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ABSTRACT

The aim of this review was to provide extended information on current trends in the diagnosis of complicated
diabetic foot syndrome (DFS), the most frequent and severe complication of diabetes mellitus, including high-
tech medical imaging methods and instrumental and laboratory predictors of the complicated course and risk of
amputation in DFS.

The article provides an analytical review of modern publications over the past 5 years on diagnosis and therapy.
Pilot data on the use of high-tech medical imaging methods, assessment of skin microbiota and ulcers in DFS,
molecular testing methods in terms of predicting the amputation risk and survival of patients with DFS, as well as
the effectiveness of biosensing systems have been systematized, summarized, and subjected to analytical evaluation.

The review provides an expert assessment of the capabilities of pathogen-specific molecular imaging using
modern positron emission tomography (PET), single-photon emission computed tomography (SPECT), and high-
energy radionuclides in bacterial infection to understand its pathogenesis, minimize diagnostic problems, improve
antimicrobial treatment, and address fundamental and applied aspects of DFS. Literature data on the assessment of
foot perfusion in diabetic patients with varying degrees of limb ischemia by hybrid technologies (SPECT / CT and
PET / CT) and new modalities of magnetic resonance imaging (MRI) are also systematized, which contributes to
new understanding of the response to revascularization, surgical shunting, and stimulation of angiogenesis within
ischemic tissue, as well as potentially to healing of foot ulcers.

The review is aimed at substantiating a multidisciplinary approach in DFS, selection, development, and
implementation of innovative strategies for diagnostic modalities to identify diabetic foot pathologies, and choice
of an adequate method for treating and monitoring the results of therapy in the context of personalized medicine.
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MaToreH-cneyndpunyeckana moneKkynsapHaa BUsyannsaumnsa u MeTogbl
MOJIEKY/IAPHOIro TeCTUPOBaHNA B NPOrHo3e OC/I0’KHEHHOro TeYeHnsA
CMHApoMa anabeTnyeckon cTonbl, pyucka amnyTauuil  BbKMBaeMoCTH
nauyvueHToB

3opkanbues M.A., 3aBapoBckas B.[l., CanpuHa T.B., 3ambiueBckaa M.A., Yaonos B.[1.,
Llecrakos A.B., Muxamnnosa A.A., Jloko K0.H., Mycuna H.H.

Cubupckuii cocyoapcmeennblil Meouyurckuil ynusepcumem (Cubl’MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Hens Hacrosmero 063opa — pacmupenue HHGpopMauy 00 aKTyaIbHBIX HAIIPABICHUAX B TUATHOCTHKE OCIIOKHEH-
HOTO TedeHus cuHapoMa auaderndeckoit cromsl (CZC), 4acTOro M TSHKEIOro OCJIONKHEHHMS caXxapHOTro Juadera,
BKJIIOYAsl BHICOKOTEXHOJOTHUECKNE METOIbl MEAMIMHCKON BU3yalH3allMd M HHCTPYMEHTAIBLHO-Ta00paTOpHEIE
IIPEIUKTOPBI OCIIOKHEHHOIO TeYeHUs U pucka ammyTtauuil npu CIC.

[IpencraBieH aHaMUTHYECKUI 0030p COBPEMEHHBIX ITyONUKAIMiA 32 IOCIEAHNE 5 JIET 0 IUATHOCTHYECKUM U Te-
paneBTUUECKUM HAIIPABICHUSIM; CHCTEMAaTH3UPOBAHBI M 0000IIEHBI, a TAKXKE TT0{BEPTHYTHI aHATUTUIECKOH OIeH-
K€ MHUJIOTHBIE aHHBIE, KACAIOMINECs UCTIONb30BAHMS BEICOKOTEXHOIOTHIECKUX METO0B MEIUINHCKON BU3yalH-
3allUH, OLICHKH MHKPOOHMOTHI KOKHU U si3BeHHBIX AedekToB npu C/IC, METOI0B MOJEKYISIPHOTO TECTHPOBAHUS C
TOYKHM 3PEHHUS MPOTHO3a PUCKA aMITyTaluii 1 BeKuBaeMocTH nmauueHToB ¢ CJIC u 3 peKTHBHOCTH TPUMEHEHUS
CHUCTEM OMOCEHCHPOBAHMUSL.

JlaHa sKcriepTHas OLIEHKA BO3MOXKHOCTEH MaTOreH-creupuIeckol MOJIEKyJIIPHON BU3YaIM3allMK C HCHOJIb30Ba-
HHEM COBPEMEHHBIX TEXHOJIOTHH MO3UTPOHHO-dMUCcCHOHHOM ToMorpadun (IT9T) u onHOPOTOHHOIH IMUCCHOHHON
komrbioTepHoi Tomorpadun (OOIKT) 1 BEICOKOIHEPreTHUSCKUX PaJAUOHYKINIOB MU GakTepHanbHOi HH EK-
LMY JUIsl TIOHMMAaHHs ee MaToreHe3a, MUHUMU3ALUK AHarHOCTHYECKUX IPOOJIeM, yIydIlIeHHs aHTHMHUKPOOHOTO
JICYCHHS ¥ TS pelieHust GyHIaMeHTaIbHBIX U npukiagHbix acrnektoB CJ{C. CucremMaTH3npoBaHbl JINTEPaTypHbIC
JaHHbIe 00 OreHKe nep(dy3nH CTOI y OOJIBbHBIX CaXapHBIM IHa0ETOM C Pa3IMYHON CTEIIEHBIO UILIEMUH KOHEUHOCTEH
meronamu rudpuaneix Texuonoruit (OOIKT/KT u [IDT/KT) u HOBBIX MOAANBHOCTEH MAarHUTHO-PE30HAHCHON
ToMOrpaduu, 4To CrIocOOCTBYET HOBOMY ITOHMMAHHUIO OTBETHON PEAKIMU Ha PEBACKYIISIPH3ALIMIO, XUPYPrUUECKOe
IIyHTUPOBAHUE Y CTUMYJIMPOBAHKUE AaHTMOTCHE3a B IIPeesax NIIEMU3UPOBAaHHOM TKaHH, a TAK)Ke MTOTEHIIMAIBbHO —
U JUIs 32KUBJICHUS S13BbI CTOIIBL.

