickness of skin is only 1

to 2 mm75,76. Skin will only partially fill each 270 mm³ voxel, yielding signal biased by

skin thickness and adjacent (23Na sparse) adipose tissue. The problem is that skin

thickness may vary with sex, age, ethnicity and pathology72,107–111, thus yielding sodium

concentration measurements biased by this variation. A primary goal of skin sodium MRI

development must be to reduce voxel dimensions, particularly along the thickness of the

skin. The widely adopted Kopp protocol has typically been implemented at 3T using a

volume knee coil to image the skin of the calf5,8,9,11,12,41,47–50,52,54,57–59,106. While the use of a

greater field strength magnet may be an option for some, the SNR efficiency of local

surface coil imaging112 is available for all field strengths. Only one paper has applied a

surface coil to measure sodium concentration in calf, facilitating voxels of 0.9×0.9×30

mm3 at 7.0T, and measuring greater sodium concentrations from 40 – 60 mM for men

aged 20 – 80 years7. While this is clearly a large step in the right direction, voxel

dimensions along the thickness of the skin should be reduced even further.

In addition to low sodium concentration, 23Na exhibits very rapid (biexponential) signal

decay in dense macromolecular environments113. Previous skin sodium relaxometry

studies have reported T2fast(14%)=0.5 ms and T2slow(86%)=7.6 ms at 7T7, as well as

T2fast(60%)=0.4 ms and T2slow(40%)=9.3 ms at 4.7T86. However, the widely-adopted Kopp

protocol8 utilizes gradient-echo imaging with a lengthy TE~2 ms. Considerable signal
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loss is expected, and any relaxation change with pathology could bias the tissue sodium

concentration values measured.

The purpose of this work was to: (i) apply TPI91 with TE ~ 0.1 ms to 23Na MRI of the

skin for the first time; (ii) investigate 23Na MRI skin sodium measurement bias by skin

thickness for volume coil imaging of the calf (voxels=1.5×1.5×15 mm3); (iii) demonstrate

increased signal (bias reduction) with SNR-efficient surface coil imaging, facilitating 5×

smaller voxels (0.8×0.8×10 mm3); and (iv) demonstrate further signal increase (bias

reduction) with novel voxel reshaping to match the anatomy of pressed flat skin (0.4×4×4

mm3).

3.2 Methods

A total of 14 healthy adults (aged 21 – 61 years, 8 male, 6 female) were recruited for this

study and informed written consent was received for each participant. Skin sodium

images from the left calf of each volunteer were acquired on a Varian Inova 4.7T

whole-body scanner, but it should be noted that this 23Na imaging protocol study is

applicable to all magnetic field strengths and scanners. Sodium images were first acquired

with a single-tuned birdcage 23Naknee volume coil (diameter=17.8 cm, length=10 cm), as

used in the Kopp protocol8. Volunteers were then removed from the scanner and the

volume coil replaced with a transmit/receive sodium surface coil (diameter = 5 cm). The

calf of each volunteer was marked with a line for magnet isocentre positioning, ensuring
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the same skin tissue was assessed for both 23Na volume coil, 23Na surface coil, and 1H

images (below).

To measure skin thickness, 1H T1 weighted fat-saturated GRE images were acquired on a

3T Siemens Prisma with voxels = 0.31×0.31×5.0 mm3 (interpolated to 0.156×0.156 mm2

in-plane), TR = 7.4 ms, TE = 3.0 ms, flip angle = 6°, and scan duration = 4 min. Skin

thickness measurement was enabled by resting the calf on a flat surface during 1H

imaging, as was done for 23Na MRI (described below). At each pixel location along the

flat skin, image intensity values were interpolated along lines perpendicular (@

pixel-width/4 = 0.039 mm) (Figure 3.1A). Averaging the interpolated values of each

perpendicular line yielded a signal intensity profile across the skin (Figure 3.1B). For this

study, skin thickness is represented by the profile width at 60% of the maximum skin

intensity, a typical halfway value between relative adipose signal and maximum skin

intensity. Note that while the absolute nature of these skin thickness measurements could

not be anatomically confirmed, this method provided consistent analysis of skin thickness

variation between volunteers.

TPI was used for all 23Na MRI acquisitions, enabling TE ~ 0.1 ms, and for each 23Na

image, a total of 6000 TPI trajectories of 9 ms duration fully sampled k-space. A

relatively long TR = 120 ms was selected to avoid T1 weighting, yielding a scan duration

of 12 minutes for each image. A 5% agar phantom with a sodium concentration of 60

mM was used for the purpose of 23Na measurement calibration (T2fast(60%) = 4.3 ms and

T2slow(40%) = 27 ms). The agar phantom filled a 90 mm diameter, 15 mm thick petri dish.

For volume coil imaging, the calf was rested on a platform, and the agar phantom was
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placed 0.3 cm below the calf. For surface coil imaging, the calf was rested on a platform

0.5 cm above the surface coil, while the same agar phantom was placed 0.5 cm below the

surface coil. All images were reconstructed with standard gridding reconstruction,

incorporating zero-filling to an isotropic matrix of 320×320×320.

