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ARTICLE INFORMATION AIM: To evaluate the diagnostic performance of diffusion-weighted imaging (DWI) and
dynamic contrast enhanced (DCE), for diagnosing osteomyelitis in the diabetic foot.

Article history: MATERIALS AND METHODS: A thorough search was carried out to identify suitable studies

Received 16 February 2024 published up to September 2023. The quality of the studies involved was evaluated using

Accepted 21 July 2024 Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2). The diagnostic sensitivity

and specificity of each imaging modality/method for each specific cut point were summarized.
The summary receiver operating characteristic (SROC) curve was calculated using bivariate
mixed effects models.

RESULTS: Five studies investigating 187 patients and 234 bone lesions with 110 diagnosed
osteomyelitis were enrolled. Four studies used DWI (172 lesions), three studies used DCE
techniques (140 lesions) and two studies presented results of conventional MRI (66 lesions).
The sensitivity ranges using conventional MRI, DWI and DCE were 65%-100%, 65%-100% and
64%-100%, respectively. The specificity ranges were 50%-61%, 56%-95%, and 66%-93%, respec-
tively. The SROC curve of DWI and DCE was 0.89 (95% CI, 0.86—0.92) and 0.90 (95% CI, 0.87
—0.92), respectively.

CONCLUSION: Combining DWI and DCE methods, alongside conventional MRI, can improve
the reliability and accuracy of diabetic foot osteomyelitis diagnosis. However, the study rec-
ognizes result variability due to varying protocols and emphasizes the need for well-designed
studies with standardized approaches. To optimize diagnostic performance, the study rec-
ommends considering low ADC values, Ktrans or rapid wash-in rate from DCE such as iAUC60,
along with using large ROIs that cover the entire lesion while excluding normal bone marrow.
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Introduction

Individuals with long-term diabetes and peripheral
neuropathy face increased foot complications, especially
when combined with vascular issues. Diabetics have up to a
34% lifetime incidence of foot ulcers, with a 60% recurrence
rate within 3 years.! Half of diabetic foot wounds are clin-
ically infected at presentation.” These infections often lead
to diabetic foot osteomyelitis (DFO), requiring antibiotics
and sometimes surgery.’ Inadequate treatment can result in
foot amputation or septicemia. DFO is a major cause of non-
traumatic lower-extremity amputations and is linked to a
30% 5-year mortality rate.* Prompt identification and
treatment are essential. DFO often coexists with Charcot
neuropathy (CN), requiring careful differential diagnosis for
effective management.

Blood tests, including white blood cell count, C reactive
protein (CRP), and erythrocyte sedimentation rate (ESR), are
initial steps to detect osteomyelitis.” Positive results typi-
cally trigger further diagnostic tests. The definitive diag-
nosis involves histopathology or microbiological analysis of
bone biopsy or pus. However, biopsies are invasive, require
anesthesia, and analysis takes several days.

Foot imaging enhances DFO diagnostics and minimizes
unnecessary biopsies. Techniques include plain radio-
graphs, ultrasound, computed tomography (CT) scans,
planar scintigraphy, magnetic resonance imaging (MRI)
scans, bone scintigraphy including white blood cell (WBC)
scan, positron emission tomography (PET) scans, and
single-photon emission computed tomography
(SPECT).>%’ Recent meta-analyses,®’ have highlighted the
high diagnostic accuracy of conventional MRI in identifying
DFO. MRI, recommended after an initial radiograph, is
endorsed by NICE and ACR®° However, MRI's varying
specificity may lead to potential osteomyelitis
overdiagnosis.

Advances in MR imaging, such as higher magnetic field
strength and improved coil design, facilitate advanced
techniques for diabetic foot assessment. Diffusion-weighted
imaging (DWI) detects water diffusion in tissues, aiding in
osteomyelitis, bone marrow edema, and abscess detection.
Dynamic contrast-enhanced (DCE) MR imaging assesses
microvascular characteristics. Although common in tumor
assessments, these techniques are underused in diabetic
foot evaluations despite their benefits.'”

DWI is notable in musculoskeletal imaging for its sensi-
tivity, specificity, and no need for contrast media, beneficial
for diabetic patients with renal issues. However, diverse
protocols yield varied DFO detection results in DWI and DCE
studies. These techniques are analyzed qualitatively, semi-
quantitatively, or quantitatively.'"'> Our meta-analysis
evaluated DW-MRI and DCE-MRI's diagnostic value in
DFO, providing guidance on their use.

Materials and methods
Evidence acquisition

This systematic review followed the Centre for Reviews
and Dissemination (CRD) guidance and the Preferred
Reporting Items for Systematic Review and Meta-analysis
(PRISMA) protocol. Ethical board approval was exempted
(RAD-2566-0632).

Search strategy and study selection

Systematic searches were independently conducted in
PubMed, Scopus, and Embase by two musculoskeletal radi-
ologists with 3 and 9 years of experience (W.W. and TK,
respectively). Searches were performed in September 2023.
The search keywords were as follows: for “diabetic foot” AND
“foot osteomyelitis” AND (“nuclear magnetic resonance im-
aging” AND “diffusion weighted imaging” AND “dynamic
contrast-enhanced magnetic resonance imaging”) with no
language, date, geographical or study design restrictions. Both
free-text words and Medical Subject Headings terms were
used in the search strategy involving “All Fields” (Table 1). The
reviewers also performed a manual search through the ref-
erences of various articles as well as a search for unpublished
and ongoing studies in the ClinicalTrials.gov database.

