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Original Article

Reproducibility of proton density fat fraction assessment of thigh 
muscle in a multi-site, multi-vendor cohort study at 10 years after 
anterior cruciate ligament reconstruction
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Background: Dixon-based magnetic resonance imaging (MRI) intramuscular proton density fat fraction 
(PDFF) is a potentially useful imaging biomarker of muscle quality. However, multi-vendor, multi-site 
reproducibility of intramuscular PDFF quantification, required for large clinical studies, can be strongly 
dependent on acquisition and processing. The purpose of this study was (I) to develop a 6-point Dixon MRI-
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Introduction

Fat-water-based magnetic resonance imaging (MRI) 
has been used for proton density fat fraction (PDFF) 
quantification in many tissues, including muscle. Fat-water-
based MRI enables PDFF quantification by obtaining 
MR signal measurements at multiple echo times (TE) 
and then processing those measurements based on known 
differences in hydrogen resonant frequencies in water and 
fat molecules (1). Intramuscular PDFF is being developed 
as a non-invasive biomarker for muscle composition that 
may serve a role in patient assessment and clinical trials. 
Fat accumulation in skeletal muscle occurs in  a variety of 

neural and muscle disorders as well as in atrophy that occurs 
postoperatively and with muscular disuse and aging. As an 
example, a higher preoperative estimated fat signal fraction 
has been associated with a higher likelihood of tendon retear 
following rotator cuff repair (2). Such assessments may be 
extended to therapies for other musculoskeletal diseases 
(e.g., muscular dystrophy, sarcopenia, arthritis). While 
the reported reproducibility of PDFF in phantoms and in 
liver has been encouraging (3,4), reproducibility has been 
observed to degrade substantially when considering cross-
vendor comparisons with a mix of processing methods (5).  
The combination of processing method, vendor, and 
acquisition protocol has also been observed to substantively 

based acquisition and processing technique for reproducible multi-vendor, multi-site quantification of thigh 
intramuscular PDFF; and (II) to evaluate the ability of the technique to detect differences in thigh muscle 
status between operated vs. non-operated limbs in a multi-site study of patients scanned at 10 years after 
anterior cruciate ligament reconstruction (ACLR).
Methods: MRI bilateral mid-thigh data acquisition at 3T was harmonized across three sites and two 
vendors and included high-resolution axial T1-weighted scans and 6-point Dixon scans. Centralized, vendor-
independent PDFF quantification was performed and algorithms were evaluated in phantoms to determine the 
most reproducible approach. A novel image post-processing method was developed to mitigate scaling errors 
observed on some scanner platforms to improve reproducibility. PDFF measurements in phantoms and 
control subjects including traveling controls were obtained for assessment of intra-scanner repeatability as 
well as inter-scanner, inter-vendor, and inter-site reproducibility. Patients from the Multicenter Orthopedic 
Outcomes Network ACLR cohort were scanned and intramuscular PDFF was compared between thigh 
muscles of the operated and contralateral limbs. Standard deviation (SD) of PDFF, within-subject SD (wSD), 
and intraclass correlation coefficient (ICC) were used to characterize repeatability and reproducibility. 
Results: The proposed scaling correction method improved overall reproducibility in phantoms and 
traveling controls and was incorporated as part of the Dixon processing pipeline for subsequent analyses. 
Intra-scanner phantom repeatability ranged between 0.2–0.9% (SD) PDFF (ICC =0.98–1.00), with overall 
inter-vendor/inter-site reproducibility of 0.7–1.7% (SD) PDFF (ICC =0.97). Control subject repeatability 
among all scanners and vendors ranged between 0.2–0.8% (wSD) PDFF (ICC =0.95–0.98) with slightly 
lower inter-site, inter-vendor reproducibility, 0.8–1.2% (wSD) PDFF (ICC =0.92). Intramuscular PDFF 
was elevated in ACLR vs contralateral thighs for the hamstrings muscle compartment (6.2%±3.5% vs. 
5.7%±2.8%, P=0.006), while quadriceps (4.0%±2.0% vs. 4.0%±2.1%, P=0.961) and medial (5.7%±2.5% vs. 
5.5%±2.3%, P=0.133) muscle compartments did not show significant PDFF differences.
Conclusions: Reproducible multi-site, multi-vendor intramuscular PDFF measurement is enabled by 
6-point Dixon MRI with standardized acquisition and processing. The method is sensitive enough to detect 
differences in muscle groups between operated and non-operated thighs in the patient population 10 years 
after ACLR. 
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affect quantification (6). Encouragingly, recent multi-site 
and multi-vendor reports demonstrate that reproducible 
muscle PDFF can be obtained when considering data 
acquisition, commercial fat-water separation algorithms, 
T2* compensation, and fat image post-processing (7,8). 
These observations motivate the investigation of acquisition 
and processing approaches for reproducible muscle PDFF 
quantification.

There is an incompletely understood association between 
knee osteoarthritis (OA) severity and muscle composition 
and function. Degraded thigh muscle function has been 
associated with knee OA (9). This impaired muscle function 
may result in, or be due in part to, fat accumulation in thigh 
muscle that is part of OA disease progression. A study of 
Osteoarthritis Initiative data has identified independent 
associations of thigh muscle size and muscle/fat ratio with 
knee degeneration (10). In a meta-analysis, both thigh 
inter- and intra-muscular fat were found to be elevated in 
patients with knee OA compared to patients without knee 
OA (11). Furthermore, quadriceps intramuscular fat has 
been associated with symptomatic and structural severity 
of knee OA, whereas quadriceps cross-sectional area (size) 
was not (12). Since fat accumulation in lower limb muscles 
may be a part of the overall lean muscle mass reduction 
associated with knee OA (13), reproducible measurement of 
intramuscular fat broadly applicable across multiple imaging 
sites is important for longitudinal and cross-sectional 
studies of OA.

Evaluation of thigh muscle fat accumulation may serve 
as an indicator of muscle degeneration that can follow joint 
trauma or surgical interventions, with the associated higher 
risk of OA. Patients who have had anterior cruciate ligament 
(ACL) tears have an elevated risk of knee post-traumatic 
OA (PTOA) even following surgical treatment by anterior 
cruciate ligament reconstruction (ACLR) (14). Thigh 
muscle weakness, atrophy, and impaired neuromuscular 
functions following ACLR have been documented and are 
suggested as potential risk factors for PTOA development 
after ACLR (15-21). Early evaluation of thigh muscle fat 
accumulation may support clinical management of patients 
to mitigate PTOA onset or progression.  