Cratbst HanpaBjieHa Ha 000CHOBaHWE MyJIbTHAXCIMILITHHApHOTO noaxoxa npu CJIC, a taxxe BHIOOp, pa3BUTHE U
BHE/IPCHUE HHHOBALIMOHHBIX CTPATEIHi AUArHOCTHYECKUX MOJAIIBHOCTEH B YCTAaHOBICHUY ATOJIOTUYECKUX IIPO-
neccoB npu C/IC, BBIOOp aJIleKBaTHOTO METOJA JEYEHHs U MOHUTOPHPOBAHUS PE3yJIbTATOB TEPAIMU B paMKax
Pa3BUTHS IEPCOHU(UINPOBAHHON MEIUIINHEL.

KiwueBble ciioBa: caxapHblii 1ua0beT, CHHAPOM JAUAOCTHUCCKON CTOIBI, OCTCOMHEINT, aHTHOCOMa, TIepdy3us,
MHKPOOHOTa, MOJICKYJISIPHAS] BU3YaJIU3aLHsI

KonpaukT unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOHM)INKTOB HHTEPECOB,
CBSI3aHHBIX C COJICP)KaHUEM HACTOAIIEH CTaThu.

Hcrounuk ¢punancupoBanus. VccienoBanue BEIOIHEHO Py GUHAHCOBOU noiepxkke PODU B pamkax Hayd-
Horo npoekta Ne 20-115-50333.

Jsa uutupoBanus: 3opkansueB M.A., 3aBagosckas B./l., Canpuna T.B., 3amprimesckas M.A., Yaonos B./.,
[ecrakos A.B., Muxaitnosa A.A., Jloiiko 10.H., Mycuna H.H. Ilatoren-cnenududeckas MoneKynspHas BU3ya-
JIM3ALHUS U METO/IbI MOJIEKYJIAPHOTO TECTUPOBAHUS B IIPOTHO3€ OCIOKHEHHOTO TEYCHHUSI CHHAPOMA IMa0eTHYECKOIT
CTONBI, PUCKA aMITyTAIllMi ¥ BEDKUBAEMOCTH MAMEHTOB. broiemens cubupckoi meouyunst. 2022;21(3):166—-180.
https://doi.org/10.20538/1682-0363-2022-3-166-180.
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INTRODUCTION

The problem of diabetic foot syndrome (DFS),
which is the most common and severe complication
of diabetes mellitus (DM) due to high percentage of
post-amputation deaths, remains critical and requires
a multidisciplinary approach to monitor and predict
the therapeutic response. The aim of this review was
to provide extended information on current trends
in the diagnosis of complicated DFS, including
high-tech medical imaging methods and instrumen-
tal and laboratory predictors of the complicated
course and risk of amputation in DFS.

The main manifestation of DFS is trophic ulcers
or other purulent and destructive processes starting
from the integumentary system. However, the cause
and pathogenetic mechanisms of phenotypically
similar DFS manifestations can be completely difte-
rent. It complicates the choice of adequate thera-
peutic strategies (conservative, surgical, as well as
their combinations) and the prognosis of this DM
complication, increasing the incidence of poor
outcomes and the number of amputations of lower
extremities and post-amputation deaths.

The main pathogenetic mechanisms of DFS are
the development of diabetic macroangiopathy, mi-
croangiopathy, neuropathy, in complicated forms —
bacterial infection in the soft tissues and bones of
the feet. The underlying pathology in a number of
patients, which could contribute to the main mecha-
nisms of DFS formation (joint damage, chronic ve-
nous insufficiency, radicular syndrome, etc.), com-
plicates the choice of the correct treatment strategy.
Under these conditions, it is extremely relevant to
identify the leading pathogenetic mechanisms of
the DFS formation, evaluate the contribution of
the underlying pathology, and develop and vali-
date new pathogenetically grounded radiological
methods and methods of molecular diagnosis and
biosensing.

MODERN DIAGNOSTIC RADIOLOGY
METHODS IN DFS

Magnetic resonance imaging in diabetic foot
syndrome

Most authors consider magnetic resonance im-
aging (MRI) as the gold standard in diagnostic ra-
diology of complicated DFS [1-3]. Technical ca-
pabilities of MRI in recent years make it possible

to use this method in DFS both to visualize struc-
tural changes in the foot tissues and to assess the
vascular bed using contrast-enhanced and non-con-
trast-enhanced MR angiography. An important ad-
vantage of MRI, according to a recent review by C.
A. Ruiz-Bedoya et al. (2019), is recognition of bone
marrow edema with precise anatomical localization
at an early stage — 3—5 days after the onset of the
infectious process [4].

Recent literature sources describe MR-semiotics
of foot lesions in diabetes mellitus (DM) in detail.
According to D. H. Massel et al. (2020), MRI has
high sensitivity in the diagnosis of osteomyelitis
(OM) of the foot due to typical changes in signal-
ing characteristics and allows to accurately localize
purulent complications and assess their prevalence
and clinical risk of complications [5]. Recent publi-
cations indicate the possibility of using certain MR
signs as predictors of purulent and destructive com-
plications in DFS. Thus, bone marrow edema and
an adjacent at this level subcutaneous adipose tissue
ulcer with the depth of more than 50% are unam-
biguous predictors of the development of OM of the
foot [6, 7].

Moreover, Y. H. Jang et al. (2020), based on the
results of a multivariate analysis of MRI data, in-
dicated a new pattern of DFS complication devel-
opment: confluent pattern of decreased T1 marrow
throughout the entire bone fragment, as well as
“blotches” of unchanged bone marrow against the
background of a “thin / reticular mesh” [7].

