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Background: Fat suppression plays a vital role in numerous magnetic resonance imaging (MRI) 
examinations, particularly in the musculoskeletal (MSK) system. However, current fat suppression methods 
are not fully optimized for ultrashort echo time (UTE) imaging, despite being essential for many advanced 
UTE-based imaging applications. This study aimed to investigate a novel fat suppression technique for UTE 
MRI using a single-point Dixon (1p-Dixon) approach through phase modeling.
Methods: In this study, four cadaveric human knee joints, and six healthy volunteers were included. A 
1p-Dixon-based fat suppression method was developed, which utilizes intrinsic information from complex 
UTE signals. Additionally, a data-driven approach based on the phase distribution was used for the 
decomposition of water and fat signals in short T2 tissues. The feasibility of the proposed method was 
evaluated in a fat-water phantom first and validated in ex vivo and in vivo human knee joints. The patella 
tendon, cartilage, posterior cruciate ligament (PCL), anterior cruciate ligament (ACL), and meniscus were 
evaluated in each knee.
Results: In the phantom experiment, there was a significant correlation between the estimated fat fraction 
and the actual fat fraction (R>0.98; P<0.05). The ex vivo experiment revealed a significant difference in 
contrast-to-noise ratios (CNRs) measured from the two images without and with 1p-Dixon (P<0.001). 
The CNR values ranged from 3.4±0.5 to 9.6±5.0 and 1.8±1.6 to 4.1±0.8 for measurement with and without 
1p-Dixon, respectively. The 1p-Dixon significantly improved the contrast in the in vivo experiment 
(P<0.0001). The CNR values ranged from 5.1±6.0 to 41.0±9.7 and 2.7±1.2 to 15.4±3.3 for measurement with 
and without 1p-Dixon, respectively in the in vivo experiment.
Conclusions: Our novel fat suppression technique has been shown to provide a fast, time-saving, and 
robust fat suppression for UTE imaging without the need for additional scans.
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Introduction

Ultrashort echo time (UTE) imaging has been extensively 
investigated for musculoskeletal (MSK) imaging (1-4).  
Many tissues within the MSK system have short T2 
relaxation times that are invisible in conventional magnetic 
resonance imaging (MRI) (5). Short T2 tissues are not 
limited to the MSK system but are delineated in many parts 
of the body, such as the lungs (6) and the human brain (7-10).

Fat suppression is crucial in many MRI examinations, 
especially in the MSK system (11-15). For UTE imaging, 
the existing fat suppression techniques are suboptimal, 
although, in state-of-the-art UTE techniques, fat 
suppression is mandatory for many imaging examinations 
(1,16). For example, conventional fat-saturation may 
attenuate the partial signal of the short T2 tissues, and a 
two-point Dixon (2p-Dixon) method can misestimate the 
fat and water signal (17,18). Multi-point Dixon (mp-Dixon) 
techniques are also feasible techniques for fat suppression 
in UTE imaging (13). However, the mp-Dixon techniques 
need multiple images at short and long TEs, which may 
impose a longer scan time.

As a breakthrough, the single-point Dixon (1p-Dixon) 
has been investigated in UTE imaging and has shown 
feasibility in successfully suppressing fat without affecting 
signal from short T2 tissues (18-20). Initially proposed 
1p-Dixon UTE imaging is based on indirect estimation of 
fat signal at a later TE, which requires additional image 
acquisition to compensate for B0 inhomogeneity (18,19). 
Recently, 1p-Dixon UTE imaging has been demonstrated 
in spine imaging, which is based on direct fat estimation 
at UTE (20). In this method, an iterative decomposition 
is performed to estimate phase error as well as fat and 
water signals, with the underlying assumption that B0 
inhomogeneity-induced phase error is negligibly small and 
smooth. B1 phase (i.e., initial phase offset) is also known to 
be smooth. However, this approach requires a complicated 
process with manual parameter tuning.

Another challenge is that 1p-Dixon requires ground 
truth about the off-resonant fat phase to decompose a 
complex magnetic resonance (MR) signal into water and 
fat components. This information is typically obtained by 
calibrating the fat phase with the given effective echo time 

(TE) (18,21) in an additional scan, as analytically found fat 
phase can be erroneous due to ambiguous effective TE (22).  
In this study, we evaluate a simple, time-saving, and robust 
data-driven 1p-Dixon UTE imaging approach. The 
feasibility and efficacy of the proposed approach will be 
demonstrated in the phantom model, in ex vivo cadaveric 
human knee samples, and in healthy volunteers. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-1998/rc).