In this study, quantitative PDFF obtained by 6-point 
Dixon MRI was evaluated in a multi-vendor, multi-site 
context. Acquisition and quantitative processing techniques 
applicable across vendors were optimized in phantoms. 
A novel image post-processing method was developed to 
mitigate image scaling related errors observed in the Dixon 
data from some scanners. After developing the scaling 

correction method in a small subset of data, reproducibility 
was assessed in phantoms and traveling control subjects 
across vendors and imaging sites along with intra-site 
repeatability in phantoms and control subjects. The 
applicability of the method, and its sensitivity to bilateral 
PDFF changes, was explored by measuring thigh muscle 
PDFF in patients approximately 10 years after ACLR and 
comparing muscle PDFF between the operated and non-
operated limbs, testing the hypothesis that patients who had 
ACL injuries treated by ACLR would have asymmetrically 
elevated intramuscular fat for some muscle groups. 
We present this article in accordance with the GRRAS 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-287/rc).

Methods

Study sites and MRI hardware 

Five clinical MRI systems at three different sites were 
involved in this study, termed “Site 1”, “Site 2”, and “Site 3”. 
Site 1 used a 3T MAGNETOM SkyraFit scanner (Siemens 
Healthcare, Erlangen, Germany) and a 3T Ingenia scanner 
(Philips Healthcare, Best, Netherlands). Site 2 used a 
3T Achieva scanner (Philips Healthcare). Site 3 used a 
3T Achieva scanner and a 3T Ingenia Elition X scanner 
(Philips Healthcare). All scanners employed a multi-channel 
anterior radiofrequency (RF) coil or an anterior flex RF coil 
and combined with a multi-channel, in-bed, posterior RF 
coil (Table 1).

In vitro: phantoms

Water-fat phantoms were constructed in-house as described 
in a previous report (22). The phantom includes three  
50 mL conical tubes containing a mixture of peanut oil, agar, 
and gadolinium-diethylenetriaminepentacetate (DTPA) 
contrast agent with targeted volume fat fraction values 
of 5%, 10%, and 15% [spanning the range of previously 
reported intramuscular fat in OA (12)] with the noted fat 
fraction percentage referring to the relative volume of 
peanut oil in the mixture (Figure 1). Note that the phantom 
also has three non-fat-containing reference tubes designed 
for other imaging evaluations of relaxometry, which were 
not analyzed in this study but did serve as 0% PDFF 
references for assessment of the proposed scaling correction 
(see section MRI data processing and Appendix 1).  
Each phantom included two external markers (vitamin E 

https://qims.amegroups.com/article/view/10.21037/qims-24-287/rc
https://qims.amegroups.com/article/view/10.21037/qims-24-287/rc
https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf
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Table 1 MRI scanners and coils used for phantom and human subject experiments

Scanner label Site 1 scanner A Site 1 scanner B* Site 2 scanner C Site 3 scanner D Site 3 scanner E

Scanner model 3T Siemens  
MAGNETOM SkyraFit

3T Philips Ingenia 3T Philips Achieva 3T Philips Achieva 3T Philips Ingenia 
Elition X

Receive coils  
(maximum channel 
count)

Body 18 (18 channel) Anterior (16 channel) Anterior (16 channel) Anterior (16 channel) Anterior (16 channel)

Spine 32 (32 channel) Posterior (12 channel) Posterior (12 channel) Posterior (12 channel) Posterior (12 channel)

*, Site 1, scanner B was used only for phantom inter-site/same-vendor or intra-site/inter-vendor experiments. All in vivo scanning at Site 1 
used scanner A. MRI, magnetic resonance imaging.

A B C

D E

Figure 1 Phantom and in vivo scan positioning and image analysis. (A) Phantom placement with blue-capped tubes facing toward the bore 
and external markings shown, as well as 70 mm displacement from the laser center (red lines). (B) Front face of the phantom with 5%, 10%, 
and 15% fat fraction tubes labeled and external markers indicated (yellow arrows). (C) Corresponding axial MR image with external markers 
and ROIs showing the 5% (red), 10% (orange), and 15% (yellow) tubes. Note that the bottom three tubes were designed for relaxometry 
evaluation beyond the scope of this study, but were used for scaling correction given the known lack of fat signal. (D) Coronal survey image 
with arrows showing the joint line from the femoral condyle to the greater trochanter tip (blue) with line indicating the center slice for 
data acquisition (yellow). (E) Example segmentation of muscle groups: left hamstrings (light blue, HL), left quadriceps (dark blue, QL), 
left medial (teal, ML), right hamstrings (orange, HR), right quadriceps (yellow, QR), right medial (red, MR). ROI, region of interest; HL, 
hamstrings left; HR, hamstrings right; QL, quadriceps left; QR, quadriceps right; ML, medial left; MR, medial right.
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capsules) that were used to support consistent phantom 
positioning. After an initial evaluation at Site 1 on scanners 
A and B, three replicates of the phantom were distributed, 
one to each site. 

In vivo: healthy volunteers and patients

To assess clinical scan-rescan repeatability and inter-site 
reproducibility of intramuscular PDFF measurements, 
healthy (asymptomatic) control subjects over 18 years of 
age were recruited. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013) with 
approval by the Institutional Review Boards (IRBs) of 
Cleveland Clinic, Vanderbilt University Medical Center, 
and Ohio State University Medical Center. The IRB 
number for this protocol is 19-573 (MOON10YR MRI) 
and the associated Federal Wide Assurance number is 
FWA00005367. Informed consent was taken from all 
individual participants. Subjects with clinically diagnosed 
arthritis, musculoskeletal disease, neuromuscular disease, 
previous lower limb injuries, contraindications to MRI 
including metallic implants, or claustrophobia were 
excluded. 

To assess sensitivity of the PDFF measure in a clinically 
relevant population, both thighs (operated and non-
operated sides) of patients at 10 years or more after ACLR 
were scanned under approved IRB protocols with written 
informed consent. Patients were recruited from the 
Multicenter Orthopaedic Outcomes Network (MOON) 
cohort, and patients were scanned at one of the three sites 
as part of a multi-site, multi-vendor MRI cohort study. 

