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Abstract Background: The most common modes of fail-
ure of cemented unicompartmental knee arthroplasty (UKA)
designs are aseptic loosening and unexplained pain at short-
to mid-term follow-up, which is likely linked to early fixa-
tion failure. Determining these modes of failure remains
challenging; conventional radiographs are limited for use
in assessing radiolucent lines, with only fair sensitivity and
specificity for aseptic loosening. Questions/Purposes: We
sought to characterize the bone-component interface of pa-
tients with symptomatic cemented medial unicompartmental
knee arthroplasty (UKA) using magnetic resonance imaging
(MRI) and to determine the relationship between MRI and
conventional radiographic findings. Methods: This retro-
spective observational study included 55 consecutive pa-
tients with symptomatic cemented UKA. All underwent

MRI with addition of multiacquisition variable-resonance
image combination (MAVRIC) at an average of
17.8 ± 13.9 months after surgery. MRI studies were
reviewed by two independent musculoskeletal radiologists.
MRI findings at the bone-cement interface were quantified,
including bone marrow edema, fibrous membrane,
osteolysis, and loosening. Radiographs were reviewed for
existence of radiolucent lines. Inter-rater agreement was
determined using Cohen’s κ statistic. Results: The vast
majority of symptomatic UKA patients demonstrated bone
marrow edema pattern (71% and 75%, respectively) and
fibrous membrane (69% and 89%, respectively) at the fem-
oral and tibial interface. Excellent and substantial inter-rater
agreement was found for the femoral and tibial interface,
respectively. Furthermore, MRI findings and radiolucent
lines observed on conventional radiographs were poorly
correlated. Conclusion: MRI with the addition of MAVRIC
sequences could be a complementary tool for assessing
symptomatic UKA and for quantifying appearances at the
bone-component interface. This technique showed good re-
producibility of analysis of the bone-component interface
after cemented UKA. Future studies are necessary to define
the bone-component interface of symptomatic and asymp-
tomatic UKA patients.
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Introduction

The longevity of unicompartmental knee arthroplasty
(UKA) is determined by the stability of the component
fixation, lower-leg alignment, soft-tissue balance, and com-
ponent position [5, 15]. Stable implant fixation with ade-
quate cement penetration to underlying bone is essential in
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preventing failure in cemented UKA [11, 27], most com-
monly through aseptic loosening and unexplained pain at
short- to mid-term follow-up (likely linked to early fixation
failure) [4–7]. Detecting the mode of failure in UKA remains
challenging; the capacity of conventional radiographs in
assessing radiolucent lines (RLL) is limited, with only fair
sensitivity and specificity in detecting aseptic loosening
[20].

Over the past decade, several studies have shown the
diagnostic value of supplemental magnetic resonance imag-
ing (MRI) in the evaluation of symptoms that arise after joint
replacement [29, 32]. More specifically, MRI has been
found useful in evaluating painful total knee arthroplasty
(TKA), allowing assessment of the periprosthetic bone and
soft tissues, which could influence clinical management [8,
26, 29, 31]. Conventional fast-spin-echo (FSE) techniques
have improved visualization of periprosthetic soft tissues,
although susceptibility artifacts can impair through-plane
encoding of the signal and limit assessment of bone and soft
tissues [29, 31]. Most recently, multiacquisition variable-
resonance image combination (MAVRIC) MRI sequence
has been shown to substantially reduce susceptibility arti-
facts near metallic implants. By mitigating through-plane
misregistration, it allows identification of early and subtle
changes, such as osteolysis and bone marrow edema, near
the bone-prosthesis interface. Hayter et al. reported that
MAVRIC visualization of the synovium is significantly im-
proved over FSE imaging, with high sensitivity and speci-
ficity [13, 24]. Further, MAVRIC allows differentiation of
certain synovial appearances associated with loosening and
polyethylene wear and therefore can be valuable in the
assessment of symptomatic patients [24]. Although multiple
studies have assessed the bone-implant interface and soft-
tissue changes around TKA, only a few small studies have
evaluated the reliability or agreement of different MRI tech-
niques around UKA [2, 25]. UKA is of interest because only
a single knee compartment is replaced by a smaller prosthe-
sis, compared with the multiple stabilizing pegs of TKA that
can complicate the assessment of the bone-implant interface.