H. M. Kotecha et al. (2020) currently consider
the possibility of using native MRI in emergency
departments in patients with DFS as an abbreviated
MRI protocol (only coronal T1-weighted and sagit-
tal T2-weighted FMPIR images) lasting an average
of 8 minutes [8]. A number of authors have substan-
tiated MRI in patients with DFS for planning the
scope of surgical interventions. The data obtained
by M. Jbara et al. (2016) indicate a significant asso-
ciation of preoperative MRI with a decrease in post-
operative mortality [9, 10]. The relevance of repeat
MRI for assessing treatment outcomes in patients of
reproductive age with DFS is reported by C. Lauri
etal. (2018) [11].

However, D. Duryea et al. (2017) note that, de-
spite high sensitivity and positive and negative pre-
dictive power of MRI in the diagnosis of purulent
complications, the specificity of the method is not
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so high due to the difficulties in differential diagno-
sis of aseptic and inflammatory bone marrow edema
[5, 7]. Therefore, differential diagnosis of patholog-
ical changes in the feet remains a frequent clinical
problem in DM patients [12].

Contrast-enhanced and non-contrast-
enhanced MR angiography

Contrast-enhanced MR angiography (CE-MRA)
is of great importance in assessing the anatomy and
pathology of the foot vessels. The advantages of
CE-MRA over digital subtraction angiography
(DSA) in patients with DFS are visualization of a
larger number of stenotic vessels and simultaneous
clear visualization of inflammatory complications,
such as OM, soft tissue abscesses, and fistulas [13].
However, CE-MRA 1is inferior to SA in assessing
distally located vessels, as well as in critical isch-
emia cases. A number of publications indicate the
priority of this technique before revascularization
procedures in patients with ischemic or mixed
forms of DFS and refusal to use X-ray techniques in
foreign medical centers [12].

Preoperative CE-MRA assesses arterial paten-
cy, the presence of diffuse calcification in distal
vessels and microaneurysms, the state of collateral
blood flow, and targeted vessels for surgical bypass
[14]. CE-MRA is useful for identifying active-phase
Charcot foot, monitoring a response to treatment,
and predicting the healing time of wound-related
defects [1, 3]. The diagnostic efficiency parameters
of CE-MRA exceed those of CT angiography (CTA)
and duplex ultrasound scanning of the foot vessels
in DFS [13].

MR-semiotics of complicated DFS has been suf-
ficiently studied to date. Thus, M.A. Zamyshevska-
ya et al. (2016) presented MRI data on blood
supply to the foot in case of intraosseous purulent
inflammation, acute diabetic osteoarthropathy, and
arteriovenous shunting. The authors described the
distribution of the contrast agent with an increase
in vascular permeability in inflammation sites [15].

The quantitative assessment of dynamic con-
trast-enhanced MRI is described in sufficient detail
[13, 16]. D. Liao et al. (2018), using the extended
linear Tofts model, evaluated three quantitative pa-
rameters of CE-MRA:: the transfer constant — Ktrans,
the contrast rate index — Kep, and the volume frac-

tion of the extravascular extracellular space — Ve
[16]. These parameters demonstrated statistical
significance in the differential diagnosis of Charcot
foot and OM in DFS, however, the limited number
of patients and the peculiarities of post-processing
do not yet confirm the possibility of wide use of the
quantitative assessment of MR angiography data in
clinical practice.

Technological progress made it possible to con-
duct not only contrast-enhanced, but also non-con-
trast-enhanced studies of the peripheral vessels in
the lower extremities, which are based on either
an increase or decrease in the blood flow signal.
N. Zhang et al. (2016) in their publication conclud-
ed that non-contrast-enhanced MRA can be used
as a safe and reliable screening tool for assess-
ing the state of the foot arteries in patients with
DM [17].

Quiescent-interval single-shot MR angiogra-
phy (QISS MRA) is a two-dimensional, balanced,
steady-state, free precession synchronized with
ECG, which has several advantages and demon-
strates high accuracy compared with CTA and
cMRA in the diagnosis of critical lower limb isch-
emia in DFS. A variant of this modality, QISS
MRA with arterial spin labeling (ASL), is a related
technique that has the potential to visualize the foot
vessels due to theoretically improved background
suppression.

A. Lam et al. (2020) described in detail the use
of QISS MRA and QISS ASL-MRA in patients
with critical ischemia due to DFS, which was not
done in earlier studies [18]. The authors describe
these non-contrast-enhanced MRI techniques as
fast, relatively simple, and at the same time high-
ly effective imaging methods that are insensitive
to patient movements, pulse wave, and blood flow
characteristics, as well as applicable in the presence
of severe diabetic nephropathy with a decrease in
the estimated glomerular filtration rate (eGFR).
At the same time, QISS MRA is considered as a
method of targeted visualization for performing
shunting and revascularization of the foot vessels.
The use of more powerful MRI machines (3T)
and improvement of a number of technical as-
pects can improve this non-contrast-enhanced MRI
technique and contribute to its introduction in clin-
ical practice.
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Diffusion-weighted MRI in DFS

Foreign publications on the use of diffu-
sion-weighted MRI to detect the inflammatory
process in DFS appeared in 2017-2020 [12, 19,
20]. The publication by A.A. K. Abdel Razek and
S. Samir (2017) indicates that one of the advantages
of this technique is the ability to quantify the signal
from altered foot tissues by calculating the diffusion
coefficient (DC) [19]. The DC values in the affected
bone are significantly higher in acute diabetic neu-
roarthropathy compared with those in OM. Thus,
diabetic osteoarthropathy is associated with bone
marrow edema with a relatively smaller inflamma-
tory cell number and higher DC values, while OM
is associated with the presence of microorganisms,
as well as inflammatory and dead cells, hence, with
subsequent limited diffusion and lower DC values.
However, diffusion-weighted MRI does not com-
pletely exclude the combination of osteoarthropathy
and OM, especially at the early stage of inflamma-
tion and with the subacute course of neuroarthro-
pathy, which reduces the diagnostic efficiency of
the technique [19].

