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.D,BYX3H9PFETM‘-IECK8H KOMMNblOTEpPHaA Updiates
Tomorpadmn PaKa rososbl U LWeU

B.C. Metposuues’, M.B. Hekniogosa', B.E. Cunuusin?, U.I. HUKNTUH'

! HaumoHanbHbIi MeAULMHCKUIA MCCea0BaTesbCKUN LEHTP «JledebHo-peabuinTaumonHbIi LeHTp», Mockea, Poccuitckan ®eaepaums
2 MOCKOBCKMIA rocyapcTBeHHbIN yHUBepcuTeT uMeHn M.B. NloMoHocosa, MockBa, Poccuitckan Depepauns

AHHOTAUMA

BbinonHeH 0630p nybnmKaumin No AMarHOCTMKe paka 06n1acTi rofoBbl U LWen MeTOA0M [ABYX3HEPreTUYECKON KOMbio-
TepHon ToMorpadum (A3KT); u3yyeHsl pe3ynbTaThl KAHECTBEHHOMO U KONMYECTBEHHOMO aHanW3a AaHHbIX, NOMy4eHHbIX Me-
To0M [I3KT ¢ BHYTPMBEHHBIM KOHTPACTMpOBaHWEM NpU OMYXONAX AaHHON NOKaNU3aLumm; NoKasaHa BaXHOCTb MOCTPOEHNA
VOOHBIX KapT ANA NOAyYeHUA [OMNONHUTENBHON OUArHOCTUYECKOM MHPOPMALIMK; ONMCaHbl aCNeKTbl YNyYLLEHWA BU3yanu-
3aumum opodapwvHreansHon 0bnacTu Ha GoHe apTedaKToB OT CTOMATONOrMYECKUX UMMNIAHTaToB. PAR NpuBEAEHHBIX B CTa-
Tbe Hay4HbIX paboT 0CBELLAeT COBPEMEHHOE COCTOAHWE BOMPOCA U POib MOCTMPOLIECCUHIA «ChipbiX faHHbIX» [A3KT, nony-
YeHWA [ManasoHa MOHOXPOMATUYECKMX U306ParKeHWIA OMYXOMEBbIX U UHBIX MaTONOrMYECKUX U3MEHEHWI 06N1acTy ronoBbl
u wewu, B ToM yncne cpasHuBatotcA [I3KT ¢ BHYTPMBEHHBIM KOHTPACTUPOBaHWEM W PYTUHHAA KOMMbOTEPHaA TOMorpagus
C TOYKM 3pEHMA YMEHbLUEHUA NIy4eBOM Harpy3KM Ha MALMEHTOB, B YAaCTHOCTM 3a CYET nonyyeHUsA B xofde noctobpaboTtku
BMPTYyabHbIX HAaTUBHBIX AWArHOCTUYECKUX U300parKeHnit U3 KoHTpacTHoM cepum obbéMoB [3KT. 0630p, noMmnmo nocnea-
HWX aKTyanbHbIX Hay4HbIX AaHHbIX, BKMIOYAET TaKMKe CChIKM Ha paboTbl no uctopum passutua J3KT kak Metofa. Kpatko
WU3N0MeHbI PU3MYecKMe NPUHLMNBI, Nexallme B ocHoBe [3KT, 1 nepcneKTvBbI pasBuTuA MeToda.

KnioueBble cnoBa: AByXx3HepreTUyecKas KOMNbloTepHasA ToMorpadus; cneKTpanbHas KoMnbloTepHas ToMorpagus; [JIKT;
PaK rosoBbl U LeM; NIOCKOK/ETOYHBIN paK.
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ABSTRACT

This study reviewed the head and neck cancer diagnosis publications using dual-energy computed tomography (DECT).
The qualitative and quantitative analysis of the data was DECT obtained using intravenous contrast enhancement for localized
tumors, which shows the importance of constructing iodine maps for obtaining additional diagnostic information, described
aspects of improving visualization of the oropharyngeal region against the background of artifacts from dental implants. Sev-
eral research articles highlight the current state of the issue and the role of post-processing of “raw data” DECT, obtaining a
range of monochromatic images of a tumor and other pathological changes in the head and neck region in the article. Several
learned treatises were also reflected. DECT with intravenous contrast enhancement and routine computed tomography to
reduce radiation exposure to patients were compared particularly due to the possibility of obtaining virtual native diagnostic
images from a contrasting series of DECT volumes during post-processing. In addition, this review also includes references
to works that highlight the development of DECT as the method. Finally, the physical principles underlying DECT and the pros-
pects for the development of the method are briefly represented.