The aims of this retrospective observational study were
to (1) describe and characterize the bone-implant interface in
patients presenting with symptomatic medial UKA and (2)
determine the inter-rater agreement of individual MRI find-
ings at the bone-component interface. Also, the relationship
between osseous findings on MRI and on radiographic

images was assessed. We hypothesized that MRI with
MAVRIC would facilitate excellent visualization of the
bone-implant interface due to its tomographic nature and
superior contract resolution with high inter-rater agreement
for assessment of symptomatic UKA. We also expected that
MRI findings would correlate poorly with conventional
radiographic findings due to the expected diminished sensi-
tivity of radiography.

Materials and Methods

After receiving institutional review board approval, an elec-
tronic registry search was performed using a prospective
database, which included 874 medial UKAs. All surgeries
were performed between September 2008 and March 2016
by the senior author (ADP). Patients who had been referred
for MRI to evaluate symptomatic medial UKA at a mini-
mum of 3 months after surgery were included in this study.
From 87 cases identified, 19 were excluded due to an all-
polyethylene inlay design of the tibial baseplate, 11 for lack
of MAVRIC sequences for assessment, one for active infec-
tion, and one for history of amyloidosis. Data collected for
the remaining 55 patients who had received a robotic-arm-
assisted cemented metal-backed UKA (Stryker, Mahwah,
NJ, USA) included age, sex, BMI, length of time since
UKA surgery, indication for MRI, and re-operations.

All subjects underwent MRI using standard clinical pro-
tocols designed to minimize metallic susceptibility artifact
between March 2012 and July 2016. MRI was performed on
a General Electric 1.5T clinical scanner (Waukesha, WI,
USA), using a dedicated extremity coil and the institution’s
routine clinical knee arthroplasty imaging protocol
(Table 1), which is optimized for imaging tissues surround-
ing metallic hardware. This MRI protocol includes sagittal
MAVRIC inversion-recovery and sagittal MAVRIC proton-
density-weighted images, in addition to high-resolution ax-
ial, sagittal, and coronal proton-density-weighted FSE im-
ages obtained with metal artifact reduction parameter
modifications. MAVRIC suppresses metal susceptibility ar-
tifact by combining individual three-dimensional image
datasets at multiple frequency bands offset from the domi-
nant resonant frequency utilizing a sum-of-squares algo-
rithm to generate a final composite image, thereby
mitigating through-plane distortions. This imaging

Table 1 Routine clinical imaging protocol for knee arthroplasty at 1.5 T

Parameter Sagittal MAVRIC IR Axial FSE Sagittal FSE Coronal FSE Sagittal MAVRIC FSE

TR (ms) 4000–5000 4000–5000 4000–5000 4000–5000 4000–5000
TE (ms) 6 30 30 30 6
TI (ms) 150 NA NA NA NA
BW (Hz/px) 488 488 488 488 488
NEX 0.5 4 4 4 0.5
FOV (cm) 20 16–18 16–18 16–20 20
Matrix 256 × 192 512 × 320 512 × 320 512 × 320 512 × 256
Slice/gap (mm) 3.6/0 3/0 2.5/0 4/0 3.6/0

BW bandwidth,FOV field-of-view,FSE fast spin echo,Hz/pxHertz per pixel, IR inversion recovery,MAVRICmultiacquisition variable-resonance image
combination, mm millimeter, ms millisecond, NEX number of excitations, TE echo time, TI inversion time, TR repetition time, NA not applicable
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algorithm provides good spatial resolution through FSE
images, as well as superior suppression of susceptibility
artifact though MAVRIC pulse sequences [13, 22].

MRI studies were retrospectively reviewed by two
fellowship-trained musculoskeletal radiologists (AJB and
HCP), with more than 5 and 15 years of experience, respec-
tively, in MRI evaluation of joint arthroplasty.

