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Purpose: Quantitative Susceptibility Mapping (QSM) is an emerging technique sen-
sitive to disease-related changes including oxygenation. It is extensively used in brain
studies and has increasing clinical applications outside the brain. Here we present the
first MRI acquisition protocol and QSM pipeline optimized for the head-and-neck
region together with a repeatability analysis performed in healthy volunteers.
Methods: We investigated both the intrasession and the intersession repeatabil-
ity of the optimized method in 10 subjects. We also implemented two, Tikhonov-
regularisation-based susceptibility calculation techniques that were found to
have higher contrast-to-noise than existing methods in the head-and-neck region.
Repeatability was evaluated by calculating the distributions of susceptibility differ-
ences between repeated scans and the corresponding minimum detectable effect sizes
(MDEs).

Results: Deep brain regions had higher QSM repeatability than neck regions. As ex-
pected, intrasession repeatability was generally better than intersession repeatability.
Susceptibility maps calculated using projection onto dipole fields for background
field removal were more repeatable than using the Laplacian boundary value method
in the head-and-neck region. Small (short-axis diameter <5 mm) lymph nodes had
the lowest repeatability (MDE = 0.27 ppm) as imperfect segmentation included
some of the surrounding paramagnetic fatty fascia, highlighting the importance of
accurate region delineation. MDEs in the larger lymph nodes (0.16 ppm), subman-
dibular glands (0.10 ppm), and especially the parotid glands (0.06 ppm) were much
lower, comparable to those of the brain regions.

Conclusions: The high repeatability of the acquisition and pipeline optimized for

QSM will facilitate clinical studies in the head-and-neck region.
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1 | INTRODUCTION

Quantitative Susceptibility Mapping (QSM) is a recent tech-
nique that calculates tissue magnetic susceptibility maps from
MRI phase images. 14 Susceptibility maps can reveal disease’
related changes in tissue iron, myelin and calcium content,
and venous oxygenation.S'9 Therefore, QSM shows prom-
ise for several clinical applications10 including in Multiple
16 and Huntington’s17 diseases.

Recently, this technique has been increasingly applied in
parts of the body other than the brain, for example, to detect
calcifications, or measure liver iron content”'3%0 As QSM is
a complicated, multi-step processing pipeline with a pleth-
ora of state-of-the-art methods for each stf:p,21'23 the pipeline
needs to be carefully optimized for each anatomical region.
Furthermore, it has been shown that MRI acquisition parame-
ters, such as image resolution or coverage,24'26 also influence
the quality of the resulting susceptibility maps. Therefore, the
acquisition protocol also needs to be tailored for different an-
atomical regions. Finally, though many studies have shown
QSM to be highly repeatable in the brain,*’ % repeatability
analyses of QSM in anatomical regions outside the brain have
not yet been performed.

Here we present the first MRI acquisition protocol and
susceptibility mapping pipeline optimized for the head-
and-neck (HN) region.33 Performing QSM in this anatomical
region is particularly challenging due to unavoidable motion
artifacts (eg, due to swallowing), large background fields in-
duced by the many tissue-air interfaces (eg, oropharyngeal
air spaces), and chemical-shift artifacts introduced by fatty
tissue. We also present two implementations (one based on
direct k-space inversion and one based on iterative fitting
in image space) of the Tikhonov-regularized susceptibility
calculation method™** including correction for inherent sus-
ceptibility underestimation® that outperformed other state-
of-the-art susceptibility calculation methods in the HN region
in terms of contrast and noise. We evaluated the repeatability
of this optimized acquisition and QSM pipeline in healthy
volunteers.>® We investigated both the intrasession and inter-
session repeatability of the susceptibility in brain and neck
regions and compared the mean and median susceptibility as
summary measures in regions of interest (ROIs).

Sclerosis,1 I3 parkinson’

2 | METHODS

2.1 | Data acquisition
The local ethics committee approved this study and informed
consent was obtained from all participants.

Multi-echo head-and-neck (HN) images were acquired in
10 healthy volunteers (age range: 23-30 years, seven females
and three males) at 3-T (Achieva, Philips Healthcare, NL)

using a 3D gradient-echo pulse sequence tailored for struc-
tural HN QSM and a 16-channel HN receiver coil.* Coronal
orientation (readout = head-foot direction) with a field-of-
view = 24 cm X 24 cm X 22 cm was used to avoid wrap-
around artifacts. A SENSE acceleration factor = 2%’ in the
right-left (first phase encoding) direction and 1.25 mm isotro-
pic resolution were selected based on a preliminary compar-
ison of images (Supporting Information Figures S1 and S2)
acquired at different resolutions (1-1.5 mm isotropic vox-
€1S267) and SENSE acceleration factors (1-2 in both phase
encoding directions). These optimized parameters provided
sufficient signal-to-noise ratio while, at the same time, pro-
viding susceptibility maps that were not substantially influ-
enced by partial volume effects?® or motion artifacts. Using
in-phase echo timing (TE; = ATE = 4.61 ms) was found to
be the most robust way to remove the chemical shift-induced
phase differences between fatty and water-based tissues.*
Four echoes, TR = 22 ms, and flip angle = 12° were selected
for a clinically feasible scan time of 6 minutes and 4 seconds.
Vendor-supplied first order gradient-moment nulling on the
first echo (flow compensation) was used which resulted in
first order gradient moments at all four echo times being very
close to zero.

All 10 volunteers were scanned using the parameters de-
scribed above at two sessions a week apart, three times per
session to investigate both intersession and intrasession re-
peatability of susceptibility mapping in the HN region in
healthy volunteers (Figure 3B).