Keywords: dual energy computed tomography; spectral computed tomography; DECT; head and neck cancer; squamous
cell carcinoma; SCC.
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BACKGROUND

The importance of early diagnosis in head and neck
cancer stems from the pathology’s dominance in the mor-
bidity structure of malignant neoplasms worldwide [1]. In
Russia, the number of patients with newly diagnosed ma-
lignant neoplasms of the head and neck region is steadily
increasing [2].

Obviously, clinical and endoscopic examinations allow
for evaluation of the mucosa of the oral cavity and tongue,
as well as the larynx and pharynx. However, the submu-
cosal areas remain unprotected. Moreover, exophytic and
endophytic growth can occur in squamous cell cancer, but
a mixed type is more common. If a primary or recurrent
tumor is found in the mucosa, the submucosal compo-
nent cannot be reliably assessed (only indirectly through
palpation) [3, 4]. Following chemoradiotherapy, a zone of
vitreous edema develops, altering the normal anatomy,
appearance, and density of the mucosa. Because of their
thickening and increase in volume, the root of the tongue,
parapharyngeal and paraesophageal areas, and laryngeal
and laryngopharyngeal elements may cause dysphagia and
dyspnea and complicate endoscopic examination [5]. After
immunotherapy of head and neck squamous cell cancer,
pseudoprogression is possible, particularly an increase
in tumor size and extent, which requires strict dynamic
control to rule out true disease progression [6, 7]. All
this necessitates the use of objective dynamic monitoring
methods such as computed tomography (CT) and magnetic
resonance imaging (MRI). Due to a lack of scanners to
cover the population and the higher cost of the study, hy-
brid imaging techniques (positron emission tomography or
single-photon emission computed tomography combined
with CT) are less accessible. In addition, the timing of hy-
brid diagnosis during treatment is limited. Thus, for a more
reliable differentiation between inflammatory and tumor
changes, at least 3 months should elapse after chemora-
diotherapy and surgery [8, 9].

MRI is a useful tool for detecting head and neck tumors.
The application of current basic pulse sequences resolves a
variety of diagnostic issues. Thus, T1, contrast-enhanced T1-
weighted images, and T2 weighted sequences and fat-sup-
pressed sequences are the best for visualizing inflammatory
changes, staging tumor lesions, and revealing developmen-
tal embryonic tumors. Vascular and perfusion sequences
are used to rule out vascular malformations and assess
microcirculatory parameters of tissue perfusion. Diffusion-
weighted images may be useful for imaging cholesteatomas,
assessing malignancy and treatment response, and detect-
ing recurrent or residual tumors in head and neck cancers
[10, 11]. Aside from the obvious advantages of the method,
the time required to perform a full MR, including various
pulse sequences, is longer than CT, limiting the scanner’s
throughput and the number of possible examinations within
a day.
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CURRENT DUAL-ENERGY IMAGING
TECHNIQUES

The physical methods that underpin the interaction of
X-rays with substance and provide a dual-energy scanning
are the photoelectric effect, Compton effect, and Thomson
scattering.

The fundamental principle of dual-energy computed to-
mography (DECT) is based on the fact that different ana-
tomical structures and tissues may have the same or dif-
ferent density depending on the X-ray energy under which
they are exposed, that is, in the range between high and
low kW values. The primary advantage of using dual-energy
systems is the ability to decompose the images into under-
lying materials. In this case, different attenuations at vari-
ous X-ray energies are recorded. This reveals how much of
each material is present in a particular voxel of the image
and expands the possibilities for postprocessing the obtained
image volumes (Figure). For example, the construction of
virtual non-contrast images, subtraction of bone structures,
and analysis of radiopaque stones are possible. In addition,
iodine maps with isolated iodine images may be generated.

