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1. Introduction

In recent decades, advancements in medical imaging technologies have revolutionized
diagnostic and therapeutic approaches, enhancing the precision and efficacy of healthcare
interventions [1,2]. Among these cutting-edge technologies, ultra-high-frequency ultra-
sonography (UHFUS) has emerged as a powerful tool, offering unprecedented resolution
and depth for imaging biological tissues [3]. This sophisticated ultrasound technique has
gained an increasingly important role in several medical fields since its introduction into
the clinical setting in the early 2000s [4–7]. Indeed, the technique has undergone signifi-
cant changes due to the implementation of devices enabling the use of frequencies up to
100 MHz, which has led to a widespread application of UHFUS in all branches of medicine
in which imaging of superficial structures at submillimeter resolution is required [8]. Ac-
cording to the current definition, UHFUS employs frequencies above 30 MHz, providing
high-resolution imaging of anatomical structures at a microscopic level [9]. The applications
of ultra-high-frequency ultrasonography in medicine are diverse and span various medical
disciplines, including dermatology, rheumatology, pediatrics, and oral medicine. Recent
studies have demonstrated how UHFUS can play a role in the diagnosis, management,
surgical treatment, and follow-up of various pathologic conditions.

Hence, we provide a brief review on the applications of UHFUS and on the treatment
opportunities related to this technique.

2. Uses of UHFUS Imaging by Medical Specialty
2.1. Dermatology

Dermatology was one of the first fields of application of ultrasonography; the tech-
nique was first employed in the late 1970s for the assessment of skin thickness [10–12]
and has since then been used for the study of normal skin as well as several diseases and
conditions with various etiologies. A recent systematic review by Lintzeri and coll. [13]
summarized the evidence from the literature on epidermal thickness evaluated with differ-
ent techniques, including UHFUS, and provided a stratification depending on the anatomic
area investigated, gender, age, and ethnicity of the subjects, method of assessment, and
skin phototype. Dini and coll. (Contributor 1) employed UHFUS to assess atopic dermatitis
(AD) and its treatment outcomes. Importantly, in diagnosing AD, UHFUS can detect the
pathognomonic sign of a subepidermal low-echogenic band (SLEB), which has been found
to correlate with disease severity and treatment response. Moreover, SLEB measurement,
along with the assessment of vascularity and epidermal thickness, might serve as an objec-
tive criterion to track responses to treatment. Additionally, detecting SLEB in non-lesional
skin could indicate the presence of subclinical inflammation, potentially predicting the
emergence of clinical lesions and emphasizing the need for proactive therapeutic inter-
vention. Similarly, the assessment of pyoderma gangrenosum, a dermatosis of unknown
origin, may benefit from UHFUS, as the technique may allow for the early identification
of imaging biomarkers of lesion inflammatory status, as reported by Granieri and coll.
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(Contributor 2). Such biomarkers can support the detection, differential diagnosis, and
treatment monitoring of PG and include epidermal and dermal morphology, vascularity,
presence of edema, and aliasing phenomena.

UHFUS is also extremely valuable in the diagnostic algorithm of cutaneous autoim-
mune diseases [14]. Interestingly, the assessment and treatment monitoring of psoriasis
represent a promising novel field of investigation [15]. Michelucci and coll. (Contributor 3)
describe the use of UHFUS to evaluate psoriatic onychopathy severity.

When considering skin tumors, UHFUS may support the diagnosis and surgical treat-
ment of several neoplastic conditions. Laverde-Saad and coll. [16] report that UHFUS
provided accurate depth measurements of basal-cell carcinomas, especially if the lesions
were above 1 mm. More specifically, the technique allowed for the assessment of tumor
depth and margins, as well as for discriminating between aggressive and non-aggressive
subtypes. Regarding melanoma skin lesions, a Cochrane systematic review by Dinnes
and coll. [17] reported derived sensitivities of at least 83% and combined the assessment
of three qualitative features, namely hypoechogenicity, homogeneity, and well-defined
margins. In fact, UHFUS has been found to correlate the Breslow scale with ultrasono-
graphic thickness [18,19]. The good correspondence between UHFUS and histology may
improve the surgical treatment of these lesions, increasing the capability to obtain clear
resection margins, which is of utmost importance in prognosis and in recurrence prevention.
However, it should not be forgotten that UHFUS, combined with dermoscopy, can also
prove beneficial in the diagnostic work-up of non-melanoma skin tumors [20–22].

Finally, additional evidence for using UHFUS to support clinical practice is provided
by its role in esthetic medicine, where the technique is employed to monitor and assess
treatment effects following anti-cellulite therapies, volumetric treatments, and discoloration
correction [23,24]. Salvia and coll. (Contributor 4) utilized UHFUS to monitor hyaluronic
acid filler distribution and nasolabial fold amelioration, potentially improving the outcomes
of esthetic procedures.

2.2. Rheumatology

Most of the evidence on the applications of UHFUS in rheumatology revolves around
the diagnosis and management of Sjögren’s syndrome [25]. The role of conventional ultra-
sonography of major salivary glands has been extensively investigated and was eventually
recognized to improve the performance of the 2016 American College of Rheumatol-
ogy/EUropean League Against Rheumatism (ACR/EULAR) classification criteria [26,27].
The application of UHFUS has permitted the evaluation of minor salivary glands, giving
insights into a direct correlation between imaging and histology. Moreover, UHFUS-guided
minor salivary gland biopsies have been proven to improve sampling accuracy and to
reduce the risk of postoperative complications [28,29].

It is recognized that Sjögren’s syndrome incidence has two peaks, namely one after
menarche (20–40 years of age) and one after menopause (50–60 years of age) [30]. How-
ever, some juvenile forms of Sjögren’s syndrome have been identified in patients below
18 years of age. Interestingly, in these cases, the presentation differs from that observed
in adults, as xerostomia is significantly more common, while recurrent parotitis is often
an early symptom [31–33]. Using diagnostic imaging for the evaluation of salivary glands
in pediatric patients with suspected Sjögren’s syndrome may support the assessment
of parenchymal and ductal damage, parenchymal inhomogeneity, and the presence of
hypoechoic areas [34].

Indeed, the study by Marrani and coll. (Contributor 5) supports the usage of UHFUS
in the monitoring of disease progression without exposing pediatric patients to surgical
procedures. Another interesting aspect is the fact that UHFUS can be used to assess both
the salivary and the lachrymal glands, which are both involved in the course of Sjögren’s
syndrome [35–37]. Interestingly, symptoms of dry eye correlate poorly with clinical signs.
While several techniques have been proposed for the assessment of lachrymal gland
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function, only recently has diagnostic imaging been introduced to evaluate glandular size
and inflammation [38].

According to Fulvio and coll. (Contributor 6), assessing the lachrymal glands by
means of UHFUS may improve the phenotyping of affected patients, providing a more
comprehensive understanding of overall glandular involvement.

A pivotal role of UHFUS has also been proposed in the measurement of epidermal
thickness and echogenicity in evaluating patients with systemic sclerosis as a complemen-
tary method to standard assessment, as reported by Di Battista and coll. (Contributor 7).

2.3. Pediatrics

UHFUS finds several applications in pediatric dermatological medicine due to the lack
of ionizing radiation, which is extremely important when managing young patients [39].
As reported by the pictorial review by Ait Ichou et al. [40], the technique can be utilized
for the assessment of cutaneous lesions, musculoskeletal imaging, and vascular malforma-
tions. UHFUS has been reported to help in the evaluation of soft tissues and superficial
structures, and it can potentially be employed intraoperatively to evaluate tumor margins
and small structures.

It appears noteworthy that abdominal imaging may also benefit from UHFUS applica-
tion. In fact, previous evidence supports the use of UHFUS for the study of the bowel wall
in the course of Hirschsprung disease, a congenital disorder which compromises distal
bowel innervation [41]. In these patients, nerve fiber hypertrophy as well as absent or
impaired ganglia are observed as a result of an anomaly in neural crest cell migration
during fetal development [42]. While the gold standard for diagnosis is rectal suction
biopsy, it has been hypothesized that ultrasonography may help to rule out the presence
of the disease [22]. Erlöv et al. (Contributor 8) employed UHFUS to study the bowel wall
in Hirschsprung’s disease to assess the thickness of bowel wall layers. In the study by
Hawez and coll. (Contributor 9), UHFUS was able to discriminate between bowel wall
muscular layers in children with Hirschsprung’s disease, with a good correlation with
histology. Previous research focused on the ability of UHFUS to discriminate between
aganglionic and ganglionic bowel wall [36]. However, the study by Evertsson and coll.
(Contributor 10) highlights that as of now, a dedicated UHFUS probe for rectal ultrasound
is not available, thus highlighting the unmet need for a specific device for bowel assessment
in pediatric patients.

Functional imaging, aimed at detecting the physiology and dynamics of anatomical
structures, is gaining increasing importance. Interestingly, Alan and coll. (Contributor 11)
applied UHFUS to study the dynamics of breastfeeding in neonates to detect variations in
tongue positioning and movement in subjects with ankyloglossia versus healthy ones. In
this field, UHFUS can prove beneficial in evaluating the severity of ankyloglossia and thus
provide indication for frenotomy by specifically assessing the amplitude of anterior tongue
movement and sucking efficacy during breastfeeding.

From this perspective, the ability to study the dynamics of the digestive system
represents an advance in terms of diagnostic performance. Moreover, UHFUS may be
helpful not only in assessing the presence of disease or impaired function, but also in
providing guidance for surgical procedures. As reported by Guo et al. [43], the performance
of UHFUS-guided endoscopic retrograde appendicitis therapy may improve treatment
outcomes by allowing for real-time monitoring during stent placement.

The evidence in the field of pediatrics thus supports a growing application of UHFUS
both for diagnostic and surgical purposes due to it having the major advantage of avoiding
radiation exposure to pediatric patients.

2.4. Oral Medicine

Research on intraoral ultrasound has seen an increasing interest since the late 1990s,
when the technique started to be employed for the assessment of tongue cancer [44–47]. Im-
portantly, the parameter of depth of invasion was established as a predictor of the presence
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of lymph node metastases [48–50] and was added as a T-category modifier to the 8th edition
of the American Joint Committee on Cancer criteria in 2017 [51–53]. Several studies have
investigated the ability of diagnostic imaging to evaluate tumor dimensions [54–56]; a re-
cent systematic review compared the diagnostic accuracy of magnetic resonance, computed
tomography, and ultrasonography in assessing tumor dimensions preoperatively [57].
For magnetic resonance, the sensitivity was >80% and the specificity was >75% in all the
studies included in the review, while computed tomography was reported in one study
to have a sensitivity of 68.75% and a specificity of 77.78%. Ultrasonography showed the
highest mean values for both sensitivity (>91%) and specificity (100%). It is noteworthy
that ultrasonography proves extremely valuable in the case of small lesions (<4 mm) that
may not be detectable with other techniques [58].

Although different ultrasound frequencies and protocols have been employed in the
literature, the systematic review by Nisi and coll. (Contributor 12) confirms that ultrasonog-
raphy to assess the depth of invasion is a sensitive tool with good correlation with histology.
Indeed, UHFUS has the unique advantage of providing a higher resolution compared
to conventional ultrasonographic techniques, thus improving diagnostic accuracy [59].
Indeed, its reduced invasiveness, repeatability, and the absence of exposure to ionizing
radiation make the technique widely applicable to oral lesions. While research on oral
cancer appears extremely robust, it should be highlighted that the versatility of UHFUS
also allows for the investigation of other oral diseases and conditions, thus supporting the
diagnosis, treatment, and follow-up of several oral lesions [60].

2.5. Other Applications

The UHFUS technique has been reported to effectively provide imaging of peripheral
nerves [61,62]. Apart from structural analysis, UHFUS can be employed to characterize
nerve echogenicity, which can help to discriminate between normal and abnormal nerves
by applying the nerve density index, as reported by Jerman and coll. (Contributor 13).

UHFUS can also support the monitoring of lipohypertrophy onset in patients with
diabetes treated with insulin injections. According to Yu and coll. (Contributor 14), these
lesions can be detected earlier when using UHFUS, allowing practitioners to correct the
injection method and to avoid injection at the lesion site.

The application of high-intensity focused ultrasound for surgical purposes is described
by Liu and coll. (Contributor 15), with a focus on the ablation of juvenile cystic adeno-
myosis lesions. Ablation is the technique of choice as surgery may damage the muscular
tissues surrounding the cystic adenomyosis lesions, potentially contributing to an increase
in the risk of uterine rupture during pregnancy and causing iatrogenic endometriosis.
Treatment with high-intensity focused ultrasound allows for the safe treatment of cys-
tic adenomyosis, decreasing lesion dimensions and vascularization while also resolving
lesion-associated dysmenorrhea.

3. Conclusions

UHFUS holds promise for several medical fields due to its advantages of providing
real-time imaging, avoiding exposure to ionizing radiation, and offering repeatability in
the follow-up examination of lesions. As highlighted by the contributions to this Special
Issue, the current research supports the increasing use of this technique in the diagnosis,
prognosis, treatment, and follow-up of several diseases and conditions.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: To effectively address breastfeeding issues for neonates and mothers, one must understand
the physiology of breastfeeding and the anatomical components involved in sucking, swallowing,
and respiration. This study compared the tongue position and movement of neonates with tongue
ties versus healthy controls during sucking. A new objective ultrasonography diagnostic approach
was also introduced for the orofacial region. This retrospective study evaluated B-mode and M-mode
ultrasonography images from 30 neonates clinically diagnosed with tongue tie, and a control group
of 30 neonates. B-mode ultrasound images were used to examine several characteristics to locate
the nipple in the oral cavity during breastfeeding. Anatomic M-mode ultrasound images were used
to assess tongue movement during sucking. The nipple moved farther from the intersection of the
hard and soft palates during the sucking cycle in the ankyloglossia group than in the control group
(p < 0.05). Compared to the control group, neonates with ankyloglossia have a lower capacity to lift
the anterior tongue toward the palate when sucking (p < 0.05). There was no significant difference
in tongue movement metrics between the two groups (p > 0.05). Our findings were consistent with
earlier research. The novel measurement method will offer a new perspective on breastfeeding.

Keywords: breastfeeding; ankyloglossia; ultrasonography; diagnostic imaging; tongue movement;
sucking function

1. Introduction

The rooting, sucking, and swallowing reflexes of a healthy neonate become active
shortly after birth. These reflexes, commonly referred to as sucking physiology, emerge
during the prenatal period of development. A newborn infant possesses the innate abil-
ity to execute the sucking reflex without any difficulty. However, they must acquire the
requisite abilities to effectively utilize these reflexes. The process of milk ejection from the
breast is considered a learned ability that necessitates the proper attachment of the infant’s
mouth to the breast and the comprehensive adaptation of anatomical structures, such as
the tongue and lips, for feeding [1]. To achieve successful breastfeeding, the infant must
possess the capability to effectively and securely ingest the milk bolus before it enters the
digestive system. To execute this particular function, the infant must possess the capability
to synchronize the processes of swallowing and respiration, all the while ensuring the
maintenance of cardiovascular stability [2]. Symptoms indicating dysfunctions in these
processes include breast and nipple pain, challenges with latching and sucking, crying dur-
ing breastfeeding, refusal of the breast, extended and frequent feeding, inadequate weight
gain, crying due to insufficient satiety, and difficulties with milk transfer [3]. Numerous
challenges prompt a significant number of women to prematurely cease the practice of
breastfeeding [4].
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A comprehensive comprehension of the physiology of breastfeeding and an in-depth
examination of the anatomical structures of the jaw, palate, hyoid bone, pharynx, and
tongue involved in sucking, swallowing, and respiratory actions can enhance the efficacy
of therapeutic interventions aimed at addressing breastfeeding difficulties experienced
by newborns and mothers [5,6]. The execution of these functions is heavily reliant on the
movements of the tongue [7,8]. The examination of literary works reveals the presence of
two discernible perspectives regarding the movement of the tongue during the process of
sucking. Based on the stripping action theory, the act of extracting milk from the breast
is facilitated by peristaltic tongue movements and the application of sucking pressure
through the infant’s mandible, compressing the breast [8–12]. According to the theory
of intra-oral vacuum, the primary mechanism involved in the extraction of milk from
the breast is the generation of negative pressure or a vacuum through the downward
movement of the tongue [7,13]. Based on the findings of the study assessing milk outflow
and sucking dynamics during breastfeeding, it was observed that the posterior tongue
exhibits peristaltic movements, effectively guiding the milk bolus toward the esophagus.
Furthermore, it should be noted that the anterior tongue tip, located beneath the nipple,
applies pressure to the entire breast through periodic mandibular movements without
exhibiting peristaltic motion [14]. There is a lack of consensus within the scientific literature
regarding the specific role and function of the tongue during the lactation process.

The presence of anatomical variations in the structures involved in the act of sucking
may potentially exert detrimental impacts on the process of breastfeeding. Ankyloglossia,
also known as tongue tie, is a congenital anomaly that restricts the range of motion of
the tongue. This particular condition exerts a significant impact on the suction capacity
and may also modify the structure of the dental arches, consequently influencing occlu-
sion [1,15,16]. The occurrence rate of ankyloglossia in newborns varies between 4% and
16%, with a greater frequency observed in males compared to females at a ratio of 2.5 to
1.2 [17]. Despite divergent opinions among healthcare professionals, the condition known
as tongue tie has been widely acknowledged as a prevalent issue affecting breastfeeding,
as evidenced by numerous studies. According to the findings of Messner et al. (2000),
approximately 90% of pediatricians and 70% of otolaryngologists believe that ankyloglossia
rarely causes feeding difficulties, while approximately 70% of lactation consultants reported
that ankyloglossia often causes feeding difficulties [18]. Research findings indicate that
ankyloglossia is linked to a substantial percentage of breastfeeding-related challenges in
neonates, with prevalence estimates ranging from 25% to 60%. The aforementioned concerns
encompass inadequate milk production, hindered growth and development, nipple injury,
breast discomfort, engorgement, and maternal rejection [18–20]. The main contributing factor
to these issues, as identified by Marmet et al. (2000) and Segal et al. (2007), is the neonate’s in-
ability to maintain a secure latch on the breast, which can be attributed to ankyloglossia [20,21].
According to reports, the rate of breastfeeding cessation as a result of the enduring pain
encountered by mothers during the initial three weeks of breastfeeding ranges from 10% to
26% [22,23]. The crucial factor for successful breastfeeding in healthy neonates, as deter-
mined through the use of ultrasonography, is appropriate tongue mobility, as indicated
by the findings of Smith et al. (1985) [24]. In the case of neonates diagnosed with anky-
loglossia, it has been observed that traditional positioning and suckling techniques do
not yield satisfactory results in terms of restoring tongue mobility. Consequently, surgical
intervention may become necessary [19]. In recent years, there has been an increasing
prevalence of frenotomy procedures aimed at facilitating the continuity of breastfeeding
in neonates. The existing literature does not provide a consensus on the effectiveness of
frenotomy in lactation. There is still a lack of consensus regarding the appropriate course of
action for addressing this abnormality, including the timing of treatment and the optimal
surgical approach to be employed [25,26].

Therefore, implementing a comprehensive, accurate, and unbiased approach to assess
the intraoral modifications occurring during the sucking reflex in newborns would effec-
tively mitigate the need for unnecessary surgical interventions in early infancy. In their
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study, Geddes and Sakalidis (2016) presented a thorough elucidation of the ultrasound
imaging technique employed for observing the tongue’s movements during the act of
breastfeeding [27]. In their study, McClellan et al. (2010) utilized morphological metrics to
illustrate the precise positioning of the nipple within the oral cavity and the tongue’s role
during breastfeeding, as observed through B-mode ultrasonography images taken in the
midsagittal plane [28].

The objective of this study was to conduct a comparative analysis between neonates
diagnosed with clinically confirmed tongue ties and a control group of healthy individuals.
The comparison was conducted in terms of tongue position and movement during sucking.
Additionally, the study aimed to assess the effectiveness and applicability of ultrasound
imaging techniques in this context. The main objectives of this study are to present a new
and unbiased ultrasound diagnostic approach that has not yet been proven effective in the
orofacial region and to establish innovative and unbiased diagnostic criteria to assist in the
identification of neonates with tongue tie.

2. Materials and Methods

The research was carried out in compliance with the principles outlined in the Decla-
ration of Helsinki and received approval from the Ethics Committee of Health Sciences at
Ankara Yildirim Beyazit University in Ankara, Turkey (04/13 April 2023).

The sample size was calculated for the effect size (d, effect size = 0.85), type I er-
ror (α = 0.05), and 85% power values; the sample size was determined to be 30 for the
two independent groups.

The current study entailed a retrospective examination of ultrasonography images
acquired using B-mode (brightness mode) and M-mode (motion mode) techniques. These
images were obtained from a cohort of sixty neonates between May 2022 and December
2022. The researchers conducted a review of the file records of the neonates included
in this study, focusing on two key pieces of information: the severity of tongue tie, as
assessed using the Bristol Tongue Assessment Tool, and whether a frenotomy procedure
had been carried out. Based on the scoring system of the Bristol Tongue Assessment Tool,
the participants were categorized into two distinct groups: a group of 30 individuals with
ankyloglossia, characterized by a tongue tie score of 5 or less, and a group of 30 healthy
individuals, characterized by a tongue tie score exceeding 5. During the course of breast-
feeding, ultrasonography images were obtained from full-term neonates aged 5–15 days.
All USG evaluations were conducted by a single dentomaxillofacial radiologist observer
with 14 years of experience (A.A). The radiologist employed a GE Medical System Verasana
Active (Wuxi, Jiangsu, China) mobile ultrasonography device equipped with a 6–10 MHz
8C-RS microconvex probe. This instrument was used to capture 2D real-time, B-mode, and
M-mode images of the oral cavity of the neonates. The imaging was performed using a
submental approach in the midsagittal plane. The examinations were conducted using
Parker Ultrasonic Gel (Fairfield, NJ, USA). The data collection commenced when the infant
began to latch onto the breast and concluded when the feeding came to an end. The
recording captured by the scan was specifically intended for subsequent academic investi-
gation. The study excluded recordings that exhibited artifacts resulting from movements of
the mother–newborn pair or the operator, as well as recordings in which the presence of
nutritive sucking could not be observed. All measurements were conducted in recorded
ultrasonography images. Before starting the measurement in the study, the observer was
calibrated to recognize as well as to identify the neonate maxillofacial and oral anatomy;
for such purpose, 10 different neonate ultrasonography images other than the study were
used. The observer was blinded to any patient data.

During the act of breastfeeding, the nipple is positioned in such a way that it rests on
the anterior region of the tongue, while the tip of the anterior tongue is elevated above
the inferior alveolar ridge. The visibility of the tip of the tongue on ultrasonography is
hindered by mandibular superposition. The process of sucking begins with the tongue-up
posture (Figure 1a–c), wherein the middle portion of the tongue is near the roof of the
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mouth. This occurs when a newborn is properly attached to the breast and the tongue
occupies the entire oral cavity. The sucking cycle is characterized by a downward motion
of the tongue towards its lowest point, known as the tongue-down position (Figure 2a–c).
In this position, the middle portion of the tongue descends to the floor of the mouth. The
cycle concludes when the tongue reverts to its original position adjacent to the palate. The
downward movement of the tongue results in the flow of breast milk into the interstitial
space created between the surface of the tongue and the palate. In the ultrasonography
image, milk boluses are observed as areas of increased echogenicity within the hypoechoic
region [28]. Upon the tongue’s elevation towards the palate, the milk bolus is introduced
into the pharynx. The ultrasound image depicts the process of sucking, where milk is
transferred into the oral cavity, referred to as nutritive sucking (Figure 2a–c). Conversely,
the act of sucking without milk outflow is termed non-nutritive sucking [29].
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Frame-by-frame analysis of B-mode ultrasonography recordings was conducted to ex-
amine three consecutive sucking cycles during nutritive sucking in both groups. The deter-
mination of the nipple’s position in the mouth during each cycle involved measuring the
distance between the HSPJ and the nipple as well as the depth of the intra-oral space created
during the sucking function, as outlined by McClellan et al. (2010) (Figures 1c and 2c) [28].
In ultrasonography images, the hard palate is visualized as a line with high echogenic-
ity, while the soft palate is observed as a structure of intermediate gray shades with a
distinct echogenic upper boundary (see Figures 1b and 2b). The observation of the soft
palate’s motion during the sucking process facilitated the identification and validation of
the HSPJ through the analysis of real-time ultrasonography video footage. To determine
the alteration in size of the tongue during the act of sucking, measurements of the anterior
and middle sections of the tongue were taken in both the tongue-up and tongue-down
orientations. The researchers obtained measurements from the dorsal surface of the tongue
to the inferior border of the genioglossus muscle, as depicted in Figure 3a,b.

In this study, we employed the measurement technique previously employed by
Schleifer et al. (2021) and Boussuges et al. (2020) to evaluate tongue movements and
the duration of a sucking cycle during breastfeeding [30,31]. The M-mode cursor was
placed at a perpendicular angle to the mid-tongue in ultrasonography images acquired
from both groups of neonates utilizing anatomical M-mode. The utilization of anatomical
M-mode imaging resulted in improved visualization of the echogenic representation of
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tongue motility (Figure 4a,b). In M-mode tongue movement images obtained during
nutritive feeding, the tongue is hypoechoic. The milk bolus is viewed as hyperechoic on
the hypoechoic image of the tongue. In this diagram, the initial caliper was designated
at the apex corresponding to the placement of the tongue, while the subsequent caliper
was designated at the nadir of the incline formed by the tongue’s downward motion.
Ultrasonographic measurements were conducted to assess tongue excursion from the
palate to the floor of the mouth (in centimeters), excursion time (in seconds), and tongue
velocity during movement (in centimeters per second). Furthermore, the initial caliper
was positioned at the apex of the hypoechoic diagram representing tongue movement,
specifically when the tongue was situated above. Similarly, the second caliper was placed at
the subsequent peak of the hypoechoic diagram, also indicating tongue positioning above.
Subsequently, the duration (in seconds) of a single sucking cycle was determined. The
mean values of the data obtained in M-mode were determined by conducting repetitive
measurements over four sucking cycles (Figure 5). Using this novel ultrasonographic
measurement technique, the researchers determined the mean duration of the nutritive
sucking cycle and the average velocity of tongue movement. The analysis of frenotomy
status among neonates diagnosed with tongue tie in our study group was conducted
concerning the remaining parameters.

All measurements were taken twice by the same observer, and the mean values of all
measurements were included in the statistical analysis. The observer also performed the
study twice with an interval of 2 weeks to detect intra-observer variability. Intra-observer
reliability was conducted. To assess intra-observer reliability, the Wilcoxon matched pairs
signed rank test was used for repeat measurements.

The data for this study were analyzed utilizing IBM SPSS Statistics V22.0 (New York,
NY, USA). The Shapiro–Wilk test was utilized to assess normality. The variables nipple-
HSPJ distance intraoral space depth, anterior and mid-tongue height, tongue excursion
from the palate to the floor of the mouth (cm), excursion time (sec), tongue velocity (cm/sec),
and one sucking cycle duration (sec) obtained in the tongue tie and control groups exhibited
a non-normal distribution. Therefore, the Mann–Whitney U test was employed to assess
the association between the two groups. The frenotomy status data were subjected to a
t-test to compare them with other variables as they exhibited a normal distribution. The
values are presented in terms of the mean and standard deviation (SD). The chosen level of
significance for this study was 0.05. A p-value less than 0.05 is indicative of a statistically
significant difference or correlation, while a p-value greater than 0.05 suggests the absence
of a statistically significant difference or correlation.
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3. Results

Repeated measurements indicated no significant intra-observer difference for the
observer (p > 0.05). Overall intra-observer consistency was rated among the measurements
between 92 and 95%. All measurements were found to be highly reproducible for the
observer and no significant difference was obtained from two measurements of the observer
(p > 0.05). Thus, the mean values of these measurements from the three points were
considered to be the final data.

The present study analyzed ultrasonography images obtained from a sample of
30 neonates who were diagnosed with ankyloglossia. This sample consisted of 13 fe-
male neonates and 17 male neonates. The mean age of the neonates in this study was
determined to be 12 days. By contrast, the mean age of a sample of 30 neonates who were
in good health was found to be 11 days.
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The findings from our examination of ultrasonography images indicate that, during
the process of newborns attaching to the breast, the tongue assumes a resting position on
the palate in conjunction with the nipple. The nutrient extraction process began in a state
of quiescence. The observation of anechoic milk ducts in the nipple and the subsequent
movement of the nipple towards the HSPJ can be attributed to the downward displacement
of the middle tongue. At the point of closest proximity between the nipple and the
HSPJ, the tongue reached its lowest position while the intraoral space was filled with
milk. The movement of the milk bolus towards the pharynx was noted when the middle
tongue returned to the palate, causing the cessation of milk flow due to the pressure
exerted by the tongue on the nipple. Upon adjusting the position of the tongue against
the palate, it was noted that the nipple exhibited a displacement away from the HSPJ in
both experimental groups. The data collected in this study were employed to ascertain the
location of the nipple within the oral cavity as well as the dimensional fluctuations in the
vertical movements of the tongue during the sucking process for both experimental groups.

In the tongue-up position during the sucking cycle, it was observed that, in the
ankyloglossia group, the nipple exhibited a greater distance from the HSPJ compared
to the control group (p < 0.05) (Table 1). There was a statistically significant difference
in the anterior tongue height in the tongue-up position between the control group and
the ankyloglossia group (p < 0.05) (Table 1). In contrast to neonates diagnosed with
ankyloglossia, neonates in the control group demonstrated greater ability to elevate the
anterior tongue in proximity to the palate during the act of sucking. While there was
no statistically significant disparity observed between the two groups regarding anterior
tongue height in the tongue-down position, it was observed that healthy neonates exhibited
greater anterior tongue height compared to those diagnosed with ankyloglossia (p > 0.05).
The neonates in the control group exhibited greater proficiency in the act of latching
onto and maintaining the breast within their oral cavity compared to the neonates in the
ankyloglossia group, as indicated by the data presented in Table 1. Both groups exhibited
similar measurements for intraoral space depth and mid-tongue height, as shown in Table 1.

Table 1. Nipple and tongue measurements. Ankyloglossia and control group comparisons.

Nipple–HSPJ
Distance, cm

Depth of
Intraoral Space, cm

Anterior Tongue
Height, cm

Mid-Tongue
Height, cm

Tongue up

Ankyloglossia
n 30 * 30 30 * 30

mean 0.81 * 0.33 1.08 * 1.66
SD 0.32 * 0.13 0.29 * 0.26

Control
n 30 * 30 30 * 30

mean 0.64 * 0.28 1.26 * 1.76
SD 0.18 * 0.08 0.23 * 0.18

Tongue down

Ankyloglossia
n 30 30 30 30

mean 0.51 0.74 1.06 1.33
SD 0.25 0.29 0.18 0.21

Control
n 30 30 30 30

mean 0.43 0.43 1.17 1.36
SD 0.23 0.26 0.2 0.22

* Statistical analysis performed using Mann–Whitney U test (p < 0.05). n: number of participants; SD: standard
deviation.

This study aimed to assess the tongue movements observed during the sucking cycle.
There was no statistically significant difference observed between neonates diagnosed with
ankyloglossia and those in the control group in terms of the duration of tongue movement
from the palate to the floor of the mouth, the pace of the tongue during this movement, or
the duration of a sucking cycle (p > 0.05; Table 2).
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Table 2. Tongue movement variables. Ankyloglossia and control group comparisons.

The Velocity of Transition from the
Palate to the Mouth’s Floor, cm/s

The Duration of the Transition from
the Palate to the Mouth’s Floor, s Sucking Cycle Duration, s

Ankyloglossia
n 30 30 30

mean 2.07 0.44 0.77
SD 0.65 0.15 0.19

Control
n 30 30 30

mean 2.03 0.44 0.81
SD 0.44 0.13 0.19

Statistical analysis performed using Mann–Whitney U test (p < 0.05). n: number of participants; SD: standard
deviation.

A decision was made to conduct frenotomies on 16 out of 30 neonates diagnosed with
ankyloglossia based on the presence of ultrasonography records and the persistence of
breastfeeding difficulties. The average score for the lingual frenulum in neonates who
received frenotomy was 3.75 (±1.06), while the average score for neonates who did not
receive frenotomy was 4.29 (±1.14) (p > 0.05) (Table 3). There was no statistically significant
difference observed in the scores between the two groups. Furthermore, there was no
statistically significant distinction observed between neonates who received intervention
and those who did not regarding the extent of nipple approach to the HSPJ, depth of
intraoral space, or heights of the tongue (p > 0.05) (Table 4). When assessing the variables
related to the duration of tongue displacement from the palate to the floor of the mouth,
the velocity of the tongue during this motion, and the duration of a complete sucking
cycle, no statistically significant distinction was observed between two groups of neonates
(p > 0.05) (Table 5).

Table 3. Lingual frenulum score and frenotomy decision.

Lingual Frenulum Score

Frenotomy (−)
n 14

mean 4.29
SD 1.14

Frenotomy (+)
n 16

mean 3.75
SD 1.06

Statistical analysis performed using Mann–Whitney U test (p < 0.05). n: number of participants; SD: standard
deviation.

Table 4. Nipple–tongue measurements and frenotomy decision groups comparisons.

Nipple–HSPJ
Junction

Distance, cm

Depth of
Intraoral Space, cm

Anterior Tongue
Height, cm

Mid-Tongue
Height, cm

Tongue up

Frenotomy (−)
n 14 14 14 14

mean 0.81 0.36 1.18 1.64
SD 0.31 0.15 0.23 0.21

Frenotomy (+)
n 16 16 16 16

mean 0.82 0.31 1 1.71
SD 0.34 0.10 0.32 0.31

Tongue down

Frenotomy (−)
n 14 14 14 14

mean 0.43 0.82 1.08 1.28
SD 0.16 0.31 0.17 0.20

Frenotomy (+)
n 16 16 16 16

mean 0.57 0.68 1.05 1.37
SD 0.3 0.28 0.19 0.21

Statistical analysis performed using Mann–Whitney U test (p < 0.05). n: number of participants; SD: standard
deviation.
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Table 5. Tongue movement variables and frenotomy decision groups comparisons.

The Velocity of Transition from the
Palate to the Mouth’s Floor, cm/s

The Duration of the Transition from
the Palate to the Mouth’s Floor, s Sucking Cycle Duration, s

Frenotomy (−)
n 14 14 14

mean 2.16 0.47 0.82
SD 0.68 0.18 0.18

Frenotomy (+)
n 16 16 16

mean 2 0.41 0.73
SD 0.63 0.12 0.19

Statistical analysis performed using Mann–Whitney U test (p < 0.05). n: number of participants; SD: standard
deviation.

4. Discussion

This study introduces a novel and objective measurement technique for assessing
tongue movements in neonates during breastfeeding.

Furthermore, we evaluated the differences between neonates with ankyloglossia
and healthy neonates regarding the positioning of the nipple within the oral cavity and
the positioning and movements of the tongue during the sucking process. Additionally,
we compared these parameters between individuals in the ankyloglossia group who
underwent frenotomy and those who did not.

According to a study conducted by Li et al. (2008), the primary factor leading to the
cessation of early breastfeeding is the challenge faced by neonates in terms of sucking and
latching onto the breast [4]. However, at present, there is a lack of a clinically feasible and
objective measurement method that elucidates the intricacies of sucking action, specifically
the movements of the tongue.

The measurement techniques in the literature that utilize ultrasonography to diagnose
based on the extent of muscle movement have garnered considerable interest [30,31]. The
applicability of these techniques to the orofacial region has not yet been demonstrated.
The studies conducted by Schleifer et al. (2021) and Boussuges et al. (2020) employed the
M-mode imaging technique to evaluate the functionality of the diaphragm during both
expiration and inspiration. To assess the rate of displacement of the diaphragm during
expiration or inspiration, the researchers placed the initial caliper at the lower end of the
diaphragmatic echoic slope generated by diaphragmatic motion and the second caliper at
the highest point of the slope. As a result, the researchers computed the diaphragmatic
excursion in centimeters (cm) during both inspiration and expiration. They also determined
the duration of the excursion in seconds (s) and the mean velocity of the excursion in
centimeters per second (cm/s). Furthermore, the authors showcased the temporal extent of
a single respiratory cycle, encompassing both the inhalation and exhalation phases [30,31].

In our study, adjustments were made to the measurements on M-mode ultrasonogra-
phy recordings to account for the movements of the tongue during the sucking cycle. The
introduction of this novel measurement technique is expected to offer an objective and repli-
cable means of assessing the physiological aspects of sucking. This technique enables the
interpretation of both the duration and velocity of tongue displacement during the sucking
function. This study utilized a novel measurement technique to compare the parameters of
tongue movement between neonates diagnosed with ankyloglossia and neonates who were
deemed healthy. Based on the findings, there was no discernible disparity observed in the
rate and duration of lingual movements among neonates diagnosed with ankyloglossia in
comparison to those belonging to the control group. The results of this study indicate that
ankyloglossia does not have a detrimental impact on the vertical movement of the tongue
or the flow of milk in neonates. In their research on the effectiveness of ultrasonography
studies in examining breastfeeding and sucking dynamics, Douglas et al. (2018) observed
that the tongue and mandible exhibit synchronized movement without any independent
motion. Furthermore, they found that the lingual frenulum does not exert any influence on
the tongue’s movement during sucking [3]. The outcome obtained confirms the conclusions
drawn from our research. In a study conducted by Geddes et al. (2008), an examination
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was carried out on tongue movements during breastfeeding. The researchers discovered
that the downward motion of the tongue creates a suction effect on the nipple, resulting
in the release of milk from the breast [32]. Elad et al. (2014) conducted a biomechanical
investigation to examine the mechanics of sucking. Their study revealed the coordinated
movement of the anterior tongue with the mandibular motion, specifically positioning
itself beneath the nipple. Additionally, the middle and posterior portions of the tongue
were found to generate a vacuum effect, facilitating the outflow of milk [14]. The results
suggest that the anterior tongue’s role in the sucking process may be more pronounced
and effective in achieving the necessary oral isolation needed to create a vacuum, thereby
aiding in the attachment to the breast and the ejection of milk. In their study, Geddes et al.
(2021) conducted a comprehensive examination of breastfeeding and observed that the
application of frenotomy to the anterior tongue tie resulted in an increase in milk output
and a decrease in nipple pain. Conversely, the application of frenotomy to the posterior
tongue tie did not have any impact on milk production but did lead to a reduction in nipple
pain [33]. When assessing the severity of ankyloglossia and the necessity of frenotomy, it
is hypothesized that conducting further investigations to examine the impact of tongue
extension towards the anterior crest of the mandible on breastfeeding latch and sucking
functionality would offer a novel insight into tongue function.

Tongue movement was assessed using M-mode in the context of these innovative
ultrasonography measurements. Previous studies have reported that there may be a dis-
crepancy between the M-mode cursor and the true axis of the structure being imaged. This
discrepancy has raised concerns regarding the potential for inaccurate measurements [30].
Ensuring axis alignment during real-time ultrasonography on breastfeeding neonates poses
a significant challenge, primarily attributable to the inherent difficulty in controlling the
movements of both the mother and the infant. The angle-independent M-mode, also
known as anatomical or post-processing M-mode, allows for unrestricted rotation and
movement of the M-mode cursor to capture M-mode images from any desired angle [30].
In the present study, the determination of the examination line was conducted utilizing
anatomic M-mode, whereby the cursor was positioned along the vertical axis of the tongue
in its elevated position. This enhancement resulted in improved visual clarity of M-mode
measurement images.

In their study, Jacobs et al. [34] conducted an investigation using diverse ultrasound
transducers to observe the intraoral anatomy of infants during breastfeeding. Their findings
led them to determine that a frequency range of 8–10 MHz would be adequate for infants
under 12 weeks of age in the context of evaluating contemporary technological devices. In
the aforementioned study, the researchers also underscored the appropriateness of convex
long-handled transducers (specifically endocavity transducers) for assessing intraoral
tissues while the subject is engaged in sucking activities. In our investigation, we opted
for a 6–10 MHz 8C-RS microconvex probe that possesses imaging capabilities comparable
to endocavitary probes. The image recordings were conducted at a frequency of 8 MHz.
The study revealed that the microconvex probe, characterized by its expansive visual
scope and elevated frequency spectrum, effectively captures images of intraoral tissues
during breastfeeding. Moreover, its compact, convex surface and slender grip area make it
particularly suitable for imaging in confined spaces.

According to the findings of Douglas et al. (2018) and Elad et al. (2014), it has been
observed that, in healthy neonates, during the sucking process, the anterior tongue tip is
situated below the nipple and on the inferior alveolar ridge [3,14]. The analysis of B-mode
ultrasonography images revealed that healthy neonates, when in the tongue-up position,
exhibited a closer proximity of the nipple to the HSPJ and demonstrated a more pronounced
anterior expansion of the tongue compared to neonates with ankyloglossia. There was no
statistically significant difference observed in the measured parameters between neonates
with ankyloglossia and those without this condition. Based on the findings of our study, it
was observed that neonates with ankyloglossia possess the ability to bring the nipple closer
to the HSPJ at a comparable rate to that of healthy neonates. This phenomenon occurs due
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to the creation of a vacuum within the oral cavity when breastfeeding in the tongue-down
position. When the tongue is elevated, the loss of the nipple’s position in the mouth occurs
as a result of a decrease in oral vacuum. However, in neonates with ankyloglossia, the
nipple moves further away from the HSPJ compared to healthy neonates. It is hypothesized
that the presence of ankyloglossia in neonates hinders their ability to extend their tongue
toward the inferior alveolar ridge. Thus, it is postulated that they encounter challenges
in successfully latching onto the breast and maintaining proper nipple placement within
the oral cavity, consequently leading to frequent disruption of the initial sucking required
for proper attachment. Based on the ultrasonography measurements and the observations
conducted on a substantial sample size within our study, it has been determined that the
anterior tongue exhibits an active role in the retention of the nipple within the oral cavity.
There is a belief that conducting additional research on the role of the anterior tongue can
provide insights into the challenges faced by neonates with ankyloglossia in latching onto
the breast as well as the early breast pain experienced by mothers.

Previous studies have presented divergent viewpoints regarding the requisite nature
of frenotomy and its impact on sucking and latching difficulties in neonates diagnosed
with ankyloglossia [25,26]. A subset of the neonates whose images were utilized in our
study were found to necessitate frenectomies as a result of enduring difficulties with breast-
feeding. The pre-procedural ultrasonography measurements of neonates who underwent
frenotomy and those who did not undergo frenotomy were found to be statistically similar.
This suggests that there were no significant disparities in tongue movements that would
influence the decision to pursue surgical intervention. While the diagnosis of ankyloglossia
typically indicates the need for a frenotomy procedure, it is important to consider the im-
pact of neonatal development and the family’s decision making process on the effectiveness
of this intervention. The level of objectivity regarding the decision remains uncertain.

The present study is subject to several limitations. The inability to conduct follow-up
assessments on neonates with ankyloglossia, both with and without frenotomy, was a
result of the study’s retrospective design. Hence, the impact of surgical intervention on
breastfeeding outcomes, as assessed through the use of ultrasound imaging, could not be
ascertained. The absence of both short- and long-term follow-up studies creates uncertainty
regarding the persistence of breastfeeding difficulties associated with ankyloglossia. The
examination of subsequent records within this study will enable us to effectively illustrate
the effectiveness of the novel ultrasonography measurement technique employed in the
oral region.

The implementation of further research endeavors aimed at assessing the effectiveness
of frenotomy will furnish healthcare professionals with essential benchmarks for making
informed decisions regarding diagnosis and treatment. Additionally, these studies will
yield practical diagnostic instruments that can be readily employed to evaluate nipple
pain in mothers and breastfeeding difficulties, such as impaired latching and sucking, in
neonates diagnosed with ankyloglossia. Consequently, neonates will be safeguarded from
undergoing unnecessary surgical procedures at an early stage.

5. Conclusions

This study presents a novel approach in the field of ultrasonography measurement
techniques, which offers a valuable and applicable means of objectively evaluating tongue
function in the context of breastfeeding. The measurement methodology utilized produced
findings that aligned with the outcomes of prior research. There is no significant difference
in tongue movements in the middle tongue region between neonates diagnosed with
ankyloglossia and neonates who are considered healthy. This methodology enables the
assessment of different areas of the tongue and other movable organs implicated in the
sucking process during breastfeeding.

20



Diagnostics 2023, 13, 3435

Author Contributions: Conceptualization, A.A. and K.O.; methodology, A.A., K.O. and A.I.O.;
formal analysis, A.A., A.I.O. and K.O.; investigation, A.A., A.I.O. and K.O.; resources, A.A. and
A.I.O.; writing—original draft preparation, A.A. and A.I.O.; writing—review and editing, A.A., A.I.O.
and K.O.; visualization, A.A.; supervision, A.I.O. and K.O.; project administration, K.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Health Sciences Ankara Yildirim Beyazit
University Ankara, Türkiye (04/13 April 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the study are available
from the corresponding author upon reasonable request.

Acknowledgments: We would like to thank GE Health Care Türkiye for providing and demonstrat-
ing their ultrasound equipment. We would also like to thank Gozde Alpay for her help and support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Patel, J.; Anthonappa, R.P.; King, N.M. All Tied Up! Influences of Oral Frenulae on Breastfeeding and their Recommended

Management Strategies. J. Clin. Pediatr. Dent. 2018, 42, 407–413. [CrossRef] [PubMed]
2. McClellan, H.L.; Hartmann, P.E. Evolution of lactation: Nutrition v. protection with special reference to five mammalian species.

Nutr. Res. Rev. 2008, 21, 97–116. [CrossRef] [PubMed]
3. Douglas, P.; Geddes, D. Practice-based interpretation of ultrasound studies leads the way to more effective clinical support and

less pharmaceutical and surgical intervention for breastfeeding infants. Midwifery 2018, 58, 145–155. [CrossRef] [PubMed]
4. Li, R.; Fein, S.B.; Chen, J.; Grummer-Strawn, L.M. Why mothers stop breastfeeding: Mothers’ self-reported reasons for stopping

during the first year. Pediatrics 2008, 122 (Suppl. S2), S69–S76. [CrossRef]
5. Arvedson, J. Swallowing and feeding in infants and young children. GI Motil. Online 2006. [CrossRef]
6. Tamura, Y.; Matsushita, S.; Shinoda, K.; Yoshida, S. Development of perioral muscle activity during suckling in infants: A

cross-sectional and follow-up study. Dev. Med. Child. Neurol. 1998, 40, 344–348.
7. Geddes, D.T.; Kent, J.C.; Mitoulas, L.R.; Hartmann, P.E. Tongue movement and intra-oral vacuum in breast-feeding infants. Early

Hum. Dev. 2008, 84, 471–477. [CrossRef]
8. Ardran, G.; Kemp, F.; Lind, J. A cineradiographic study of breastfeeding. Br. J. Radiol. 1958, 31, 156–162. [CrossRef]
9. Colley, J.R.T.; Creamer, B. Sucking and swallowing in infants. Br. Med. J. 1958, 2, 422–423. [CrossRef]
10. Woolridge, M. The anatomy of infant sucking. Midwifery 1986, 2, 164–171. [CrossRef]
11. Weber, J.; Woolridge, M.; Baum, J. An ultrasonographic study of the organization of sucking and swallowing by newborn infants.

Dev. Med. Child. Neurol. 1986, 28, 19–24. [CrossRef] [PubMed]
12. Burton, P.; Deng, J.; McDonald, D.; Fewtrell, M.S. Real-time 3D ultrasound imaging of infant tongue movements during

breast-feeding. Early Hum. Dev. 2013, 89, 635–641. [CrossRef] [PubMed]
13. Smith, W.L.; Erenberg, A.; Nowak, A. Imaging evaluation of the human nipple during breast-feeding. Am. J. Dis. Child. 1988, 142,

76–78. [CrossRef] [PubMed]
14. Elad, D.; Kozlovsky, P.; Blum, O.; Laine, A.F.; Po, M.J.; Botzer, E.; Dollberg, S.; Zelicovich, M.; Sira, L.B. Biomechanics of milk

extraction during breast-feeding. Proc. Natl. Acad. Sci. USA 2014, 111, 5230–5235. [CrossRef] [PubMed]
15. Siegel, S. Aerophagia Induced Reflux in Breastfeeding Infants with Ankyloglossia and Shortened Maxillary Labial Frenula

(Tongue and Lip Tie). Int. J. Clin. Pediatr. 2016, 5, 6–8. [CrossRef]
16. Ghaheri, B.A.; Cole, M.; Fausel, S.C.; Chuop, M.; Mace, J.C. Breastfeeding improvement following tongue-tie and lip-tie release: A

prospective cohort study. Laryngoscope 2017, 127, 1217–1223. [CrossRef]
17. Pompéia, L.E.; Ilinsky, R.S.; Ortolani, C.L.F.; Faltin, K., Jr. Ankyloglossia and Its Influence on Growth and Development of the

Stomatognathic System. Rev. Paul. Pediatr. 2017, 35, 216–221. [CrossRef]
18. Messner, A.H.; Lalakea, M.L.; Aby, J.; Macmahon, J.; Bair, E. Ankyloglossia: Incidence and associated feeding difficulties. Arch.