2.2 | Susceptibility mapping pipelines
Susceptibility maps were calculated from all complex, multi-
echo images using susceptibility mapping pipelines opti-
mized for HN images.”* Nonlinear field fitting®®* was used
to estimate the field map as this technique can be applied
directly to the complex data without having to unwrap the
acquired phase images at each echo separately. Although
almost instantaneous, Laplacian-based techniques do not
preserve the linearity of the phase over echo times* so, for
accurate results, they can only be applied after field fitting.
Separate unwrapping would require the use of a region grow-
ing approach that could take up to 20 minutes all echoes in
a multi-echo HN image.41 Nonlinear field fitting provided a
quick and robust way of estimating field maps. The residual
wraps were then removed using LPU as this method proved
to be faster and more robust in the highly wrapped HN region
than region-growing techniques (Supporting Information
Figure S3).

In a preliminary optimisation of background field re-
moval techniques for the HN region, we compared a range
of techniques throughout a numerical HN phantom. Our
results in the brain were in good agreement with the more
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comprehensive comparison of Schweser et al.”? We found
that Projection onto Dipole Fields** (PDF) and the Laplacian
Boundary Value (LBV) method* provided the most accurate
local field maps. Here we compared these two background
field removal techniques in terms of QSM repeatability. HN
tissue masks were generated by thresholding the inverse noise
map (which is an output of the nonlinear fitting algorithm 39
and is calculated using noise propagation34) at the mean of
the inverse noise across the image to exclude areas of high
noise. This simple method provided suitable tissue masks for
robust background field removal in each volunteer.

We selected candidate susceptibility calculation meth-
ods based on a previous comparison performed in in vivo
HN images (Figure 1). The methods we had compared were
Truncated K-space Division' (TKD, using a threshold of

Direct k-space inversion methods

FIGURE 1 Preliminary comparison

of TKD (A), direct Tikhonov (B), iterative
Tikhonov (C), MEDI (D), and iLSQR

(E) as susceptibility calculation methods

in the head and neck.*® The computation
times measured on a PC with an Intel

Xeon processor with 32 GB RAM and an
NVIDIA Quadro K420 GPU are displayed
in the bottom right corner of each image.
The yellow arrows shows streaking artifacts
in the TKD result. The black arrows indicate
lower susceptibility contrast of the putamen
and in the white matter in the MEDI and
iLSQR results. The orange ellipses highlight

Iterative fitting methods

noisy regions in the neck in the iLSQR
result

A TR

0 = 2/3 and correction for susceptibility underestimation™),
Morphology Enabled Dipole Inversion** (MEDI, with a reg-
ularisation parameter of 4 = 160 determined using L-curve
optimisati0n45), and iLSQR™® as these are high-performing
and widely used techniques within the QSM community.23
We also included Tikhonov regularisation3’23’34 as a candi-
date susceptibility calculation technique. This method aims
to solve the following minimisation problem:

. 2
argmin | MW (B, — By - (d = )|, +a x5 (1)
x

where y is the susceptibility map, d is the unit dipole field, B,
is the local field map obtained after the background field re-
moval step, B is the main magnetic field strength, M is a binary

rect Tikhonov

(B) Di

0.25

-0.25
ppm

(E) iLSQR
0.4
0.2

-0.2
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0.25
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tissue mask, W is a weighting term accounting for the spatially
varying noise level, and « is the regularisation parameter. This
problem can be solved either iteratively using conjugate gra-
3447 or, if both the binary tissue mask (M)
and the weighting matrix (W) are set to 1, y can be calculated
directly in k—spaceS‘23 using:

1 D
-1

x=F" 4945
{Bo D*+a

dient minimisation,

-F {Blocal} } (2)

where F and F~! denote the Fourier and inverse Fourier trans-
form, respectively, and D = F {d} is the dipole field in k-space.
Here we included correction for susceptibility underestimation
as described in® by multiplying the results of both approaches
by 1/p(0, @) where the point-spread function is:

2
p(r, @) =F~! {Dia } 3

Both techniques were included in the preliminary comparison
(Figure 1) with @ = 0.11 and 0.04 (determined using L-curve
0ptimisati0n45) for the iterative and direct approaches, respec-
tively, and W = the inverse noise map>** for the iterative
version. For the iterative version, the conjugate gradient mini-
misation was stopped when the norm of the residuals decreased
below 6% of the norm of the local field map. Generally, the
fitted susceptibility map did not change much for iterations
close to this point and much later stopping led to overfitting.
The same tissue mask was used as for background field removal
as described above. Zero padding to a matrix size of 256 X
256 x 256 (from the original 192 x 192 x 176) was applied
before using either TKD or the direct Tikhonov susceptibility

ROIs in the first acquired image

a) FSL FIRST
on the first-echo
magnitude image*

c¢) Checking
by clinician

Brain regions

b) Manual
segmentation

Submandibular

Lymph nodes Parotid glands glands

d) Segmentation
propagation

e) Checking

f) Adjusting

calculation technique to avoid errors introduced by the Fourier
and inverse Fourier transforms. Though TKD is a fast technique,
it provided susceptibility maps with a substantial amount of
streaking (Figure 1A, yellow arrows). The results of both MEDI
and iLSQR had much lower susceptibility contrast compared to
the other methods (Figure 1D-E, black arrows).23’33 Moreover,
MEDI took about 11 minutes to process a HN image on a PC
with an Intel Xeon processor with 32 GB RAM and an NVIDIA
Quadro K420 GPU and the iLSQR result was very noisy in the
neck (Figure 1E, orange ellipse). Both Tikhonov-based meth-
ods provided HN susceptibility maps with sufficiently reduced
streaking artifacts and noise in a reasonable amount of time
(<1 minute) for clinical application. Therefore, here we com-
pared these two Tikhonov-based susceptibility calculation tech-
niques in terms of susceptibility repeatability.

