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and oblique ligaments and tendons
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Abstract
Objectives To test the hypothesis that a fourfold CAIPIRINHA
accelerated, 10-min, high-resolution, isotropic 3D TSE MRI
prototype protocol of the ankle derives equal or better quality
than a 20-min 2D TSE standard protocol.
Methods Following internal review board approval and in-
formed consent, 3-Tesla MRI of the ankle was obtained in 24
asymptomatic subjects including 10-min 3D CAIPIRINHA
SPACE TSE prototype and 20-min 2D TSE standard protocols.
Outcome variables included image quality and visibility of
anatomical structures using 5-point Likert scales. Non-
parametric statistical testing was used. P values ≤0.001 were
considered significant.
Results Edge sharpness, contrast resolution, uniformity,
noise, fat suppression and magic angle effects were without
statistical difference on 2D and 3D TSE images (p > 0.035).

Fluid was mildly brighter on intermediate-weighted 2D im-
ages (p < 0.001), whereas 3D images had substantially less
partial volume, chemical shift and no pulsatile-flow artifacts
(p < 0.001). Oblique and curved planar 3D images resulted in
mildly-to-substantially improved visualization of joints,
spring, bifurcate, syndesmotic, collateral and sinus tarsi liga-
ments, and tendons (p < 0.001, respectively).
Conclusions 3D TSE MRI with CAIPIRINHA acceleration
enables high-spatial resolution oblique and curved planar
MRI of the ankle and visualization of ligaments, tendons
and joints equally well or better than a more time-consuming
anisotropic 2D TSE MRI.
Key Points
•High-resolution 3D TSEMRI improves visualization of ankle
structures.

• Limitations of current 3D TSE MRI include long scan times.
• 3D CAIPIRINHA SPACE allows now a fourfold-accelerated
data acquisition.

• 3D CAIPIRINHA SPACE enables high-spatial-resolution
ankle MRI within 10 min.

• 10-min 3D CAIPIRINHA SPACE produces equal-or-better
quality than 20-min 2D TSE.
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Introduction

Magnetic resonance imaging (MRI) of the ankle depends
heavily on intermediate-weighted and fluid-sensitive fat-sup-
pressed two-dimensional (2D) turbo spin echo (TSE) pulse
sequences, which are typically acquired sequentially in or-
thogonal planes. Limitations of 2D MRI, however, include
voxel anisotropy and partial volume effects. 2D MR images
are therefore not suitable for curved and oblique planar image
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reformats, which are desirable for the visualization of the lig-
aments and tendons about the ankle.

Three-dimensional (3D) isotropic volumetric MRI ac-
quisition techniques, such as Sampling Perfection with
Application optimized Contrast using different flip angle
Evolutions (SPACE, Siemens Healthcare, Erlangen,
Germany), in contrast, offer a small isotropic voxel size
through substantially thinner slice partitions, which en-
able reformation of virtually any imaging plane from a
single parent volume. However, drawbacks of 3DTSE have
thus far included image blur, low contrast-to-noise ratios, non-
uniformity of reformated images and often substantially
longer scan times.

One-dimensional (1D) parallel imaging acceleration tech-
niques have been utilized for 3D TSE [1–5], but have been
largely limited to acceleration factors of 2 and long acquisition
times of high resolution data sets. The CAIPIRINHA
(Controlled Aliasing In Parallel Imaging Results IN
Higher Acceleration) sampling pattern reduces aliasing
artifacts and image noise through optimized use of coil
sensitivities and enables parallel imaging acceleration in
two dimensions [6–8], which in combination offers the
potential for higher acceleration factors and improved
image quality of 3D volume acquisitions. To the best of
our knowledge, CAIPIRINHA sampling has not been inves-
tigated for 3D MRI of the ankle.

Therefore, we prospectively tested the hypothesis that a
comprehensive, fourfold accelerated, 10-min, high-resolution,
isotropic 3D CAIPIRINHA SPACEMRI ankle prototype pro-
tocol derives equal or better quality than a 20-min 2D TSE
standard protocol.