The use of 3.0T MRI systems with new technical
characteristics aimed at suppressing perfusion effects
can improve the accuracy of DC calculations, contrib-
uting to the improvement of the qualitative and quan-
titative characteristics of diffusion-weighted images
in DFS [12]. At the same time, it is too early to raise
the issue of using diffusion-weighted MRI in clinical
practice due to a lack of standardization for DC cal-
culation, subjectivity of interpretation of the obtained
values, and technical capabilities of MRI machines,
which requires a larger study or meta-analysis of the
use of diffusion-weighted MRI in DFS.

Radionuclide diagnosis in DFS

Scintigraphy ~ with  99mTc-HMPAO- and
In111-oxime-labeled leukocytes is regarded as the
gold standard in radionuclide diagnosis of OM in
DFS [1, 21]. In 2018, European Association of Nu-
clear Medicine (EANM) in order to standardize
the procedure for labeling leukocytes developed
research protocols and criteria for interpreting the
method results. These criteria include comparative
characteristics of various degrees of radiopharma-
ceutical hyperfixation at control points (after 1, 3,
and 20 hours) depending on sterile and non-sterile
inflammation [22].

Concomitant Charcot osteoarthropathy, leading
to radiopharmaceutical hyperfixation due to in-
creased hematopoietic activity in the bone marrow,
secondary to chronic inflammation, contributes to
lower specificity of the method. To overcome this
limitation, it is proposed to perform additional bone
marrow scintigraphy using nanocolloids [11]. In case
of using a dual technique, two diagnostic criteria for
OM in Charcot arthropathy are described: capture of
labeled leukocytes without corresponding activity
on bone marrow scintigraphy images and incongru-
ent spatial distribution of two radiopharmaceuticals
[11,23].

The main reasons for the decrease in the spec-
ificity of this technique are low anatomical spatial
resolution, hyperfixation of labeled leukocytes at
the site of sterile inflammation in the Charcot foot,
and leukopenia [24]. Combined use of labeled leu-
kocyte scintigraphy with a modality that is highly
informative in terms of imaging anatomical struc-
tures can increase the specificity of this method.

The effect of long-term antibiotic treatment on the
sensitivity of labeled leukocyte scintigraphy is still
a matter of debate. Judging by preliminary data, the
use of radioactively labeled leukocytes is allowed
2 weeks after the end of therapy, even in the pres-
ence of false negative results [1, 22].

As an alternative to labeled leukocytes, mono-
clonal antibodies (MoAbs) or antibody fragments
(Fabs) against specific antigens expressed by acti-
vated granulocytes can be proposed. However, the
role of MoAbs and Fabs in assessing complicated
DFS has not been widely studied, there are no stan-
dardized protocols for collecting and interpreting
research results [11].

There are some recent studies developing highly
specific biomolecules and new agents, since molec-
ular imaging of bacterial infections may provide a
unique opportunity to monitor treatment of patients
with DFS complicated by infections. Currently, in
this category of patients, according to A.O. Ankrah
et al. (2018), the results of using a number of iso-
tope indicators, such as 18F-FDS, 99mTc-UBI 29-
41, and 68Ga-NOTA-UBI, are evaluated. Using
these isotope indicators does not require manipula-
tions with blood and is able to differentiate between
inflammatory and infectious processes with high
specificity [25]. However, the sensitivity of these
agents requires further evaluation and confirmation
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in larger clinical trials, especially in cases of chron-
ic infections with low bacterial load [4].

Scintigraphy with labeled antibiotics, such as
99mTec-labeled ciprofloxacin, can identify the infec-
tious process and differentiate between sterile and
non-sterile inflammation, but this radiopharmaceu-
tical has lower diagnostic efficiency than radiophar-
maceuticals with labeled leukocytes, which is pro-
bably due to a non-specific accumulation mech-
anism. In 2019, a group of researchers led by
N. Ahmed published the results of 99mTc-labeling
of ceftizoxime, a third-generation cephalosporin
with a broad spectrum of antibiotic activity com-
pared with ciprofloxacin [24].

J. Vouillarmet et al. (2017) report the use of
single-photon emission computed tomography
(SPECT) / CT with labeled leukocytes to predict
remission after a 6- or 12-week course of antibiotic
therapy in the case of non-surgical treatment of foot
OM in DM [26]. However, W. J. Jeffcoate, basing
on a number of publications (2016-2017) on com-
paring the effectiveness of clinical and instrumental
monitoring of patients with complicated DFS, con-
cludes that the use of this hybrid technique can be
overestimated, and the method itself does not have a
great impact on daily clinical practice [27].

According to R. Ahluwalia et al. (2020), SPECT
/ CT is a useful method of functional and structural
imaging for both foot OM and Charcot foot [28]. At
the same time, a broader and more prospective ap-
proach to the study of SPECT / CT as a method for
identifying predictors of Charcot foot formation is
required, taking into account the advantages of this
method over MRI in assessing structural changes,
as well as a method used in patients for whom MRI
is contraindicated [1].

Positron emission tomography in DFS

18F-fluorodeoxyglucose (18F-FDG) positron
emission tomography (PET) provides non-invasive
3D imaging with higher spatiotemporal resolution
and sensitivity compared with SPECT and MRI,
and moderate hyperglycemia does not affect the
diagnostic performance of 18F-FDG [2, 29]. The
disadvantage of the method is low specificity. In
addition, glucose uptake may remain impaired for
3—4 months after surgery or injury [4].

C. Ruiz-Bedoya et al. (2019) note that molecu-
lar imaging of bacteria at the site of infection facili-

tates selection of appropriate empiric antimicrobial
therapy [4]. A drug like 18F-fluorodeoxysorbitol
(18F-FDS), selectively targeting the Enterobac-
teriaceae family of bacteria, can be used in com-
bination with a broad-spectrum imaging marker
(e.g., 11C-para-aminobenzoic acid) for PET in-
dication of infection and differentiation between
Gram-positive and Gram-negative bacteria.