Three 23Na imaging methodologies were employed (detailed in Table 3.1). (1) The first

23Na image was acquired with a volume RF coil, using 'pencil-shaped’ voxels matching

that of the Kopp protocol5, although here the voxels were ~8 times smaller at

1.5×1.5×15=34 mm3 (VolPencil). The fully-sampled FOV for this image was 16×16×16

cm3. (2) The second 23Na imaging methodology substituted the volume RF coil with the 5

cm diameter surface coil, while maintaining 'pencil-shaped' voxels (SurfPencil). Note,

however, that voxel volume was reduced by 5× to 0.8×0.8×10=6.4 mm3. This was

facilitated by both the greater SNR-efficiency of surface coil imaging, and the smaller

fully-sampled FOV = 8×8×8 cm3 necessary to include all 23Na nuclei excited by the 5 cm

diameter surface coil. (3) The third 23Na imaging methodology substituted the previous

'pencil-shaped’ voxels with ‘pancake-shaped’ voxels having width = 0.4 mm across the

skin for the same voxel volume = 0.4×4×4=6.4 mm3 (SurfPancake). ‘Pancake-shaped’

voxels match the shape of skin (and beneficially fit within the skin) when the skin is

pressed flat on a horizontal surface.

Sodium spin-density quantification with surface-coil imaging requires B1 knowledge,

both in the agar and skin. However, previous work showed that under the influence of

very rapid signal decay, the generation of Mxy will deviate from that of sin(θ), where θ is

the flip-angle86. To investigate B1, two additional SurfPancake images were acquired
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using the same RF power to generate flip-angles of 60o and 120o (i.e. RF pulse durations

= 0.08 ms and 0.16 ms respectively). Region of interest (ROI) values in skin and agar

(described below) for each of the 60o, 90o, and 120o images were fit to a sin(rB1⋅θ)

dependence, where (rB1) is relative B1. As will be shown, agar was well fit by this

standard excitation dependence, but the skin was not. Excitation was then simulated

under the influence of rapid 23Na biexponential relaxation using the tensor operators of

Hancu114. Prescribed 60o, 90o, and 120o flip-angles (of the RF duration specified) were

multiplied by rB1= 0.6 to 1.4 (in 0.01 steps), and simulations performed for the resulting

three flip-angles. The three measured (60o, 90o, and 120o) skin ROI values were then

compared with the three simulated Mxy values at TE to determine the best fitting rB1,

using simple non-linear least square regression. Two measurements of 23Na skin

relaxation were considered for this fitting. The first included T2fast(60%)=0.4 ms and

T2slow(40%)=9.3 ms derived from volume-coil imaging of the knee86. The second used the

same relaxometry method, but in this case data acquisition was specifically focused on

the skin with surface coil acquisition, yielding T2fast(60%)=0.17 ms and T2slow(40%)=12.5 ms
83.

Note that the relaxation measurement of Linz et al7 at 7T cannot be simulated as it does

not describe a homogeneous 23Na environment with a 60%/40% T2fast/T2slow distribution.

As will be shown, simulation using the second relaxation model with T2fast(60%)=0.17 ms fit

the in vivo skin data the best. Sodium values in both skin and agar were then corrected by

sin(rB1⋅θ) for B1+ and by rB1 for B1-, using the rB1 values from this fitting. For

volume-coil imaging, B1 maps were created from two low resolution (6×6×12 mm3)
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images with prescribed flip-angles of 60o and 120o using standard methodology. This

protocol was chosen for the purpose of saving time, with a total scan time = 1.2 minutes.

Intentionally pressing flat the calf skin enabled a thin (2 zero-filled voxels) 0.5 × ~3.5 ×

~3.5 mm3 angled-box ROI to be centered within the skin for average 23Na signal

measurement. Average agar phantom signal was likewise measured with an angled-box

ROI located at the top of the agar phantom, and similarly distanced from the coil as skin

for surface coil imaging. Measured values are given in this study as the skin/agar ratio.

These values could be multiplied by the 60 mM of the agar phantom and stated as TSC

values, however, skin sodium concentration estimation will follow additional

Discussion-based simulation and comparison with experiment. Paired t-tests were used to

investigate differences between all 23Na images. To test for correlation between skin

sodium measurements and skin thickness, age and sex were also included in a multiple

linear regression. This regression was performed for each of the protocols of Table 3.1, as

well as for the 60o and 120o SurfPancake images used for B1 analysis. Given 15 effective

correlation tests over the five images, the multiple comparison corrected significance was

set at p < 0.003.
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Table 3.1: An overview of three 23Na MRI protocols used for skin 23Na investigation.

Protocol Name VolPencil SurfPencil SurfPancake

Coil Volume Coil Surface Coil Surface Coil

Total Scan Time 12 min 12 min 12 min

No. Trajectories 6000 6000 6000

Trajectory Duration 9 ms 9 ms 9 ms

FOV 16×16×16 cm3 8×8×8 cm3 8×8×8 cm3

Voxel Size 1.5×1.5×15 mm3 0.8×0.8×10 mm3 0.4×4×4 mm3

TR 120 ms 120 ms 120 ms

TE 0.13 ms 0.12 ms 0.11 ms

RF Pulse Duration 0.16 ms 0.12 ms 0.12 ms

Flip-angle 90o 90o 90o
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Figure 3.1: Representative images from Volunteer #1 (a 23-year-old healthy male). (A)
1H signal was interpolated across lines perpendicular to the skin (one line per voxel along
the skin). (B) The signal intensity along each line was then averaged to yield a mean
intensity profile across the skin. For this study, the width of the intensity profile at 60%
of the maximum value was chosen to represent skin thickness. Note that 60% is halfway
between relative adipose signal and maximum intensity. For this volunteer, skin thickness
was 1.3 mm. (C) Volume coil sodium images of the calf acquired with 1.5 mm ‘pencil’
voxels across the skin (VolPencil) yielded skin/agar = 0.35 (0.34) for this volunteer. Note
that B1-corrected ratios are given in brackets. (D) Surface coil imaging enabled smaller
0.8 mm ‘pencil’ voxels across the skin (SurfPencil), providing clearer depiction of the
skin and yielding larger skin/agar = 0.56 (0.50). (E) ‘Pancake’ voxel reshaping for 0.4
mm thickness across the skin (SurfPancake) yielded even greater skin/agar = 0.62 (0.55).
(F,G) The additional images used for B1 analysis show elevated skin/agar for 60o

flip-angles, and reduced skin/agar for 120o flip-angles. Note that the surface coil is located
halfway between skin and agar.
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3.3 Results

Figure 3.1 shows representative images from Volunteer #1 (a healthy 23-year-old male).