2.3 | Regions of interest

We evaluated the repeatability of susceptibility values in
ROIs in both the brain, to allow comparison with previous
studies, and in the neck that was the focus of this study.
Figure 2 shows the pipeline for ROI segmentation. As a first
step, ROIs were delineated in the first acquired image (the
first image of the first scanning session). Brain regions (thal-
amus, caudate nucleus, putamen, and globus pallidus) were
automatically segmented using FSL FIRST* on the first-
echo magnitude images (Figure 2A) since these had the most
similar contrast to T;-weighted images for which FSL FIRST
is optimized (FSL FIRST failed to terminate when applied
to any of the other three echoes). This automatic segmenta-
tion worked well for most volunteers, but failed in two cases

ROIs in the rest of the images

FIGURE 2 Pipeline for segmenting
regions of interest in the brain and HN.
*Delineation of the brain ROIs was

done manually for two volunteers where
FSL FIRST did not work. Note that the
example ROIs are overlaid on the last-echo

magnitude images
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because these volunteers had largely different head shapes
from the rest of the subjects. In these two cases, the brain
ROIs were manually segmented using ITK-SNAP** in sin-
gle, axial slices on the last-echo magnitude images as these
had the best contrast.

Three types of healthy lymph nodes were segmented man-
ually (using ITK-SNAP) on the last-echo magnitude image
(Figure 2B): small and medium nodes (see next section for
the exact definition), and the insides of larger nodular struc-
tures leaving a 1-2 voxel margin around the ROIs. The lat-
ter are tightly packed lymph nodes below the submandibular
glands which have larger overall volumes than regular, indi-
vidual lymph nodes allowing for the few mm margin in the
segmentation. Two of each of these three ROI types were
identified and delineated per volunteer wherever possible.
The parotid and submandibular glands were also manually
segmented in single, axial slices (Figure 2B). All ROIs delin-
eated in the first acquired images were checked (Figure 2C)
by an experienced radiologist (S.P.).

ROIs in the remaining five images (the remaining two
images from the first session and all three images from the
second session) were segmented by propagating the initial
segmentation using a MATLAB-based, b-spline image regis-
tration tool>'> (Figure 2D). The last-echo magnitude image
of the first image was non-rigidly registered to the last-echo
magnitude images from the other acquisitions in the same
subject and the resulting transformations were used to warp
all ROIs segmented in the first acquired image. The last-echo
magnitude images were used as these had the best contrast in
the deep gray matter regions and around the glands and lymph
nodes. All ROIs were checked visually (Figure 2E) and manu-
ally adjusted in ITK-SNAP if necessary (Figure 2F).

Mean and median susceptibility values were calculated
in all ROIs to compare the repeatability of these different
measures in healthy volunteers. Note that the susceptibility
maps were not explicitly referenced to any particular tissue.
However, both Tikhonov-based susceptibility calculation
techniques produced susceptibility maps with zero integrals.
Therefore, all resulting susceptibility maps were implicitly
referenced to the average susceptibility across each image
volume.

(A) Histogram of susceptibilities in
a large nodular structure

920
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We also manually segmented regions of subcutaneous fat
at the back of the neck, the semispinalis capitis muscle, and
the masseter muscle in single, axial slices of all 10 healthy
subjects to assess the reliability of our susceptibility maps in
the neck. These ROIs were drawn in the last-echo magnitude
image of the first scan of each volunteer and mean suscepti-
bilities were calculated in each region.

The intrasession and intersession subject movement
was measured by calculating the translation (in all three
directions: dx, dy, and dz), and the azimuthal (toward the z
axis: d9) and polar (about the z axis: dg) rotations of the skull
from the aforementioned non-rigid transformations used for
ROI propagation.

2.4 | Repeatability analysis

Before performing the repeatability analysis, the small and
medium nodes were classified based on their actual volumes
(VOL): small nodes <300 mm? medium nodes > 300 mm>.
This threshold was set based on the distribution of nodal sizes
to make sure that there were a similar number of lymph nodes
in both categories (about 20 in each category). An alterna-
tive classification was also performed based on the short axis
diameters (SAD) of the nodes: small nodes <5 mm; medium
nodes >5 mm, as this is the size measure most frequently
used in clinical practice. Again, about 20 nodes were assigned
to each group. We also segmented a similar number (17) of
large nodular structures. Note that while SAD is the more
common size measure in clinical practice, VOL is propor-
tional to the number of voxels in the ROI which is expected
to be more closely related to the accuracy of the calculated
mean or median values.

To evaluate the intrasession repeatability, differences of
the measured mean and median susceptibilities were calcu-
lated between all pairs of scans acquired in the same session
(Figure 3B, orange arrows) and the distributions of these dif-
ferences were considered for each ROI type. If the intrases-
sion repeatability is high, these distributions are expected to
be narrow with a mean close to zero. Similarly, to evaluate
intersession repeatability, differences of the measured mean

(B) Intrasession (orange arrows)
and intersession (green arrows)
repeatability

80
70

60

FIGURE 3 Susceptibility histogram
with a fitted Gaussian distribution in

50
40

a typical large nodal structure (A) and -

Number of voxels

diagram of the comparisons performed (B) 20

for the intrasession (orange dotted arrows) 10

and intersession (green arrows) repeatability . 04 02

analysis

Session 2
(week 2)

Session 1
(week 1)

0.2 04
Susceptibility (ppm)
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and median susceptibilities were computed between all pairs
of scans of the same volunteer acquired in different sessions
(Figure 3B, green arrows).

To quantify the repeatability in terms of the minimum
susceptibility difference it should be possible to detect, the
minimum detectable effect (MDE)54 was calculated for all
ROI types based on the standard deviations (SDs) of the dis-
tributions of susceptibility differences, assuming a Gaussian
shape, a type I error rate of @ = 0.05 and a type II error rate
of # = 0.2 using the following equation:

MDE = 1.65-SD + 0.84-SD
N—— N——
accounting for type I error, =0.05  accounting for type II error, f=0.2

“

A lower SD and, consequently, lower MDE corresponds to a
better repeatability.