Imaging studies were reviewed independently by both
observers in a blinded fashion, with respect to multiple
imaging features pertaining to the implant-bone interface,
including the presence and severity of bone marrow edema,
fibrous membrane formation and osteolysis. Bone marrow
edema pattern manifests as relative signal hyperintensity
within the medullary bone adjacent to the implant on fat-
suppressed fluid-sensitive (MAVRIC inversion recovery)
images. Fibrous membrane formation was defined as a thin
isointense-to-hyperintense linear interface with a sclerotic
osseous margin along the implant-bone interface. Osteolysis
was defined as bulky, lobular, isointense-to-hyperintense
foci with well-circumscribed sclerotic margins along the

implant interfaces. Bone marrow edema pattern was graded
on a scale of 0 to 3, depending on the volume of marrow
involved: 0 = no involvement, 1 = less than 1 cm3, 2 = 1 to
2 cm3, and 3 = more than 2 cm3. The extent of fibrous
membrane formation was graded on a scale of 0 to 3,
depending on the percentage of the implant interface
involved, with 0 = no involvement, 1 = less than 33%
involved, 2 = 33 to 67% involved, and 3 = more than 67%
involved. Osteolysis was quantified as 0 = absent, 1 = focal,
and 2 = diffuse. Loosening was defined as either
circumferential bone resorption by fibrous membrane
formation around the component or extensive osteolysis.

Radiographic evaluation was performed using our insti-
tutional Picture Archiving and Communication System
(Sectra Imtec AB, Version 16, Linköping, Sweden).
Anteroposterior (AP) and lateral radiographs, which
corresponded to the MRI follow-up length, were compared
to radiographs obtained 2 weeks post-operatively. All radio-
graphs were acquired according to a standardized protocol,
consisting of an AP weight-bearing view and lateral view,
with knee in 30° of flexion [10, 18, 21]. A single assessor
(LJK) assessed the presence of RLL and osteolysis on the
AP and lateral radiographs, blinded to the MRI findings.
Similar to previous studies, we determined the existence of
tibial RLL using AP radiographs [10, 18, 21]. Femoral RLL
was assessed using lateral radiographs, due to the limited
visibility of the flat area along the anterior and posterior
femoral condyle and the area surrounding the two pegs
[17, 20]. Radiolucency was quantified as physiological or
pathological RLL. Physiological RLL are well-defined, 1 to
2 mm thick, and accompanied with a radiodense line, in
contrast to pathological RLL (more than 2 mm thick, poorly
defined, and lacking a radiodense line) [9]. Osteolysis was
defined as an irregularly shaped radiolucent zone along the
bone-implant interface, irregularly demarcated from the sur-
rounding bone. Osteolysis was quantified as focal or diffuse.

Analyses were performed using SPSS version 24 (SPSS
Inc., Armonk, NY, USA). The following parameters were
collected: gender, age, BMI, date of surgery, date of MRI
and radiographic follow-up, and indication for MRI. They
were assessed using descriptive statistics, consisting of
mean, standard deviation (±), range, and frequency reported
as percentage. Inter-rater agreement of MRI findings at the
bone-component interface was determined using Cohen’s
kappa statistic (κ); the characterizing guidelines are 0.00–
0.20, indicating poor agreement; 0.21–0.40, fair; 0.41–0.60,
moderate; 0.61–0.80, substantial; and > 0.81, excellent [23].
Prior to this study, Li and colleagues showed high diagnostic
accuracy of synovial appearances using MAVRIC, and
therefore it was not reassessed [24]. Spearman correlation
analyses were conducted to test for any relation between
MRI and radiographic findings around each component.
Statistical significance was set at p < 0.05.

Results

A total of 55 patients with symptomatic cemented metal-backed
UKA were identified and included in this study. The mean age

Table 2 Indications for obtaining post-operative MRIs

Indication Number of cases
(n = 55)

Percentage

Unexplained pain 37 67.3%
Meniscal tear 4 7.3%
Chondral surfaces 3 5.5%
Loosening 2 3.6%
Integrity biceps femoris insertion 2 3.6%
Stress reaction 2 3.6%
Tibial spine fracture 1 1.8%
Integrity extensor mechanism 1 1.8%
Insert displacement 1 1.8%
Loose body 1 1.8%

Table 3 Categorization of the MRI findings using MAVRIC and FSE
sequences

Findings Tibial* (n = 55) Femoral* (n = 55)