Otolaryngol. Head Neck Surg. 2000, 126, 36–39. [CrossRef]
19. Marmet, C.; Shell, E.; Marmet, R. Neonatal frenotomy may be necessary to correct breastfeeding problems. J. Hum. Lact. 1990, 6,

117–121. [CrossRef]
20. Segal, L.M.; Stephenson, R.; Dawes, M.; Feldman, P. Prevalence, diagnosis, and treatment of ankyloglossia: Methodologic review.

Can. Fam. Physician. 2007, 53, 1027–1033.
21. Marmet, C.; Shell, E.; Aldana, S. Assessing infant suck dysfunction: Case management. J. Hum. Lact. 2000, 16, 332–336. [CrossRef]

[PubMed]

21



Diagnostics 2023, 13, 3435

22. Schwartz, K.; D’Arcy, H.J.; Gillespie, B.; Bobo, J.; Longeway, M.; Foxman, B. Factors associated with weaning in the first 3 months
postpartum. J. Fam. Pract. 2002, 51, 439–444. [PubMed]

23. Genna, C.W.; Coryllos, E.V. Breastfeeding and tongue-tie. J. Hum. Lact. 2009, 25, 111–112. [CrossRef] [PubMed]
24. Smith, W.L.; Erenberg, A.; Nowak, A.; Franken, E.A., Jr. Physiology of sucking in the normal term infant using real-time US.

Radiology 1985, 156, 379–381. [CrossRef]
25. Hooda, A.; Rathee, M.; Yadav, S.P.S.; Gulia, J.S. Ankyloglossia: A review of current status. Internet J. Otorhinolaryngol. 2010, 12,

1–7.
26. Johnson, P. Tongue tie: Exploding the myths. Infant 2006, 2, 96–99.
27. Geddes, D.T.; Sakalidis, V.S. Ultrasound imaging of breastfeeding—A window to the inside: Methodology, normal appearances,

and application. J. Hum. Lact. 2016, 32, 340–349. [CrossRef]
28. McClellan, H.L.; Sakalidis, V.S.; Hepworth, A.R.; Hartmann, P.E.; Geddes, D.T. Validation of nipple diameter and tongue

movement measurements with B-mode ultrasound during breastfeeding. Ultrasound Med. Biol. 2010, 36, 1797–1807. [CrossRef]
29. Sakalidis, V.S.; Williams, T.M.; Garbin, C.P.; Hepworth, A.R.; Hartmann, P.E.; Paech, M.J.; Geddes, D.T. Ultrasound imaging of

infant sucking dynamics during the establishment of lactation. J. Hum. Lact. 2013, 29, 205–213. [CrossRef]
30. Schleifer, J.; Shokoohi, H.; Selame, L.A.J.; Liteplo, A.; Kharasch, S. The Use of Angle-Independent M-Mode in the Evaluation of

Diaphragmatic Excursion: Towards Improved Accuracy. Cureus 2021, 13, e17284. [CrossRef]
31. Boussuges, A.; Rives, S.; Finance, J.; Brégeon, F. Assessment of diaphragmatic function by ultrasonography: Current approach

and perspectives. World J. Clin. Cases 2020, 8, 2408–2424. [CrossRef] [PubMed]
32. Geddes, D.T.; Langton, D.B.; Gollow, I.; Jacobs, L.A.; Hartmann, P.E.; Simmer, K. Frenulotomy for breastfeeding infants with

ankyloglossia: Effect on milk removal and sucking mechanism as imaged by ultrasound. Pediatrics 2008, 122, e188–e194.
[CrossRef] [PubMed]

33. Geddes, D.T.; Gridneva, Z.; Perrella, S.L.; Mitoulas, L.R.; Kent, J.C.; Stinson, L.F.; Lai, C.T.; Sakalidis, V.; Twigger, A.J.; Hartmann,
P.E. 25 Years of Research in Human Lactation: From Discovery to Translation. Nutrients 2021, 13, 3071. [CrossRef]

34. Jacobs, L.A.; Dickinson, J.E.; Hart, P.D.; Doherty, D.A.; Faulkner, S.J. Normal nipple position in term infants measured on
breastfeeding ultrasound. J. Hum. Lact. 2007, 23, 52–59. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

22



Citation: Nisi, M.; Gennai, S.;

Graziani, F.; Izzetti, R. The Reliability

of Ultrasonographic Assessment of

Depth of Invasion: A Systematic

Review with Meta-Analysis.

Diagnostics 2023, 13, 2833.

https://doi.org/10.3390/

diagnostics13172833

Academic Editor:

Francesco Inchingolo

Received: 8 August 2023

Revised: 28 August 2023

Accepted: 29 August 2023

Published: 1 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Systematic Review

The Reliability of Ultrasonographic Assessment of Depth of
Invasion: A Systematic Review with Meta-Analysis
Marco Nisi, Stefano Gennai , Filippo Graziani and Rossana Izzetti *

Department of Surgical, Medical and Molecular Pathology and Critical Care Medicine, University of Pisa,
56123 Pisa, Italy
* Correspondence: rossana.izzetti@unipi.it

Abstract: Depth of invasion (DOI) has been recognized to be a strong prognosticator for oral squa-
mous cell carcinoma (OSCC). Several diagnostic techniques can be employed for DOI assessment,
however intraoral ultrasonography has been increasingly applied for the intraoral evaluation of
OSCCs. The aim of the present study is to review the evidence on the application of intraoral ul-
trasonography to the assessment of DOI in patients affected by OSCC. A systematic electronic and
manual literature search was performed, and data from eligible studies were reviewed, selected,
and extracted. The studies had to report the correlation between DOI estimated with ultrasonog-
raphy versus histopathology. A meta-analysis was conducted on the quantitative data available.
Sixteen articles were included in the review following the screening of the initial 228 studies retrieved
from the literature. The meta-analysis showed a significant correlation between ultrasonographic
and histopathologic measurements (p < 0.01). The studies were all at low/moderate risk of bias.
Ultrasonography appears a valuable tool for DOI assessment.

Keywords: oral neoplasm; ultrasonography; oral squamous cell carcinoma; intraoral ultrasound;
systematic review; meta-analysis

1. Introduction

The parameter of depth of invasion (DOI), defined as the distance between the normal
mucosal surface and the deepest margin of a neoplastic lesion in the tissues, has been
proven to be a valid prognosticator of oral squamous cell carcinoma, and is recognized
as a T-stage modifier by the eighth edition of the American Joint Committee on Cancer
(AJCC) criteria [1,2]. The assessment of DOI can be predictive of cervical lymph nodes
involvement, as well as facilitating the achievement of clear surgical margins, allowing an
improved local disease control and preventing recurrence [3].

DOI can be assessed either on diagnostic imaging datasets prior to tumor excision
or on histopathological samples following surgical resection [4]. While pathologic DOI
is considered the reference standard for tumor depth assessment, previous evidence has
highlighted how magnetic resonance and ultrasonography perform extremely well in
preoperative DOI assessment, showing high correspondence with histology [5,6]. Impor-
tantly, intraoral ultrasonography has been reported to have the highest correlation with
pathological DOI compared to other diagnostic techniques [7].

The aim of the present systematic review is to analyze the evidence behind the appli-
cation of intraoral ultrasonography to the assessment of DOI in patients affected by oral
squamous cell carcinoma.

2. Materials and Methods
2.1. Protocol Development and Eligibility Criteria

The protocol for the present study was prepared according to the Preferred Reporting
Items Systematic review and Meta-Analyses (PRISMA) [8–10] and registered in PROSPERO
(CRD42023446434). The following focused question was phrased:
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“What is the reliability of ultrasonography in the assessment of depth of invasion of
oral squamous cell carcinoma?”

Articles to be included had to follow the following PICO:
(P) Type of participants: patients with a diagnosis of oral squamous cell carcinoma

eligible for surgical treatment;
(I) Type of interventions: assessment of depth of invasion with intraoral ultrasonogra-

phy;
(C) Comparison between interventions: depth of invasion measurement on histology;
(O) Type of outcome measures: correlation between ultrasonographic DOI and patho-

logic DOI.
Systematic reviews and review articles were not included. No time limitations were

applied. Only articles in English were included.

2.2. Literature Search

The electronic search was applied to the Cochrane Oral Health Group specialist trials,
MEDLINE via PubMed, and EMBASE (SG) up to June 2023. A combination of MeSH terms
and free text words was employed:

((“Mouth Neoplasm”[Mesh] OR “Oral Neoplasm” OR “Oral squamous cell carcinoma”
OR “Oral Carcinoma” OR “Oral Cancer”) AND (“Ultrasonography”[Mesh] OR “Ultra-
sound” OR “Intraoral ultrasonography” OR “Intraoral Ultrasound”) AND (“Neoplasm
Invasiveness”[Mesh] OR “Depth of Invasion”))

Trials databases such as clinicaltrials.gov were searched. The bibliographies of review
articles and relevant papers were checked (RI, MN).

2.3. Study Selection and Data Collection

Eligibility assessment was performed through title and abstract analysis of the search
results, with an initial screening performed by two reviewers (RI, MN) for possible inclusion
in the review. The two reviewers were calibrated for study screening against a third
reviewer expert in systematic reviews (SG). Calibration consisted in the independent
validity assessment of 20 titles and abstracts retrieved from the search until a κ-score > 0.8
was achieved. The articles selected through title and abstract analysis were then assessed
through full text analysis. Unclear abstracts were included in the full text analysis to avoid
the exclusion of potentially relevant articles. Title and abstract analysis was performed in
June 2023.

Inclusion criteria for the title and abstract analysis were the following:

• Patients with a diagnosis of OSCC and eligible for surgery;
• Patients evaluated with intraoral ultrasound for DOI assessment;
• Studies reporting histological DOI evaluation and correlation with ultrasonographic DOI;
• Manuscripts published in English.

Exclusion criteria for the title and abstract analysis were the following:

• Subjects with conditions other than OSCC;
• Patients not evaluated with ultrasound;
• Assessment of imaging parameters other than DOI;
• Lack of reporting of histopathologic DOI;
• Descriptive studies not reporting the correlation between ultrasonographic and patho-

logic DOI;
• Studies that could not be classified as case–control studies, cohort studies, cross-

sectional studies, case-series trials, controlled trials, or randomized controlled trials.

Full texts of the selected articles were then retrieved and independently assessed by
two reviewers against the stated inclusion criteria (RI, MN). The articles had to follow the
inclusion criteria to be included in the systematic review. The same exclusion criteria were
employed for the full text analysis, together with absence of reporting of any of the studied
outcomes. In cases of disagreement, the full text was discussed with a third experienced
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reviewer (SG). Data of the included articles were extracted and collected through an ad
hoc extraction sheet (RI, MN). Full text inclusion was performed in June 2023 and full
text data extraction by mid-July 2023. The reviewers conducted all quality assessments
independently.

2.4. Risk of Bias in the Included Studies and Quality Assessment

The quality assessment and the risk of bias of the included studies was performed
following the criteria of the ROBINS-I tool (Risk Of Bias In Non-randomized Studies—of In-
terventions) evaluating selection, comparability, and outcome domains for each study [11].
In cases of critical or serious judgment, the study was considered at high risk of bias.

2.5. Summary Measures and Synthesis of the Results

Data synthesis was presented through evidence tables addressing study characteristics
and main conclusions. The performance of possible meta-analysis was decided on the basis
of the similarity and availability of quantitative data. Results were expressed as weighted
mean difference (WMD) and 95% confidence interval (CI) for continuous outcomes using
both random and fixed models.

The meta-analysis was performed with the Fisher r-to-z transformed correlation
coefficient as the outcome measure. Heterogeneity was assessed via Q-test, I2, and tau2, the
latter assessed through the restricted maximum likelihood estimator [12]. If tau2 > 0 was
detected, a prediction interval for the true outcomes was also provided. The evaluation
of potential outliers and/or influential studies in the context of the model was performed
with the studentized residuals and Cook’s distances. If a studentized residual larger than
the 100 × (1 − 0.05/(2 × k))th percentile of a standard normal distribution was found, the
study was considered a potential outlier. If a Cook’s distance larger than the median
plus six times the interquartile range of the Cook’s distances was found, the study was
considered influential. Funnel plot asymmetry was checked through rank correlation
and the regression tests. OpenMeta [Analyst] (http://www.cebm.brown.edu/open_meta/
open_meta/open_meta, accessed on 1 June 2023) or other equivalent software for meta-
analysis were employed, and the results were graphically illustrated and summarized with
forest plots.

3. Results
3.1. Study Selection

The electronic search retrieved a total of 228 articles (205 articles from the electronic
database search and 23 articles from the hand search) published up to June 2023. After
the removal of duplicates, title and abstract analysis was performed on 211 articles. One
hundred and seventy-eight articles were excluded following the screening of titles and
abstracts. Full text analysis was performed on the remaining 33 articles, and 17 articles
were further excluded. The final review included 16 articles [13–28], which all met the
criteria for inclusion in the meta-analysis (Figure 1).

3.2. Population and Studies Characteristics

The study population consisted of 729 patients, with a mean age of 61.82 ± 5.56 years.
Information on gender distribution was available for 14 out of 16 articles [13,15–26,28],
accounting for a population of 696 patients, 420 males and 276 females.

In 12 studies [13–15,17,19,20,22–26,28], the AJCC/UICC classification was employed
for tumor staging, while two studies did not report the classification system employed.

In 13 studies [13,15–17,20–28], ultrasonography was performed preoperatively. The
frequencies employed ranged between a minimum of 5 and a maximum of 70 MHz (Table 1).
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3.3. Synthesis of the Main Findings of the Included Studies

Kurokawa et al. [13] included 28 patients with OSCC of the tongue. The authors
reported a correlation between DOI assessed with 7.5 MHz ultrasonography and T stage,
tumor size, N stage, type of invasion, muscular invasion and deep invasive front grading.
No correlation was found with growth type, differentiation, and Anneroth’s malignancy. Ul-
trasound measurements correlated with histology. Other diagnostic techniques (computed
tomography and magnetic resonance) tended to overestimate tumor dimensions.

Songra et al. [14] employed ultrasonography (frequency range 5–10 MHz) to assess
deep margins intraoperatively half way through surgical resection. The authors reported
good agreement between ultrasound and histology when applying a 5 mm threshold to
indicate clear surgical margins. The technique was reported to have 83% sensitivity and
63% specificity.

In the study by Mark Taylor et al. [15], intraoral ultrasound (10–12 MHz) was per-
formed in patients with biopsy proven squamous cell carcinoma of the tongue or floor of
the mouth. The authors found that in cases of DOI < 5 mm, none of the patients presented
positive lymph nodes, while in the presence of DOI ≥ 5 mm, 65% of the patients had nodal
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metastases. The authors concluded that preoperative ultrasonography was accurate in the
assessment of tumor dimensions, and that in the presence of DOI ≥ 5 mm elective neck
dissection is recommended.

Iida et al. [16] compared preoperative ultrasound measurement of DOI performed
with a 16 MHz probe with histological DOI. The authors discriminated the accuracy of
the technique depending on tumor size. In cases of superficial tumors, the comparison
between ultrasonography and histology was 1 mm in 64.1% of cases and 2 mm in 92.3%
of cases. In the presence of in situ OSCCs, the DOI ranged between 0.8 mm and 1.6 mm.
Ultrasonography appeared reliable in tumors with DOI ≤ 5 mm, corresponding to T1
clinical staging according to the eighth edition of the AJCC, and was comparable to histol-
ogy when analyzing superficial tongue carcinomas. The authors concluded that intraoral
ultrasonography may constitute a diagnostic supplement especially in cases of superficial
tumors where discordance between radiographic-derived and clinically derived values
is encountered.

Noorlag et al. [17] analyzed a retrospective cohort of 209 patients with T1-T2 OSCC
of the tongue, evaluated preoperatively with intraoral ultrasonography (15 MHz) and
magnetic resonance (1.5–3.0 T). Ultrasonography showed a mean absolute difference with
histology of 1.6 mm in smaller tumors and of 4.7 mm in larger tumors. Magnetic resonance
showed a mean absolute difference with histology of 3.2 mm. The authors encountered an
overall underestimation employing both diagnostic techniques compared to histological
DOI. Among the presumable reasons for such a discrepancy, the authors listed (i) the
timespan between imaging and surgery, which in some cases was more than four weeks;
(ii) the pressure applied to the tumor during ultrasound scan; and (iii) tumor shrinkage
following formalin fixation and/or slicing errors during specimen processing for histology.
The conclusions reported a good correlation between magnetic resonance and intraoral
ultrasonography measurements with histology. Ultrasonography showed higher accuracy
in tumors with pathological DOI ≤ 10 mm (T1–T2 according to the eighth edition of the
AJCC criteria) compared to magnetic resonance which tended to overestimate DOI, while
in tumors >10 mm (T3) the accuracy of intraoral ultrasonography decreased.

Yoon et al. [18] performed tumor resection of OSCCs of the tongue under ultra-
sound guidance (7–15 MHz frequency) in 20 patients. Mean ultrasonographic DOI was
6.6 mm ± 3.4 mm and histopathologic DOI was 6.4 mm ± 4.4 mm, with a high correlation
between the two measurements. Intraoperative application of ultrasonography resulted in
an improvement in the achievement of clear resection margins and in the performance of
elective neck dissection in the presence of DOI > 4 mm.

Bulbul et al. [19] included 23 patients with T1-T3 OSCC of the tongue and performed ul-
trasound (7–15 MHz)-guided tumor resection, and compared the surgical outcomes to a con-
trol group composed by 21 patients with T1-T3 OSCC surgically treated without ultrasound
guidance. The mean closest margins for the ultrasound group were 6.3 mm ± 2.8 mm
and 4.3 mm ± 2.7 mm for the control group. The mean deep margins for the ultrasound
group were 8.5 mm ± 4.9 mm and 6.7 mm ± 3.8 mm for control group. Ultrasonographic
guidance allowed for obtaining improved overall and deep margin clearance, 78% negative
(≥5 mm) deep margins, and the absence of frankly positive deep margins.

Filauro et al. [20] performed a retrospective evaluation of 49 patients with T1-T3
OSCC who underwent intraoral ultrasound scan (7–15 MHz) and/or magnetic resonance
imaging (1.5–3.0 T). The mean value of DOI was 7.0 mm with ultrasonography, 7.2 mm with
magnetic resonance, and 7.3 mm with histology. Magnetic resonance provided a correct
staging in 64% of cases, while intraoral ultrasound correctly staged all patients. For elective
neck dissection, indicated in the presence of pathological DOI ≥ 4 mm, a 100% sensitivity
was found for both the techniques, while 73% specificity for magnetic resonance and 47%
specificity for ultrasonography were detected. The best cut-off for elective neck dissection
was a radiological DOI ≥ 5 mm. Overall sensitivity was 92% for magnetic resonance and
87% for ultrasonography, while specificity was 93% for magnetic resonance and 76% for
ultrasonography. While recognizing a good performance of ultrasonography compared to
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magnetic resonance, the authors recognized as limits to ultrasonography applicability the
operator-dependency and the limited imaging capability for lesions close to bony structures
or in the posterior half of the oral cavity.

Harada et al. [21] compared clinical DOI and radiological DOI assessed with ultra-
sound, MRI before biopsy, and MRI after biopsy. The authors performed a correction
on pathological DOI values as a 10.3% shrinkage of the specimen after preparation was
estimated. MRI before biopsy showed the highest concordance with clinical DOI, with a
slight overestimation. Ultrasonography tended to underestimate clinical DOI. MRI after
biopsy showed an overestimation of clinical DOI related to the inflammatory reaction of
tongue muscles following bioptic sampling.

Izzetti et al. [22] assessed the correlation between ultrasonography performed at
70 MHz frequency and histology in a pilot sample of 10 patients affected by OSCC. A
significant correlation was found between the two techniques. A 0.14 mm overestimation
was registered for DOI values assessed through ultrasonography.

Rocchetti et al. [23] performed an ultrasonographic assessment of OSCC of the oral
cavity using 8–17 MHz frequencies in 32 patients. The authors reported the following values
for ultrasound assessment of tumor depth: 93.1% sensitivity, 100% specificity, 100% PPV,
and 60% NPV. According to their results, ultrasonography appeared effective especially in
the assessment of early-stage tumors.

Caprioli et al. [24] compared preoperative DOI assessed through MRI and ultrasonog-
raphy (8–22 MHz frequency) with pathological DOI in 41 patients with tongue OSCC. While
magnetic resonance tended to overestimate, ultrasonography showed a 92.31% sensitivity
and 82.14% specificity in predicting a pathological DOI ≥ 4 mm, with a 100% specificity
and a 94.7% sensitivity in discriminating an invasive cancer.

Nilsson et al. [25] enrolled 40 patients with biopsy-proven primary T1-T3 OSCC of
the tongue and floor of the mouth and performed preoperative ultrasound employing an
18 MHz equipment. The authors compared DOI measurements obtained with ultrasound,
magnetic resonance, computed tomography and histology. A DOI assessment was per-
formed in all the patients employing ultrasonography, in 79% of patients with magnetic
resonance and in 5% of patients with computed tomography. For magnetic resonance,
motion artifacts and reduced tumor dimensions hindered DOI evaluation, while computed
tomography was prone to artifacts. A comparison with histology revealed an error of
0.5 mm for ultrasonographic measurements, which further decreased to 0.1 mm in cases
of T1-T2 tumors. A mean overestimation of 3.9 mm was reported for magnetic resonance,
which appeared more reliable when assessing T3 tumors.

Takamura et al. [26] evaluated 48 patients with T1-T2 tongue OSCC (T1N0: 26 patients;
T1N1: 17 patients, T2N0: 2 patients, and T2N1: 3 patients) and compared DOI as assessed
with computed tomography, magnetic resonance (1.5 T), and ultrasonography (7–13 MHz).
Computed tomography showed a mean difference of 2.7 mm between the histopathological
DOI and radiological DOI, while for magnetic resonance the mean difference was around
2 mm. Ultrasonography DOI measurement differed by a mean of 0.2 mm, being the most
accurate diagnostic imaging measurement method.

Au et al. [27] performed intraoral ultrasound assessment of biopsy-confirmed OSCC
of the tongue in clinically nodal-negative patients treated with resection. In total, 19 pa-
tients were assessed with intraoral ultrasonography, and a strong correlation between
ultrasonography and histology was found (p < 0.001), with a 90% sensitivity and 78%
specificity.

Kumar et al. [28] performed intraoral ultrasonography (6–13 MHz) and contrast-
enhanced magnetic resonance (1.5 T) in patients affected by T1-T3 biopsy-proven tongue
OSCC. Ultrasonography was superior to magnetic resonance in T1 tumors with pathological
DOI ≤ 5 mm compared to T2 tumors (DOI 5–10 mm).
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3.4. Meta-Analysis

All 16 studies resulting from full text analysis were eligible for inclusion in the meta-
analysis. The Fisher r-to-z transformed correlation coefficients range was 0.6931–2.3235,
and all the estimates were positive. Based on the random-effects model, µ was 1.4041 (95%
CI: 1.1783 to 1.6300), with the average outcome significantly differing from zero (z = 12.1877,
p < 0.0001). The correlation coefficients appeared heterogeneous according to the Q-test
(Q(15) = 87.3755, p < 0.0001, tau2 = 0.1740, I2 = 87.5430%), with a 95% prediction interval
between 0.5560 and 2.2523. However, the correlation coefficients of the included studies
were in the same direction as the estimated average outcome. None of the studies had a
value larger than ± 2.9552 after studentized residuals analysis, thus revealing the absence
of outliers. According to the Cook’s distances, none of the studies could be considered to
be overly influential. The regression test indicated funnel plot asymmetry (p = 0.0415) but
not the rank correlation test (p = 0.0517). (Figure 2).
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3.5. Risk of Bias Assessment

All 16 studies showed a moderate/low risk of bias. Four studies showed a high risk
of bias in the selection of participants, as the classification criteria employed for OSCC
diagnosis were not reported (Figure 3).
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4. Discussion

The present results support the application of ultrasonography as a reliable tool
in the assessment of DOI. Although the body of evidence is limited and the available
literature is inhomogeneous in terms of frequencies and protocols employed, an overall
consistency in the reporting is observed, suggesting a correlation between ultrasonographic
DOI assessment and histology.

The role of preoperative DOI assessment has been extensively investigated in the
literature, and its validation as a prognosticator for OSCC is represented by the inclusion in
the eighth edition of the AJCC staging as a T-category modifier. Importantly, DOI appears
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extremely valuable in the presence of early OSCC, improving prognostication. Murthy et al.
reported that increasing DOI is associated with poorer prognosis in T1-T2 OSCC, although
a plateau in estimated survival rates is observed for tumor DOI > 5 mm [30]. Moreover,
5 mm DOI was reported to be a cut-off for the presence of occult nodal metastases in T2
patients [30]. From this perspective, DOI is an independent predictor of nodal metastases,
and its inclusion in the staging system improved the decision-making of elective neck
dissection, especially in patients with early OSCC [31].

The application of the eighth AJCC has been reported to result in an upstaging of
patients with early OSCC compared to the seventh edition, improving the discrimination
among pT1, pT2, and pT3 for disease-free survival and five-year overall survival [31].
However, Tsai et al. described a more favorable prognosis for pT1N1 than pN2-3N1 in
stage III OSCC, and highlighted the need for a re-classification and a down-staging patients
with pT1N1 disease [32]. Similarly, Kang et al. suggested a downstaging of pT4bN0-
2 and pT1-2N3b to pStage IVA due to their less adverse prognosis [33]. Berdugo et al.
suggested the incorporation of tumor size along with DOI for pT staging, describing tumor
dimensions as a robust prognosticator limitedly dependent on histological variables [34].
Conversely, Newman et al. proposed a distinction between two prognostic groups in the
pT3N0M0 stage depending on the DOI, with treatment escalation for deeper tumors [35].
As deeper DOI is a predictor of poorer relapse-free and overall survival, it has also been
hypothesized to subdivide stage III OSCC based on DOI cut-off [36]. Undoubtedly, the
eighth edition of the TNM clinical staging system has improved the ability to discriminate
and prognosticate OSCC, by identifying patients with higher mortality rated through the
application of clinical DOI and extranodal extension [2].

Ultrasonography has seen an increasing application in several medical fields, due to its
ability to provide diagnostic information without the application of ionizing radiations, at a
relatively lower cost compared to other diagnostic techniques [37–42]. Ultrasonography has
been reported to be extremely high-performing in the preoperative assessment of OSCC,
as it is estimated to have a 91–93% sensitivity [43]. In particular, ultrasonography finds
indication in the presence of small tumors, which are not detectable through other diagnos-
tic imaging techniques such as computed tomography and magnetic resonance [44]. The
results of the present study confirm the good performance of ultrasonography in assessing
DOI, and the available body of literature supports its application for the preoperative
and/or intraoperative evaluation of OSCC.

The present study has some limitations. First, the variability of frequencies employed
and ultrasound acquisition protocols may hinder comparison between studies, and thus
the drawing of firm conclusions. However, it could be observed that the current literature
consistently reports the use of linear probes, although the variability in the frequencies
employed may hinder the recommendation of a specific ultrasound frequency. Importantly,
although some differences were detected in terms of the timing of ultrasonographic scan, it
could be hypothesized that preoperative ultrasonography may prove beneficial for surgical
planning. Nevertheless, the evidence on the intraoperative ultrasound acquisition supports
a role of this technique in tumor resection with clear margins. Secondly, although the
definition for DOI was cautiously screened in order to discriminate studies reporting on
other parameters (e.g., tumor thickness), great variability is encountered in the literature,
hindering further assumptions regarding the measurement of DOI depending on the
ultrasound frequencies employed. Finally, some of the included studies reported the
application of ultrasonography to sites other than tongue, thus potentially representing a
confounding factor. Nevertheless, our results support a role for intraoral ultrasonography
in evaluating DOI.

5. Conclusions

Ultrasonographic assessment of DOI is a reliable tool in the evaluation of OSCC and
the studies present in the literature consistently report high correlation coefficients with
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histopathology. Further studies aimed at improving the definition of acquisition protocols
and the frequencies to be used are needed.
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Abstract: Pyoderma gangrenosum (PG) is a neutrophilic dermatological disease, whose pathogenesis
is still poorly clarified. Because of the lack of validated criteria for diagnosis and response, PG
treatment is still challenging and should be differentiated in the inflammatory and non-inflammatory
phases. Our study aimed to provide a new semi-quantitative approach for PG diagnosis and moni-
toring, identifying ultra-high-frequency ultrasound (UHFUS) early biomarkers associated with the
transition between the two phases. We enrolled 13 patients affected by painful PG lesions evaluated
during the inflammatory phase (T0) and during the non-inflammatory phase (T1): pain was measured
by the Visual Analogue Scale (VAS); clinical features were recorded through digital photography;
epidermis and dermis ultrasound (US) characteristics were evaluated by UHFUS examination with
a 70 MHz probe (Vevo MD® FUJIFILM VisualSonics). In T1 UHFUS examination, the presence of
hyperechoic oval structures was lower compared to T0 (p value < 0.05). An hyperechogenic structure
within the oval structure, suggestive of a hair tract, was evident in T0 and absent in T1 (p value < 0.05).
In T0, blood vessels appear as U-shaped and V-shaped anechoic structures with a predominance of U-
shaped vessels (p value < 0.05) compared to the more regular distribution found in T1. Finding early
biomarkers of the transition from the inflammatory to the non-inflammatory phase could provide
new insight in terms of therapeutic decision making and response monitoring. The differences found
by this study suggest a potential use of UHFUS for the development of an objective standardized
staging method. Further investigations will be necessary to confirm our preliminary results, thus
providing a turning point in PG early detection, differential diagnosis and treatment monitoring.

Keywords: pyoderma gangrenosum; ultra-high-frequency ultrasound; UHFUS; PG

1. Introduction

Pyoderma gangrenosum (PG) is a neutrophilic dermatosis of unknown etiology and
uncertain epidemiology due to its challenging diagnosis. Its estimated prevalence is
approximately 58 cases per million people, with an incidence of approximately 6 cases per
million [1,2].

The average age of onset is 59 years with a higher prevalence in women, even if some
studies suggest that the higher incidence occurs between 20 and 50 years old, without
gender differences [2,3]. The mortality rate associated with PG ranges from 16% to 27% [4].

Furthermore, approximately 50% of PG patients are affected by another immune
disease, although some studies report a slightly lower frequency [5]. Notably, PG is the
second most common cutaneous manifestation of inflammatory bowel disease (IBD) [4].

The epidemiology of PG varies depending on the clinical phenotypes, which includes
ulcerative, pustular, bullous and vegetative forms. Post-surgical PG is considered a specific
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entity that can represent a climax of pathergy phenomenon. The ulcerative phenotype is
the most prevalent form, primarily affecting the lower limbs. PG is frequently associated
with IBD, rheumatoid arthritis (RA), seronegative arthritis, monoclonal gammopathy, and
hematological malignancies [5–7].

Ulcerative PG is characterized by rapidly expanding painful ulcers, often exhibiting a
distinctive lilac ring at the edge [4].

All phenotypes of PG present an inflammatory phase characterized by high levels of
pain. Therefore, the primary step of therapy is to block the inflammatory process, with
immunosuppressive/immunomodulatory drugs and appropriate wound care, based on PG
TIME [5,8]. Following the proper treatment, this phase moved toward a non-inflammatory
phase that allows wound re-epithelialization [9–11].

Because of the chronic and relapsing course of PG, finding early biomarkers of this
transition could be useful in terms of therapeutic decision making and response monitor-
ing [5].

Currently, PG remains a diagnosis of exclusion as there are no validated and specific
clinical, instrumental, or serological markers. Histological examination is non-specific and
can vary depending on the sample site and stage of the lesion [12].

As a result, diagnostic tools, such as the PARACELSUS score, have been proposed,
incorporating major, minor and additional criteria based on clinical, histological and
therapeutic features of the ulcer [5,13]. Only one study is in the literature regarding the
use of UltraSonography (US) with a linear probe up to 18 MHz in PG. This examination
performed at the level of a painful nodule from PG showed a well-defined hypoechogenic
structure at the subepidermal level, which continued with a hypoechogenic, heterogeneous,
irregular area that disposed in sections reaching a destructured hypodermis. Doppler color
modality showed increased local vascularity. After one week of treatment, a reduction
in local vascularity and lesion dimensions was identified. There are no applications of
ultra-high-frequency ultrasound (UHFUS) in PG lesions in the literature [14].

As technology continues to advance and research progresses, UHFUS is poised to
become an indispensable tool in dermatology, revolutionizing the way we understand and
address various skin conditions. Furthermore, the advancement in imaging techniques,
specifically UHFUS, could offer distinct advantages over conventional diagnostic methods,
as it is a non-invasive procedure that delivers a spatial resolution in the order of 30 µm. This
level of resolution allows for the visualization of skin structures with unprecedented clarity,
comparable to what is achievable through histological examination. UHFUS provides
clinicians and researchers with a powerful tool to delve deep into the skin’s microanatomy,
revealing intricate details that were previously inaccessible without invasive procedures.
The technique captures comprehensive images of various skin components, such as the
dermo-epidermal junction, hair follicles, pilo-erector muscles, and blood vessels [15–21].
The distinct patterns observed through UHFUS imaging could assist in the early detection of
PG, enabling timely intervention and management. Moreover, UHFUS serves as an essential
tool in monitoring the progression of PG and evaluating the efficacy of treatment. By
conducting longitudinal UHFUS assessments, clinicians could track changes in the affected
skin over time, observing how the lesions evolve and respond to therapeutic interventions.
This real-time feedback enhances the precision of treatment plans, as adjustments can
be made based on objective imaging data, leading to more personalized and effective
patient care.

The non-invasive nature of UHFUS also addresses concerns related to the risk of
pathergy phenomenon often associated with invasive procedures such as skin biopsies. This
reduction in invasiveness not only ensures patient comfort and safety but also encourages
more frequent monitoring, facilitating a proactive approach to PG management.

Despite its tremendous potential, UHFUS is still a developing field, and further
research is warranted to fully understand its capabilities in PG diagnosis and management.
Collaborative efforts between dermatologists, imaging specialists, and researchers will be
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essential to optimize UHFUS protocols and establish standardized criteria for PG diagnosis
based on imaging findings.

Its non-invasive nature, coupled with remarkable spatial resolution, could provide
valuable insights for accurate diagnosis, treatment planning, and monitoring of PG.

The aim of this study was to identify UHFUS biomarkers associated with the inflam-
matory and non-inflammatory phases of different phenotypes of PG.

2. Materials and Methods

We enrolled 13 patients affected by painful PG lesions (Visual Analogue Scale (VAS)
> 8): 11/13 presented an ulcerative phenotype, 2/13 had a pustular phenotype and 5/13
showed multiple PG lesions in different body areas. PG diagnosis was performed by a
PARACELSUS score ≥ 10 and a skin biopsy with histological findings revealing intense
neutrophilic infiltrate [13].

All patients were evaluated during the inflammatory phase (T0) and during the non-
inflammatory phase (T1). T0 is defined by VAS > 7 and rapid growth and development
of new lesions. In ulcerative PG, this phase was also characterized by the presence of a
lilac ring, severe exudate and necrosis on the wound bed. In the pustular phenotype, the
occurrence of new pustular satellite lesions and the increase in perilesional skin erythema
suggested the presence of the inflammatory phase.

T1 was defined by VAS < 2, the absence of a lilac ring, wound bed necrosis and new
satellite lesions for more than 4 weeks.

PG management was performed with a combination of local and systemic therapy,
according to evidence and expert opinions presented in the literature [8,22,23].

A comprehensive patient’s assessment was performed at T0 and T1. The clinical
investigation was performed by a dermatologist expert in pyoderma gangrenosum which
collected a photographic record of the patient and assessed clinical disease parameters
such as pain, measured with VAS. UHFUS investigation was performed by a dermatologist
expert in UHFUS blinded from the clinical diagnosis by three UHFUS clips with a 70 MHz
linear probe (Vevo MD® FUJIFILM VisualSonics, Toronto, Ontario, Canada), in B-MODE.
The use of UHFUS with a 70 MHz probe allows to examine the more superficial cutaneous
and adnexal features with a spatial resolution in the order of 30 µm (Figure 1). A correlation
between digital photograph and US clip was performed: two regions of interest (ROI) at
the wound bed and edge were provided for the ulcerative phenotype, while one ROI was
provided for the pustular phenotype. The probe was placed perpendicular to the lesion
and a large amount of gel was used to maintain the adequate distance from the skin surface.
The US parameters (such as gains, depth, time gain control, focus) were optimized during
the examinations. A qualitative-quantitative analysis of the US features was performed by
2 dermatologists experienced in UHFUS imaging.

The UHFUS characteristics evaluated were:
Epidermis and dermis US morphology
Vessel’s morphology
Dermal oedema as dermal hypoechogenicity, classified in three degrees (mild, moder-

ate, severe)
Aliasing as the presence of image background noise, classified in three degrees (mild,

moderate, severe).
Categorical data were described with absolute and relative (%) frequency, continuous

data were summarized with mean and standard deviation. Fisher test was performed to
compare UHFUS results obtained by the population evaluated in T0 and T1. Significance
was set at <0.05 and all analyses were carried out by SPSS v. 28 technology.
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Figure 1. UHFUS features of healthy skin: epidermis (*), dermis (**) and hypodermis (***).

3. Results

Our population consisted of 13 patients (11 females and 2 males) with a mean age of
60.38 (17.4) years, a mean disease duration of 5 years and a mean BMI of 30.55 (5.7). The
clinical and anamnestic features of the population are reported in Table 1, while the results
obtained by UHFUS examination are presented in Table 2. The mean time needed to switch
from the T0 phase to the T1 phase was 2 months.

Table 1. Characteristics of the population (n = 13). Statistics: frequency (%).

Characteristics Statistics

Onset Confluent pustules 2 (15.4)

Non-confluent pustules 3 (23.1)

Nodule 5 (38.5)

Blister 3 (23.1)

Trauma 2 (15.4)

Current phenotype Ulcerative 11 (84.6)

Pustular 2 (15.4)

Location Face 2 (15.4)

Lower limbs 11 (84.6)

Upper limbs 1 (7.7)

Back 4 (30.8)

Family history Hematological malignancies 1 (7.7)

Solid tumors 7 (54.0)

Rheumatoid arthritis 2 (15.4)

Hypertension 6 (46.2)

Diabetes 6 (46.2)
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Table 1. Cont.

Characteristics Statistics

Acne/hidradenitis
suppurativa/pilonidal cyst 4 (30.8)

Psoriasis 4 (30.8)

Comorbidities Hematological malignancies 2 (15.4)

Solid tumors 1 (7.7)

Cardiovascular disease 7 (54.0)

Diabetes 1 (7.7)

IBD 1 (7.7)

Acne/Hidradenitis suppurativa 8 (61.4)

Psoriasis 3 (23.1)

Table 2. Ultra-High Frequency UltraSound (UHFUS) features of the population (n = 13). Statistics:
frequency (%).

UHFUS Parameter T0 T1 p-Value

Hyperechoic oval
structures 12 (92.3) 4 (30.8) 0.001

Hair tract 7 (53.8) 0 (0) 0.005

V-shaped vessels 6 (46.2) 7 (53.8) 0.695

U-shaped vessels 12 (92.3) 5 (38.5) 0.004

Dermal
hypercogenicity 0 (0) 2 (15.4) 0.8634

Dermal
hypoechonicity

Mild 5 (38.5) 10 (69.2)
0.8634Moderate 6 (46.2) 1 (7.7)

severe 2 (15.4) 0 (0)

Aliasing
Mild 3 (23.1) 9 (69.2)

0.636Moderate 6 (46.2) 1 (7.7)
Severe 5 (38.5) 0 (0)

Oval hyperechoic structures were identified in the reticular and papillary dermis dur-
ing the initial T0 UHFUS examination. These structures were surrounded by a consistent,
homogeneous hypoechoic background. Notably, this peculiar arrangement was observed
in both the pustular and ulcerative phenotypes, indicating a common underlying feature.

As the examination progressed towards the inflamed edge, these oval structures exhib-
ited a noticeable increase in prevalence, reinforcing their association with the inflammatory
process.

A statistically significant decrease in the presence of these hyperechoic oval structures
was observed during the subsequent T1 UHFUS examination. This reduction in prevalence
(p value < 0.05) underscores the dynamic nature of these structures and their potential
correlation with the progression of the inflammatory response (Figure 2).

Additionally, a distinct finding emerged during the T0 UHFUS examination—an inter-
nal hyperechogenic structure within the oval entities. This internal structure, suggestive of
a hair tract, was consistently identified during the initial examination (T0) but was notably
absent in the follow-up examination (T1) (p value < 0.05) (Figure 3).

During the initial T0 examination, blood vessels appeared as U-shaped and V-shaped
anechoic structures within the observed lesion. Notably, these vessels exhibited a distinct
orientation, with their concavity consistently facing the center of the lesion. Moreover, a sta-
tistically significant predominance of U-shaped vessels was detected in T0 (p value < 0.05).
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predominantly located at the ulcer edge.
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Transitioning to the subsequent T1 examination, the blood vessels appeared to adopt
a more regular distribution within the lesion. This shift was accompanied by a decline in
both U-shaped and V-shaped vessels, indicative of an evolving vascular pattern over the
course of progression.

The phenomenon of aliasing, characterized by the distortion of signals in ultrasound
imaging, was notably pronounced (moderate to severe) during the initial assessment at T0.
As the examination progressed to the subsequent time point, T1, a discernible improvement
was observed in the degree of aliasing.

4. Discussion

Pyoderma gangrenosum is a dermatological disease with a great socio-economic
burden on patients’ quality of life. Its chronic and relapsing nature necessitates the need
for an early recognition and prompt management of a new disease flare. Goldust et al.
assessed that the main research gap in the PG field is related to the identification of
diagnostic biomarkers and standardized staging methods [24–27].

The substantial therapeutic differences between inflammatory and non-inflammatory
phases require imaging tools and quantitative parameters to guide and support treatment
choice. Moreover, recognition of early inflammatory signs would be crucial to avoid the
pathergy phenomenon occurrence.

The distinction between the inflammatory and non-inflammatory phases of PG is es-
sential for the choice of the correct therapeutic approach, either topical or systemic. Surgical
debridement, as well as other traumatic treatments, can be carried out only during the non-
inflammatory phase, because of the pathergy phenomenon. On the other hand, the choice
of frequency and dose administration of immunosuppressive and immunomodulatory
drugs is guided by the disease phase. During the active and acute phases of the disease, a
more aggressive treatment approach may be necessary. Higher doses and more frequent
administrations of immunosuppressive drugs may be prescribed to quickly suppress the
overactive immune response and control the progression of the condition. Close monitoring
by medical professionals is essential during this phase to assess the response to treatment
and to ensure the patient’s safety. Conversely, during the remission or maintenance phase of
the disease, the treatment strategy may shift towards a more conservative approach. Lower
doses or less frequent administrations of immunosuppressive drugs might be prescribed to
maintain the disease in a controlled state and prevent flare-ups. The objective in this phase
is to find a balance between regulating the immune system and avoiding excessive risks
linked to prolonged immunosuppression. To date, the assessment of the inflammatory
phase in PG is performed exclusively by clinical examination of the lesions: an intensified
pain experienced by the patient, an increase in the number of lesions, and the presence of
lilac ring are clinical parameters suggestive of a transition to the inflammatory phase. The
presence of comorbidities or wound superinfections may mask or mimic an inflammatory
phase, thus making its detection more difficult.

It is therefore a current challenge to identify early and more objective biomarkers, de-
tectable even before clinical parameters, suggestive of the transition from the inflammatory
phase to the non-inflammatory one, to guide therapeutic choice.

In our population, the mean age of PG onset was 55 years old, with a higher prevalence
in women (M/F ratio of 0.18) in agreement with evidence presented in the literature [2].
The most frequently involved site was the lower limbs (84.6%), and the most observed
comorbidities were HS (61.4%), hematologic malignancies (15.4%) and IBD (7.7%) as Mav-
erakis et al. had already reported [5]. Moreover, in our population PG was often associated
with psoriasis: 30.8% of patients presented a positive family history while 23.1% were
affected by psoriasis. These results could be explained by the common proinflammatory
pathways shared between the two diseases [4].

In this study, for the first time in the literature, clinical parameters were correlated
with UHFUS findings obtained with a 70 MHz probe. Only one case report described
the use of US (18 MHz) in PG, revealing the presence of heterogeneous and irregular
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hypoechogenic dermis that changes after systemic corticosteroid therapy with an increased
dermal echogenicity [14].

The results obtained by our investigation revealed some UHFUS differences between
the inflammatory and non-inflammatory phases. At T0, oval hyperechoic structures, that
statistically significantly decreased in T1, were identified in the papillary and reticular
dermis (p-value < 0.05) (Figures 4 and 5).
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Figure 4. Patient affected by ulcerative Pyoderma Gangrenosum (PG) of the calf during the inflam-
matory phase: clinical aspect of the wound and its Ultra-High Frequency UltraSound (UHFUS)
correlates.
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Figure 5. Patient affected by ulcerative Pyoderma Gangrenosum (PG) of the calf during the non-
inflammatory phase: clinical aspect of the wound and its Ultra-High Frequency UltraSound (UHFUS)
correlates.

These US findings spared the epidermis and were well demarcated from the surround-
ing dermis, thus suggesting a hypothesis of “dermal destruction” that we called “tsunami
sign” because of the presence of a US image resembling a wave breaking towards the
center of the lesion (Figure 6). In T0, hyperechoic oval structures were mainly located
at the level of the lesion edges, near V-shaped and U-shaped blood vessels, where the
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inflammatory response presented a higher activity. Particularly, in T0 an increased expres-
sion of U-shaped vessels compared to V-shaped vessels was detectable. In contrast, T1
was characterized by a more uniform vascularization with a significant reduction in U-
shaped vessels (p-value < 0.05). These UHFUS findings could be explained by the increased
dermal oedema in T0, which resulted in surrounding connective tissue compression and
morphological blood vessels changes.
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Figure 6. Early PG lesion: the purulent material (included by the black line) is well demarcated and un-
dermined from the surrounding dermis giving a wave-like appearance, the so-called “tsunami sign”.

In addition, we identified an augmented echogenicity of the dermis in T0 compared to
T1, probably due to increased dermal oedema during the inflammatory phase.

On T0 B-MODE examination we also noticed an enhancement of background noise
(called “aliasing”) in proximity of V-shaped and U-shaped vessels and oval formations.
While the vascular signal in C-MODE could be non-specific, the B-MODE signal allowed
us to identify a background noise related to increased reflection phenomena, caused by
the presence of corpuscular elements, that, due to vasodilation and stasis, are piled in the
blood vessels. The aliasing signal was more easily detectable at the wound edges, probably
because of the increased vasodilatation responsible for the lilac ring formation, and it was
reduced in T1.

The UHFUS characteristics found in T0 decreased in number and density in T1, but did
not disappear. This result could be explained by two theories. First, the permanence of some
UHFUS features could be suggestive of a new potential inflammatory flair, thus justifying
the need for immunomodulatory maintenance therapy even in the non-inflammatory phase.
In addition, the persistence of oval formations/micro-abscesses and V-shaped vessels in
the non-inflammatory phase promoted the hypothesis that these UHFUS patterns were
pathognomonic signs of PG.

Moreover, the presence of similar UHFUS findings between the pustular and ulcerative
phenotypes in T0, suggested the idea, not yet confirmed in the literature, that the pustular
phenotype was an early stage of the ulcerative one, in agreement with the assumption of
Powell et al. this hypothesis could be supported by our population’s anamnestic data that
reveal a clinical onset with confluent or non-confluent pustules in 5 patients. (Figure 7) [12].
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Figure 7. UHFUS PG features: early PG pustule with hair tract (A1-2-3); undermined purulent
material with the “tsunami sign” formation (B1-2-3); PG evolution toward ulceration (C1-2-3); PG
lesion during non-inflammatory phase (D1-2-3); healed PG lesion (E1-2).

UHFUS examination showed the presence of a hair track within the oval hyperechoic
structures in T0 and their disappearance in T1 (p-value < 0.05). This finding, as well as
the increased U-shaped and V-shaped vessels in T0, could also support the idea that the
pilosebaceous unit could play a pivotal role in PG pathogenesis.

Wang et al. demonstrated that healed PG scars presented a complete loss of the
pilosebaceous unit. Perilesional ulcer skin biopsy revealed a predominance of lymphocytes
T polyclonal against dermal and follicular antigens. Moreover, early PG papules revealed
higher expression of genes coding for chemokines that attract lymphocytes T, thus causing
perivascular and peri pilosebaceous T cell infiltrates [28,29].