2.5 | The effect of fatty fascia on the
measured susceptibility of lymph nodes

Many of the healthy lymph nodes were located within the
fatty fascia between muscle sheets. However, fat has been
repeatedly shown to have a much higher susceptibility than
other tissues such as muscle.”'%1%% Therefore, the surround-
ing fat could confound the susceptibility measurements of

(A) Last-echo
magnitude image

400
0
4" Masseter
[’-/muscles\
a.u l ‘

800

W Parotid /%

glands

400

Parotid A
0 Sland I3

lymph nodes, for example, if voxels of the fatty fascia are
included in the ROI by mistake, due to partial volume effects,
or if there are susceptibility artifacts originating from the
large susceptibility gradient between the lymph node and the
fatty fascia. These effects are expected to be more substan-
tial for smaller nodes which have a higher surface-to-volume
ratio. To investigate this issue, susceptibility histograms of
all voxels pooled according to node size type were compared.

3 | RESULTS
3.1 | Susceptibility maps in the head and
neck

Figures 4 and 5 show example axial and cropped coronal
slices of the last-echo magnitude image and susceptibility
map in the HN region of the same representative volunteer.
As expected, deep gray matter nuclei have increased sus-
ceptibilities compared to the surrounding tissue due to their
elevated iron content (Figure 4B, black arrows) leading to
improved contrast when compared to the magnitude image
(Figure 4A, black arrows). The yellow arrows in Figure 4
indicate the parotid glands and the masseter muscles which
are clearly discernible from the surrounding subcutane-
ous fat in both the magnitude image and the susceptibility
map. Note that parotid lymph nodes are only visible in the

(B) Susceptibility map

ppm
0.25
0
-0.25
S FIGURE 4 A i
0.4 natomical structures
visible in susceptibility maps of the HN.
Last-echo magnitude image (A) and
susceptibility map (B) calculated using PDF
0 and direct k-space inversion with Tikhonov
regularisation in a representative healthy
volunteer. The arrows and ellipses indicate
04 various anatomical regions in the brain and

the neck. Note that all coronal images are
cropped
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FIGURE 5
structures visible in susceptibility maps of

Lymph nodes and other

the HN. Last-echo magnitude image (A) and

susceptibility map (B) calculated using PDF a.u.

(A) Last-echo
magnitude image

(B) Susceptibility map

Tongue

ppm

and direct k-space inversion with Tikhonov 800 0.4
regularisation in a representative healthy
volunteer. The arrows and ellipses indicate
various anatomical regions and lymph nodes
in the neck. Note that all coronal images are 400 . \ 0
ySubmangdibufar
cropped Eihds
Muscle§ 9
0 Subcuta- -04
neous fat
a.u. ppm
800 0.4
400 0
0 -0.4

susceptibility map (Figure 4, yellow ellipses). The yellow
arrows in Figure 5 indicate the submandibular glands and
the high susceptibility contrast between muscles and sub-
cutaneous fat in the neck. The yellow ellipses highlight the
heterogeneous susceptibility across the tongue that is con-
sistent with the anatomy seen in the magnitude image. The
green arrows in Figure 5 indicate various healthy lymph
nodes in the neck. Note that many of these are surrounded
by paramagnetic (bright) fatty fascia.

The measured susceptibilities in the subcutaneous fat at the
back of the neck, the semispinalis capitis muscle, and the mas-
seter muscle were 0.29 + 0.14 ppm, —0.25 + 0.22 ppm, and
—0.18 + 0.07 ppm, respectively. These values correspond to
the mean and standard deviation across subjects, respectively.

3.2 | Subject movement

The intrasession movements were very small: dx, dy, and dz
were 0.4, 0.4, and 0.5 mm on average and up to 1.7, 1.1, and
2.6 mm, respectively. The intrasession dd and dg were both
0.3° on average and 1° and 0. 8° in the most extreme cases,
respectively. The intersession dx, dy, and dz were 2.9, 4.7,
and 2.6 mm on average and up to 8.1, 10.8, and 7.6 mm,
respectively, while d9 and dgp were 2.0° and 1.7° on aver-
age and 4. 3° and 3. 8° in the most extreme cases. Note that
even the intersession movement was less than 1 cm in all
three directions because the 16-channel Philips HN receiver
coil is fairly tight when the subject has the ear defenders on

resulting in reasonably repeatable subject positioning within
the coil with no additional effort.

3.3 | Comparison of different QSM
processing pipelines and summary measures

Figure 6 top shows the comparison of the PDF and LBV
background field removal methods in terms of intrasession
susceptibility repeatability in the HN. Here, susceptibility
maps were calculated using direct k-space inversion with
Tikhonov regularisation. The means of all the susceptibil-
ity difference distributions were very close to zero (within +
0.005 ppm) except in the small nodes and the globus pallidus.
Susceptibility repeatability using PDF was higher than with
LBV in all ROI types except in the globus pallidus (Figure 6
top, blue ellipse). We observed similar trends when using
iterative Tikhonov regularisation to calculate susceptibility
maps and for intersession comparisons as well (Supporting
Information Figures S4-S6).

A similar comparison between direct k-space inver-
sion and iterative fitting (with PDF for background field
removal) is displayed in Figure 6 bottom. Iterative fitting
in image space performed slightly better in terms of re-
peatability in small and medium nodes, and the parotid and
submandibular glands. However, direct k-space inversion
provided marginally improved results in the larger nodu-
lar structures and all brain ROIs. Intersession repeatability
using these two susceptibility calculation methods was also
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very similar to Figure 6 bottom (Supporting Information
Figure S7).