Methods

Imaging subjects

A fat-water phantom was made using pure peanut oil and 
lard, whose chemical composition is known to be similar 
to the fat in the human body. The phantom was made with 
agarose gel (2%) molded into a cylindrical plastic container. 
Smaller tubes were prepared using a mixture of detergents 
(0.5% Triton X-100, 0.5% Tween-20, and 0.5% SDS) and 
six different concentrations (0%, 10%, 20%, 40%, 60%, 
and 100%) of peanut oil and lard (i.e., two sets of six tubes) 
and embedded in the container filled with agarose gel.

Additionally, cadaveric and in vivo human knee joints 
were included in this study to demonstrate the feasibility 
and efficacy of the proposed 1p-Dixon UTE imaging. 
Four cadaveric human knee joints were procured from the 
National Disease Research Interchange. The knee joints 
were snap-frozen postmortem. The frozen knee joints were 
completely thawed prior to MRI. The 1p-Dixon method 
was further tested in healthy volunteers (six females, 
41±15 years old, Table 1). This study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The in vivo experiment was approved by the Human 
Research Protections Program (HRPP) of the University 
of California, San Diego (No. 201909). Written informed 
consent was obtained from the study participants.

1p-Dixon

1p-Dixon decomposes the measured complex MRI signal, 
Sexp, into a water and fat signal. Sexp can be modeled as:
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( )( )exp
i TE iS W Fe eθ ϕ= + 	 [1]

where W and F are the magnitudes of the water and fat 
signals, θ(TE) denotes the phase evolution at a given TE 
due to chemical shift of fat, and ϕ denotes additional phase 
error due to B1 phase and B0 field inhomogeneity. The 
B1 phase is generally known to be smooth, and the phase 
error induced by B0 inhomogeneity is also smooth at an 
ultrashort TE (<0.1 ms) due to the small phase evolution. 
Therefore, ϕ can be assumed to be smooth in UTE imaging. 
Once the phase error, ϕ, is corrected as i

expS S e φ−∗= , the 
resultant complex signal, S, can be directly decomposed to 
water and fat with a known θ(TE) by using the following 

equations.

( )
( )( )

Im
sin

S
F

TEθ
= 	 [2]

( ) ( )( )Re cosW S F TEθ= − 	 [3]

where Im and Re are the operators to take imaginary and 
real parts in the complex signal, and W and F represent 
water and fat signals, respectively.

Theoretically, the phase term caused by the chemical 
shift of fat, θ(TE), can be modeled with known off-resonant 
multiple fat peaks, which is unfortunately challenging 
due to ambiguous effective TE resulting from system 
imperfections and eddy current effect in UTE imaging. 
As an alternative, we propose a data-driven approach to 
estimate ϕ and θ(TE), which utilizes the phase information 
from the single UTE image itself without the need for 
additional information.

Phase modeling of ϕ and θ(TE)

Masking out the voxels with pure background noise or with 

a low signal-to-noise ratio (SNR) is an important step for 
robust phase processing. Figure 1 demonstrates an example 
of the generation of a mask.

B1 and B0 field-induced phase error, ϕ, can be modeled 
as a low-order polynomial fitted to the phase of the 
measured signal,   expS∠ , under the assumption of spatial 
smoothness, as shown in Eq. [4].

( ) 3 3 3 4 4
40 0 0 0

, , k j k i i k i i
ijk nk j i n

x y z C x y z C x yφ − − − −
= = = =

= +∑ ∑ ∑ ∑ [4]

where C represents all coefficients to be minimized and x, 
y, z represent spatial voxel dimensions. Note that the global 
three-dimensional (3D) phase image was utilized for the 
fitting of the 3D polynomial.