MRI data acquisition

The MRI PDFF quantification protocols at all three sites 
included a high-resolution T1-weighted turbo spin echo 
(T1w-TSE) scan and a monopolar gradient interleaved 
6-point Dixon scan using the corresponding vendor product 
sequences on the scanners with parameters summarized in 
Table 2. Phantom and human subject protocols were identical 
except the T1w-TSE was not performed for phantoms. 
Protocol parameters for the 6-point Dixon acquisition were 
first optimized at Site 1 and then harmonized between 
sites, including gradient polarity, repetition time (TR), 
TE values, flip angle, voxel size, and readout bandwidth, 
in order to minimize potential inter-site differences in 
PDFF quantification. TE values were selected to provide 
optimal in-phase and opposed-phase images for fat-water 

separation as previously reported (23). The monopolar 
gradient interleaved 6-point Dixon scan was comprised of 
two separate 3-point Dixon scans with TE spacing (ΔTE) 
of 2.46 ms, one 3-point Dixon scan with first TE of 1.23 ms 
and the other 3-point Dixon scan with first TE of 2.46 ms.  
The monopolar gradient method was selected to avoid 
gradient polarity-related errors that may affect the resultant 
magnitude and phase images. To evaluate the effect of 
acquisition method, a bipolar gradient 6-point Dixon scan 
was performed on scanner A. The bipolar gradient scan used 
the same vendor product sequence and parameters as the 
monopolar acquisition, except for gradient polarity, and was 
performed in a single 6-point acquisition with duration 1:39 
(1 minute, 39 seconds). 

At all sites, the phantom was positioned with tubes 
oriented in the same way (caps toward scanner bore) 
with external markers positioned in the same orientation  
(Figure 1A-1C). Phantoms were scanned at two positions 
similar to lower limb locations in order to assess side-to-
side changes that could occur due to system imperfections: 
70 mm left of isocenter and 70 mm right of isocenter.

The protocol for human subjects included bilateral thigh 
scans using the T1w-TSE and 6-point Dixon sequences. 
Scans were acquired in the supine, feet-first position. For all 
scans, the axial T1w-TSE and Dixon scans were acquired at 
the midpoint between the knee joint line and the superior 
margin of the greater trochanter (Figure 1D), as determined 
from a coronal localizer scan. For control subjects, rescans 
were acquired in the same orientation at the same targeted 
anatomic location after repositioning the subject. 

MRI data processing

PDFF maps were computed from 6-Point Dixon magnitude 
and/or phase images using three computational approaches: a 
vendor-independent software package [“FattyRiot” (24)] with 
complex image processing, the same vendor-independent 
software package with magnitude-only image processing, 
and a commercially available, vendor-specific hybrid 
multi-step adaptive fitting algorithm on scanner A (25). 
The FattyRiot software incorporates T2* correction, off-
resonance map calculation, and a multi-peak fat model (26)  
as part of the fat-water separation computation; graph-
cut and whole-image based optimization approaches are 
employed in conjunction with a 3×3 pixel “voting kernel” 
to adaptively select the fat-water separation with locally 
smallest residuals (24). Considering both acquisition 
and computational approaches, a total of five methods 
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were evaluated: (I) monopolar acquisition with vendor-
independent magnitude processing (termed as ‘monopolar 
vendor-independent magnitude’); (II) monopolar vendor-
independent complex; (III) bipolar vendor-independent 
magnitude; (IV) bipolar vendor-independent complex; and 
(V) bipolar vendor-specific.

Phantom regions of interest (ROIs) were automatically 
defined by thresholding the signal in the center four slices 
of the first echo magnitude image. Mean PDFF percentage 
values were calculated within the defined ROI of each 
phantom tube. 

Muscle PDFF for subjects were analyzed for the 
hamstrings, quadriceps, and medial (medial compartment 
+ sartorius) muscle groups of each thigh (Figure 1E). The 
muscle groups were defined on T1w-TSE images by fully 
manual segmentation, or an in-house developed automated 
segmentation (27) with manual correction, for the four 
center slices. The T1w-TSE images were registered to the 

3rd echo of the 6-point Dixon data (TE =3.69 ms) using 
an affine transformation and Mattes mutual information 
similarity metric as implemented in advanced normalization 
tools (ANTs) (28,29). The 3rd echo was used as it exhibited 
high contrast between muscle tissue and the surrounding 
subcutaneous fat as well as strong edges due to the opposing 
phase of water and fat signal. Average PDFF for each 
muscle group was recorded.

A scaling correction was developed to mitigate errors 
observed on some scanner platforms, where the two 
monopolar 3-point Dixon scans were observed to have 
different global scaling factors that could degrade the PDFF 
reproducibility. The correction re-scales the even echoes 
[2, 4, 6] to have the same scaling as the odd echoes [1, 3, 5] 
prior to performing PDFF quantification. The signal model 
used for this correction assumes that a voxel’s signal, S, is 
non-negative and can be described by an exponential decay 
with characteristic T2* with signal deviations from the pure 

Table 2 MRI acquisition parameters

Sequence Parameter Siemens (Site 1) Philips (Sites 1–3)

T1w-TSE TR (ms) 795 607

TE (ms) 10 10

Echo train length 2 2

Bandwidth (Hz) 199 218.5

Matrix size 512×400×28 432×432×28

Field of view (mm2) 400×312.4 312×432.5

Slice thickness (mm) 5 5

Scan time (min:s) 1:07 2:10

Parallel imaging [acceleration factor] GRAPPA [2] SENSE [2]

6-point Dixon TR (ms) 16.37 16.37

TE (first echo) (ms) 1.23 1.23

ΔTE (ms) 1.23 1.23

Flip angle (deg) 3 3

Bandwidth (Hz) 1,500 1,479.5

Matrix size 256×192×28 256×256×28

Field of view (mm2) 400×300 400×400

Slice thickness (mm) 5 5

Scan time (min:s) 3:18 2:55

Parallel imaging [acceleration factor] Caipirinha [2] SENSE [1]

Bipolar gradient acquisition (Siemens) used the same parameters but with scan time of 1:39. TE, echo time; TR, repetition time; MRI, 
magnetic resonance imaging; T1w, T1-weighted; TSE, turbo spin echo.
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exponential due to fat-water phase differences,
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where M0 is the initial magnetization, TEi is the echo 
time at the i-th echo, f is the amount of fat, ai is the signal 
deviation from the exponential due to fat at the i-th echo, 
and k is the scaling factor of the even echoes as relative 
to the odd echoes. Correction of the original data is then 
performed by determining the value of k and then dividing 
the even echo signal measurements by this scaling factor, 
leaving the original signal’s contributions of T2* decay and 
fat content intact,
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Determination of k is carried out using a multi-voxel, 
regularized, parameter estimation procedure using voxels 
selected with presumed low levels of fat (e.g., 15% PDFF 
or less) selected in lean muscle. Details of the method and 
implementation are included in Appendix 1.