Taking into account the advantages of PET over
SPECT imaging, it is recommended to study and de-
velop PET equivalents of indicators thatare potential
for visualizing infectious agents. The use of radio-
metals, such as 68Ga, offers more labeling possi-
bilities, especially for peptides. Radionuclides with
longer half-lives, such as 64Cu and 89Zr, can also
be a good alternative for labeling peptides currently
labeled with 68Ga. These relatively longer-acting
radionuclides will provide delayed imaging, which
is a requirement for infection indication, including
those in DFS. Radioimmunotherapy with antibio-
tics using nanoparticles labeled with new radionu-
clides for drug delivery can shorten the duration of
antibiotic therapy and affect resistant microorga-
nisms [25].

According to C. Lauri et al. (2020), 18F-FDG-
PET / CT is an alternative to scintigraphy, however,
to date, there is no clear definition of criteria and
standardization of this hybrid technique [1]. Thus,
some authors note lower sensitivity of the hybrid
technology in diagnosing complicated DFS com-
pared with MRI, while the specificity and accura-
cy of the PET / CT method are significantly higher
than those of MRI [12].

A semi-quantitative analysis of the maximum
standardized absorbance value (SUVmax) was de-
veloped when performing 18F-FDGPET/CT.C. La-
uri et al. (2020) report significantly higher SUVmax
values in cases of OM in DFS compared with the
same parameter in Charcot foot and uncomplicated
DFS, which indicates the significance of the SUV-
max parameter for the differential diagnosis of these
pathological processes [23]. Although A.I.G. Diez
et al. (2020) also concluded that the SUVmax pa-
rameter can be useful for differentiating pathological
processes in the foot in DM, some authors did not
find statistically significant differences when com-
paring this parameter in patients with Charcot foot
and OM [12].
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Publications on the possibilities of PET / MRI in
assessing the state of the bone marrow and monito-
ring the course of the disease in DFS patients with
the subsequent prospect of differentiating damage to
soft tissue and bone structures [12] reflect the deve-
lopment of hybrid techniques. A.W.J.M. Glaude-
mans et al. (2019) believe that PET / MRI, as op-
posed to PET / CT, will increase the accuracy of
diagnosing foot infections by improving the dif-
ferentiation of OM itself and soft tissue infections
[30]. The potential possibility of obtaining hybrid
SPECT / MRI images using workstation software
is studied [31].

A few foreign articles describe various ap-
proaches to the quantitative / semi-quantitative as-
sessment of visual data in patients with DFS and
the creation of clinical diagnostic scales. A variant
of the MR scoring system for patients with Charcot
foot was presented by L. Meacock et al. in 2017.
The presented semi-quantitative scale was based on
such MRI symptoms as bone marrow edema and
the presence of the affected bone fracture [32].

V.D. Udodov et al. patented and described in
the dissertation thesis (2018) a scoring system for
assessing combined SPECT / MRI in patients with
DFS and suspected OM. This system is currently
one of a kind for diagnostic practice. This scoring
system includes a number of MR symptoms of in-
flammatory processes in DFS and two scintigraphic
symptoms based on the results of labeled leukocyte
scintigraphy. Based on the results of the ROC anal-
ysis, the threshold value for OM in DFS was ob-
tained with a total score of existing visual symptoms
of more than 12. This quantitative criterion is highly
specific and sensitive and may become promising in
the clinical diagnostic evaluation of the foot dam-
age in DM patients.

ASSESSMENT OF TISSUE PERFUSION
IN DFS

A significant problem in DM patients is im-
paired tissue perfusion and, as a result, endothelial
dysfunction, capillary microangiopathy, and critical
ischemia of the lower extremities [4, 33]. Targeted
treatment of ischemic non-healing foot ulcers re-
quires angiosome-directed revascularization, which
could lead to a significantly higher rate of wound
healing and reduce arisk of large limb amputations in
patients with peripheral arterial disease (PAD) [34].

J.L.Alvelo et al. in 2018 described the use
of 99mTc-tetrofosmin for perfusion imaging by
SPECT / CT. The method demonstrated the possi-
bility of a qualitative and quantitative assessment of
foot microcirculation at rest with the ability to de-
tect perfusion defects in areas containing non-heal-
ing foot ulcers in patients with critical lower limb
ischemia and PAD [33]. It should be noted that
99mTc-sestamibi, used in cardiology, also showed
high informative value and certain advantages at
the preclinical and clinical stages in the diagnosis
of PAD and was considered as an alternative to
99mTec-tetrofosmin in future investigations [33].

Regardless of previous scientists, a research
group led by T. Chou in 2020 published their own
data on the use of SPECT / CT for the quantita-
tive assessment of angiosome perfusion as an addi-
tional method in relation to X-ray angiography and
measurement of ankle — brachial index (ABI)
and toe — brachial index in patients with DM and
critical limb ischemia with planned lower limb
revascularization [35].

Non-contrast-enhanced MRA is a highly effec-
tive method for the absolute assessment of foot per-
fusion in patients with DM. The results presented
by H. Chen in 2018 suggest that the parameters of
microvascular arterial injury in MRI will allow for
a better understanding of the pathophysiology of
ongoing changes in the tissues [36].

J. Zheng et al. (2016) published data on the possi-
bilities of constructing non-contrast MRI perfusion
angiosome foot maps in healthy individuals and pa-
tients with DM [37]. Foot perfusion measurements
were taken during exercise. As a result, according
to non-contrast MRA data, regional differences in
the perfusion of the foot muscles in the isolated an-
giosomes were clearly visualized. In DM patients,
perfusion during exercise was statistically signifi-
cantly lower than in healthy volunteers.