Materials and methods

Study design

This prospective, single-center, evidence level 1 [9] study was
approved by our institutional review board and complied both
with the Declaration of Helsinki and the Health Insurance
Portability and Accountability Act of the USA. Written in-
formed consent was obtained from all subjects. Subjects of
this study have not been previously reported.

MR imaging technique

MRI exams were performed using a commercially avail-
able, clinical wide-bore 3 Tesla MR imaging system
(MAGNETOM Skyra, NUMARIS/4 Syngo MR D13A,
Siemens Healthcare) and a commercially available foot
and ankle surface coil with 16 receiver channels (Siemens
Healthcare).

All subjects underwent a single MRI exam of the ankle
with a total acquisition time of 30 min, which consisted of a
3D protocol of 10-min acquisition time and 2D protocol of
20-min acquisition time (Table 1). Pulse sequences were
acquired in random order. For the 3D protocol, a pro-
totype CAIPIRINHA SPACE sequence was employed to
acquire non-fat-suppressed intermediate-weighted and
fat-suppressed T2-weighted with fourfold acceleration and
isotropic voxel resolution. Our institutional 2D TSE protocol
served as the standard of reference.

Subjects

The study population consisted of a consecutive, single group
of 24 asymptomatic subjects (12 men, 12 women; mean age,
35 years, range: 24–62 years; mean body mass index, 26 kg/
m2, range: 17–33 kg/m2). Inclusion criteria comprised adult
age, capacity to give informed consent and asymptomatic an-
kle joint. Exclusion criteria comprised contraindications for
MRI and prior ankle surgery. In all subjects, one randomly
chosen ankle joint was imaged. All MRI exams were acquired
for research purposes only.

Image evaluation

Two observers with 5 (B.F.) and 10 (J.F.) years of experience
in musculoskeletal MRI evaluated the data inde-
pendently. Intermediate-weighted and fat-saturated T2-
weighted 2D and 3D data sets were separated and pre-
sented in random order. A 2D data set consisted of non-
isotropic axial, sagittal and coronal images. A 3D data
set consisted of a single sagittal stack of images. All
image annotations were removed and each data set
was assigned a unique random number. Readings were
performed in a standardized fashion at approximately 1
lux using commercially available picture archiving and
communications system software (Vue version 12.1.0.2041,
Carestream Health, Rochester, NY, USA) with a 30-in.
diagnostic-quality colour liquid crystal display monitor
(Barco MDCC-6330, Duluth, GA, USA) calibrated to
Digital Imaging and Communications in Medicine standards
[10]. 2D data sets were displayed using three viewports in a
2x2 pattern using a predefined hanging protocol. Similarly,
3D data sets were displayed with a predefined hanging
protocol using an interactive multiplanar reformation
mode and three viewports in a 2x2 pattern. In addition,
3D data sets were viewable in curved planar reformation
modes. Observers were free to use their preferred win-
dow and level settings, magnification and scrolling
mode. The two observers reviewed the datasets indepen-
dently in eight sessions, which were performed 1 week
apart. Following a period of 1 month, both observers
repeated their independent assessments.
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Outcome variables

Outcome variables were grouped into image quality, visibility
of anatomical structures and overall reader satisfaction with
regard to the suitability of the respective data set for diagnostic
interpretation. Ratings were performed with symmetrical,
equidistant 5-point Likert scales, where a rating of 1 denoted
‘very bad’ with resultant complete obscuration of anatomical
details, 2 denoted ‘bad’with partial obscuration of anatomical
details, 3 denoted ‘adequate’ with impaired depiction of only
fine anatomical detail, 4 denoted ‘good’ with minimal impair-
ment, but preservation of all anatomical detail, and 5 denoted
‘very good’ with unimpaired depiction of all anatomical
details.

The image quality assessment included edge sharpness,
contrast resolution, fluid brightness, uniformity of image qual-
ity between axial, coronal and sagittal planes reformatted from
on single 3D TSE data volume and separately acquired corre-
sponding 2D TSE images, fat suppression, image noise, par-
allel image artifact, pulsatile flow artifact, chemical shift ef-
fect, partial volume effect and magic angle effect.