The DECT method has been known since the early days
of CT, but its applications were mostly limited to determin-
ing bone mineral density [12, 13]. Recently, DECT has been
introduced into clinical practice to examine patients with ma-
lignant head and neck tumors. When scanning, this method
employs either scanners with two energy sources or rapid
current switching on the tomograph X-ray tube.

DUAL-ENERGY TOMOGRAPHY
OF THE HEAD AND NECK REGION

An early scientific paper discovered no statistically sig-
nificant difference in the quality of anatomical images of
the head and neck region when using dual-energy (80 and
140 kW tube currents) versus routine multispiral computed
tomography (MSCT, 120 kW tube current). In addition, a
lower radiation load on patients was observed in DECT [14].
Concurrently, since 2010, numerous studies have been
conducted to evaluate the dual-energy computed angio-
graphy possibilities of the brachycephalic arterial pathol-
ogy [15-25]. According to A. Schwahofer et al. [26], the use
of monoenergetic reconstructions obtained during DECT
volume post processing allows to reduce artifacts from
metal in the oral cavity only if the density of the latter does
not exceed 4.5 g/cm? (e.g., titanium or aluminum). This has
little application in calculating total radiation dose; howev-
er, it may be useful for delineating anatomical landmarks
of the area of interest when planning radiotherapy. For ar-
tifacts from dental metal with a source density of >4.5 g/
cm?®, only a slight reduction in artifacts was observed. The
majority of the patients included had metal-containing den-
tures or other dental hardware with an even higher density
(>10 g/cm?). Thus, monoenergetic reconstructions are not
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Fig. Dual-energy computed tomography after chemo radiotherapy for squamous cell cancer of the mouth floor that had spread to the
tongue. Residual tumor on the lower surface of the tongue and metastasis with decay to the submandibular lymph node on the left
(yellow arrows). g, iodine map; b, virtual non-contrast image; c, pixel distribution plot for an individual slice between high and low kV

values; d, monochromatic image with a low value equal to 80 kV

a universal tool for reducing metal artifacts in radiotherapy
planning [26].

In contrast, J. Weif et al. [27] reported that the iterative
metal artifact reduction mode allows for improved visual-
ization of the oral cavity area and surrounding anatomical
structures in the presence of dental implant artifacts. The
images and diagnostic significance were assessed both
qualitatively according to the Likert scale and quantitatively
using Hounsfield units (HU). The study discovered that in 30
cases, using metal artifact reduction made images more in-
formative when compared to not using this mode (3.8 + 0.5
versus 2.6 + 0.5, respectively; p < 0.0001). When the degree
of artifacts was quantified using HU, correlated results were
obtained. The findings for metal artifact reduction were sig-
nificantly lower than for standard reconstruction (0.9 + 1.6
versus 20 + 47, respectively; p < 0.05) [27].

According to N. GroPe Hokamp et al. [28], hypo- and
hyperattenuating artifacts in virtual monoenergetic images
(VMI) with high kiloelectronvolt (keV) values showed in-
creased and decreased HU values compared to conventional
CT imaging (CI) (CI/VMlyqq oy: =218.7/-174.4 HU, p = 0.1 and
309.8/119.2, p = 0.05, respectively). In addition, artifacts in
fat decreased on VMI with high keV values (CI/VMlygq y:

DAl https://doi.org/1017816/DD62572

23.9/16.4, p = 0.05). Moreover, a qualitative decrease in su-
perdense artifacts on VMI with high (=100) keV values (e.g.,
CI/VMl g ey 2(1-3)/3(1-5), p = 0.05) was observed. Reduced
artifact evidence improved imaging of the soft palate and
cheeks (e.g., ClI/VMlyg oy: 2(1-4)/3(1-5) and 2(1-5)/3(1-5),
p < 0.05). In general, VMI obtained during postprocessing of
DECT volumes reduces the intensity of artifacts from dental
implants and improves diagnosis of the surrounding soft tis-
sues [28].