After correction of ϕ, the resultant complex UTE 
image is further processed to determine θ(TE) (i.e., fat-
induced phase), by using a data-driven approach based 
on the histogram of the phase distribution. In this study, 
every voxel in the bottom 2.5% of the phase distribution 
was identified as pure water and capped to a minimum 
phase taken as the value of the 2.5 percentile. Every voxel 
in the top 2.5% of the distribution was identified as pure 
fat and capped to a maximum phase taken as the value 
of the 97.5 percentile. All phase values were zeroed by 
the minimum phase to remove the constant phase offset 
added in the UTE phase data and hence set the water 
phase to zero.

Data processing

Image reconstruction was performed using the Berkeley 
Advanced Reconstruction Toolbox (23). The reconstructed 
images with data acquired by individual receive channels 
were combined to form a complex image (24). The phase 
map from Sexp was unwrapped using a 3D unwrapping 
algorithm provided by the FMRIB Software Library  
(v5.0) (25). After correction of ϕ and tuning of θ(TE), the 
phase image was processed with 1p-Dixon fat and water 
separation based on Eq. [2] and Eq. [3].

MRI

A 3D UTE sequence based on cones trajectory was 
utilized (26), which was implemented in a 3T clinical MR 
scanner (MR750, GE Healthcare, Milwaukee, WI, USA). 
Figure 2 shows the pulse sequence diagram and k-space 
trajectory.

Table 1 Demographic information of the healthy volunteers (in 
vivo)

Parameters Data (n=6)

Sex

Female 6

Male 0

Age (years) 41±15

Data are presented as number or mean ± standard deviation.
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Figure 1 Mask generation based on the histogram of the image. (A) An input UTE image; (B) signal histogram; (C) generated mask. UTE, 
ultrashort echo time.
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Figure 2 3D UTE cones imaging. (A) Pulse sequence diagram; (B) the k-space trajectory. 3D, three-dimensional; DAQ, data acquisition; 
RF, radiofrequency; UTE, ultrashort echo time.
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3D UTE MRI was performed using an 8-ch transmit/
receive knee coil (GE Healthcare) and the following 
imaging parameters: (I) fat phantom: repetition time (TR) 
=20 ms, nominal TE =32 µs, a flip angle (FA) =10°, field of 
view (FOV) = 120×120×114 mm3, matrix size =192×192×38, 
readout bandwidth (rBW) =167 kHz, the number of spokes 
=11,200, and a scan time =224 seconds; (II) ex vivo knee: 
TR =20 ms, nominal TE =32 µs, FA =10°, FOV =150×150× 
84 mm3, matrix size =256×256×42, rBW =125 kHz, the 
number of spokes =14,550, and a scan time =291 seconds; 
(III) in vivo knee: TR =20 ms, nominal TE =32 µs, FA =5°, 
FOV =150×150×96 mm3, matrix size =256×256×32, rBW 
=125 kHz, the number of spokes =6,150, and a scan time 
=123 seconds. For comparison, one volunteer underwent 

additional imaging using fat-saturation, 2p-Dixon with 
TEs of 0 and 3.3 ms, and conventional 1p-Dixon with TEs 
of 0 and 2.7 ms, with all other imaging parameters kept 
consistent.

Statistics

Contrast-to-noise ratios (CNRs) were calculated for the 
patella tendon, cartilage, posterior cruciate ligament (PCL), 
anterior cruciate ligament (ACL), and meniscus. Descriptive 
statistics were used where appropriate. To compare 
group values, the t-test and Mann-Whitney U test were 
used. Correlations were determined using the Pearson’s 
correlation (R). P values <0.05 were rated as significant.
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Figure 3 A fat-water phantom. (A) The magnitude and (B) phase of the input UTE image; (C) the estimated ϕ map from 3D surface 
modeling with polynomial fitting; (D) ϕ-corrected phase image; the resultant (E) fat and (F) water images from 1p-Dixon; (G) real and 
estimated fat fractions; (H) the linear correlation. 1p-Dixon, single-point Dixon; 3D, three-dimensional; UTE, ultrashort echo time.
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Results

Phantom experiment

Figure 3 shows the results from the phantom experiment. 
After correction of ϕ, 1p-Dixon yielded reliable fat and 
water separation with the estimated θ(TE). The estimated 
fat fraction showed a significantly high linearity with respect 
to the actual fat fraction. Accordingly, the R was higher 
than 0.98 (P<0.05; Figure 3H).