In addition, Marzano et al. identified increased activation of adaptive immunity to-
ward hair follicle Ag, as histological analysis performed at the ulcer edge demonstrated
the presence of clonally expanded T cells, which could indicate an antigen-driven phe-
nomenon [5].

Hurwitz et al. conducted a comparative study between the different stages of PG: nine
skin biopsies were performed on evolving, active, regressing or resolved PG lesions.

The early papule-pustules presented deep folliculitis involving the pilosebaceous
unit, with neutrophils located in and surrounding the infundibulum that showed signs of
rupture or perforation.
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Ulcerated and inflamed lesions were characterized by a massive papillary dermal
edema with epidermal neutrophilic abscesses that contributed to the peripheral violaceous
undermined edges.

The healing phase presented infiltrates of lymphocytes and histiocytes, while com-
pletely healed lesions showed marked signs of fibroplasia [30].

However, a skin biopsy is an invasive exam that depends on the sample site and
the lesion’s stage. UHFUS (70 MHz) with a spatial resolution in the order of 30 microns
permitted us to perform a kind of in vivo histological examination. This non-invasive and
repeatable exam allowed real-time monitoring of PG lesions, and finding a correlation
between UHFUS morphological structures and histological features would represent a
breakthrough in PG diagnosis and treatment monitoring.

The histological findings reported by Hurwitz et al. were comparable with UHFUS
ones: the “hair tract” as a sign of pilosebaceous unit involvement; the “dermal hypoeco-
genity” as a mark of oedema; the “oval hyperechogenic structure” as neutrophilic mi-
croabscesses and the “increasing in dermal echogenicity” as increased fibroplasia in the
healing phase.

Moreover, our study provides new insight into PG pathogenesis comprehension:
dermal abscesses and their subsequent ulceration could derive from an immune response
directed toward exposed follicular antigens [29].

5. Conclusions

Our study aimed to provide a new semi-quantitative approach for PG diagnosis
and monitoring.

The use of US, particularly UHFUS examination, has demonstrated its potential to
revolutionize the field of dermatology by providing valuable insights into the development
of an objective and standardized staging method for various skin disorders [31–34]. In
this context, our study represents the first experience with UHFUS in patients affected
by PG lesions presented in the literature. Notably, one of the significant advantages of
UHFUS examination is its ability to facilitate early diagnosis without the associated risks of
pathergy phenomenon induced by invasive procedures such as skin biopsies. From the
preliminary results obtained with this study, the use of UHFUS examination has shown
promising potential in standardizing staging methods and enabling early diagnosis of
various skin conditions, including PG.

However, there are some limitations in our study that need to be analyzed and over-
come with further investigations in order to understand the full potential of UHFUS as an
invaluable tool in PG diagnosis and patient care.

The foremost limitation lies in the small sample size, which might have impacted the
generalizability of the findings. In future studies, it will be necessary to include larger and
more different patient cohorts to ensure more comprehensive results. Moreover, it would
be interesting to perform a quantitative assessment of the vascular signal for a better US
characterization of the lesions.

Additionally, the variation in treatments received by the patients in this study poses
another challenge. Different treatment approaches might have influenced the presentation
of the pustules or ulcerative lesions, which could potentially confound the interpretation
of the UHFUS results. To overcome this limitation, future investigations should include
patients with more uniform treatment plans, allowing for a more focused evaluation of the
imaging biomarkers.

To enhance the applicability of UHFUS in diagnosing PG and distinguish it from
other chronic wounds, further research should include a broader spectrum of pustules or
ulcerative lesions. By expanding the scope of investigation, we can identify specific imaging
biomarkers that are uniquely associated with PG and aid in its differential diagnosis.

Lastly, while our study proposed a hypothesis regarding the pathogenesis of PG, it is
crucial to validate this hypothesis through histological correlation. Histological examination
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of tissue samples from PG patients can provide valuable insights into the underlying
mechanisms and confirm the accuracy of UHFUS findings.
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Abstract: Sjögren’s Disease (SjD) is a chronic autoimmune disorder that affects the salivary and
lacrimal glands, leading to xerostomia and xerophthalmia. Ultrasonography of Major Salivary
Glands (SGUS) is a well-established tool for the identification of the salivary glands’ abnormalities
in SjD. Recently, a growing interest has arisen in the assessment of the other exocrine glands with
ultrasonography: lacrimal glands (LGUS) and labial salivary glands (LSGUS). The objective of this
study is to explore the practical applications of ultra-high frequency ultrasound (UHFUS) in the
assessment of lacrimal glands and labial salivary glands. Indeed, UHFUS, with its improved spatial
resolution compared to conventional ultrasonography, allows for the evaluation of microscopic
structures and has been successfully applied in various medical fields. In lacrimal glands, conven-
tional high-frequency ultrasound (HFUS) can detect characteristic inflammatory changes, atrophic
alterations, blood flow patterns, and neoplastic lesions associated with SjD. However, sometimes it is
challenging to identify lacrimal glands characteristics, thus making UHFUS a promising tool. Regard-
ing labial salivary glands, limited research is available with conventional HFUS, but UHFUS proves
to be a good tool to evaluate glandular inhomogeneity and to guide labial salivary glands biopsy.
The comprehensive understanding of organ involvement facilitated by UHFUS may significantly
improve the management of SjD patients.

Keywords: ultra-high frequency ultrasound; Sjögren’s disease (SjD); exocrine glands; lacrimal glands;
labial salivary glands; minor salivary glands; major salivary glands; major salivary glands ultrasonography

1. Introduction

Sjögren’s Disease (SjD) is a chronic autoimmune disorder characterized by inflam-
mation and dysfunction of the exocrine glands, particularly the salivary and lacrimal
glands. These glands are responsible for producing saliva and tears, respectively, and
their impairment in SjD leads to dryness of the mouth and eyes, known as xerostomia and
xerophthalmia, respectively [1]. A valuable tool in evaluating exocrine gland abnormalities
is ultrasonography of the major salivary glands (SGUS), largely employed for clinical and
research purposes since it allows for the assessment of gland size, morphology, stiffness,
and vascularity [2–4]. In SjD, SGUS can detect characteristic elementary findings such as
hypoechoic areas, dilated ducts, and changes in blood flow patterns [5–7]. By ultrasonogra-
phy, clinicians may identify the disease phenotype, disease activity, glandular damage, and
prognostic information [8–10]. In addition, SGUS plays an important role in the detection of
major salivary gland lymphoma, a possible complication of SjD [11]. In recent years, great
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interest has arisen in the application of ultrasonography for the diagnosis and phenotypic
stratification of SjD, expanding beyond the conventional ultrasonography of major salivary
glands to the ultrasonography of the other exocrine glands: lacrimal glands (LGUS) and
labial salivary glands (LSGUS). Particularly, from this perspective, great potential has been
seen in ultra-high frequency ultrasound (UHFUS). This study aims to provide insights
into the practical applications and role of ultra-high frequency ultrasound in evaluating
lacrimal glands and labial salivary glands.

2. Ultra-High Frequency Ultrasound

Ultra-high frequency ultrasound is a diagnostic technique that uses ultrasound fre-
quencies higher than 30 MHz, providing improved spatial resolution compared to con-
ventional ultrasonography. It was first introduced in the preclinical setting in the mid-90s
and in the clinical setting at the beginning of the 2000s. UHFUS allows for the evaluation
of anatomical structures with submillimeter resolution, making it useful in dermatology,
angiology, intraoral pathology, pediatric imaging, peripheral nerve evaluation, and muscu-
loskeletal disorders. It offers the ability to assess microscopic structures such as cutaneous
and vessel layers, nerve anatomy, and lymph node structures, which are not easily visual-
ized with conventional high-frequency ultrasound (HFUS). UHFUS has the potential to
aid in the diagnosis, surgical planning, follow-up of different pathologies, and assessment
of histoanatomy. However, it has a lower penetration depth compared to HFUS, and
its use requires a deeper understanding of microscopic anatomy for accurate differential
diagnosis. The safety of UHFUS has been studied in preclinical research, showing no
significant adverse effects, but the increased frequency does raise concerns about thermal
and mechanical energy deposition in human tissues. To ensure patient safety, UHFUS
equipment includes real-time thermal and mechanical indices to monitor risks during the
examination. Moreover, UHFUS equipment is designed to automatically adjust its output
to ensure that mechanical and thermal limits are not exceeded for all imaging modalities.
Overall, UHFUS offers versatility, cost-effectiveness, and non-invasiveness, making it a
promising imaging modality that is continually evolving and expanding its applications in
clinical practice [12–14].

3. Anatomy of Lacrimal Glands and Labial Salivary Glands

The lacrimal gland is anatomically divided into two distinct lobes: the orbital lobe and
the palpebral lobe. The orbital lobe is larger, comprising approximately 76.6% of the entire
gland’s weight, while the palpebral lobe accounts for the remaining 23.4%. Lacrimal gland
dimensions may vary among individuals: the long axis of the orbital lobe ranges from 20 to
25 mm, its short axis from 10 to 14 mm, and its thickness from 3 to 6 mm. Instead, the long
axis of the palpebral lobe ranges from 9 to 15 mm, its short axis is approximately 8 mm, and
its thickness is 2 mm. The lacrimal gland’s total dimensions include a long axis of 15–20 mm,
a short axis of 10–12 mm, and a thickness of 5 mm. The space between the orbital wall and
the globe accommodates the orbital lobe. The palpebral lobe extends anteriorly beyond the
superior orbital margin, allowing its inferior surface to contact the lateral portion of the
superior fornix where its ducts open. In terms of anatomical relationships, the orbital lobe is
above the elevator palpebrae superioris aponeurosis, while the palpebral lobe lies beneath
it. Overall, the lacrimal gland is a bilobed serous gland situated in the superolateral aspect
of the orbit, with the orbital lobe being larger and situated in the lacrimal fossa, while the
palpebral lobe lies below. The lacrimal gland’s relationship with the elevator palpebrae
superioris aponeurosis changes depending on eyelid movement. When the eyelids are
closed, the narrower and more proximal region of the elevator palpebrae aponeurosis lies
between the orbital lobe above and the palpebral lobe below that, in this position, is well
detectable with ultrasonography. Conversely, during eyelid retraction, the wider anterior
part of the aponeurosis moves up and back, displacing the gland in the supratemporal
region of the orbit. It is worth noting that the size of the lacrimal gland might vary in
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individuals, particularly in older individuals, where atrophy can lead to a smaller footprint
on the globe, thus making it challenging to identify with ultrasonography [15–17].

There are more than 1000 minor salivary glands that can be found in various anatomi-
cal regions, including the sinonasal cavity, oral cavity, pharynx, larynx, trachea, lungs, and
middle ear cavity, although they are most densely concentrated in specific areas such as the
buccal mucosa (inner lining of the cheeks), labial mucosa (inner lining of the lips), lingual
mucosa (underside of the tongue), soft and hard palate (roof of the mouth), and floor of the
mouth. The labial salivary glands are located between the mucosal epithelium of the lips
and the orbicularis oris muscle and are differently distributed between the two lips: in the
upper lip glands they are densely situated between the corners of the mouth, conversely, in
the inferior lip they are densely situated outside the corners [18].

4. Ultra-High Frequency Ultrasound Scanning Technique

In our centre, Ultra-high frequency ultrasound is currently performed with Vevo MD
(Visual Sonics, Toronto, ON, Canada). Regarding lacrimal glands, a linear scanner UHF48
(20–46 MHz, axial resolution 50 µm) is employed and gel is applied on the probe to allow
the transmission of ultrasound. The subjects undergoing the examination are positioned
in a supine (lying face up) position with their eyelids closed. The first scan is obtained
placing the probe perpendicular to the skin in the upper outer space between the ocular
globe and the orbit (Figure 1). Unlike HFUS, the small size of the probe allows for another
scan: tilting the transducer obliquely and pointing upwards and outwards, a greater view
of the gland may be achieved (Figure 2c,d). B-mode, Doppler mode, and Spectral Doppler
of the lacrimal artery are acquired [19].
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Figure 1. Normal lacrimal glands with a branch of the lacrimal artery. UHFUS (a,b) and HFUS (c,d);
B-scale (a,c) and Colour Doppler (b,d).

Regarding labial salivary glands, subjects are examined with a linear scanner UHF70
(29–71 MHz, axial resolution 30 µm) in a supine position with their neck slightly extended,
the mouth subtly open, and the lower lip gently stretched. First, the transducer is ad-
equately cleaned and disinfected. Subsequently, the gel is placed on the probe, which
is enveloped with a disposable probe cover, to avoid cross-infection during an intraoral
UHFUS scan. Finally, the labial mucosa (intraoral part of the lip) is scanned in successive
order: the central compartment, the right compartment, and the left compartment. B-mode,
Doppler mode, and Spectral Doppler of lip small vessels are acquired (Figures 3 and 4) [20].
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5. Ultrasound of Lacrimal Glands and Labial Salivary Glands

Lacrimal gland ultrasonography (LGUS) is a non-invasive imaging technique used to
evaluate the lacrimal glands with several modalities: B-Scale, Doppler, Spectral Doppler,
and Shear Wave Elastography (SWE). Table 1 summarizes the most recent and relevant
literature studies on LGUS ultrasonography. In greyscale, lacrimal glands of patients
with primary Sjögren’s Disease may exhibit specific characteristics compared to healthy
individuals. These include hypoechoic areas/inhomogeneity with enlargement, suggestive
of an inflammatory phase, as well as atrophic changes such as hyperechoic bands, fibrotic
changes, or fatty infiltration [19,21,22]. Doppler imaging of lacrimal glands mainly allows
for the assessment of high blood flow: in SjD patients, a higher percentage of intraglan-
dular branches of lacrimal artery have been found with a higher Resistivity Index [22,23].
Figures 1 and 2 show normal lacrimal glands and lacrimal glands with inhomogeneity
using UHFUS and HFUS. Shear Wave Elastography is an increasingly utilized technique in
lacrimal gland ultrasonography to evaluate the elasticity or stiffness of the lacrimal gland.
Lacrimal glands often exhibit elevated SWE values, which suggest the presence of fibrotic
changes. SWE parameters are associated with several clinical features, including OSDI
(Ocular Surface Disease Index), ESSPRI (EULAR Sjögren’s Syndrome Patient Reported
Index), and the occurrence of dry eye [24–26]. Studies have also demonstrated the utility
of ultrasonography in differentiating neoplastic lesions within the lacrimal gland, such as
lymphoma or non-epithelial lesions. These lesions typically appear as hypoechoic areas
with central and peripheral vascularity [21,27]. Therefore, lacrimal gland ultrasonography
can aid in the identification of suspicious lesions for further evaluation. In summary,
lacrimal gland ultrasonography can discriminate SjD patients from healthy control, may
identify lesions suspicious for lymphoma, and is associated with local disease activity and
functional test. It is worth noting that lacrimal glands are located superficially, even if there
are currently no studies available on the use of ultra-high frequency ultrasound. Interest-
ingly, ultra-high frequency ultrasound has been employed to assess other eye structures,
such as the lacrimal drainage system, highlighting its importance and safety in evaluating
ocular pathologies [28–32]. In addition, with conventional ultrasound, lacrimal glands
can be frequently undetectable. Conversely, UHFUS, due to a higher resolution and the
possibility of performing larger gland scans, may identify small and atrophic glands.
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In contrast to lacrimal glands, there is limited research available regarding conven-
tional ultrasonography of labial salivary glands (Table 1). To date, only one study has
focused on minor salivary glands, revealing how SWE values in patients with SjD are asso-
ciated with disease activity measured by the ESSDAI (EULAR Sjögren’s Syndrome Disease
Activity Index), levels of IgG antibodies, and the presence of hypocomplementemia [33]. Re-
search conducted by our group has yielded insights into the utility of ultra-high frequency
ultrasound in assessing labial salivary glands [34]. Figures 3 and 4 show normal LSG and
LSG with inhomogeneity and a cystic lesion using UHFUS and HFUS, respectively. UHFUS
showed a good reliability to assess glandular inhomogeneity that in turn was associated
with histological inflammation and serology. More specifically, in a cross-sectional study
including 128 patients with suspected SjD, we found that UHFUS was able to discriminate
SjD from no-SjD sicca controls, as LSG inhomogeneity was significantly higher in patients
with SjD than in no-SS subjects [35,36]. The study highlighted the optimal feasibility of
UHFUS and its high sensitivity in identifying negative patients on subsequent lip biopsy.
Interestingly, our preliminary data indicate that UHFUS exhibits a specificity for SjD diag-
nosis from approximately 65% to 85% depending on the chosen cut-off threshold [35,37].
Furthermore, findings suggestive of lymphoproliferative lesion have been identified; there
being very hypoechoic areas and high Doppler signal that were detected in a patient with a
more complex inflammatory infiltrate in her biopsy [38]. Eventually, UHFUS may be useful
to guide biopsy and to improve sampling of labial salivary glands [20].

Table 1. Major studies on conventional ultrasound of lacrimal gland and labial salivary glands.

Author (Year) US Modalities Main Findings
Lacrimal Gland Conventional Ultrasonography

Giovagnorio et al. (2000) [21]
B-mode

Colour Doppler
Spectral Doppler

When well visibile, lacrimal glands in SjD patients are
enlarged and hypoechoic

Presence of Hyperechoic bands in SjD patients
Two lymphoma identified with cyst-like lesions

RI higher than normal individuals

Bilgili et al. (2004) [23] Spectral Doppler Values of RI and PI in normal Lacrimal Artery

De Lucia et al. (2020) [19] B-mode
Colour Doppler

SjD patients have higher proportion of inhomogeneity and
fibrous gland appearence

Kim et al. (2022) [22] B-mode
Colour Doppler

SjD patients have higher proportion of intraglandular
branch of lacrimal artery, inhomogeneity, hyperechoic bands

SjD diagnostic value of intraglandular branch and
inhomogeneity

Świecka et al. (2023) [24] Shear Wave Elastography SjD diagnostic value of SWE (SjD patients have higher SWE
values)

Karadeniz et al. (2023) [25] Shear Wave Elastography
SjD diagnostic value of SWE (SjD patients have higher SWE

values)
Correlation of SWE with OSDI and ESSPRI

Yılmaz et al. (2023) [26] Shear Wave Elastography SWE values are higher in patients with dry eye

Labial salivary Gland Conventional Ultrasonography

Wang et al. (2022) [33] Shear Wave Elastography SWE values are associated with ESSDAI, IgG values and
hypocomplementemia

Labial salivary Gland ultra-high frequency Ultrasonography

Ferro et al. (2020) [35] B-mode

SjD diagnostic value (SjD patients have higher
inhomogeneity)

Associations of inhomogeneity with Ro/SSA+ positivity
Correlationsof inhomogenity with histological inflammation

Izzetti et al. (2021) [20] B-mode Support to the biopsy procedure
SjD = Sjögren’s Disease, RI = Resistivity Index, PI = Pulsatility Index, SWE = Shear Wave Elastogra-
phy, OSDI = Ocular Surface Disease Index, ESSPRI = EULAR Sjogren’s Syndrome Patient Reported Index,
ESSDAI = EULAR Sjögren’s syndrome disease activity index.
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6. Conclusions

Ultra-high frequency ultrasound (UHFUS) is a versatile and non-invasive imaging
modality that is increasingly employed in patients with Sjögren’s Disease for research and
clinical purposes. UHFUS, indeed, has the potential to better characterize both normal and
pathological findings in the exocrine glands, including lacrimal glands and labial salivary
glands. Furthermore, due to its enhanced resolution and associations with microanatomy,
UHFUS may contribute to a more comprehensive understanding of glandular abnormalities
in SjD. Future biopsy-based prospective clinical studies including a larger patient cohort are
warranted to comprehensively define the potential role of ultra-high frequency ultrasound
(UHFUS) in both the diagnosis of Sjögren’s Disease (SjD) and the phenotyping of affected
patients. The comparison between UHFUS findings and histology appears instrumental to
better define the correspondence between sonographic and histological biomarkers. Indeed,
a comprehensive understanding of glandular involvement in SjD may improve diagnosis,
management, and treatment in patients with SjD.
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Abstract: Ultra-high-frequency ultrasound (UHFUS) has a reported potential to differentiate between
aganglionic and ganglionic bowel wall, referred to as histoanatomical differences. A good correlation
between histoanatomy and UHFUS of the bowel wall has been proven. In order to perform more
precise and objective histoanatomical morphometrics, the main research objective of this study was
to develop a computer program for the assessment and automatic calculation of the histoanatomical
morphometrics of the bowel wall in UHFUS images. A computer program for UHFUS diagnostics
was developed and presented. A user interface was developed in close collaboration between
pediatric surgeons and biomedical engineers, to enable interaction with UHFUS images. Images
from ex vivo bowel wall samples of 23 children with recto-sigmoid Hirschsprung’s disease were
inserted. The program calculated both thickness and amplitudes (image whiteness) within different
histoanatomical bowel wall layers. Two observers assessed the images using the program and the
inter-observer variability was evaluated. There was an excellent agreement between observers, with
an intraclass correlation coefficient range of 0.970–0.998. Bland–Altman plots showed flat and narrow
distributions. The mean differences ranged from 0.005 to 0.016 mm in thickness and 0 to 0.7 in
amplitude units, corresponding to 1.1–3.6% and 0.0–0.8% from the overall mean. The computer
program enables and ensures objective, accurate and time-efficient measurements of histoanatomical
thicknesses and amplitudes in UHFUS images of the bowel wall. The program can potentially be
used for several bowel wall conditions, accelerating research within UHFUS diagnostics.

Keywords: bowel wall; computer program; histoanatomical morphometrics; ultra-high-frequency
ultrasound

1. Introduction

Ultrasonography is a diagnostic imaging method based on acoustic echoes and tissue-
specific acoustic impedance. The amplitude, i.e., the strength of the reflected ultrasound
waves, is described as hyperechoic with higher amplitudes (seen as white areas)—as in fat
and collagen—hypoechoic, or anechoic (seen as gray or black areas, respectively) [1,2]. In
daily medical use, ultrasound transducers transmitting 2–15 MHz are used, giving a good
overview of the organs by imaging tissues to a depth of 2–20 cm. In contrast, UHFUS, with
its much higher frequencies (30–50 MHz center frequency), allows for detailed imaging
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to depths of 0.1–5.0 mm [3,4]. UHFUS has been suggested to be promising for detailed
diagnostics in several clinical areas [4–6]. Since the thickness of the bowel wall in small
children is reported to be 0.3–2 mm, the use of UHFUS in the diagnosis of bowel diseases has
also been suggested [7]. Hirschsprung’s disease (HD) is a congenital disease characterized
by the absence of ganglia cells within two of the histoanatomical layers of the bowel wall.
Currently, diagnosis of HD is by histopathological and immunohistological analyses of
tissue biopsies [8], which are time-consuming and costly to perform. In order to replace
the use of biopsies both during primary and surgical diagnosis with an instant and secure
diagnostic method, the use of UHFUS is being explored [9]. Histoanatomical differences
between aganglionic and ganglionic bowel wall have been suggested, and good correlations
between histoanatomy and UHFUS of bowel wall specimens from HD patients have been
confirmed [10]. Initial clinical observations have shown that UHFUS has the potential to
delineate between aganglionic and ganglionic bowel wall [11]. The problem is that the
assessment and calculation of histoanatomical measurements within UHFUS images could
be both inaccurate and time-consuming, as well as associated with certain observer bias.
To obtain reliable measurements of bowel wall layers quickly and easily, avoiding internal
variability and limiting observer bias, a computerized assessment of the bowel wall within
the UHFUS image is warranted. This would accelerate research by facilitating multiple
measurements and enabling collection of amplitude information. Therefore, to be able
to more precisely and objectively assess and calculate histoanatomical morphometrics, a
computer program for UHFUS diagnostics is required.

The main research objective of the study was to enable the assessment and automatic
calculation of the histoanatomical morphometrics of the bowel wall in UHFUS images.
The hypothesis was that a computer program would enable the assessment of relevant
automatic calculations of the bowel wall’s histoanatomical morphometrics and that it
would also deliver a high inter-observer correlation.

The main aim of this study was to develop a computer program for the assessment
and automatic calculation of the morphometrics of the bowel wall in UHFUS images. The
secondary aim was to validate the computer program through inter-observer analyses
between users. The main output variable was the ability of the computer program to
measure the thicknesses and amplitudes of the bowel wall’s histoanatomical layers. The
second output variable was the degree of inter-observer variability in the assessment of the
thicknesses and amplitudes of the bowel wall.

2. Materials and Methods
2.1. Settings

This was a developmental and validation study performed on UHFUS images of fresh
ex vivo bowel wall specimens from children who underwent surgery for HD in a national
referral pediatric surgery center for children with HD. The study was part of a larger
translational project, involving pediatric surgeons, biomedical engineers and pathologists,
and aiming to improve HD diagnostics by the use of UHFUS.

2.2. Tissue Samples and Ultra-High-Frequency Ultrasound Images

All children with recto-sigmoid HD who underwent surgery with resection of the
aganglionic bowel segment at a national Swedish referral center for HD, from April 2018
to December 2022, and for whom the guardians’ written consent had been obtained, were
included in the study. A sample size of 20 was suggested by statisticians at the Department
of Swedish Clinical Research Studies Forum South to be required, in accordance with
guidelines for sample sizes in agreement analyses [12]. During the study period, a total of
37 children with HD underwent surgery. In accordance with a purposive and systematic
sampling method, all these consecutive cases were evaluated for inclusion in the study.
Ultimately, 23 of the 37 bowel wall specimens were included because they fulfilled the
inclusion criteria by being rectosigmoid HD (<30 cm resected length), and because a
successful imaging of both the aganglionic and ganglionic areas of the same specimen had
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been undertaken without technical obstacles. Of the 37 images, 14 were excluded because
of aganglionosis extending more than 30 cm (n = 8), or due to an initial lack of standardized
settings in the scanning UHFUS program (n = 6), leaving 23 images for analysis.

The decision on surgical resection length was based on the pathologist’s analysis of in-
traoperatively taken fresh-frozen biopsies confirming the presence of ganglionic bowel wall.
After surgical resection, the retrieved bowel wall segment was pinned to a cork mat and
subjected to ex vivo UHFUS imaging from the serosal surface, at sites representing agan-
glionic and ganglionic bowel wall segments, respectively [11]. The specimen was then fixed
in formalin and embedded in paraffin, and the presence of aganglionosis and gangliono-
sis was confirmed by histopathology (hematoxylin-eosin) and immunohistochemistry
(S100 and calretinin) [9,11].

For ultrasound imaging, the Vevo® MD ultrasound scanner, together with the UHF 70
transducer (both FUJIFILM VisualSonics Inc., Toronto, ON, Canada), delivering a center
frequency of 50 MHz (bandwidth 29–71 MHz), was used.

Thus, for each patient, UHFUS images of both aganglionic and ganglionic bowel wall
were available in the image database. These were exported for one-by-one measurements
in the computer program for computerized assessments.

2.3. Computerized Program for Histoanatomical Morphometrics in the Bowel Wall

The computer program, consisting of a user interface in which the user can interact
with the ultrasound images, was developed using MATLAB® version 9.13 (R2022b, The
MathWorks Inc., Natick, MA, USA) and its tools for user interfaces and functions, respec-
tively, by researchers at the Department of Biomedical Engineering, Lund University. The
purpose of the program was: (a) to enable multiple thickness measurements to be taken in
a short amount of time; (b) to enable objective measurements of echo amplitudes (image
whiteness) within different bowel wall layers in the ultrasound images; (c) to be easy to use
by the pediatric surgeons on site; and (d) to be more time-efficient compared to manual
measurements using calipers on the ultrasound scanner.

To achieve these aims, the biomedical engineers and the pediatric surgeons worked in
close collaboration, improving the user interface and program functionality continuously
based on user experience and needs. In order to validate the software and ensure its security,
requirements were defined and documented, outlining accomplishments and expected
behavior of the program. After each update, the program’s new function was verified
using simulated images which were assessed according to the specified requirements. In
order to ensure that the code did not change during the study, a compiled version of the
program was used. The software was developed within a research environment of an
international leading research group for UHFUS with considerable experience in computer
programming, especially in MATLAB. The engineers’ affiliation to one of Sweden’s largest
research institutions for biomedical engineering secured a solid foundation of technical
and experienced resources in computer programming.

2.4. Measurements and Statistical Analysis

The thickness and amplitude of the layers in the bowel wall were measured in all included
UHFUS images by two different observers using the computer program. In addition, ratios
between measurements in different layers were calculated. The inter-observer variability of
the computerized measurements was evaluated using the intraclass correlation coefficient
(ICC) for two-way mixed effects, absolute agreement and multiple raters [13]. For testing
the hypothesis, ICC values of less than 0.5 indicated poor reliability, values between 0.5 and
0.75 moderate reliability, values between 0.75 and 0.9 good reliability and values greater than
0.90 indicated excellent reliability [13]. In order to visualize agreement strength between
observers, Bland–Altman plots were constructed [14]. These show the mean versus difference
between observer measurements in each image. A mean level close to 0, and a narrow
distribution within ± 2 SD, was considered to be a strong agreement, while a level with
a mean that diverted considerably from 0, and with a wide distribution, was considered
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to be a poor agreement. Data management and statistical analyses were performed using
Microsoft® Excel 365 and MATLAB version 9.13 (R2022b, The MathWorks Inc., Natick, MA,
USA). An appointed statistician from the government-supported Clinical Studies Sweden
(https://kliniskastudier.se/english (accessed on 30 June 2023)) was consulted, and gave
guidance on selecting statistical methods, as well as on the interpretation of results.

2.5. Ethical Considerations

Ethical approval was obtained from the local ethics review board (DNR 2017/769).
Oral and written information was given, and the guardians’ written consent was obtained.

3. Results
3.1. Computerized Program

The end-product was a semi-automatic program delivering data in the form of mean
and standard deviation (SD) on thickness and brightness amplitude (whiteness) of the
muscularis externa and muscularis interna, but only amplitude for the submucosa. The
thickness of the submucosa was not measured because the inner line of the submucosa
could not be determined accurately enough by the use of the UHFUS transducer (70 MHz)
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada) with a center frequency of 50 MHz.
This was mainly the result of the strong attenuation of high-frequency ultrasound while
transducing the bowel wall from the serosa, often rendering the mucosa too deep to image
with sufficient quality. For amplitude measurements within the submucosa, the program
used a standardized area, calculated from the inner border of the muscularis interna to a
delineation at 0.18 mm depth in the underlying submucosa. The program’s deliveries after
user assessments are shown in Table 1.

Table 1. The program’s deliveries after user assessments.

Thickness Amplitude

Definition
Number of vertical pixels
multiplied with the length

of one pixel (in mm)

The unitless value of a pixel
representing ‘whiteness’

Measurements
Mean, Median, SD

(Number of measurements
per layer was about 160)

Mean, Median, SD
(Number of measurements

per layer was about 2000–10,000)

Layers included in analysis Muscularis externa
Muscularis interna

Muscularis externa
Muscularis interna

Submucosa (first 0.18 mm)

Figure 1 shows the user interface after loading a UHFUS image. A range of interest
(ROI) of 5 mm was decided upon for image quality and representation of the bowel wall,
including continuity in the bowel wall.

Within the ROI, the inner and outer borders of the muscularis externa and the muscularis
interna were marked manually by clicking within the image. The position and spacing
between markings were chosen by the user and could be edited easily. At the same time, the
software automatically created a full delineation of each layer within the ROI, by interpolating
between these markings, and then displaying the layers on screen, see Figure 2.

Once satisfied, the operator stopped adding/editing points and saved the results. The
results were displayed on screen, as well as saved in a Microsoft Excel spreadsheet. The
thickness of each layer was automatically measured vertically at all lateral positions within
the ROI, resulting in a mean, median and SD, based on about 160 measurements per layer.
In order to calculate echo amplitudes, all image pixels within the ROI were used, resulting
in a mean, median and an SD based on about 2000–10,000 measurements per layer.
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Figure 1. The user interface of the developed program. After loading an image and choosing a
suitable range of interest, the user delineates the outer and inner border of the muscularis externa,
and the inner border of the muscularis interna, by clicking within the image. The results are shown
automatically in parallel to the delineation. Once finished, the user saves the results, and then repeats
the process for the next image. Numbers 1–3 in the top refer to the order of how the user is intended
to use the program.
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Figure 2. (A) Ultrasound image (zoomed) where different layers of the bowel wall are shown,
together with the 5 mm wide range of interest. (B) The same ultrasound image with user markings
(cyan crosses) and the resulting areas of the muscularis externa (red), muscularis interna (green) and
submucosa (blue) with a predefined analysis depth of 0.18 mm (blue).

The time required to import images into the program, to map out the histoanatomical
layers and to extract all computerized measurements from an image of a bowel segment,
took on average 2 min. This is in comparison with manual measurements using the
scanner’s built-in caliper function, where extraction of three thickness measurements takes
approximately 15 min, including selecting, manually measuring the different points, and
transferring data from the images to external sheets for manual calculations. In addition,
the ultrasound scanner does not permit other manual measurements to be taken, such as
echo amplitudes, which the computer program does, which is why more data from images
could be extracted by the program.

3.2. Inter-Observer Variability Tests

The results obtained by the computer program for the two observers are summarized
in Tables 2 and 3. There was an excellent agreement between observers in all thickness and
amplitude measurements with an ICC range of 0.970–0.998. This agreement was also seen
in the Bland–Altman plots, with narrow distributions and mean differences ranging from
0.005 to 0.016 mm (1.1–3.6%) from the overall mean for the thicknesses and 0 to 0.7 mm
(0.0–0.8%) from the overall mean for amplitudes. Figures 3 and 4 show the Bland–Altman
plots for the thicknesses and amplitudes, respectively.
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Table 2. The resulting thickness for the two muscle layers and the ratio between them. Presented
values are the overall mean and standard deviation (SD); the difference between observers; and the
intraclass correlation coefficient (ICC).

Overall Mean (SD)
(mm)

Difference, Mean (SD)
(mm) ICC

Muscularis externa 0.477 (0.185) 0.005 (0.033) 0.992
Muscularis interna 0.439 (0.166) −0.016 (0.026) 0.992

Ratio (interna/externa) 1.031 (0.479) −0.014 (0.167) 0.970

Table 3. The resulting amplitudes for the two muscle layers and the ratio between them. Presented
values are the overall mean and standard deviation (SD); the difference between observers; and the
intraclass correlation coefficient (ICC). Muscularis interna (int), Muscularis externa (ext), submucosa
(sub). a.u.—arbitrary units.

Overall
Mean (SD)

(a.u.)

Difference
Mean (SD)

(a.u.)
ICC

Muscularis externa 118.2 (12.5) −0.1 (1.1) 0.998
Muscularis interna 87.2 (13.4) −0.7 (1.2) 0.997

Submucosa 107.7 (14.0) −0.2 (1.5) 0.997
Ratio int/ext. 0.738 (0.090) −0.005 (0.011) 0.995

Ratio sub./ext. 0.917 (0.124) 0.000 (0.015) 0.996
Ratio int./sub. 0.810 (0.082) −0.006 (0.017) 0.988
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4. Discussion

The aim of this developmental study was to describe the construction and evaluation
of a computer program for measuring the thickness and ultrasound echo amplitudes in
layers of the bowel wall. The purpose of this semiautomatic program was to enable and
ensure more objective, accurate and time-efficient on-site measurements. This was achieved
by automatically obtaining a maximum number of thickness and amplitude measurements
(from all available image columns/pixels) within the chosen ROI, while keeping the user
interaction to a minimum. The results show excellent agreement between observers,
suggesting that the results provided by the computer program are observer-invariant. The
program was deemed to be easy to use, as well as time-efficient.

Furthermore, the computer program enables automatic measurement of ultrasound-
derived, tissue-specific parameters based on amplitude information, which is not currently
possible with manual measurements. In this study, the average amplitude of each layer was
measured. Besides being tissue-specific, this parameter is dependent upon several other
factors, including the choice of scanner, transducer and settings. Therefore, a ratio between
amplitudes in different layers could be a more relevant parameter, compensating for
many of these undesired dependencies. However, there are several other amplitude-based
parameters that have been shown to be robust and valuable for tissue characterization,
including kurtosis, skewness and Nakagami-m distribution [2,3], that could be incorporated
into the program. Hence, the use of computerized measurements is considered to be an
asset for future work within this project, both from a scientific and a practical point of view.

The time efficiency of the computer program was found to be an advantage. Although
times may vary depending on patient/image and on user experience, the developed
program shows clear advantages in terms of user-operation time and the number of
measurements per unit of time, compared to multiple manual measurements using an
ultrasound scanner. Furthermore, the ultrasound scanner does not allow other manual
measurements to be taken, such as echo amplitudes, but the computer program does.

The use of UHFUS to investigate the structure of the bowel wall has previously shown
promise with regards to the delineation between aganglionosis and ganglionosis in patients
with HD [11]. Research into the use of UHFUS in primary diagnostics of the bowel wall
is ongoing [10]. Insertion of images into computer programs, as in this study, will enable
more data to be assessed in a safe setting compared to data collected manually. Certainly,
within the software of the Vevo® MD, manual measurements of histoanatomical layers
are possible. However, such manual assessment is time consuming, and the number
of measurements needed to correspond accurately to the computerized calculation has
not been evaluated. To be able to include both assessments in one program—thickness
and amplitude measurements—is considered to be a tremendous advantage compared to
manual calculations. In addition, the programmed calculations save observer time. Each
assessment, collecting all data required, took on average just 2 min.

Despite several advantages of computer calculations, it should be noted that the
quality of images is of the utmost concern and that the examinator’s competence consti-
tutes the main determining factor for all measurements. This study only addressed the
inter-observer variability, not any inter-examinator’s variability that might be associated
with the ultrasound scanning itself. Although computerized measurements might reduce
potential variations in measurements between ultrasound images acquired by two different
examinators, examiner-dependent variations are difficult to correct by such means and
would be better addressed by the use of other methods. A potential variation between
examinators could be interesting to investigate in future studies. Saving images for comput-
erized assessment also makes fully blinded testing feasible. Comparisons of agreement in
assessments of aganglionic and ganglionic tissues, respectively, were not undertaken since
all single measurements indicated high agreements. However, this could be of interest in
future studies comparing UHFUS features of aganglionic and ganglionic bowel wall.

One strength of this study is the novelty of the technique, since no automatic assess-
ment by a computer program for bowel wall assessment using UHFUS has been proposed
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previously. The program was developed in close collaboration between end users who
are well-experienced clinicians operating daily on bowel walls, and biomedical engineers
with substantial experience in constructing and implementing similar programs in other
imaging applications. Several adjustments of the computerized program were made during
the development process, following repeated discussions about combined clinical rele-
vance and future research topics, with respect to detailed amplitude analyses and testing.
Another strength of our study is the fact that the developed program could potentially
be used not only for assessment of the bowel wall in children, but also for adults, and
in several additional conditions, e.g., delineations of inflammatory bowel disease, and in
endo-luminal UHFUS imaging.

A limitation of our study is that the computer program does not enable calculations
of the whole bowel wall thickness to be made. This was because the UHF 70 transducer
generally provided poor image quality at the depth of the mucosa. A program is under
development which includes possibilities to also explore the full thickness of the bowel wall
using a 30 MHz center frequency transducer (UHF 48, bandwidth 20–46 MHz, FUJIFILM
VisualSonics Inc., Toronto, ON, Canada). For interested UHFUS users, the plan is to make
the program for automatic assessment of UHFUS images available in future (after validation
of different center frequencies) within a complete user package, including instructions.

5. Conclusions

This computer program enables and ensures more objective, accurate and time-efficient
on-site measurements of the histoanatomical layers of the bowel wall. It also provides
unique possibilities to quantify amplitudes in different bowel wall layers assessed by UH-
FUS imaging. The inter-variability analyses show excellent agreement between observers,
suggesting that the results provided by the program are observer-invariant. The computer
program was deemed to be easy to use, as well as time-efficient.
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Abstract: Dermal hyaluronic acid (HA) fillers are used for nasolabial fold correction, but no study
is still available on the use of ultra-high-frequency ultrasound (UHFUS) with 70 MHz probes for
the evaluation of HA distribution and wrinkle amelioration. We selected 13 patients who received
HA filler, evaluated before (Time (T) 0) and after injection (T1), and after 24 weeks (T2). The dermal
thickness and distribution of HA were registered, as well as the Wrinkle Severity Rating Scale (WSRS),
Global Aesthetic Improvement Scale (GAIS), and wrinkle 3D fullness. The UHFUS dermal thickness
was increased by 11% for both sides at T1 and by 7.4% and 6.8% for the right and left side, respectively,
at T2 (p < 0.01). The 3D wrinkle fullness showed a T1 increase (+0.59 cc and +0.79 cc for the right
and left side, respectively) with a T2 maintenance of 45% of the T1 fullness (p-value < 0.001). The
only clinical score significantly modified was WSRS, with a reduction of 56% at T1 and of 47.1% at T2
(p-value < 0.001). Our study then demonstrated the efficacy of UHFUS in the assessment of nasolabial
fold correction, representing also the first multi-modal evaluation of HA persistence and its visual
subsequent aesthetic results.

Keywords: filler; ultra-high-frequency ultrasound; hyaluronic acid; aesthetic medicine

1. Introduction

The process of aging influences the appearance of the skin by producing both micro-
scopic and macroscopic transformations that lead to a decrease in volume [1]. Various
factors, including environmental conditions and personal habits such as smoking, play
a role in skin aging and drive the subsequent alterations in the extracellular matrix of
the dermis, resorption of bony structures, gravity, and a decrease in and redistribution of
adipose tissue [2]. Additionally, a reduction in hyaluronic acid levels accompanies skin
aging, which can expedite dehydration, loss of elasticity, and the formation of wrinkles.
In recent decades, there has been a growing emphasis on appearance and the notion of
beauty, leading to the expansion of the field of aesthetic medicine. This field is dedicated to
modifying aesthetic appearance by addressing various conditions through both invasive
and minimally invasive procedures, with some of the most recent ones also involving
bioartificial injectable products [3]. With the emergence of advanced technologies, today’s
physicians have the opportunity to address these changes with a variety of techniques.

Regarding non-permanent injectable products, hyaluronic acid (HA)-based dermal
fillers are among the most widely used, due to their effectiveness and safety compared
to permanent surgical cosmetic procedures [4]. HA is a non-sulfated glycosaminoglycan,
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widely distributed in connective, epithelial, and neural tissues; in the skin, it confers flexi-
bility and hydration through its ability to bind and retain water molecules [5]. HA-based
dermal fillers are used to restore volume loss, fill in fine lines and wrinkles, increase lip
volume or define lip contour, and perform various procedures such as chin augmentation,
nose reshaping, mid-facial volumization, lip enhancement, and wrinkle correction [6]. HA-
based dermal fillers then represent an ideal aesthetic tool since they are safe and effective,
biocompatible, easy to inject and distribute, and easy to remove if necessary [7]. This type
of filler can be easily removed in the event of complications or dissatisfaction with the aes-
thetic result by injecting commercially available hyaluronidase into the concerned area [1].
The aesthetic result of HA dermal filler injections is closely related to the permanence of
the product and its redistribution in the tissues. The literature provides evidence on the
detected tissue integration in ultrasound (US) images as early as 1 month after injection [8].
Although there are several theories regarding the interaction between HA filler and tissue
components, there is still little scientific evidence on the matter, and few data are avail-
able on the instrumental detection of long-term permanence of fillers [9]. High-frequency
ultrasound (HFUS) is a non-invasive method for the analysis of skin and subcutaneous
tissue composition that can detect tissue composition and potential changes [6]. HFUS
provides clear imaging of the dermis and hypodermis layers, but it is limited in accurately
visualizing the epidermis, except for the palmar and plantar surfaces. This restriction
makes HFUS inadequate for detecting the smallest structures and capturing the finest
details. In contrast, ultra-high-frequency ultrasound (UHFUS) operates at frequencies
above 20 megahertz (MHz), significantly higher than the frequencies used in conventional
US systems that typically range from 2 to 18 MHz; therefore, it is particularly valuable
in the field of dermatology. One of the key advantages of UHFUS in dermatology is its
ability to identify microscopic structures. It can effectively visualize sebaceous glands, hair
erector muscles, and hair follicles, providing valuable insights into various dermatological
conditions and facilitating accurate diagnoses [10]. By revealing these intricate structures,
UHFUS enhances the understanding of skin pathologies and aids in determining appropri-
ate treatment approaches. For instance, UHFUS has demonstrated its efficacy in the field
of dermato-oncology, particularly in relation to melanoma, a type of skin cancer known
for its poor prognosis and persistently underestimated incidence [11]. The literature data
point out that US evaluation with a 70 MHz probe allowed the non-invasive measurement
of melanoma thickness, which showed an excellent correlation with Breslow thickness [12].
Moreover, the use of UHFUS has shown a promising role in the evaluation of chronic
ulcers [13] and in the pre-operative characterization of basal cell carcinoma [14].

To date, numerous clinical studies have also been published on the vascular, muscu-
loskeletal, and intraoral applications of UHFUS [13]. However, there is a lack of studies
regarding the use of UHFUS in the field of aesthetic medicine. The aim of our study was
then to use, for the first time in the literature, a UHFUS probe of 70 MHz to evaluate the
distribution pattern and permanence of an HA filler for nasolabial fold correction, correlat-
ing the results with a panel of validated aesthetic scores and clinical images obtained from
the selected population.

2. Material and Methods

We performed a single-center prospective cohort study, involving a population of pa-
tients followed by the Unit of Dermatology, University of Pisa, Pisa (Italy), from
May 2022 to December 2022. A total of 13 subjects were enrolled in this study, all with
written informed consent. The eligibility criteria for enrollment in the study were as fol-
lows: participants had to be over 18 years of age and exhibit visible and moderate–severe
nasolabial wrinkles. Throughout the duration of the study, patients were required to refrain
from any cosmetic procedures involving the face, minimize exposure to UV radiation
without using sunscreen, and use contraception if they were women of childbearing age.
Individuals who had undergone cosmetic correction procedures within the past six months
or permanent procedures were not included in the study. The exclusion criteria included
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significant skin diseases, trauma and genetic defects of the face, allergies or hypersensitivity
to the product being tested, presence of neoplasms or severe clinical conditions such as
neurological disorders, recent treatment with antithrombotic or antiplatelet drugs within
the week preceding the study, pregnancy or breastfeeding, and a tendency to develop
hypertrophic, atrophic, or keloid scars. All the selected patients presented with moderate to
severe nasolabial folds and received an injective treatment with HA filler into each side of
the nasolabial folds, ranging from 0.6 to 1 mL at a concentration of 25 mg/mL. In particular,
the HA filler used in this study was a cross-linked sodium hyaluronate, of non-animal ori-
gin, stabilized in a phosphate buffer with pH 7. No anesthetic products were applied on the
treated areas before filler injection. All the anamnestic information of our population was
obtained from our electronic database. Clinical and UHFUS evaluations were performed
at Week (W) 0, as well as before (T0) and after injection (T1). A third evaluation was then
carried out at W24 (T24). Moreover, at W24, patients filled out a questionnaire on the side
effects occurring in the 2 weeks following the injection. Aesthetic evaluation was based on
the Wrinkle Severity Rating Scale (WSRS) and Global Aesthetic Improvement Scale (GAIS),
calculated by a well-trained investigator who also obtained clinical images using a 3D
image system, VECTRA® H2 (Canfield Scientific, Inc., Parsippany, NJ, USA) and its vector
analysis program, Markerless Tracking. Through 3D photographs, a differential volumetric
assessment in cubic centimeters (cc) was obtained. US images were taken using a linear
70 MHz probe (B-MODE), which was positioned transversally at the midpoint of both
nasolabial folds, perpendicular to the skin. Each image was analyzed by two experienced
operators to assess quantitative dermal thickness, obtained by measuring in millimeters
(mm) the distance between the dermo-epidermal junction and the subcutaneous tissue.

Categorical data were described with absolute and relative (%) frequency, while
continuous data were summarized with mean and standard deviation. To compare repeated
measures of the dermal thickness and WSRS variables, ANOVA for repeated measures was
applied, while, to compare paired data of the GAIS and delta fullness variables, a t-test for
paired data was performed. Significance was set at 0.05, and all analyses were carried out
using SPSS v.28 software.

3. Results
Population Features

Our population consisted of 12/13 females (92%) and 1/13 male (8%), with a mean age
of 51.6 years (59.6–43.8). Overall, 3/13 patients (23%) had phototype 1 on the Fitzpatrick
scale, 3/13 patients (23%) showed phototype 2, and 7/13 patients (54%) had phototype 3.
A history of sunburn and clinical signs of photodamage were registered in 11/13 patients
(84.6%). Furthermore, 8/13 patients (61.5%) were smokers or former smokers. The mean
BMI was 22.9 (19.2–26.6). No comorbidities were reported by our population.