Bone marrow edema
No 14 (25%) 16 (29%)
Mild (< 1 cm2) 34 (62%) 26 (47%)
Moderate (1–2 cm2) 5 (9%) 10 (18%)
Severe (> 1 cm2) 2 (4%) 3 (5%)

Fibrous membrane
No 6 (11%) 17 (31%)
Mild (< 33%) 31 (56%) 34 (62%)
Moderate (33–67%) 16 (29%) 3 (5%)
Severe (> 67%) 2 (4%) 1 (2%)

Osteolysis
No 50 (91%) 47 (82%)
Focal 4 (7%) 8 (16%)
Diffuse 1 (2%) 1 (2%)

Loosening
No 55 (100%) 54 (98%)
Loose 0 (0%) 1 (2%)

*The values are given as the number of components with the percent-
ages in parentheses
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was 59.7 ± 8.2 (range, 45.5–81.9) years, and BMI was
29.7 ± 5.8 kg/m3 (range, 18.3 to 46.0; one patient was morbidly
obese). Of all patients, 26 (47%)weremale and 29 (53%) female.
All patients underwent a post-operative MRI including FSE and
MAVRIC sequences at an average of 17.8 ± 13.9-month post-
surgery (when standard radiographs were unable to identify
etiology). The most frequent indication for post-operative MRI
was unexplained pain (n= 37, 67.3%). Other indications forMRI
were findings of physical examination (Table 2).

MRI findings at both the tibial and femoral bone-implant
interfaces are described in Table 3. In approximately half of
patients (range, 47 to 62%) mild bone marrow edema pattern
and fibrous membrane were observed (Fig. 1a, b; Fig. 3b,
c). One patient’s MRI showed diffuse osteolysis around the
femoral component, which was also displaced (Fig. 2). No
tibial components appeared loose on MRI.

The use of MRI with MAVRIC sequences showed ex-
cellent inter-rater agreement for assessment of the bone-
component interface along the femoral component for all
findings (κ > 0.830; 95% CI, 0.671–0.998) (Table 4). The
inter-rater agreement of bone marrow edema and fibrous
membrane at the tibial interface were substantial (κ =
0.703; 95% CI, 0.489–0.917 and κ = 0.740; 95% CI,
0.464–1.0, respectively). None of the tibial components
appeared loose; therefore, no inter-rater agreement could
be determined (Table 4).

The average time to conventional radiography after sur-
gery was 17.6 ± 15.6 months, resulting in a mean time
difference between MRI and radiograph of 2.3 ± 4.3 months.
In total, 14 (25.5%) knees showed RLL, all categorized as
physiological, except for one case (2%) that showed a
displaced femoral component (Fig. 2). Of all knees with

Fig. 1. Sagittal MAVRIC inversion-recovery (a) and coronal fast-spin-echo proton-density (b) images in a 55-year-old man with painful medial
tibiofemoral unicompartmental knee arthroplasty show polymeric wear, with isointense debris containing synovitis (black arrow), tibial osteolysis
(black arrowhead), and adjacent fibrous membrane formation (white arrow). Adjacent tibial marrow edema (white arrowhead) is compatible with
superimposed stress reaction. Anteroposterior radiograph (c) was interpreted as negative.

Fig. 2. Sagittal MAVRIC inversion-recovery (a) and sagittal MAVRIC proton-density-weighted (b) images in a 54-year-old man with painful
medial tibiofemoral unicompartmental knee arthroplasty demonstrate circumferential osseous resorption (white arrowheads) along the femoral
component (black arrowheads), resulting in component loosening with anterior displacement. Lateral radiograph (c) demonstrates component
displacement (black arrowheads), although the extent of osseous resorption (white arrowheads) is more clearly appreciated on MRI.
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physiological RLL, seven (14.5%) showed RLL below the
tibial baseplate, six (10.9%) showed only femoral RLL, and
one (1.8%) had both tibial and femoral RLL. Forty-one
(74.5%) patients did not show any RLL around either com-
ponent. Radiographic osteolysis was not observed.