MRI experiments

Evaluation of acquisition and processing methods was 
performed using phantom data to determine the optimal 
quantification technique with respect to repeatability. Data 
for these analyses were acquired on Scanner A for six scans 
over the course of seven months using one of the three 
phantom replicates (phantom 1). Repeatability of PDFF 
measurements was assessed at the left and right positions 
independently (N=6) as well as when pooling data from 
both positions (N=12). Data were acquired between March 
21, 2020 and August 29, 2023.

Validation of the correction method was performed in 
phantoms and in a limited number of subjects that had an 
agarose gel tube placed in the field of view when the Dixon 
data were acquired. In phantoms, the re-scaling constant 
k derived from the mixed “fat and water” (FW) correction 
described previously was compared to a “water only” (WO) 
correction (see Appendix 1). Most subject scans in this work 
did not have additional agarose gel tubes, motivating the 
use of the FW correction following validation experiments. 

Phantom and traveling control subjects were analyzed to 
assess inter-site PDFF reproducibility with and without the 
FW scaling correction.

The most repeatable technique on scanner A was 
then evaluated for intra-site repeatability, inter-site 
reproducibility, and inter-vendor. Each site used one of the 
three phantom replicates (phantom 1 at Site 1, phantom 2 
at Site 2, phantom 3 at Site 3) scanned six times for scanners 
A, C, D, and E over the course of seven months. Prior to 
the distribution of the phantoms, one set of left (N=1) and 
right (N=1) position scans for all three phantoms were 
obtained on Scanner A and Scanner B for intra-site, inter-
vendor PDFF reproducibility assessments. After phantom 
distribution to sites, repeatability was evaluated for the 
left (N=15), right (N=15), and combined position (N=30) 
measurements. Intra-site, same vendor reproducibility was 
assessed at Site 3 for scanners A and B using phantom 3. 
Inter-site, same vendor reproducibility was assessed for 
Sites 1 and 2 (phantom 2), and Sites 1 and 3 (phantom 3). 
Overall reproducibility was assessed by comparing PDFF 
measurements from scanners A, C, D, and E.

Subjects were recruited and scanned at all sites (scanners 
A, C, D, and E) using the same acquisition and processing 
method as the phantom reproducibility assessments. 
Twenty-seven subjects were enrolled in total, including 
four local controls at Site 1, eight local controls at Site 2,  
ten local controls at Site 3, and five traveling controls 
that were scanned at all three sites. Data were acquired 
between December 10, 2020 and October 3, 2022. To assess  
in vivo repeatability of PDFF measurements, the 22 local 
control and 5 traveling control subjects underwent scan-
rescan acquisitions at each site, with the exceptions of only 
4 traveling subjects being scanned at Site 2 and only 3 
traveling subjects receiving rescans at Site 3 due to logistical 
constraints.  

A total of 135 ACLR patients (59 male, 76 female; 34 
from Site 1, 23 from Site 2, 78 from Site 3) were scanned 
between June 22, 2020 and May 23, 2023. PDFF of the 
thigh muscle was compared between operated and non-
operated limbs to assess potential differences.

Statistical analysis

Repeatability was assessed using the standard deviation 
(SD) of PDFF measurements, calculated first by treating 
left and right scan positions as separate categories of 
measurements, and second by treating left and right scan 
positions as repeated measures under the same category. 

https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf
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Reproducibility assessment also used the SD of PDFF 
measurements. As such, SD served as an unscaled metric 
of PDFF measurement precision. The 2-way, absolute 
intraclass correlation coefficient (ICC) (30) was used as 
a scaled metric to characterize overall repeatability of 
the phantom tube measurements for each of left, right, 
and combined positions. SD and ICC were also used to 
assess PDFF variability across the phantoms on the same 
scanner, as phantom variability could be an uncharacterized 
confounder to inter-site analyses if not separately evaluated. 
All ICC values are reported on a scale from 0 to 1.

Differences in mean PDFF between left and right 
scan positions were evaluated using paired, two-tailed 
t-tests. Unpaired, two-tailed t-tests were used to assess 
differences in mean PDFF between scanners, where left 
and right position scans were treated as independent 
measurements. For the intra-site, inter-vendor comparison, 
PDFF measurements from left and right position scans for 
the three phantoms were used as independent measures 
and paired t-tests were used to assess differences between 
the scanners. Holm-Bonferroni correction for multiple 
comparisons was applied for each set of comparisons. All 
comparisons used a significance threshold of P=0.05 after 
correction. 

In vivo repeatability in controls was assessed by the 
within-subject standard deviation (wSD) (31) at scan-rescan 
for each muscle group. Reproducibility was assessed by the 
wSD across scanners for each muscle group.

In ACLR patients, comparisons of PDFF in corresponding 
thigh muscle groups between the operated and non-operated 
limbs used a paired, two-tailed t-test. To account for multiple 
comparisons, adjusted P values were computed using the 
Holm-Bonferroni method.