Another study found that using high-energy VMI reduces
artifacts while weakening the visualization of iodine-contain-
ing contrast agents in tumor tissue. In general, high-energy
VMI (<100 keV) as useful additional diagnostic images for
assessing head and neck cancer may achieve a moderate re-
duction in artifacts while maintaining sufficient visualization
of iodine-containing contrast agents [29]. This is supported
by the study of E. Liao [30], which found that DECT improves
visualization of the head, neck, and spine in the presence
of artifacts from metal implants. According to some other
authors, spectral CT improves radial diagnosis of malignant
head and neck neoplasms [31-36].

AM. Tawfik et al. [37] conducted a study to improve ima-
ging of head and neck tumors. This included the assessment
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of images obtained with different weighting factors (0.3, 0.6,
and 0.8) for 80 and 140 kW, as well as the assessment of
tumor lines. The study included 35 people with malignant
head and neck neoplasms who were selected from a group
of 60 patients with suspected cancer. The authors compared
such parameters as signal-to-noise ratio, signal attenua-
tion measurements, and objective noise between different
sets of head and neck images. The results were analyzed
by two independent radiologists who assessed the follow-
ing parameters on a five-point scale: lesion contours, image
sharpness, and subjective noise. The scientists concluded
that combining DECT diagnostic data obtained at 80 kW and
140 kW tube currents with a weighting factor of 0.6 (60%
of the 80 kW data) improves the signal-to-noise ratio from
the tumor focus and subjectively increases the overall im-
age quality, including tumor borders. This weighting factor
showed more diagnostic information than the 0.3 coefficient,
which simulates current values on a 120 kW tube and is as
close as possible to standard MSCT images [37].

According to M. Li et al. [38], using DECT to analyze ma-
terial composition in conjunction with reconstructed mono-
chromatic images has a promising potential for differential
diagnosis of thyroid nodules and tumor grade clarification.

When assessing the local spread of laryngeal cancer,
determination of the degree of thyroid cartilage invasion is
critical. In the study of this diagnostic problem, the invasion
degree was assessed on a five-point scale: true invasion be-
gan with erosion (3 points) and ended with cartilage invasion
(5 points). These data were used to generate iodine maps
and weighted average images. Further, weighted average
images and iodine maps had 100% sensitivity, specificity,
and accuracy in assessing thyroid cartilage invasion. In only
one case, the weighted average images missed the complete
invasion of the thyroid cartilage by squamous cell cancer of
the laryngeal fold; however, the prevalence was clarified on
the iodine maps [39].

The potential of the method in assessing the cartilagi-
nous structure of the larynx was described in several other
studies. In particular, R. Forghani et al. [40] noted differenc-
es in signal attenuation on VMI (= 95 keV) of head and neck
squamous cell cancer versus unossified thyroid cartilage of
the larynx. In another study, a group of scientists from Japan
and the United States compared MRI and DECT in assessing
the cartilaginous structure of the larynx in general and the
thyroid cartilage in particular in head and neck squamous
cell cancer. DECT had a higher specificity when compared
to MRI. Such data were obtained for both the invasion of
the entire cartilaginous structure of the larynx (84% for MRI
versus 98% for DECT, p < 0.004) and the thyroid cartilage
(64% versus 100%, respectively, p < 0.001). The mean area
under ROC curve (0.94 vs. 0.95, p = 0.70) was calculated.
The sensitivity of the methods for a similar task was not
significantly different for the entire cartilaginous structure
of the larynx (97% for MRI versus 81% for DECT, p = 0.16)
and separately for the thyroid cartilage (100% versus 89%,
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respectively, p = 0.50); however, there was a tendency to-
ward a higher sensitivity for MRI. DECT allows for the avoid-
ance of overestimation of the extent of laryngeal cartilage
invasion caused by inflammatory changes. This is achieved
by employing appropriate diagnostic criteria on weighted av-
erage images and iodine maps for both ossified and unossi-
fied laryngeal cartilage. Concurrently, DECT may miss small
tumor invasion of ossified laryngeal cartilages, which deter-
mines the efficiency of the method precisely in the absence
of overestimation of the invasion degree of cartilaginous
structure of the larynx and thus contributes to the growth of
organ-preserving approaches to the treatment of laryngeal
and laryngopharyngeal squamous cell cancer [41].