For this individual, a skin thickness of 1.3 mm was measured from the bottom,

pressed-flat region of the calf indicated (Figure 3.1A-B). The sodium image acquired

with the knee volume coil and 'pencil-shaped’ 1.5×1.5×15=34 mm3 voxels (VolPencil –

Figure 3.1C) yielded SNR = 10.9 and a skin/agar sodium image intensity ratio = 0.35

(0.34). Note that the bracketed values are B1-corrected (discussed below). The switch to

surface coil imaging (SurfPencil – Figure 3.1D) facilitated approximately 5× smaller

voxels (0.8×0.8×10=6.4 mm3) for similar SNR = 12, and yielded considerably greater

skin/agar = 0.57 (0.50). Subsequent voxel reshaping to 0.4×4×4=6.4 mm3 (SurfPancake –

Figure 3.1E) produced even greater skin/agar = 0.62 (0.55). Table 3.2 presents the

skin/agar ratios obtained from the three different 23Na protocols for all 14 participants,

along with skin thickness. For each individual, greater skin/agar is obtained with each

protocol modification from Figure 3.1C to 3.1E.

Surface coil B1 analysis was facilitated by the additional acquisition of 60o and 120o

flip-angle images with the same SurfPancake protocol shown in Figure 3.1E (which used

90o flip-angle excitation). The skin/agar sodium image intensity ratio = 0.78 for the 60o

image (Figure 3.1F) is considerably greater than skin/agar = 0.62 for the 90o image

(Figure 3.1E), which in turn is much greater than skin/agar = 0.43 for the 120o image

(Figure 3.1G). Mean (uncorrected) values for each flip-angle image (across all 14

volunteers) are shown in Figure 3.3A. This points to considerably greater rB1 in skin

compared to agar, even though the surface coil was centered between the skin and the
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agar. Note that if the relative B1s are the same in skin and agar, the skin/agar ratio should

remain constant, regardless of prescribed flip-angle. Fitting the agar ROI measurements

of the θ = 60o, 90o and 120o images with a sin(rB1⋅θ) dependence yielded an average rB1

= 1.02 ± 0.09 (standard deviation) in agar across individuals (Figure 3.2). The same

fitting yielded a much larger average skin rB1 = 1.25 ± 0.09, but a sin(rB1⋅θ)

dependence does not fit the skin ROI measurements well. The data values from the 60o

and 120o images are significantly ‘too high’, while those from the 90o images are

significantly ‘too low’ (p = 0.0002 for each). Simulated excitation under the influence of

skin sodium relaxation of T2fast(60%) = 0.17 ms & T2slow(40%) = 12.5 ms83 yielded the best

fitting and rB1 = 1.21 ± 0.08 across individuals. Although there is considerable

heterogeneity in the rB1 of skin and agar, the difference between the skin and agar values

is quite consistent for each individual; rB1 was 19%±3% greater in skin than agar. Both

skin and agar signal measurements were divided by sin(rB1⋅θ) for B1+ correction, and

by rB1 for B1- correction, using individual rB1 measurements from the best simulation

fitting. Note that the rB1 attained from the best fitting simulation is only 3% less than that

attained with simple sin(rB1⋅θ) fitting, and thus the B1 correction difference between

these two rB1 values will be small, however, best data fitting to the simulation which

includes the skin sodium relaxation of T2fast(60%) = 0.17 ms & T2slow(40%) = 12.5 ms
83 points

to the validity of this relaxation for use in further skin imaging analysis.

Mean B1-corrected skin/agar sodium image intensity was 0.34±0.07 for the VolPencil

protocol, 0.48±0.08 for SurfPencil, and 0.57±0.09 for SurfPancake, each significantly

different (p < 1e-8) (Figure 3.3B). Although there is considerable skin/agar heterogeneity
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across volunteers, each participant demonstrates progressive skin/agar increase from

VolPencil to SurfPencil (44%±16% mean ± std increase) to SurfPancake (additional

20%±9%). Following B1-correction, the 60o SurfPancake image yielded 6.6%±2.7%

greater skin/agar than the 90o image, while the 120o SurfPancake image yielded

6.2%±2.5% less skin/agar than the 90o image (p < 1e-4). These differences between the

B1-corrected images with different flip-angles will be addressed in the Discussion.