Results

Phantom experiments

The phantom was scanned in six sessions on Scanner A 
over the course of 7 months (6 for each scan position). 
Scaling variations between even and odd interleaved 3-echo 
monopolar scans were not observed in these data and thus 
the correction was not applied. All quantitative methods, 
except for the bipolar vendor-independent complex method, 
provided uniform fat fractions across the phantom tubes 
(Figure 2). Since there was substantial artifact for the bipolar 
vendor-independent complex method, this technique was 
omitted from subsequent analyses. ICC indicated strong 
repeatability (ICC ≥0.94) among the remaining four 
methods (Table 3), however, only the monopolar vendor-
independent magnitude method provided mean PDFF 
estimation between left and right positions that were not 
statistically different (Figure 3). At a fixed position, the 
PDFF SD was the lowest for the bipolar vendor-specific 
method, but when evaluating both positions, the monopolar 
vendor-independent magnitude method has a lower 
PDFF SD, indicating the best PDFF repeatability in this 
consideration. The methods other than monopolar vendor-
independent magnitude had higher SDs for the combined 
left and right positions than each position independently, 
suggesting PDFF variation was position dependent (Table 3, 
see also Table S1). Patterns of bias for the methods showed 
overall under-estimation from the monopolar vendor-
independent magnitude method that was comparable to 
the vendor-specific method (using the vendor’s commercial 
single-voxel spectroscopy-based PDFF quantification 
as a reference, see Figure S1). Based on these findings, 
subsequent analyses used only the monopolar vendor-

Figure 2 Example fat fraction (PDFF) maps for a phantom acquired at Site 1, scanner A with five acquisition and processing combinations. 
The top three tubes contain reference volume fat fraction percentage values of (left-to-right) 5%, 10%, and 15%. The bottom three tubes 
contain no fat and were not analyzed. PDFF, proton-density fat fraction.
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Table 3 Phantom repeatability across acquisition and processing methods

Metric
Reference 
fat fraction

Monopolar vendor-independent 
magnitude (N=6)

Monopolar vendor-independent 
complex (N=6)

Bipolar vendor-independent 
magnitude (N=6)

Bipolar vendor-
specific (N=6)

L R L & R L R L & R L R L & R L R L & R

PDFF, 
SD, %

5% 0.7 0.3 0.5 0.7 0.2 1.7 0.7 0.3 0.8 0.1 0.3 0.7

10% 0.3 0.2 0.2 0.4 0.2 0.5 0.2 0.1 0.6 0.2 0.2 0.6

15% 0.5 0.3 0.4 0.5 0.3 1.1 0.6 0.5 0.6 0.2 0.1 0.4

ICC All 0.98 1.00 0.99 0.99 1.00 0.94 0.99 0.99 0.99 1.00 1.00 1.00

PDFF, proton density fat fraction; L, left; R, right; ICC, intraclass correlation coefficient; SD, standard deviation.
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Figure 3 Mean PDFF from acquisition and quantification methods for reference phantom tubes (5%, 10%, 15%) at different positions (left, 
right). The methods shown are (A) monopolar vendor-independent magnitude, (B) monopolar vendor-independent complex, (C) bipolar 
vendor-independent magnitude, and (D) bipolar vendor-specific. Of the four methods shown, only the monopolar vendor-independent 
magnitude method (A) showed no significant difference in PDFF values between the two magnet positions. Each bar for scan position and 
reference tube corresponds to six data points (N=6). *, P<0.05. PDFF, proton-density fat fraction.

independent magnitude method. No fat-water swaps were 
observed in this study with this harmonized data acquisition 
and processing framework.

The WO and FW corrections in phantom are shown 
for a representative case in Figure 4. When applied to 30 

phantom scans (5 scan sessions/scanner × 2 scan positions/
session × 3 scanners), the scaling value, k, obtained from the 
FW correction was comparable to the WO-derived value 
(k=0.96±0.05 for WO vs. k=0.96±0.05 for FW with mean 
absolute error 0.006), with less error than when the WO 
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method was applied in the 5% FF tube (k=1.00±0.05 with 
mean absolute error 0.034). Reproducibility, as assessed by 
PDFF SD in phantoms, wSD in traveling control subjects, 
and ICC in both, improved when employing the scaling 
correction (Table 4, see also Table S2). In an example ACLR 
patient with an added agarose gel tube (no fat), the FW 
correction was observed to bring the PDFF measurement 
of the tube closer to 0% PDFF, while also showing an effect 
on muscle (Figure 5). Scaling correction was employed for 

affected scanners in the following analyses.
Intra-site repeatability as described by SD and 

ICC ranged between 0.2–0.9% PDFF and 0.98–1.00, 
respectively (Table 5, see also Table S3). SD for the 
combined left and right positions was comparable to 
or lower than each position independently, suggesting 
position-dependent PDFF variation was negligible relative 
to fixed-position repeatability. One dataset from Scanner 
D was omitted due to improper positioning that precluded 

Figure 4 Scaling correction for interleaved monopolar 3-echo acquisitions as part of the 6-point Dixon data processing for affected scanners. 
Scatterplots: in an agar tube with no fat, signal should follow a mono-exponential decay for interleaved acquisitions. However, even echoes 
(red) are observed to have different scaling than odd echoes (blue). PDFF maps: WO correction succeeds with agar tubes, but not the 5% 
peanut oil tube. FW succeeds with 5% and 15% peanut oil tubes. (Top row tubes: 5%, 10%, 15% peanut oil; Bottom row tubes: 4%, 3%, 2% 
agar with no fat). PDFF, proton-density fat fraction; WO, water only; FW, fat and water; a.u., arbitrary units.

Table 4 Evaluation of phantom inter-site PDFF reproducibility before and after scaling correction (N=5)

Metric Reference fat fraction
Phantom  

(without correction)
Phantom  

(water only correction)
Phantom  

(fat and water correction)

PDFF, SD, % 5% 1.4 0.5 0.6

10% 1.7 0.6 0.7

15% 2.7 1.2 1.2

ICC All 0.80 0.98 0.98

PDFF, proton density fat fraction; SD, standard deviation; ICC, intraclass correlation coefficient.

Odd echoes 

Even echoes

Odd echoes 

Even echoes

* Tube used for WO correction 

+ Tubes used for FW correction

0 2 4 6 8
Echo time, ms

0 2 4 6 8
Echo time, ms

1.0

0.9

0.8

0.7

S
ig

na
l, 

a.
u.

1.0

0.9

0.8

0.7

S
ig

na
l, 

a.
u.