At baseline (Time (T) 0), the severity of pre-filler wrinkles measured by WSRS was 3.4
(±0.8) for both right and left wrinkles. The mean dermal thickness measured by UHFUS
was 2.04 mm (±0.09 mm) and 2.05 mm (±0.1 mm) for the right and left nasolabial folds,
respectively. The mean volume of filler injected in the right nasolabial fold was 0.51 mL
(±0.20 mL), and that in the left was 0.52 mL (±0.18 mL). Following the injection (T1), the
severity of wrinkles measured by the WSRS was 1.5 (±0.7) on the right and 1.5 (±0.5) on the
left, thus recording a significant reduction of 56% (p-value < 0.001). The overall judgment
of improvement in cosmetic appearance using the GAIS score, even if not statistically
significant, registered an amelioration to 1.6 (±0.8) on the right and 1.7 (±0.8) on the left.
On UHFUS, there was an increase in mean dermal thickness to 2.28 mm (±0.15 mm) on the
right and 2.27 mm (±0.15 mm) on the left, registering an increase of 11% in both thicknesses
that resulted statistically significant (p-value < 0.001). The average degree of diffusion
of HA-based materials was 2.6 (±0.4) for the right side and 2.2 (±0.1) for the left side.
Furthermore, the volume assessment performed through the 3D photographs showed a
significant average increase of +0.59 cc (±0.33 cc) and +0.79 cc (±0.39 cc) for the right and
left side, respectively (p-value < 0.01). At W24 (T2), the severity of wrinkles measured using
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the WSRS was 1.8 (±0.6) for the right wrinkles and 1.7 (±0.6) for the left wrinkles. Therefore,
the severity of wrinkles at 6 months showed a reduction of 47.1% (p-value < 0.001). The
overall judgment of the improvement of the aesthetic aspect using the GAIS score, even
if not statistically significant, registered an amelioration to 1.7 (±0.8) on the right and 1.8
(±0.7) on the left, thus maintaining 94% of the result obtained at baseline, immediately after
the injection of the filler. Moreover, UHFUS detected a mean dermal thickness of 2.19 mm
(±0.14 mm) on both sides, with subsequent statistically significant thickness increases of
7.4% and 6.8% from the baseline for the right and left sides, respectively (p-value < 0.01).
Furthermore, the volume assessment performed through the 3D photographs showed
mean increases of +0.26 cc (±0.13 cc) and +0.36 cc (±0.21 cc) for the right and left sides,
respectively, thus maintaining 45% of the result obtained at baseline, immediately after the
injection of the filler (p < 0.001).

4. Discussion

Dermal fillers are widely used in aesthetic medicine with the main purpose of fill-
ing wrinkles, creating volume, and correcting age-related tissue loss [4]. A vast range of
dermal fillers are available on the market, which differ in composition, duration of effect,
ease of administration, complications, and limitations [15]. US is a non-invasive imaging
method that allows a real-time evaluation of both pathological lesions and healthy skin,
and it is also able to detect exogenous materials. Their echogenicity depends on their
composition; tissue augmentation products with a predominantly hydrophilic component
usually appear as anechoic areas, while synthetic materials, such as silicon oil or poly-
methylmethacrylate, tend to be hyperechoic [16]. HA is a polysaccharide composed of
repeating units of disaccharides D-glucuronic acid and N-acetyl-D-glucosamine linked by a
28 glucuronidic β (1→3) bond, representing a fundamental component of the extracellular
matrix, synovial fluid, and vitreous humor [17]. HA dermal fillers are widely used due to
their physicochemical characteristics and biological properties, as well as their efficacy and
easy management of adverse effects [18]. After the injection into the skin, HA initiates a
mild inflammatory response at the interface with the host tissue. This initial reaction is sub-
sequently succeeded by a progressive formation of fibrous tissue, which firmly secures the
gel to the host tissue, effectively obstructing any displacement of the product [15]. However,
the main limitation of this procedure is the limited permanence of the product (from 3 up
to 12 months) [19], which affects the final aesthetic outcome. The longevity of HA fillers
is determined by particle size, manufacturing processes, and consequent characteristics
of the product, volume, location of injection, and host metabolism [15]. A previous study
evaluated how dermal HA fillers could be observed and followed over time using a 25 MHz
US probe and magnetic resonance imaging, pointing out the usefulness of the two com-
bined techniques; however, the probe used had too low of a frequency to ensure optimal
visualization of the dermis, thus necessitating another adjuvant imaging technique [20]. In
another study, nasolabial wrinkles were evaluated with a 20 MHz probe after HA injection,
which identified the injected HA as hypoechogenic or anechogenic areas that were well
demarcated and homogeneous in the skin [6]. The study by Quiao et al. represented the
first long-term evaluation of nasolabial HA filler and an important validation of the use
of ultrasound for follow-up assessment [9]. Using a traditional 20 MHz probe, it is possi-
ble to identify the dermis and hypodermis, while the epidermis is poorly characterized.
Traditional HFUS has limitations in accurately measuring skin thickness and identifying
the dermal–epidermal junction [21]. On the contrary, the UHFUS 70 MHz probe precisely
identifies the epidermis and obtains a more precise characterization of the dermis, attaining
images with sub-millimeter precision of all the skin structures. UHFUS has demonstrated
its ability to establish correlations between ultrasound images and histology with a high
degree of specificity. This advanced technology enables the differentiation between healthy
and pathological tissues, providing comparable accuracy to traditional biopsy methods. In
particular, the epidermis of healthy patients displays a superficial hyperechogenic layer, an
inferior hypoechogenic layer, and a hyperechogenic line delimiting it from the dermis [10].
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The dermis appears as a hyperechogenic band, due to its collagen content, while the hypo-
dermis presents hypoechoic fatty lobules and hyperechoic fibrous septae in between the
lobules [22]. Thanks to the sub-millimeter precision and high resolution of the UHFUS
images, we were able to determine the presence and distribution of the HA dermal filler
and to determine the dermal thickness after injection and 6 months later (Figures 1 and 2).
Immediately after the injection of HA filler, a thorough examination of the ultrasound
images revealed the presence of an inhomogeneous region within the treated area. This
region displayed multiple anechoic oval areas, indicating the presence of fluid-filled cavi-
ties or voids. The overall appearance was characterized by an uneven distribution of the
filler material. However, as the post-treatment period progressed, significant changes were
observed over the course of 24 weeks. The previously identified inhomogeneous region
began to exhibit a more uniform and homogeneous pattern. The anechoic oval areas, which
had initially appeared scattered and unevenly distributed, gradually merged and became
less pronounced (Figures 1 and 2). Multiple descriptions of ultrasound images following
the injection of HA can be found in the existing literature. However, it is important to note
that these studies were conducted using lower-frequency probes, which can account for
the observed discrepancies between our study and the previously reported data. Urdiales-
Gálvez F et al. reported a globular distribution of HA filler at the ultrasound evaluation
(12–18 MHz) performed after the injection and a heterogeneous pattern composed of alter-
nating anechoic/hyperechoic after one month [23]. The ultrasound analysis conducted by
Jiang involved the examination of 94 patients who received nasolabial fold filling [24], and
ultrasound imaging was performed using 15 MHz frequency. In the study, HA dermal filler
was predominantly observed as an anechoic structure with a distinct boundary, efficient
sound transmission, consistent internal echo, and the absence of noticeable blood flow
signals. The authors noted that, when HA dispersed into the surrounding tissue, it typically
manifested as a hypoechoic structure. These anechoic or hypoechoic regions displayed an
irregular distribution within the layered tissue, often forming a grid-like or honeycomb-like
pattern. The different uses of US technology within the realm of aesthetic medicine have
been explored in the literature, with one notable area of focus being the examination of
US characteristics associated with volume-enhancing products [16]. In particular, it has
been confirmed that fillers containing a hydrophilic component typically exhibit hypo- or
anechoic patterns, appearing as subcutaneous pseudocystic deposits. This literature review
also showed that the manifestations of face-filling materials under US are inconsistent
due to different anatomical injection sites, different product characteristics, and, above all,
different ultrasound probe frequencies. We can conclude that our data are comparable to
those already found in the literature, and that the differences we observed depend mainly
on the possibility of obtaining more detailed images thanks to the higher resolution of the
70 MHz probe.
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Figure 1. (a) Ultra-high-frequency ultrasound (UHFUS) of a 45-year-old patient’s nasolabial area
before hyaluronic acid (HA) filler injection; (b) UHFUS of nasolabial area after HA filler injection
(dashed yellow line), with the HA filler visible as anechogenic areas in the dermis; (c) UHFUS
6 months after the injection.
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Our study then represents further proof of the role of UHFUS as a non-invasive
method in the field of aesthetic medicine, due to its ability to obtain precise dimensional
evaluations and high-resolution images [25]. The potential applications of UHFUS in the
field of cosmetic medicine remain largely unexplored. For example, one potential area
of implementation involves the prospect of conducting echo-guided procedures using
UHFUS. There are cases in the literature of complications from HA fillers treated with
UHFUS-guided hyaluronidase injection, which ensured the safety of the procedure and the
possibility of real-time monitoring [26]. Larger studies are needed to prove the superiority
of the UHFUS-guided procedure. Moreover, UHFUS is considered as a valuable diagnostic
tool in many fields other than dermatology, such as oral medicine and musculoskeletal
anatomy [27].

To date, there is a lack of published research specifically focusing on the use of UHFUS
for assessing the long-term durability of HA fillers in the skin. However, our study aimed
to address this gap and provide insights into the persistence of HA fillers over an extended
period. In our investigation, we were able to identify the presence of HA filler six months
after injection using UHFUS. This finding is consistent with another study which used a
20 MHz probe to examine the longevity of HA filler six months post injection [9]. Their
results align with ours, indicating that HA fillers can maintain their presence in the skin for
at least half a year.

Furthermore, Fino et al. conducted a comparative analysis of two types of HA fillers
for the treatment of nasolabial wrinkles. Their research determined that the average dura-
tion of both products was approximately 9.5 months [28]. This evidence suggests that HA
fillers can provide noticeable effects for a considerable period. In contrast, Kalmanson et al.
reported a particular case of a patient who exhibited persistent HA filler in the zygomatic
area 2.5 years after the initial injection. The persistence was confirmed through magnetic
resonance imaging (MRI) [18]. This exceptional case underscores the possibility of HA
fillers demonstrating a prolonged presence in specific circumstances. Nevertheless, its
important to note that these findings are based on a limited number of studies with rela-
tively small sample sizes and varying follow-up durations. Consequently, further research
involving larger and more diverse populations, as well as longer follow-up periods, is
necessary to establish a precise understanding of the permanence and durability of these
dermal fillers. UHFUS was not only used to assess the presence and distribution pattern of
the HA filler, but also led to the quantification of dermal thickness at each follow-up visit.
We registered a slight reduction in dermal thickness at 6 months compared to the measure-
ment after the injection; however, dermal thickness remained higher than baseline values.
We can consequently deduce that, 6 months later, the HA is integrated but still present.
These results confirm the bio-integration of injected HA and its subsequent heterogeneous
distribution, thus indicating degradation and reabsorption in the tissue [9,23]. Limited
research exists in the literature that has specifically investigated dermal thickness through
ultrasound following the administration of HA dermal filler. In a recently conducted
study led by Bravo BSF, researchers examined the effects of a single session of a combined
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hybrid filler, consisting of HA and calcium hydroxyapatite, on dermal thickness. The study
focused on 15 participants with mild to moderate sagging in the jawline, ranging in age
from 32 to 63 years. US analysis was performed immediately before the procedure and at
30, 90, and 120 days post treatment. The assessment of dermal thickness in the preauricular
regions was carried out using an HF-US device equipped with a linear 18 MHz probe. The
ultrasound evaluation encompassed two areas: the treated area (right preauricular region)
and a small untreated area on the left preauricular region, serving as the control in this
study. After the results analysis, it emerged that the intra-patient comparison showed a
significant increase in dermal thickness on the treated side. Furthermore, in the US evalua-
tion conducted by Qiao et al. [9], dermal thickness was measured, and the results indicated
an increase in dermal thickness and a lower echogenicity at 2 weeks and 24 weeks after
the administration of HA filler. The decrease in dermal thickness at 48 weeks compared
to 24 weeks post injection indicates the possibility of diffusion, reabsorption, degradation,
or fragmentation of the fillers within the skin tissues. To obtain a clinical assessment
of the severity of nasolabial wrinkles and the cosmetic improvement achieved, we used
WSRS and GAIS. The WSRS is a validated clinical outcome instrument, widely used for
the assessment of facial wrinkles and effectiveness of soft-tissue augmentation [29], while
GAIS is a five-point scale ranging from much improved (1) to much worse (5). A previous
meta-analysis by Stefura T et al. [30] regarding tissue filler for the nasolabial area reported
a mean improvement of 1.21 in the WSRS score at 6 months and an increase from a GAIS
score of 2.2 one month after filler injection to a score of 2.32 after six months. In our group,
we registered a significant difference of 1.6 between baseline and 6 months follow-up in
the WSRS score, reporting a substantial stability of the aesthetic outcome at 6 months, mea-
sured using GAIS. To visually evaluate both scores, we referred to 3D photographs of the
patient’s face using a 3D image system, VECTRA® H2 (Canfield Scientific, Inc. Parsippany,
NJ, USA). By using the 3D images, we were able to achieve a level of precision and detail
that traditional 2D imaging methods would not have provided, Moreover, the use of 3D
images enabled us to conduct a volumetric assessment of the nasolabial folds and provided
valuable insight into the maintenance of results over time. The data indicated that, after a
6-month period following the initial injection, 45% of the initially achieved results were
notably still maintained (Table 1). This speaks to the effectiveness and durability of the
injection, underlining its positive impact on the patient’s facial aesthetics. This additional
method of evaluation proves very useful in aesthetic medicine, especially in procedures
involving volume modification, which can, thus, be measured precisely and objectively. The
relationship between UHFUS images and 3D imaging will require additional investigation
in forthcoming research.

Table 1. Delta fullness comparison. Statistics: mean, standard deviation (sd).

Delta Fullness Mean Sd p-Value

Between T1 and T0 dx 0.59 0.34
<0.001

Between T24w and T1 dx −0.47 0.41

Between T1 and T0 sx 0.79 0.39
<0.001

Between T24w and T1 sx −0.38 0.30

The overall view of the dermal thickness measured with UHFUS and the reduction in
WSRS score can be appreciated in Figure 3.

This study had some limitations, including the inherent challenge of achieving com-
plete standardization both in the injection process and in the imaging evaluation. Regarding
the later aspect, to advance the application of ultrasound in aesthetic medicine, it is nec-
essary to establish new, objective, and replicable evaluation scales. Over time, the study
of larger patient cohorts will allow the development of ultrasound evaluation metrics
to assess the efficacy of hyaluronic acid fillers. In fact, the sample size employed in this
study was relatively small, which should be taken into consideration when interpreting
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the results. In future research, exploring the relationship between the dermal response
to hyaluronic acid injection and individual factors, such as smoking habits and the skin’s
history of sunburn, could provide valuable insights. This avenue of investigation holds
potential for uncovering correlations and understanding how these factors might influence
the dermis’s reaction to hyaluronic acid.
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5. Conclusions

Our study represents the first experience in the assessment of nasolabial fold correction
through an UHFUS with 70 MHz probe. The possibility of acquiring exceptionally high-
resolution images presents the opportunity, for the first time in the literature, to identify
anatomical landmarks and HA dermal filler with unparalleled precision, allowing for
meticulous descriptions with an accuracy down to the millimeter scale. Moreover, it
represents the first multi-modal aesthetic assessment of nasolabial folds amelioration
using US evaluation of HA persistence, validated clinical scores, and 3D images of the
subsequent visual aesthetic results. An additional novelty of this approach is the possibility
of accurately visualizing the anatomical sites where fillers are injected, which opens up
interesting prospects for future progress. These include the implementation of echo-
guided filler injections, which can significantly minimize the risks of severe adverse events.
Additionally, the ability to perform echo-guided dissolution with hyaluronidase becomes a
viable option, further enhancing safety and accuracy in aesthetic procedures. It is crucial
to emphasize the considerable potential for the deepening and expansion of the role of
UHFUS in aesthetic medicine. To conclude, we propose the use of UHFUS for the follow-up
of patients undergoing HA filler injections, due to the low invasiveness of the diagnostic
technique and the high precision in detecting the deposition of the selected product.
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Abstract: Atopic dermatitis (AD) is a chronic multifactorial inflammatory disease characterized by
intense itching and inflammatory eczematous lesions. Biological disease-modifying drugs, such as
dupilumab are recommended for patients with moderate-to-severe AD, refractory to systemic im-
munosuppressive therapies. Disease monitoring is performed by clinical scores. Since 1970, however,
the use of ultrasound and particularly high-frequency ultrasound (HFUS), has identified alterations
in dermal echogenicity, called the subepidermal low-echogenic band (SLEB), that correlates with
disease severity and response to treatment. We enrolled 18 patients with moderate-to-severe AD,
divided into two groups: twelve patients in the dupilumab treatment (Group A) and six patients
in standard treatment, from February 2019 to November 2019. We performed ultra-high frequency
ultrasound (UHFUS) evaluation of lesional and non-lesional skin, focusing on SLEB average thick-
nesses measurement, epidermal thickness, and vascular signal in correlation with objective disease
scores (EASI, IGA), patient’s reported scores (Sleep Quality NRS and Itch NRS), and TEWL and
corneometry at baseline (T0), after 1 month (T1) and 2 months (T2). The SLEB average thickness
measurement, vascular signal, and epidermal thickness showed a statistically significant reduction in
lesional skin of the biological treatment group and no significant reduction in non-lesional skin in
both groups. In the lesional skin of the standard treatment group, only epidermal thickness showed a
statistically significant reduction. Our study demonstrates that SLEB measurement, vascular signals,
and epidermal thickness could be used as objective parameters in monitoring the AD treatment
response, while the presence of SLEB in non-lesional skin could be used as a marker of subclinical
inflammation and could predict development of clinical lesions, suggesting a pro-active therapy.
Further follow-up and research are needed to clarify the association of SLEB decrease/disappearance
with a reduction of flares/prolongment of the disease remission time.

Keywords: atopic dermatitis; ultra-high frequency ultrasound; SLEB; dupilumab; corneometry

1. Introduction

Atopic dermatitis (AD) is a chronic, relapsing cutaneous inflammatory disease charac-
terized by the interaction of genetic factors, environmental factors, immune abnormalities,
and comorbidities [1]. In developed countries, AD affects one-fifth of the population
and has been identified as the most common inflammatory skin disease. In particular,
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it has been demonstrated that AD affects approximately 5 to over 20 percent of children
worldwide, with higher rates in Africa, Oceania, and the Asia–Pacific region rather than in
Northern/Eastern Europe [2,3]. The onset of the disease frequently occurs before the age of
five years, with early onset in the first six months of life that seems to be associated with
severe disease and with a slight preponderance of prevalence in female children [4]. Clinical
features include intense itching and inflammatory eczematous lesions [5]. Diagnosis of
AD is based on a typical clinical picture without diagnostic markers; practical aspects of
management, such as duration of treatment, criteria for switching, and determination of
severity, are insufficient. Disease severity is determined using scales such as the Atopic
Dermatitis Score Index (SCORAD), the Eczema Area and Severity Index (EASI), or the
Investigator Global Assessment (IGA), which measures the degree of erythema, indura-
tion/papule/edema, abrasions, and lichenification according to the physician and the
degree of itching and sleep disturbance according to the patient [6].

The chronic nature of the disease means that long-term treatment strategies are neces-
sary, which entails high global healthcare costs and significant psychosocial implications for
patients and their relatives [7]. In particular, AD imposes a significant economic burden on
healthcare systems, including direct medical costs of diagnosis and treatment, along with
indirect costs related to productivity loss and intangible costs, such as reduced quality of life
and psychological distress [8]. Efforts to address the economic burden of AD should focus
on early diagnosis, effective treatments, patient education, and supportive care. Investing
in the management of AD can lead to better patient outcomes, improved quality of life, and
potentially reduced long-term healthcare costs.

The optimal management of AD is based on a multimodal approach that involves,
first, correct patient education on the importance of skin hydration, avoidance of trigger
factors, and implementation of the skin barrier function, highlighting that pharmacologic
treatment of skin inflammation represents a second step that cannot ignore the first one.
Although there is no definitive cure, the disease can be controlled with appropriate treat-
ment. Current therapy recommendations include topical moisturizers to restore epidermal
barrier function, topical corticosteroids (TCS) to control the acute outbreak, topical cal-
cineurin inhibitors (TCI) for sensitive skin areas and long-term use, and phototherapy
(preferably UVB 311 nm or UVA1) as adjuvant therapy [9]. In severe refractory cases,
systemic immunosuppressive treatments such as cyclosporine, methotrexate, azathioprine,
and mycophenolic acid are recommended. Biologic disease modifiers such as dupilumab
are recommended “for patients with moderate to severe AD for whom local treatment is
inadequate and other systemic treatments are undesirable” [10]. In particular, dupilumab
is a human monoclonal antibody able to inhibit IL-4 and IL-13 signaling through a link to
the IL-4R-alpha and IL-13R-alpha-1 subunits of the receptor [11]. The blocking of IL-4 is
responsible for under-stimulating B-cell differentiation and IgE production [12], leading
to the regulation of receptor signaling downstream of the JAKSTAT pathway, with the
subsequent activation of tyrosine kinases 2 and Januskinase (JAK) 1/2, resulting in gene
expression regulation [13]. In particular, JAK-STAT activation is able to down-regulate
skin-barrier proteins and interfere with keratinocyte differentiation, defeating the decrease
of skin barrier function caused by the down-regulation of the filaggrin protein [14].

Moreover, AD shows a chronic and relapsing course, with several flares of the disease,
which usually undergo spontaneous remission in cases of mild disease, while moderate to
severe dermatitis rarely clears without treatment. The monitoring of the flares is mainly
clinical, but several non-invasive methods have been proposed for objective evaluation of
the disease, independently from the chosen therapy. The first studies on non-invasive as-
sessment of skin biophysical parameters were published as early as the late 1990s. Transepi-
dermal water loss (TEWL) and corneometry were the most evaluated parameters [15].
TEWL is a critical parameter that measures the amount of water lost through the epidermis
to the external environment. A healthy skin barrier effectively retains moisture, preventing
excessive water loss and maintaining skin hydration. However, in AD, the disrupted barrier
function results in elevated TEWL levels, contributing to the hallmark symptoms of dry and
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itchy skin [16]. Excessive TEWL exacerbates the inflammatory response in AD by triggering
a cascade of immune reactions. It also weakens the skin’s ability to heal, perpetuating
skin lesions and further compromising the barrier function. Therefore, understanding and
managing TEWL play a crucial role in the treatment and management of AD. On the other
side, corneometry is a non-invasive technique used to assess the skin’s hydration levels,
primarily by measuring the electrical capacitance of the skin surface. The principle behind
corneometry is based on the fact that water is a potent electrical conductor, and changes in
skin hydration affect its electrical properties; therefore, by measuring the skin’s electrical
capacitance, corneometry provides a quantitative evaluation of its hydration status [17].
Corneometry has become an important tool in the evaluation and management of AD, since
it allows dermatologists to objectively measure and monitor the hydration status of the skin,
providing valuable insights into disease severity and treatment response [18]. In patients
with active AD flares, corneometry often reveals significantly lower hydration values,
indicating decreased skin moisture content. Monitoring hydration levels during treatment
can help clinicians assess the efficacy of topical moisturizers and systemic therapies, such
as immunomodulators and corticosteroids [19]. For all these reasons, corneometry has been
established as a valid tool also for the identification of individuals at risk of developing
AD, as early changes in skin hydration may precede the appearance of clinical symptoms.

Another non-invasive diagnostic method was explored in 1979, when Alexander and
Miller Skin introduced ultrasound into dermatology to measure skin thickness. Since the
development of high-frequency ultrasonography (HF-US) and its application in the non-
invasive monitoring of inflammatory skin diseases, significant advancements have been
made in understanding and diagnosing conditions such as psoriasis, eczema, and atopic
dermatitis (AD). One prominent feature observed in these inflammatory skin diseases is
the presence of a subepidermal low-echogenic band (SLEB), which indicates skin edema
and infiltration by inflammatory cells, resulting in increased distance between collagen
fibers [20]. Research has demonstrated a correlation between the thickness of the SLEB
and the severity of AD, making it a valuable objective parameter for monitoring the
disease’s course [21]. Moreover, studies using HF-US have revealed that non-lesional AD
skin exhibits a thinner SLEB compared to healthy controls, suggesting the presence of
subclinical eczematous lesions [22,23]. These findings underscore the potential of HF-US as
a non-invasive diagnostic tool and its utility in monitoring AD patients over time. Despite
the promising developments in using HF-US for disease monitoring, there is a notable gap
in the literature regarding a multimodal assessment of changes in the skin barrier function
following various systemic and/or biological therapies used for managing AD. This area of
research remains relatively unexplored, and there is a need for more comprehensive studies
to investigate the impact of different treatment modalities on the skin barrier function in AD
patients. A multimodal assessment would entail integrating data from HF-US with other
diagnostic techniques, such as dermatological assessments, biopsies, and measurements of
biomarkers related to skin barrier function. By combining these approaches, researchers
and clinicians could gain a more comprehensive understanding of how specific therapies
affect the skin barrier in AD patients and whether these changes correlate with treatment
response and disease outcome. Such studies would not only advance our knowledge of the
underlying mechanisms of AD but also provide valuable insights for tailoring personalized
treatment plans for patients. Additionally, understanding the impact of different therapies
on the skin barrier could lead to the development of novel treatment strategies targeting
the restoration of barrier integrity, ultimately improving the management and quality of
life for AD patients.

Since then, new applications of high-frequency ultrasonography (HF-US) have been
developed, including non-invasive monitoring of inflammatory skin diseases. In inflamma-
tory skin diseases (psoriasis, eczema, AD), a subepidermal echogenic or hypoechogenic
band (SLEB) is observed, and the average skin echogenicity is reduced; SLEB shows skin
edema and infiltration by inflammatory cells with increased distance between collagen
fibers [20]. It has been demonstrated that SLEB thickness correlates with the severity of
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AD and can be used as an objective parameter to monitor the course of the disease [21].
Moreover, HF-US studies reported a thinner SLEB in non-lesional AD skin compared to
higher cutaneous US in controls, with a thinner SLEB that may generally indicate a sub-
clinical eczematous lesion [22,23]. Even if non-invasive diagnostic has then been shown
to represent an opportunity for the follow-up of AD patients, curiously, there are still
no studies in the literature that perform a multimodal assessment of the changes in the
barrier function following the various systemic and/or biological therapies available for
the management of AD.

2. Materials and Methods

A prospective study was conducted from February 2019 to November 2019 at the
Department of Dermatology of the University of Pisa, Pisa, Italy, on AD patients who were
followed with non-invasive measurements of affected and unaffected skin. The study was
conducted under the 1964 Declaration of Helsinki and all subsequent amendments, and
all patients provided informed consent. Eligible subjects were patients aged ≥ 18 years
affected by the classic phenotype of moderate to severe AD; subjects with erythrodermic
or prurigo nodularis forms were excluded, as well as patients who were lost to follow-up,
or who had any biologic treatment interruption, or the switching from biologic therapy to
another biologic therapy. The patients were divided into two groups: Group A included
those patients in the biological treatment, while Group B consisted of patients treated
with standard treatment. For Group A, we included all patients who received Dupilumab
300 mg administered subcutaneous according to the dosing schedule at week 0, 4, and then
every 2 weeks. Clinical and instrumental evaluations were performed at baseline (T0), after
1 month (T1), and 2 months (T2). At each visit, an objective examination based on classic
disease scores (EASI, IGA) and patient-reported scores (NRS sleep quality, NRS itching) was
performed. For each patient, instrumental examinations were performed on the lesional
skin of the antecubital cavity and on the non-lesional skin of the contralateral antecubital
cavity not affected by eczematous lesions. TEWL and corneometry were measured by
Dermalab® COMBO (Cortex Technology, Hadsund, Danmark) according to EEMCO Group
guidelines (European Expert Group on Efficacy Measurement of Cosmetics and Other
Topical Products). Each assessment was always conducted under identical environmental
conditions after 15–30 min of acclimation; TEWL was expressed in international units
(g/m2/h) and ranged from 0 to 250 g/m2/h (normal values were 0–25 g/m2/h). Corneom-
etry was expressed in microsimens (µS) and ranged from 0 to 9999 µS. Depending on the
instrument settings, eight measurements were taken and the average value automatically
generated by the software was taken into account. To further investigate skin barrier
function and inflammation, an ultra-high frequency ultrasound (UHFUS) was performed
on a VEVO MD® (FUJIFILM VisualSonics, Toronto, Ontario, Canada) using a 70 MHz
ultrasound probe with a frequency range of 29–71 MHz, axial resolution of 30 µm, lateral
resolution of 65 µm, depth of 10 mm and maximum width of 9.7 mm (B MODE 31, C-MODE
speed 1.9 cm/s). Longitudinal ultrasound probe video clips, transverse ultrasound probe
video clips, and color Doppler studies (both longitudinal and transverse) at a standard
di 1.9 cm/s were performed for each skin area under examination. Ultrasonography was
performed using a sufficient amount of ultrasound gel between the probe and the skin.
The probe was held perpendicular to the skin with minimal pressure and moved manu-
ally. Two dermatologists trained in skin ultrasonography practiced ultrasonography and
imaging. For each ultrasound video clip, SLEB, epidermis and dermis thickness were mea-
sured using RadiAnt DICOM Viewer® software (Medixant, v.5.0.1.21910) and displayed
in millimeters. Three trained operators chose the three most significative frames in each
image, both longitudinal and transverse, and they practiced three measurements of each
parameter. The final value was calculated as the average of the three measurements for
both images.

The level of vascularization, evaluated both in longitudinal and transverse axes, was
assessed using color Doppler imaging at a standard rate of 1.9 cm/s. For each image, the
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vascularization level was determined in a 2.0 mm depth window. The same settings were
used for images of healthy skin. Color Doppler signal was assessed in quantitative scores
from 0 to 3: 0—none; 1—weak (physiological); 2—moderate; 3—strong. The final numerical
score was calculated by average longitudinal and transverse image scores. All categorical
data were described by absolute and relative (%) frequency, and continuous data by mean
and standard deviation. To evaluate the differences between groups in terms of clinical
scores and non-invasive measurements, ANOVA for repeated measures was performed.
Significance was fixed at 0.05, and all analyses were carried out with SPSS v.28 technology.

3. Results

A total of 18 subjects, 11/18 (61%) males and 7/18 (39%) females, with a mean BMI of
24.6 kg/m2 affected by eczematous lesions of the classic clinical form of AD were included
in the study. Age ranged from 20 to 77 years, the mean age was 46 years and the standard
deviation was 18. 10/18 patients (55%) presented phototype II and 8/18 (45%) phototype III.
Group A included 12/18 (66.7%) patients who were treated with dupilumab, while Group B
included 6/18 (33.3%) patients who were treated as follows: 1/12 (8.3%) with cyclosporine,
1/12 (8.3%) with ultraviolet phototherapy, 3/12 (25%) with TCI, and 1/12 (8.3%) with TCS.
The mean values and standard deviations of clinical parameters, ultrasound parameters,
TEWL, and corneometry at T0, T1, and T2 are reported in Table 1 for patients who received
biological treatment (Group A) and in Table 2 for patients who received standard treatment
(Group B). The two groups displayed some clinical differences at baseline, since Group A
moved from a mean EASI of 28.425 (sd: 12.339) and IGA of 3.250 (sd: 0.452), while Group B
from a mean EASI of 12.050 (sd: 7.584) and IGA of 2.167 (sd: 0.753). Also the quality of life
of patients of Group A was more compromised, with a mean DLQI of 12.750 (sd: 6.426),
itch-NRS of 8.5 (sd: 1.382), and sleep-NRS of 5.750 (sd: 3.019); on the other side, Group B
showed a mean DLQI of 9.833 (sd: 6.494), an itch-NRS of 6.667 (sd: 1.033), and sleep-NRS
of 3.333 (sd: 2.944). Focusing on UHFUS measurements, Group A presented an initial
lesional skin SLEB of 0.291 mm(sd: 0.126), non-lesional skin SLEB of 0.053 mm (sd: 0.040),
a lesional skin epidermic thickness of 0.177 mm (sd: 0.030), a non-lesional skin epidermic
thickness of 0.146 mm (sd: 0.027), a lesional skin dermis thickness of 1.749 mm (sd: 0.480),
a non-lesional skin dermis thickness of 1.559 mm (sd: 0.451), a lesional skin vascularization
of 2.292 (sd: 0.480), and a non-lesional skin vascularization of 0.750 (sd: 0.584). Results
from Group B were similar, with some lower values as well as the clinical ones. Indeed, we
registered an initial lesional skin SLEB of 0.195 mm (sd: 0.085), non-lesional skin SLEB of
0.038 mm (sd: 0.049), a lesional skin epidermic thickness of 0.171 mm (sd: 0.055), a non-
lesional skin epidermic thickness of 0.138 mm (sd: 0.044), a lesional skin dermis thickness
of 1.544 mm (sd: 0.273), a non-lesional skin dermis thickness of 1.311 mm (sd: 0.345), a
lesional skin vascularization of 2.167 (sd: 0.516), and a non-lesional skin vascularization of
0.583 (sd: 0.492). TEWL measurements pointed out a mean value of lesional skin TEWL of
40.833 (sd: 22.904) in Group A and of 40.983 (sd: 21.505) in Group B, while non-lesional skin
TEWL showed a mean value of 16.067 (sd: 11.271) in Group A and of 28,417 (sd: 22.668) in
Group B. To conclude baseline measurements, mean lesional skin corneometry of Group
A was 131.00 (sd: 68,621) vs. 248.33 (sd: 257.498) in Group B; furthermore, the mean
non-lesional skin corneometry of Group A was 107,333 (sd: 39,919) vs. 194.50 (sd: 1496.020)
in Group B.
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Table 1. Mean values (sd) for patients in biological treatment (Group A), evaluated at baseline (t0),
after 1 month (t1) and 2 months (t2).

Time Line t0 t1 t2

PARAMETERS Mean SD Mean SD Mean SD p-Value

EASI 28.425 12.339 9.875 9.360 8.033 8.815 <0.001

IGA 3.250 0.452 1.833 0.718 1.750 0.866 <0.001

DLQI 12,750 6.426 3.667 3.284 3.417 3.942 0.001

Sleep-NRS 5.750 3.019 1.167 1.946 2.417 2.778 0.002

Itch-NRS 8.500 1.382 3.250 2.340 3.333 2.309 <0.001

Lesional skin SLEB (mm) 0.291 0.126 0.103 0.072 0.085 0.100 <0.001

Non-lesional skin SLEB (mm) 0.053 0.040 0.057 0.080 0.030 0.035 ns

Lesional skin epidermic thickness (mm) 0.177 0.030 0.156 0.037 0.148 0.028 0.002

Non-lesional skin epidermic thickness (mm) 0.146 0.027 0.142 0.023 0.138 0.020 ns

Lesional skin dermis thickness (mm) 1.749 0.480 1.656 0.690 1.607 0.678 ns

Non-lesional skin dermis thickness (mm) 1.559 0.451 1.650 0.567 1.589 0.527 ns

Lesional skin vascularization 2.292 0.450 1.292 0.450 1.042 0.396 <0.001

Non-lesional skin vascularization 0.750 0.584 0.625 0.483 0.625 0.483 ns

Lesion skin TEWL 40.833 22,904 29,250 12,624 28,150 12,697 ns

Non-lesional skin TEWL 16,067 11,271 21,583 15,967 14,392 9.104 ns

Lesion skin corneometry 131,000 68,621 132,667 81,615 103,833 37,365 ns

Non-lesional skin corneometry 107,333 39,919 119,667 83,049 101,167 33,526 ns

Eczema Area and Severity Index (EASI), Investigator’s Global Assessment (IGA), Dermatology Life Quality Index
(DLQI), Numerical Rating Scale (NRS), Subepidermal Low-Echogenic Band (SLEB), Transepidermal water loss
(TEWL).

Table 2. Mean values (sd) for patients in standard treatment (Group B) evaluated at baseline (t0),
after 1 month (t1) and 2 months (t2).

Time Line t0 t1 t2

PARAMETERS Mean SD Mean SD Mean SD p-Value

EASI 12,050 7.584 6.183 3.945 5.667 5.297 0.020

IGA 2167 0.753 1.667 0.816 1.500 1.049 0.063

DLQI 9833 6.494 4.667 3.011 1.667 1.506 0.083

Sleep-NRS 3333 2.944 1.833 2.483 1.667 2.338 ns

Itch-NRS 6667 1.033 2.833 2.927 3.333 2.338 0.033

Lesional skin SLEB (mm) 0.195 0.085 0.146 0.084 0.139 0.159 ns

Non-lesional skin SLEB (mm) 0.038 0.049 0.050 0.045 0.044 0.040 ns

Lesional skin epidermic thickness (mm) 0.171 0.055 0.168 0.023 0.149 0.034 0.043

Non-lesional skin epidermic thickness (mm) 0.138 0.044 0.127 0.024 0.146 0.019 ns

Lesional skin dermis thickness (mm) 1.544 0.273 1.387 0.200 1.360 0.329 ns

Non-lesional skin dermis thickness (mm) 1.311 0.345 1.341 0.282 1.306 0.374 ns

Lesional skin vascularization 2.167 0.516 1.583 0.585 1.500 0.837 ns

Non-lesional skin vascularization 0.583 0.492 0.667 0.753 0.750 0.274 ns
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Table 2. Cont.

Time Line t0 t1 t2

PARAMETERS Mean SD Mean SD Mean SD p-Value

Lesion skin TEWL 40.983 21,505 28,367 8.641 46,350 25,401 ns

Not-lesional skin TEWL 28,417 22,668 26,000 17,535 41,100 14,846 ns

Lesion skin corneometry 248,333 257,498 117,667 95,406 151,000 62,846 ns

Not-lesional skin corneometry 194,500 146,020 158,000 101,052 166,167 76,583 ns

Eczema Area and Severity Index (EASI), Investigator’s Global Assessment (IGA), Dermatology Life Qual-
ity Index (DLQI), Numerical Rating Scale (NRS), subepidermal low-echogenic band (SLEB), transepidermal
water loss (TEWL).

For Group A, a significant reduction in the objective clinical parameters of EASI, IGA
(p-value < 0.001) was found, as well as an improvement in the quality of life measured
through DLQI (p-value 0.001) and both Itch NRS (p-value < 0.001) and Sleep-NRS
(p-value = 0.002). Similar results were obtained in Group B, with a slighter reduction
of EASI (p-value = 0.02), IGA (p-value = 0.063), DLQI (p-value = 0.083), and Itch NRS
(p-value = 0.033), while Sleep-NRS did not reach a statistically significant improvement.
Focusing on non-invasive measurements, none of the two groups presented a significant
reduction in TEWL and corneometry. Conversely, UHFUS evaluations pointed out dif-
ferences in Group A in terms of mean lesional skin SLEB (p-value = 0.001), lesional skin
epidermic thickness (p-value = 0.002), and lesional skin vascularization measured through
Doppler (p-value < 0.001). In the standard treatment Group B, only the epidermal thickness
of lesional skin showed a statistically significant decrease (p-value = 0.043). Non-lesional
skin parameters did not display any significant modifications in either Group A or in
Group B.

4. Discussion

Patients affected by moderate to severe forms of AD often require systemic treatment
to achieve adequate disease control independently from a correct and optimal topical
therapy [24,25]. On the contrary, a recent meta-analysis demonstrated that mild to moderate
forms of AD can benefit from intermittent therapy with moderate- to high-potency TCS
or TCI, which was able to reduce the risk of flares after the disease control achieved with
continuous use of the agents [26]. In any case, a re-evaluation of patients to exclude
concurrent diseases or conditions that may influence the response (e.g., infection, contact
dermatitis) is considered a good clinical practice before the start of any systemic therapy,
as well continuous monitoring of the clinical response after the choice of the first-line
therapy. Dupilumab is a fully human monoclonal antibody approved for the treatment
of adults and children with moderate to severe AD not correctly controlled with topical
and/or systemic therapies, displaying a favorable safety profile that does not typically
require a serum monitoring as non-targeted immunosuppressive agents [27]. Efficacy of
dupilumab has been shown in multiple work and real life-experiences, such as a recent
network meta-analysis of 74 randomized trials (more than 8000 patients), which declared
dupilumab as the most effective treatment in achieving a 75 percent reduction in the EASI
(EASI-75) score (risk ratio 3.04, 95% CI 2.51–3.69) and improving the Patient-Oriented
Eczema Measure (POEM) score (mean difference 7.3, 95% CI 6.61–8.00) during short-term
follow-up when compared with placebo [28]. Moreover, the long-term safety of dupilumab
was evaluated in a randomized, double-blind, multicenter trial (LIBERTY AD CHRONOS)
on 740 patients [27], who experienced similarly rated adverse events both when treated
with dupilumab or receiving placebo plus topical corticosteroids (83 to 88 percent). Beyond
its therapeutic efficacy, recent research has shed light on the impact of dupilumab on skin
modification, particularly in relation to the skin barrier function and overall cutaneous
health. Indeed, research investigating the effects of dupilumab on skin modification at
the histological and molecular levels has revealed promising findings. Biopsy studies
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have shown that dupilumab treatment reduces epidermal thickness, parakeratosis, and
spongiosis, all of which are associated with AD severity [29]. Additionally, gene expression
analysis has demonstrated that dupilumab shifts the transcriptome of lesional skin toward
a more non-pathological phenotype. This means that dupilumab reduces the expression
of genes involved in type 2 inflammation and epidermal hyperplasia while increasing the
expression of genes associated with epidermal differentiation, barrier function, and lipid
metabolism [30]. Even if monitoring of therapeutic response can be frequently performed
through a clinical evaluation and correct dialogue with the patient, the study of residual
inflammation and skin modification, which can lead to new flares, is not easily performed
during the clinical practice. From a molecular point of view, non-lesional skin of AD
patients does not have the structure of normal skin from healthy controls [31], with deep
differences in terms of the general skin barrier function, qualitative and quantitative changes
in dendritic cell populations, and lymphocytic infiltration. In particular, clinical severity
seems to be related to the mean number of infiltrating dendritic cells as well as disease
recurrence was demonstrated to be driven by the repopulation of cutaneous inflammatory
dendritic cells [32]. All this molecular evidence suggests that there is still limited knowledge
on managing subclinical inflammation, and few studies have been performed on managing
clinical responses through non-invasive dermatological instruments. UHFUS allows the
clinician to obtain real-time images with the possibility of performing measurements
of physiological and pathological aspects of the skin. According to data presented in
the literature, dermal echogenicity is influenced by collagen fiber location and water
content [33–35]. Damage to collagen fibers leads to a reduction in the echogenicity of the
dermis, which is visible in different inflammatory diseases due to swelling of the skin
and inflammatory cell infiltration. Although SLEB is not a specific parameter for any skin
disease, its changes over time have important prognostic value, especially for patients
with chronic skin diseases such as psoriasis and AD. SLEB thickness in AD correlates
with histopathological aspects such as epidermal hyperplasia and hyperkeratosis, levels
of parakeratosis and spongiosis, and inflammatory cell infiltration [36,37]. Moving from
these assumptions, it is not surprising that even in our work, UHFUS measurements have
revealed a parallel reduction in skin thickness and inflammation in response to dupilumab
therapy. The most valuable result of our study is that SLEB scores, vascular signals, and
epidermal thickness were much more significantly reduced in patients receiving biological
treatment compared to patients with standard treatment. The results obtained from this
study support the possibility of considering SLEB as an objective parameter for monitoring
treatment efficacy in AD [20]. In particular, as can be seen from Figure 1, there is a parallel
reduction in SLEB, vascular signs, and epidermal thickness in the lesional skin of both
treated groups. These results can be explained by the ability of biological drugs to gradually
shift lesion transcriptomes toward a non-pathological phenotype, reducing the expression
of genes involved in type 2 inflammation and epidermal hyperplasia and increasing the
expression of epidermal differentiation, barrier, and lipid metabolism genes [29]. According
to the literature, SLEB at baseline was measurable on the affected skin in 100% of patients
with AD [21–23]. In 72.2% of patients with AD, SLEB could also be detected on non-
lesional skin. These data are significantly higher than those reported in the literature and
can be explained by considering that ultrasound was performed using a 70 MHz probe
(UHFUS), with an axial resolution of 30 µm and transverse resolution of 65 µm, which
enable better skin resolution [22,23]. A statistically significant decrease in SLEB correlates
with AD severity and may be an indicator of treatment effectiveness. The presence of
a hypoechogenic band also in the perilesional skin of AD subjects would support the
idea that there are subclinical eczematous reactions predictive of disease reactivation [23].
Particularly, the persistence of subclinical inflammation could identify patients who need to
change or intensify therapy, as previously indicated in the literature [38,39]. In the lesional
skin of patients with AD, a moderately-intensive vascular signal was detected in 100% of
cases at baseline and not detected at T1 and T2. Physiological patterns of vascularization at
baseline and follow-up visits were detected in non-lesional skin. A statistically significant
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decrease in vascular signal from baseline to T1 and T2 represents a useful marker of clinical
inflammation. Data on vascular signals in AD affected and non-affected skin has been
poorly evaluated in the literature. Conversely, vascular signals have been used to assess
angiogenesis and malignant and metastatic potential in pigmented skin lesions and as a
marker of clinical inflammation in psoriasis and hidradenitis suppurativa [40]. In AD, the
vascular signal can be a useful marker of clinical inflammation, but unlike SLEB, it cannot
be considered a marker of subclinical inflammation. Studies have shown that angiogenesis
is increased in the lesional skin of individuals with AD, and the increased blood vessel
density and vascular permeability contribute to skin redness and edema observed in AD
flare-ups [41]. Additionally, the newly formed blood vessels facilitate the recruitment of
immune cells to the affected skin, amplifying the inflammatory response even through
vascular endothelial growth factor (VEGF), one of the key angiogenic factors implicated
in AD and whose levels are Increased in AD skin lesions [42]. In Figure 2, there is a
representation of the clinical and UHFUS evolution of a patient treated with dupilumab
during the different time sets of our study, with a clear reduction of the vascular signal
measured through the Doppler function.
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Figure 2. Clinical and UHFUS examination of a patient treated with dupilumab evaluated at baseline
(t0) (A), after 1 month (t1) (B) and 2 months (t2) (C).

5. Conclusions

Our study displays a few limitations. The first one is represented by the differences in
some clinical parameters at T0 between the two selected groups. However, the differences in
the two groups can be easily explained by taking into account that Group A included patient
candidates for the biologic therapy, which in Italy can be prescribed in adults patients only
in the presence of a high burden of the disease measured through the classical clinical
score of EASI that, consequently, leads to differences even in terms of IGA and quality
of life indexes [43,44]. Another limitation is represented by the sample size. We expect
that this pilot study can be expanded to achieve a higher level of statistical significance.
It would also be interesting to include patients with different AD severity to objectify the
correlation between clinical severity assessment and ultrasound parameters. Our study
shows that SLEB measurements, vascular signals, and epidermal thickness can be used as
objective parameters to monitor treatment efficacy in AD. To date, treatment monitoring
has always been based on clinical remission of active lesions, but the presence of SLEB
in non-lesional skin can be used as a marker of subclinical inflammation and can predict
the development of clinical lesions, requiring active treatment. In conclusion, SLEB is
a non-invasive, safe, and reproducible parameter, and it seems appropriate to combine
ultrasound features of lesional and non-lesional skin with clinical scores to assess disease
severity. Further investigations are needed to clarify the relationship between a decrease
or disappearance of SLEB and a reduction in flares and prolongment of disease remission
time. Combining UHFUS with clinical scores allows for a comprehensive evaluation of
disease activity, guiding treatment decisions for better patient outcomes. Although this
pilot study shows promising results, further research and larger-scale studies are necessary
to validate the utility of UHFUS in routine clinical practice. The integration of advanced
imaging techniques like UHFUS holds great potential to revolutionize AD management,
leading to more effective and personalized treatment approaches for patients affected by
this challenging skin condition.
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Abstract: Psoriatic onychopathy is one of the clinical presentations of psoriasis and a well-known risk
factor for the development of psoriatic arthritis. High-frequency ultrasounds (HFUS > 20 MHz) have
recently been used to evaluate the nail apparatus of healthy and psoriatic subjects. The aim of our
study was to detect by means of ultra-high-frequency ultrasound (UHFUS 70–100 MHz) alterations
of the nail bed and matrix in patients with psoriatic onychopathy and to monitor these parameters
during the treatment with monoclonal antibody (mAb). We enrolled 10 patients with psoriatic
onychopathy and naive to previous biologic therapies. Patients were evaluated at baseline, after
1 month and after 3 months from the beginning of mAb therapy by a complete clinical assessment and
US evaluation. A UHFUS examination with a 70 MHz probe was performed on the thumbnail (I), the
index fingernail (II) and the nail with greater clinical impairment (W). The following measurements
were analyzed: nail plate thickness (A), nail bed thickness (B), nail insertion length (C), nail matrix
length (D) and nail matrix thickness (E). Among the various parameters analyzed, some measures
showed a statistically significant decrease with p-value < 0.05 (t0 WA = 0.52 mm vs. t2 WA = 0.42 mm;
t0 WB = 2.8 mm vs. t2 WB = 2.4 mm; t0 WE = 0.76 mm vs. t2 WE = 0.64 mm; t0 IIA = 0.49 mm vs.
t2 IIA = 0.39 mm). In conclusion, UHFUS could represent a viable imaging technique for the real-time
evaluation and monitoring of psoriatic onychopathy, thus supporting the clinical parameters and
revealing any subclinical signs of early drug response.