Table 3.2 lists skin thickness for each volunteer, with an average study thickness of 1.34

± 0.25 mm (mean ± std). Sodium concentration bias by skin thickness is a primary

concern, given 23Na imaging voxel size, and in Figure 3.4, skin/agar values are plotted

with respect to skin thickness. For the 1.5×1.5×15=34 mm3 voxels of VolPencil, skin/agar

visibly increases with skin thickness (Figure 3.4A), and multiple linear regression testing

(additionally accounting for age and sex) yields significant correlation between skin

thickness and skin/agar measurement at an estimated rate (and standard error) of

0.19±0.05 /mm (at multiple comparison corrected p < 0.003). This amounts to a 56%

increase from the skin thickness of 1 mm to 1.8 mm (the approximate range measured in

this paper). Measured skin sodium is also visibly dependent on skin thickness for the 5×

smaller (0.8×0.8×10=6.4 mm3) pencil voxels of SurfPencil (Figure 3.4B), yielding

significant correlation at 0.22±0.05 /mm (p < 0.003), or a 44% increase from 1 mm to 1.8

mm skin thickness. However, when voxels are altered to a pancake-like shape matching

skin (0.4×4×4=6.4 mm3), skin/agar no longer significantly correlates with skin thickness.

This is true for each SurfPancake image regardless of flip-angle (Figure 3.4C-E).

Multiple linear regression did not yield a significant skin/agar correlation with sex or age
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(at multiple comparison corrected p < 0.003). However, across all 5 protocols, a skin/agar

correlation with age is strongly suggested, even though the number of older volunteers is

small.

Example images in Figure 3.5 highlight skin/agar sodium intensity differences between

thicker (1.5 mm) and thinner (1.0 mm) skin for two similarly aged females. For the

VolPencil protocol, the thicker skin yields 44% greater B1-corrected skin/agar. However,

the relative difference is much smaller for the SurfPancake (90o) protocol where

B1-corrected skin/agar = 0.52 for the thicker skin is only 16% greater than skin/agar =

0.45 for the thinner skin. This points to reduced 23Na measurement bias by skin thickness

for surface coil imaging with voxels reshaped for a small (0.4 mm) dimension across the

skin.
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Table 3.2: Skin thickness and skin/agar ratios for all volunteers.

Volunteer# Sex

Age

(years)

Skin

Thickness

(mm)

Skin/Agar (B1-Corrected in Brackets) Relative

Surface Coil

B1

Skin (Agar)

VolPencil SurfPencil SurfPancake

1 Male 23 1.30 0.35 (0.34) 0.57 (0.50) 0.62 (0.55) 1.20 (1.01)

2 Male 27 1.10 0.25 (0.25) 0.43 (0.40) 0.54 (0.50) 1.27 (1.08)

3 Male 27 1.20 0.32 (0.32) 0.53 (0.46) 0.66 (0.57) 1.14 (0.96)

4 Male 27 1.22 0.31 (0.30) 0.62 (0.49) 0.69 (0.55) 1.04 (0.85)

5 Male 22 1.56 0.29 (0.28) 0.53 (0.46) 0.57 (0.49) 1.18 (0.98)

6 Female 23 0.98 0.25 (0.25) 0.38 (0.33) 0.53 (0.45) 1.18 (0.98)

7 Female 26 1.26 0.34 (0.33) 0.47 (0.41) 0.57 (0.50) 1.21 (1.00)

8 Female 23 1.53 0.34 (0.33) 0.50 (0.48) 0.58 (0.56) 1.33 (1.15)

9 Female 23 1.22 0.30 (0.29) 0.48 (0.49) 0.61 (0.62) 1.40 (1.23)

10 Female 24 1.46 0.37 (0.36) 0.51 (0.45) 0.58 (0.52) 1.18 (1.01)

11 Male 46 1.81 0.51 (0.51) 0.78 (0.67) 0.90 (0.78) 1.18 (0.98)

12 Male 61 1.44 0.49 (0.48) 0.63 (0.57) 0.76 (0.70) 1.24 (1.06)

13 Male 53 1.68 0.43 (0.40) 0.68 (0.57) 0.79 (0.66) 1.15 (0.95)

14 Female 56 0.96 0.30 (0.29) 0.46 (0.42) 0.61 (0.57) 1.24 (1.07)
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Figure 3.2: Simulated Mxy is plotted following prescribed flip-angles of 60o, 90o and
120o, where the actual flip-angle = rB1⋅θ. The dotted line is the ideal excitation case of
Mxy=sin(rB1⋅θ). The dashed line includes excitation simulation under the influence of
T2fast(60%) = 0.4 ms and T2slow(40%) = 9.3 ms

86, while the solid line includes simulation with
T2fast(60%) = 0.17 ms and T2slow(40%) = 12.5 ms

83. Note that the scaling of the plots along the
x-axis reflects the actual flip-angle range (in brackets) associated with rB1 for each
prescribed flip-angle. The locations on each plot where rB1=1.0 are indicated with a
vertical line. Mean residuals (across individuals) from agar ROI fitting to sin(rB1⋅θ) are
shown in red (± stdev), and are plotted with respect to sin(rB1⋅θ) at the mean rB1=1.02
locations. The mean residuals from the agar fitting are not significantly different than
zero, and thus straddle the sin(rB1⋅θ) curve. However, skin (blue) ROI fitting to
sin(rB1⋅θ) yields systematic regression offsets, i.e. the regression residuals are
significantly different than zero (p = 0.0002 for all). Skin ROI data better fits the
simulation which includes T2fast= 0.4 ms

86
,but the residuals are still significantly (and

systematically) different than zero (p = 0.02 for all). Finally, skin ROI data best fits the
simulation which includes T2fast= 0.17 ms

83. Here regression residuals are not
significantly different than zero and thus straddle the simulation line. This best fitting case
yielded an average rB1 = 1.21 ± 0.08, a value 19%±3% greater than the rB1 = 1.02 ± 0.09
in agar.
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Figure 3.3: (A) Raw (uncorrected) skin/agar sodium image intensity values. (B)
Following B1 correction, the 0.8×0.8×10=6.4 mm