Included studies assessed MRI with DWI and/or DCE
against histopathology for suspected DFO. Controls were
patients without infection confirmed clinically and through
imaging. Criteria for inclusion were studies with at least five
patients, excluding reviews and case reports. Studies using
conventional MRI without DCE and DWI were also excluded
to allow a direct comparison of diagnostic performance.
Discrepancies in study selection were resolved by a third
reviewer with 20 years of experience (H.N.C.).

Table 1
Search terms used for Embase, Scopus and Pubmed.

Database Keyword

(“Diabetic foot”/exp OR “diabetic feet” OR “diabetic foot” OR
“diabetic foot syndrome” OR “diabetic foot ulcer” OR “foot
ulcer, diabetic” OR “diabetic foot osteomyelitis”/exp OR “foot
osteomyelitis”/exp) AND (“nuclear magnetic resonance
imaging”/exp OR “diffusion weighted imaging”/exp OR
“dynamic contrast-enhanced magnetic resonance imaging”/
exp)

(TITLE-ABS-KEY (diabetic AND foot) AND TITLE-ABS-KEY
(magnetic AND resonance AND imaging) OR TITLE-ABS-KEY
(diffusion AND weighted AND imaging) OR TITLE-ABS-KEY
(dynamic AND contrast-enhanced AND magnetic AND
resonance AND imaging) AND TITLE-ABS-KEY (osteomyelitis)
OR TITLE-ABS-KEY (ulcer))

((((diabetes mellitus) AND (Foot ulcer)) AND (osteomyelitis))
OR (diffusion weighted imaging)) AND (dynamic contrast-
enhanced magnetic resonance imaging)

Embase

Scopus:

Pubmed
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Data extraction

Data from selected articles were extracted using forms,
including author, publication year, country, study type, pa-
tient data, number of lesions, reference standards, and MRI
techniques. The first reviewer extracted data, which was
then verified independently by the second. Analysis
included patients with histopathologic confirmation post-
MRI and those in the non-infection group based on clin-
ical and imaging follow-up. True-positive, false-positive,
true-negative, and false-negative results were used to es-
timate diagnostic accuracy indices per study. The diagnostic
accuracy of MRI types, including DWI and DCE-MR], in
detecting DFO was assessed. Two reviewers independently
used the QUADAS-2 tool to assess the risk of bias in indi-
vidual studies.”

Statistical analyses

All statistical analyses were performed using statistical
software (Stata, version 14.2, Stata Corp). Due to the sig-
nificant methodological heterogeneity among each imaging
modality, we did not pool the reported diagnostic indices.
The area under the summary receiver operating character-
istic curve (SROC AUC) was generated to assess the sum-
mary accuracy of DWI and DCE."* Heterogeneity among
studies was assessed using I? statistics.

Results
Patient, study, and MRI characteristics

Following a systematic search of databases, we identified
a total of 3,486 articles: 1869 from PubMed, 928 from Sco-
pus, 672 from Embase and 17 articles from manual search
through the references of published articles. After screening
the titles and abstracts and eliminating duplicate records,
we assessed a total of 591 articles for eligibility. Ultimately,
five articles met the inclusion criteria, constituting a cohort
comprising 187 patients and 234 bone lesions, with 110 of
these lesions being diagnosed as DFO °~'° (Fig 1). Among
five studies, four specifically involved diabetic patients with
clinical and laboratory indications of acute osteomyelitis.
The study by Kruk et al. focused on patients referred for
forefoot MRI, without explicitly stating their diabetic sta-
tus.!” Nevertheless, we included this study in our meta-
analysis because it targeted bone lesions, and diabetic pa-
tients comprised the majority of pedal osteomyelitis cases.

All the included studies were prospective investigations
conducted at various institutions, utilizing positive histo-
logical and/or microbiological analyses as the reference
standard for diagnosing osteomyelitis. Among these five
articles, which employed bone marrow edema in the con-
trol group for comparison, four studies utilized acute
neuropathic arthropathy as the control group. In these four
studies, the control group was diagnosed through negative
bone biopsy'® or based on imaging criteria in two
studies,'®'® or diagnosis by exclusion in one study."” In
another study, degenerative or stress-related alterations

within the bone marrow edema group were used as con-
trols. In this case, the control group was identified as those
without clinical suspicion of infection either at the time of
imaging or during clinical follow-up."”

The mean of the mean ages of the patients in the
evaluable articles was 56.65 years (range, 22—89 years).
There was male predominance (59.89%). Osteomyelitis is
common in forefoot (metatarsal bone) and calcaneus while
non-osteomyelitis condition is more common in mid foot
(around navicular, cuboid, and cuneiform bones). The
characteristics of the individual articles are shown in detail

in Table 2.
Four studies utilized DWI (comprising 172
lesions),”” 719 while three studies employed DCE tech-

niques (comprising 140 lesions)'®'®'¥ and two studies

presented the results of conventional MRI (comprising 66
lesions).'>!¥ Of the two studies that presented results of
conventional MRI, one study interpreted only non-contrast
study,’”” while the other employed both pre- and post-
contrast MRL'? Both studies were interpreted by a single
musculoskeletal radiologist using prespecified criteria for
identifying MRI-positive cases of DFO. These two articles
utilized a common criterion of focal abnormal signal in-
tensity in the bone marrow, and only one study incorpo-
rated a subtending skin ulcer into its criteria.'”