Keywords: psoriasis; ultra-high-frequency ultrasound; onycopathy; monoclonal antibodies

1. Introduction

Psoriasis is a chronic multisystemic and polymorphous inflammatory disease. In
addition to the classic cutaneous presentation, represented by erythematous–desquamative
lesions, the nail and musculoskeletal system could also be involved. The nail impairment
can represent the exclusive clinical manifestation of the disease or, more frequently, it
can be associated with cutaneous involvement [1,2]. Moreover, psoriatic onycopathy is a
recognized risk factor for the development of psoriatic arthritis in patients with psoriasis.
The nail apparatus is considered a link between the joint and the skin [3]. Since psoriasis
often precedes psoriatic arthritis symptoms, dermatologists play a unique position in
identifying psoriatic arthritis before the development of permanent joint damage [4]. Nail
psoriasis severity index (NAPSI) is a clinical, standardized index used for quantifying the
severity of nail psoriasis, analyzing nail matrix and bed alterations. Lesions involving the
matrix are pitting, leuconichia, friability of the nail plate and red spots on the nail lunula.
Lesions of the nail bed, on the other hand, are the oil-drop stain, onycholysis, subungual
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hyperkeratosis, splinter hemorrhages, Beau’s lines and trachyonychia [5]. Although it is
not a validated index, it remains the reference system in clinical trials regarding psoriatic
onychopathy [6].

To date, the use of ultrasound (US) in the research field of psoriasis has focused on the
role of US in the study of joints, tendons and entheses of patients with psoriatic arthritis.
The development of devices provided with high-resolution probes and highly sensitive
power Doppler (PD) allow detailed study of tissue morphostructural features and accurate
assessment of minute changes in blood flow [7–9].

However, more recently, US imaging has been widely used for the evaluation of nail
unit features [10]. Therefore, the use of a high-frequency ultrasound (HFUS), with >20 MHz
probe, has also been employed in the descriptive analysis of various nail diseases, including
psoriatic onychopathy [11,12]. In the early stages of psoriatic onychopathy, a loss of the
typical hyperechogenicity of the ventral portion of the nail plate can be observed. As the
disease progresses, more pronounced and distinctive changes become evident in the US
images. In the more advanced stages of psoriatic onychopathy, the trilaminar aspect of the
nail plate, which is characteristic of healthy nails, becomes completely lost. This profound
transformation is a clear indicator of the severity of the disease and reflects the extent of
nail involvement: in more advanced stages of disease, the nail plate appears as a thickened,
wavy, hyperechoic and inhomogeneous layer [13,14].

The use of a ultra-high-frequency ultrasonography (UHFUS) with a 70 MHz probe
allows to examine the more superficial cutaneous and adnexal features with a spatial
resolution in the order of 30 µm, thus offering new capabilities for the exploration of
different cutaneous and non-cutaneous districts, including nails and oral mucosa [15–18].
There are no data in the literature regarding an evaluation of the nail system of patients
with psoriatic onychopathy by UHFUS. Nail psoriasis represents a difficult-to-treat site
for the clinician; the various options available in addition to topical therapy include the
use of conventional systemic therapy (systemic retinoids, methotrexate and cyclosporine)
or biologics and synthetic targeted disease-modifying drugs. Biologics, such as tumor
necrosis factor (TNF)-alpha inhibitors, Interleukin (IL)-17 inhibitors and IL-23 inhibitors,
have demonstrated remarkable efficacy in treating psoriatic nail disease by specifically
targeting key inflammatory pathways involved in the condition. These targeted therapies
offer a more favorable safety profile compared to conventional systemic agents, as they are
designed to selectively interfere with the underlying disease process while minimizing the
impact on the immune system [19,20]. To date, monitoring of treatment response is based
exclusively on clinical assessment; however, US could represent a repeatable, noninvasive
imaging technique that can be used for objective assessment of treatment efficacy.

The aim of the study was to evaluate the role of UHFUS in the assessment of psoriatic
onychopathy and in the therapeutic response of naive patients treated with biological
therapy compared to clinical score and patient’s quality of life. Finding a correlation
between nail dystrophies, evaluated by NAPSI and US findings means developing a new
and more objective way to identify and quantify the presence of nail involvement before its
clinical appearance.

Moreover, UHFUS imaging could monitor US nail features improvement during the
treatment and reveal any subclinical signs of drug effectiveness and nail psoriasis relapse.

2. Materials and Method

We conducted a prospective single-center study enrolling 10 patients with psoriasis
and psoriatic onychopathy, in the absence of psoriatic arthritis, who started therapy with
monoclonal antibodies (mAb) directed against TNF-alpha, (IL)-17 and IL-23. The patients
were naive to previous conventional and biologic systemic therapies and were evaluated at
baseline and after 1 month and after 3 months from the beginning of biologic therapy. At
each visit, the clinical investigation was performed by a dermatologist expert in psoriasis
who collected a photographic record of the patient and assessed clinical disease parameters
such as the psoriasis area severity index (PASI), NAPSI, modified (m)-NAPSI calculated on
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the nail with major clinical alterations and dermatology life quality index (DLQI) [21–23].
For the US examination of the nail apparatus, a UHFUS with a 70 MHz probe was used
(Vevo MD®® FUJIFILM VisualSonics, Toronto, ON, Canada). UHFUS investigation was
performed by a dermatologist expert in UHFUS blinded from the clinical diagnosis. The
fingernail examination was performed in a seated position with hands placed on a table.
The proper distance of the probe from the skin, to permit imaging of superficial structures,
was maintained with an appropriate amount of gel [23]. The fingernail apparatus was
assessed in B-MODE with a longitudinal section on the middle point of the lamina. For
each patient, the first (I) and second fingers (II) of the right hand and the nail with the worst
clinical aspect (W) were examined. The following parameters were measured three times
by the same operator who performed the UHFUS examination and the average value of
the three measurements was recorded (Figure 1)

• Nail plate thickness: measured as the maximum distance between the dorsal and
ventral hyperechoic plates of the nail (measure A).

• Nail bed thickness: measured as the maximum distance between the ventral plate of
the nail and the edge of the phalangeal bone (measure B).

• Nail plate insertion: the non-visible part of the nail plate measured from its proximal
point to its distal point (measure C).

• Nail matrix length: measured from the insertion of the nail plate to the proximal point
of the matrix (measure D).

• Nail matrix thickness: measured at the point of maximum matrix thickness (mea-
sure E).
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ness, orange line (measure E). 
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green dotted line (measure C); nail matrix length, green line (measure D); nail matrix thickness, orange
line (measure E).

The target sample size was 10 patients, which provides 80% power at the 5% level of
significance and an effect size equal to 0.1 between mean IIA at baseline and mean IIA at
3 months, with a standard deviation equal to 0.1.

Categorical data were described with absolute and relative (%) frequency and con-
tinuous data were summarized with mean and standard deviation. To compare repeated
measures (t0, t1, t2) of the factors ANOVA for repeated measures was applied followed by
multiple comparisons with the Bonferroni method. The significance was set at 0.05 and all
analyses were carried out by SPSS v.28 technology.

3. Results

Our population consisted of 8/10 males (80%) and 2/10 females (20%), with a mean age
of 51 years (39–63). In total, 7/10 patients (70%) were smokers or former smokers. The mean
BMI was 26.7 (20.1–33.3). The mean time of disease was 18 years (5–31). All patients were
naive to previous biologic therapies: three patients were treated with Adalimumab (anti TNF-
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alpha mAb); two patients started therapy with Ixekizumab (anti IL-17 mAb); four patients
started therapy with Bimekizumab (anti IL-17A/F mAb); and one patient was treated with
Tildrakizumab (anti IL-23 mAb). The clinical and US features evaluated at baseline (t0), after
1 month (t1) and after 3 months (t2) are shown in Table 1. At baseline, patients had a mean
PASI of 17.5, a mean NAPSI of 40.6, an m-NAPSI calculated on the nail with major clinical
changes of 9.6 and a DLQI of 12.6. A statistically significant (p-value < 0.05) improvement in
the analyzed clinical parameters (mean PASI = 0.4; mean NAPSI = 22.9; mean m-NAPSI = 4.9;
mean DLQI = 0) was detected after 3 months from the start of therapy. Among the various
US parameters analyzed, some measures showed a statistically significant decrease with
p-value < 0.05 (t0 WA = 0.52 mm vs. t2 WA = 0.42 mm; t0 WB = 2.8 mm vs. t2 WB = 2.4 mm;
t0 WE = 0.76 mm vs. t2 WE = 0.64 mm; t0 IIA = 0.49 mm vs. t2 IIA = 0.39 mm). The other
parameters showed a decreasing trend (measures IA, IB; IE, IIB, IIE) or an increasing trend
(measures IC, ID, IIC, IIE, WC, WD) during the treatment. The results obtained from the com-
parison between repeated measures (t0, t1, t2) using multiple comparisons by the Bonferroni
method are reported in Table 2.

Table 1. Comparison between repeated measures ANOVA. Statistics: mean (sd). Psoriasis area
severity index (PASI), NAPSI, modified (m)-NAPSI, dermatology life quality index (DLQI), thumbnail
(I), index fingernail (II) nail with worst clinical impairment (W), nail plate thickness (A), nail bed
thickness (B), nail insertion length (C), nail matrix length (D) and nail matrix thickness (E).

Factor t0 t1 t2 p-Value

PASI 17.5 (14.2) 5 (3.6) 0.4 (0.6) 0.017

NAPSI 40.6 (25.2) 40.6 (25.2) 22.9 (7.8) 0.032

mNAPSI 9.6 (4.1) 9.6 (4.1) 4.9 (1.8) 0.003

DLQI 12.6 (7.2) 3.4 (2.3) 0 (0) <0.001

I A 0.47 (0.19) 0.46 (0.15) 0.38 (0.11) 0.109

I B 3.1 (0.7) 2.9 (1) 2.6 (0.3) 0.147

I C 3.9 (1.4) 4.3 (0.7) 4.1 (1.1) 0.506

I D 4.4 (1.3) 4.7 (0.7) 4.6 (1) 0.459

I E 0.66 (0.22) 0.61 (0.13) 0.58 (0.11) 0.236

II A 0.49 (0.14) 0.47 (0.16) 0.39 (0.07) 0.032

II B 2.8 (0.3) 2.8 (0.4) 2.6 (0.3) 0.057

II C 4.1 (1.3) 4.4 (1.1) 4.5 (1.1) 0.087

II D 4.9 (1.3) 5.3 (1.2) 5 (1.1) 0.448

II E 0.74 (0.25) 0.68 (0.19) 0.64 (0.13) 0.295

W A 0.52 (0.15) 0.48 (0.1) 0.42 (0.1) 0.039

W B 2.8 (0.3) 2.7 (0.5) 2.4 (0.3) 0.003

W C 4 (1.2) 4.2 (1.1) 4.1 (1.1) 0.275

W D 4.8 (1.1) 4.9 (1) 5.3 (1.1) 0.293

W E 0.76 (0.2) 0.71 (0.17) 0.64 (0.13) 0.025
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Table 2. Multiple comparisons by Bonferroni method. Statistics: p-value. Psoriasis area severity index
(PASI), NAPSI, modified (m)-NAPSI, dermatology life quality index (DLQI), thumbnail (I), index
fingernail (II) nail with worst clinical impairment (W), nail plate thickness (A), nail bed thickness (B),
nail insertion length (C), nail matrix length (D) and nail matrix thickness (E). Not evaluable (ne).

Factor t0 vs. t1 t0 vs. t2 t1 vs. t2

PASI 0.022 0.014 0.010

NAPSI ne 0.097 0.097

mNAPSI ne 0.010 0.010

DLQI 0.010 0.001 0.003

II A 0.662 0.038 0.138

W A 0.478 0.054 0.061

W B 0.682 0.002 0.208

W E 0.868 0.040 0.144

4. Discussion

The diagnosis of nail psoriasis is usually clinical and the only severity index of psoriatic
onychopathy is a strictly clinical and unvalidated score, called NAPSI. Our interest in
researching US changes in the nail bed, lamina and matrix would allow us to identify an
objective imaging score in addition to using NAPSI to assess the level of disease severity.
To date, the application of US in psoriasis research has primarily concentrated on its role in
investigating joints, tendons and entheses in patients with psoriatic arthritis. The advances
in technology have led to the development of devices equipped with high-resolution
probes and highly sensitive PD capabilities, enabling a more in-depth examination of tissue
morphostructural characteristics and precise evaluation of minute changes in blood flow.
Despite these significant advancements, the application of US in other aspects of psoriasis
research still remains poorly investigated. With the introduction of UHFUS, attention has
shifted towards exploring its usefulness in assessing nail psoriasis, with initial studies
suggesting its potential to provide valuable insights into the severity and response to the
treatment of psoriatic nail disease.

The healthy nail plate was described by HFUS examination (20 MHz) as two parallel
hyperechogenic bands (railways sign), defined as the ventral and dorsal lamina of the nail
plate. Between them, a hypoechogenic linear layer was detectable. The cuticle appeared as
a proximally localized structure with echogenicity comparable to that of the ventral and
dorsal lamina [24]. US changes of the nail plate in a patient with psoriatic onychopathy
were detectable by a loss of echogenicity of the ventral plate in the early stage, and the
involvement of the dorsal lamina with a complete loss of the trilaminar aspect in the
advanced stages [25]. The qualitative severity of psoriatic nail alteration could be assessed
ultrasonographically according to the classification presented by Wortsman et al.: type I
was defined as focal, point-like hyperechoic involvement of the ventral plate; type II as
continuous loss of the borders of the ventral plate; type III as the identification of wavy
plates; and type IV as the complete loss of definition of both plates [26]. Also, in our study
conducted with a UHFUS probe (70 MHz), we detected a trilaminar structure of the nail
plate. However, the middle band presented a predominantly hypoechogenic and not totally
anechogenic appearance, unlike studies in the literature.

The thickness of a normal plate varied between 0.3 and 0.65 mm [27]. Szymoniak-
Lipska et al., in 2021, reported an average value in a population of healthy subjects of
index fingernail plate thickness of 0.42 evaluated with a 20 MHz probe [24]. Gisondi et al.
in 2012 identified with an 18 MHz probe that the average nail plate thickness of patients
with psoriatic onychopathy and an average NAPSI of 18 was 0.9 mm and 0.82 mm for the
thumbnail and the fingernail, respectively [28]. In another study, Idolazzi et al. identified,
with an 18 MHz probe, an average value of 0.64 in a population of patients with psoriatic
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onychopathy with a mean NAPSI of 12.2 [11]. They also found a linear correlation between
NAPSI and nail plate and bed thickness. Ally Essayed et al. identified the cut off for the
diagnosis of nail psoriasis in a nail plate thickness above 0.63 mm and 0.61 mm for the
thumb and the index finger, respectively (sensitivity 72% and 60% and specificity 70% and
88%, respectively) [29]. Our study collected data from a group of patients with a mean
NAPSI of 40.6 and mNAPSI of 9.6 and reported mean values of nail plate thickness of 0.47
and 0.49 for the thumbnail and the index fingernail, respectively. Also, in our study, we
found a correlation between higher mNAPSI and increased nail plate thickness: the plate
thickness of the nail with major clinical changes was 0.52 mm.

The healthy nail bed appeared as a hypoechogenic structure localized between the
ventral nail plate and the periosteum of the distal phalanx, with a thickness that ranged
from 0.7 to 6.5 mm [27]. The study conducted by Ally Essayed et al. in 2015 identified a
thickness of the nail bed above 1.85 mm and 1.89 mm, for the thumbnail bed and the index
fingernail, respectively, to define nail psoriasis [29]. However, there was no agreement
about the thickness of the nail bed to define a pathological condition. Another study
identified nail bed thickness above 2.0 mm as a cut-off point for the diagnosis of psoriatic
changes [30]. In more advanced stages, an increase in the distance between the ventral
plate and the bony margin of the distal phalanx (>2.5 mm) was detectable [25]. Gisondi
et al. in 2012 identified a mean thumbnail bed thickness of 2.95 mm in a population of
patients with psoriatic onychopathy and a mean NAPSI of 18 [28]. Idolazzi et al. identified,
with an 18 MHz probe, an average value of 2.5 in a population of patients with psoriatic
onychopathy with a mean NAPSI of 12.2 [11]. Finally, it has been shown that nail bed
thickness and plate thickness were higher in patients with psoriasis and psoriatic arthritis,
with or without nail clinical involvement, compared to healthy nails [31,32].

Our study reported mean values of nail bed thickness of 3.1 mm and 2.8 mm for the
thumbnail and the index fingernail, respectively. Compared to the previous study our
results in terms of mean plate and bed thickness reported some differences that could be
associated with the higher mean NAPSI and mNAPSI values of our population, as well as
the use of UHFUS with greater axial resolution and the landmarks used for measurement.
Establishing a correlation between nail dystrophies, as assessed by NAPSI, and US findings
represent a significant advancement in the field of psoriasis research. Such a correlation
could give new insight into the development of a novel and more objective scoring system
for measuring disease severity related to nail involvement. Unlike traditional subjective
assessments, UHFUS would provide a standardized and quantifiable measure of the
extent and severity of nail psoriasis, leading to more accurate disease monitoring and
treatment evaluation.

Few studies were reported in the literature regarding US monitoring of the nail system
in subjects with psoriatic onychopathy undergoing systemic therapy. One study showed
that 6 months of methotrexate therapy was able to reduce nail plate, bed and matrix thick-
ness in patients with psoriatic onychopathy [33]. A second study revealed a reduction
in matrix and nail bed thickness of patients with psoriatic onychopathy treated with ac-
itretin [34]. There were no data in the literature regarding US monitoring of nail features
with a 70 MHz probe in patients treated with mAb. Our study demonstrated that treatment
with mAb anti-TNF-alpha and anti-IL determined a decrease in the nail plate and bed thick-
ness. The statistically significant reduction in clinical parameters over time was associated
with a statistically significant reduction in the nail plate thickness value of the index finger
(t0 IIA = 0.49 mm vs. t2 IIA = 0.39 mm) and the finger with major clinical impairment
(t0 WA = 0.52 mm vs. t2 WA = 0.42 mm) as well as a reduction in the nail bed measurement
of the finger with major clinical alterations (t0 WB = 2.8 mm vs. t2 WB = 2.4 mm). The
measures of lamina thickness and nail bed thickness of the other nail fingers also showed a
tendency to decrease over time. UHFUS imaging’s role in monitoring the improvement
of US nail features during systemic treatment is particularly promising. As an innovative
biologic therapy, mAb anti-TNF-alpha and anti-IL have shown considerable efficacy in
treating psoriasis, including nail psoriasis. UHFUS imaging could act as a valuable tool in
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assessing treatment response, allowing clinicians to visualize and objectively measure the
changes in nail structures over time. This monitoring capability could help in personalizing
therapeutic approaches to optimize patient outcomes. Additionally, the early detection of
subclinical signs of drug effectiveness and potential nail psoriasis relapse with UHFUS
imaging is a significant advancement. Identifying signs of treatment response or relapse
earlier than traditional clinical assessments may enable prompt adjustments to therapy,
ensuring patients receive the most effective and timely interventions.

The proximal nail fold was described by studies in the literature as a structure with
lower echogenicity than the ventral and dorsal plates of the nail plate [24]. In contrast,
examination with a 70 MHz probe allowed precise identification of the appearance of the
nail plate insertion in the distal phalanx. The dorsal and ventral plates continued beyond
the cuticle as two hyperechogenic bands that converged proximally with a hypoechogenic
layer in the middle. The sharpness and linearity of the US bands were higher in subjects
with fewer detectable clinical changes (lower NAPSI and m-NAPSI). No data regarding
the measurement of nail plate insertion length in the distal phalanx were available in the
literature. The data found from our study showed that the clinical improvement detectable
by a reduction in NAPSI and m-NAPSI due to treatment was associated with elongation
and increased linearity of the nail plate insertion (Figure 2).
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It could be hypothesized that the inflammatory state of the matrix and the periungual
tissues of patients with psoriatic onychopathy caused an increase in the level of mechanical
compression in the nail insertion determining qualitative and quantitative US alterations.
The improvement of these parameters during the treatment with anti-IL mAbs, able to
reduce the inflammatory burden, would support our hypothesis, although further studies
are needed to confirm these preliminary data.

The matrix was defined as a hypoechoic structure with blurred borders, near the nail
fold, 1–5.3 mm long, detectable in a minority of subjects and variable in different types of
fingers. The matrix was identified with more precision in the fourth and fifth fingers and
more often in female patients [24]. Our study defined the nail matrix as a hypoechogenic
structure that surrounded the nail insertion in the distal phalanx, whose linearity and US
sharpness were higher in patients with lower nail changes at baseline and after treatment
with mAb. In our study, we also measured nail matrix length reporting higher values
for patients with fewer clinical alterations at baseline and after treatment with mAb. US
studies in patients with nail PsO also revealed significantly increased thickness of nail
matrix compared to healthy nails. In particular, Krajewska-Włodarczyk reported mean
nail matrix thickness values of 1.96 mm in patients with psoriatic onychopathy obtained
with a linear probe with a frequency ranging from 12 to 48 MHz. [35] The importance of an
objective assessment of nail matrix impairment was related to the association between the
involvement of the distal interphalangeal joint and the nail root inflammation. Psoriatic
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arthritis is a complex condition that involves not only the skin but also the musculoskeletal
system. Recent advancements in US measurements gave new insight into the evaluation of
nail alterations in subjects with psoriatic arthritis, offering valuable insights into the dis-
ease’s underlying pathophysiology. In the pathophysiology of psoriatic arthritis, the central
role of TNF-α and IL-17 had been highlighted. MAbs directed against these molecules had
shown potential efficacy in reducing early signs of psoriatic arthritis activity, representing a
significant clinical–therapeutic challenge. Optimizing the early management of psoriasis
patients through targeted biologic therapies could potentially prevent or slow down the
progression of arthritis, leading to better long-term outcomes and improving the quality of
life for affected individuals. Nail involvement in psoriasis patients has been recognized as
a significant risk factor for developing psoriatic arthritis, emphasizing the importance of
nail assessments in dermatological practice. Dermatologists play a pivotal role in the early
detection of psoriatic arthritis, as psoriasis often precedes joint manifestations. Recognizing
patients before permanent joint damage occurs is crucial for initiating timely and appro-
priate interventions to improve patient outcomes. However, the possibility that psoriatic
nail disease may be related to enthesis microdamage or mechanically stressed tissues still
awaits confirmation by high-resolution imaging [36]. Our study reported a mean nail
matrix thickness value of 0.66 mm for the thumbnail, 0.74 mm for the index fingernail
and 0.76 mm for the fingernail with major clinical impairment. A statistically significant
reduction was found for matrix thickness of the nail with greater clinical changes after
3 months of therapy (t0WE 0.76 mm vs. t2WE 0.64 mm). The differences observed between
our values and those presented in the literature are likely related to the differences in the
population analyzed (higher NAPSI and mNAPSI), the different US frequencies used, and
the landmarks chosen to perform the measurement. As in the case of nail insertion, it is
possible to hypothesize that the inflammatory burden of the periungual tissues is able to
cause alterations such as quantitative changes at the level of the nail matrix. The decrease
in inflammatory load following treatment would reduce mechanical and inflammatory
compression at the level of the matrix, leading to its elongation and decrease in thickness, as
well as an improvement in its sharpness, evaluated by US examination. Finally, our study
demonstrated that treatment with mAb determines an improvement in US nail features
even before a reduction in the corresponding clinical index: after one month of therapy, a
decreasing trend in measures A, B, E and an increasing trend in measures C and D in the
absence of a change in clinical values were detected for all the fingernails analyzed.

5. Conclusions

Several studies in the literature reported the use of HFUS in assessing the severity
of psoriatic nail disease and its correlation with clinical parameters (mNAPSI or NAPSI)
following the introduction of pharmacological therapy. We presented, for the first time,
the preliminary results obtained using UHFUS as an objective parameter for psoriatic
onychopathy assessment and monitoring, able to support clinical evaluation in future
clinical trials and studies. Moreover, UHFUS would allow early assessment of nail changes
even before clinical changes are detectable. From our study, the measurements of the nail
apparatus obtained through UHFUS showed a correlation with the clinical improvement of
psoriatic nail disease, sometimes even anticipating it. For example, during the first month
of therapy, a significant reduction in nail plate thickness was observed in the absence
of an obvious clinical improvement in NAPSI and mNAPSI. Therefore, we believe that
this tool can be used to identify subclinical modifications that are not directly detectable
during a dermatological clinical examination. The clinical improvement becomes evident
months after the start of therapy, raising the suspicion of a lack of therapeutic response.
However, changes in UHFUS parameters appearing earlier could be suggestive of an
initial response to pharmacological therapy and could guide the decision to maintain a
particular pharmacological treatment. Furthermore, evaluating a larger number of patients
on different pharmacological therapies could reveal, through intergroup analysis, which
drug can provide a faster and more effective improvement in psoriatic nail disease. This
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would also guide the initial choice of pharmacological treatment. Finally, because of
the close anatomical relationship between the enthesis and the nail root, the evidence of
early US changes in patients with early psoriatic arthritis could play a role in the early
management and prevention of irreversible joint damage. Nails are integral components
of the musculoskeletal system, acting as a link between the joints and the integument.
Therefore, understanding nail alterations could offer valuable clues about the underlying
joint disease and support early diagnosis and disease management. Collaborative efforts
between dermatologists, rheumatologists, and other healthcare professionals are crucial in
ensuring comprehensive care for patients affected by psoriasis and psoriatic arthritis. The
main limitation of this study is related to the small sample and the absence of a comparison
between the different treatment outcomes. In conclusion, the incorporation of UHFUS
imaging in the evaluation of nail psoriasis represents a promising step towards more
precise and objective disease assessment. It has the potential to revolutionize the way we
understand, diagnose, and treat nail psoriasis, ultimately leading to better patient care and
improved long-term outcomes. As research in this area continues to evolve, we can expect
UHFUS imaging to play a pivotal role in shaping the future of psoriasis management.
Further investigations with prolonged observation time and a greater number of patients
will be necessary to confirm the suggested hypotheses.
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Abstract: Sjögren’s disease (SD) is a chronic autoimmune disease primarily affecting lacrimal and
salivary glands. The diagnosis of pediatric SD mostly relies on clinical suspect, resulting in a
significant diagnostic delay. Recently, ultrahigh-frequency ultrasound (UHFUS) of labial glands has
been proposed as a diagnostic method in adults with suspected SD. Until now, there have been no
studies about UHFUS in pediatric diagnostic work-up. The aim of the study was to evaluate the
potential role of UHFUS of minor salivary glands in pediatric SD. Consecutive pediatric patients with
a diagnosis of pediatric SD seen at AOU Meyer IRCSS were evaluated. Intraoral UHFUS scan of the
lip mucosa was performed with Vevo MD equipment, using a 70 MHz probe with a standardized
protocol and the images were independently reviewed by two operators. Lip salivary glands were
assessed by using a four-grade semiquantitative scoring system for parenchymal alteration and
vascularization. Twelve patients were included. When applying UHFUS to this cohort of patients,
all patients showed a UHFUS grade of ≥1 with 8/12 showing a mild glandular alteration (i.e.,
grade 1), 2/12 a moderate glandular alteration (i.e., grade 2) and finally 2/12 a severe glandular
alteration (i.e., grade 3). Moderate intraglandular vascularization was seen in 9/12, with only 3/12
showing mild intraglandular vascularization. Due to limited size of the sample, the relationship
between histological findings, autoantibodies status and UHFUS grade could not be performed.
This preliminary study seems to report UHFUS as feasibility technique to identify salivary gland
alterations in children with a clinical suspect of SD.

Keywords: Sjögren’s syndrome; pediatric Sjögren’s disease; ultrahigh-frequency ultrasound; labial
salivary glands; childhood-onset Sjögren’s syndrome

1. Introduction

Sjögren’s disease (SD) is a chronic autoimmune disease primarily affecting lacrimal
and salivary glands. It presents a spectrum of manifestations, ranging from organ-specific
autoimmune symptoms to a systemic disorder, and even to an increased risk of B cell
lymphoma. Most common symptoms are dry eyes (keratoconjunctivitis sicca) and dry
mouth (xerostomia) [1,2].

On the contrary, in children, symptoms of dryness are infrequent due to the low damage
burden and the physiological increase in secretory function: recurrent swelling of the parotid
glands is commonly reported, but also unspecific symptoms such as arthralgia [1,3,4].

The first official description of a case of pediatric SD was published in 1965 [5], but a
description published in 1938 of sicca syndrome and recurrent salivary gland swelling in a
17-year-old girl could represent the first published case of SD in childhood [6].
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Nowadays, the diagnosis is established adopting the American College of Rheumatol-
ogy/European League Against Rheumatism (ACR/EULAR) classification criteria, which
are specifically designed for adults [7].

Recently, ultrahigh-frequency ultrasound (UHFUS) of labial glands has been proposed
as a novel tool for the noninvasive assessment of labial salivary gland involvement in
adults with suspected SD.

Ultrahigh-frequency ultrasound (UHFUS) is a technique, recently introduced, charac-
terized by using ultrasound frequencies in the range between 30 and 100 MHz. Instead,
conventional ultrasound techniques involve the use of devices reaching frequencies of 10
to 15 MHz, maximum up to 22 MHz [8,9].

The use of frequencies that are higher than conventional ultrasonography improves spatial
resolution at the expense of tissue penetration, which is as low as 10.0 mm from the surface when
applying 70 MHz frequencies. However, UHFUS can provide submillimeter image resolution,
so it can improve detailed visualizations of superficial anatomical structures [8].

This characteristic has allowed for spreading of the UHFUS technique for the imaging
of skin, blood vessels, musculoskeletal anatomy, oral mucosa, and small parts.

In adults, good correlation between ultrasound patterns and histopathologic features
of minor salivary glands have been documented, as well as a high negative predictive values
of a negative UHFUS in the diagnosis of SD in sicca syndrome in adults [10]. Up to now,
no studies have applied UHFUS for the clinical characterization of SD in pediatric patients.

2. Objectives

The aim of the study is to identify the ultrasound patterns at UHFUS of minor salivary
glands in a cohort of pediatric patients with SD.

3. Methods

Consecutive pediatric patients with clinical diagnosis of pediatric-onset SD seen at
AOU Meyer between April 2021 and April 2022 were included in this study. All these
patients underwent a diagnostic workup comprehensive of minor salivary glands UHFUS.

To be eligible, patients should have received a clinical diagnosis of SD before the age
of 16 years, according to a combined set of clinical, serological and instrumental findings.
Clinical, radiological and histopathological findings were retrospectively collected using a
dedicated case report form (CRF). For each patient, we collected demographics data, age of
onset, clinical presentation both at the time of the diagnosis and at the last visit, subjective
assessment of ocular, oral and vaginal dryness, serological data including blood count,
kidney and liver function, C reactive protein, antinuclear antibodies, anti-Ro/SSA, anti-
La/SSB, rheumatoid factor, C3 and C4 levels and presence of hypergammaglobulinemia.
Tear secretion was evaluated using the Schirmer test, break-up time (BUT) test or both. We
considered levels of <10 mm wetting of the paper strip in Schirmer test and levels <10 sec
for BUT test as pathological. Indeed, there no validated parameters for these tests in the
healthy pediatric population; however, a recent meta-analysis reported a secretion >15 mm
as a normal value, and we assume 10 mm as a cutoff for abnormal secretion [11].

Ultrasonography and Biopsy

Intraoral UHFUS scan of the lip mucosa was performed with Vevo MD equipment
(Vevo® MD, Fujifilm, Visualsonics) with a standardized protocol. For each patient, a
standardized intraoral UHFUS examination of the internal surface of the lower lip (central,
left and right compartment) was carried out using a 70 MHz probe with the following
characteristics: bandwidth 29–71 MHz, nominal frequency 52 MHz, axial resolution 30 µm,
lateral resolution 65 µm, maximum depth 10.0 mm, maximum image width 9.7 mm,
maximum image depth 10.0 mm, focal depth 5 mm. For each compartment, axial and
longitudinal B-mode acquisitions were obtained. The UHFUS scans were performed using
a standardized preset, keeping gain, time gain compensation, dynamic range, mechanical
index and thermal index constant. Scan depth and focus position were adjusted to optimize
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the scan. The scans were saved as DICOM format images and were processed using
Horos software (https://horosproject.org). The images were independently reviewed by
two operators.

Labial salivary glands (LSG) were assessed by using a four-grade semiquantitative
scoring system, similar to the OMERACT scoring system used for major salivary glands [8].
Namely, grade = 0: normal glandular parenchyma; grade = 1: the presence of mild glandular
alteration, with fine echogenicity in absence of clear alterations, or slight, diffuse glandular
hypoechogenicity; grade = 2: a moderate glandular alteration, with the presence of focal
hypoechoic areas, but partial conservation of normal glandular parenchyma; and finally,
grade = 3: a severe glandular alteration, with diffuse presence of hypoechoic areas in
absence of normal glandular parenchyma, or presence of glandular fibrosis. As a second
parameter, we evaluated glandular vascularization, using a consensus-based color Doppler
semiquantitative score as suggested by Hočevar et al. [12]. It distinguishes four grades:
grade 0: no visible vascular signals; grade 1: focal, dispersed vascular signals; grade 2:
diffuse vascular signals detected in <50% of the gland; grade 3: diffuse vascular signals in
>50% of the gland.

Finally, histopathological parameters were assessed through LSG biopsy, according
to Chisholm and Mason scoring system, which includes 5 grades from 0 to 4, based
on the presence of slight or moderate lymphocytic infiltration and/or focus of lympho-
cytes [13,14]). We considered as a positive biopsy any grade of focal sialadenitis, that is, a
focus score > 0 foci/4 mm2 [3,4,15].

Descriptive statistics were used to summarize the data, including means, medians
and standard deviations for continuous variables, and frequencies and percentages for
categorical variables.

4. Results

We included a total of twelve patients in the study, followed by our center for pediatric
SD (n = 12, 11 females; 10 Caucasian, 2 Asian). They had a median age at the diagnosis of
13.5 years (range 7.75–17) and a median disease duration of 13.5 months (range 1–94).

Concerning comorbidities, 50% of our patients had also other autoimmune diseases
(6/12: 1 celiac disease and Hashimoto thyroiditis, 1 celiac disease, 1 Basedow disease
upon Hashimoto thyroiditis, 1 universalis alopecias, 1 systemic lupus erythematosus,
1 autoimmune panniculitis). Five patients also had familiar history positive for autoim-
mune diseases.

The clinical phenotype at the time of the diagnosis was widely heterogeneous. The
features of the patients at time of the diagnosis are summarized in Table 1. Four patients
complained of sicca syndrome, primarily affecting the eyes, but in three cases also the
mouth; one of them presented not only oral and ocular but also vaginal dryness. They all
presented sicca syndrome combined with other symptoms, such as Raynaud phenomenon
(2/4), arthritis with morning stiffness (2/4), gastrointestinal manifestations as abdominal
pain and/or diarrhea (3/4), asthenia (1/4) and cutaneous vasculitis.

Only two of our patients presented the most typical symptom of pediatric SD, recurrent
swelling of parotid gland: one of them is the only boy, the other one is the patient who
showed the earliest onset of symptoms (6 years old at the first episode of parotitis). Four
patients suffered for cutaneous involvement: one of them presented only a cutaneous
lipodystrophy; three patients started with photosensitive erythema, two of them as the only
symptom, while in the other one it was combined with kidney involvement (renal tubular
acidosis and proteinuria). Two patients started with a generic presentation of arthralgias:
one of them combined with systemic symptoms (fever and asthenia), the other one with
a mucocutaneous involvement (cutaneous vasculitis and recurring aphthous stomatitis).
There was also a girl who only presented Raynaud’s phenomenon.
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Table 1. Clinical and serological features.

Characteristics Sicca Syndrome (n = 4) Parotitis (n = 2) Non-Sicca, Non-Parotitis (n = 6) Total (n = 12)

Age at diagnosis (median year) 14.25 11.5 13.76 13.5

Age at diagnosis (age range) 9.75–17 9.83–13.08 7.75–16 7.75–17

Female, n (%) 4 (100%) 1 (50%) 6 (100%) 11 (92%)

Other autoimmune diseases 1 (25%) 2 (100%) 3 (50%) 6 (50%)

Familiar history of
autoimmune diseases 1 (25%) 1 (50%) 3 (50%) 5 (42%)

Sicca
- Oral dryness
- Ocular dryness
- Vaginal dryness

3 (75%)
4 (100%)
1 (25%)

0 (0%)
0 (0%)
0 (0%)

3 (25%)
4 (33%)
1/11 (9%)

Parotitis 0 (0%) 2 (100%) 2 (17%)

Arthralgias 0 (0%) 0 (0%) 2 (33%) 2 (17%)

Arthritis 2 (50%) 0 (0%) 0 (0%) 2 (17%)

Asthenia 1 (25%) 0 (0%) 1 (17%) 2 (17%)

Fever 0 (0%) 0 (0%) 2 (33%) 2 (17%)

Raynaud 2 (50%) 0 (0%) 2 (33%) 4 (33%)

Mucocutaneous involvement 1 (25%) 1 (50%) 4 (67%) 6 (50%)

Renal involvement 0 (0%) 0 (0%) 1 (17%) 1 (8%)

Gastrointestinal involvement 3 (75%) 0 (0%) 0 (0%) 3 (25%)

Cytopenia 1 (25%) 0 (0%) 3 (50%) 4 (33%)

Hypergamma 2 (50%) 0 (0%) 3 (50%) 5 (42%)

Hypocomplementemia 0 (0%) 0 (0%) 1 (17%) 1 (8%)

ANA+ 4 (100%) 2 (100%) 5 (83%) 11 (92%)

Ro/SSA + 2 (50%) 0 (0%) 4 (67%) 6 (50%)

La/SSB + 1 (25%) 0 (0%) 0 (0%) 1 (8%)

About laboratory exams, 4/12 patients showed blood count alterations (a variable
combination of anemia, lymphocytopenia, neutropenia, thrombocytopenia); 4/12 presented
a typical hypergammaglobulinemia (defined as >2 SD according to the age) and 1/12
had hypocomplementemia as the only laboratory alteration. Eleven patients were ANA
positive; Ro/SSA were positive in 6/12 while just one tested positive for La/SSB. Two
patients presented positive Rheumatoid factor, while all of the patients tested for other
autoantibodies (anti-dsDNA or anti-Smith antibodies) resulted negative. However, not all
of our patients were tested for each of these antibodies (we had 7/12 tested for Rheumatoid
factor, 10/12 for anti-Smith and 8/12 for anti-dsDNA).

In our sample population, 10/12 underwent Schirmer test, with positive results in at
least one eye in 7/10, and 8/12 underwent break-up time (BUT) test, with positive results
in five cases.

Minor salivary gland biopsy was performed in 9/12, showing inflammatory chronic
sialadenitis in 8/12. We chose to avoid performing biopsy in 3/12 patients, since they had
typical sicca symptoms combined with positive Ro/SSA autoantibodies.

At the moment of the biopsy, treatment with hydroxychloroquine was ongoing in
11/12; only one of our patients did not assume any therapy.

Only two of our patients (2/12, 16%) met ACR/EULAR diagnostic criteria. Among
the 10 patients who did not meet ACR/EULAR criteria, 8/10 (80%) did not present any
sicca symptoms (first inclusion criteria), while in the other 2/10 we did not perform all
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examinations included in classification criteria. We cannot exclude that if we performed
more diagnostic exams our patients would have fulfilled diagnostic criteria in a higher
percentage. We found more adherence to pediatric Bartunkova criteria (5/12; 41%). In
this case, 4/7 (57%) of patients did not fulfil criteria due to a negative autoimmune profile,
2/7 (29%) because of compresence of other autoimmune disease and the other one (1/7,
14%) because she did not present any of the symptoms considered in these criteria (sicca
syndrome or systemic symptoms, such as fever of unknown origin, noninflammatory
arthralgias, hypokalemic paralysis, abdominal pain).

When applying UHFUS to this cohort of patients, all patients showed a UHFUS grade
of ≥1, with 8/12 showing a mild glandular alteration (i.e., grade 1), 2/12 a moderate glan-
dular alteration (i.e., grade 2) and finally 2/12 a severe glandular alteration (i.e., grade 3).
Moderate intraglandular vascularization was seen in 9/12, with only 3/12 showing mild in-
traglandular vascularization. These features are summarized in Table 2. Figure 1 represents
grade 1 of parenchymal involvement and it belongs to a patient who presented at the time
of diagnosis only photosensitive erythema combined to hypocomplementemia; Figure 2
represents grade 2 of glandular alteration: this patient did not present sicca syndrome nor
recurrent swelling of parotid, but she had arthralgias, mucocutaneous and hematological
involvement. Figures 3 and 4 are examples of severe glandular alteration with moderate in-
traglandular vascularization: they belong to a patient with sicca syndrome, mucocutaneous
and hematological involvement and presence of Ro/SSA, La/SSB and Rheumatoid factor.

Due to limited size of the sample, the relationship between histological findings,
autoantibodies status and UHFUS grade could not be performed. However, through the
data at our disposal, we can suppose a correlation between a higher degree of glandular
architecture alteration seen at UHFUS and more clinical signs of B cell activation. Indeed,
among the two patients with severe glandular alteration, both presented strong hematologic
involvement (anemia and/or lymphocytopenia and hypergammaglobulinemia); one of
them also had positive LA/SSB and rheumatoid factor, while the other one was the only
patient in our sample who also presented renal involvement (proteinuria).
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5. Discussion

SD is a chronic autoimmune disease characterized clinically by the destruction of the
epithelium of the exocrine glands, as a consequence of abnormal B cell and T cell responses
to the autoantigens Ro/SSA and La/SSB, among others [16]. One of the main characteristics
is the presence of a chronic lymphocytic infiltrate in the glandular parenchyma [9]. The
presence of positive autoimmune profile years before diagnosis suggests that the autoim-
mune process is active years before clinical onset [17]. Due to the multisystem involvement
during the course of the disease, clinical heterogeneity in terms of presentation, disease
course and outcome is reported for adult patients.

Consequently, there is still no single clinical, laboratory, pathological or radiological
feature that could be used as a “gold standard” for its diagnosis and/or classification [2].

The diagnosis of the disease usually is based on objective tests able to quantify patients’
ocular or oral dryness, in association with serologic or histopathologic evidence of an un-
derlying autoimmune basis for the exocrine glandular dysfunction and with demonstration
of subsequent inflammation [10].
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Diagnosis, therefore, usually combines laboratory exams (i.e., autoantibodies or other
markers of B cell activation, such as cytopenia, hypergammaglobulinemia and complement
factor consumption), functional tests (i.e., unstimulated saliva flow rate, Ocular Staining
Score, Schirmer’s test) and anatomic evaluations, such as salivary glands ultrasound [2,7].

The test still considered the “gold standard” for SD diagnosis remains the LSG biopsy,
which allows for identifying a typical focal lymphocytic sialadenitis (FLS), which is consid-
ered the hallmark of SD at tissue level [10,18]. LSG have historically been chosen because
they are easily accessible, since they lie above the muscle layer, covered by a thin layer
of fibrous connective tissue and oral mucous membrane, and because of the low risk of
excessive bleeding [13]. However, the biopsy remains an invasive procedure, especially in
a pediatric patient and false negative results due to sampling errors.

There have been several proposals for classification criteria that combine the results of
these different tests: for a long period, there have been different proposals from different
societies, such as 2002 AECG criteria (American–European Consensus Group) [19] or 2012
SICCA-ACR criteria (Sjogren’s International Collaborative Clinical Alliance–American Col-
lege of Rheumatology) [20], but the SD community recognized the need for an international
consensus. Today, the most used is the consensus ACR/EULAR, which results from the
overlap of the two previous sets, and it has been recognized by both of the societies [2,7].
However, all of these criteria specifically refer to adult population and they were developed
for classification purposes, even though the ACR/EULAR 2016 criteria are also used in
clinical practice to establish a diagnosis of SD.

Recently, UFHUS has been proposed as a new method for diagnosis in adults with
suspected SD. From the beginning of 2000s, UHFUS was used as a support in dermatologic,
vascular, rheumatologic and musculoskeletal fields, mainly in adult populations. There
are fewer studies on pediatric populations, mostly concerning vascular morphology [8].
Its importance relies on the capacity to provide a great increase in resolution, that in some
case surpasses that of computerized tomography (CT) or magnetic resonance imaging
(MRI). The possibility to investigate only the first centimeters of the body surface, which
represents the main limit of this method, makes UHFUS particularly suitable for the study
of minor salivary glands. Combining its advantages, such as portability, low cost, lack of
the need for radiation and sedation and safety, UHFUS can serve as a useful clinical tool in
the management of pediatric patients [21].

In patients with suspected SD, minor salivary glands can be imaged with UHFUS by
using 70 MHz frequencies, so as to obtain information on parenchymal alterations and
on inflammation grade [8]. It can also be used to guide LSG biopsy [9]. According to
Ferro et. al, this technique seems to have a higher sensibility than traditional major salivary
glands ultrasonography (SGUS) and it is associated with a high negative predictive value.
In future, it could be used to avoid biopsy in subject with a low pretest likelihood of being
affected by SD, but there is still no defined optimal cutoff [10].

Pediatric SD is a rare condition, and its prevalence is underestimated due to the lack
of standardized diagnostic criteria and the subtle early clinical presentation.

Neither the AECG criteria nor the ACR/EULAR criteria are validated for children [3,22].
As already reported, SD has a heterogeneous phenotype, and pediatric subjects have a
different clinical presentation. Indeed, they might present reduced prevalence of symptoms
related to high disease burden (i.e., symptoms of dryness) as these features are associated
with long-lasting inflammation and are more likely to reflect damage accrual more than
inflammation itself. Therefore, as the classification criteria are mostly based on features
of overt glandular dysfunction, application of these criteria to pediatric patients for a
diagnostic purpose might result in underestimation of disease prevalence. Furthermore,
tests to assess oral or ocular dryness might be challenging in younger children due to low
compliance and due to the lack of normal values for a healthy pediatric population [23]. A
proposal for diagnostic criteria in children and adolescents came from Bartunkova et al. [24],
but there are still no diagnostic criteria widely accepted for the pediatric population [23].
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As suggested by Basiaga et al., lymphocytic infiltration and production of autoan-
tibodies can be interpreted as early features in the pathogenesis that lead to subsequent
gland dysfunction and end-organ damage. In line with this hypothesis, children could
represent an early stage in the development of SD and the damage accrual over time might
result in the adding of clinical features and lead to a full-blown phenotype in later stages of
life. This is exemplified by the progressive lymphocytic infiltration of the glands from the
pediatric age to adulthood, and so of any focal sialadenitis less than the currently defined
cutoff may be sufficient to support diagnosis, as we assumed in our study [3].

Furthermore, a recent study revealed that in pediatric patients with recurrent parotitis,
SD diagnosis was very frequent. However, it remains still unclear how to differentiate
recurrent juvenile recurrent parotitis from SD, since classification criteria were usually not
met [25]. Interestingly, in this setting, SGUS and LSG biopsy were proposed in the workup
of recurrent parotitis [25,26]. However, all the patients with parotitis had a positive SGUS
and not all the patients had FS higher than 1. Instead, concerning UHFUS, that combine
the ultrasonography with the need of labial salivary glands assessment, there are still no
studies, but it could represent a complementary tool to differentiate SD patients with or
without recurrent parotitis.

All these features make pediatric SD difficult to define, and they cause a significant
delay in diagnosis. Improving pediatric diagnosis could not only allow for identifying
children with SD prior to gland dysfunction, but also be useful for identifying of classifying
adult patients in earlier stages of disease [3].