Spearman correlation analyses assessing the relation be-
tween the MRI appearances and radiographic findings
showed a weak correlation between tibial RLL on radio-
graphs and osteolysis and loosening on MRI (correlation
coefficient: 0.262, p = 0.040 and 0.329, p = 0.015, respec-
tively). No additional correlations were found (Table 5).

In one patient, the MRI and radiographic assessment
revealed a displaced femoral component requiring revision
of the femoral component and insert (Fig. 2). Moreover, 12
re-operations were performed, of which nearly all were
arthroscopic procedures (Table 6).

Discussion

MRI with MAVRIC technique showed good reproducibility
in analyzing the implant-bone interface after cemented me-
dial UKA. The inter-rater agreement of assessing bone mar-
row edema, fibrous membrane, osteolysis, and loosening
was excellent around the femoral component and substantial
at the tibial interface. Furthermore, a poor correlation was
found between MRI findings and RLL using conventional
radiographs. These data support the application of these

imaging techniques to the assessment of implant integration
(Figs. 1 and 3).

The current study has several limitations. First, by includ-
ing consecutive patients undergoing MRI for symptomatic
UKA, selection bias was considered low. However, no asymp-
tomatic patients were included, which might still lead to a
sampling bias. Furthermore, the MRIs after UKAwere obtain-
ed for different indications. Although most patients had pain-
ful UKA (67%), these findings do not relate directly to a
specific subgroup. Despite this limitation, it provided the
ability to detect and report the prevalence of specific features
of symptomatic UKA. Another limitation was that the pre-
served knee compartments and other anatomical structures
were not assessed in this study. However, Heyse et al. have
showed excellent inter-rater agreement for the cruciate and
collateral ligaments, lateral meniscus, and cartilage surfaces of
the non-surgical areas following UKA [16]. Finally, this study
is limited by lack of functional outcomes, but any subsequent
clinical treatment following MRI was reported.

In accordance with our main findings, Malcherczyk and
colleagues found excellent inter-rater reliability for the fem-
oral bone-component interface and satisfactory results at the
tibial interface of metal-backed UKA implants [25]. Evalu-
ation of all components was performed by applying a new
scoring system in which the visibility and gap between
component and underlying bone was assessed using FSE
sequences. The authors showed 40% of the zones around the
tibial component could not be evaluated due to metal

Table 4 Inter-rater agreement of the presence of MRI findings at the bone-component interface

Inter-rater agreement (%) Cohen’s κ 95% confidence interval

Femoral component
Bone marrow edema 96.4 0.912 0.792–1.0
Fibrous membrane 92.7 0.830 0.671–0.998
Osteolysis 98.1 0.936 0.813–1.0
Loosening 100 1.0 –

Tibial component
Bone marrow edema 89.1 0.703 0.489–0.917
Fibrous membrane 94.5 0.740 0.464–1.0
Osteolysis 100 1.0 –
Loosening – – –

Table 5 Relationship between conventional radiography and MRI findings at the bone-component interface divided by component

Radiograph MR finding Correlation coefficient* p value

Femoral component
Radiolucency (n = 6) Bone marrow edema 0.113 0.417

Fibrous membrane 0.125 0.368
Osteolysis − 0.147 0.287
Loosening – –

Tibial component
Radiolucency (n = 8) Bone marrow edema 0.156 0.259

Fibrous membrane 0.027 0.845
Osteolysis 0.280 0.040
Loosening 0.329 0.015

*Spearman correlation, two-tailed
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artifact, resulting in a κ value of 0.722 on the tibial side [25].
Although interfaces are not necessarily artifact-free,
MAVRIC results in a significant decrease in susceptibility
artifact, usually resulting in improved visualization of im-
plant interfaces relative to conventional sequences. Hayter
and colleagues compared periprosthetic bone visualization
between MAVRIC and FSE images in 21 TKA patients, and
found significantly better visualization of bone on MAVRIC
images than on FSE images (p < 0.01) [13]. Therefore, they
concluded that MAVRIC complements the information ob-
tained from FSE images and may be useful in assessing
osteolysis at the bone-component interface.