In all previous comparisons, the mean susceptibility in
each ROI was used as the summary measure. Figure 7 shows
that there was no substantial difference in intrasession sus-
ceptibility repeatability between using the mean or median
susceptibility measured in each ROI. Similar results were
observed for intersession susceptibility repeatability (not
shown).

3.4 | Histograms of healthy lymph nodes of
various sizes

Figure 8A shows the distributions of intrasession mean
susceptibility differences calculated using PDF and direct

k-space inversion with Tikhonov regularisation. The arrow
indicates that higher repeatability was measured in the me-
dium-sized nodes than in small nodes, and even higher re-
peatability in large nodular structures. In addition to this,
Figure 8B shows that the mean susceptibilities decreased
(became more diamagnetic) from small nodes to medium
nodes, and again from medium nodes to larger nodular tissue.
Moreover, the susceptibility histograms in these three ROI
types (Figure 8C) were very similar on the diamagnetic (left)
side, but showed different distributions on the paramagnetic
(right) side. The histogram of the voxels in large nodular tis-
sue (Figure 8C, black line) was relatively narrow and sym-
metric with a mean of around —0.2 ppm. While the mean
susceptibilities were close to each other (within 0.1 ppm)
for all three ROI types, there were more and more paramag-
netic voxels in the medium (Figure 8C, blue line) and small
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FIGURE 7 A comparison of the intrasession repeatability of the mean and median susceptibility. Box plots of intrasession mean and median

susceptibility differences in different ROI types (red lines: medians, boxes: 25th and 75th percentiles, whiskers: most extreme data points not

considered outliers, red crosses outliers): sN, small nodes (VOL < 300 mm?), mN, medium nodes (VOL > 300 mm?), INs, large nodular structures;

Pg, parotid glands; SMg, submandibular glands; Th, thalamus; CN, caudate nucleus; Put, putamen; GP, globus pallidus. PDF and direct k-space

inversion with Tikhonov regularisation were used for background field removal and susceptibility calculation, respectively, in each case

(Figure 8C, red line) nodes as the distributions became more
positively skewed.

3.5 | Detectable effect sizes for
different structures

Figure 9 compares distributions of the intrasession (top)
and intersession (bottom) mean susceptibility differences.
Standard deviations (SD) of susceptibility differences in
each ROI type are also displayed at the bottom of each plot.
Moreover, here the VOL- and SAD-based classifications
of the small and medium lymph nodes are also compared.
Note that all previous results were presented using the VOL-
based classification, but the conclusions would be similar
using the SAD-based classification (Supporting Information
Figure S8). The repeatability was only marginally better for
the VOL-based classification in most cases. The distributions
of the intersession differences were generally broader than
those of the intrasession differences and their means slightly
further from zero in most cases. Both of these indicate higher
intrasession than intersession repeatability in the HN.

Small nodes (either VOL < 300 mm? or SAD <5 mm) had
the worst repeatability (both intrasession and intersession)
among all the tissue types followed by medium-sized nodes.
Larger nodular structures (INs), the submandibular glands
(SMg), and the globus pallidus (GP) had similar intrasession
SDs (though the distribution of the GP had a median value
greater than zero). The intersession repeatability of both the

INs and the SMg were closer to that of the medium-sized
nodes. The GP had similar intrasession and intersession sus-
ceptibility difference distributions. Susceptibility measure-
ments in the parotid glands, thalamus, caudate nucleus, and
putamen were the most repeatable (both intrasession and in-
tersession) out of all ROI types included in this study.
Minimum detectable effect sizes (MDEs) were calculated
for all ROI types (Table 1) based on their intrasession and
intersession susceptibility difference distributions. Small
nodes had the highest MDEs (~0.3 ppm, that is, the worst
repeatability) followed by medium-sized nodes (~0.2 ppm)
and large nodal structures. Both large INs and SMg had low
intrasession (~0.1 ppm) but much higher intersession MDEs
(~0.2 ppm). Susceptibilities of brain regions were more re-
peatable then susceptibilities of most of the ROIs in the neck
except the parotid gland which had very low MDEs both in-
trasession (0.06 ppm) and intersession (0.07 ppm). The calcu-
lated MDE:s also indicate that intrasession repeatabilities are
generally better than intersession repeatabilities as expected.

4 | DISCUSSION

Here we investigated the repeatability of an MRI acquisi-
tion protocol and QSM pipeline we optimized for measuring
susceptibility in the HN region. We assessed both intrases-
sion and intersession QSM repeatability in deep gray matter
regions, the parotid and SMg, as well as in healthy lymph
nodes using images acquired in 10 healthy volunteers. We
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Normalized susceptibility histograms of all voxels in sN, mN, or INs are also shown (C). PDF and direct k-space inversion with Tikhonov

regularisation were used for background field removal and susceptibility calculation, respectively, in all cases

also compared the repeatability of the mean and median sus-
ceptibility as summary metrics within each region of interest
(ROI). Projection onto Dipole Fields (PDF) provided more
repeatable susceptibility maps in the HN region than the LBV
background field removal (BFR) method (eg, Figure 6 top).
There was no substantial difference between the repeatabil-
ity of the two, Tikhonov regularisation-based susceptibility
calculation methods we implemented here as these both per-
formed equally well in the HN region (eg, Figure 6 bottom).
In healthy volunteers, the mean and median susceptibilities
within the ROIs seemed equally good metrics (eg, Figure 7)
as most ROIs had a nearly symmetric susceptibility distribu-
tion (eg, Figure 3A). We calculated the MDEs for all ROI
types. Intrasession repeatability was generally higher than