In terms of region of interest (ROI) placement in DWI and
DCE, as shown in Table 2. Three studies employed unfixed
circular ROIs within the bone lesion,'>'”! one study used a
fixed ROI size (ranging from 35 to 45 mm?),'® and another
study utilized both a small circular ROI and a manually
drawn ROI outlining the entire bone lesion.'® Across all
included studies, ROIs were carefully positioned within the
lesions, avoiding the adjacent normal bone marrow to
prevent inaccurate apparent diffusion coefficient (ADC)
values.

In three of five articles, image analysis involved two in-
dependent musculoskeletal radiologists who were blinded
to clinical information, and interobserver agreement was
calculated.” " Diez et al. reported moderate interobserver
agreement for time intensity curve (TIC) and small ROI for
DWIr, K3 and iAUCgp (Table 2). However, the large ROI in
Diez et al.'s study and other two studies exhibited good to
excellent agreement. In another study, image interpretation
was based on the consensus of two musculoskeletal radi-
ologists who were also blinded to clinical
information.'® Additionally, in one study, MRI analysis was
performed by a single musculoskeletal radiologist prior to
undergoing bone biopsy.'”

In the four DWI studies, a consistent use of the same MRI
vendor was observed, predominantly with 1.5T machines
rather than 3.0T. Specifically, two studies utilized only 1.5T
MRI machines,”>'® one employed a 3T machine,”” and
another study used both 1.5T and 3T machines.” Detailed
DWI protocols for each article are available in Table 3. All
four studies relied on mean ADC values, with one study'®
additionally utilizing the high b-value signal pathological-
to-normal bone ratio (DWIr). Notably, in Diez et al'’s
study, DWIr derived from a freehand ROI encompassing the
entire bone lesion showed statistical significance, whereas
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Articles assessed for eligibility
(n=591)

Eligibility ) ( Screening > Cldentiﬁcation)

.’
)

Included

Conventional MRI + DW1
(n=2)

—

Conventional MRI
DWI

Articles identified from database search (n = 3486)
e PubMed, n = 1869
® Scopus, n = 928
e Embase, n = 672
® Manual search through the references of published articles: n

_l‘v

Article excluded:
® Irrelevant titles, abstracts, and duplicates (n=2339)
® Review articke (n=499)
® Mcta-analysis (n=57)

Article excluded:
. lx‘.\uﬂh.;n\} mnfonmation 1o ¢xtract-
TP/INTP/TN (n—167)
® Not DWI or DCE (n+=351)
® Others (n—68)

’ Articles included in the systematic review and meta-analysis (n = 5)

Conventional MRI
DCE-MRI
(n~1)

DCE-MRI

(n=2)

Figure 1 Flow diagram showing the study selection process for the meta-analysis.

mean ADC values from both small circular ROIs and free-
hand ROIs did not.'® Qualitative assessments were not
employed in any of the evaluable studies. Across all studies,
the ADC values for osteomyelitis were consistently lower
than those for the bone marrow edema group,'>'®'¥ except
for Kruk et al’s study, where the ADC value in the osteo-
myelitis group was higher than in the bone marrow edema
group.'” Each study subsequently conducted ROC analysis to
define cutoff values for ADC.

DCE MRI provides various assessment methods,
including qualitative, semiquantitative, and quantitative
approaches. In the three DCE studies, two incorporated

quantitative assessments, utilizing pharmacokinetic models
to derive parameters such as the volume transfer constant
(K'™a1) the volume of contrast material returning to the
vascular compartment (Kep), and extracellular volume
(Ve).'®'® The other two studies employed qualitative
assessment, focusing on TIC pattern.'®'® For semi-
quantitative assessment, one study used Slp Simax, Sirel,
wash in rate (WIR), time to peak,'® while another study
used iAUC60(16). Detailed DCE protocols for each article are
provided in Table 4. Diez et al’s study demonstrated sta-
tistical significance for K" and iAUC60 from both small
circular and freehand ROIs but not for other parameters. Raj
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Table 2

Baseline characteristics of the included studies.

Authors Year Country Study types NO. of Age (years) NO. lesions Reference Comparison MRI techniques ROI placement Diffusion DCE parameters
patients mean +SD  (OM/non- standard parameters evaluated
(M/F) or median infection) for OM evaluated
(range)
Abdel 2017 Egypt Prospective 41 51 (48-72) 23/18 HP* Acute CN Conventional MRl  Within the Mean ADC value -
Razek AAK (22/19) (No contrast) + abnormal areas
DWI avoiding the
adjacent normal
BM
Kruk KA 2022 Switzerland Prospective 60 For OM; 20 OM/ HP? Degenerative  Conventional MRI  Circular ROI Mean ADC value -
(33/27) 685+11.0 20BME or stress- (with contrast) +  within the target
(49—90), related DWI bone lesion
For BME; alterations
53 + 185
(22—-89)
Diez AIG 2020 Spain Prospective 31 57 (36-82) 18 HP? Acute CN Conventional MRI One smallROland mean ADC Ktrans,
(22/9) (18 patients)/ (with contrast) + another covering  values, DWIr” Kep,
50 DWI + bone lesion as Ve,
(14 patients) DCE-MRI + large as possible iAUCego,
FDG-PET TIC and TIC
patterns
(I=vy
Raj S 2022 India Prospective 25 525+74 19/6 HP? Acute CN with Conventional MRI  ROI over bone Mean ADC value  Slp, Simax,
(17/8) negative bone (with contrast) + lesion (15—40 Sirel, Wash in
biopsy DWI + mm? rate [WIR],
DCE-MRI time to peak,
mean TIC, TIC
pattern (1—3)¢
Liao D 2018 China Prospective 30 57.92 +12.3 30/30 HP? Acute CN Conventional MRI  ROIs were fixed in - K305, Kep, Ve
(18/12) (with contrast) +  size (35—45 mm?)