Ex vivo experiment

Figure 4 demonstrates the phase modeling and correction 
process. In Figure 4A, the raw phase is fitted to Eq. [4] to 
find an estimate of the phase error, ϕ. Figure 4B shows line 
profiles before and after ϕ is subtracted out. Figure 4C shows 
the corrected signal phase distribution and the phase error 
offset and θ(TE) cap. Figure 4D shows the resultant phase of 
the UTE image after phase correction of ϕ and removal of 
the constant phase offset.

Figure 5 shows representative slices from all four 
cadaveric knee specimens, where robust fat suppression 

was achieved without noticeable impacts on the signal from 
short T2 tissues. Table 2 shows the CNR between tissues 
of interest and neighboring tissues for the magnitude 
image and the 1p-Dixon estimated water image of the 
cadaveric knees. A significant difference in the CNRs 
measured from the two images without and with 1p-Dixon 
was found (P=0.0002). The CNR values ranged from 
3.4±0.5 to 9.6±5.0 and 1.8±1.6 to 4.1±0.8 for measurement 
with and without 1p-Dixon, respectively. The 1p-Dixon 
worked well for the patella tendon, cartilage, PCL, and 
ACL, while there was no significant difference regarding 
the meniscus.

In vivo experiment

Figure 6 shows the results from four representative healthy 
volunteers. In the estimated water images, short and long 
T2 tissues of interest are clearly delineated, including 
tendons (yellow arrows), ligaments (red arrows), muscles 
(green arrows), and cartilages (blue arrows). Table 2 shows 
the CNR between tissues of interest and neighboring 
tissues for the magnitude image and the 1p-Dixon estimated 
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Figure 4 3D phase modeling of ϕ for 1p-Dixon in an ex vivo knee joint. (A) The raw phase from the UTE image and the fitted surface 
model; (B) the line profiles; (C) the phase distribution after ϕ-correction (before or after capping outliers); (D) the resultant phase of the 
ϕ-corrected image. The phase-corrected complex image is input to the subsequent 1p-Dixon process. 1p-Dixon, single-point Dixon; 3D, 
three-dimensional; UTE, ultrashort echo time; w/, with.
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water image from the six healthy volunteers. In all regions 
of interest from the six healthy volunteers, 1p-Dixon 
significantly improved the contrast (P<0.0001). The CNR 
values ranged from 5.1±6.0 to 41.0±9.7 and 2.7±1.2 to 
15.4±3.3 for measurement with and without 1p-Dixon, 
respectively. The 1p-Dixon worked well for all investigated 
short T2 tissues, while again, the meniscus showed the 
lowest difference between the measurements with and 
without 1p-Dixon. Accordingly, the in vivo experiment was 
revealed to be more robust than the ex vivo experiment 
regarding CNR.

Figure 7 compares fat-saturation, 2p-Dixon, conventional 
1p-Dixon, and the proposed 1p-Dixon with phase modeling 
in a healthy volunteer. Fat-saturation does not provide 
a fat fraction since no fat image is acquired, while the 

conventional 1p-Dixon provides the fat fraction at the 
second TE (2.7 ms), where fat separation is performed. 
Both fat-saturation and the proposed 1p-Dixon with phase 
modeling provided real signal at the ultrashort TE, whereas 
the conventional 2p-Dixon generated the water image 
by synthesizing two images acquired at different TEs. 
The conventional 1p-Dixon water image was obtained by 
scaling the fat signal to compensate for the signal decay of 
fat estimated at TE =2.7 ms, thereby indirectly estimating 
the water signal at the ultrashort TE. Overall, all methods 
achieved effective suppression of fat in the bone marrow 
and fat pad. Importantly, the proposed 1p-Dixon with phase 
modeling delineated small structures of short T2 tissues 
more effectively than the other methods (red arrows), 
likely due to its capability for direct signal detection and 
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Figure 5 Ex vivo experiment with four cadaveric knee joints. (A) Magnitude and (B) phase of the input UTE image; (C) the estimated ϕ map; 
(D) ϕ-corrected phase image; the resultant (E) fat and (F) water images from the proposed 1p-Dixon; (G) the histogram of phase distribution 
after ϕ-correction. (G) The left red lines show the estimated water phase, while the right red lines represent the estimated fat phase, θ(TE). 
In the estimated water image (i.e., fat-suppressed image), both short and long T2 tissues are clearly delineated, including tendons, ligaments, 
cartilages, and muscles. 1p-Dixon, single-point Dixon; UTE, ultrashort echo time.
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Table 2 CNR of signal magnitude image and estimated water image for patella tendon, cartilage, PCL, ACL, and meniscus in cadaveric knees 
and healthy volunteers