The κ values for bone marrow edema and fibrous
membrane along the tibial interface were 0.703 and
0.740, respectively. Both are considered important in

symptomatic UKA, as they could be indicative of aseptic
loosening. Several authors have suggested that aseptic
loosening is caused by micromotion between the implant
or cement surface and the bone, leading to fibrous mem-
brane formation, trabecular microtrauma, and subsequent
bone marrow edema [3, 8]. Therefore, the proposed cause
of post-operative bone marrow edema is increased bone
strain, which has been associated with component align-
ment and fixation technique [8, 12, 19, 30]. Aseptic loos-
ening can result from poor initial fixation, post-operative
mechanical disruption of fixation, or biologic failure of
fixation secondary to polyethylene wear and osteolysis [1,
32]. Although findings of loosening have been described
for multiple imaging modalities, prosthetic loosening has
mostly remained a clinical diagnosis. In large part, imag-
ing findings of all modalities are considered secondary,
but studies have shown MRI findings supportive of a
diagnosis of loosening when suspected [28, 31, 33].
Therefore, the term loosening is recommended for cases
where MRI demonstrates circumferential osseous resorp-
tion and signs of implant displacement, subsidence, or
rotation [8].

Conventional radiographs can help detect gross prosthet-
ic malposition, radiolucencies, and fractures [26], but they
hold little value in the detection of the more common but
subtle osseous abnormalities such as early loosening, minor
implant malposition, infection, stress fractures, or early-
stage osteoarthritis. Therefore, several authors have empha-
sized the additive value of MRI to radiographic imaging in
determining the etiology of painful total joint arthroplasty
[14, 15, 24, 26, 31]. Sofka et al. found that prospective and
retrospective radiographs were non-contributory in the eval-
uation of painful TKA but observed varied and often multi-
ple MRI findings in these knees, leading to subsequent
clinical treatment in 20 patients [31]. A few studies have
noted the very limited value of conventional radiographs in

Table 6 Specification of the 12 reoperations performed subsequent to
MRI

Patient Reoperation

F, 51 years PLM, synovectomy, debridement fat pad*
M, 53 years PLM, chondroplasty of trochlea, removal loose body*
M, 55 years PLM, synovectomy, chondroplasty of PF joint*
M, 57 years Debridement, chondroplasty of trochlea and patella*
F, 58 years PLM, chondroplasty of PF joint*
M, 58 years PLM, chondroplasty of trochlea, debridement, femoral

subchondroplasty*
F, 61 years PLM, removal loose body*
F, 62 years Debridement, PLM, chondroplasty of PF joint*
M, 62 years Debridement, removal loose body*
M, 66 years Arthrotomy, internal fixation of insufficiency stress

fracture
M, 70 years Removal loose body, chondroplasty*
F, 73 years Removal of loose body*

*Arthroscopic procedures
F female, M male, PF patellofemoral, PLM partial lateral
meniscectomy

Fig. 3. Lateral radiograph (a) and sagittal proton-density (b) images in a 57-year-old woman with painful medial tibiofemoral unicompartmental
knee arthroplasty show no evidence of periprosthetic bone resorption; however, sagittal MAVRIC proton-density (c) image demonstrates a focal
area of fibrous membrane formation along the tibial tray (white arrowheads).
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diagnosing painful UKA [2, 28]. In this study, only a poor
correlation was found between radiographic and MRI fea-
tures, which could indicate that symptomatic UKA may be
inadequately assessed on radiographs alone. These findings
were consistent with those of Park et al., which showed MRI
examination was instrumental in a diagnosis that went un-
detected on radiographs for all 28 symptomatic UKA pa-
tients [28]. They concluded that MRI is an effective imaging
technique that provides greater insight into the etiology of
the symptomatic patient following UKA.

MRI with the addition of MAVRIC could be a valuable
complement to radiographic evaluation in assessing symptom-
atic medial UKA and quantifying appearances at the bone-
implant interface. However, future studies are necessary to
define the bone-component interface of symptomatic and
asymptomatic UKA patients. Additionally, excellent inter-
rater agreement was found for the femoral bone-component
interface and substantial agreement for the tibial bone-
component interface. This MRI protocol may be helpful in
detecting changes around symptomatic cemented UKA, espe-
cially in cases of unremarkable radiographic findings.
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