DCE-MRI

NO.: Number; M/F: male/female; ROI: Region of interest; NA: Not applicable; DM: Diabetes mellitus; OM: Osteomyelitis; MRI: Magnetic resonance imaging; DWI: Diffusion weighted imaging; ADC: Apparent
diffusion coefficient; HP: histopathology; BM: bone marrow; BME: bone marrow edema; CN; Charcot neuro-arthropathy; DCE: Dynamic contrast material-enhanced; FDG-PET: fluorodeoxyglucose-positron

emission tomography.

2 HP stands for histological and/or microbiological analysis.
b DWIr means high b-value signal pathological-to-normal bone ratio.

¢ The extended Tofts model and population-averaged arterial input function (AIF) were used on DCE-MRI to obtain a volume transfer constant [K"2"; related to wash-in], reflux rate [Kep; related to
washout], volume fraction of the extravascular-extracellular matrix/space [V.], internal area under the gadolinium curve at 60 s [iAUCg], and time-intensity curve (TIC). The shape of the TIC was classified
according to the model described by Rijswijk et al. [23] (TIC I to V). TIC patterns I or Il were defined as CN and patterns III, IV or V as OM (denominated TICoqe1) [15,24].

d SJ, = tissue signal intensity on unenhanced T1 images; Slyax = maximum absolute contrast enhancement; maximum relative SI [Sl;e;] = (SImax — Slo)/Slo x 100; wash in rate [WIR] = (Slmax — Slo)/time to
peak in seconds; time to peak (T) = time taken to reach the maximum signal intensity in seconds. The mean TIC of the lesion was also analysed to characterize the lesion. Three patterns of the TIC were
considered, type 1 — progressive increase in signal intensity over the entire dynamic study (the persistent pattern), type 2 — rapid initial peak followed by a relative constant enhancement (the plateau
pattern), and type 3 — sharp uptake of contrast followed by a decrease in enhancement over time (the washout pattern).
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et al’s study found statistical significance for Sly, Sire], and
WIR. Liao et al’s study showed statistical significance for
K" and V.

1 mm

Quality assessment of studies

Most studies had a generally low overall risk of bias
assessed by the QUADAS-2 tool (Fig 2). However, Kruk
et al’s study included patients without a specified diagnosis
of diabetic foot,'” while the other studies enrolled patients
consecutively and had a low risk of bias in patient selection.
Four out of five studies ensured blinding of MRI interpre-
tation to bone biopsy results, except for Raj et al, which
lacked this information.'” Histopathology was uniformly
used as the reference standard for diagnosing osteomyelitis,
but only one study'® employed it for diagnosing CN. Kruk
et al did not specify the non-infection group’s
composition,'”” and Diez et al. did not follow up on non-
infection cases to confirm the diagnosis.'® Diez et al’s
study uniquely provided the time interval between MRI and
surgery in DFO cases.'® Overall, the studies exhibited a low
concern regarding applicability in patient selection, index
test, and reference standard, except for patient selection in
Kruk et al.’s study'” and the index test in Raj et al.’s study.'”

2

Voxel size (1.7 x 1.3 x 5 mm)

Bandwidth = 300 KHz,
interslice gap

Flip angle = 180 (1.5T),
90 (3T)

Inversion recovery
delay = 180 msec,
sensitivity encoding

Others
factor

- At b-value = 800
3 (1.5T), 36 (3T)

- At b-value = 50;
1(1.5T), 10 (3T)

4
NA

FOV (mm) * NEX
160—200

150 x 150
(157T),

160 x 160

(3T)

272 x 272 4
250

thickness
(mm) *
3

NA

5

5

Diagnostic accuracy of MRI for osteomyelitis

Matrix size * Slice
160 x 160

256 x 128
110 x 110
(37)

128 x 128

The results of the five articles were aggregated for the
evaluation of diagnostic test accuracy (Table 5). Due to
differences in the techniques used for the interpretation of
DWI and DCE, we decided not to pool the results. The
sensitivity ranges for the detection of osteomyelitis using
conventional MRI, DWI, and DCE were 65%—100% (with
lower and upper confidence intervals of 45% to 100%), 65%—
100% (43% to 100%), and 64%—100% (35% to 100%), respec-
tively (Fig 3). The specificity ranges for the detection of DFO
using conventional MRI, DWI, and DCE were 50%—61% (with
lower and upper confidence intervals of 19% to 81%), 56%—
95% (42% to 99%), and 66%—93% (30% to 98%), respectively
(Fig 3). The SROC AUC for DWI and DCE was 0.89 (95% (I,
0.86—0.92) and 0.90 (95% CI, 0.87—0.92), respectively (Figs 4
and 5). Unfortunately, the AUC of conventional MRI cannot
be calculated due to the limited number of studies.