The assessment of anatomical structures included ar-
ticular cartilage, ligaments and tendons. Articular carti-
lage of the tibiotalar, posterior subtalar, talocalcaneonavicular,
calcaneocuboid, naviculocuneiform and midfoot joints was
assessed. The assessment of ligaments included the
syndesmotic ligament complex (anterior inferior tibiofibular
ligament, interosseous ligament, posterior inferior tibiofibular
ligament) [11], lateral collateral ligament complex (anterior
talofibular ligament, calcaneofibular ligament, posterior
talofibular ligament) [12], medial collateral ligament complex
(anterior and posterior tibiotalar ligaments, tibiocalcaneal liga-
ment, tibionavicular ligament, tibiospring ligament) [13], sinus
tarsi (cervical ligament, interosseous talocalcaneal ligament and
themedial, intermediate and lateral roots of the inferior extensor
retinaculum) [14, 15], spring ligament complex (superomedial
calcaneonavicular ligament, medioplantar oblique
calcaneonavicular ligament, inferoplantar longitudinal
calcaneonavicular ligament) [16] and bifurcate ligament com-
plex (calcaneocuboid and calcaneonavicular ligament) [17].
Assessment of tendons included the extensor tendons (anterior
tibial tendon, extensor hallucis longus tendon, extensor
digitorum longus tendon), peroneal tendons (peroneus brevis
and longus tendon), long flexor tendons (posterior tibial tendon,
flexor digitorum longus, flexor hallucis longus), Achilles ten-
don and plantar fascia.

Statistical and quantitative assessments

Statistical analyses were performed using JMP Pro 12.1.0
software (SAS Institute, Cary, NC, USA). Visual ratings are
given as median with minimum and maximum in parentheses.
In order to detect a difference of 1 of visual ratings, an a prioriT
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power calculation based on the Wilcoxon signed-rank test
with normal parent distribution was performed and deter-
mined a minimum sample size of 24 subjects was needed to
achieve a test power of 0.80 with a Bonferroni-corrected alpha
error of 0.001. Wilcoxon Signed-Rank Test was used to test
for differences of paired ordinal variables. Inter-reader agree-
ment and intra-reader reliability were calculated using
Cohen’s weighted kappa test. The grading of interobserver
agreement was performed according to the recommendations
of Landis and Koch [18]. Wilcoxon Signed-Rank test was
used to assess differences of inter- and intraobserver gradings
between 2D and 3D data sets. The second readings of both
readers were used for data presentation. Due to multiple com-
parisons, Bonferroni-corrected p-values of 0.001 and less
were considered statistically significant.

Results

Image quality

The image quality assessments are given in Table 2. There was
good inter-reader agreement (κ = 0.60–0.78) without

significant differences between 2D and 3D data sets
(p = 0.519). Intrareader reliability was good to very good
(κ = 0.69 - 0.85) without significant differences between 2D
and 3D data sets (p = 0.764). Edge sharpness, uniformity, con-
trast resolution and fat suppression were similarly good to very
good for 2D TSE and 3D SPACEMR image reformats. There
were chemical shift, partial volume effects and pulsatile flow
artifacts on 2D MR images, which were minimal or absent on
3D MR images (Figs. 1, 2 and 3). Mild magic angle effects
were similarly present on 2D and 3D MR images, specifically
in segments of the peroneus longus tendon (Fig. 4). There were
no parallel imaging artifacts on 2D and 3D data sets.

Visibility of anatomical structures

The assessments of joints, ligaments and tendons are given in
Tables 3, 4 and 5. There was good inter-reader agreement
(κ = 0.62–0.74) without a significant difference between 2D
and 3D data sets for joints (p = 0.723), ligaments (p = 0.569)
and tendons (p = 0.436). Intra-reader reliability was good
(κ = 0.68 - 0.78) without significant differences between 2D
and 3D data sets for joints (p = 0.611), ligaments (p = 0.278)
and tendons (p = 0.345). Articular cartilage of the midfoot

Table 2 Image quality
assessment of 2D TSE MR
images with 2.5-mm slice
thickness and 3D CAIPIRINHA
SPACE MR images with 0.5-mm
slice thickness