intersession repeatability as expected (eg, Figure 9) and QSM
repeatability was higher in brain ROIs than in the neck.
Susceptibility maps were more repeatable using PDF,
as opposed to LBV, combined with either of the two
Tikhonov-regularisation-based susceptibility calculation
techniques (eg, Figure 6 top). LBV assumes that the in-
ternal field contributions are constant zero at the tissue
boundary.22 This might be a good approximation when the
edges of the tissue mask are near regions with low suscep-
tibility variations (eg, the susceptibility variations near the
brain edges are below 0.1 ppm). In this case, field vari-
ations on the boundary induced by internal voxels near
the boundary are negligible. However, for HN images, the
susceptibility difference near the mask boundary is equal
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TABLE 1 Minimum detectable effect sizes (MDESs) as a measure
of intrasession and intersession repeatability of the mean susceptibility
Intrasession Intersession
Region of interest MDE (ppm) MDE (ppm)
Small lymph nodes 0.27 0.32
Medium lymph nodes 0.16 0.22
Large nodal structures 0.11 0.20
Parotid gland 0.06 0.07
Submandibular gland 0.10 0.18
Thalamus 0.03 0.04
Caudate nucleus 0.04 0.05
Putamen 0.06 0.07
Globus Pallidus 0.10 0.10

Minimum detectable effect sizes (MDEs) calculated for each ROI type from
the intrasession and intersession standard deviations of mean susceptibility
differences. All susceptibility maps were calculated using PDF and direct
k-space inversion with Tikhonov regularisation. Note that small and medium
lymph nodes were classified based on their SAD as this metric is more
commonly used in clinical practice.

to that of the tissue/air interface which is approximately
9.4 ppm.56 In this case, internal voxels near the boundary
have a significant contribution to the fields at the boundary
and LBV’s assumption is violated. Therefore, even though
LBV has been shown to be one of the best BFR methods
in the brain,22 it should be used with caution in anatomical
regions containing air-tissue interfaces.

Iterative fitting in image space with Tikhonov regularisa-
tion seemed to provide susceptibility maps of slightly better
repeatability in most ROIs in the neck (most lymph nodes,
and the parotid and submandibular glands) compared to
using direct k-space inversion. This is expected, as the iter-
ative version accounts for the noise distribution within the
tissue (by including the weighting term W) as opposed to the
direct version (where W from Equation 1 is set to 1 across
the entire volume). Moreover, the direct k-space inversion
approach implicitly assumes that the measured field is zero
outside of the tissue mask, while the iterative fitting approach
does not. This could lead to errors in the measured suscep-
tibility values for example, if the field perturbations induced
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by an ROI extend beyond the tissue mask. However, both the
repeatability, and the measured mean and median suscepti-
bility values (Supporting Information Figures S9) were very
similar for the two techniques which suggests that either the
size or the susceptibility of the ROIs is too small for them to
induce very large field perturbations. In brain regions and the
large nodular structures, direct k-space inversion had slightly
better repeatability than the iterative technique. Also, direct
inversion is much faster (a few seconds) than the iterative
approach (a few minutes). In summary, both susceptibility
calculation techniques have similar repeatability in the HN of
healthy volunteers and both techniques have potential advan-
tages on a theoretical or computational level. It is interesting
to note that these Tikhonov-regularisation-based methods
outperformed other, more widely used methods in the HN
region. Their MATLAB implementations will be made avail-
able on UCL’s XIP repository: https://xip.uclb.com/i/softw
are/TKD_dirTik_iterTik.html. Future work will involve com-
paring these Tikhonov-regularisation-based methods for HN
QSM with other, emerging susceptibility calculation tech-
niques from the 2019 QSM Reconstruction Challenge upon
their release.

It is also important to note that while LPU is often crit-
icized for reducing contrast in susceptibility maps, we have
found that it is an extremely robust method in regions with
complicated and highly wrapped phase where region-growing
methods are more likely to fail. Also, though there is no stan-
dard way to create reliable tissue masks outside of the brain,
our simple method of thresholding the inverse noise map
at its mean was robust across 60 HN images (6 images for
each of the 10 volunteers) even though the HN region is ex-
tremely heterogenous. Whether this automatic, 3D masking
approach is applicable in other anatomical regions remains
to be explored.

Our repeatability analysis does not show any substantial
difference between using the mean or the median of the voxel
susceptibilities within an ROI as a summary metric. This
might be because the distribution of susceptibilities in most
ROIs is roughly symmetric (eg, Figure 3A), therefore the
mean and median are very similar. This might be the case for
healthy subjects, but susceptibility distributions are likely to
be much more skewed in diseased tissue.”’ Moreover, the me-
dian is a more robust summary metric for QSM in general.5 8

Nodes classified based on their volume (VOL) or short-
axis diameter (SAD) had similar repeatabilities, but the latter
measure is more widely used in clinical practice. We have
shown that the susceptibility distribution of smaller nodes was
positively skewed. The histogram of large nodular structures
was symmetric, whereas that of the medium nodes and espe-
cially the small nodes indicated more and more paramagnetic
voxels included in the ROIs, most likely from the surround-
ing fatty voxels (Figure 4). In the HN region, most healthy

lymph nodes are located within the strongly paramagnetic
fatty fascia between muscle sheets. If the ROIs are not drawn
perfectly, some of these high-susceptibility voxels might be
included by accident especially as the ROIs are propagated
by imperfect image co-registration. Small lymph nodes were
affected the most by this as they have relatively large surface
areas compared to their volumes. Therefore small nodes had
poor repeatability as their mean (and median) susceptibility
was strongly affected by the number of accidentally included
fatty voxels and this probably varied from scan to scan.