Scanner without 
observed scaling 
errors

FW correction

No correction

WO correction 
(using agar tube)

WO correction 
(using 5% FF tube)

Scale corrected

P
D

FF, %

20

10

0

P
D

FF, %

20

10

0

20

10

0

Uncorrected
Scanner with observed scaling errors

https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf


Quantitative Imaging in Medicine and Surgery, Vol 14, No 12 December 2024 8109

© AME Publishing Company.   Quant Imaging Med Surg 2024;14(12):8099-8118 | https://dx.doi.org/10.21037/qims-24-287

15

10

5

0

P
D

FF, %

No correction Fat and water based correction

Figure 5 Example ACL reconstruction patient scan with included agarose gel tube for confirmation of FW correction quality. In this case, 
scaling errors led to artificially heightened PDFF in muscle tissue as well as the agar tube. FW correction decreased the PDFF of the agar 
tube to be closer to zero and similarly reduced intramuscular PDFF values. As shown by traveling control subjects’ scans, the correction 
improved reproducibility of PDFF quantification in all muscle compartments. ACL, anterior cruciate ligament; FW, fat and water 
correction; PDFF, proton density fat fraction.

Table 5 Phantom repeatability

Metric
Reference fat 

fraction

Site 1, scanner A (N=15) Site 2, scanner C (N=15) Site 3, scanner D (N=14) Site 3, scanner E (N=15)

L R L & R L R L & R L R L & R L R L & R

PDFF, SD, 
%

5% 0.9 0.6 0.8 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3

10% 0.5 0.2 0.4 0.3 0.3 0.3 0.2 0.2 0.2 0.4 0.3 0.4

15% 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.2 0.2 0.7 0.3 0.5

ICC All 0.98 0.99 0.98 1.00 1.00 0.99 1.00 1.00 0.99 0.99 1.00 0.99

PDFF, proton density fat fraction; ICC, intraclass correlation coefficient; SD, standard deviation; L, left; R, right.

PDFF quantification.
Reproducibility across scanners at Site 3 showed 

comparable mean PDFF values (Figure 6A). Within Site 1, 
mean PDFF across scanners showed statistically significant 
differences of 0.6% and 1.0% PDFF (inter-vendor, same 
site), which was smaller than significant differences observed 
between Sites 1 and 2, 1.0–1.7% PDFF (same vendor, different 
site comparison) (Figure 6B,6C). However, comparison 
of mean values for Sites 1 and 3 showed differences of 
0.3–0.5% PDFF that did not reach statistical significance 
(same vendor, different site comparison) (Figure 6D).  
Cross-phantom PDFF variability was also evaluated to 
confirm low variation in phantom values (Table S4).

Intra-site, inter-vendor evaluation showed high 
reproducibility at Site 1 with SD between 0.5–0.7% PDFF 
and ICC of 0.96 (Table 6). For inter-site, same vendor 
assessment, SD ranged from 0.5–1.0% PDFF (ICC =0.99–
1.00). Overall inter-site, inter-vendor reproducibility had 

SD between 0.8–1.7% PDFF and ICC =0.97. 

In vivo experiments 

Representative segmented PDFF maps are overlaid on co-
registered T1w-TSE images in Figure 7 for scan-rescan 
experiments from each site. Reproducibility in traveling 
control subjects, as assessed by wSD and ICC, improved 
when employing the scaling correction (Table 7, see also 
Table S5). The intra-site PDFF wSD ranged between 
0.2–0.8% PDFF with ICC between 0.95–0.98 (Table 8, see 
also Table S6). In an example ACLR patient with an added 
agarose gel tube (no fat), the FW correction was observed 
to bring the PDFF measurement of the tube closer to 0% 
PDFF, while also showing an effect on muscle. Inter-site 
reproducibility from traveling control subjects scanned 
across the three sites (four scanners) had higher wSD (0.7–
1.2%), and lower ICC (0.92), as compared to same-scanner 

https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf
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Figure 6 PDFF estimates in phantom compared between scanners, vendors, and sites. (A) Mean PDFF of the same phantom scanned on two 
scanners of the same vendor at Site 3 (N=58, 29 scans * 2 positions). (B) Mean PDFF for the three phantoms scanned at Site 1 on scanners 
from both MRI vendors (N=6, 3 phantoms * 2 positions). (C) Mean PDFF for the same phantom scanned at Site 1 scanner B (n=2) and Site 
2 (n=12) for the same scanner vendor. (D) Mean PDFF for the same phantom scanned at Site 1 scanner B (n=2) and Site 3 scanners A and B 
(n=24) for the same scanner vendor. Error bars are standard deviations across scans including acquisitions at left and right scan position. *, 
P<0.05. PDFF, proton-density fat fraction; FF, fat fraction; MRI, magnetic resonance imaging.

Table 6 Phantom reproducibility: inter-vendor and inter-site

Metric
Reference fat 

fraction
Intra-site (Site 1),  
inter-vendor (N=6)

Inter-site (Sites 1, 2), 
same vendor (N=2)

Inter-site (Sites 1, 3), 
same vendor (N=2)

Inter-site (Sites 1, 2, 3), 
inter-vendor (N=3)

PDFF, SD, % 5% 0.7 0.5 0.5  0.7

10% 0.5 0.7 0.5  0.8

15% 0.5 0.8 1.0  1.7

ICC All 0.96 1.00 0.99 0.97

PDFF, proton density fat fraction; SD, standard deviation; ICC, intraclass correlation coefficient.

repeatability.
A total of 135 ACLR patients were evaluated with a mean 

age of 33.7±5.2 years and body mass index (BMI) of 25.7± 
4.8 kg/m2. Representative segmented PDFF maps are 
overlaid on co-registered T1w-TSE images in Figure 8 for 

patients from each site. Visually evident fat accumulation was 
present in the operated limbs of some, but not all, ACLR 
patients (Figure 8). Comparisons of operated and non-
operated thigh muscles indicated higher PDFF in operated 
side hamstrings as compared to the contralateral hamstrings 
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Table 8 In vivo intra-site repeatability and reproducibility

Metric Muscle Group Site 1 (N=8) Site 2 (N=11) Site 3 (N=16) Inter-Site (N=5)

PDFF, wSD (%) HL 0.7 0.4 0.6 1.2

HR 0.3 0.3 0.5 1.0

QL 0.8 0.2 0.4 0.9

QR 0.4 0.2 0.3 0.7

ML 0.7 0.4 0.8 0.9

MR 0.2 0.3 0.6 0.8

ICC All 0.96 0.98 0.95 0.92

wSD, within-subject standard deviation; PDFF, proton density fat fraction; ICC, intraclass correlation coefficient; HL, hamstrings left; HR, 
hamstrings right; QL, quadriceps left; QR, quadriceps right; ML, medial left; MR, medial right.
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Figure 7 Example scan-rescan PDFF maps for control subjects at each site. PDFF, proton-density fat fraction.