Parameters Weighting 2D TSE** 3D CAIPIRINHA SPACE** P-value

Edge sharpness IW 4 (3–5) 4 (3–5) 0.677

T2FS 4 (3–5) 4 (3–5) 0.408

Contrast resolution Iw 5 (4–5) 4 (3–5) 0.052

T2FS 4 (4–5) 4 (4–5) 0.852

Fluid brightness Iw 5 (4–5) 4 (4–5) <0.001*

T2FS 5 (4–5) 5 (4–5) 0.657

Uniformity IW 4 (4–5) 5 (4–5) 0.095

T2FS 5 (4–5) 4 (4–5) 0.183

Fat suppression T2fs 4 (4–5) 4 (4–5) 0.888

Image noise Iw 5 (4–5) 4 (4–5) 0.084

T2FS 5 (4–5) 4 (4–5) 0.035

Parallel imaging artifact Iw 5 (5–5) 5 (4–5) 0.913

T2FS 5 (5–5) 5 (4–5) 0.811

Pulsatile flow artifact Iw 4 (3–5) 5 (5–5) <0.001*

T2FS 4 (3–5) 5 (5–5) <0.001*

Chemical shift effect Iw 3 (2–5) 5 (5–5) <0.001*

Partial volume effect Pd 3 (2–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

Magic angle effect Iw 4 (3–5) 4 (3–5) 0.867

T2FS 3 (4–5) 3 (2–5) 0.574

* Statistically significant difference between 2D TSE and 3D CAIPIRINHA SPACE based on a Bonferroni-
corrected p-value of 0.001
** Values are given as median and range

IW intermediate, FS fat-suppression

Rating key: 1 = ‘very bad’; 2 ‘bad’; 3 ‘adequate’; 4 ‘good’; 5 ‘very good’
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joints was best seen on 3D MR images (Table 3, Fig. 1). The
syndesmotic ligaments, lateral collateral ligaments as well as
anterior tibiotalar, tibiocalcaneal and tibiospring ligaments,
most parts of the sinus tarsi ligaments, bifurcate ligament com-
plex and the two plantar spring ligaments were significantly

better (p < 0.001, respectively) seen on 3D MR images
(Fig. 2). The peroneal tendons, long flexor tendons as well
as the anterior tibial and extensor digitorum longus tendons
were best seen on oblique and curved planar 3D MR images
(p < 0.001, respectively) (Figs. 2, 3 and 4).

Fig. 1 Corresponding 2D TSE and 3D CAIPIRINHA SPACE MR
images of the joints and cartilage of the ankle. First and second left
column: Sagittal intermediate-weighted and fat-saturated T2-weighted
2D TSE (upper images) and 3D CAIPIRINHA SPACE (lower images)
MR images demonstrate the cartilage of tibiotalar (black arrows),
posterior subtalar joint (white arrows), and talocalcaneonavicular (gray
arrows) joints. The small black arrows show the chemical shift effect on

the 2D TSE image (upper image), which is absent on the 3D SPACE
image (lower image). Third and fourth column: Axial intermediate-
weighted and fat-saturated T2-weighted 2D TSE (upper images) and
3D CAIPIRINHA SPACE (lower images) MR images demonstrate the
cartilage of the naviculocuneiform joint (white arrows). The small black
arrows show partial volume effects of 2D TSE images, which render the
talonavicular joint less distinct.

Fig. 2 Corresponding 2D TSE and 3D CAIPIRINHA SPACE MR
images of the ligaments of the ankle. First left column: Axial
intermediate-weighted 2D TSE (upper image) and 3D CAIPIRINHA
SPACE (lower image) MR images demonstrate the anterior talofibular
ligament (white arrows). Second column: Coronal fat-saturated T2-
weighted 2D TSE (upper image) and 3D CAIPIRINHA SPACE (lower
image) MR images demonstrate the posterior talofibular ligament (white
arrow). Third column: Sagittal intermediate-weighted 2D TSE (upper
image) and 3D CAIPIRINHA SPACE (lower image) MR images
demonstrate the calcaneonavicular ligament of the bifurcate ligament
complex (white arrows) and lateral root of the inferior extensor