New approaches to a faster diagnosis are urgently needed in clinical practice. This
preliminary pilot study seems to report UHFUS as a feasible technique able to identify
salivary gland alterations in children with a clinical suspect of SD. This technique might
contribute to driving guided lip biopsy, thus reducing the rate of false negatives.

Limits of our study include the small population sample size, retrospective data
collection with some missing data, lack of comparison with healthy patients and the
absence of validated parameters in a healthy population for correct understanding of
UHFUS results, regarding vascularization in particular. Moreover, we did not perform the
UFHUS at a standard time point (i.e., at the diagnosis) and this might thus hamper the
possibility of phenotypically stratify these patients; at the same time, the reduced sample
size did not allow for making any statistical analysis to correlate UFHUS findings and
clinical or histopathological features.

Further studies are currently in progress in our clinics to identify the exact role of
UHFUS and its potential predictive role of the various patterns observed in pediatric SD.
We would like to primarily define normal patterns of UHFUS in healthy children so as to
also establish validated parameters in the pediatric population. Our future studies should
include a larger patient sample and comparison with healthy children.

Thanks to this preliminary study, it will be possible to extend the use of a sensible and
noninvasive diagnostic method to the pediatric population, thus improving the diagnostic
work-up of pediatric SD.
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Abstract: It has been shown that ultra-high frequency (UHF) ultrasound applied to the external
bowel wall can delineate the histo-anatomic layers in detail and distinguish normal bowel from
aganglionosis. This would potentially reduce or lessen the need for biopsies that are currently
mandatory for the diagnosis of Hirschsprung’s disease. However, to our knowledge, no suitable rectal
probes for such a use are on the market. The aim was to define the specifications of an UHF transrectal
ultrasound probe (50 MHz center frequency) suitable for use in infants. Probe requirements according
to patient anatomy, clinicians’ requests, and biomedical engineering UHF prerequisites were collected
within an expert group. Suitable probes on the market and in clinical use were reviewed. The
requirements were transferred into the sketching of potential UHF ultrasound transrectal probes
followed by their 3D prototype printing. Two prototypes were created and tested by five pediatric
surgeons. The larger and straight 8 mm head and shaft probe was preferred as it facilitated stability,
ease of anal insertion, and possible UHF technique including 128 piezoelectric elements in a linear
array. We hereby present the procedure and considerations behind the development of a proposed
new UHF transrectal pediatric probe. Such a device can open new possibilities for the diagnostics of
pediatric anorectal conditions.

Keywords: anorectal conditions; diagnosis; Hirschsprung’s disease; pediatrics; probe; ultra-high
frequency ultrasound

1. Introduction

Hirschsprung’s disease (HD) is a congenital disease with an incidence of 1:5000 in
newborns [1]. It is characterized by a lack of ganglion cells in the bowel wall (aganglionosis),
requiring surgical removal of the affected intestine [2]. Ganglia cells are normally found
in the bowel wall’s submucosa and myenteric layer [3]. For the diagnostics of HD, a
rectal biopsy is taken from the rectum, but there are reports of physical and psychological
biopsy-related problems, as well as insufficient accuracy, in up to 50% of cases [4–7]. About
10 times more children than those just with HD, e.g., children with bowel dysmotility,
need to undergo investigation by rectal biopsy [7–9]. Finding an instantaneous and secure
diagnostic technique for HD to replace rectal biopsy could benefit this patient group
enormously.

For replacing biopsy diagnostics, ultra-high frequency (UHF) ultrasound is undergo-
ing research. Histo-anatomic morphometrics have been shown to differentiate between the
aganglionic and ganglionic bowel wall [10]. Furthermore, differences have been shown
to be replicated on UHF ultrasound (center frequency 50 MHz) imaging of bowel speci-
mens [4]. These studies were performed with the aim of differentiating between aganglionic
and ganglionic bowel in children who had already been diagnosed with HD. For primary
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diagnostics, with the aim of replacing the need for rectal biopsy, transanal and mucosal
ultrasound imaging is required. The only UHF ultrasound probes currently available for
commercial use today (UHF 48 with bandwidth 20–46 MHz and UHF 70 with bandwidth
29–71 MHz, FUJIFILM VisualSonics, Toronto, Canada) are too large for a child’s anus and
rectum. A pediatric rectal UHF probe would enable the examination of large cohorts of
children. Furthermore, it would facilitate the validation of UHF ultrasound by collect-
ing images of reference bowel wall from healthy children. For other clinical conditions,
a pediatric transrectal UHF probe could also facilitate detailed diagnostics of anorectal
fistulas, internal and external sphincter injuries and pelvic floor malformations, and aid in
the delineation of anorectal tumors.

Our overall aim was to enable diagnostics with UHF ultrasound, but also to open
new possibilities for the high-resolution ultrasound imaging of other anorectal and pelvic
floor conditions. The specific goal of this study was to establish a requirement specification
and suggest prototypes of a rectal UHF ultrasound probe suitable for use in infants. We
hereby present the procedure and considerations behind the development of a proposed
new pediatric UHF transrectal probe.

2. Materials and Methods
2.1. Settings

The study was performed at a department of pediatric surgery, which was appointed in
2018 as a national center for HD and anorectal malformations. It covers a geographical area
of 5 million residents. The process underlying the development of the pediatric UHF probe
followed a specific structure and involved an expert study group comprising pediatric
surgeons (n = 5) and researchers within biomedical engineering (n = 4). The pediatric
surgeons had 8–13 years of specialist experience and were subspecialized within the field
of pediatric gastrointestinal surgery. The biomedical engineers and researchers were all
specialized in medical ultrasound imaging and had considerable experience in working
with UHF ultrasound. One of them also had experience in the life science development of
rectal ultrasound probes for adults.

The development procedure was structured according to the following steps:

1. Identification of probe requirements, according to anatomic, clinical and technical
considerations;

2. Review of available and, for the purpose, feasible, probes currently on the market and
in clinical use;

3. Sketching potential UHF ultrasound transrectal probes;
4. 3D prototype printing;
5. Evaluation of the prototypes.

2.1.1. Anatomic, Clinical and Technological Considerations

Anatomic considerations: The proposed probe was targeted for use in children weigh-
ing 3–15 kg. Since rectal ultrasound examinations were intended to be performed without
the use of anesthesia or sedatives, patient comfort and safety were key considerations.
Therefore, the metrics of pediatric anatomic anorectal anatomy, with regard to anal opening
size, rectal diameter and rectum length, were collected from the literature. They were
also collected from the medical charts of the last 10 patients treated at the department of
pediatric surgery who had undergone anography diagnostics for HD [9]. Close contact
between the probe head and the bowel wall to avoid shadowing effects within images was
taken into consideration with regard to the proposed probe’s anatomic design.

Clinical considerations: Information about clinicians’ requirements for a transrectal
probe was collected within the expert group and from discussions and clinical observations.
Various aspects of patient safety, with regard to movement, environmental circumstances
during anal examinations, and the examiner’s ergonomics, were taken into consideration
when developing the design.
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Technological considerations: Technical specifications, based on previous knowledge
of UHF ultrasound of the bowel wall, were collected within the expert group. A small-sized
pediatric anal probe still needed to include technical prerequisites for encompassing UHF
ultrasound technology. The probe center frequency, the number of piezoelectric elements,
and the image view were all taken into account. The contact between the probe head
and the bowel wall was also contemplated with regard to technical solutions. Electronics
requirements were noted for a later evaluation.

2.1.2. Review of Available and Feasible Probes

An analysis of the market was performed to identify currently available probes suitable
for use regarding our aim to introduce UHF technology in the form of a pediatric anorectal
probe. The overview was intended to cover various probes’ physical dimensions, frequency
ranges, number of elements and the field of view. Clinical site visits to departments using
some small-sized ultrasound alternatives in diagnostics were made in order to provide
detailed clinical insights into their use in practice.

2.1.3. Sketching

The identified parameters of the anal tract of importance for the probe’s design and
size were the diameter of the anal opening, inner diameter of the rectum, and insertion
length. All measurements were set to a minimum in order to avoid discomfort for the child,
while still enabling the allowance of the identified technical prerequisites. Based on these
results, probe prototypes were sketched using a CAD (computer-aided design) program,
PTC’s Creo Parametric 7.0.2.

2.1.4. 3D Printing of Probe Shell Prototypes

Prototype probe shells were printed using a Formlabs 2 (Formlabs, Somerville, MA,
USA) printer and stereolithography. For biocompatibility, BioMed White (Formlabs, USA)
was used as a resin polymer. A thickness layer of 50 µm was used, resulting in a total of
3414 layers for each probe prototype. In post-printing processing, the 3D prototypes were
placed in isopropanol (75%) for 5 min, cured for 60 min in an ultraviolet oven (Form Cure
[Formlabs, USA]) at 60 ◦C. They were then placed again in a 75% isopropanol bath for
2 min followed by a new cure round at 60 ◦C in an ultraviolet oven for 20 min. In a final
post-processing step, any residuals from the resisting support material were scraped away,
and the entire probe was sandpapered.

2.1.5. 3D Prototype Testing

The feasibility of each of the developed 3D-printed prototype probe shells was tested
by five pediatric surgeons of both genders. Their preferred grip of the prototype, as well as
their opinion on the design and overall handling, were evaluated according to a scheme
covering stability, hand movement flexibility and ergonomics in the preferred examination
positions.

3. Results
3.1. Anatomic, Clinical and Technological Considerations

Anatomic considerations: Anal opening size: Sizes of anal openings in newborns up to
1-year-olds, with or without malformations or aganglionosis, were reported in the literature
to be 12–15 mm [11]. According to the medical charts held by the department of pediatric
surgery, anal openings of children with HD undergoing washouts (n = 10) or children with
anorectal malformations with perineal fistulas (n = 10) undergoing calibrations and enemas
were 6–10 mm. The diameter of the rectal suction instrument (rbi2®) used for diagnosing
HD in children weighing 2.5–7.1 kg was 7 mm, which entered the anus and rectum without
any resistance.

Rectal diameter: The rectum width was assessed in anographies in children weighing
a median of 4.8 kg (range, 3.1–7.1 kg) undergoing examination for HD (n = 10) at the

115



Diagnostics 2023, 13, 1667

department of pediatric surgery. Five children had rectosigmoid aganglionosis and five
had no aganglionosis according to the pathology biopsy report. Their median inner rectal
diameter was 14 mm (range 8–25 mm). In the children who underwent pre-operative rectal
wash-out prior to surgery for HD, a Foley catheter with a corresponding median size of
7–11 mm was used.

Length of rectum: In order to plan the insertion depth of the proposed probe, the
length of the rectum, as measured from the skin as well as 1 cm above the dentate line up to
the start of the sigmoid curve, was assessed in the five infants undergoing wash-outs prior
to surgery for HD. The length of the rectum, assessed by inserting a soft Foley® catheter,
was a median of 50 mm (range, 40–65 mm) before resistance occurred. The length of the
rectal suction instrument (rbi2®) in children weighing 2.5–7.1 kg reached up to maximum
of 6 cm from the skin verge. A schematic sketch of the anorectal dimensions defined in this
study is shown in Figure 1.
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Figure 1. Illustration of a pediatric anorectal probe including both dimensional prerequisites accord-
ing to clinical measures and the literature, as well as technical feasibility for ultra-high frequency
technology. A. Feasible diameter of the probe inserted in the anus without causing any discomfort.
B. Size of the rectum’s inner diameter. C. Length of the rectum from the skin to the sigmoideum.
D. Distance from 1 cm above the linea dentata up to the sigmoideum.

Clinical considerations: With respect to the design of the proposed probe, clinicians’
requirements for patient comfort, safety and ergonomics were focused on the size and
shape of the probe’s head, shaft, and handle. The probe head should be small enough
to enter the anus without causing discomfort to the patient. The shaft’s length and size
should allow flexibility of the probe element direction so that the probe head can reach
the mucosa posteriorly, anteriorly and on the lateral sides. The handle should enable the
examiner’s hand to rest on the underlay in order to eliminate movement when the image is
taken. Furthermore, it should fit most surgeons’ hands, regardless of their size. The handle
and shaft should enable the examination to proceed easily while the examiner stands right
in front of the child, as well as on the side of the child. The size and grip of the handle were
tested by the surgeons, resulting in a requirement for a handle length of 9–11 cm and a
circumference of 4–7 cm (Sketch in Figure 2).
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Technological considerations: An ultrasound resolution (frequency) sufficient to repli-
cate all layers of the rectum wall, including the mucosa, submucosa, muscularis interna,
muscularis externa and the serosa, was requested.

Center frequencies: Since the rectal wall in children has been shown to be approx-
imately 0.8–2 mm thick and histo-anatomic bowel wall layers extend to 0.2 mm [4,10],
the consensus was that visualization of such small anatomy required UHF ultrasound of
30–50 MHz center frequency.

Linear array probe or rotating single-element probe: The probe type used in previous
UHF ultrasound studies of examinations of bowel wall ex vivo and in vivo from the serosa
was a linear array probe (UHF70, FUJIFILM VisualSonics, Toronto, ON, Canada). A linear
array probe produces rectangular images, i.e., field of view, and is often designed to operate
at high center frequencies and image superficial structures. It also produces images with
both good axial and lateral resolutions. In contrast to this, a rotating single-element probe,
as is used in intravascular UHF ultrasound imaging with a circular rotating piezoelectric
element probe, has the advantage of creating 360◦ circumferential images. The downside
with a single probe element is diverging ultrasound beams, resulting in poorer lateral
resolution compared to a linear array probe, especially at larger depths/distances. Based
on these facts, it was decided that a linear array probe was preferable, especially since a
higher lateral resolution was favored compared to circumferential imaging.

Longitudinal or transversal imaging: In previous bowel wall examinations using UHF
ultrasound, only longitudinal ultrasound imaging with a 256-element linear array probe
has been studied (UHF70, FUJIFILM VisualSonics, Toronto, ON, Canada) [4,10]. As a result
of this experience, longitudinal imaging was the first choice by the expert group. However,
transversal imaging is the most commonly used imaging approach in the clinic. Transversal
imaging may be more intuitive to interpret and understand, easier to orient in and, if probe
elements are arranged along a curved probe head, a so-called curvilinear array, then it is
more beneficial for investigating deeper tissues since a widening image area with depth is
obtained. Another approach discussed, enabling both longitudinal and transversal imaging
approaches, was a moving element linear array probe delivering a longitudinal image
view, collecting 2D images, and turning them into 3D imaging volumes. However, this
technique would be sensitive to motion artifacts, which are likely to occur in a baby who
is awake during the examination. Since the time span for the elements being in motion
is short (approximately 1–3 s for a 90◦ angle), the possibility of using such a probe was
not excluded.

Number of probe elements: More elements deliver a larger field of view but require a
larger area on the probe. However, in previous research, where 256 elements were used for
diagnostic UHF ultrasound imaging of the bowel wall, only less than half of each available
image was required for accurate measurements. Therefore 128 elements were considered to
suffice. A smaller number of probe elements, delivering a smaller area, would also increase
the likelihood of obtaining good contact between the probe and the mucosa. This, in turn,
would reduce the risk of shadowing effects as a result of the presence of air between the
probe and the bowel wall. Still, a drawback of a single-element probe is that it must be
driven by special motors, which require space and other technology.

Probe contact to bowel wall: To avoid shadowing, air between the probe head and
the bowel wall should be limited. Close contact between the probe head and the bowel
wall could be obtained by using a larger head in order to fill the rectum’s lumen, by the
use of a bent, or bendable, probe head. Alternatively, a water-filled balloon surrounding
the head could be used, pressing it towards the bowel wall (see endobronchial ultrasound
probe, Table 1). It was decided that a straight probe head, without a surrounding balloon,
would be both desirable and possible if the stiff shaft could lean against the mucosa in line
with the suction biopsy instrument. A smaller area of a linear array probe, including a
few elements in combination with an easily maneuverable design, could still enable close
contact with the mucosa.

118



Diagnostics 2023, 13, 1667

3.2. Review of Available and Feasible Probes

A review of various types of ultrasonography using small probe heads, operating
at high center frequencies, was explored in the literature and in manufacturers’ product
information. This information is collated and presented in Table 1. According to the review,
the majority of ultrasound probes in clinical use today are of too large a size for rectal
imaging in infants. Alternatively, they deliver too low center frequencies (only around
5–18 MHz) compared to those desired for a pediatric UHF ultrasound probe. Additionally,
some of the ultrasound probes identified and observed had very long shafts intended for
examinations of tissues at greater distances (such as the heart through the esophagus or
the bronchus through the trachea) than the bowel wall anorectally in children. Although
the sizes and designs of the heads were of interest, longer probe shafts are not desirable
for use in children if they are awake during the examination, because the closer the hand
can be to the targeted tissue, the less likelihood there will be of artefacts developing if the
patient moves.

Three types of ultrasound probes with specific prerequisites and suitable pediatric
dimensions were selected for observation in clinical use. For imaging the lumen of small
blood vessels, the high-frequency intravascular ultrasound (IVUS) probe was observed.
The IVUS probe is a catheter-based type small enough for use in children, and with a center
frequency of 50 MHz, which most likely would be sufficient to view the histo-anatomic
layers of the bowel wall. The downside to using a catheter-based ultrasound device in the
rectum is that it does not reach to the mucosa circumferentially. Therefore, a large amount
of gel will be needed to fil the rectum, in order to avoid air accumulating between the probe
and the mucosa.

For imaging cardiac details in small children, the transesophageal probe with linear
array elements was inspected, as used prior to cardiac surgery. For imaging details of lung
bronchials, the endobronchial ultrasound (EBUS) was observed during bronchoscopy. Both
these latter two probes consist of a number of probe elements next to each other (similar
to the UHF ultrasound probe used in our project on bowel wall so far) and were also
considered to be suitable in size and design for pediatric anorectal use. The observation
area was considered to be large enough, but their frequency ranges (3–8 MHz and 5–12 MHz,
respectively) were too low for the specified requirements (Table 1).

3.3. Sketches of Probe Shell Prototypes

Suggestions and sketches of two probes were produced, based on the information on
suitable size, form, and allowance of a technology including 128-linear elements (Figure 2).
The probe heads developed were, according to the collected information, straight and set
to sizes of 7 mm and 8 mm, respectively, to suit most infants. To make the probe more
maneuverable, a narrowing of the shaft was sketched in one of the suggested prototypes
(5 mm shaft diameter). The length between the head and the handle was set to be close
to 10 cm. This was in order to allow both flexibility and stability, and for patient comfort
and safety. To enable many types of grips and to make the probe easy to handle, the
designs of the prototypes’ handles were inspired by the shape of a screwdriver but were
somewhat larger.

3.4. 3D Printing of Probe Shell Prototypes

Two 3D probes were printed according to the sketches and the methods described
above. The proposed 3D probes prototypes are shown in Figure 3.
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Figure 3. Two prototypes of a pediatric anorectal ultra-high frequency ultrasound probe. The
prototype on the left has a head size of 8 mm and a shaft size of 8 mm. The prototype to the right has
a head size of 7 mm and a shaft size of 5 mm.

3.5. 3D Prototype Testing

Five pediatric surgeons—three female and two male—tested the two probe prototypes
on a baby model. The larger probe, which had a size of 8 mm of both the head and neck,
was preferred independently by all surgeons. The reasons stated were that both the design
and size facilitated stability and ease of insertion, compared to the somewhat thinner probe
prototype with a 7 mm head and a 5 mm shaft (Figure 3). The 8 mm probe prototype
allowed the surgeon to hold it comfortably using a one-hand grip. Multiple one-hand grips
and working positions for the surgeons were evaluated. Some examiners chose to stand
at the feet of the baby during the examination, whereas others preferred to stand by the
baby’s side. Some preferred to hold the prototype probe very close to the baby, while others
preferred to hold it 5–10 cm from the baby’s anus. The 8 mm model was also preferred
with regard to ergonomics and positioning (Figure 4).
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A tactile indicator was printed on the front of the handle of the probe prototype to
enable indication of the position of the probe elements. The surgeons’ feedback was that
this was too small to recognize under the plastic protection wrapped around the probe.
The need for enlargement and visibility in updated prototype versions was advocated in
order to ensure the correct positioning of the probe.
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Figure 4. Overview of different grips used by pediatric surgeons of the ultra-high frequency ultra-
sound probe prototype. The grips shown in the top images were used by surgeons standing at the
baby’s feet. The grips shown at the bottom were used by surgeons when standing at the side of
the baby.

4. Discussion

The aim of this study was to create a geometrically designed requirement specification
for a pediatric UHF rectal ultrasound probe in order to enable high-frequency anorectal
ultrasound examinations. With information gathered on anorectal measurements and for
technology prerequisites, sketches and 3D-printed prototypes were produced and tested.
The prototypes selected were reported to be satisfactory with regard to their design and
ergonomics. However, some features were missing, such as markings on the handle or
neck, to aid the examiner in orientating the probe. During the development process,
specific technical uncertainties were raised, especially regarding the type of elements, and
the highest center frequency for these, used within a small-diameter probe. The main
challenge was to develop a design for a probe that was small and neat, but that still met all
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technical specification requirements. With this achieved, still bearing in mind that electronic
prerequisites need to be considered, this is a first step in the development of a pediatric
UHF rectal probe—a product that is urgently required for our pediatric population.

4.1. Design

The pediatric anorectal probe was intended to be used primarily in newborns, since
this is the time when the need for an instant diagnostic method for HD and detailed
fistula exposure in anorectal malformations is the greatest. As a result of the neonatal
consideration, it was decided that the maximum head size should be 7–8 mm. This size
was expected to be appropriate, or at least not too large for the majority of patients, since
most newborns have an anal opening of a maximum of 12 mm. A small-sized anorectal
probe can also be useful in older children. Still, a larger probe head would probably
facilitate the connection between the head and the rectal mucosa, which would limit air-
induced shadowing effects in the ultrasound images, and the need for gel in the rectal space.
Additionally, more advanced technology and electronics could be used if the probe head
was larger. However, shadowing effects could be avoided if using only a small area of linear
array elements. This is feasible in the examination of a smaller specific area, such as that
of the bowel wall instead of aiming for a circular image. In addition to size consideration,
and prioritizing comfort for children of low weights, it was decided that the smallest size
of probe was preferable. In testing the prototypes, the larger probe with a size of 8 mm
of both the head and shaft was preferred by all surgeons in our study, since this design
and size facilitated stability and ease of insertion. The bigger geometry could also be more
beneficial when accommodating the electronics within. The size of the rectal suction biopsy
instrument (rbi2®) is 8 mm, which causes only limited tension at the anal opening for most
children. Nevertheless, children with fistulas within anorectal malformations could have
anal openings narrower than 8 mm before surgery. With regard to inserting electronics, it
might be difficult to create a linear high-frequency probe for anal openings smaller than 8
mm. This remains to be clinically evaluated in the future.

A total probe shaft length was tested by the grip of other instruments and the optimum
length was considered to be 10 cm. The length was decided as a trade-off between greater
measuring distances provided by longer shafts, e.g., in older children with a longer rectum,
and the increased stability given by shorter shafts. The 10 cm shaft length was appreciated
by all the surgeons in our study, and no surgeon wished that the length was longer. This
shaft length also allowed a stable examination of tissues at a shorter distance from the anus,
when holding the probe by the neck, letting the handle rest on the upper side of the hand
(Figure 4). The testing revealed satisfaction, especially with regard to grip and a flexible
examination, and with being able to hold the probe in a position according to the surgeon’s
personal preferences, i.e., either standing at the patient’s feet or by their side. In particular,
the handle’s fit in smaller hands was appreciated, allowing easy handling by both genders.

Regarding the angulation of the probe head, this implied the possibility of visualizing
specific areas more closely without the need to insert gel into the rectum. However,
angulation is not highly desirable, because if the shaft is flexible, then this probably places
more demands on technology and electronics. If it is rigid (as in the hockey stick design
described in Table 1), then this requires a larger anal opening diameter. During the clinical
observation of the transesophageal probe, no angulation of the probe head was required to
provide sufficient contact between the probe elements and the esophageal wall. Therefore,
a straight probe head–neck was suggested. However, to ensure that a straight head-neck
probe with no angulation is the best design for in vivo measurements in the rectum, clinical
evaluations are needed.

4.2. Technology

Regarding the probe center frequency, 50 MHz was the level set in this study since
this has been shown to be useful in delineating between histo-anatomic layers of the bowel
wall. The 50 MHz frequency provides resolution of down to 30–50 µm [12]. However,
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such high frequencies do not allow imaging of deeper depths and, therefore, not all the
layers of the bowel wall. Ultrasound frequencies used clinically today usually exhibit
a much lower range (2–15 MHz), resulting in a resolution of a maximum 100 µm [13]
and an imaging depth of more than 10 mm. In a pediatric cohort, lower frequencies of
15–20 MHz, corresponding to an imaging depth of approximately 2 cm, are already in
use, as for visualizing pelvic floor components. These are, however, not suitable for the
detailed diagnosis of pathologies of the bowel wall, e.g., aganglionosis, or for providing
in-depth information about the internal sphincter. For such complex investigations, a center
frequency of 30–50 MHz is desirable, resulting in an imaging depth of a maximum of
5–10 mm.

To produce a probe with a large bandwidth, covering 25–70 MHz, and which allows
imaging at both the lower and higher frequency spans, would be desirable, but it is not
currently known if this would be possible. However, the DualproTM IVUS + NIRS probe
(Table 1) delivers a frequency span of 30–65 MHz and has a fractional bandwidth of 60%,
but its electronics and probe elements differ greatly from those of our ideal array probe.

In conventional ultrasound examinations within the lumen, e.g., rectally and intravas-
cularly, transversal ultrasound images (cross-sectional images) are used most commonly.
In contrast to this, in our prior research on the use of UHF ultrasound for discriminating
between the aganglionic and ganglionic bowel, a linear array probe producing longitudinal
ultrasound images was used [4]. The benefit of longitudinal images is that a larger area of
the bowel wall viewed caudally to cranially can be investigated within the same image. A
cross-sectional view could, of course, be an option, but investigation as to whether differen-
tiation between ganglionic and aganglionic bowel wall can also be made in cross-sectional
images is needed and studies are currently ongoing.

If a transversal imaging approach (cross-sectional images) is preferred, then a curvi-
linear probe including probe elements arranged along a curved surface would probably
be favorable. This is because a curve will allow more elements to be placed in the probe,
which would be necessary since a cross-sectional view requires the mounting of elements
perpendicular to the shaft, instead of as in the longitudinal case, i.e., in parallel. With such
a solution, a decrease in lateral resolution will then be seen, and especially with depth since
the ultrasound beams will slightly diverge from each other. A decrease in lateral resolution
would, on the other hand, also be the result of a rotating single-element probe. This is since
the beamforming will not be able to be performed with a one-element probe because of
a diversion of beams. In contrast, a beamforming can be obtained with an array probe.
However, if a pediatric rectal probe with circular and cross-sectional UHF imaging is the
aim, then a lower lateral resolution might need to be accepted, as long as the resolution of
the central image is sufficient. Whether this is good enough to be used for HD diagnosis
could be studied, e.g., using the IVUS catheter probe.

A great benefit of using the IVUS technique is that these probes already operate at
UHF, which is required for HD diagnostics. Obstacles foreseen with the rectal use of IVUS
are the diameter difference between the rectum and probe, and the fact that a stiffer shaft
would be desirable to enhance the steering of the probe.

Another option is to rotate a linear array probe within a rigid tube, as in the Endocavity
3D 9038, BK Medical probe (see Table 1). This probe would provide 3D images with high
resolution, but the electronics required would most probably not fit into a small-sized
pediatric ultrasound probe.

The strengths of this development study are that it followed a participatory design [14]
within a high-competence medical center performing unique translational studies of UHF
ultrasound of the bowel wall. Additionally, anorectal measurements from radiology reports
and clinical observations were collected within a national center with considerable experi-
ence in registering pediatric anorectal dimensions. Furthermore, the design specifications
presented here are based primarily on patient safety and comfort.

One certain limitation of our study was that all available probes on the market could
not be identified. Therefore, some might not have been included in our review, or some
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that have just been launched onto the market could have been omitted. Another limitation
was that the prototype has not yet been tested on a child. The reason for this was that
this study was required to be performed in order to be able to obtain ethical approval for
testing probes and prototypes anorectally in humans. A serious consideration is that the
8 mm probe head could be too small for manufacturers to choose to invest in financially, as
a result of the difficulties and expenses in developing small electronic devices.

4.3. Future Improvements and Work

This study mainly focused on the design aspects and on the technical specifications of
a potential pediatric rectal probe. With these considerations now in place, the electronics
required for creating an UHF ultrasound probe can begin. One clear improvement of the
probe design will be to mark the shaft with depth distances and orientation markings indi-
cating the head’s direction up and down. This would facilitate descriptions of examinations
and imaging orientation. These indications would preferably be both visual, for example,
using colored dots indicating the distance to the tip of the probe, as well as using distinct
tactile markings large enough to enable detection through a sterile plastic wrap.

Since existing ultrasound probes have similar designs to our prototypes, such as
the Philips S8-3t transesophageal probe, and the endobronchial ultrasound BF-UC190F
probe, we believe that the creation of a pediatric UHF rectal probe is feasible. However,
we are aware that in order to insert the desired UHF technology into the probe, the
demands on its construction and electronics will be high. The results of our study should
be widely contemplated with respect to how they can be interpreted from the perspective
of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also
be highlighted.

5. Conclusions

This is the first step in developing a novel non-invasive diagnostic method to examine
the bowel wall in children—a pediatric anorectal UHF ultrasound probe. We believe that
such a device can open new possibilities for diagnosing anorectal conditions in children.

Table 1. Overview of selected probes available on the market and in clinical use for diagnostics.

Probe Appearance Applications
Frequency
Range
(MHz)

Probe
Type/Field of
View

Number of
Elements

Physical
Dimensions
(mm)

Comments: General
and Specifically
Regarding
Anorectal Use in
Children

Transesophageal
(TTE) S8-3t,
Philips,
Amsterdam,
The
Netherlands
[15]
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Table 1. Cont.

Probe Appearance Applications
Frequency
Range
(MHz)

Probe
Type/Field of
View

Number of
Elements

Physical
Dimensions
(mm)

Comments: General
and Specifically
Regarding
Anorectal Use in
Children

Endobronchial
ultrasound,
EBUS,
BF-UC190F,
Olympus
Medical
Systems,
Long Thanh,
Vietnam
[16]
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Case Report

High Intensity Focused Ultrasound Ablation for Juvenile Cystic
Adenomyosis: Two Case Reports and Literature Review
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Abstract: Cystic adenomyosis is a rare type of uterine adenomyosis, mainly seen in young women,
which is often characterized by severe dysmenorrhea. The quality of life and reproductive function
of young women could be affected by misdiagnosis and delayed treatment. At present, there are
no universal guidelines and consensus. We report two cases of patients with cystic adenomyosis in
juveniles treated with high-intensity focused ultrasound (HIFU) ablation. In the first case, magnetic
resonance imaging (MRI) indicated a cystic mass of 2.0 cm × 3.1 cm × 2.4 cm in the uterus. After
she underwent HIFU treatment, her pelvic MRI showed a mass of 1.1 × 2.4 cm in size, and her
dysmenorrhea symptoms gradually disappeared. In the second case, a pelvic MRI indicated a
5.1 cm × 3.3 cm × 4.7 cm cystic mass in the uterus. After she underwent HIFU and combined
four consecutive cycles of GnRH-a treatment, the lesion shrunk 1.2 cm ×1.4 cm × 1.6 cm, without
dysmenorrhea. Simultaneously, the report reviewed 14 cases of juvenile cystic adenomyosis over
the last ten years. HIFU or HIFU-combined drugs were safe and effective in treating juvenile cystic
adenomyosis, but multicenter and prospective studies may be necessary to validate this in the future.

Keywords: juvenile cystic adenomyosis; high-intensity focused ultrasound (HIFU); adolescent; dysmenorrhea

1. Introduction

Adenomyosis is a common gynecologic disease that mainly occurs in women aged
thirty to fifty years and is characterized by the invasion of ectopic endometrial tissue into
the myometrium. Myometrial cysts of any size are the direct ultrasonographic features
of adenomyosis, and transvaginal 2D ultrasound is the most accurate way to observe this
sign [1,2]. However, the lesions of the rare cystic adenomyosis have a diameter of more
than 1 cm and are filled with ectopic endometrial tissue and bloody fluid [3]. According
to literature reports, the disease has increased in adolescent patients in recent years. We
reviewed 14 cases of adolescent cystic adenomyosis in the past decade (Table A1) and
found that there was no unified expert consensus on the treatment of adolescent cystic
adenomyosis, and the choice of treatment was difficult. Currently, the effect of medication
is limited in patients with juvenile cystic adenomyosis. Surgical treatment is a mainly
conservative operation with reproductive function preservation, which causes side effects
such as adhesion, iatrogenic endometriosis, and a high recurrence rate [4]. Because juvenile
cystic adenomyosis patients have fertility requirements, minimally invasive or noninvasive
treatments are acceptable. Noninvasive treatment has been of gradually increased in the
treatment of cystic adenomyosis. In this report, our center carried out two cases of juvenile
cystic adenomyosis treatments using HIFU and HIFU combined with medication.
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1.1. Case 1

The patient was 16 years old, without a sexual life history, and was admitted to the
hospital with dysmenorrhea for 1 year, uterine occupation for half a year, and abdom-
inal pain for 4 days. The patient had regular menstruation with severe dysmenorrhea.
Four days earlier, she developed severe paroxysmal abdominal pain without an obvious
trigger, and the VAS score was 7, without any other discomfort (Table 1). She denied
having a history of hypertension, diabetes, heart disease, malignancy, and surgery. A
physical examination revealed an anterior uterus of normal size and medium texture that
was movable and painful pressure. Routine blood tests were normal, and serum tumor
markers were CA125: 127.6 U/mL, CA199: 14.5 U/mL, and CEA: 0.3 ng/mL. A trans-
abdominal ultrasound (Philips IU22, Philips) revealed an abnormal uterine development
and a bicorned uterus. A posterior pelvic MRI showed a round cystic mass with a size
of about 2.0 cm × 3.1 cm × 2.4 cm between the muscle walls of the right lateral wall of
the uterus, showing short T1 and long T2 signals. The lesion was significantly enhanced
on enhanced scanning, with clear boundaries and uterine cavity compression, which was
considered to be cystic adenomyosis (Figure 1). Combining the patient’s clinical symp-
toms and MRI, the patient was diagnosed with juvenile cystic adenomyosis. Because of a
strong desire for conservative treatment, she opted for HIFU treatment on 22 November
2017. A focused ultrasonic ablation was performed under sedation and analgesia, and
compound polyethylene glycol electrolyte powder was used to induce diarrhea 3 days
before treatment. Before the operation, routine skin preparation, degreasing, degassing,
catheterization, and indwelling catheter were performed to fill the bladder and establish a
safe acoustic channel. The patient was placed in a prone position and given fentanyl citrate
and midazolam for sedation and analgesia. The location of the lesion was determined using
ultrasound, and the therapeutic power was 200 W. The range of gray change in the lesion
was satisfactory at 250 s after irradiation. The ultrasound showed no obvious blood flow
signal in the lesion, and ultrasound angiography showed no blood perfusion in the lesion
(Figure 2). The details of the procedure were treatment time: 49 min, irradiation time: 250 s,
treatment power: 200 W, treatment intensity: 306/s, and an ablation volume evaluation of
80% (Table 2). During the treatment, the patient complained of pain in the treatment area
and sacrococcygeal pain, which was relieved after rest. After the operation, the patient’s
vital signs were stable, and she was advised to rest in a prone position for 2 h and fast
from food and drink for 2 h. For the follow-up: the first month after treatment, the pelvic
MRI showed a mass of 1.2 cm × 1.9 cm × 1.7 cm (Figure 3), with a reduction rate of 73%.
The patient’s menstrual volume was the same as before, and her dysmenorrhea symptoms
were significantly relieved with a VAS score of 2. Since then, irregular reexamination with
ultrasound indicated that the size of the mass was 3–5 cm. The fifth year after treatment,
pelvic MRI indicated that the mass was 1.1 cm × 2.4 cm × 1.0 cm (Figure 4), and the vol-
ume reduction rate was 69%. However, her menstruation was normal, her dysmenorrhea
disappeared, and her VAS score was 0 (Table 1).

Table 1. Pre- and post-treatment parameters in two patients.

Subject
Before HIFU Treatment After HIFU Treatment Combined

with DrugsLesion Size Symptoms VAS Score Lesion Size (cm) Symptoms VAS Score

Case 1 2.0 cm × 3.1 cm ×
2.4 cm dysmenorrhea 7 1.1 cm × 2.4 cm

× 1.0 cm 1 recovery 0 no

Case 2 5.1 cm × 3.3 cm ×
4.7 cm dysmenorrhea 8 1.2 cm ×1.4 cm

× 1.6 cm 2 recovery 0 yes 3

1 Pelvic MRI shows lesions after HIFU treatment (5th year); 2 Pelvic MRI shows lesions after HIFU treatment (8th
month); 3 Combined with GnRH-a injection for 4 period.
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Figure 1. (a–c) Pelvic MRI: sagittal TIWI sequence (a), sagittal T2WI fat suppression sequence (b), 
and axial T2WI non-fat suppression (c) showing a cystic lesion in the right posterior wall of the 
uterus with regular morphology, oval shape, and clear border (red arrows). 

 
Figure 2. Ultrasound image of the lesion before HIFU treatment (a). Ultrasonography after HIFU 
treatment shows no perfusion of the lesion (b). 

Figure 1. (a–c) Pelvic MRI: sagittal TIWI sequence (a), sagittal T2WI fat suppression sequence (b),
and axial T2WI non-fat suppression (c) showing a cystic lesion in the right posterior wall of the uterus
with regular morphology, oval shape, and clear border (red arrows).
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Table 2. Parameters associated with HIFU treatment in both patients.

Subject Treatment Time Irradiation Time Treatment Power Treatment
Intensity

Ablation Volume
Evaluation

Case 1 49 min 250 s 200 W 306/s 80%
Case 2 75 min 650 s 300 W 517/s 90%
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1.2. Case 2

The patient was 20 years old, without a sexual life history. She had normal menstrual
cycles with menometrorrhagia and severe dysmenorrhea. She was admitted to the hospital
with dysmenorrhea with a progressive aggravation over 5 years. The patient developed
dysmenorrhea with progressive aggravation 5 years previously without obvious triggers,
and the VAS score was 8 (Table 1). She had been treated with ibuprofen without relief in
symptoms. The patient denied a history of hypertension, diabetes, heart disease, malignant
tumor, and surgery. A physical examination revealed an enlarged uterus with a medium
texture and pressure pain. Routine blood tests and serum tumor markers were normal. A
transabdominal ultrasound (Voluson E10, GE Healthcare, Zipf, Austria) revealed a cystic
lesion measuring 1.7 cm × 0.9 cm × 1.8 cm in the myometrium. The results of the CDFI:
punctate and obvious strip blood flow signals. However, MRI clearly revealed a cystic lesion
measuring 5.1 cm × 3.3 cm × 4.7 cm in the myometrium. The enhanced scan indicated a
stale haemorrhage in the cystic lesion (Figure 5). According to the patient’s history and
an auxiliary examination, the patient was diagnosed with juvenile cystic adenomyosis.
Because of a strong desire for conservative treatment, she opted for HIFU treatment on
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8 April 2022, under sedation and analgesia. The treatment power was 300 W, the irradiation
time was 750 s, the treatment intensity was 517/s, and the treatment time was 75 min
(Table 2). After the treatment, an ultrasound revealed an overall grayscale change in
the lesion, and ultrasound angiography indicated a satisfactory ablation. The ablation
volume was evaluated at 90%. The patient’s vital signs were stable after treatment. For
the follow-up: the pelvic MRI on the first day after treatment showed a uterine cyst of
3.8 cm × 2.6 cm × 3.9 cm (Figure 6), with a reduction rate of 51% in mass volume. One
month later, the patient had a menstrual flow of the same volume as before, with relief
of dysmenorrhea symptoms and a VAS score of 4. In the second month after treatment,
GnRH-a therapy was started for four cycles (28 days for one cycle). Eight months after
treatment, a pelvic MRI showed a cystic mass of about 1.2 cm × 1.4 cm × 1.6 cm in size
(Figure 7), and the volume reduction rate was 97%. Meanwhile, the patient had normal
menstruation without dysmenorrhea, with a VAS score of 0 (Table 1).
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2. Discussion

In 1990, Parulekar [5] reported the cystic transformation of uterine adenomyoma, and
then in 1996, Tamura [6] et al. first reported a case of cystic adenomyosis in a 16-year-
old woman. The incidence of cystic adenomyosis is now reported in the literature to be
5–70%. Currently, there is an increasing and younger trend, with 65–75% of women
aged ≤30 years having cystic adenomyosis [7]. The main feature of cystic adenomyosis is
the presence of one or more cystic cavities within the myometrium. This cystic cavity con-
tains brownish, stale bloody fluid, and it does not communicate with the uterine cavity [8],
while the cyst wall consists of endometrial glands and epithelium of the mesenchyme,
surrounded by myometrial tissue. The clinical manifestations are mainly progressive and
unbearable dysmenorrhea, menometrorrhagia, menostaxis, pelvic pain, infertility, etc. A
few patients may be asymptomatic. A review of the relevant literature in the past 10 years
showed that there were a total of 14 cases of adolescent uterine cystic adenomyosis with an
average onset age of about 14 years, among which 13 cases had severe dysmenorrhea as
the starting symptom. Thus, this progressive and aggravated dysmenorrhea is the main
symptom of adolescent uterine cystic adenomyosis. The two patients in this study also fit
this characteristic.

Juvenile cystic adenomyosis is rare, with dysmenorrhea as the primary symptom, and
is highly misdiagnosed as female obstructive genital tract malformations and uterine my-
omatous cystic degeneration [7]. Imaging is an effective method for diagnosing the disease,
especially MRI, which enables most patients to be diagnosed in early adolescence [9]. MRI
not only reflects the characteristic signal of the mass and clarifies the location and size of the
mass but also identifies complex uterine malformations, which is the best diagnostic modal-
ity for this disease. Its sensitivity can reach 78–88% and specificity 67–93% [10]. Because
most patients are adolescents with no sexual history, the application of the transvaginal
ultrasound is limited. Transabdominal ultrasound is also often misdiagnosed because of
the thickness of the abdominal fat and intra-abdominal gas interference. The first patient
in this study had an abdominal ultrasound suggestive of a bicornuate uterus, suggesting
that cystic adenomyosis needs to be differentiated from uterine anomalies and is easily
misdiagnosed as such. MRI can be used for further identification; reviewing the relevant
literature from the last decade, all patients with juvenile cystic adenomyosis were easily
diagnosed using MRI. Both patients in this study were also clearly diagnosed using MRI
combined with clinical symptoms.
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Juvenile cystic adenomyosis differs from adult cystic adenomyosis. Kriplani et al. [11]
noted that adult patients with an age of onset older than 30 years, with symptoms re-
sembling typical adenomyosis, mostly had a history of surgical trauma to the uterus. In
contrast, Takeuchi et al. [8] stated the diagnostic criteria for juvenile cystic adenomyosis:
(1) an age ≤ 30 years; (2) the cyst ≥ 1 cm, with the cavity independent of the uterine cavity
and surrounded by hyperplastic smooth muscle tissue; and (3) an early onset of severe
dysmenorrhea. However, Chun et al. [12] concluded that the older age of onset defined
by Takeuchi could lead to inaccurate typing in some cases and proposed new diagnostic
criteria for the adolescent type: (1) an age of onset ≤ 18 years or severe dysmenorrhea
within 5 years of menarche; (2) those without a history of uterine surgical operation; and
(3) those with a cystic cavity diameter ≥ 5 mm. Both patients in this study presented
with severe dysmenorrhea at the age of 15 years and had no previous history of uterine
operation. Therefore, they accord with the new diagnostic criteria for adolescents proposed
by Chun. This criterion clearly indicates the difference between adolescent and adult forms
and improves the diagnostic acuity of clinical workers in juvenile cystic adenomyosis.

Currently, there are no unified guidelines and expert consensus on the diagnosis and
treatment of adolescent uterine cystic adenomyosis. Clinical treatment principles focus
on symptom relief, lesion size control, and fertility protection. We analyzed the treatment
of fourteen cases of adolescent uterine cystic adenomyosis in the past 10 years and found
that surgery or combined drug therapy was the primary treatment. Five of the patients
were unsatisfactory after pharmacological treatment. The other nine patients were mainly
treated with laparoscopic cyst resection or postoperative combined drug therapy, and
their symptoms were relieved after surgery. Surgical treatment is an effective way to treat
uterine cystic adenomyosis. However, surgery may damage the normal muscle tissue
surrounding isolated cystic adenomyosis lesions. For young women with childbearing
needs, surgery may increase the risk of uterine rupture during pregnancy and may cause
iatrogenic endometriosis during the procedure [13–15]. Therefore, surgical treatment is not
well accepted by women who are nullipara. In the two patients reported in this study, the
lesions were located between the myometrium, and surgical excision of the cysts was highly
likely to damage the normal uterine physiological structure. Therefore, they preferred a
non-invasive treatment. In a review of the literature in the past 10 years, only one patient
received ethanol injection sclerotherapy, and the symptoms still existed after 5 months
of follow-up. Therefore, ethanol injection sclerotherapy has poor clinical efficacy for this
disease. Ryo et al. [16] reported a case of cystic adenomyosis with symptom relief after
radiofrequency ablation. However, the safe and effective dose of radiofrequency ablation
and ethanol is not clear, and pathological diagnosis is not available, which may lead to
intrauterine adhesiveness and should be used with caution in patients with childbearing
needs [17]. In recent years, the literature on the treatment of juvenile cystic adenomyosis
has gradually tended toward minimally invasive or noninvasive treatment, among which
HIFU has received much attention for its good safety and effectiveness in the treatment
of uterine fibroids and adenomyosis [18]. It principally uses the physical characteristics
of tissue penetration and the focusing and energy deposition of the ultrasound to focus
in vitro ultrasound on the area of interest in the lesion to produce a thermal effect (instant
temperature up to 65~100 ◦C), cavitation effect, and immune effect to cause irreversible
changes in the lesion site, instantaneous protein degeneration, and tissue coagulation
necrosis. Finally, by activating the body’s own immune mechanism, the necrotic tissue of
the lesion is absorbed [19]. HIFU treatment as a new non-invasive treatment method has
been reported in cases with good clinical efficacy. Zhou et al. [20] reported three cases of
juvenile cystic adenomyosis with complete symptomatic remission with HIFU treatment,
but with only 3–6 months of follow-up and without combined drug therapy, and whether
there were subsequent fertility implications was not elaborated. Combined with the two
patient’s histories, physical examinations, and auxiliary examinations, the final clinical
diagnosis was juvenile cystic adenomyosis. Both patients underwent ultrasound before
HIFU treatment; the ultrasonography showed a rich blood supply in the lesion. After HIFU
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treatment, ultrasonography showed that the lesion was reduced in size, with satisfactory
grayscale changes and no blood perfusion in the lesion area. Neither of the patients had
complications such as skin damage, intestinal perforation, or nerve damage during the
treatment. Their dysmenorrhea symptoms were significantly relieved or even disappeared
after HIFU treatment, and the lesions gradually shrank.

According to the literature, the use of GnRH-a drugs after treatment is mostly recom-
mended to prevent recurrence [21]. The first patient reported in this study was treated
with HIFU only and without combined drug therapy, and the follow-up suggested that the
mass was not significantly reduced after HIFU treatment, but the dysmenorrhea symptoms
were significantly relieved. The second patient was treated with HIFU that was combined
with GnRH-a postoperatively, and the follow-up showed a significant reduction of the
lesion, with a 97% reduction of the mass volume. Her dysmenorrhea symptoms were
completely relieved and have not recurred since the follow-up. Therefore, it is worth noting
that in the treatment of juvenile cystic adenomyosis, HIFU combined with drug therapy
is significantly better than HIFU therapy alone for lesion size control. A study found that
HIFU treatment for adenomyosis does not increase the risk of uterine rupture [22]. We
reviewed the literature and found only two patients who had uterine rupture during deliv-
ery after HIFU treatment [23,24]. However, the correlation between HIFU treatment for
adenomyosis and uterine rupture cannot be explained. The two patients in this study were
nullipara, and close observation and follow-up were required before pregnancy, during
pregnancy, and during delivery.