It could be argued that these trends in the repeatability
of the susceptibility of nodes of different sizes are primarily
introduced by the different number of voxels in the three ROI
types, that is, averaging over more voxels gives a more reli-
able estimate and, therefore, corresponds to better repeatabil-
ity. However, the large nodular structures segmented for this
study had similar volumes (margins not included) to the small
lymph nodes while the medium-sized nodes were generally
larger. This indicates that the margin of a few millimeters on
each side of the ROIs drawn inside the large nodular struc-
tures mitigated the effects of inaccurate segmentation leading
to much better repeatability. Moreover, delineating the small
lymph nodes across scans consistently was also challenging,
because in some cases it was hard to identify the same small
node in different scans. Incorrectly identified nodes might be
another factor contributing to the relatively low repeatability
of the small nodes. These observations also provide a guide-
line for future studies when lymph nodes are to be segmented
in the HN region. To sum up, larger lymph nodes had better
repeatability in general, but making sure that all surrounding
fatty voxels are excluded from the ROI is even more import-
ant as these can confound the measured mean or median sus-
ceptibilities. Note that nodes reassigned based on their VOL
or SAD had similar repeatabilities, but the latter measure is
more widely used in clinical practice. Also note that while
the pipeline in Figure 2 for segmentation of the lymph nodes
was sufficient to perform this repeatability analysis, a robust,
automated segmentation algorithm would be useful for future
multi-centre HN studies.

Note that the susceptibilities of brain regions in Figure 8B
are in accordance with previously measured values pub-
lished in the QSM literature.®! 473960 This underscores
the reliability of the susceptibility values and repeatability
measured in other head-and-neck tissues (ie, glands and
nodes). Also, all distributions of susceptibility differences
in the brain were centred around zero apart from those of
the small lymph nodes and the GP. We above explained how
partial volume effects from the surrounding fatty fascia
can confound susceptibility measurements in small nodes.
A similar effect is expected in the GP as this structure is
much more paramagnetic than its surroundings, so im-
perfect segmentation induces greater error. Susceptibility
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values measured in the subcutaneous fat and muscle of the
neck were in accordance with previously reported values
(fat = 0.19-0.57 ppm, muscle = —0.36 and —0.16 ppm) in
liver (ie, in the longissimus thoracis muscle7’18) and knee”’
QSM. The susceptibility of the masseter muscle had es-
pecially low inter-subject variation which is encouraging
because this muscle is located close to both the parotid and
submandibular glands. The inter-subject variations in the
subcutaneous fat and the semispinalis capitis muscle were
higher due to some subject-dependent residual background
fields at the back of the neck and because many of our sub-
jects had very thin subcutaneous fat making it difficult to
delineate this ROI accurately.

The intrasession repeatability was always better than or
equal to the intersession repeatability for each region. This
could be due to real biological changes and/or more errors in
the ROI segmentations introduced by the intersession non-
rigid image registration than the intrasession registration. The
MDE needs to be calculated based on either the intrasession
or the intersession standard deviations (SD) with the specific
application in mind. Note that though QSM repeatability in
the brain has been repeatedly investigated,27'32 all previous
studies used acquisition protocols and QSM pipelines op-
timized for the brain. Our protocol and pipeline, optimized
specifically for the whole head-and-neck region, have several
differences compared to state-of-the-art brain QSM acquisi-
tion and processing pipelines, including a slightly lower res-
olution to achieve sufficient signal-to-noise ratio in the neck
and more motion artifacts introduced by the longer scan time.
Most importantly, a HN mask was used for BFR and suscepti-
bility calculation instead of a brain mask. Although achieving
a clinically applicable scan time could potentially limit QSM
accuracy and precision, the MRI protocol and QSM pipeline
presented here are the result of careful and thorough opti-
misation and can be used as a benchmark for future, clinical
QSM in the HN region. Nevertheless, our results show that
the susceptibility of brain regions is repeatable even using
the QSM pipeline optimized for the HN region. This could
be important for applications targeting both the neck and the
brain, for example investigating brain metastases of HPV-
related head-and-neck cancer.’! Moreover, this study enables
us to assess the repeatability of the selected HN regions by
comparing these with the repeatabilities of the brain regions.
For example, our results show that the parotid glands have
very high QSM repeatability, comparable to that of the cau-
date nucleus. Considering that the susceptibility of the mas-
seter muscle located near the parotid glands was in agreement
with literature values across all subjects, and that the parotid
lymph nodes were only visible in the susceptibility maps but
not the magnitude images, we can conclude that our opti-
mized acquisition protocol and QSM pipeline is especially
accurate in and around the parotid glands.

. . o o 13
Magnetic Resonance in MedlcmeJ—

Future applications of our optimized acquisition protocol
and QSM pipeline for the HN region could include measur-
ing tumour oxygenationm’64 in individual patients. Even if
the susceptibility difference induced by smaller oxygenation-
changes is likely to be confounded by the repeatability in in-
dividual patients, the distributions we measured here could
be used for sample size calculations in, for example, clinical
studies evaluating different oxygen-enhancement techniques
to improve therapy % in HN cancer across the patient popu-
lation. Another potential application is detecting the highly
diamagnetic calcifications that tend to appear in thyroid
nodules.**%®

5 | CONCLUSIONS

Here we introduced an optimized MRI acquisition protocol
and susceptibility mapping pipeline tailored for QSM of the
head-and-neck region and investigated its intrasession and
intersession repeatability in deep gray matter regions, the pa-
rotid and submadnibular glands and various healthy lymph
nodes of different sizes.

We recommend the use of PDF for BFR in head-and-neck
QSM as it provided more repeatable results than LBV. The
two, Tikhonov-regularisation-based, susceptibility calcula-
tion methods we introduced here outperformed current, more
widely used techniques in the head-and-neck region. These
techniques had very similar repeatability and should be further
compared in patient studies. While there was no substantial
difference in using the mean or median as summary metrics
within ROISs in this study, we suggest that the median should
be used in patient studies as it is more robust in the skewed
distributions expected in cancerous tissue. We also showed
that careful delineation of ROIs is crucial to avoid inaccura-
cies, especially if the susceptibility difference between the re-
gion of interest and its surroundings is high, for example, for
healthy lymph nodes embedded in paramagnetic fatty fascia.