70 (1.5T), (1.5T),
11,000/

4100/
69 (3T)
127

TR/TE
(msec)
108

0, 400, 800 10,000/
0, 50,800 4280/

b-values
(s/mm2)

0, 800
echo-planar
Single-shot echo- 0, 600, 800 4100/90 NA

segmented echo-
planar

single-shot, echo-
planar

planar

Sagittal Readout-
recovery single-

Sequence type
shot spin- echo

Multi-slice,

Plane
Extremity Coronal Inversion

coil

Extremity Axial

Extremity Axial

coil

coil
NA

Measures of heterogeneity

The included studies were clinically heterogeneous with
respect to the study design, activity administered, and
criteria for determination of test positivity. Substantial
statistical heterogeneity was noted for the pooled AUC es-
timate of DWI and DCE (I* = 68% and 52%), respectively.

Strength Coil
)

1.5

(21/19)

1.5

3

Subgroup analyses

Magnetom Aera,
Siemens
Verio, Siemens

Magnetom Vida,
2020 Aera; Siemens

Magnetom
Avanto fit and

Siemens
2022 Magnetom Skyra, 1.5, 3

2022 TIM Magnetom

Year MRI vendors
2017 Symphony,

Subgroup analyses were conducted to assess sensitivity
and specificity based on the criteria used for DWI inter-
pretation. The three studies utilizing the mean ADC value
reported a sensitivity range of 65%—95% (with lower and
upper confidence intervals of 43% to 99%) and a specificity
range of 70%—95% (44% to 99%).">!”1° The cutoff values for

Imaging parameters of included studies with DWI.
Authors
Razek AAK
Kruk KA
Diez AIG

Abdel
Raj S

T: Tesla; NA: Not applicable; TR/TE repetition time/echo time; FOV: Field of view; NEX: number of excitations; NA: Not applicable; msec: millisecond; mm: millimeter.

Table 3
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Table 4
Imaging parameters of included studies with DCE-MRI.
Authors Year MRI Strength Coil Sequence type Contrast injection TR/TE (msec) Matrix size Slice FOV (mm) Acquisition time® Others”
vendors (T)
Diez AIG 2020 Aera, 1.5 Extremity coil fat-saturated 3D  Images were obtained aftera 3.3—3.6/1.3 256 x 215 220 x 110 240 s with 10 s Intersection gap=0.3,
Siemens VIBE sequence in bolus injection of 0.1 mmol per frame flip angle 10
the axial plane gadobutrol (Gadovist; Bayer)
per kg of body weight and a
20-ml saline flush at a rate of
2.0 ml/s.
Raj S 2022 TIM 3 Extremity coils VIBE sequence A dose of 0.2 mmol/kg of 41/1.4 NA 170 A temporal 12 serial axial
Magnetom gadolinium chelate resolution of 15  images; voxel size of
Verio, (Magnevist/gadopentate —16 s over 4—5 0.7 x 0.7 x 0.6 mm
Siemens dimeglumine) was minutes post-
administered at a rate of 3.5 injection of
ml/s followed by a chaser contrast.
injection of 20—30 ml of
normal saline given at the
same rate.
Liao D 2018 GE 3 8- channel NA A dose of 0.1 mmol/kg Gd- 6.1/2.9 256 x 160 4 180 x 180 A total of 35 Spatial resolution =
phased-array DTPA (gadodiamide) was frames were 2 x 1.2 x 6.0 mm,
head coil injected and acquired using acquired; the bandwidth = 31.25

an automatic double-bolus

injection at a rate of 2 ml/s,
followed by a 20-ml saline

flush at the same rate.

total DCE-MRI
acquisition time
ranged from 210
to 230 s

kHz, and flip
angle = 10°

T: Tesla; NA: Not applicable; S: Seconds; TR/TE repetition time/echo time; FOV: Field of view; VIBE: Volumetric interpolated breath-hold examination; mmol: millimole; kg: kilogram; ml: milliliter; mm:

millimeter; msec: millisecond; s: second; kHz: kilohertz.
¢ Temporal resolution dynamic acquisition every 3—5 sec at least 5 min to evaluate washout.
b Pparallel imaging minimal sense factor of 2.
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Figure 2 Summary of the risk of bias and applicability concerns
across the included studies as assessed with QUADAS-2 forms.

Table 5
Diagnostic results of MRI parameters for osteomyelitis and non-infection.

mean ADC ranged from 0.98 to 1.57 x 10> mm?/s, with a
mean value of 1.21 x 10~3 mm?/s. The SROC AUC for mean
ADC was 0.92 (95% (I, 0.89—0.94). Furthermore, one study
employing DWIr with two independent reviewers demon-
strated a sensitivity range of 72%—100% (49% to 100%) and a
specificity range of 56%—78% (42% to 87%).!° The cutoff
values for DWIr were 4.15 and 5.12.