3. Conclusions

Juvenile cystic adenomyosis is a specific type of uterine adenomyosis that is rare and
very easy to misdiagnose. MRI is of great value for diagnosis. Non-invasive treatment
can effectively relieve symptoms, control lesions, and preserve fertility. In this report,
follow-ups revealed that HIFU therapy, or HIFU combined with pharmacological therapy,
can safely and effectively treat adolescent patients with cystic adenomyosis. However,
there is a lack of clinical data supporting a large sample of HIFU treatments for juvenile
cystic adenomyosis, and its effects on fertility remain to be further studied.
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Abstract: Aims: To put forward a scientific hypothesis about the progression of insulin-injection-
induced lipohypertrophy (LH) according to the high-frequency ultrasonic imaging of insulin injection
sites and the blood glucose control of patients. Methods: A total of 344 patients were screened for
LH by means of high-frequency ultrasound scanning. The results of their ultrasound examination
were described in detail and categorized into several subtypes. Seventeen patients with different
subtypes of LH were followed up to predict the progression of LH. To further verify our hypothesis,
the effects of different types of LH on glycemic control of patients were observed by comparing
glycated hemoglobin A1c (HbA1C) and other glycemic-related indicators. Results: LH was found
in 255 (74.1%) patients. According to the high-frequency ultrasonic imaging characteristics, LH can
be categorized into three subtypes in general. Among all the LHs, the most common type observed
was nodular hyperechoic LH (n = 167, 65.5%), followed by diffuse hyperechoic LH (n = 70, 27.5%),
then hypoechoic LH (n = 18, 7.0%). At the follow-up after six months, all 10 patients with nodular
hyperechoic LH had LH faded away. Of the five patients with diffuse hyperechoic LH, two had
inapparent LH, and three had diffuse hyperechoic parts which had shrunk under ultrasound. No
obvious changes were observed in the two cases of hypoechoic LH. Compared with the LH-free
group, the mean HbA1C of the nodular hyperechoic LH group increased by 0.8% (9 mmol/mol)
(95% CI:−1.394~−0.168, p = 0.005), that of the diffuse hyperechoic LH group increased by 2.0%
(21 mmol/mol) (95% CI: −2.696~−1.20, p < 0.001), and that of the hypoechoic LH group increased by
1.5% (16 mmol/mol) (95% CI: −2.689~−0.275, p = 0.007). Conclusions: It was hypothesized that the
earlier stage of LH is nodular hyperechoic LH. If nodular LH is not found in time and the patient
continues to inject insulin at the LH site and/or reuse needles, LH will develop into a diffuse type or,
even worse, a hypoechoic one. Different subtypes of LH may represent differences in severity when
blood glucose control is considered as an important resolution indicator. Further studies are needed
to confirm our hypothesis on the progression and reversion of insulin-induced lipohypertrophy.

Keywords: lipohypertrophy (LH); glycated hemoglobin (HbA1C); ultrasound; insulin injection

1. Introduction

The number of patients with diabetes worldwide is estimated to reach 783 million
by 2045 [1]. All patients with type 1 diabetes and type 2 diabetes who are not effective at
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controlling their blood glucose with oral medications will have to initiate insulin injection
therapy eventually. So, a considerable number of patients with diabetes need insulin
therapy to maintain their glucose at a near-normal level. Lipohypertrophy (LH) is the most
common local complication caused by multiple overlapping insulin injections, and it is one
of the most prominent contributors to poor metabolic control [2]. Moreover, LH is associated
with nearly one-third greater insulin consumption, with large cost implications [3].

The existing methods for detecting insulin injection-related lipohypertrophy (LH)
mainly include two techniques—clinical examination (inspection and palpation) and high-
frequency ultrasound scanning. Clinical examination tends to be more convenient and
cost-effective, whereas ultrasonography can provide us with a further understanding of
LH, especially in terms of different pathological changes related to LH. After the concept of
subclinical LH was proposed [4,5], ultrasound scanning was proposed as a potentially more
advanced and objective method for detecting LH because ultrasound can better describe
the characteristics and morphology of LH induced by insulin injection [6,7] and can rather
effectively reduce the rate of missed diagnosis of LH [8,9].

LH has received much attention in the past decade because it has previously been
observed that the occurrence of LH is associated with poorer glycemic control in patients,
regardless of whether the diagnosis of LH in these studies was based on clinical examination
or ultrasound screening [8,10–12]. Moreover, Volkova [4] confirmed that LH detected by
ultrasonography without visual and palpable changes could also worsen the compensation
of glycemic control, which further emphasizes the importance of using ultrasound scanning
in detecting LH.

Overall, these studies focused on identifying the presence or absence of LH and
evaluating the relationship between the occurrence of LH and glycemic control. To go
further, there is little discussion about whether there are different types of LH and whether
the presence of LH (no matter which type) will definitely affect the control of blood glucose
of patients.

Currently, our understanding of LH is still far from comprehensive, especially regard-
ing the classification or development process of LH. We firmly believe that, like all other
diabetes-related complications, we need to explore the progression of LH in depth and
try to grade LH scientifically, so that more targeted treatment or prevention measures can
be taken.

Clinically, ultrasound has been of great value in assessing the severity of many diseases
for a long time [13,14]. Therefore, the main purpose of this study is to screen all insulin
injection sites of patients by means of high-frequency ultrasound and to find out whether
patients have LH and summarize the type of LH. The changes in the ultrasound images of
those existing LHs after stopping the injection at the lesion site were followed up. Then,
we propose a scientific hypothesis about the progression of LH. On this basis, glycated
hemoglobin (HbA1c), TIR (time in range) and CV (coefficient of variation), as the key
indicators of blood glucose control of patients with different subtypes of LH, are compared
to verify our hypothesis.

2. Research Design and Methods
2.1. Study Participants

Participants were recruited in sequence at the National Endocrinology and Metabolism
Center (Level iii) of a University Hospital in Nanjing, China, from March 2021 to February
2022. The study inclusion criteria were: a diagnosis of type 1 or type 2 diabetes mellitus;
having been treated with insulin injections for at least the last 6 months; and no extended
cutaneous diseases. The exclusion criteria were: being prescribed a glucagon-like peptide-1
agonist; having dermatitis or any other cutaneous disease; and having other diseases that
may affect HbA1c, such as anemia. This study was conducted in accordance with the
Declaration of Helsinki. Approval for the study protocol was granted by the research ethics
committee of the First Affiliated Hospital of Nanjing Medical University (2019-SR-268).
Patients were informed about the aim and methods of the study verbally and in written
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form. We obtained written informed consent from all participants before enrollment in
the study.

2.2. Data Collection

In this study, trained medical professionals consulted the medical records of enrolled
patients, and extracted the following information: age, gender, body mass index, type
of diabetes, diabetes duration, insulin injection duration. After that, all the extracted
information was verified again by the professional with the patient to ensure the accuracy
of the data. All of the personal information was recorded and kept confidential.

Assessment of LHs: All participants underwent ultrasound scanning conducted by
two qualified radiologists, respectively, following the unified protocol which has been
reported elsewhere [5,15]. An Esaote My Lab60 linear multifrequency probe (6–18 MHz)
was used for ultrasound scanning. Each patient underwent an additional examination
at one centimeter above the navel (where insulin has never been injected) as their self-
control. At each site, thickness, echo, the blood flow of subcutaneous tissue, and the
boundary between the subcutaneous tissue and the dermis were examined and recorded
carefully to find out whether the patients had LH according to the criteria described by
Kapeluto et al. [6,16]. If the results of the two radiologists were inconsistent, a third
radiologist helped to make the final judgment. The inter-examiner agreement was high,
with a Cohen’s kappa coefficient of 0.95.

If different types of LH were found in a same patient, we later classified the patient
into the subgroup of the most serious type of LH found by the patient.

LHs follow-up at six months: In order to observe the ultrasonic changes of LHs,
10 patients with nodular LH, 5 with diffuse LH, and 2 with hypoechoic LH were randomly
selected for follow-up 6 months later. The LH sites of these patients were specifically
marked and photographed. The researchers and patients kept the body surface photo of
the lesion part, respectively. The patient was told to refer to the photo before each insulin
injection to make sure that the lesion site was not injected any more. Meanwhile, the
researchers needed to ensure that the previous LH locations were correctly identified at
follow-up according to the detailed records and photographs.

Assessment of HbA1C: Two milliliters of whole blood was taken from all patients
and placed in an anticoagulant EDTA test tube, and HbA1c was detected via a Clover A1c
analyzer (D10 hemoglobin detection system Specifications).

All participants diagnosed with LH by ultrasound were informed of the specific extent
and location of any LH areas and advised to avoid further insulin injections into these areas.
Doctors were also advised to adjust insulin doses to reduce the risk of hypoglycemia when
injected at sites without LH.

2.3. Statistical Analysis

Continuous variables were reported as mean ± SD or M (Q1,Q3), and categorical
variables were summarized as rate or percentage. Independent sample t-tests and one-way
ANOVA were used to compare the data between groups. Odds ratios (ORs) with 95%
confidence intervals (CIs) were used to report results. All data were analyzed using SPSS
(version 26.0; SPSS Inc., Chicago, IL, USA). A p-value below 0.05 (p < 0.05) was considered
statistically significant.

3. Results
3.1. Sample Characteristics

In total, 344 patients were enrolled in this study. Among them, 195 patients (56.7%)
were male. The study population had a median age of 57 (30, 66) years. Of the 344 partici-
pants, 136 had type 1 diabetes and 208 had type 2 diabetes. The median insulin exposure
duration is 6.2 (2.8, 11.0) years. Their average BMI was 23.3 ± 4.0 kg/m2.
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3.2. Lipohypertrophy Findings and Characteristics

Of all 344 patients, 255 (76.1%) were found to have LH via ultrasound. The LH imaging
manifestations of these 255 patients were mainly classified into two types, hyperechoic
LH (237 cases) and hypoechogenic LH (18 cases). Of all patients with hyperechoic LH,
167 showed nodular hyperechoic LH, and 70 showed diffuse hyperechoic LH. (Figure 1).
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Figure 1. Lipohypertrophy findings in this study.

Features of different types of LH examined via ultrasound are shown in Figure 2. The
layers of skin and muscle are clearly demarcated in areas where insulin has never been
injected, and the ultrasound heterogeneity in each layer is small (Figure 2a). Nodular
hyperechoic LH refers to the nodular region with an abnormally increased echo in the
subcutaneous fat layer in the insulin injection area, with relatively clear and measurable
boundaries and no obvious envelope (Figure 2b). In contrast to nodular LH, diffuse
hyperechoic LH is an abnormally hyperechoic region with no distinct boundaries in length
and/or width (usually more than the field of view of one probe—the probe in this study
provides a 40 mm diameter field of view), and in general, their depth can be measured
(Figure 2c). Hypoechoic LH is characterized by extremely low echo or even no echo in
the subcutaneous adipose tissue, and the fibrotic tissue within this area is almost invisible
compared to the normal area (Figure 2d).
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Figure 2. Imaging features of normal tissue and LH under ultrasound. (a) D, dermis; H, hypodermis
(mainly adipose tissue); M, muscular layer. Each layer is clearly demarcated. (b) Nodular hyperechoic
LH with obvious space occupying sensation. (c) Diffuse hyperechoic LH presented with no clear
demarcation from the dermis. (d) Hypoechoic LH with irregular boundary, which is similar to
adipose tissue liquefaction.

143



Diagnostics 2023, 13, 1515

3.3. LH Follow-Up by Ultrasound Assessment

All 17 patients selected for follow-up reconfirmed that they had avoided the LH site
for insulin injection in the past 6 months and had adopted the correct injection method. No
newly emerged LH was found. At the follow-up after six months, obvious changes were
observed in LHs of both hyperechoic types. All 10 patients with nodular hyperechoic LH
displayed LH which had faded away. Of the five patients with diffuse hyperechoic LH,
two had inapparent LH, and three had diffuse hyperechoic parts which shrank to nodular
hyperechoic LH and then regressed. (Figure 3). The shrunken parts looked similar to the
nodular LHs, with a slightly less regular boundary. No obvious changes were observed in
two cases of hypoechoic LH. One patient ultimately chose minimally invasive surgery to
remove the lesion (Figure 4).
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Figure 3. Examples of the changes in hyperechoic LH under ultrasound at follow-up. Diffuse
hyperechoic LH at baseline (a) had obviously shrunk to nodular LH at 6 months follow-up (b).
Additionally, the hyperechoic area could not be observed at 12 months follow-up (c) in the same
patient (patient NO. 14).
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Figure 4. No obvious hints of improvement were observed in the case with hypoechoic LH at
6 months follow-up (b vs. a). The patient finally had his lesion removed by surgery (d vs. c).
After stopping insulin injection at the LH lesion site, his required daily dosage of insulin decreased
significantly (60 U vs. 20 U).

3.4. Hypothesis on the Progression of Insulin Induced Lipohypertrophy

It is certain that the layering of normal skin should be very clear (Figure 5a). Insulin
needs to be injected into the normal hypodermis layer to exert its full effect on lowering
blood sugar. Based on our clinical observations and the findings from this study, it could be
hypothesized that the earlier stage of LH is nodular hyperechoic LH (Figure 5b). If nodular
LH is not found in time and the patient continues to inject insulin at the LH site and/or
reuse needles, LH will develop into a diffuse type (Figure 5c) or, even worse, a hypoechoic
one (Figure 5d). Usually at this time, the dermis layer will also have obvious thickness
changes. By strengthening the intervention of correct injection behavior, hyperechoic LH
can gradually be repaired, but hypoechoic LH cannot easily heal by itself.
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3.5. Differences of Blood Glucose Control in Patients with Different Types of LH

In order to further understand the effects of different types of LH on blood glucose
and verify our hypothesis, all patients were tested for HbA1c at the same time of LH
examination. Of all the patients, the most common type of LH observed was nodular
hyperechoic LH (with mean HbA1C 8.4 ± 1.9% (68 ± 20 mmol/mol)), followed by diffuse
hyperechoic LH (with mean HbA1C 9.6 ± 2.0% (81 ± 21 mmol/mol)), then hypoechoic LH
(with mean HbA1C 9.1 ± 1.3% (75 ± 14 mmol/mol)) (Figure 6). Patients with LH had signif-
icantly higher HbA1C than those without (8.7 ± 1.9% vs. 7.6 ± 1.5% (72 ± 21 mmol/mol vs.
60 ± 17 mmol/mol), p < 0.001). On this basis, further group differences were detected using
one-way ANOVA with Bonferroni post hoc tests. The test results showed that compared
with the LH-free group, the mean HbA1C of the nodular hyperechoic LH group increased
by 0.8% (9 mmol/mol) (95% CI:−1.394~−0.168, p = 0.005), that of the diffuse hyperechoic
LH group increased by 2.0% (21 mmol/mol) (95% CI: −2.696~−1.20, p < 0.001), and that
of the hypoechoic LH group increased by 1.5% (16 mmol/mol) (95% CI: −2.689~−0.275,
p = 0.007); compared with the diffuse LH hyperechoic LH group, the mean HbA1C of the
nodular hyperechoic LH group decreased by 1.2% (13 mmol/mol) (p < 0.001).
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In addition, there were 34 patients with type 1 diabetes (T1DM) who had been wear-
ing their flash glucose monitoring system (FGM) for more than 1 week when they were
recruited to this study. After obtaining their consent, the original blood glucose values
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recorded by the system were derived. TIR and CV, as the two key indicators of blood
glucose control, were calculated by using the calculation software Easy GV version 9.0 R
from Oxford University (the data for the first 3 days were excluded considering the possible
errors during the initialization of FGM). Ten of these 34 patients with type 1 diabetes
were LH-free, 15 were with nodular hyperechoic LH, 9 had diffuse hyperechoic LH, and
none had hypoechoic LH. Group differences of TIR and CV were detected using one-way
ANOVA with Bonferroni post hoc tests. The results showed that the LH-free group had the
highest TIR and the lowest CV, whilst diffuse hyperechoic LH had the lowest TIR and the
highest CV among the three groups (Figure 7).
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4. Discussion

Ultrasonography has been widely used in different clinical areas, especially in inten-
sive care units [17]. At the same time, ultrasound technology has certain advantages in
the differential diagnosis of certain diseases [18]. LH is typically diagnosed via visual in-
spection and palpation in clinical practice because of its operability and convenience. With
the widespread use of ultrasonography, specialists have placed high-frequency ultrasound
scanning in a more advanced position in identifying LH. The incidence of LH based on
ultrasound diagnosis is 14.5–86.5%, and the median incidence is 56.6% [19]. In our study,
the incidence of LH was 74.1% (255/344), which was consistent with previous reports,
indicating that LH is a fairly common complication in patients with insulin injections,
which attracts our attention.

One advantage of using ultrasound scanning to diagnose LH is that it cannot only
judge whether the patient has LH or not but can also further provide a more objective
presentation, especially in that ultrasound can clarify the nature, characteristics, and size of
lesion sites. Previous studies have described the ultrasound features of LH and proposed
specific, reproducible criteria for the detection of LH [16]. It must be noted that due to
repeated injections and inflammatory reactions, a hyperechogenic area might be a sign
of fibrotic tissue, so careful discrimination is necessary. Our study screened 344 subjects
for LH using the same diagnostic criteria and found that the most common type of LH
was hyperechoic. Which can be divided into the nodular hyperechoic type and diffuse
hyperechoic type. Additionally, the incidence of hypoechoic type was lowest in the Chinese
population. As far as we know, this classification and the associated manifestations of LH
have not been previously summarized and described in detail. Meanwhile, the incidence
of different types of LH has not been reported before. We firmly believe that the different
types, characteristics, and incidence of each type of LH described in this paper are an
important supplement to previous studies.

On the one hand, the staging of many diseases is based on the imaging of ultrasound
examination, so we also try to classify LH based on different imaging manifestations.
According to our follow-up, nodular hyperechoic LHs are the easiest to regress, diffuse
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hyperechoic LHs will gradually shrink to nodular hyperechoic LHs and then regress, while
hypoechoic LHs are the most difficult to heal. So, we firmly believe that the earlier stage
of LH is nodular hyperechoic LH. As time goes on, LH will develop into a diffuse type or,
even worse, a hypoechoic one.

On the other hand, it is also an important prerequisite to combine different types of
LH with patients’ metabolic indicators for classification. HbA1C is the most commonly
used indicator to measure blood glucose control in patients, because it is believed to
reflect average blood glucose levels over several months and has a strong predictive
value for diabetes complications [20]. To our knowledge, there is no study comparing
HbA1C in patients with different types of LH. Our results showed that patients with
diffuse hyperechoic LH had worse blood glucose control than nodular hyperechoic LH. A
possible explanation for this might be that diffuse LH is more serious than the nodular type
regarding the effect on blood glucose. Similarly, our TIR and CV data of 34 type 1 patients
with FGM also proved this.

Since the number of patients with hypoechoic type LH was small in this study, we
could not confidently confirm the relationship between this type of LH and patients’
glycemic control, and we need to further increase the sample size to clarify this point.
According to our clinical experience, the hypoechoic type is the most serious type, causing
large glycemic variability and frequent hypoglycemia in patients, which is in accordance
with the case report of Gentile S [21]. Additionally, this is consistent with our observation
that patients with hypoechoic LH do not have the highest HbA1C among all of the partici-
pants. This may be because more frequent episodes of hypoglycemia lead to false-negative
HbA1c results.

Some studies have paid attention to the grading of LH. Demir G [22] graded LH from
0 to 3 according to the inspection and palpation of the insulin injection site. Considering the
limitations of LH severity assessment based only on the number of lesions, Ucieklak D [23]
proposed a new LH severity scale considering both the number and size of LH lesions and
categorized LH into four stages of advancement. Additionally, Hashem R [24] proposed
a conceptual model of an LH grading system. However, the above grading methods did
not refer to the metabolic outcomes of patients. In this study, it is relatively more objective
to grade LH based on the abnormal ultrasonic echo of the subcutaneous fat layer of the
patient and their blood glucose control indicators.

The pathophysiological mechanism of LH still remains unclear. Among various
proposed mechanisms, it is widely accepted that LH is both a local effect caused by the
reaction of adipocytes to the insulin injection and also the anabolic effect that insulin has
on local adipocytes [25]. Many studies have found that LH is strongly associated with
poor injection behavior [26,27], especially needle reuse and wrong injection site rotation.
Additionally, standard injection technology training is essential in helping patients to
reduce the occurrence of LH [28–30]. At the same time, what we all know is that insulin
should be injected into undamaged skin and the subcutaneous fat layer to maintain its
normal absorption [31]. So, for ethical reasons, when LHs were found, we informed the
patient of correct injection methods and told them to avoid injection at the lesion site.
Therefore, we could not observe the regression of LH in patients, and thus our hypothesis
about LH progression is based on a reverse reasoning of the regression of existing LHs.
This hypothesis still calls for further in-depth investigation. If possible, animal models may
be recommended.

Our study further confirms the importance of timely LH screening for patients who
need routine daily insulin injections, as early detection can help to avoid the deterioration
of LH. China’s technical guidelines for diabetes drug injection [32] state that patients with
long-term insulin injections should be screened for skin complications at least once a year.
It is also emphasized that the frequency of LH detection should be increased in patients
who have already developed LH. Additionally, patients should be advised not to inject
into the lesion site until the doctor confirms that LH has completely subsided so as not to
interfere with insulin absorption.
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5. Limitation

The data for TIR and CV in this study were only from 34 type 1 diabetes patients
who wore an FGM system, and the results still need to be confirmed by further large-scale
research participants.

Although HbA1C is currently the “gold standard” for the evaluation of mean blood
glucose control, we still need to pay additional attention to the hypoglycemia caused by
injection insulin into LH, as severe hypoglycemia is a remarkable burden for patients with
diabetes and increases the risk of adverse clinical outcomes [33], especially for patients
with hypoechoic LH, as we mentioned previously. The relationship between various types
of LH and patients’ hypoglycemia or non-perceived hypoglycemia needs to be further
strengthened in future studies.

6. Conclusions

This study once again confirmed the high prevalence of LH in patients with insulin
injection and the effect of LH on blood glucose. The most important contribution of this
study is to put forward a scientific hypothesis about the progress of LH according to the
high-frequency ultrasound image characteristics of patients. Furthermore, the hypothesis
was effectively verified when combined with blood glucose control indicators. We believe
that the present study lays the groundwork for future research into the classification and
grading of LH.
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Abstract: Background: To assess skin involvement in a cohort of patients with systemic sclerosis (SSc)
by comparing results obtained from modified Rodnan skin score (mRSS), durometry and ultra-high
frequency ultrasound (UHFUS). Methods: SSc patients were enrolled along with healthy controls
(HC), assessing disease-specific characteristics. Five regions of interest were investigated in the
non-dominant upper limb. Each patient underwent a rheumatological evaluation of the mRSS,
dermatological measurement with a durometer, and radiological UHFUS assessment with a 70 MHz
probe calculating the mean grayscale value (MGV). Results: Forty-seven SSc patients (87.2% female,
mean age 56.4 years) and 15 HC comparable for age and sex were enrolled. Durometry showed
a positive correlation with mRSS in most regions of interest (p = 0.025, ρ = 0.34 in mean). When
performing UHFUS, SSc patients had a significantly thicker epidermal layer (p < 0.001) and lower
epidermal MGV (p = 0.01) than HC in almost all the different regions of interest. Lower values
of dermal MGV were found at the distal and intermediate phalanx (p < 0.01). No relationships
were found between UHFUS results either with mRSS or durometry. Conclusions: UHFUS is an
emergent tool for skin assessment in SSc, showing significant alterations concerning skin thickness
and echogenicity when compared with HC. The lack of correlations between UHFUS and both mRSS
and durometry suggests that these are not equivalent techniques but may represent complementary
methods for a full non-invasive skin evaluation in SSc.

Keywords: systemic sclerosis; ultra-high frequency ultrasound; durometry; skin score; skin imaging;
skin fibrosis

1. Introduction

Systemic sclerosis (SSc) is a rare connective tissue disorder characterized by diffuse
microangiopathy and immune dysregulation, pathogenic elements that ultimately lead
to the most known feature of this disease, namely tissue fibrosis of skin and internal
organs [1,2]. Skin thickening is one of the most evident and studied aspects of SSc since
it can be easily analyzed and mostly because it has been widely demonstrated that a
more extensive skin involvement correlates with more severe internal organ damage, poor
prognosis and increased disability [3,4]. Modified Rodnan Skin Score (mRSS) is a manual
semi-quantitative score representing the most widespread clinometric tool to assess skin
thickening in SSc. Despite the possible intra-reader and especially inter-reader variability,
it is used as a primary or secondary outcome measure in clinical trials [5].

To improve the accuracy and sensitivity to change in the measurement of skin involve-
ment, the use of semiquantitative/quantitative methods has been proposed. Among them,
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the durometer proved to be a non-invasive and easy-to-use instrument that can provide
accurate and reliable measurements, gaining consideration as a complementary method to
mRSS [6]. Recently, cutaneous ultrasonography emerged as a remarkable technique which
allows for quantifying skin thickness, and studies regarding its use in SSc skin assessment
have been published so far [7]. In the last few years, a growing interest has arisen in
ultra-high frequency ultrasound (UHFUS), a method allowing a non-invasive detailed
characterization of skin layers [8].

Our work aims to assess cutaneous involvement in a cohort of SSc patients, comparing
results obtained from mRSS, durometry and UHFUS to obtain a complete and accurate
multiparametric non-invasive evaluation of SSc skin.

2. Materials and Methods
2.1. Patients

We enrolled adult patients fulfilling 2013 EULAR/ACR criteria for SSc [9] attending a
routine outpatient visit at the Rheumatology Unit of the University of Pisa between January
and December 2019. We also enrolled 15 healthy controls (HC) with the same mean age
and sex percentage of the SSc cohort. Full ethical approval was obtained from the local
ethical committee (Comitato Etico Area Vasta Nord Ovest, approval number 13408). Each
subject voluntarily agreed to participate and gave written informed consent to publish
the material.

Each patient underwent a multidisciplinary (rheumatological, dermatological and
radiological) evaluation at enrolment time. Initial data were collected through questions,
medical records, and physical examination, including epidemiological data, disease dura-
tion and autoantibody profile (distinguishing between anti-centromere—ACA and anti-
topoisomerase I—Scl70). All ongoing therapies were allowed. According to LeRoy classifi-
cation [10], patients were classified into three skin subsets: sine scleroderma (ssSSc), limited
(lcSSc) and diffuse cutaneous (dcSSc) groups. Moreover, the presence of hand contractures
and the history of digital ulcers (DUs) were investigated. Ongoing DUs were an exclusion
criterion. Afterwards, mRSS was performed either in the whole body (0–51 pts) or in some
specific regions of interest (0–3 pts each) of the non-dominant upper limb:

- on the central dorsal side of the intermediate phalanx (IP) of the second finger.
- on the central dorsal side of the proximal phalanx (PP) of the second finger.
- on the dorsum of the hand (DH) (3 cm distally to the wrist joint).
- on the volar side of the forearm (VF) (5 cm proximally to the wrist joint).

2.2. Instrumental Assessment

Durometry assessment was performed by a single operator on five regions of interest
of the non-dominant upper limb: distal phalanx (DP), IP and PP of the second finger, DH
and VF. Skin hardness was measured with a portable durometer (Rex Model 1600, Rex
Gauge Company, Buffalo Grove, IL, USA) in standard durometer units. The durometer
was held in a vertical position keeping the foot of the gauge firmly against the skin. Each
area was assessed three times, considering the mean value as the result.

UHFUS assessment was performed by a single operator with a 70 MHz probe (Vevo
MD, VisualSonics, Toronto, ON, Canada). Images were acquired by placing a homogeneous
layer of ultrasound gel between the transducer and the skin, keeping the various acquisition
parameters constant. Five-second static clips of the skin were acquired at the five sites
mentioned above DP, IP, PP, DH, and VF (Figure 1). A static image was extracted from
each clip and was then analysed with Horos™ software v2.1.1 (Horos Project, Annapolis,
MD, USA). Epidermal thickness, seen as a superficial hyperechoic band, was calculated as
the mean value obtained from 5 measurements at different points of the image. Grayscale
levels were then analyzed by positioning circular regions of interest (ROI) in the epidermal
and dermal areas. Specifically, it was calculated the mean grayscale value (MGV) within
the ROI, whose values range from 0 (totally black) to 255 (total white). The expert examiner
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was calibrated to improve intra-examiner repeatability on ten patients not included in the
study until a k value > 0.8 was obtained.
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2.3. Statistical Analysis

Categorical data were described by absolute and relative (%) frequency, whereas
continuous data by mean and standard deviation. Comparisons between mean values were
analyzed by Student’s t test for independent samples (two-tailed) and one-way ANOVA.
Comparisons between proportions were made with z-test for proportions. The correlation
between variables was examined with Pearson’s correlation coefficient (r). p values of less
than 0.05 were considered significant, and all analyses were carried out with SPSS v.22
technology (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Patients and mRSS

Forty-seven SSc patients were enrolled for this study, along with 15 HC comparable
for age and sex. The baseline characteristics of the SSc cohort are reported in Table 1.

Table 1. Baseline characteristics of SSc cohort and HC.

SSc (n = 47) HC (n = 15) p

Female 41 (87.2%) 11 (73.3%) n.s.
Age (years) 56.4 ± 13.5 54.7 ± 14.3 n.s.

Disease duration
(years) 10.8 ± 10.3

ACA 27 (57.4%)
Scl70 16 (34%)

- ssSSc 9 (19.1%)
- lcSSc 27 (57.4%)
- dcSSc 11 (23.4%)

DUs history 22 (46.8%)
Hand contractures 5 (10.6%)

Data are expressed in number (percentage) or mean ± standard deviation. SSc: systemic sclerosis; HC: healthy
controls; ACA: anti-centromere autoantibodies; Scl70: anti-topoisomerase I autoantibodies; ssSSc: sine scleroderma
SSc; lcSSc: limited cutaneous SSc; dcSSc: diffuse cutaneous SSc; DUs: digital ulcers; n.s.: not significant.

Among the possible correlations with disease characteristics, the mRSS performed
in the whole body was found to be significantly higher in patients with Scl70 positivity
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(p = 0.05) and hand contractures (p < 0.001). In contrast, lower values were associated with
ACA positivity (p = 0.015). As expected, mRSS in dcSSc was significantly greater than lcSSc
and ssSSc (p < 0.001 for both). Even when considering mRSS performed in the different
regions of interest, dcSSc patients had significantly higher values than lcSSc and ssSSc
(p < 0.001 for all).

3.2. Durometer

Durometer measurements performed in the different regions of interest highlighted
that DH presented lower values in females (p = 0.025) and was inversely associated with
disease duration (p = 0.012, ρ = −0.38). Among skin subsets, a statistical difference was
found only at the level of IP, with dcSSc having higher values than lcSSc (p = 0.029) and
ssSSc (p = 0.002). Durometer measurements were lower in ACA patients than Scl70 ones
both in IP (p = 0.008) and PP (p = 0.001). Hand contractures were associated with higher
values at DP (p = 0.009) and VF (p = 0.046). No other associations were found with other
disease characteristics.

Evaluating possible relationships between the durometer and the total mRSS (whole
body), it was found a direct correlation at the level of the IP (p = 0.025, ρ = 0.34), PP (p = 0.03,
ρ = 0.33) and VF (p = 0.02, ρ = 0.35).

3.3. UHFUS

Table 2 summarizes the main UHFUS findings in our cohort. When performing
UHFUS between SSc patients and HC, the former had a significantly thicker epidermal
layer in all the different regions of interest (p < 0.001 for all)—Figure 2.

Table 2. UHFUS findings in SSc and HC.

SSc (n = 47) HC (n = 15) p

Epidermal thickness
(µm)
- DP 258.6 ± 64.2 176.5 ± 21.1 <0.001
- IP 238.4 ± 77.7 173.3 ± 20.3 <0.001
- PP 206.9 ± 42.9 156.2 ± 18.1 <0.001
- DH 182.1 ± 33.3 146.7 ± 12.7 <0.001
- VF 180.1 ± 36.4 143.0 ± 18.0 <0.001

Epidermal MGV
(0–255)

- DP 168.6 ± 40.6 191.0 ± 23.7 0.01
- IP 168.2 ± 37.8 195.6 ± 20.9 0.01
- PP 174.2 ± 38.8 193.4 ± 18.8 0.01
- DH 184.5 ± 27.7 195.1 ± 19.2 n.s.
- VF 185.4 ± 24.6 190.1 ± 39.9 n.s.

Dermal MGV (0–255)
- DP 62.9 ± 33.5 100.8 ± 27.2 <0.001
- IP 70.0 ± 35.6 98.3 ± 25.8 0.006
- PP 87.0 ± 37.9 107.4 ± 13.8 0.04
- DH 109.4 ± 32.7 118.1 ± 22.0 n.s.
- VF 124.7 ± 33.8 130.6 ± 31.5 n.s.

Data are expressed in mean ± standard deviation. SSc: systemic sclerosis; HC: healthy controls; MGV: mean
grayscale value; DP: distal phalanx; IP: intermediate phalanx; PP: proximal phalanx; DH: dorsum hand; VF: volar
forearm.; n.s.: not significant.

The SSc group also presented lower epidermal MGV at DP, IP and PP (p = 0.01 for all).
Similarly, low values of dermal MGV reached statistical significance at DP (p < 0.001), IP
(p = 0.006) and PP (p = 0.04)—Figure 3. When UHFUS results were diversified according
to skin subset, both lcSSc and dcSSc reconfirmed a significantly thicker epidermal layer
than HC for all the regions of interest. Noteworthy, when considering MGV differences
between cutaneous subsets and HC, statistically significant lower values were detected for
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both skin subsets only at the dermal layer of DP (p = 0.001 for lcSSc; p = 0.008 for dcSSc)
and IP (p = 0.05 for lcSSc; p = 0.01 for dcSSc).
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Figure 2. Measurement of epidermal thickness at the intermediate phalanx of the second finger. Note
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Figure 3. Measurement of epidermal and dermal grayscale values using ROIs positioned at the
intermediate phalanx of the second finger. Note the reduction in the mean grayscale value in the SSc
patient compared to the control subject in the epidermal and dermal areas.

Among SSc patients, epidermal thickness revealed an inverse correlation with disease
duration at VF (p = 0.017, ρ = −0.346). No associations were found between UHFUS results
and skin subsets, autoantibody profile, and disease characteristics.

No relationships were found between UHFUS results, and mRSS performed in the
whole body or the different regions of interest. Furthermore, when comparing outcomes
obtained from UHFUS with those from durometer, no relevant associations were found for
any region of interest.

4. Discussion

Since skin thickness is the most evident feature of SSc, several techniques have been
used over the years for its evaluation, always looking for the highest validity and reliability.
In our work, we assessed skin involvement in a cohort of SSc patients through mRSS,
durometry and UHFUS. Furthermore, the outcomes of these techniques were compared.
In addition, UHFUS results from a group of HC were also analyzed, finding significant
differences between the subgroups, interesting correlations with disease characteristics, and
finally, obtaining a complete multiparametric non-invasive assessment of skin involvement
in SSc.

Durometer measurements suggested that higher values are likely associated with
the early phase of the disease and with some characteristics such as hand contractures
and diffuse cutaneous subsets. Moreover, durometry showed a good correlation with
mRSS performed in the whole body and a direct trend for the different regions of interest,
reiterating the findings of previous studies [6,11].

The comparison of UHFUS outcomes between SSc patients and HC pointed out
that the former had a diffusely thicker epidermal layer, even in limited cutaneous forms.
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However, a significant dermal impairment (corresponding to a lower MGV) could be
detected only in the distal part of the hand, likely reflecting the more impacting cutaneous
and microvascular alterations that occur in the extremities. In this regard, an interesting
negative correlation between UHFUS skin thickness and capillary density assessed by
nailfold capillaroscopy was recently highlighted [12].

UHFUS showed that epidermal thickness was inversely correlated with disease dura-
tion. Hence, we confirm that skin is thicker in early phases and then becomes thinner, which
was already demonstrated with HFUS by Hesselstrand et al., who found that patients with
shorter disease duration had high skin thickness and low echogenicity [13]. They sug-
gested that this ultrasonographic pattern could identify the edematous phase that precedes
palpable skin involvement. This hint was somehow strengthened by an HFUS study that
showed how skin thickness was more significant in SSc patients in the edematous phase
and progressively decreased in those in the fibrotic and atrophic phases [14]. Moreover,
a longitudinal evaluation revealed that a decrease in skin thickness and an increase in
echogenicity were observed during a one-year follow-up [15].

The lack of correlations between UHFUS and both mRSS and durometry that emerged
in our study is discordant with findings from other HFUS studies [13,14]. However, it
could be explained by the fact that these are not equivalent techniques but complementary.
The hypothesis that skin ultrasound can show something that other methods do not grasp
was recently strengthened also by other studies. For example, HFUS revealed subclinical
dermal involvement in areas with a normal mRSS in lcSSc patients [16], and there are other
works besides ours that found no ultrasound differences between skin subsets [17]. Kissin
et al., in 2006, tried to compare these three techniques for a skin assessment and found a
good correlation between them all [18]. However, even leaving out the smaller number of
patients analyzed, they used a 10 MHz probe, so it is reasonable to expect different and
more accurate results with a 70 MHz probe. As pointed out by the Authors themselves, the
durometer is designed to measure skin hardness, so it could not provide information about
other pathological skin properties.

The results of this study indicate that, whereas mRSS and durometry are two tech-
niques able to evaluate skin hardness reliably and unanimously, UHFUS appears as an
autonomous method capable of showing different skin characteristics. The variation of the
thickness and echogenicity of the various skin layers concerning the different phases of the
disease represents an important reason for the larger use of this technique in SSc. Our data
reconfirm the great potential of UHFUS in SSc skin assessment, as already highlighted by
the previous work by Naredo et al. [8].

Recently, two systematic literature reviews on US assessment of skin involvement in
SSc were published. They agree that the US, especially when applied with higher frequen-
cies, is an effective and helpful tool for skin assessment in SSc, but some problems still limit
its use. For example, image acquisition and analysis methods were heterogeneous and
frequently under-reported, thus precluding data synthesis across studies. Moreover, there
is limited or absent US evidence for sensitivity to change, test-retest reliability, clinical trial
discrimination or thresholds of meaning. It was also underlined that US findings should be
compared to skin histology. In this regard, although the US proved valid and reliable for skin
thickness measurement, echogenicity seems to have a limited validity. Finally, developing
a protocol for US skin assessment with image acquisition and analysis standardisation was
deemed necessary for future research and to foster its clinical use [19,20].

Our work presents some limitations. The relatively small size of the cohort limits
the generalizability of the findings to larger populations of SSc patients. Due to the
intrinsic setting features of the device used for ultrasound assessment, it was impossible
to measure the dermis’s thickness as the boundaries of this layer were indistinguishable
from the underlying hypodermis. As pointed out by a systematic literature review as
part of a large international collaborative work on the assessment of skin involvement
in SSc, it should also be considered that the disease progression rate of SSc before study
entry may significantly impact the results [21]. The same applies to immunosuppressive
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therapies that may have affected skin involvement. The study’s primary limitation is the
lack of skin biopsy samples, which would have allowed us to directly validate the results
obtained and the speculations formulated with the other techniques. This is even more
true since a relationship between skin HFUS and dermal collagen content was found in
SSc cutaneous biopsies [22]. Moreover, a good correlation between US-measured skin
thickness and histological cutaneous thickness was demonstrated [23] as well as with
circulating fibrocytes [24]. Skin US assessment, especially UHFUS, was performed in a few
heterogeneous studies, so it still lacks validity criteria: further studies are then required.
Finally, the design of the study does not provide information about the evolution of skin
involvement. In this regard, a future study proposal could address UHFUS follow-up of
SSc patients to assess the predictive value of UHFUS measurements in disease progression
and outcomes.

In conclusion, skin evaluation in SSc patients could benefit from complementary
methods to obtain a complete assessment, especially concerning UHFUS, a relatively new
technique with great potential.

5. Conclusions

UHFUS is an emergent non-invasive diagnostic tool for skin assessment in SSc. It
showed significant alterations concerning skin thickness and echogenicity when compar-
ing SSc patients with HC. However, the lack of correlations between UHFUS and both
mRSS and durometry suggests that these are not equivalent techniques but may represent
complementary methods for a full skin evaluation in SSc. Therefore, future clinical use of
UHFUS in the skin evaluation of SSc patients is conceivable.
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Abstract: Hirschsprung’s disease (HD) is characterized by aganglionosis in the bowel wall, requiring
resection. Ultra-high frequency ultrasound (UHFUS) imaging of the bowel wall has been suggested to
be an instantaneous method of deciding resection length. The aim of this study was to validate UHFUS
imaging of the bowel wall in children with HD by exploring the correlation and systematic differences
between UHFUS and histopathology. Resected fresh bowel specimens of children 0–1 years old,
operated on for rectosigmoid aganglionosis at a national HD center 2018–2021, were examined ex
vivo with UHFUS center frequency 50 MHz. Aganglionosis and ganglionosis were confirmed by
histopathological staining and immunohistochemistry. Histoanatomical layers of bowel wall in
histopathological and UHFUS images, respectively, were outlined using MATLAB programs. Both
histopathological and UHFUS images were available for 19 aganglionic and 18 ganglionic specimens.
The thickness of muscularis interna correlated positively between histopathology and UHFUS in both
aganglionosis (R = 0.651, p = 0.003) and ganglionosis (R = 0.534, p = 0.023). The muscularis interna
was systematically thicker in histopathology than in UHFUS images in both aganglionosis (0.499 vs.
0.309 mm; p < 0.001) and ganglionosis (0.644 versus 0.556 mm; p = 0.003). Significant correlations and
systematic differences between histopathological and UHFUS images support the hypothesis that
UHFUS reproduces the histoanatomy of the bowel wall in HD accurately.

Keywords: Hirschsprung’s disease; bowel wall; ultra-high frequency ultrasound;
histopathology; children

1. Introduction

Hirschsprung’s disease is a congenital bowel motility disorder characterized by agan-
glionosis in the bowel wall. Inhibiting relaxation, aganglionosis leads to a life-threatening
functional obstruction [1–3]. Treatment of Hirschsprung’s disease is by surgery, including
resection of the aganglionic and transition zone segments, followed by the establishment
of bowel continuity [4,5]. Aganglionosis always stretches in an oral direction from the
anus. In the majority of patients, only the rectosigmoid colon is affected, but aganglionosis
can also extend over a longer distance [6]. When deciding upon the length of bowel to be
resected, intraoperative fresh frozen biopsies are required to confirm the level of gangliono-
sis. Acknowledged clinical problems are that the frozen biopsy method is a rather blunt
technique, and that resection of a too short or a too long bowel segment can cause severe
postoperative problems [7,8]. Additionally, waiting times for frozen biopsy analyses during
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surgery can be considerable, up to several hours, especially if multiple biopsies are needed
as a result of an unexpected aganglionic extension, thus burdening the child with having
to endure prolonged anesthesia. A more precise and instant intraoperative diagnostic
method is warranted to make Hirschsprung’s disease surgery quicker and safer. Ultra-high
frequency ultrasonography (UHFUS) has been suggested to be such an instant method
that could potentially replace frozen biopsy [9]. UHFUS with frequencies of <70 MHz
captures superficial depths of a few millimeters with a resolution down to 30 µm [10]. This
is compared to conventional ultrasound with 2–15 MHz frequencies used in clinical settings
and imaging depths of 2–20 cm. UHFUS imaging has been reported to have diagnostic
potential within the fields of dermatology, vascular medicine, musculoskeletal evaluation,
and gastrointestinal surgery with regard to Hirschsprung’s disease [9,11]. In diagnostics
of Hirschsprung’s disease, a pilot study showed that UHFUS can potentially be useful
in differentiating between the aganglionic and ganglionic bowel wall [9]. This could be
because histoanatomical landmarks have been shown to differ between ganglionosis and
aganglionosis [9,12]. However, there remains a gap in knowledge regarding the accuracy
of UHFUS in reproducing the histoanatomical layers of the bowel wall.

Therefore, the overall aim of this study was to explore whether the histoanatomical
layers of the bowel wall could be imaged accurately by UHFUS. The first research question
was to establish whether the thicknesses of the histoanatomical layers of the muscularis
interna and muscularis externa, as seen on UHFUS images of fresh bowel wall ex vivo,
correlate to those of the histopathologically-prepared specimen. The second question was
to ascertain whether any systematic differences and low agreement of histoanatomical
thicknesses were evident when comparing the bowel wall thicknesses as measured on
histopathology and UHFUS images.

The first hypothesis was that morphometrics, i.e., thicknesses of histoanatomical layers
as measured by UHFUS imaging and histopathological specimens, respectively, would
correlate well. The second hypothesis was that systematic differences and a low agreement
between morphometrics of bowel walls on histoanatomy and UHFUS would be evident as
a result of histopathology preparation effects of specimens [13–15].

2. Materials and Methods
2.1. Patients

This study was a translational observational study performed at a national referral
center for Hirschsprung’s disease covering a geographical uptake area of 5 million residents.
Morphometrics of formalin-prepared hematoxylin–eosin-stained bowel wall specimens
were compared with those of the same patient’s fresh bowel wall imaged on UHFUS ex
vivo.

All children with Hirschsprung’s disease who were to undergo surgery with resection
of the aganglionic bowel segment at the Department of Pediatric Surgery (a national center
for Hirschsprung’s disease) from April 2018 to December 2021 were eligible for inclusion.
Information about the patient’s age, weight, and length of resected bowel segments were
retrieved from the local Hirschsprung’s disease register with data collected prospectively.
The inclusion criterion for correlation analyses was rectosigmoid aganglionosis stretching
5–30 cm, according to the pathology report, in children weighing under 10 kg and being
younger than 1 year of age. The surgical resection length of aganglionosis was decided
based upon the pathologist’s analysis of intraoperative fresh frozen biopsies taken by the
pediatric surgeon, confirming the presence of ganglionic bowel wall. The accuracy of the
frozen biopsy results was confirmed by full histopathological analyses by histopathological
staining with hematoxylin–eosin and immunohistochemistry (calretinin and S-100) [16–18]
in a final pathology report of the whole resected specimen.

2.2. Specimen Treatments—Fresh and Histopathological

For UHFUS imaging, the Vevo MD ultrasound scanner (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada) equipped with a UHF70 transducer, delivering a center frequency
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of 50 MHz, was used. After surgical resection of the bowel, the retrieved fresh bowel
specimen was pinned to a cork mat and examined ex vivo using UHFUS from the serosal
(outer) surface (Figure 1). A gel layer was used as a conductor between the transducer
and the bowel wall. Minimal pressure was applied to the bowel during the examination
in order to avoid manipulation of the examined specimen. UHFUS images were taken
longitudinally and saved as B-mode images. For each patient, UHFUS images of both
aganglionic and ganglionic bowel walls were saved prospectively in a database. We used a
predefined ultrasound acquisition protocol that included center frequency (50 MHz), power
(100%), gain (48 dB), depth (7 mm), width (9.73 mm), persistence (off), and dynamic range
(65 dB). The settings, including the depth-depending gain, could be optimized during scan-
ning. Two pediatric surgeons (CG, PS) performed all the UHFUS examinations together.
They established the working procedure together and assisted each other in imaging and
sampling. The bowel specimen was thereafter treated with formalin and sent to the De-
partment of Clinical Genetics and Pathology, where aganglionic and ganglionic segments
were confirmed by microscopy after paraffin embedding and standard histopathological
staining with hematoxylin–eosin and immunohistochemistry (calretinin and S-100). His-
toanatomical images were saved cross-sectioned in the data system Laboratory Information
Management System (LIMS) RS Pathology®. Images with hematoxylin–eosin staining were
assessed. UHFUS and histopathological images of poor quality, as a result of damaged
tissue, broken specimens, or air interfaces causing shadows in the UHFUS imaging, were
excluded from the study.
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Figure 1. Resected bowel of a child with Hirschsprung’s disease. Pinpointed aganglionic bowel (blue
pins) and ganglionic bowel (yellow pins) represent the sites where the histoanatomical thicknesses
on ultra-high frequency ultrasound (UHFUS) (ex vivo) and histopathology were correlated and
compared.

2.3. Assessment and Measurements

Histopathological and UHFUS images were assessed using two in-house software
programs based on MATLAB (MathWorks Inc., Natick, MA, USA). One program for
histopathology and one for UHFUS, respectively, were developed within the research
project. In the histopathological MATLAB program, the external and internal borders of
the muscular layers were delineated manually for the muscularis externa and muscularis
interna, respectively (Figure 2). The histopathology images could be assessed either whole
or in parts. White areas within the tissue were automatically erased before calculations, as
programmed. This was decided upon by the assessor in order to avoid sections with image
or specimen artifacts. In the UHFUS images, a 5 mm long region of interest (ROI) in the
MATLAB program was selected by the assessor and decided upon with respect to image
quality and well-represented histoanatomy in the B-mode. The ROI was selected by the
same pediatric surgeons who performed the UHFUS examinations. Within this ROI, the
presumed muscularis externa and interna were delineated manually, in a similar manner
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to the procedure when taking the histopathology images. Muscular layer thicknesses were
generated automatically from measurement intervals of every 14 µm in the histopathology
images and 32 µm in the UHFUS images, respectively (Figure 2).
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Figure 2. Histoanatomical and ultra-high frequency ultrasound (UHFUS) images of the ganglionic
bowel wall of the same patient. The histopathological specimens (left) were stained with hematoxylin–
eosin. UHFUS imaging (right) was performed on bowel ex vivo with center frequency 50 MHz. The
method of how to delineate muscularis externa’s and interna’s outermost limits using MATLAB
software is shown in the lower images.