Subjects Techniques Patella tendon Cartilage PCL ACL Meniscus P value

Ex vivo (n=4) No 1p-Dixon 2.7±1.1 3.2±2.3 1.8±1.6 1.1±0.9 4.1±0.8 0.0002

1p-Dixon 8.1±1.9 9.6±5.0 5.0±1.8 4.5±2.4 3.4±0.5

In vivo (n=6) No 1p-Dixon 3.0±2.6 15.4±3.3 4.9±3.0 6.9±6.2 2.7±1.2 <0.0001

1p-Dixon 23.8±3.2 41.0±9.7 16.4±5.8 22.7±5.5 5.1±6.0

Data are presented as mean ± standard deviation. 1p-Dixon, single-point Dixon; ACL, anterior cruciate ligament; CNR, contrast-to-noise 
ratio; PCL, posterior cruciate ligament.

separation of short T2 signal at UTE. However, the water 
signal detected in muscle using the proposed 1p-Dixon 
was overall lower than that detected with other methods 
(green arrows), which may be attributed to imperfect phase 
modeling or the influence of different water and fat signal 
intensities at different TEs.

Discussion

Dixon techniques were developed to address partial volume 
effect arising from the coexistence of fat and water signals 
within the same voxel. 1p-Dixon utilizes both phase and 
magnitude information (i.e., the complex signal) to separate 
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Figure 6 In vivo experiment with two healthy volunteers. (A) Magnitude and (B) phase of the input UTE image; (C) the estimated ϕ map; 
(D) ϕ-corrected phase image; the resultant (E) fat and (F) water images from the proposed 1p-Dixon. (F) The water images show robust fat 
suppression which exhibits high contrast for the tissues of interest, including tendons (yellow arrows), ligaments (red arrows), muscles (green 
arrows), and cartilages (blue arrows). 1p-Dixon, single-point Dixon; UTE, ultrashort echo time.
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these signals into fat and water components. Since there are 
two unknowns (fat and water) and a single measurement 
comprising both real and imaginary components, the 
estimation of fat and water signals is made possible using 
Eq. [2] and Eq. [3]. In this study, we demonstrated the 
feasibility of the proposed 1p-Dixon approach based on 
a data-driven phase modeling for rapid morphological 
imaging of short T2 tissues and tested our approach in 
the human knee, where many different short T2 tissues 
exist. The proposed method was evaluated with a fat-water 
phantom, four ex vivo cadaveric knee joints, and six in vivo 
human knee joints, showing efficient suppression of fat 
signal and providing high contrast imaging specific to short 
T2 tissues. Although we tested this technique only in the 
knee joint, it can potentially be used in any part of the body, 
including lungs or brain (7,8).

UTE imaging is a valuable approach to visualizing 
tissues, which do not show any signal on conventional MRI 
due to their short T2 values (1,5). For qualitative assessment 
of those structures, conventional MRI is still useful, as 
traumatic or degenerative changes are still evaluable. The 
problem comes with advanced imaging, which includes 
quantitative assessments of the tissues. UTE imaging plays 
a crucial role in the quantitative analysis of those short T2 
structures that are present all over the body: most parts of 
the lung tissues (6,27), tendons (28,29), ligaments (30,31), 
and other structures of the MSK system (32,33), myelin in 
the brain (9,10,34) or iron (35-37) in tissues when there is 
an overload, for example.