Table 7 Evaluation of traveling control PDFF reproducibility before and after scaling correction (N=3)

Metric Muscle group Traveling control (without correction) Traveling control (fat and water correction)

PDFF, wSD (%) HL 1.6 1.4

HR 1.8 1.0

QL 1.5 0.9

QR 1.6 0.8

ML 1.6 0.7

MR 1.6 0.6

ICC All 0.70 0.92

HL, hamstrings left; HR, hamstrings right; QL, quadriceps left; QR, quadriceps right; ML, medial left; MR, medial right; PDFF, proton 
density fat fraction; ICC, intraclass correlation coefficient; wSD, within-subject standard deviation. 
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Figure 8 Example patient PDFF maps from each site. Some ACLR patients, but not all, exhibit visually evident fat accumulation in the 
hamstrings of the operated thighs (yellow arrows). PDFF, proton-density fat fraction; ACLR, anterior cruciate ligament reconstruction.
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Figure 9 Violin plots of mean intramuscular PDFF in ACLR 
patients’ operated and contralateral muscle compartments (N=135). 
*, P<0.05. HO, hamstrings operated; HC, hamstrings contralateral; 
QO, quadriceps operated; QC, quadriceps contralateral; MO, 
medial operated; MC, medial contralateral; PDFF, proton-density 
fat fraction; ACLR, anterior cruciate ligament reconstruction. 

(6.2%±3.5% vs.  5.7%±2.8%, P=0.006) (Figure 9) .  
Medial and quadriceps muscle groups did not have 
statistically significant differences (medial: 5.7%±2.5% 
vs. 5.5%±2.3%, P=0.133) (quadriceps: 4.0%±2.0% vs. 
4.0%±2.1%, P=0.961). 

Discussion

In this multi-vendor, multi-site study, we developed an 
acquisition and processing framework for reproducible 
multi-site, multi-vendor intramuscular fat fraction 
quantification by 6-point Dixon MRI and demonstrated its 

utility for assessment of thigh muscle fat accumulation in 
an ACLR patient cohort. Monopolar gradient acquisition 
with vendor-independent, magnitude-based processing 
yielded the most reproducible PDFF measurements 
overall in phantom experiments. With the harmonized 
MRI protocols in this study, reproducibility as assessed by 
SD in phantoms ranged between 0.5–1.7% PDFF for all 
inter-scanner evaluations. Same scanner repeatability in 
healthy controls as assessed by wSD was between 0.2–0.8% 
PDFF for all sites and muscle groups. Reproducibility in 
traveling controls as assessed by wSD was between 0.7–1.2% 
across muscle groups. When applied to ACLR patients, 
intramuscular PDFF was elevated in the hamstrings of the 
operated limbs. 

The reliability of PDFF quantification in the phantom 
experiments was highly dependent on the acquisition and 
processing methods. We observed the best repeatability at a 
fixed scan position with the bipolar gradient vendor-specific 
method, however, PDFF varied significantly between left 
and right scan positions for bipolar gradient acquisition 
independent of post-processing algorithm. In contrast, 
PDFF measurements using the monopolar acquisition 
with vendor-independent magnitude-based processing did 
not vary significantly with phantom position. We suspect 
the observed position-dependent differences in the bipolar 
gradient methods may be due to position-related field 
inhomogeneity, which may have exacerbated errors due to 
other system imperfections in bipolar acquisition and with 
complex processing. Effects of gradient polarity on PDFF 
have been described previously and have been attributed to 
system imperfections that include echo misalignments in 
k-space, concomitant gradient fields, constant phase offset 
between time-interleaved echo trains, and asymmetric 
amplitude modulation in readouts due to receiver frequency 
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response characteristics (32,33). With respect to magnitude 
processing versus complex processing, our observation 
of more precise PDFF quantification is consistent with 
a previous comparison of similar 6-echo chemical shift-
based MRI methods (34). However, we observed consistent 
underestimation on the order of 1–6% PDFF when 
compared to the nominal fat fraction of the phantom tubes 
[5–15% FF (22)], a relative underestimation of approximately 
20–30% that has been similarly reported with magnitude-
based fitting [e.g., Fig. 3 of (35)] and may be due to echo 
sampling effects. Complex-based methods have the 
advantage of better noise performance and lower sensitivity 
to fat signal modeling errors compared to magnitude-based 
methods with the tradeoff of being more prone to previously 
described phase errors (32,36-38). Concomitant gradients 
alone can lead to PDFF errors of up to 10% with complex 
image-based processing, but can be reduced to as low as 
1% with correction (36). In addition to phase errors, other 
confounding factors that need to be considered to minimize 
bias on PDFF estimates include the presence of multiple 
peaks in the fat spectrum, presence of susceptibility-induced 
fat resonance shifts, T1 effects, and temperature effects 
(3,39-43). Magnitude image processing is also impacted by 
susceptibility-induced fat resonance shifts that can impact 
PDFF estimates particularly in skeletal muscle (44). When 
such confounding effects are accounted for via corrections, 
complex image processing may be preferable to magnitude 
image processing due to the additional information contained 
within phase data. Recent reports have shown that 2-point 
Dixon water-fat reconstructions may be corrected using post-
processing to enable reproducible multi-site, multi-vendor 
muscle fat assessment (7,8), which may also be applicable to 
6-point Dixon data. Despite limitations of various acquisition 
and processing methods, our observations suggest that, with 
the acquisition protocols and processing methods used in 
this study, monopolar gradient acquisitions with magnitude-
based processing may be preferable to bipolar gradient 
acquisition or complex-based processing in order to obtain 
position-independent, reproducible intramuscular PDFF 
quantification.