3 voxels of the SurfPencil protocol yield
44%±16% greater skin/agar than the 5× larger 1.5×1.5×15=34 mm3 voxels of VolPencil.
Pancake voxel reshaping to 0.4×4×4=6.4 mm3 yields an additional 20%±9% greater
skin/agar for SurfPancake (90o) compared to SurfPencil. The B1 corrected values of the
SurfPancake 60o, 90o and 120o images exhibit a near linear decrease with flip-angle. The
skin/agar value of SurfPancake (90o) is 6%±2% less than SurfPancake (60o), while the
skin/agar value of SurfPancake (120o) is 6%±2% less than SurfPancake (90o).
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Figure 3.4: (A) Skin/agar sodium image intensity correlates with skin thickness for the
volume-coil (VolPencil) protocol with 1.5×1.5×15=34 mm3 voxels, when age and sex are
also taken into account within a multiple linear regression (p < 0.003, for multiple
comparison correction). The linear relationship of this regression yields a 56%±19%
(standard error) increase over the range of skin thicknesses measured in this study
(~1.0–1.8 mm). (B) The smaller 0.8×0.8×10=6.4 mm3 voxels of the SurfPencil protocol
also yield significant correlation between skin/agar and skin thickness, but at a smaller
44%±12% image intensity increase from 1.0–1.8 mm. (C-E) The shift to 0.4×4×4=6.4
mm3 pancake-shaped voxels results in loss of significant correlation between skin/agar
image intensity and skin thickness. While a skin/agar correlation with skin thickness
appears evident in (C-E), multiple linear regression also suggests strong skin/agar
dependence on age, although, with only 4 older volunteers, this is not significant at
p < 0.003. Visual analysis of just the younger volunteers also suggests minimal skin/agar
correlation with skin thickness in (C-E).
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Figure 3.5: (A) 1H images from two similarly aged young adult females demonstrate
visibly different skin thickness (i.e. the skin thickness of volunteer #10 is 50% greater
than that of volunteer #6). (B) The VolPencil sodium image from volunteer #10 with
thicker skin yields 44% greater B1 corrected Skin/Agar sodium signal = 0.36 than the
image from volunteer #6 which yields Skin/Agar = 0.25. (C) However, when the
SurfCoilPan90 protocol is used, the B1 corrected Skin/Agar = 0.52 from volunteer #10 is
only 16% greater than the B1 corrected Skin/Agar = 0.45 from volunteer #6. Reduced
relative Skin/Agar difference between volunteers with different skin thickness for the
pancake shaped voxels points to reduced bias by skin thickness. Note that the spatial
scale is the same for each image.
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3.4 Discussion

Surface-coil imaging with (0.4×4.0×4.0=6.4 mm3) pancake-shaped voxels (SurfPancake)

yielded the greatest B1-corrected skin/agar sodium image intensity, with mean values

68% greater than volume-coil imaging with (1.5×1.5×15=34 mm3) voxels (Figure 3.3B).

This increase points to a reduction in signal loss (bias) for thin skin imaging with 0.4 mm

thick voxels across the skin. Multiplying the mean skin/agar sodium intensity =

0.57±0.09 for SurfPancake (90o) with the agar concentration of 60 mM yields an apparent

TSC of 34.2±5.4 mM. This is greater than previous measurements of ~20 mM using the

standard gradient-echo method with 3×3×30 mm³ voxels and TE ~ 2 ms5,8,12,48,52,57,106, but

it is still substantially less than the ~85 mM expected from atomic absorption

spectroscopy (~77 mmole/kg)8 and skin density (1.1 kg/L)67. While previous TSC

calculations have been based on negligible relaxation effect between skin and agar at TE

~ 2 ms8, here, the skin relaxation of T2fast(60%) = 0.17 ms and T2slow(40%) = 12.5 ms
83 that best

fit surface-coil B1 experiment is expected to have much greater signal impact than the

agar relaxation of T2fast(60%) = 4.3 ms and T2slow(40%) = 27 ms, even for the short TE ~ 0.1 ms

of TPI. It is for this reason that simple TSC calculations were not presented in the Results

and Figures. Here, the effect of rapid biexponential 23Na relaxation is investigated for the

images of this study, alternative skin sodium MRI methods proposed, and ‘relaxation

compensated’ TSC estimates generated.

Figure 3.6A demonstrates the simulated creation of Mxy during an RF pulse under the

influence of the skin sodium relaxation described above. For smaller ω1 (i.e. longer RF

pulses), the shape of RF excitation is shifted away from that of a sinusoid. The maximum
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Mxy generated is reduced from 1.0, and the maximum location is shifted to flip-angles less

than 90o. Note that it is the altered excitation shape of the ω1 = 2500 Hz excitation profile

that best fits the image intensities of the (prescribed) 60o, 90o and 120oSurfPancake

images in Figure 3.4. For small flip-angles, Mxy is very similar to that of , but as𝑠𝑖𝑛(θ)
the RF pulse progresses, the relative difference between Mxy and increases. Figure 3.6B

demonstrates that the Mxy decrease from during the RF pulse is approximately𝑠𝑖𝑛(θ)
linear in this case. From this figure, Mxy following the 73

o flip-angle in skin of the

SurfPancake (60o) protocol (including the average = 1.21 in skin) is 87% of , i.e. a 13%

signal loss compared to environments like agar that yield Mxy according to . Mxy

following the 109o flip-angle of the SurfPancake (90o) protocol is 82% of (an 18% signal

loss), and Mxy following the 145
o flip-angle of the SurfPancake (120o) protocol is 77% of .