The  proposed  approach  to  model  ϕ  based  on 
smooth 3D polynomials is highly plausible and feasible, 
as demonstrated in the in vitro, ex vivo, and in vivo 
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Figure 7 Comparison between different fat suppression techniques. The water image from (A) fat-saturation, (B) 2p-Dixon, (C) 
conventional 1p-Dixon, and (D) 1p-Dixon with phase modeling; the resultant fat fraction from (E) 2p-Dixon, (F) conventional 1p-Dixon, 
and (G) 1p-Dixon with phase modeling. The proposed 1p-Dixon with phase modeling demonstrates superior delineation of small structures 
within short T2 tissues compared to the other methods (red arrows). However, the water signal observed in muscle using this method is 
generally lower than that detected with other techniques (green arrows). 1p-Dixon, single-point Dixon; 2p-Dixon, two-point Dixon; UTE, 
ultrashort echo time.
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experiments. This approach assumes that the initial phase 
offset (i.e., B1 phase) and the phase terms induced by B0 
inhomogeneity are smooth. The B1 phase is known to 
result from the double integral of electrical conductivity in 
the spatial domain, and as such, it is expected to be spatially 
smooth (38). Additionally, the phase error induced by B0 
inhomogeneity is negligibly small and remains smooth in 
the spatial domain at ultrashort TE (18). A downside of this 
simple approach is that an additive constant phase offset, 
which is often observed presumably due to imperfection in 
data readout and image reconstruction, cannot be removed 
because it only filters out high-frequency components of the 
phase image. In addition, the accuracy of 1p-Dixon directly 
relies on the estimation of the chemical shift-induced phase 
evolution, θ(TE), which is directly related to an effective 
TE that is influenced by several different factors, such 
as radiofrequency (RF) pulse, readout scheme, and MR 
system imperfection, causing timing errors. It is, therefore, 
difficult to accurately estimate θ(TE) either analytically or 
empirically.

The proposed histogram-based approach may provide a 

fast and simple way to estimate the constant phase offset and 
θ(TE) without additional scan or priori-known information. 
In the proposed approach, the phase value in the bottom 
2.5% of the phase distribution was used as a reference to 
remove the constant phase offset, while the phase value 
in the top 2.5% of the phase distribution was used as a 
reference for θ(TE). However, there may be an error in the 
estimated θ(TE) with images containing voxels that have a 
low SNR. To mitigate this error, more advanced masking 
techniques are desirable that can exclude noisy data in the 
histogram. Further investigation into this will be performed 
with a larger number of subjects in our future studies.

Additionally, in the routine clinical setting, time pressure 
exists, which makes advancements in the development 
of time-saving MRI methods and techniques necessary. 
Because the proposed 1p-Dixon method utilizes intrinsic 
information derived from the single UTE signal, it imposes 
a shorter scan time than the mp-Dixon approach, which 
requires repeated acquisitions of images at different TEs. 
Moreover, 1p-Dixon directly decomposes a single UTE 
signal into the fat and water signals at the targeted TE, 
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which likely gives a more accurate snapshot of the signal 
at the TE than conventional 2p-Dixon. The fat and water 
signals estimated by 2p-Dixon may not reflect the actual 
signal at the TE if there is significant T2* decay between 
the two TEs used in the Dixon algorithm, a principle 
also demonstrated in our previous work (10). Therefore, 
our 1p-Dixon approach poses a time-saving and robust 
alternative to existing fat suppression techniques in UTE 
imaging.

This study has several limitations. First, only a limited 
number of healthy volunteers were scanned. Second, only a 
simple morphological UTE imaging has been investigated 
in this feasibility study. Third, only knee joints have 
been demonstrated, although the proposed technique is 
capable of imaging other body parts. Fourth, although 
we demonstrated fat-fraction estimation using the fat 
phantom, the proposed approach may not yield accurate 
proton density fat fraction (PDFF) measurements due to 
various factors, such as T1 weighting of the fat/water signal, 
low SNR, and residual errors in data processing, which 
requires further investigation. Future studies should test the 
proposed techniques in different UTE sequences, including 
UTE magnetization transfer (UTE-MT) (21), UTE double 
echo steady state (UTE-DESS) (23,24), and UTE-T1  
mapping (25), in a larger cohort of human subjects including 
patients with MSK disorders. Also, future studies should add 
many more body compartments, such as the spine, pelvis, 
ankle, and elbow, and evaluate the feasibility of our findings.

Conclusions

In this study, we demonstrated the feasibility of 1p-Dixon-
based fat suppression for UTE imaging on a 3T clinical 
MR system. The UTE 1p-Dixon method, based on the 
proposed data-driven phase modeling, provides fast and 
robust fat suppression for UTE imaging without requiring 
additional data acquisition or prior knowledge, which may 
facilitate the clinical translation of UTE imaging.
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