retinaculum of the sinus tarsi (black arrows). Fourth column: Sagittal
fat-saturated T2-weighted 2D TSE (upper image) and 3D
CAIPIRINHA SPACE (lower image) MR images demonstrate the
tibiospring ligament of the medial collateral ligament complex (white
arrows). The small white arrows show pulsatile flow artifacts on the 2D
TSE image (upper image), which are absent on the 3D image (lower
image). Fifth column: Axial intermediate-weighted 2D TSE (upper
image) and 3D CAIPIRINHA SPACE (lower image) MR images
demonstrate the inferoplantar longitudinal calcaneonavicular ligament
of the spring ligament complex (black arrows)
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Reader satisfaction

There was no significant difference between the satisfaction
ratings of the two readers (p = 0.207). Reader satisfaction rat-
ings were significantly better (p < 0.001) for intermediate-
weighted 3D CAIPIRINHA SPACE MR images (average rat-
ing, ‘very good’; range, ‘good’–‘very good’) than for
intermediate-weighted 2D TSE MR images (‘good’,
‘adequate’–‘very good’), whereas there was no statistically

significant (p = 0.420) difference between the reader satisfaction
ratings of fat-saturated T2-weighted 2D (‘good’, ‘good’–‘very
good’) images and 3D (‘good’, ‘good’–‘very good’) images.

Discussion

The isotropic voxel size and high-spatial resolution of 3D TSE
MRI has previously been shown to improve visualization of

Fig. 3 Corresponding 2D TSE and 3D CAIPIRINHA SPACE MR
images of the tendons of the ankle. First left column: Sagittal fat-
saturated T2-weighted 2D TSE (upper image) and 3D CAIPIRINHA
SPACE (lower image) MR images demonstrate the Achilles tendon
(white arrows) and plantar fascia (gray arrows). Second and third
columns: Axial intermediate-weighted and fat-saturated T2-weighted
2D TSE (upper images) and 3D CAIPIRINHA SPACE (lower images)
MR images demonstrate the peroneal longus and brevis tendons (white

arrows), extensor tendons (black arrows) and the long flexor tendons with
tibial neurovascular bundle (gray arrows). Fourth and fifth columns:
Sagittal intermediate-weighted and fat-saturated T2-weighted 2D TSE
(upper images) and 3D CAIPIRINHA SPACE (lower images) MR
images demonstrate the posterior tibial tendon (white arrows), which is
less conspicuous on the 2DMR image due to partial volume effects. The
small arrows show pulsatile flow artifacts on the 2D TSE images (upper
images), which are absent on the 3D images (lower images)

Fig. 4 Corresponding sagittal intermediate-weighted and fat-saturated
T2-weighted curved planar 3D CAIPIRINHA SPACE MR images of
the tendons of the ankle demonstrate the anterior tibial tendon (first left
column, white arrows), extensor digitorum longus tendon (second

column, white arrows), peroneus longus tendon (third column, white
arrows) and posterior tibial tendon (fourth column, white arrows). The
small arrows in column 3 show mild segmental signal hyperintensity of
the peroneus longus tendon due to presumed magic angle effect

Eur Radiol (2017) 27:3652–3661 3657



cartilage [5, 19, 20], ligaments [13, 20, 21] and tendons [22]
when compared to 2D TSE MR images. Our study found
specifically that the higher volumetric spatial resolution of
3D MRI most benefited the delineation of the midfoot joints,
oblique and thin ligaments, and markedly curved tendons.
This result is mostly due to the ability to retrospectively create
dedicated oblique planar image reformation of ligaments, such
as the AFTL [12], and high quality curved planar reformations
of markedly-oblique tendons such as the peroneus longus,
which is afforded by the small isotropic voxel size.