In 2019, the same group of researchers led by
M. Edalati published an extended version of the foot
MR perfusion assessment using arterial spin label-
ing (ASL) [38]. The authors found that the MR per-
fusion reserve of the foot in DM patients was sig-
nificantly lower than in patients without DM. The
second important point was a statistically signifi-
cant decrease in MR perfusion of the muscles in the
periulcer anatomical region both at rest (reserve)
and during exercise compared with areas of the foot
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located at a distance from the diabetic ulcer. Thus,
the authors confirm and describe the angiosome
theory of blood supply to the feet and its impact on
the DFS course, however, due to the small sample
size, additional experimental and clinical studies
are required to confirm the results obtained. The
main focus of this study, except for the angiosome
theory, is the fact that the perfusion reserve of mus-
cles around healed ulcers in DFS was significant-
ly higher than that in long-term non-healing foot
ulcers. This fact justifies the prospect of further
study of MR perfusion reserves of skeletal muscles
as predictors of foot wound healing in DFS [38].

Despite the initial success of angiosome-
directed revascularization, up to 54% of foot ulcers
cannot be unambiguously attributed to a specific
angiosome due to dual blood supply. Recent stud-
ies of foot tissue in the near-infrared spectrum have
made it possible to consider the image of oxygen
saturation of the foot tissue (StO2) as a modified
angiosome theory. This new “angiosome” turned
out to be better than the traditional angiosome
model for detecting ischemic skin lesions associ-
ated with foot ulcers. Studies of tissue oxygenation
in DM patients have continued in the evaluation of
skeletal muscle oximetry [37].

An MRI-based assessment of microcircula-
tion was carried out to measure the skeletal mus-
cle oxygen extraction fraction (SMOEF) of the
foot in DFS as well as to compare two angio-
some models — classical and oximetric ones. Ac-
cording to the results, an absolute mean value of
SMOEF at rest in DFS patients was higher than
in healthy people. This difference may be due to
reduced tissue perfusion in DFS patients, and,
therefore, tissue oxygen demand must be met by
increasing oxygen extraction even at rest. A clin-
ically important point is the increase in SMOEF
in healthy volunteers during the transition from
rest to physical activity, rather than in patients
with DFS when assessing similar angiosomes.
It is worth noting that the oximetric angiosome
model of the foot allows to directly determine the
areas with low or high oxygen content delivered
through one or more foot arteries. This distribution
of angiosomes may be more appropriate for DM
patients, since local microcirculation disruption
is a frequent and clinically important aspect for
patients with DM, even without peripheral arterial

occlusive disease, reflected by the classical angio-
some theory [38].

Blood oxygenation level-dependent non-inva-
sive functional MRI (BOLD-MRI) is a method for
assessing dynamic changes in oxygenation of skel-
etal muscles, which reflects changes in the volumet-
ric blood flow, especially in the microvasculature.
The ability of the method to detect vascular anom-
alies of the foot may be especially valuable in pa-
tients with macro- and microvascular diseases [39].

Despite the widespread development of con-
trast-enhanced and the introduction of non-con-
trast-enhanced techniques for blood flow MR
examination in DFS, most scientific publications are
still limited to determining vascular patency. Other
aspects of the blood flow are studied to a limited
extent, and the data obtained are not enough to
formulate reliable conclusions. Therefore, further
exploring MRA possibilities, particularly, MR
perfusion, in DFS is needed.

OTHER NON-INVASIVE DIAGNOSTIC
METHODS AND PREDICTORS OF LOWER
LIMB AMPUTATION IN PATIENTS WITH DFS

The relative simplicity and availability of radia-
tion-free non-invasive methods for diagnosing DFS
and predicting its course can provide the possibili-
ty of their use by a doctor directly during a patient
consultation, as well as by DM patients themselves
for daily monitoring and control of the foot state.
The monitoring of blood pressure in the lower ex-
tremities, plantar temperature and pressure, and gait
changes are among these methods. Complex bio-
sensor systems designed to assess and / or monitor
the presence of various markers of a poor disease
prognosis in DFS, in particular, metalloproteinas-
es and their tissue inhibitors, should also be men-
tioned. In addition to the above, a promising area
of study is the assessment of the wound microbi-
ome and microflora in DFS in order to diagnose and
select a patient management strategy.

Monitoring of blood pressure and blood
flow in the lower extremities

Evaluation of such physiological parameters as
blood pressure and blood flow in the lower extrem-
ities showed high clinical significance in assessing
the condition of patients with DFS. In a systematic
review, R.O. Forsythe et al. (2020) noted the effec-
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tiveness of 6 non-invasive clinical tests in predict-
ing wound healing or a risk of amputation in DFS.
The researchers identified 4 signs that showed the
greatest accuracy in assessing the degree of a de-
crease in lower extremity perfusion, which in turn is
an important indicator of a high risk of amputation:
ankle pressure < 50 mm Hg, ABI < 0.5, blood pres-
sure in the toes < 30 mm Hg, as well as transcutane-
ous oxygen tension < 25 mm Hg.

On the other hand, in the same study, favorable
signs indicating a higher likelihood of wound heal-
ing in DFS were also identified. Good outcome
sings included skin perfusion pressure > 40 mmHg,
toe blood pressure > 30 mmHg, and transcutaneous
oxygen tension > 25 mmHg. It is promising to use
the results of these non-invasive tests in combina-
tion with other clinical predictors to select a strat-
egy for further patient management — a variant of
conservative treatment, a detailed assessment of
perfusion disorders with possible subsequent revas-
cularization or surgical treatment [40].

Monitoring of plantar foot temperatures

Monitoring of plantar foot temperature has
shown itself to be a promising method for indirectly
assessing the state of the blood flow in the lower
extremities in order to early identify focal lesions
of the feet. It was established that an increase in
plantar temperature occurs as a result of repeated
loading on the foot and inflammatory changes, in
particular, enzymatic autolysis [41].