Discussion

Studies evaluating the diagnostic value of DWI and DCE
for DFO are scarce. This meta-analysis demonstrates that
DWI and DCE exhibit good diagnostic performance for
distinguishing between DFO and bone marrow edema in
diabetic foot, with increased specificity compared to con-
ventional MRI (Fig 6). To the best of our knowledge, this
meta-analysis is the first to systematically compare
advanced techniques, namely DWI and DCE, with conven-
tional MRI to evaluate the diagnostic performance in
detecting osteomyelitis in cases of diabetic foot. This infor-
mation can guide the consideration of functional MRI before

First author Parameters Cut-off  Total number TP FP FN TN Sensitivity Specificity Value in osteomyelitis Value in non-infection
[Reference no.] value of bone lesions (%) (%) Mean + SD (95%CI) Mean =+ SD (95%CI)
(DFO/ or median (IQR)? or median (IQR)"
non-infection)
Conventional MRI
Abdel Razek'> Non-contrast - 23/18 15 7 8 11 652 61.1 - -
study
Raj'? Pre- and post- - 19/6 19 30 3 100 50.0 = =
contrast study
Diffusion weighted MRI
Abdel Razek'®> Mean ADC? <0.98 23/18 20 33 15 87.0 833 0.86 + 0.11 1.27 + 0.19 (0.82—1.47)
(0.73-1.3)
<1.04 23/18 19 14 17 826 94.4 0.85 £ 0.12 1.26 + 0.21 (0.82—1.47)
(0.74—1.35)
Kruk!” >1.234 20/20 16 4 4 16 800 80.0 1.432 £ 0.222 1.071 + 0.196 (0.599—1.388)
>1.155 20/20 19 61 14 950 70.0 (1.082-1.918)
>1.32 20/20 13 17 19 650 95.0
Raj'® <157 17/6 15 12 5 882 833 1.35 + 0.24 (NA) 1.64 + 0.14 (NA)
Diez'® DWiIratio >4.15 18/50 18 22 0 28 100 56.0 5.80 (4.51-6.97)¢ 3.82 (2.33-5.51)¢
>5.12 18/50 13 11 5 39 722 78.0 4.96 (4.65—6.50)¢ 3.84 (2.40-5.07)¢
Dynamic contrast enhanced MRI
Diez'® e >0.09 11/44 9 11 2 33 818 75.0 0.14 (0.08— 0.20)¢ 0.06 (0.05— 0.10)¢
>0.11 11/44 8 73 37 727 84.1 0.15 (0.07— 0.20)¢ 0.07 (0.04— 0.09)¢
Liao'® >0.11 30/30 24 2 6 28 80.0 933 0.819 &+ 1.172 (NA) 0.025 £ 0.029 (NA)
Liao'® VeP >0.19 30/30 24 2 6 28 80.0 933 0.483 + 0.328 (NA) 0.101 £ 0.054 (NA)
Diez'® iAUC60¢ >323 11/44 11 15 0 29 100 65.9 7.02 (3.98—11.09)¢ 2.19 (0.84—5.18)¢
>5.69 11/44 7 74 37 636 84.1 7.02 (3.54—11.94)¢ 2.19 (0.76—4.21)¢
Raj'® Mean Sl >143.30 19/6 18 11 5 947 83.3 199.45 + 33 (NA) 132.68 & 44 (NA)
SImax >408.35 19/6 17 22 4 895 66.7 470.5 + 34 (NA) 376.01 + 86 (NA)
Mean WIR >1.21 19/6 16 13 5 842 833 2.08 + 0.4 (NA) 0.932 + 0.2 (NA)

DFO: Diabetic foot osteomyelitis; TP: true-positive; FP: false-positive; FN: false-negative; TN: true-negative; SD: Standard deviation; IQR: interquartile range;
ADC: Apparent Diffusion Co-efficient; DWIr: signal of the pathological-to-normal bone ratio in the b800 DWI; Ktrans: volume transfer constant; Kep: reflux
rate; Ve: volume fraction of the extravascular extracellular matrix; iAUC60: internal area under the gadolinium curve at 60 seconds; SIO: tissue signal intensity
on unenhanced T1 images; SImax = maximum absolute contrast enhancement; WIR (wash in rate) = (SImax — SI0)/time to peak in seconds = .

3 ADC value presents in x 10~>mm?/s.

b Ktrans apd Ve presents in millimeter/minute.
C

4 median (IQR).

iAUCg: internal area under the gadolinium curve at 60 s presents in mmol contrast minute.
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AUTHOR YEAR CUT OFF SENS LCI ucCiI SPEC LCI ucCiI
Conventional MRI
Abdel Razek 2017 NA - 65% 45% 81% - 61% 39% 80%
Raj 2022 NA —a  100% 83% 100% - 50% 19% 81%
Diffusion weighted MRI
Abdel Razek-ADC 2017 <0.98 L 87% 68% 95% & 83% 61% 94%
Abdel Razek-ADC 2017 <1.04 e 83% 63% 93% - 94% 74% 99%
Kruk-ADC 2022 >1.234 —— 80% 58% 92% e 80% 58% 92%
Kruk-ADC 2022 >1.155 —a 95% 76% 99% - 70% 48% 85%
Kruk-ADC 2022 >1.32 —— 65% 43% 82% ®  95% 76% 99%
Raj-ADC 2022 <1.57 v e 88% 66% 97% & 83% 44% 97%
Diez-DWiIratio 2020 >4.15 —a  100% 82% 100% - 56% 42% 69%
Diez-DWiIratio 2020 >5.12 —— 72% 49% 88% — 78% 65% 87%
Dynamic contrast enhanced MRI
Diez-Ktrans 2020 >0.09 e 82% 52% 95% - 75% 61% 85%
Diez-Ktrans 2020 >0.11 —— 73% 43% 90% - 84% 71% 92%
Liao-Ktrans 2018 >0.11 —— 80% 63% 90% —a  93% 79% 98%
Liao-Ve 2018 >0.19 —— 80% 63% 90% &  93% 79% 98%
Diez-iAUC60 2020 >3.23 —a  100% 74% 100% . 66% 51% 78%
Diez-iIAUC60 2020 >5.69 —— 64% 35% 85% - 84% 71% 92%
Raj-Mean SI0 2022  >143.30 —a 95% 75% 99% - 83% 44% 97%
Raj-Simax 2022  >408.35 - 90% 69% 97% - 67% 30% 90%
Raj-meanWIR 2022 >1.21 —— 84% 62% 94% - 83% 44% 97%