The scaling correction method was observed to improve 
reproducibility by mitigating observed scaling differences 
between the two interleaved 3-point Dixon acquisitions on 
affected scanners. It should be noted that while the scans 
used product versions of 3-point Dixon sequences, the 
combination employed in this work used separate scans in a 
way that is not typically supported on the vendor platform. 
Despite efforts being taken to minimize calibrations or 

other system changes between the two scans, the resulting 
images still exhibited the observed scaling difference, 
necessitating such correction. The correction method’s 
single regularization parameter was tuned and confirmed 
by using one phantom dataset from each scanner and one 
traveling control subject’s dataset from each scanner, and 
reproducibility was assessed on the remaining held-out 
datasets. We observed that the effect of the correction 
was similar when including the tuning datasets (see  
Tables S2,S5). Note that this correction assumes that voxels 
with low levels of fat can be selected, which may not be 
true in severely degraded muscle seen in some medical 
conditions or in all anatomic locations. Beyond the specific 
application of this study, the approach taken for this scaling 
correction may be applicable to other problems where the 
underlying signal model is known but there is a scaling 
parameter that needs to also be estimated and used for a 
correction. MRI researchers, particularly in multi-site study 
contexts, do not always have access to research sequences or 
detailed scanner settings and may benefit from this image 
post-processing approach. 

Intra-site repeatability in terms of PDFF SD was 
<1% and reproducibility was 2% across scanners, sites, 
and vendors. Interestingly, differences between scanners 
from different vendors were not observed to be as large 
as differences between some scanners of the same vendor. 
Specifically, the difference in phantom PDFF between two 
vendors at Site 1 was not as substantial as that observed 
for the same vendor between Sites 1 and 3. Furthermore, 
the same scanner platform at Site 1 when compared with 
Site 2 did not show statistically significant differences. 
Taken together, these observations suggest that scanners 
of a common vendor may not necessarily have the same 
reproducibility profiles, even if acquisition protocols and 
processing are harmonized. 

The repeatability metrics from this study are within or 
lower than the range of PDFF SD reported by Schneider 
et al. (5), SD of 1.3–4.1% PDFF, for comparable phantom 
reference fat fraction tubes of 0–16% fat. Overall inter-
vendor, inter-site reproducibility in the present study for 
both phantom and in vivo data had SD and wSD of 0.7–1.7% 
PDFF, which is also notably less than the 7% reported 
previously, potentially due in part to their use of the vendor-
specific (commercial) acquisition parameters and processing 
methods of three vendors. Standardized acquisition and 
processing may therefore improve reproducibility. In a 
report by Hu et al. (6), variation of acquisition method 
was shown to affect the linearity and bias of PDFF 

https://cdn.amegroups.cn/static/public/QIMS-24-287-Supplementary.pdf
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measurements as compared to reference values in phantom 
with the use of vendor-specific processing. Whereas the 
systems in the present study exhibited relatively good inter-
vendor reproducibility under a standardized protocol, PDFF 
measurements in the previous report showed differing bias 
and linearity characteristics, suggesting that vendor-specific 
processing may degrade inter-vendor reproducibility as 
compared to centralized, vendor-independent processing (6). 

In the ACLR patients, PDFF was elevated in the 
hamstrings muscle group of the operated limb as compared 
to the contralateral limb. The mean difference in PDFF 
observed between operated ACLR and contralateral 
muscle groups was relatively small, on the order of 0.5% 
PDFF, emphasizing the need for precise, reproducible 
intramuscular PDFF quantification. Fat accumulation 
in the thighs of ACLR operated limbs may be due to a 
combination of effects. Significant fat accumulation in 
the hamstrings was observed within the semitendinosus 
muscle consistent with the previously reported muscle 
atrophy of semitendinosus muscle at 9–11 years post-ACL 
reconstruction (45). We observed no significant elevation 
in intramuscular fat fraction for the quadriceps muscles 
of ACLR limbs vs. non-operated limbs (4.0%±2.0% vs. 
4.0%±2.1%, P=0.961), which is notably different than 
reports of knee OA where quadriceps fat is increased (12). 
The lack of apparent quadriceps fat accumulation post-
ACLR may indicate a different disease process or an earlier 
time point in PTOA development as compared to other 
forms or more advanced knee OA. 

We note limitations of the study. This study focused on 
reproducibility and did not emphasize the accuracy or bias 
of various acquisition and processing methods. Patterns 
of PDFF bias from MRI vendors’ commercial processing 
methods have been reported, showing that accuracy varies 
depending on both the vendor and the target object’s fat 
content (5). Additionally, magnitude-based processing has 
been reported to under-estimate PDFF as compared to MR 
spectroscopy while complex-based processing over-estimated 
PDFF (46), but both approaches exhibited strong agreement 
with MR spectroscopy. These observations emphasize 
that caution should be taken to avoid mixing of different 
PDFF quantification methods as well as when assessing 
the reproducibility and bias needs of a given application. 
It should also be noted that this study was limited to 3T 
platforms from two vendors. Another limitation is the lack of 
inter-site reproducibility assessment in patients with muscle-
fat replacement or other abnormal fat accumulation. A higher 
degree of fat accumulation may coincide with different 

tissue properties as compared to controls, which may exhibit 
different reproducibility characteristics. Scan-rescan of 
patients and “traveling patient” scans could address this 
limitation. Also, the choice of fat MR spectrum model may 
influence results. The Dixon MRI processing that was used 
had been previously reported for skeletal muscle evaluation 
and assumed a fat spectrum model derived from liver (47), 
however, as muscular fat differs from liver fat, a dedicated 
intramuscular fat-specific spectrum model (48) may improve 
reproducibility and/or sensitivity to fat accumulation. Lastly, 
this work only evaluated the mean intramuscular PDFF 
acquired in four mid-thigh slices. Other statistical measures 
of fat fraction (49), as well as textural features (50), and full 
3D volumetric measurements (51) have been reported for 
evaluation of proximal lower limb muscle quality, and these 
measures may contain additional insight into fat accumulation 
following ACLR. 

Conclusions

We investigated the repeatability, reproducibility, and 
an example application of 6-point Dixon MRI for 
intramuscular fat quantification in a multi-site, multi-
vendor context. Using a vendor-independent magnitude-
based processing pipeline and monopolar acquisition, 
repeatability in phantoms and in vivo was characterized by 
SD less than 1% PDFF, and overall inter-site, inter-vendor 
reproducibility had SD less than 2% PDFF. Using a multi-
vendor, multi-site cohort of patients after ACLR, we 
observed elevated PDFF in the hamstrings of the operated 
limb as compared to the contralateral, non-operated limb. 
Evaluation of thigh intramuscular fat by 6-point Dixon 
MRI may provide insight into disease progression and is 
feasible in a properly designed multi-vendor, multi-site 
study.
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