Compared with previous 3D TSEMRI techniques [20, 22],
including FSE-CUBE (GE Healthcare, Little Chalfont, UK),
Volume Isotropic Turbo Spin Echo acquisition (VISTA,
Philips, Andover, MA, USA), and isoFSE (Hitachi Medical
Systems, Twinsburg, OH, USA), our 3D TSE SPACE proto-
type utilized an integrated CAIPIRINHA sampling pattern,
which has previously been used successfully for efficient, iso-
tropic, high-spatial resolution 3D gradient echo MRI. The
CAIPIRINHA sampling pattern facilitates optimized use of
coil sensitivities and thereby mitigates aliasing artifacts nor-
mally seenwith high acceleration factors [23]. TheCAIPIRINHA
sampling pattern allowed for twofold parallel imaging accel-
eration in two dimensions with an effective acceleration factor
of 4 which is double the acceleration as previously possible
[20, 22]. This approach afforded efficient data acquisition,
absent parallel imaging artifacts and degrading image noise,
and true isotropic voxel size of high-spatial resolution with
image quality similar or better to our institutional 2D TSE
standard, which requires double the scan time.

Based on our clinical efficiency requirements, the goal for
our prototype 3D CAIPIRINHA SPACE ankle protocol was a

total acquisition time of 10 min, true isotropic voxel size to
retain fine anatomical detail, and full Fourier sampling in or-
der to preserve image quality and uniformity of reformations.
In addition to the CAIPIRINHA sampling pattern, the
naturally-occurring loss of MRI signal through the applied
SPAIR fat suppression was compensated for with an increase
in voxel lengths of 20% from 0.5 mm to 0.63 mm, which
achieved double the voxel volume from 0.125 mm3 to
0.250 mm3 due to the cubic relationship.

An early study utilizing 3D MRI of the ankle showed an
increase of scan efficiency through the use of 2D-accelerated
parallel imagingwith generalized autocalibrating partially par-
allel acquisitions (GRAPPA) [22]. Together with the use of
partial Fourier sampling and long echo trains a scan time of
5 min was achieved for 0.6-mm isotropic 3D-FSE-Cube ac-
quisition of the ankle. However, the authors reported signifi-
cant degradation of image quality through increased blurring
and loss of inter-planar uniformity of the 3D images compared
to their 2D FSE institutional standard images. These effects
were likely the results of a long echo train of 78, degrading
effect of partial Fourier sampling and inherent limitations of
GRAPPA, which include aliasing artifacts and increased im-
age noise due to suboptimal use of coil sensitivities. Similarly,
the 3D TSE images of another study utilizing an echo train
length of 100 [24] showed noticeable blurring. The fourfold
acceleration of 3D SPACE through 2D CAIPIRINHA in our
study realized an acquisition time of 5 min with low echo train
length of 42–54, full Fourier sampling, low image noise, ab-
sent parallel imaging artifacts, minimized blurring and high
uniformity of image quality among oblique and curved planar
reformatted images.

Table 3 Visibility of joints and
cartilage on 2D TSE MR images
with 2.5-mm slice thickness and
3D CAIPIRINHA SPACE MR
images with 0.5-mm slice
thickness

Location Weighting 2D TSE** 3D CAIPIRINHA SPACE** p–value

Tibiotalar joint IW 5 (4–5) 5 (4–5) 0.805

T2FS 5 (4–5) 5 (4–5) 0.944

Posterior subtalar joint IW 5 (4–5) 5 (4–5) 0.621

T2FS 5 (4–5) 5 (4–5) 0.852

Talocalcaneonavicular joint IW 5 (4–5) 5 (4–5) 0.240

T2FS 5 (4–5) 5 (4–5) 0.718

Calcaneocuboid joint IW 5 (4–5) 5 (4–5) 0.564

T2FS 5 (4–5) 5 (4–5) 0.770

Naviculocuneiform joint IW 4 (4–5) 5 (4–5) 0.962

T2FS 4 (4–5) 4 (4–5) 0.833

Midfoot joints IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

* Statistically significant difference between 2D TSE and 3D CAIPIRINHA SPACE based on a Bonferroni-
corrected p-value of 0.001
** Values are given as median and range