This flip-angle dependent signal loss matches that of the B1-corrected SurfPancake

images in Figure 3.3B. The (prescribed) 90o images yield a mean skin/agar value

6%±2% less than the 60o images, while the 120o images yield a mean skin/agar 6%±2%

less than the 90o images. This decrease can also be seen across individual volunteers in

Figure 3.4C-E.

In Figure 3.6A-B, larger flip-angles are inherently associated with longer RF pulse

duration, and hence TE. Calculating signal loss at the end of the RF pulse according to

[3.1]𝑀𝑥𝑦(τ𝑅𝐹/2) =  0. 6𝑒𝑥𝑝(− τ𝑅𝐹/2𝑇2𝑓𝑎𝑠𝑡 ) + 0. 4(− τ𝑅𝐹/2𝑇2𝑠𝑙𝑜𝑤 )
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where is the duration of the RF pulse, results in = 0.87, 0.82 and 0.77τ𝑅𝐹 𝑀𝑥𝑦(τ𝑅𝐹/2) 
respectively for = 0.08 ms (60o), 0.12 ms (90o), 0.16 ms (120o). These are the sameτ𝑅𝐹
relative Mxy values given above and in Figure 3.6B. Thus, the standard calculation of Eq.

3.1 is sufficient to describe signal loss at the end of the RF pulse, and the trends of Figure

3.6A-B. However, it should be noted that the Mxy produced at the end of the RF pulse

will still decay according to Eq. 3.1 after the RF pulse. In other words, the signal loss

during the RF pulse “reduces both the fast and slow decaying components of Mxy

equally”. This is demonstrated in Figure 3.6C with continued simulation following the

RF pulse. Thus, to calculate signal loss at TE, where TE = /2 + TD (and TD is a delayτ𝑅𝐹
following the RF pulse), one must first calculate and then from the𝑀𝑥𝑦(τ𝑅𝐹/2) 𝑀𝑥𝑦(𝑇𝐷)
end of the pulse. This is a unique requirement for the inherent biexponential relaxation of

spin 3/2 (i.e. it is not necessary for monoexponential relaxation). Even if TE is held

constant at a relatively long value (for example, 2 ms) the duration of the RF pulse (which

may be much smaller than TE) may still substantially impact the value of Mxy at TE. RF

pulse durations should be reported for 23Na studies. Depending on RF pulse duration, the

Mxy at TE = 2 ms (which is commonly used by previous studies5,8,9,11,12,41,47–50,52,54,57–59,106)

may only be 25% of Mo (Figure 3.6C), or less (for even longer RF pulses). Following a

delay of 46 µs, the VolPencil and SurfPancake (90o) protocols yield Mxy values 66% and

70% of Mo (Figure 3.6C). One approach to minimize signal loss during RF excitation is

to implement even shorter, higher power RF pulses. In this study, RF power for

surface-coil imaging was not constrained by SAR, but by surface-coil hardware

limitation. Alternatively, smaller flip-angles also yield shorter RF pulses and less signal
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loss. Techniques like single-point-imaging have used very small flip-angles for

quantitative 23Na imaging in the past115, the drawback being less absolute signal and SNR.

Finally, for completeness, it should be noted that tensor operator simulation does indicate

that a small T31magnetic moment is present by the end of the RF pulse
114, which will

slightly alter Mxy decay following the RF pulse, but this effect is small (in this context),

decreasing the fast decaying fraction to 59% for SurfPancake (60o), and increasing it to

61% for SurfPancake (90o) and 62% for SurfPancake (120o).

To investigate the skin/agar sodium intensity dependence on skin thickness, simulated

imaging was performed using the relative Mxy values of the protocol readouts given in

Figure 3.6C. Numerical boxes with width = 3,4,5,6,7,8 voxels were created within the

context of a 320×320×320 matrix for surface coil imaging and a 640×640×640 matrix for

volume coil imaging, yielding widths = 0.75,1.0,1.25,1.5,1.75,2.0 mm for the associated

FOVs of 80 mm and 160 mm, respectively. Lengths in the other two dimensions were 60

mm in each case. The k-space of these six simulated skin boxes was sampled (using the

methodology of116) and multiplied by the relative Mxy of Figure 3.6C. Images were

created with standard gridding reconstruction. Note that the image intensity = 1.0 (at the

centre of sufficiently thick simulated skin) when k-space is not multiplied by the relative

Mxy of Figure 3.6C. Reduction from 1.0 is a result of both reduced Mxy at the centre of

k-space and PSF related signal smearing beyond the boundaries of the skin. Both the

VolPencil and SurfPencil protocols demonstrate clear image intensity increase with

simulated skin thickness (Figure 3.7A,B). However, the SurfPancake protocol exhibits an
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image intensity that appears constant over skin thicknesses from 1.0 mm to 2.0 mm, at a

relative image intensity value of approximately 0.35 (Figure 3.7C).

Simulated skin image intensity values are plotted in Figure 3.8, where values were

measured using the same ROI analysis as the in vivo skin experiment. In Figure 3.8A,

these values are interpolated at the mean skin thickness = 1.34 mm measured in this

study. At this thickness, simulated skin image intensities were 0.19, 0.30 and 0.36

respectively for the VolPencil, SurfPencil, and SurfPancake (90o) images. This amounts to

a 55% image intensity increase from VolPencil to SurfPencil, and a 20% increase from

SurfPencil to SurfPancake. These increases are similar to the 44%±16% and 20%±9%

increases measured experimentally across all 14 volunteers (Figure 3.3B). Figure 3.8B

shows that across the skin thickness range measured in this study (1 mm to 1.8 mm), the

simulated image intensity of the VolPencil protocol increases 65% in a near linear

fashion. SurfPencil increases 38% over this range, while SurfPancake increases only 5%.