0%

—_—
25% 50% 75% 100%

0% 25% 50% 75% 100%

Figure 3 Reported diagnostic sensitivity and specificity of conventional MRI, ADC values derived from DWI and parameters derived from dy-

namic contrast enhanced study.
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Figure 4 Summary receiver operating characteristics (SROC) curve of
diagnostic performance of ADC values derived from DWI. The pooled
AUC estimate for DWI was 0.89 (95%CI = 0.86—0.92) with an I* = 68%
and Q value of 6.25.

resorting to nuclear medicine techniques such as '®F-FDG
PET/CT or WBC scan.

Recent meta-analysis on DFO diagnosis focus on con-
ventional MRI, which shows high sensitivity (96.4%) but
moderate specificity (83.8%), compared to PET's 92.8%
specificity.® This suggests a risk of false positives with MRI.
Clinicians and radiologists should be cautious of over-
diagnosis, especially in surgical cases. Our study found that

False Positive Rate (1 - Specificity)

Figure 5 Summary receiver operating characteristics (SROC) curve of
diagnostic performance of parameters derived from dynamic contrast
enhanced study. The pooled AUC estimate was 0.90 (95%
Cl = 0.87-0.92) with an I = 52% and Q value of 4.13.

conventional MRI has similar sensitivity but lower speci-
ficity (50%—61%) compared to Llewellyn et al’s 76.0%—
89.5%.° This may be due to different DFO diagnostic criteria
in the studies reviewed.">!° Lower specificity could relate to
secondary infection signs needed to distinguish CN from
infection, especially in the mid-foot. These signs include
periosteal reaction, skin ulcers, sinus tracts, cellulitis, ab-
scesses, and foreign bodies.”’ Only one study considered

Descargado para Irene Ramirez (iramirez@binasss.sa.cr) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en noviembre 14,
2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



814 W. Wudhikulprapan et al. / Clinical Radiology 79 (2024) 805—817

ROI 4: m=1155.
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Figure 6 A 46-year-old man with diabetes mellitus and foot ulcer. Axial (a) T1-WI, (b) T2-WI with FS, and (c) CE T1-WI with FS show abnormal
bone marrow signal in the midfoot bones (arrow = intermediate cuneiform, open arrow = navicular, and asterisk = lateral cuneiform bones). (d)
ADC map of abnormal bone marrow in the intermediate cuneiform (ROI1), navicular (ROI2) and lateral cuneiform (ROI3) bones, and normal 1%
metatarsal bone (ROI4). The average ADC values were 1.77, 0.89, 0.94, and 1.39 x 103 mm?/sec, respectively. (e) DCE showing TIC from ROI same
as in (d) showed rapid initial enhancement followed by sustained late enhancement in the navicular (ROI2) and lateral cuneiform (ROI3) bones
but slow progressive enhancement in the intermediate cuneiform bone (ROI1) compared to non-enhancement in the normal metatarsal bone
(ROI4). The K" values from the same ROI measured 0.09, 0.2, and 0.4, N/A mL/min, respectively. ADC and DCE were suggestive of osteomyelitis
in the lateral cuneiform and navicular bones but reactive bone marrow in the intermediate cuneiform, which was confirmed by biopsy and
follow-up MRL

WI, weighted image; FS, fat suppression; CE, contrast enhanced; ADC, apparent diffusion coefficient; ROI, region of interest; DCE, dynamic
contrast enhanced study; TIC, time intensity curve; N/A, not accessible.
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these criteria. However, our study’s pooled specificity for
DWI and DCE remains higher than the recent meta-
analysis.®

Bone marrow abnormalities often lead to higher ADC
values.'””'” In diabetic patients, CN and osteomyelitis-
related bone marrow edema coexist.”! CN shows elevated
DWI signal and higher ADC values due to the T2 shine-
through effect, while osteomyelitis typically has higher
DWI signal but intermediate ADC values, reflecting water
diffusion restriction.'” Although most studies report lower
ADC values in osteomyelitis,'>'??? Kruk et al. found higher
ADC values in osteomyelitis than in stress or degenerative
conditions."” Variability in ADC values in DFO is due to
complex bone marrow signals on DWI and ADC maps,
influenced by factors like inflammatory infiltration, bone
infarction, purulence in osteomyelitis, and red marrow
contamination.'??3?4

Overlapping mean ADC values in studies " likely
due to shared factors such as increased blood flow and
capillary leakage in both CN and DFO. ADC cutoff values vary
considerably, ranging from 0.98 to 157 x 107> mm?s,
consistent with previous review?* which lack consensus on
the optimal ADC measurements. Diez et al. introduced
DWIr, comparing DWI values between pathological and
normal bone, showing higher values in DFO. This method
has been effective in conditions like pancreatic cysts and
bone marrow-replacing lesions such as multiple myeloma
and metastasis.”>?° Prior reviews have favored minimal
ADC values for better diagnostic performance in soft tissue
masses, offering insights into cellular composition, as mean
ADC values can be diluted by myxoid, cystic, or less cellular
regions within the ROL?’ However, further comprehensive
validation is warranted.