IW = ntermediate

FS = fat-suppression

Rating key: 1 = Bvery bad^; 2 Bbad^; 3 Badequate^; 4 Bgood^; 5 Bvery good^
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Additionally, the 3D CAIPIRINHA SPACE images in our
study had markedly less artifacts than the 2D TSE images.
The slice thickness of 3D sequences was 5.4–6.0 times thinner
than the conventional 2D TSE sequences, which led to mark-
edly reduced partial volume effects. The lack of partial Fourier
sampling contributed to similar image quality across the entire

image volume and highly uniform image quality between dif-
ferent reformation planes and types. The use of a high readout
bandwidth markedly decreased chemical shift effect. In addi-
tion, no pulsatile flow artifacts were present on the 3D SPACE
images. The sequence parameters of the 3D parameters were
chosen empirically to best match the tissue contrasts of 2D

Table 4 Visibility of ligaments
of the ankle on 2D TSE MR
images with 2.5-mm slice
thickness and 3D CAIPIRINHA
SPACE MR images with 0.5-mm
slice thickness

Location and group Weighting 2D TSE** 3D CAIPIRINHA
SPACE**

p–value

Syndesmotic ligaments
Anterior inferior tibiofibular ligament IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 4 (3–5) 0.615
Interosseous ligament IW 3 (2–5) 4 (3–5) <0.001*

T2FS 3 (2–5) 4 (3–5) 0.111
Posterior inferior tibiofibular ligament IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 4 (3–5) 0.532
Lateral collateral ligament complex
Anterior talofibular ligament IW 4 (3–5) 5 (3–5) <0.001*

T2FS 4 (3–5) 5 (3–5) <0.001*

Calcaneofibular ligament IW 4 (3–5) 5 (3–5) <0.001*

T2FS 3 (2–5) 4 (2–5) <0.001*

Posterior talofibular ligament IW 4 (3–5) 5 (3–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

Medial collateral ligament complex
Anterior tibiotalar ligaments IW 3 (2–4) 4 (3–5) <0.001*

T2FS 3 (2–4) 4 (2–5) <0.001*

Posterior tibiotalar ligaments IW 4 (3–5) 5 (3–5) 0.171
T2FS 4 (3–5) 4 (3–5) 0.798

Tibiocalcaneal ligament IW 3 (2–4) 4 (3–5) <0.001*

T2FS 3 (2–4) 4 (3–5) <0.001*

Tibionavicular ligament IW 4 (3–5) 4 (3–5) 0.406
T2FS 4 (3–5) 4 (3–5) 0.704

Tibiospring ligament IW 4 (3–5) 5 (3–5) <0.001*

T2FS 3 (2–5) 4 (3–5) <0.001*

Sinus tarsi
Cervical ligament IW 4 (2–5) 5 (3–5) <0.001*

T2FS 3 (2–5) 4 (3–5) <0.001*

Interosseous talocalcaneal ligament IW 4 (2–5) 4 (3–5) <0.001*

T2FS 3 (2–5) 4 (2–5) <0.001*

Medial roots of the inferior extensor retinaculum IW 3 (2–5) 4 (2–5) 0.081
T2FS 2 (1–4) 3 (3–5) <0.001*

Intermediate roots of the inferior extensor
retinaculum

IW 2 (1–4) 4 (2–5) <0.001*

T2FS 2 (1–4) 3 (3–5) <0.001*

Lateral roots of the inferior extensor retinaculum IW 4 (2–4) 4 (3–5) <0.001*

T2FS 3 (2–4) 4 (3–5) <0.001*

Spring ligament complex
Superomedial calcaneonavicular ligament IW 4 (3–5) 4 (3–5) 0.590

T2FS 4 (3–5) 4 (2–5) 0.406
Medioplantar oblique ligament

Inferoplantar longitudinal ligament

IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (2–5) 5 (4–5) <0.001*

IW 3 (2–4) 5 (3–5) <0.001*

T2FS 3 (2–4) 5 (2–5) <0.001*

Bifurcate ligament complex
Calcaneocuboid ligament IW 4 (3–5) 5 (4–5) <0.001*

T2FS 3 (2–5) 4 (4–5) <0.001*

Calcaneonavicular ligament IW 3 (2–5) 5 (3–5) <0.001*

T2FS 3 (2–5) 4 (4–5) <0.001*

* Statistically significant difference between 2D TSE and 3D CAIPIRINHA SPACE based on a Bonferroni-
corrected p-value of 0.001
** Values are given as median and range

IW intermediate, FS fat-suppression

Rating key: 1 = ‘very bad’; 2 ‘bad’; 3 ‘adequate’; 4 ‘good’; 5 ‘very good’
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TSE and permit acquisition times of less than 5 min. In a prior
study, approximately three times longer repetition times were
utilized [22], which does not appear to be required for 3D
CAIPIRINHA SPACE.