These image intensity increases with skin thickness are similar to those associated with

multiple linear regression in Figure 3.4, i.e. 56%±19% for VolPencil and 44%±12% for

SurfPencil, and no significant increase for SurfPancake. Similarities between simulation

and experiment suggest that simulation may be a useful tool to explain 23Na signal loss in

skin. Small differences between simulation and experiment may be associated with skin

thickness measurement error, varying 23Na relaxation between individuals, and partial

volume averaging of skin with adjacent 23Na signal from adipose tissue (including signal

from blood vessels etc) in vivo.
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Even though there are five 0.4×4×4 voxels across 2 mm thick skin for the SurfPancake

(90o) protocol, the relative image intensity at the centre of 2 mm thick skin is only 0.37

(Figure 3.8C). Given that Mxy = 0.70 at the centre of k-space (Figure 3.6C), this amounts

to an additional 53% image intensity loss associated with PSF smearing. Very rapid

signal decay around the centre of k-space will spread the signal associated with T2fast well

beyond this skin. Thus the short TE ~ 0.1 ms of TPI does not provide the reduced signal

loss advantage one might expect from short TE in this context of 23Na skin imaging.

Minimizing PSF smearing for very rapid T2fast may require techniques that employ

single-point imaging around the centre of k-space with very short delay following

excitation for each point117. Although signal is weighted lower by rapid T2fast decay, the

0.4×4×4 voxels of the SurfPancake protocol yield the advantage of near constant

weighting over the skin thickness measured in this study (1 mm to 2 mm in the

simulation of Figure 3.8B). Very large voxels of other volume-coil gradient-echo

methods (i.e. 3×3×30 mm3 8) would be expected to yield signal bias directly related to

skin thickness, i.e. 1.8 mm thick skin would fill 80% more of a voxel that 1 mm thick

skin, and thus the voxel will have 80% greater intensity for 1.8 mm thick skin.

Pathologies yielding edema42,118,119 are a particular concern. Recent ultrasound study

measured a skin thickness increase from 1.4 mm to 2.2 mm in healthy volunteers with

histamine induced edema120. For large voxel 23Na MRI, skin thickness change resulting

from edema would be reflected as a TSC increase. Thus, surface coil imaging for greater

SNR efficiency (as suggested by7), and voxel shaping to match pressed flat skin with
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small voxel dimensions across the skin, yields a valuable approach to 23Na imaging of

skin for reduced TSC measurement bias by skin thickness.

Given the good correspondence between experiment and simulation in this study, the

simulated relative sodium intensity values at the mean skin thickness = 1.34 mm in

Figure 3.8A were used to estimate skin TSC = 93±15 mM from the mean skin/agar

sodium intensity values of the SurfPancake protocol in Figure 3.3B, a value in the range

of the 85±18 mM from absorption spectrometry (77±16 mmol/kg8) and skin density (1.1

kg/L67). While producing TSC estimates using simulated signal loss from average skin

sodium relaxation measurement is interesting, it does not account for skin sodium

relaxation differences between individuals, or (more importantly) potential change with

pathology.

This study investigated 23Na MRI in skin and confirmed with simulation that sodium

image intensity loss and bias by skin thickness (which was shown to vary from 1 mm –

1.8 mm across individuals in this study) can be reduced with SNR-efficient surface coil

imaging and high resolution ‘pancake’ voxel reshaping for small voxel dimensions across

the skin. Simulation trends that matched experiments suggest that even TPI with TE ~

0.1 ms is associated with considerable rapid biexponential relaxation related weighting.

However, this weighting can be compensated if it is known. Future studies might consider

imaging methodology that measures 23Na relaxation for each individual to facilitate

‘within-volunteer’ correction for accurate TSC quantification.
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Figure 3.6: (A) The relative Mxy created during an excitation pulse is reduced from a
dependence when skin relaxation with T2fast(60%) = 0.17 ms and T2slow(60%) = 12.5 ms

83 is
included in simulation. The maximum signal is also shifted to lower flip-angles. This
reduction and shift is greater for lower power RF pulses (i.e. lower ω1). Note the ω1 =
2500 Hz curve fits the skin B1 analysis experiment of Figure 2B. (B) The normalized (by
sin(θ) ) Mxy decreases approximately linearly with a flip-angle over the range shown. The
flip-angles achieved in skin with the SurfPancake protocol are plotted on this figure (note
that flip-angles of 60o, 90o, and 120o were specified, and the average relative B1 measured
in skin was 1.21). Following B1