Several technical factors influencing the heterogeneity of
ADC values in studies should be considered. Firstly, varia-
tions in magnetic field strengths (e.g., 1.5 T and 3 T) can
introduce bias, as seen in phantom studies,?® impacting
reported ADC values. Secondly, the choice of diffusion im-
aging methods can influence outcomes. For instance, the
utilization of readout-segmented echo-planar imaging (rs-
EPI), as in Kruk et al‘s study, offers advantages in image
quality compared to standard single-shot echo-planar im-
aging (ss-EPI), which is susceptible to artifacts.'”»?° Thirdly,
normal bone marrow ADC values may vary slightly based on
anatomical locations, ranging from 0.2 to 0.5 x 10-3 mm?/
sec.’” For instance, healthy forefoot bone reported by Kruk
et al. exhibited an ADC value of 0.28 x 10-3 mmz/sec, with a
range from 0.14 to 0.47 x 10-3 mm?/sec. Finally, to enhance
the separation of ADC values, employing more b-values or
incorporating a non-zero minimum b-value (>100 s/mm?),
as suggested in prior research,'>*! may be beneficial. Higher
b-values in diffusion-weighted imaging scans have been
proposed for obtaining ADC values with a lower effect of
blood perfusion and a better representation of water
molecule diffusion within the tissue.*?

Conventional post-contrast imaging lacks microcircula-
tion details, while DCE MRI offers various assessment
methods. For the quantitative approach, there were a few
disparities in Kep and Ve, while two studies found higher

K" values in osteomyelitis, identifying a cutoff of >0.11
mL/min for distinguishing DFO from CN.'®'® This may be
due to increased abnormal vessel density, blood flow, and
permeability. Liao et al. highlighted that, among all DCE-
MRI parameters, K" exhibited stronger correlations
with CRP levels and ESR than other parameters. These re-
sults emphasize the significance of K" as a key parameter
for diagnosing DFO.

Standardization issues in DCE sequence design and
postprocessing limit quantitative assessment’s routine use.
For diabetic foot assessment, qualitative and semi-
quantitative methods namely wash in rate ([maximum
signal intensity (SI)—SI at unenhanced T1 weighted image]/
time to peak in seconds) and iAUC60 (internal area under
the gadolinium curve at 60 second) are often sufficient,
showing diagnostic accuracy comparable to K™ 1519 pFQ-
induced hyperemia and vasodilation increase capillary
transudation, leading to rapid contrast uptake and higher
wash-in rates. However, semi-quantitative variables are
sensitive to variations in acquisition protocols and hard-
ware settings, challenging study comparisons. iAUC60,
derived from the signal intensity curve, is becoming popular
in soft tissue tumors due to its robustness and contrast-
medium independence.>***

Qualitative assessment using the TIC lacks consensus in
DCE analysis, with varying TIC classifications in two avail-
able studies.'®'® However, notable findings emerge. Firstly,
no washout pattern is observed in DFO and CN cases. This
pattern is common in tumor.>> Secondly, the absence of an
enhancement pattern or the presence of slow progressive
enhancement in the TIC (indicating a slow wash-in rate)
suggests CN over DFO. Lastly, DFO usually shows rapid
initial enhancement followed by a plateau phase or sus-
tained late enhancement, reflecting the presence of an in-
flammatory process with recirculation and contrast agent
leakage. This points out that a further careful examination
of the pattern of TIC may provide differentiation between
DFO and CN in future research.

Several other important considerations exist in func-
tional MRI studies. ROI placement significantly affects ADC
values and DCE parameters, with larger ROIs performing
better.'® We recommend using ROIs covering the entire
lesion while excluding normal bone marrow. Additionally,
red and yellow marrow proportions impact ADC values and
DCE measurements. Red marrow has higher ADC values and
perfusion due to increased vascularity and hematopoietic
activity.'”*® Red marrow exhibits higher ADC values
(0.68 x 1072 mm?/sec; range 0.61—-0.74 x 107> mm?/sec)
compared to yellow marrow (0.38 x 103 mm?/sec; range
0.31-0.44 x 10~ mm?/sec).>> Yellow marrow shows min-
imal signal changes on DCE. Understanding this marrow
composition is crucial for interpreting DWI and DCE results.
Some propose using chemical shift or Dixon imaging with
ADC analysis to distinguish bone marrow edema from in-
fections in diabetic foot cases.'”> Age, vascular supply, and
osteoporosis may also influence perfusion, potentially
affecting DCE results.>’

This meta-analysis has limitations. The number of
included studies was small, and only two provided data on
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DFO detection using conventional MRI alone.'>!? This re-
stricts assessing the additional diagnostic value of advanced
MRI techniques. The studies varied in MRI interpretation
criteria, vendors, sequences, and disease physiologies,
affecting conclusions. Therefore, more standardized studies
are needed to confirm DCE and DWT’s effectiveness in DFO
detection.

Conclusion

This study suggests that combining DWI and DCE
methods, alongside conventional MRI, can improve the
reliability and accuracy of diabetic foot osteomyelitis diag-
nosis. However, it also acknowledges the limited number of
studies, result variability due to varying protocols, and
emphasizes the necessity for well-designed studies with
larger patient cohorts and standardized approaches. To
optimize diagnostic performance, the study recommends
considering low ADC values, K" or rapid wash-in rate
from DCE such as iAUCgg, along with using large ROIs that
cover the entire lesion while excluding normal bone
marrow.
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