Despite these advantages, images from the 3D
CAIPIRINHA SPACE protocol (0.63-mm slice thickness)
did showmildly higher image noise compared to images from
the 2D TSE protocol (2.7- and 3.0-mm slice thickness).
However, the additional image noise did not compromise the
depiction of anatomical structures. This is in keeping with
prior investigations [22].

Limitations of this initial study include the study popula-
tion of asymptomatic subjects, rather than patients with struc-
tural abnormalities. As healthy subjects may be more compli-
ant than patients with painful conditions, there is the possibil-
ity of a lower rate of degradation of image quality through
patient motion in our study. In a sample of 24 test persons
and a statistical power of 80%, a p-value larger than 0.05
may not necessarily mean there is no difference between

groups. We did not record the length of time needed for image
evaluation of 2D and 3D data sets. As standardized hanging
protocols were used, the time needed for the evaluation of 2D
data sets and 3D data sets in the interactive mode were similar.
The creation of curved planar reformations was unique to the
3D data sets and took approximately 20 s for a long structure
such as the peroneus longus tendon. In this study, we used our
institutional 3T ankle MRI protocol for comparison with the
investigational 3D CAIPIRINHA SPACE protocol. We ac-
knowledge that 3T MRI protocols of the ankle vary between
institutions and may produce different quality. This first eval-
uation demonstrated the comparative utility of 3D
CAIPIRINHA SPACE in regard to depiction of anatomy
and image quality; however, injuries were not evaluated and
the diagnostic performance of 3D CAIPIRINHA SPACE is
currently not known. The results of this study warrant future
clinical trials with the goal of determining the diagnostic per-
formance of 3D CAIPIRINHA SPACE for acute and chronic
ankle injuries.

Table 5 Visibility of the tendons
of the ankle on 2D TSE MR
images with 2.5-mm slice
thickness and 3D CAIPIRINHA
SPACE MR images with 0.5-mm
slice thickness

Location and group Weighting 2D TSE** 3D CAIPIRINHA
SPACE**

P–value

Extensor tendons

Anterior tibial tendon IW 4 (4–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

Extensor hallucis longus tendon IW 4 (2–5) 4 (3–5) 0.083

T2FS 4 (2–5) 4 (2–5) 0.725

Extensor digitorum longus tendon IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) 0.052

Peroneal tendons

Peroneus brevis tendon IW 4 (4–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

Peroneus longus tendon IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (4–5) <0.001*

Long flexor tendons

Posterior tibial tendon IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (2–5) 5 (4–5) <0.001*

Flexor digitorum longus tendon IW 4 (3–5) 5 (3–5) <0.001*

T2FS 3 (2–5) 4 (3–5) <0.001*

Flexor hallucis longus tendon IW 4 (3–5) 5 (4–5) <0.001*

T2FS 4 (3–5) 5 (3–5) <0.001*

Others

Achilles tendon IW 5 (4–5) 5 (4–5) 0.956

T2FS 5 (4–5) 5 (4–5) 0.961

Plantar fascia IW 5 (4–5) 5 (4–5) 0.952

T2FS 5 (4–5) 5 (4–5) 0.714

* Statistically significant difference between 2D TSE and 3D CAIPIRINHA SPACE based on a Bonferroni-
corrected p-value of 0.001
** Values are given as median and range

IW intermediate, FS fat-suppression

Rating key: 1 = ‘very bad’; 2 ‘bad’; 3 ‘adequate’; 4 ‘good’; 5 ‘very good’
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In conclusion, 3D CAIPIRINHA SPACE TSE enables effi-
cient, isotropic MRI of the ankle that facilitates high-spatial res-
olution oblique and curved planar image reformation of liga-
ments, tendons and joints, and visualization of critical ankle
structures equally well or better than a more time-consuming
anisotropic 2D TSE MRI.
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