J.L. Wichmann et al. [42] investigated the diagnostic ac-
curacy of a series of DECT images (80 kW and linear-mixed
120 kW) in 170 cases of various head and neck pathologies.
Subsequent analyses were carried out by three independent
radiologists who had been referred for clinical trials. Other
data, such as images from other diagnostic modalities, were
not available to the examiners. The findings were compared
with medical records, CT scans, and histologic reports.
Sensitivity, specificity, positive predictive value, and nega-
tive predictive value were calculated separately for each
examiner. Agreement between radiologists was assessed
by using intraclass correlation coefficients. The following
clinical nosologies were assigned to the diagnostic groups:
squamous cell cancer (n = 107; presence/absence for pri-
mary/recurrent squamous cell cancer), lymphoma (n = 40;
presence/absence for primary/recurrent lymphoma), and be-
nign diseases (n = 23; e.g., abscess). For the 80 kW imaging
series and the 120 kW line-mixed images, the cumulative
sensitivity, specificity, positive predictive value, and nega-
tive predictive value were 94.8, 93.0, 95.9, and 91.1, respec-
tively. Moreover, the results (%) for the group of patients
with squamous cell cancer were extremely high (94.8/95.3,
89.1/89.1, 94.3/94.4, and 90.1/91.0); a similar pattern with
lymphoma-related disease (95.0, 100.0, 100.0, and 95.2 for
the 80/120 kW image series) was noted. The agreement
between investigators was nearly perfect (intraclass cor-
relation coefficients of 0.82 and 0.80; 95% Cl: 0.76-0.74 and
0.86-0.85). The absorbed dose per scan length was approxi-
mately 48% lower at 80 kW when compared to standard 120
kW scans (135.5 versus 282.2 mGy/cm). The researchers
concluded that low-kilovoltage CT (80 kW) has high resolu-
tion, providing good diagnostic accuracy for routine clinical
practice while significantly reducing the radiation load on
the patient [42].

Several other studies provided similar evidence of im-
proved imaging of primary head and neck cancers in DECT
data postprocessing with two energy sources when con-
structing nonlinear image mixing compared to linear image
mixing at low and high energies (80/140 kW) [43]. According
to S. Lam et al. [44], the optimal soft tissue imaging of the
head and neck region on VMl is at 65 keV, while the optimal
contrast-to-noise ratio for squamous cell cancer imaging
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is at 40 keV. This is because there is a difference in signal
attenuation between the tumor and unaffected surrounding
soft tissues (p = 0.03).

A group of scientists from China investigated the use of
DECT in the detection and differential diagnosis of metastati-
cally affected cervical lymph nodes in squamous cell head
and neck cancer and other lymphoproliferative diseases. The
authors concluded that optimal visualization of the affected
lymph nodes was achieved on 70 keV monoenergetic im-
ages. In addition, the study design included the slope of the
spectral curve of soft tissue radiability for iodine molecules
depending on the kW value [45]. According to F. Fu et al.
[46], virtual noncontrast images obtained in DECT postpro-
cessing for visualization of metastatically affected cervical
lymph nodes are of comparable quality to a full-scale native
study. Moreover, such images have a lower effective dose
of radiation to the patient when compared to the standard
native study (p < 0.05). The combination of DECT with intra-
venous contrast enhancement and subsequent construction
of virtual native images allows adequate visualization of the
secondary affected lymph nodes with a lower radiation ex-
posure to the patient [46].