We conclude that our optimized MRI protocol and QSM
pipeline produced highly repeatable susceptibility maps in
the brain, even though it is not optimized for brain imaging,
and in the neck, especially in and around the parotid glands.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in
the Supporting Information section.

FIGURE S1 Optimising the resolution and the SENSE fac-
tors.> Example coronal slices of the calculated susceptibility
maps for the four different acquisition protocols (columns)
used in the same volunteer are shown. The magnitude SNRs
are displayed below the images

FIGURE S2 Sagittal slices of the last-echo magnitude im-
:alges33 and corresponding susceptibility maps of the two ac-
quisitions with 1.25 mm isotropic resolution and different
SENSE acceleration factors. The yellow ellipses highlight
that a 2 X 1 acceleration (left) provides better visibility of
lymph nodes in the AP direction

FIGURE S3 Comparison of two different techniques for re-
moving residual phase wraps after nonlinear field fitting.33
The arrows show a residual wrap in the region-growing
(SEGUE) unwrapped field map toward the mask edges that is
not present in the Laplacian phase unwrapping (LPU) result.
The computation times are also shown

FIGURE S4 A comparison of the intersession repeatabil-
ity of the mean susceptibility calculated using different
background field removal techniques. Box plots of intra-
session mean susceptibility differences in different ROI
types (red lines-medians, boxes-25th and 75th percentiles,
whiskers-most extreme data points not considered outliers,
red crosses-outliers): sN, small nodes (VOL <300 mm?);
mN, medium nodes (VOL > 300 mm?); INs, large nodular
structures; Pg, parotid glands; SMg, submandibular glands;
Th, thalamus; CN, caudate nucleus; Put, putamen, GP, glo-
bus pallidus. For each ROI type, distributions on the left
and right sides correspond to susceptibility maps obtained
using PDF or LBV, respectively (see arrows). All measured
susceptibilities were calculated using direct k-space in-
version with Tikhonov regularisation

FIGURE S5 A comparison of the intrasession repeatabil-
ity of the mean susceptibility calculated using different
background field removal techniques. Box plots of intrases-
sion mean susceptibility differences in different ROI types
(red lines-medians, boxes-25th and 75th percentiles, whis-
kers-most extreme data points not considered outliers; red
crosses-outliers): sN, small nodes (VOL <300 mm?3); mN,
medium nodes (VOL > 300 mm?); INs, large nodular struc-
tures; Pg, parotid glands; SMg, submandibular glands; Th,
thalamus; CN, caudate nucleus; Put, putamen, GP, globus
pallidus. For each ROI type, distributions on the left and right

sides correspond to susceptibility maps obtained using PDF
or LBV, respectively (see arrows). All measured susceptibil-
ities were calculated using iterative fitting with Tikhonov
regularisation

FIGURE S6 A comparison of the intersession repeatabil-
ity of the mean susceptibility calculated using different
background field removal techniques. Box plots of intrases-
sion mean susceptibility differences in different ROI types
(red lines-medians, boxes-25th and 75th percentiles, whis-
kers-most extreme data points not considered outliers,
red crosses-outliers): sN, small nodes (VOL <300 mm?);
mN, medium nodes (VOL >)300mm3); INs, large nodular
structures; Pg, parotid glands; SMg, submandibular glands;
Th, thalamus; CN, caudate nucleus; Put, putamen; GP, glo-
bus pallidus. For each ROI type, distributions on the left
and right sides correspond to susceptibility maps obtained
using PDF or LBV, respectively (see arrows). All measured
susceptibilities were calculated using iterative fitting with
Tikhonov regularisation

FIGURE S7 A comparison of the intersession repeatabil-
ity of the mean susceptibility calculated using different
Tikhonov-based regularisation techniques. Box plots of in-
trasession mean susceptibility differences in different ROI
types (red lines-medians, boxes-25th and 75th percentiles,
whiskers-most extreme data points not considered outliers,
red crosses-outliers): sN, small nodes (VOL <300 mm?3);
mN, medium nodes (VOL > 300 mm?); 1N, large nodular
structures; Pg, parotid glands; SMg, submandibular glands;
Th, thalamus; CN, caudate nucleus; Put, putamen; GP, glo-
bus pallidus. For each ROI type, distributions on the left and
right sides correspond to susceptibility maps calculated using
direct k-space inversion or iterative fitting, respectively (see
arrows). PDF was used for background field removal in each
case

FIGURE S8 A comparison of the intrasession repeatability
of the mean susceptibility using VOL- or SAD-based classifi-
cation of lymph nodes. Box plots of intrasession mean suscep-
tibility differences in different ROI types (red lines-medians,
boxes-25th and 75th percentiles, whiskers-most extreme
data points not considered outliers, red crosses-outliers).
Left image: A comparison of the PDF and LBV background
field removal methods. For each ROI type, distributions on
the left and right sides correspond to susceptibility maps cal-
culated using PDF or LBV, respectively (see arrows). Direct
k-space inversion was used for susceptibility calculation in
each case. Right image: A comparison of the direct and it-
erative Tikhonov methods. For each ROI type, distributions
on the left and right sides correspond to susceptibility maps
calculated using direct k-space inversion or iterative fitting,
respectively (see arrows). PDF was used for background field
removal in each case
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FIGURE S9 Bland-Altman plot of mean susceptibilities
measured in every segmented ROI calculated using either
direct k-space inversion or iterative fitting. The blue line in-
dicates the mean of the differences, while the red dashed lines
correspond to the 2.5th and 97.5th percentiles. The black el-
lipse highlights that the mean susceptibilities calculated in
the diamagnetic lymph nodes are especially similar for these
two susceptibility calculation techniques
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