J. Golledge et al. in their research (2020) showed
that monitoring the plantar foot temperature with a
portable infrared thermometer on a daily basis is
effective in preventing new or recurrent ulcers [42].
The parameter of temperature differences between
symmetrical areas of opposite feet (2.2°C) turned
out to be the most effective, as opposed to absolute
temperature values and temperature comparison
between areas of the same foot. However, despite
the proven effectiveness, this method did not re-
ceive wide application value. The reasons for this
are not entirely clear, but are likely to be explained
by the difficulties for daily use and, as a result, low
adherence of patients to this remote-control method.
To overcome this barrier, innovative and ergonomic
models are offered: floor mats for portable thermog-
raphy, socks and insoles with built-in infrared sen-
sors, portable infrared cameras for mobile phones

with the ability to continuously monitor changes in
the parameter and send data to the attending physi-
cian [42,43].

In terms of compliance issues, the focus of re-
searchers is increasingly shifting to complex mul-
tifunctional devices. In particular, temperature
sensors that can be built into orthopedic shoes
for diabetic feet are being developed. These sensors
would make it possible to measure both the quality
of foot unloading and the regularity of its wearing
[44].

Thus, the greatest attention is paid to the deve-
lopment of complex sensors with the possibility
of remote monitoring of parameters. This is due
to increased attention both to telemedicine issues
(taking into account the current epidemiological
situation) and to issues of patient adherence to mo-
dern methods of diagnosis and treatment.

Plantar pressure measurement

Pressure, pressure gradients, shear stress, and
peak plantar pressure are a group of mechanical
loading parameters that contribute significantly to
the formation of ulcers. The key point in the man-
agement of patients with DFS is the use of unload-
ing devices and specialized shoes, made individu-
ally in accordance with the foot characteristics of
each patient. In particular, one of the most import-
ant targets is reduction of peak plantar pressure to
less than 25%, which makes a significant contribu-
tion to wound prevention in DFS [43, 44].

Plantar pressure monitoring is performed using
pressure plates or insoles with built-in sensors in
medical centers. However, some of the existing de-
vices, such as Pedar® (Novel, Munich, Germany),
F-Scan ™ (Tekscan Inc., USA), and SurroSense Rx
(Orpyx Medical Technologies, Canada), track the
effectiveness of specialized orthopedic footwear
in reducing peak plantar pressure in the outpatient
setting [45].

A number of prototypes are able to warn the user
about a prolonged increase in pressure (more than
35-50 mm Hg for more than 15 minutes) in a certain
area of the foot using an audio signal, as well as to
assess the degree of subsequent unloading of the foot
[46]. Today, these systems are used primarily for re-
search purposes, but are not integrated into clinical
practice. Long-term monitoring of plantar pressure
with the ability to provide feedback when “alarm

174 BlonneteHb cmbupckoin MeguumHbl, 2022; 21 (3): 166-180



Reviews and lectures

levels” occur is a promising avenue and certainly
requires further study.

Monitoring gait changes

Itis known that patients with diabetic polyneurop-
athy are characterized by impaired gait, which also
contributes to changes in plantar pressure and to an
increased risk of ulcers [47]. The greatest problem
is the objectification of gait changes, since the pa-
tient himself can sometimes subjectively miss even
pronounced disturbances in motor activity. In this
regard, removable devices for remote monitoring of
the step pattern have already been developed and
tested [48]. At the next stage, these data can be used
to develop training programs using artificial intelli-
gence systems to correct gait disorders. For example,
Samsung has created Gait-Enhancing Mechatronic
System (GEMS) to redistribute foot pressure and
reduce the risk of ulcers [49].

Biosensor systems

Wound bed assessment today relies mostly on
subjective interpretation without the use of objec-
tive instruments. The use of matrix metalloprotein-
ases (MMPs) and their tissue inhibitors (TIMPs)
as biomarkers in DFS is increasingly discussed by
researchers.

To date, there is no suitable device that uses an
objective quantitative index in situ to determine the
severity of chronic ulcers, as well as a need for sur-
gical treatment (in the outpatient setting, delayed
surgical treatment often leads to aggravation of
wounds). MMP-2 and -9 are considered as markers
of active inflammation. Their expression increases
during wound process exacerbation.

S. Kang et al. (2019) describe a hydrogel biosen-
sor device for detecting the expression of MMPs in
wound exudate, which allows to assess the severity
of the ulcer and timely provide a surgical interven-
tion. The mechanism of this biosensor model opera-
tion is as follows: upon immobilization of a fluores-
cent peptide cleaved by a specific metalloproteinase,
its amount can be measured by an increase in the
fluorescence of the hydrogel substrate [50].

A group of scientists from Bangkok in 2018 de-
scribed changes in MMP-1, MMP-9, and TIMP-1
levels by ELISA during healing of diabetic ulcers.
The authors concluded that the level of MMP-9,

MMP-1, and TIMP-1 could be used as a potential
screening test during the patient’s first visit. The
researchers propose a scoring system which allows
to divide patients into 2 prognostic groups at the
clinical stage: ‘good healer’ and ‘poor healer’. This
scoring can help to correctly determine a further
treatment strategy. Moreover, it is expected that
highly selective dressings with components that re-
duce the expression of the above inflammatory mar-
kers will be effective for diabetic ulcers that are dif-
ficult to treat with standard treatment methods [51].

Another promising technology is the multidi-
mensional MS / MS protein identification system in
tissue samples. Using this technology, the protein
composition of foot exudates in DFS patients was
analyzed. The study showed the overexpression
of both metalloproteinases (MMP-1, MMP-2, and
MMP-8) and proteins with antiangiogenic proper-
ties, such as collagens CO15A1 and CO18A1 [52].