R. Forghani (Canada) [47] compared the reconstruc-
tions and postprocessing potential of DECT with one energy
source and fast switching kilovoltage (kW) on an X-ray tube
and DECT with two energy sources and suggested that post
processing be used for optimal imaging of soft neck tissues.
Thus, virtual monoenergetic reconstructions for all neck area
scans were performed at 65 and 40 keV minimum; for la-
ryngeal tumor diagnosis, similar reconstructions and iodine
mapping and virtual monoenergetic reconstructions at 95
keV (or at higher values) were used. The author proposes
using all of the above, except for iodine maps, to visualize
tumors of the oral cavity and oropharynx and reduce dental
artifacts [47]. Further, another group of scientists provides
comparable data [48].

The differential diagnosis of spectral imaging in the ex-
clusion of residual or recurrent tumors after special treat-
ment is given in the study of the international group of au-
thors. Thus, according to a small cohort study by Yamauchi
et al. [49], when comparing virtual monoenergetic recon-
structions at 40 and 70 keV, the former allows for a better
differential diagnosis of recurrent or residual tumors from
benign changes caused by the performed treatment. In ad-
dition, L. Yang et al. [50] discovered differences in iodine
concentration, water, and spectral curve slope in affected
cervical lymph nodes from patients with various nosological
diseases, including thyroid and salivary gland cancer, lym-
phoma, and squamous cell cancer.

M.S. May et al. [51] compared dual-energy and mono-
energy (70 kW) DECT scanning with two energy sources
in patients with head and neck cancer. When constructing
monoenergetic reconstructions at 40 keV, the former allows
for better visualization of tumor borders, whereas a 70-kW
monoenergetic scanning is appropriate to reduce artifacts in
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the presence of metal implants in the oral cavity. A group
of Canadian scientists found similar results when compar-
ing dual-energy and standard CT scanning of patients with
squamous cell head and neck cancer [52].

According to R. Forghani et al. [53-55], various DECT
reconstructions combined with subsequent quantitative
analysis may improve the characteristics of tissue assess-
ment and tumor imaging, including invasion into anatomical
structures, which may impact patient management. L. Yang
et al. [56] used DECT to assess therapeutic response to
chemoradiotherapy in two groups of patients with laryngeal
and pharyngeal cancer in complete and incomplete remis-
sion. The spectral curve had a different slope depending on
whether or not residual tumor was. A ROC analysis of diag-
nostic efficiency showed an area under the curve of 0.83.
When assessing the effects for esophageal cancer radiation
therapy before and after, a group of other scientists pro-
posed that the construction of iodine maps in DECT post-
processing allows them to assess iodine concentration in
both cases. In addition, the effect of chemoradiation therapy
may be analyzed while avoiding an increased radiation dose
during treatment [57].

An interesting method for assessing nasopharyngeal
cancer in DECT was proposed by measuring the concentra-
tion of gold nanoparticles that were attached to folic acid
as a linker. DECT has the ability to decompose the studied
material, allowing for the separation and identification of dif-
ferent elements in the examined tissues, particularly gold
nanoparticles. Actually, this diagnostic method is molecular
targeted imaging of nasopharyngeal cancer cells [58].

Recently, machine learning has gained prominence in the
treatment of head and neck cancer. One group of authors de-
scribed the advantages of the automated multi-energy tex-
ture analysis of soft tissues of all image series compared to
the analysis of individual monoenergetic reconstructions to
predict metastatic lesions of loco regional lymph nodes [59].
Another group of scientists studied the DECT potential in as-
sessing lymph nodes in the neck region in various neoplastic
lesions using machine learning, including lymphoprolifera-
tive diseases [60]. This research avenue is both scientific and
practical in nature, and it merits further study.

CONCLUSIONS

Thus, in addition to the examination of patients with sus-
pected head and neck cancer, DECT with intravenous bolus
contrast provides more detailed information when compared
to conventional contrast MSCT. DECT enables the decompo-
sition of the obtained images into underlying materials, in
particular, to obtain both isolated and mixed iodine maps of
the area of interest, i.e., tumors and metastatically affected
regional lymph nodes. This information may be of diagnostic
value in dynamic examination of patients following special
antitumor treatment, such as remote radiation, chemother-
apy, and immunotherapy.
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