+ correction (i.e. division by sin(θ)), simulation suggests a
6.8% signal decrease from SurfPancake (60o) to SurfPancake (90o), and a 5.8% signal
decrease from SurfPancake (90o) to SurfPancake (120o). These values are very similar to
the measured signal decrease between protocols given in Figure 3B. (C) Simulation
following the RF pulse demonstrates that signal loss during the RF pulse is associated
with approximately equal reduction of both the fast and slow decaying components of
Mxy. Fitting the signal decay following excitation yields the same T2fast and T2slow as the
simulation model (listed above), but slightly different T2fast fractions of 58.5% for
SurfPancake (60o), 60.8% for SurfPancake (90o), 61.8% for SurfPancake (120o), and
60.1% for VolPencil (90o). The relative Mxy values during the identified readout were used
for subsequent simulated imaging.
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Figure 3.7: (A) Simulated images of skin were created by sampling k-space of S×60×60
mm3 numerical boxes (with intensity = 1.0), where ‘S’ is skin thickness ranging from
0.75 mm to 2.0 mm. k-Space values were then multiplied by the simulated relative Mxy

over the duration of the readout, as depicted in Figure 3.6C. Simulated imaging yields
progressively greater image intensity with skin thickness increase from 0.75 mm – 2.0
mm for the VolPencil voxels (1.5×1.5×15 mm3). Note that on each plot, a white box is
used to demarcate the simulated skin thickness (and only the skin thickness, not the
width). Image intensity reduction from 1.0 (the true simulated skin signal value) is
associated with both relative Mxy reduction at the centre of k-space (as identified in
Figure 3.6C), and point spread function related smearing, which distributes the skin
signal beyond the thickness of the skin. (B) The smaller SurfPencil voxels (0.8×0.8×10
mm3) exhibit less signal smearing and greater relative intensity values within the skin. (C)
The reshaped SurfPancake voxels with thickness of 0.4 mm across the skin yield even
less signal smearing beyond the skin. Across skin thicknesses from 1.0 mm – 2.0 mm, the
relative image intensity in the simulated skin appears quite consistent around the value of
0.35 (i.e. only ~ 1/3 of full value).
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Figure 3.8: Simulated image intensities (from Figure 3.7) were measured in a (2
zero-filled voxel thick) ROI at the centre of skin (as for volunteer analysis), and are
plotted here across skin thickness. Note that image intensity reduction from 1.0 represents
signal loss with respect to Mo. At the average skin thickness of 1.34 mm (in this study),
the VolPencil, SurfPencil, and SurfPancake (90o) protocols exhibit relative image
intensities of only 0.19, 0.30, and 0.36, respectively. This amounts to a 55% image
intensity increase for the SurfPencil protocol over the VolPencil protocol, and a further
20% increase for the SurfPancake (90o) protocol over SurfPencil (black arrows in figure).
These increases are in the range of the average skin/agar increases in Figure 3.3B. Over
the approximate skin thickness range in this paper (1.0 mm to 1.8 mm), image intensities
of the VolPencil, SurfPencil, and SurfPancake (90o) protocols increase 65%, 38%, and
5%, respectively (coloured arrows). These increases are in the range of the regressed
skin/agar increases from 1.0 mm to 1.8 mm listed for each protocol in Figure 3.4.
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4 Conclusions

This study introduces significant advancements in the quantification of skin sodium

concentrations through sodium MRI, improving upon the widely adopted volume coil

protocol with low spatial resolution at 3×3×30 mm3 and long TE at 2 ms. The proposed

approach addresses limitations in the conventional methods by utilizing a combination of

a twisted projection imaging (TPI) sequence and a surface coil, in contrast to the

previously used volume coil and gradient echo (GRE) sequence. This method enhances

signal capture by taking advantage of the short echo time (TE=0.1 ms), which is essential

given the short biexponential T2 relaxation times in skin (T2fast=0.17 ms, T2slow=12.5 ms83).

The application of a surface coil (along with smaller fully sampled FOV) allowed for the

use of smaller voxel sizes, specifically reshaped to dimensions of 0.4×4×4=6.4 mm³ (42×

smaller voxel volume than Kopp protocol with similar scan time of ~ 12 minutes),

significantly enhancing the signal-to-noise ratio (SNR) and improving skin tissue sodium

concentration (TSC) measurement accuracy compared to the traditional volume coil

protocol. The improved methodology which combined TPI, surface coil, flat

‘pancake-shaped’ voxels (SurfPancake) yielded skin TSC at 34 mM, this is higher than

previous ~12-21 mM measured by the widely-adopted Kopp protocol, but still much

lower than 85 mM expected from atomic absorption spectroscopy. Additionally, this

study investigated the influence of skin thickness on TSC measurements, an important

factor for bias that was not fully addressed in previous studies. Although the use of a

short RF pulse duration reduced signal loss, there were still challenges in compensating

for the sodium signal loss during RF excitation due to the very rapid biexpoential decay
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in skin. PSF smearing also further contributes to signal loss. RF pulse length could be

reduced by developing surface coil that can endure more RF power, or introducing

smaller flip angles. Relaxation-based compensation was employed to recover a

substantial amount of signal, yielded average TSC of 95 mM, which is similar to previous

values obtained using atomic absorption spectroscopy (85 mM).

Despite these advancements, several limitations were encountered. The study's small

sample size, particularly the limited number of older female volunteers, restricted our

ability to assess variations in skin sodium concentrations across different ages and sexes.

Furthermore, the agar phantoms used for calibration posed challenges due to mold

growth and dehydration, which led to inconsistencies in sodium quantification. Future

research could benefit from using sodium-free agar to allow for more controlled sodium

concentration adjustments.

These findings suggest promising future research directions, including the development

of RF coils capable of enduring shorter RF pulses and measuring individual relaxation

parameters for signal compensation. This study lays the groundwork for more accurate

and reliable skin sodium measurements, providing a foundation for future advancements

skin TSC quantification.

In conclusion, the advancements proposed in this study present a significant leap forward

in skin sodium quantification methods, offering enhanced accuracy and potential

applications in clinical and research settings. Encouraging pilot data indicates that this

improved methodology could be utilized in future studies to explore age-related changes,
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sex differences, and a variety of clinical disorders where previous low-resolution

protocols have implicated sodium abnormalities.
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