J. Jones et al. in 2019 noted excessive activation
of MMP-8 and MMP-9 in diabetic wounds in mice
and humans, with MMP-9 being associated with
longer healing of diabetic wounds, while MMP-8
expression was, on the contrary, a favorable prog-
nostic factor for the disease [53]. Speaking of oth-
er biomolecules that play a key role in the healing
of chronic ulcers, one cannot but mention growth
factors (GF), such as EGF, bFGF, VEGF, PDGF,
and IGF. It is known that the level of the above
GFs in the wound is significantly reduced in DFS,
which therapeutically justifies their use as topical
drugs. The limiting factor in this case is low stabil-
ity of the biomolecules in vivo due to degradation
under the influence of tissue proteases in the wound
bed. A promising direction is the development of
sustained release drug delivery systems: solid lipid
nanoparticles, nanostructured lipid carriers, poly-
meric microspheres and nanospheres, hydrogels,
and nanofibrous scaffolds. Many studies in recent
decades have confirmed their high therapeutic
efficacy [54].

Microbiome

The microbiome is a collection of bacteria, vi-
ruses, unicellular eukaryotes, and other microor-
ganisms coexisting with the host organism. Their
presence creates a complex system of physiologi-
cally and metabolically interconnected processes

Bulletin of Siberian Medicine. 2022; 21 (3): 166-180 175



Zorkaltsev M.A., Zavadovskaya V.D., Saprina T.V. et al.

Pathogen-specific molecular imaging and molecular testing methods

that affect a human life. The study of ulcer microbi-
ome in DFS is of great importance. Identification of
various bacterial strains in DFS plays an essential
role in the prognosis of the disease. Ulcers can be
colonized by various aerobic and anaerobic bacteria
depending on various factors.

In superficial ulcers, the microbiome mainly
consists of Gram-positive cocci, including Staph-
vlococcus aureus, Streptococcus pyogenes, be-
ta-hemolytic Streptococci, or coagulase-negative
Staphylococci. Patients with deeper ulcers may be
infected with Enterococci, Pseudomonas, or anaer-
obic bacteria [55].

One of the modern methods for studying the
bacterial diversity of tissue samples is the method
of culture analysis. This method involves the use
of large-scale cultivation conditions for bacterial
strains, followed by detailed identification of colo-
nies using matrix-assisted laser desorption / ioniza-
tion (MALDI) or 16S ribosomal RNA gene PCR.
The method, according to the authors, makes it
possible to identify all bacterial strains in the sam-
ple, including the most minimal ones, as a result,
the entire microbiome of skin lesions in DFS was
defined and described in detail. The authors found
extremely high bacterial diversity, namely 53 spe-
cies of various bacteria in the diabetic foot wound.
A detailed analysis of bacterial diversity in each
specific clinical case will allow for a more thorough
approach to the selection of antibiotic therapy, how-
ever, this area requires further study.

Many studies demonstrate that the predominant
bacterial strain in diabetic foot wound tissue is
Staphylococcus aureus. It has also been found to be
associated with a worse prognosis in diabetic foot
infections, while the presence of E. faecalis in the
wound significantly correlates with better wound
healing. A number of factors have been found to in-

fluence the dominant bacterial strain establishment,
such as demographic characteristics, personal hy-
giene, severity of the lesion, glycemic control, and
current or previous antibiotic treatment. In addition,
the laboratory research method used to identify bac-
teria also has a high impact [56].

M. Malone et al. in 2017 conducted a study us-
ing DNA sequencing to analyze the microbiota of
the wound tissue in DFS. The study included groups
of patients who received targeted antimicrobial
therapy according to the results of a standard cul-
ture method. According to the results, no significant
differences were found in the composition of the
microbiome in patients with successful therapy and
those who had no effect from the treatment, which
calls into question the clinical significance of the
standard culture method for determining bacterial
wound strains in DFS [57].

In another research, J.U. Park et al. in 2019 used
a DNA sequencing method to compare the microbi-
ota of normal skin and ulcer in DFS. An important
finding was the fact that the overall diversity of the
bacterial flora was significantly poorer in diabetic
foot wound tissue. It is assumed that the dominant
development of opportunistic flora and local inflam-
mation are mutually potentiating factors that lead to
unfavorable clinical outcome. Moreover, it is noted
that chronic inflammation in ulcers is a background
for anaerobic flora, especially in the deep layers of
the wound, which in turn causes an unfavorable
clinical outcome. The predominant types of bacte-
ria in the intact skin were Actinobacteria, Staphylo-
cocci, Corynebacteria, and Propionibacteria, while
in ulcers, Anaerobes, Bacteroids, Enterococci, and
Pseudomonads were found [58]. Summary data on
the composition of the bacterial flora in normal skin
tissue and tissue of diabetic foot ulcers are given in
the Table [58].

Table
The microbiome of diabetic ulcers
Parameter Gram-positive bacteria Gram-nagative bacteria Anaerobes
. N Staphylococcus aureus (MSSA and Pseudomonas aeruginosa. Peptostreptococcus,
Predominant strains in . .
diabetic foot ulcers MRSA). Streptococcus pyogenes (beta hemolytic). Bacteroides, Prevotella,
Streptococcus pyogenes (beta hemolytic) Proteus (different species) Clostridium

Localization of bacteria

in the ulcer Superficial layers of the wound

Superficial layers of the wound Deep layers of the wound

Frequency of detection

in DM Non-predominant type of bacteria

Predominant type of bacteria Present

Note: MSSA — methicillin-sensitive Staphylococcus aureus; MRSA — methicillin-resistant Staphylococcus aureus.
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CONCLUSION

DFS and its complications are a common clinical
problem. Delaying an accurate diagnosis can lead to
an increase in patient complications, including am-
putation. The key questions regarding the diagnosis
of foot infection, its location and spread, the type of
pathogen, and the response to treatment are still not
fully resolved, as accurate identification and differ-
entiation of different types of DFS continues to be a
challenge for clinical practitioners. Systematized in
this article, special methods for providing valuable
information about DFS and its complications will
contribute to a better understanding of this disease.
Multimodal imaging and a multidisciplinary clini-
cal diagnostic approach, according to the authors,
are mandatory in order to plan the most appropriate
therapeutic strategy for an individual patient with
DFS.
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