2.4. Statistics

Measurements of the muscularis externa and interna, generated from delineation
in MATLAB, were given as mean thickness with standard deviation (SD), and median
thickness with range (minimum to maximum). These calculations were performed for both
aganglionosis and ganglionosis in histopathological and UHFUS images, respectively. Data
management and statistical analyses were performed using Microsoft® Excel and IBM®

SPSS® statistics version 27. Ratios of the muscularis interna and externa thicknesses were
calculated and used in systematic difference analyses (paired testing). Correlation between
histopathological and UHFUS images, and their strength and direction, was assessed by the
Spearman correlation test on a group level. For exploring systematic differences between
the modalities, the Wilcoxon Signed Rank Test was used, in which the patient served as
their own control. A p-value of <0.05 was considered to be statistically significant.

Agreement referred to whether histoanatomical thicknesses were close or differed
between the histopathological specimen and UHFUS images. Agreement between thick-
nesses was visualized and interpreted by Bland–Altman plots: a method that has proven to
be useful in comparing diagnostic modalities [19,20].

2.5. Ethical Considerations

Ethical approval was obtained from the local ethics review board (DNR 2017/769).
Oral and written information was given, and the guardians’ written consents were obtained.
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3. Results
3.1. Patient and Specimen Characteristics

During the study period, 36 children underwent surgery for Hirschsprung’s disease.
According to the study criteria, 16 children were excluded (Figure 3). Two histopathological
specimen images (one aganglionic and one ganglionic) and one UHFUS image (ganglionic)
were excluded as a result of artifacts in the specimen and/or images. Thus, in total,
19 aganglionic and 18 ganglionic bowel specimens from 20 patients were included. The
median age of the included patients was 29 days (range: 11–174 days) and their median
weight was 4012 g (range: 2600–7700 g) at the time of surgery. The median length of the
formalin-fixed resected bowel specimen was 17 cm (range 7–26 cm).
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Figure 3. Flow chart of patients and images included in the study. UHFUS: ultra-high frequency
ultrasound.

3.2. Aganglionic Bowel Wall

In aganglionosis, the thickness of the muscularis interna correlated positively between
histopathology results and UHFUS in aganglionosis, i.e., the thicker the muscularis interna
was in the histopathological specimen, the thicker it was on UHFUS imaging (R = 0.651,
p = 0.003, Spearman correlation analyses) (Figure 4a and Appendix A). This correlation
housed a systematic difference in the thickness of the muscularis interna, which was, on
average, 0.168 mm thicker in histopathological images than on UHFUS (p < 0.001) (Table 1).
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Table 1. Systematic differences of histoanatomical dimensions in bowel wall comparing
histopathologically-prepared bowel specimens and ultra-high frequency ultrasound (UHFUS) of ex
vivo examined bowel samples. Thicknesses were assessed using MATLAB programs. Median was
calculated as the 50th percentile of individual mean measurements of histoanatomical thicknesses.

Thickness in Aganglionosis
n = 19

Thickness in Ganglionosis
n = 18

Histoanatomical
Layer

Histopathology
(mm)

Median (Range)

UHFUS Image
(mm)

Median (Range)

Systematic
Difference
p-Value 1

Histopathological
Bowel Wall

Specimen (mm)
Median (Range)

UHFUS Image
(mm)

Median
(Range)

Systematic
Difference
p-Value 1

Muscularis interna
(mm)

0.499
(0.284–0.918)

0.309
(0.202–0.500) <0.001 0.664

(0.386–1.042)
0.556

(0.338–0.931) 0.003

Muscularis externa
(mm)

0.291
(0.165–1.285)

0.322
(0.175–0.830) 0.872 0.297

(0.186–0.556)
0.433

(0.169–0.668) 0.006

Ratio:
muscularis interna/

muscularis
externa

1.253
(0.492–2.257)

0.888
(0.382–2.074) 0.064 2.101

(1.290–3.247)
1.333

(0.723–2.059) <0.001

1 Related-Samples Wilcoxon Signed Rank Test.

3.3. Ganglionic Bowel Wall

In ganglionic bowel wall specimens, the thickness of the muscularis interna also
correlated positively between histopathology results and UHFUS (R = 0.534, p = 0.023)
(Figure 4b and Appendix A). The correlation housed a systematic difference, being, on
average, 0.136 mm thicker in histopathology images compared to images achieved using
UHFUS (p = 0.003) (Table 1). In ganglionosis, the muscularis externa differed systematically,
being thinner in histopathological specimens than on UHFUS images (p = 0.006) (Table 1).
The ratio of the thickness of the muscularis interna/muscularis externa in ganglionosis was
systematically greater in histopathological specimens than on UHFUS (p < 0.001) (Table 1).

3.4. Agreements

In line with the result of systematic differences, agreements between histoanatomical
thicknesses of muscularis interna and externa in histopathological and UHFUS images
were low (Figure 5).
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Figure 5. Agreement scatterplots (Bland–Altman) showing low agreement (uneven distribution) of
thicknesses (mm) of histoanatomical layers as measured in histopathological and UHFUS images.
The X-axis shows the mean thickness of the histoanatomical layer of histopathology and UHFUS in
the same patient. The Y-axis shows the mean difference of thickness between the histoanatomical
and UHFUS layer thickness in the same patient. The yellow horizontal lines represent degrees of
agreement. The blue dashed horizontal lines represent ± 2 SD of histoanatomical thickness difference.
Aganglionosis: Agreement of thicknesses of (a) muscularis interna and (b) muscularis externa, n = 19.
Ganglionosis: Agreement of thicknesses of (c) muscularis interna and (d) muscularis externa. n = 18.

4. Discussion

According to the study results, UHFUS visualized histoanatomical muscular layers
of bowel walls in children with Hirschsprung’s disease accurately. The histoanatomical
muscular layer thicknesses, and especially those of the muscularis interna, correlated
well between UHFUS imaging and histopathology. As expected, as a result of speculated
histopathological preparation effects, systematic differences and low agreement were
evident between the UHFUS images and histopathology results. The study’s confirmation
of a reliable reproduction by UHFUS of the thicknesses of the bowel wall’s histoanatomical
muscular layers supports our previous report on the potential of UHFUS in imaging the
bowel wall [9].

Studies aiming to correlate the histoanatomy of the bowel wall to findings on ultra-
sound have been carried out previously, but only by exploring the use of lower frequency
ultrasound and never UHFUS. In these previous reports, the use of ultrasound of 8.5
and 25 MHz on human bowel did not visualize histological layer thicknesses convinc-
ingly [21,22]. The lack of correlation was attributed to the small histoanatomical sizes and
the physical principles of ultrasound, i.e., how the soundwaves interacted differently with
various tissues. These studies were limited by the use of low- and normo-resolution ultra-
sound, leading to less detailed images compared to those that can be visualized by UHFUS
on small tissues over short distances [11]. Advantages of ultra-high resolution imaging
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over short distances, such as when visualizing bowel wall, and our here-reported UHFUS
results, are supported by one animal study suggesting strong and positive correlations
between histological and ultrasound morphometrics of both the muscularis interna and
muscularis externa in bowel wall [23].

One factor to be taken into consideration is that ultrasound accuracy might depend
upon the examiner’s handling and positioning of the transducer. This is also of concern in
the validation of UHFUS. In the animal study referred to above [23], the transducer was
positioned in water at 1 cm from the sample, in order to avoid any modifying pressure on
the tissue. This meticulous methodology was not repeated in our study because we aimed
for a clinically feasible setting, implying an almost direct contact between the transducer
and bowel. Therefore, we cannot exclude the possibility that pressing the transducer on the
bowel wall might have influenced the muscular thicknesses in the UHFUS images. This
could have affected the muscularis externa in particular, which is the layer closest to the
transducer and could, therefore, be most influenced by external pressure. However, the
external pressure imposed by the transducer will also be the case in the clinic, requiring
consideration in our forthcoming further methodological validation and refining work.
The individual learning curve can influence the accuracy and reliability of the detailed
UHFUS, and this needs to be taken into consideration and addressed before diagnostics
can be implemented in clinical work.

Another factor to be considered, both in the validation process and in the clinic, is
the user-dependent quality of imaging and subjective interpretation of images. In the
present study, two surgeons performed the UHFUS assessments, and interpretations were
confirmed using MATLAB programming. Nevertheless, before clinical implementation
of the UHFUS technique can occur, interpersonal variability testing of the UHFUS on the
bowel will be required as part of the validation process.

As expected, significant systematic differences were observed. These were hypothe-
sized to be a result of the expected effects of histopathological preparation. Our finding
that the muscularis interna was systematically thicker on histopathological imaging than
on UHFUS was in line with the results of a preclinical animal model study suggesting
a swelling of muscular tissue post-formalin fixation [24]. Notably, there are also studies
suggesting a shrinkage of the bowel due to formalin fixation [13–15]. However, in contrast
to our study, those bowel specimens were analyzed regarding total specimen length, while
analyses in our study were cross-sectional, focusing on separate muscularis layers. Specu-
lating, one explanation for the shrinking versus swelling of the tissue could be the direction
of the assessment. This is because a whole bowel specimen comprises a mix of several
histoanatomical layers, and their various fiber directions might lead to a total shrinking
effect in length. Still, within the whole specimen, separate histoanatomical layers might
swell, which could possibly be identified when the specimen is studied cross-sectionally.

A strength of our study was the fairly homogenous cohort, including only children
with recto-sigmoid aganglionosis who were of similar ages and weights. The majority of
specimens and UHFUS images were generally of high quality, containing well-preserved
histoanatomical bowel wall layers. Although limited, a need for the exclusion of samples
as a result of low image quality was evident in three of 40 cases. Image quality requires
full consideration in the clinic because safe diagnostics must be secured for all patients.
Greater experience, methodological refinements, and technical improvements are expected
to contribute to an improved image quality. Specific strategies for improving image quality
could be to repeat imaging in every patient, in order to secure the highest quality of results.

Another strength of the study was that both aganglionic and ganglionic areas were
pinpointed specifically on both fresh and fixated bowel samples and, therefore, allowed
correlation of exactly the same areas. This also enabled the patient to serve as their
own control in paired statistical tests, minimizing effects by confounding factors, such as
increased bowel wall thickness with age [12,25]. Furthermore, the two MATLAB programs,
developed specifically for analyses of UHFUS and histopathological imaging, enabled
precise delineations of the histoanatomical muscle layers and the programs supported the
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generation of outcomes objectively. These MATLAB programs enable the unique, novel,
and exact technique to assess the histoanatomy of the bowel wall, which will be useful in
future studies.

One obvious limitation of the study was the sparse number of specimens which dimin-
ished the probability of revealing the absence of differences. In addition to pressure effects,
there were only a few patients who might have contributed inconsistent findings of agan-
glionic muscularis externa. Additionally, as a result of the great diversity in thicknesses
of the muscularis externa, particularly in aganglionosis, the statistical power was low.
Moreover, the UHFUS examinations were not standardized with regard to the transducer
angle or gel amount, which might have impacted the measured layer thicknesses of the
bowel wall. Additionally, histopathological images were cross-sectioned while UHFUS
images were sectioned longitudinally. Since thicknesses might appear differently if cross-
or longitudinally sectioned, the direction of the transducer might have influenced the
outcome. For statistical limitations, assessments using MATLAB programming of both
histopathology and UHFUS were performed by only one person, which might have skewed
data. Similarly, the Bland–Altman agreement analyses were, by their nature, linked to a
subjective interpretation; however, this potential bias was minimized by having a statis-
tician assist in the interpretation of the results. For an intervariability control, analyses
between UHFUS users will be analyzed separately (cohen kappa) in a next step. Then, for
transparency, objectivity, and to collect more data, a multicenter study for validation of
the use of UHFUS in the diagnostics of bowel wall pathology is warranted. This is now
planned, in the form of a long-term outcome report.

This study is part of a larger project aiming to develop and validate the use of UH-
FUS in Hirschsprung’s disease, as a novel and immediate method to delineate between
aganglionic and ganglionic bowel. Adding knowledge about the validity of UHFUS in
the histoanatomical preciseness of the bowel wall, this study serves as an important and
essential start for more studies on UHFUS in the diagnostics of Hirschsprung’s disease.

5. Conclusions

This study reveals that UHFUS imaging replicates the histoanatomy of the bowel
wall adequately. The thicknesses of the histoanatomical muscular layers, and especially
the muscularis interna, correlated well between histopathological and UHFUS images,
and the expected systematic differences as a result of histopathological preparations were
confirmed. This study serves as a profound base for the use of UHFUS as a novel method
in the diagnostics of Hirschsprung’s disease.
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Appendix A

Table A1. Correlation of histoanatomical dimensions in bowel wall in histologically prepared bowel
specimen and ex vivo ultra-high frequency ultrasound (UHFUS) examined bowel, in aganglionic and
ganglionic bowel wall, respectively. Median was calculated as the 50th percentile of all individual
mean measurements of histoanatomical thicknesses assessed in an in-house programmed MATLAB
program. A p-value of <0.05 was considered to be statistically significant.

Thickness in Aganglionosis Thickness in Ganglionosis

Histoanatomical
Layer

Histopathological
Bowel Wall

Specimen (mm)
Median (Range)

UHFUS Image
(mm)

Median
(Range)

R 1 Correlation
p-Value

Histopathological
Bowel Wall

Specimen (mm)
Median (Range)

UHFUS Image
(mm)

Median
(Range)

R 1 Correlation
p-Value

Muscularis
interna (mm)

0.499
(0.284–0.918)

0.309
(0.202–0.500) 0.651 0.003 0.664

(0.386–1.042)
0.556

(0.338–0.931) 0.534 0.023

Muscularis
externa
(mm)

0.291
(0.165–1.285)

0.322
(0.175–0.830) −0.309 0.198 0.297

(0.186–0.556)
0.433

(0.169–0.668) 0.240 0.338

1 R = Spearman rank correlation coefficient.
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Abstract: Aim: This review article describes quantitative ultrasound (QUS) techniques and sum-
marizes their strengths and limitations when applied to peripheral nerves. Methods: A systematic
review was conducted on publications after 1990 in Google Scholar, Scopus, and PubMed databases.
The search terms “peripheral nerve”, “quantitative ultrasound”, and “elastography ultrasound” were
used to identify studies related to this investigation. Results: Based on this literature review, QUS
investigations performed on peripheral nerves can be categorized into three main groups: (1) B-mode
echogenicity measurements, which are affected by a variety of post-processing algorithms applied
during image formation and in subsequent B-mode images; (2) ultrasound (US) elastography, which
examines tissue stiffness or elasticity through modalities such as strain ultrasonography or shear
wave elastography (SWE). With strain ultrasonography, induced tissue strain, caused by internal or
external compression stimuli that distort the tissue, is measured by tracking detectable speckles in
the B-mode images. In SWE, the propagation speed of shear waves, generated by externally applied
mechanical vibrations or internal US “push pulse” stimuli, is measured to estimate tissue elasticity;
(3) the characterization of raw backscattered ultrasound radiofrequency (RF) signals, which provide
fundamental ultrasonic tissue parameters, such as the acoustic attenuation and backscattered coeffi-
cients, that reflect tissue composition and microstructural properties. Conclusions: QUS techniques
allow the objective evaluation of peripheral nerves and reduce operator- or system-associated biases
that can influence qualitative B-mode imaging. The application of QUS techniques to peripheral
nerves, including their strengths and limitations, were described and discussed in this review to
enhance clinical translation.

Keywords: peripheral nerve; quantitative ultrasound; B-mode; elastography; shear wave; ultrasound
echogenicity

1. Introduction

Ultrasound (US) is an increasingly popular modality for imaging peripheral nerves
in the clinic, providing important information about nerve microstructure [1,2]. Many
peripheral nerves are located superficially and, hence, are easily accessible for US exami-
nation. Although neurophysiological assessments are often considered the gold standard
for peripheral nerve assessment [3], US-based techniques can be used as a complementary
tool, providing anatomical information and localizing lesions more specifically [4], and
providing additional data to guide clinical interventions [4–7]. Using US for peripheral
nerve evaluation is advantageous compared to other imaging modalities, particularly in
pediatric [4,8] and geriatric [9,10] populations, due to its rapid scanning capability and
wide in-clinic availability.

The dominant US imaging technique in medical studies is reflection or pulse-echo
technology (echo-ultrasonography), which analyzes the signals returned to the transducer
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from the macro- and microstructures within and between studied tissues [11,12]. This
technique is based on the principle of sonar (i.e., sound navigation and ranging), where
the pulse transmitter and pulse receiver are located on the same side of the studied tissues.
Sound waves are typically produced by piezoelectric transducers within the US probe that
are stimulated by electrical pulses to vibrate or ring at a desired frequency (e.g., 2 to 18 MHz
in common clinical probes). The generated sound waves can be focused at a desired depth
by using the phased-array technique, which rings individual or subgroups of elements of
the transducer array with a specific delayed calculated sequence [11,12].

Four main operational states (modes) of US have been used in medical imaging,
including A-, B-, M-, and Doppler mode [11,12]. A-mode, or amplitude modulation mode,
is the simplest type of US. A single transducer transmits a sound pressure wave along a
line through the skin into the tissue of interest and receives echoes back from interfaces
that are encountered. The echoes are plotted on screen as spikes of different amplitude
depending on the echo intensity along the line of propagation. The location along the
line corresponds to the depth from the probe and is determined by the round-trip time
for the echo assuming a value for the speed of sound, commonly 1540 m/s [11,12]. B-
mode, or brightness modulation, is the most common form of US imaging; in this mode,
a transducer array simultaneously scans a plane through the tissue and displays a two-
dimensional (2D) image reconstructed from A-mode data from each transducer [11–13].
Echo-ultrasonography’s concept and A-mode data as well as B-mode image generation are
presented in Figure 1 in schematics. The brightness of pixels in B-mode images depends on
the amplitude of the echoes arising from the depth captured in the corresponding A-mode
data. Tissue contrast in B-mode images is obtained based on the differences in the soft
tissues’ acoustic properties, including density, sound speed, scattering, and absorption
encountered by the propagating sound waves [12]. M-mode, or motion modulation,
displays a one-dimensional A-mode line that is displaced horizontally with time. This
mode is typically used for measuring the rate and the range of motion in moving body parts,
such as imaging the dynamic cardiac chamber walls and valves [14]. The time-displacement
graph is generated by continuously measuring the distance of the object in a selected region
of interest from its nearest transducer, using the A-mode data of that transducer. Finally,
the Doppler mode utilizes the Doppler effect to assess the velocity (direction and speed) of
moving structures in the body, most typically blood [14,15]. Using a known transmitted
US frequency, echoes received from blood moving toward the transducer are shifted to
a higher frequency, while echoes received from blood moving away from the transducer
are shifted to a lower frequency. By calculating the frequency shift of a particular sample
volume, for example, a jet of blood flow within arteries, its speed and direction can be
determined, mapped onto the B-mode image, and thus visualized. This is particularly
useful in cardiovascular studies and can be helpful in identifying peripheral nerves and
blood vessels. Doppler speed information is quantitative and is often displayed graphically
using an overlaid color scheme (directional Doppler) on a co-registered B-mode image.

US devices and transducers are often categorized based on their nominal operating
frequencies into the following three ranges: 1–15 MHz is typical for current clinical scanners;
15–30 MHz is typically designated as high-frequency ultrasound (HFUS); and 30–100 MHz
is typically designated as ultra-high-frequency ultrasound (UHFUS) [16–18]. HFUS and
UHFUS developments have resulted in improved image resolution and quality when
evaluating superficial tissues in the human body [13,19,20] such as peripheral nerves [21,22],
eye [19,23], and skin [13,17,18,20]. Commonly utilized clinical HFUS transducers for nerve
imaging operate with peak frequencies of >20 MHz, which produce very high-resolution
US images at shallow depths < 5 cm. In current clinical practice, peripheral nerves are
evaluated qualitatively using grey-scale B-mode images, which provide information about
nerve structure, and using color Doppler images to show vascularity [1,5–7].
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Figure 1. Schematic description of echo-ultrasonography technique as well as A- and B-mode data
generation concepts. The returning pulse from the scatterers (schematically shown on the right)
encountered by the trigger pulse, generated by an exemplary piezoelectric transducer within the
US probe, is used to generate A-mode data as well as a pixel line (shown in the middle) of the final
B-mode image (shown on the left).

US is a promising modality for assessing the peripheral nerve status, but it is limited by
its qualitative basis as well as system- and operator-dependency [12]. Thus, the qualitative
interpretation of US images is often variable or inconclusive. For example, neuropathy often
leads to altered nerve echogenicity and even the disappearance of fascicular architecture
in B-mode images. Increased vascularity, abnormal anatomical structures, and reduced
nerve mobility, indicative of tethering, can also be considered in a neuropathy diagnosis
with US [5–7]. However, such qualitative nerve characterizations may vary for different
operators and imaging setups. Morphometric assessments of B-mode images may provide
more objective metrics for evaluating nerve structure. For example, the increased cross-
sectional area (CSA) of median nerves has often been correlated with the diagnosis of
carpal tunnel syndrome (CTS) [5,24]. To account for differences in patient anthropometric
characteristics, dimensionless CSA ratios of nerves (e.g., carpal tunnel inlet-to-outlet)
have also been used to assess neuropathy [25]. Nevertheless, even these indices may be
confounded by operator-induced and platform-specific sources of variability. Moreover,
such morphometric measures lack information about the nerves’ microstructure. Figure 2
shows B-mode images on the transverse plane (short axis plane) of the median nerve in
an exemplary healthy participant compared with a CTS patient. Remarkably, the fascicles
detected in the healthy median nerve cannot be seen in the CTS patient [5].
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detected in the healthy median nerve cannot be seen in the CTS patient. This figure was previously
presented by Vlassakov and Sala-Blanch [5]. Reprinting permission is granted through Rightslink
system. Minor modifications were performed for presentation purposes.
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Quantitative ultrasound (QUS) techniques offer the potential for a more objective
evaluation of peripheral nerves, promising the improved diagnosis of neuropathy and nerve
injury. QUS approaches have the potential to more reliably reflect differences in the multi-
scale composite structure of the nerves (e.g., fascicles, organized bundles of nerve fibers
within a fascicle, and axons), which cannot be directly observed by qualitative methods.
QUS investigations performed on peripheral nerves can be categorized into three main
groups: (1) B-mode echogenicity-based outcomes, (2) elastography, and (3) backscattered RF
signal characterization. B-mode echogenicity measures employ post-processing algorithms
in B-mode images to determine the visualized microstructure of the tissue. The underlying
physical principle of elastography is that tissue stiffness and other tissue mechanical
properties can be quantitatively estimated by analyzing the response of the tissue to an
applied force. Strain ultrasonography and shear wave elastography (SWE) are the two
major classes of US elastography techniques [26]. In strain ultrasonography, tissue strain,
as a response to internal or external compression stimuli, is measured by tracking the
motion of speckles detectable in B-mode images [26,27]. In SWE, the speed of shear waves
generated by external vibrations or tissue compression is measured and correlated to tissue
elasticity or stiffness [26,27]. Finally, backscattered RF signal characterization permits
the measurement and modeling of fundamental tissue acoustic parameters that relate to
composition and microstructure [12,28]. The signals needed to measure these fundamental
tissue parameters are often discarded during machine-dependent B-mode image formation.

In this review, we describe the three main categories of QUS techniques and summarize
QUS-based investigations performed on peripheral nerves. The focus of this review will be
the employed techniques rather than the results of each application case. In addition to
summarizing the strengths and the use cases for each approach, this review also describes
the potential limitations associated with each QUS technique.

2. Materials and Methods

This review conducted between 2020 and 2022 aimed to provide a thorough descrip-
tion of the current QUS techniques including the advantages and limitations. The literature
search was performed in PubMed, Scopus, and Google Scholar databases using the fol-
lowing keywords: “peripheral nerve” and “quantitative ultrasound” or “elastography
ultrasound” published after the year 1990. The results were first screened automatically
and then through title and abstract reading for excluding duplicated records, non-English
written reports, non-ultrasound or non-quantitative studies, and review articles. Study
selection was performed following the PRISMA 2020 guidelines as summarized in Figure 3.
All reviewed QUS-based investigations performed on peripheral nerves are summarized in
Table 1.
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Table 1. QUS-based investigations performed on peripheral nerves.

Type of QUS Study Goal Anatomy Scanner Probe Frequency Findings

B
-m
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e
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ci
ty

m
ea

su
re

m
en

t

Tagliafico et al.,
2010 [29]

To investigate the
feasibility of using
US-based measure
of the peripheral
nerve density
(hypoechoic
fraction) in
detecting CTS and
neurofibromas.

• Median nerve
• 35 CTS and

30
neurofibroma
patients vs.
65 controls

• Transverse
plane

iU-22, Philips
(Eindhoven, The
Netherlands)

• Linear array
transducer

• 5 to 17 MHz
frequency
range

• Nerve density in
the median nerve
was significantly
higher in CTS
patients and
significantly lower
in neurofibroma
patients compared
with the healthy
normal subjects.

Boom and Visser,
2012 [30]

To investigate the
feasibility of using
hypoechoic fraction
obtained with
various
thresholding
methods in
detecting
neuropathy.

• Ulnar nerve
• 56 patients

with
neuropathy
vs. 37
controls

• Transverse
plane

Xario XG, Toshiba
(Tokyo, Japan)

• Linear array
transducer
(PLT-1204BT)

• 7 to 18 MHz
frequency
range

• Significantly
lower average
hypoechoic
fraction was
found in the
patient group
compared with
the controls using
several different
thresholding
methods.

Bignotti et al.,
2015 [22]

To investigate the
feasibility of using
US nerve density
index in evaluating
patients with
limited cutaneous
systemic sclerosis
(lcSSc).

• Median nerve
• 40 lcSSc

patients vs.
40 controls

• Transverse
plane

iU-22, Philips
(Eindhoven, The
Netherlands)

• Linear array
transducer

• 5 to 17 MHz
frequency
range

• US nerve density
index was found
significantly lower
in lcSSc patients
than in healthy
controls.

• Symptomatic
patients
demonstrated
lower nerve
density compared
to
non-symptomatic
patients.

Simon et al., 2015 [31]

To study the
relationship
between US B-mode
hypoechoic fraction
and
electrophysiologic
measures of the
peripheral nerve.

• Ulnar nerve
in vivo

• 16
neuropathy
patients vs.
52 controls

• Transverse
plane

A Mindray M7
(Shenzen, China)

• Linear array
transducer
(L14-6)

• 6 to 14 MHz
frequency
range

• Nerve hypoechoic
fraction and CSA
were significantly
increased in
patients.

• Hypoechoic
fraction was
similar in the
asymptomatic and
symptomatic
limbs of patients.

• Motor nerve
conduction
velocity correlated
with the
maximum
hypoechoic
fraction and CSA.

Byra et al., 2020 [21]

To investigate
correlations
between
collagen/myelin
content (histology)
of nerves with a
US-based texture
feature, gray level
co-occurrence
matrix (GLCM).

• Ulnar nerve
• 6 control

cadavers, 85
fascicles

• Transverse
plane

Vevo MD,
FUJIFILM (Toronto,
Canada)

• Linear array
transducer
(UHF48)

• Center
frequency at
30 MHz

• GLCM showed a
significant
correlation with
the combined
collagen and
myelin content of
fascicles.

Byra et al., 2020 [24]

To investigate the
feasibility of using
the nerve–tissue
contrast index (NTI)
method in detecting
CTS, by considering
echogenicity
differences in the
surrounding tissue.

• Median nerve
in vivo

• 10 CTS
patients vs.
21 controls

• Transverse
plane

Vevo MD,
FUJIFILM (Toronto,
Canada)

• Linear array
transducer
(UHF48)

• Center
frequency at
30 MHz

• NTI and CSA
were significantly
higher in patients.
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Table 1. Cont.

Type of QUS Study Goal Anatomy Scanner Probe Frequency Findings
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Palmeri et al.,
2009 [32]

To investigate
nerves’ contrast
improvement of
strain US vs.
B-mode US.

• Distal sciatic,
brachial
plexus,
femoral
nerves

• 2 healthy
subjects

• Longitudinal
and
transverse
planes

SONOLINE
Antares, Siemens
(Erlangen
Germany)

• Linear array
transducer
(VF 7-3 and
VF I0-5

• 3 to 7 and 5 to
10 frequency
ranges

• The strain
sonography with
ARFI significantly
increased the
contrast with
muscle helping
localize nerves for
anesthetic
injection.

Orman et al., 2013 [33]

To investigate the
potential of strain
US (pure strain)
free-hand
compression in
detecting CTS.

• Median nerve
• 41 CTS

patients vs.
24 controls

• Transverse
plane

Aplio XG, SSA 790A,
Toshiba(Nasushiobara,
Japan)

• Linear array
transducer

• 12 to 17 MHz
frequency
ranges

• Strain was
significantly lower
in the patients
with CTS.

• Nerve perimeter
and CSA of
patients with CTS
were significantly
higher.

Miyamoto et al.,
2014 [34]

To investigate the
capability of
free-hand
compression strain
US technique (strain
ratio (SR) with
respect to acoustic
coupler rubber,
ACR) in detecting
CTS.

• Median nerve
• 31 CTS

patients vs.
22 controls

• Longitudinal
and
transverse
planes

HI VISION Preirus
Hitachi-Aloka
Medical (Tokyo,
Japan)

• Linear array
transducer

• 5 to 18 MHz
frequency
range

• AC (Hitachi-
Aloka
Medical)

• Both the strain
ratio (AC/nerve)
and the CSA in the
patients with CTS
were significantly
higher (stiffer
nerves).

• The presence of
CTS was predicted
by means of
AC/nerve SR and
CSA cutoff values
of 4.3% and
11 mm2,
respectively.

Yoshii et al., 2015 [35]

To investigate the
capability of strain
US technique with a
cyclic compression
apparatus (strain
and SR with respect
to ACR) in
detecting CTS.

• Median nerve
• 8 CTS

patients vs.
30 controls

• Transverse
plane

HI VISION Avius,
Hitachi Aloka
Medical (Tokyo,
Japan)

• Linear array
transducer

• 5 to 18 MHz
frequency
range

• AC (Hitachi-
Aloka
Medical)

• Nerve strains of
the patients were
significantly
lower.

• Strain ratios, CSA,
and perimeters
were significantly
higher in the
patients.

Ghajarzadeh et al.,
2015 [36]

To investigate the
capability of
free-hand
compression strain
US technique (blue
and red pixel counts
in strain image) in
detecting CTS
severity.

• Median nerve
• 31 CTS

patients vs.
22 controls

• Transverse
plane

MYLAB 70 XVG,
Esaote (Genoa,
Italy)

• Linear array
transducer

• 5 to 13 MHz
frequency
range

• Blue indexes in
strain images and
nerve CSA were
significantly
different between
controls and CTS
patients with
different levels of
disease severity.

Tatar et al., 2016 [37]

To investigate the
capability of
free-hand
compression strain
ultrasonography
(SR and strain
difference between
two nerve sections)
in detecting CTS
and its severity.

• Median nerve
• 15 mild CTS,

20 moderate
CTS patients
vs. 18
controls

• Transverse
plane

MYLAB 60, Esaote
(Genoa, Italy)

• Linear array
transducer

• 4 to 13 MHz
frequency
range

• CTS groups
showed
significantly stiffer
nerves compared
with control
group.

• Despite SR-related
indexes,
CSA-based
measures were
significantly
different between
mild and
moderate CTS.
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Ishibashi et al.,
2016 [38]

To investigate the
capability of
free-hand
compression strain
US (SR ratio
nerve/ACR) in
detecting
neuropathy in type
2 diabetes patients.

• Tibial nerve
• 198 type II

diabetic
patients vs.
29 controls

• Transverse
plane

HI VISION
Ascendus, Hitachi
Medical (Tokyo,
Japan)

• Linear array
transducer

• Center
frequency at
18 MHz

• AC (Hitachi-
Aloka
Medical)

• SR in patients
without
neuropathy was
lower compared
with controls,
further decreasing
after developing
neuropathy.

• The tibial nerve
CSA in diabetic
patients was
larger, and
increased
significantly
relative to
neuropathy
severity.

• Greater
performance was
shown for SR
versus CSA in
detecting nerve
neuropathy.

Kesikburun et al.,
2016 [39]

To investigate the
capability of
free-hand strain US
technique (using
SR) in detecting
CTS.

• Median nerve
• 1 CTS patient

(case study)
• Longitudinal

plane

GE LOGIQ S7, GE
Healthcare
(Yizhuang, China)

• Linear array
transducer

• 5 to 12 MHz
frequency
range

• Four-fold increase
in nerve elasticity
was reported in
the symptomatic
nerve compared
with the healthy
wrist.

Yoshii et al., 2017 [40]

To investigate the
capability of strain
US technique with a
cyclic compression
apparatus (strain,
AC/nerve SR,
strain/applied
pressure ratio) in
detecting CTS

• Median nerve
• 35 CTS

patients vs.
15 controls.

• Transverse
plane

HI VISION Avius,
Hitachi Aloka
Medical (Tokyo,
Japan)

• Linear array
transducer

• 5 to 18 MHz
frequency
range

• AC (Hitachi-
Aloka
Medical)

• Nerve strain was
significantly lower
in patients.

• Pressure and
pressure/strain
ratio were
significantly
higher in patients.

• The ROC curve
analyses showed
that
pressure/strain
ratio slightly
improved the CTS
detection
compared with
using strain alone

Nogueira-Barbosa
et al., 2017 [41]

To investigate the
feasibility of
employing the
free-hand strain US
technique (using
SR) in detecting
leprosy.

• Median nerve
• 18 leprosy

patients vs.
26 controls

• Transverse
and
longitudinal
planes

SonixRP, Ultrasonix
(Richmond,
Canada)

• Linear array
transducer
(L14-5)

• 5 to 14 MHz
frequency
range

• Significantly
lower SR was
observed for the
leprosy patients
compared with
controls.

• Leprosy patients
with reactions
showed lower SR
compared with
patients without
reactions.

Martin and
Cartwright, 2017 [42]

To investigate the
feasibility of
employing the
ambient strain US
technique (SR was
used) in detecting
CTS.

• Median nerve
• 17 CTS

patients vs.
26 controls

• Transverse
and
longitudinal
planes

iU-22, Philips
(Eindhoven, The
Netherlands)

• Linear array
transducer

• 5 to 12 MHz
frequency
range

• Despite the
previous literature,
no significant
differences were
found in SR
between CTS
patients and
controls.

Tezcan et al., 2019 [43]

To investigate the
feasibility of
employing the
strain US technique
(SR) in evaluating
low-level laser
therapy on CTS
patients.

• Median nerve
• 34 CTS

patients with
therapy vs.
17 patients
without
therapy
Transverse
plane

ACUSON S3000,
Siemens (Erlangen,
Germany)

• Linear array
transducer

• 4 to 9 MHz
frequency
range

• Mean SR, CSA,
and clinical
severity scores
(SSS, and FSS)
decreased
significantly after
laser therapy.
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Kantarci et al.,
2014 [44]

To investigate the
potential of SWE
(stiffness) with
ARFI push pulses in
detecting CTS.

• Median nerve
• 37 CTS

patients vs.
18 controls

• Longitudinal
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• Nerve stiffness
was significantly
higher in the CTS
group compared
with controls.

• Stiffness was
significantly
higher in the
severe CTS group
compared with
the mild or
moderate severity
group.

Andrade et al.,
2016 [45]

To employ SWE
(shear wave
velocity, SWV) to
detect the changes
in sciatic nerve
stiffness during
human ankle
motion.

• Sciatic nerve
• 9 healthy

volunteers
• Longitudinal

plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer
(SL 10–2)

• 2 to 10 MHz
frequency
range

• SWV in the sciatic
nerve significantly
increased during
dorsiflexion when
the knee was
extended (knee
180◦), but no
changes were
observed for the
knee at 90◦ .

• SWV in the nerve
decreased
non-significantly
after five ankle
dorsiflexions.

Inal et al., 2017 [46]

To investigate the
feasibility of optic
nerve evaluations
with free-hand
compression strain
US and SWE in
Behcet’s patients.

• Optic nerve
• 46 Behcet’s

patients vs.
54 controls

• Longitudinal
plane

LOGIQ E9, GE
Healthcare
(Wauwatosa, USA)

• Linear array
transducer

• 6 to 9 MHz
frequency
range

• Significantly
higher stiffness
and lower strain
were observed in
the optic nerve of
Behcet’s patients
compared with
healthy
volunteers.

Inal et al., 2017 [47]

To investigate the
feasibility of optic
nerve evaluations
with free-hand
compression strain
US and SWE
(stiffness) in
patients with MS.

• Optic nerve
in vivo

• 54 MS
patients vs.
59 controls

• Longitudinal
plane

LOGIQ E9, GE
Healthcare
(Wauwatosa, USA)

• Linear array
transducer

• 6 to 9 MHz
frequency
range

• Significantly
higher stiffness
and lower strain
were observed in
the optic nerve in
MS patients
compared with
healthy
volunteers.

Dikici et al., 2017 [48]

To investigate the
feasibility of using
SWE (stiffness) for
the diagnosis of
diabetic peripheral
neuropathy.

• Tibial nerve
• 20 diabetic

patients with
neuropathy,
20 without
neuropathy,
and 20
controls

• Longitudinal
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• Diabetic patients
without
neuropathy had
significantly
higher stiffness
and CSA values
compared with
control subjects.

• Patients with
neuropathy had
much higher
stiffness and CSA
compared with
patients without
neuropathy and
controls.

Bortolotto et al.,
2017 [49]

To investigate the
“bone-proximity”
hardening artifacts
affecting SWE.

• Median nerve
• 36 healthy

volunteers
• Transverse

plane

Aplio 500, Toshiba
(Tokyo, Japan)

• Linear array
transducer

• 14 MHz
frequency

• Higher stiffness
was reported in
nerve sections
near bone, and
carpel tunnel,
compared with
the mid-arm.
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Arslan et al., 2018 [50]

To examine the
efficiency of SWE
(stiffness) in CTS
detection and
determining CTS
severity level.

• Median nerve
• 19 severe, 38

moderate,
and 39 mild
CTS patient
vs. 21
controls

• Longitudinal
plane

ACUSON S2000,
Siemens (Mountain
View, USA)

• Linear array
transducer

• 4 to 9 MHz
frequency
range

• Severe CTS
groups showed
significantly
higher stiffness
than mild or
moderate severity
group.

• The CSA also
showed
significant
increasing pattern
by the severity of
CTS.

Zhu et al., 2018 [51]

To examine the
nerve tension
impacts on the SWE
results (SWS) at
different nerve
sections.

• Median nerve
• 40 healthy

volunteers
• Longitudinal

plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• Stretching nerves
resulted in a
significant
increase in SWS.

• The SWS at wrist
was significantly
higher than the
SWS at the
midarm.

Cingoz et al., 2018 [52]

To compare the
SWE evaluation of
nerves with MRI
diffusion.

• Median nerve
• 35 mild, 9

moderate, 15
severe CTS
wrists vs. 18
controls

• Longitudinal
plane

Aplio 500, Toshiba
(Tokyo, Japan)

• Linear array
transducer

• 14 MHz
frequency

• CTS patients
showed higher
stiffness than
healthy subjects.

• Patients with
moderate–severe
CTS had higher
stiffness than
patients with mild
CTS.

Bedewi et al., 2018 [53]

To investigate the
feasibility of SWE
(stiffness) in
evaluating the
brachial plexus
nerves.

• Brachial
plexus root
nerves

• 40 healthy
volunteers

• Transverse
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• Significant
differences were
found in C6 and
C7 nerves
between male and
female
participants.

• Significant inverse
correlation with
height was noted
at the C6 nerve
root.

Aslan and Analan,
2018 [54]

To study the effects
of chronic flexed
wrist posture
among chronic
stroke patients
using SWE (SWS).

• Median nerve
of 24 chronic
stroke
patients

• Longitudinal
plane

ACUSON S2000,
Siemens (Erlangen,
Germany

• Linear array
transducer

• 4 to 9 MHz
frequency
range

• SWS on the
affected side was
significantly
higher than on the
unaffected side.

• CSA on the
affected side was
significantly lower
than that of the
unaffected side.

• The time elapsed
since the stroke
showed a
significant
correlation with
CSA.

Kültür et al., 2018 [55]

To evaluate the
brachial plexus after
radiotherapy for
breast cancer using
SWE (stiffness).

• Brachial
plexus

• 23 patients
underwent
radiotherapy.

• Transverse
plane

LOGIQ E9, GE
(Waukesha, USA)

• Linear array
transducer

• 6 to 9 MHz
frequency
range

• Significantly
higher stiffness
was estimated for
brachial plexuses
receiving
radiotherapy
compared with
the contralateral
side.

179



Diagnostics 2023, 13, 956

Table 1. Cont.

Type of QUS Study Goal Anatomy Scanner Probe Frequency Findings

Sh
ea

r
w

av
e

el
as

to
gr

ap
hy

(S
W

E)
—

C
on

ti
nu

ed

Paluch et al., 2018 [56]

To investigate the
feasibility of the
ulnar neuropathy
diagnosis using
SWE (stiffness).

• Ulnar nerve
• 34 patients

with
neuropathy
vs. 38 healthy
controls

• Longitudinal
axis

iAplio 900, Canon
(Tokyo, Japan)

• Linear array
transducer

• 5 to 18 MHz
frequency
range

• Patients with
ulnar neuropathy
presented
significantly
greater ulnar
nerve stiffness in
the cubital tunnel
and the cubital
tunnel to distal
and mid-arm
stiffness ratio
compared with
controls.

• Mean CSA of the
ulnar nerve in the
cubital tunnel was
significantly larger
in patients with
neuropathy than
in controls.

Burulday et al.,
2018 [57]

To evaluate the
median nerve of
patients with
acromegaly using
SWE.

• Median
nerves

• 15 CTS
patients vs.
20 controls

• Transverse
and
longitudinal
planes

LOGIQ E9, GE
(Waukesha, USA)

• Linear array
transducer

• 6 to 15 MHz
frequency
range

• Median nerve
stiffness and CSA
were significantly
higher in the
patients with
acromegaly
compared with
the control group
for both axial and
longitudinal nerve
planes

Neto et al., 2019 [58]

To investigate the
immediate impact
of slump
neurodynamics
technique on sciatic
nerve stiffness
using SWE.

• Sciatic nerve
• 14 healthy

controls
• Longitudinal

plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer
(SL 10–2)

• 2 to 10 MHz
frequency
range

• The sciatic nerve
stiffness of healthy
participants did
not change
immediately after
a slump
neurodynamic
technique

Tiago Neto et al.,
2019 [59].

To investigate the
impact of chronic
lower-back-related
pain in legs on
sciatic nerve
stiffness using SWE.

• Sciatic nerve
• 8 patients

with
lower-back
related pain
in legs vs.
8 healthy
controls

• Longitudinal
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer
(SL 10–2)

• 2 to 10 MHz
frequency
range

• The affected limb
showed higher
sciatic nerve
stiffness compared
to the unaffected
limb of the
patients.

• No differences
were observed
between the
unaffected limb of
patients and the
healthy controls.

Jiang et al., 2019 [60]

To investigate the
feasibility of using
SWE (stiffness) for
the diagnosis of
diabetic peripheral
neuropathy (DPN).

• Tibial nerve
• 70 diabetic

patients with
DPN and
without DPN
vs. 20 healthy
controls

• Longitudinal
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• The tibial nerve
stiffness was
found to be
significantly
higher in patients
with DPN than
that in patients
without DPN and
control subjects.

He et al., 2019 [61]

To evaluate patients
with diabetic
peripheral
neuropathy using
SWE (stiffness).

•
Tibial/median
nerves

• 40 diabetic
patients with
and
40 without
peripheral
neuropathy
vs.
40 controls

• Longitudinal
plane

Aixplorer;
SuperSonic Imagine
(Les Jardins de la
Duranne, France).

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• The diabetic
patients with
neuropathy
showed
significantly
higher nerve
stiffness and CSA

• No significant
difference in nerve
stiffness was
found between the
nerves in the left
and right limbs in
patients.
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Aslan et al., 2019 [62]

To evaluate
adolescent patients
with type-I diabetic
without peripheral
neuropathy using
SWE (stiffness).

• Tibial and
median
nerves

• 25 diabetic
patients vs.
32 healthy
controls

• Transverse
and
Longitudinal
planes

Resona 7, Mindray
(Shenzhen, China)

• Linear array
transducer
(Com-
boWave)

• 4 to 15 MHz
frequency
range

• Both the median
nerve and
posterior tibial
nerve were
smaller, and stiffer
in the patient
group.

Şahan et al., 2019 [63]

To investigate the
feasibility of optic
nerve evaluations
with free-hand
compression strain
US and SWE
(stiffness) in
patients with
migraine.

• Optic nerve
in vivo

• 30 patients
with migraine
(16 with and
14 without
visual auras)
vs.
30 controls.

• Longitudinal
plane

LOGIQ E9, GE
Healthcare
(Wauwatosa, USA)

• Linear array
transducer

• 6 to 15-MHz
frequency
range

• Stiffness from
SWE was
significantly
higher in the optic
nerve in patients
with migraine
compared with
controls.

• A positive
correlation was
reported between
the duration of the
disease and the
shear modulus.

Moran et al., 2020 [64]

To examine the
efficiency of SWE
(stiffness) compared
with CSA changes
in CTS detection
and determining
CTS severity level.

• Median nerve
in vivo

• 8 severe,
35 moderate,
and 36 mild
CTS patients
vs. and
negative EDT
controls

• Longitudinal
plane

Aplio 500, Toshiba
(Tokyo, Japan)

• Linear array
transducer

• 5 to14 MHz
frequency

• Stiffness and CSA
increased
according to the
CTS severity level.

• Stiffness was not
different between
patients with
negative and mild
CTS findings.

Wei and Ye, 2020 [65]

To evaluate patients
with diabetic
peripheral
neuropathy using
SWE (stiffness).

• Tibial nerve
• 14 diabetic

patients with
peripheral
neuropathy,
13 diabetic
patients
without
peripheral
neuropathy
vs. 20 healthy
controls

• Longitudinal
plane

ACUSON S2000,
Siemens (Erlangen,
Germany)

• Linear array
transducer

• 4 to 9 MHz
frequency
range

• Tibial nerve
stiffness in
patients with
neuropathy and
without
neuropathy were
significantly
higher than
controls.

• CSA did not show
any significant
differences.

• No significant
difference in nerve
stiffness was
found between the
patient with
neuropathy and
those without
neuropathy.
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Bedewi et al., 2020 [66]

To investigate the
feasibility of SWE
(stiffness) to
evaluate the
saphenous nerves.

• Saphenous
nerves of 36
healthy
subjects

• Transverse
and
Longitudinal
plane

Aixplorer,
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 5 to 18 MHz
frequency
range

• Stiffness of the
saphenous nerve
was found to be
very similar in the
short and long
axes.

• No correlations of
SEW results were
found with age,
height, weight,
and BMI.

Schrier et al., 2020 [67]

To examine the
SWE sensitivity to
increasing tensile
loading on cadaver
nerves at different
nerve sections.

• Median
nerves

• 10 normal
cadaveric
wrists

• Transverse
and
Longitudinal
plane

LOGIQ E9, GE
(Waukesha, USA)

• Linear array
transducer
(9LD)

• 2 to 8 MHz
frequency
range

• SWE- and
indentation-based
nerve stiffness
increased
significantly with
tensile loading.

• Acquisition in a
transverse plane
showed lower
values compared
with the
longitudinal
plane.

• Stiffness did not
change when
measured
proximal to the
carpal tunnel.

Rugel et al., 2020 [68]
To study the limb
position impact on
the SWE (SWS).

• Median and
ulnar nerves

• 16 healthy
controls

• Longitudinal
plane

Aixplorer,
SuperSonic Imagine
(Les Jardins de la
Duranne, France)

• Linear array
transducer

• 4 to 15 MHz
frequency
range

• SWS increased for
limb positions that
induced greater
tension on the
nerves.

• SWS in median
nerve increased by
elbow extension.

• SWS in ulnar
nerve increased by
elbow flexion.
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Byra et al., 2019 [21]

To investigate
correlations
between
collagen/myelin
content (histology)
of nerves with back
backscatter
coefficient (BSC),
attenuation
coefficient (AC),
Nakagami
parameter, and
entropy.

• Ulnar nerve
• 6 control

cadavers,
85 fascicles

• Transverse
plane

Vevo MD,
FUJIFILM (Toronto,
Canada)

• Linear array
transducer
(UHF48)

• Center
frequency at
30 MHz

• BSC and entropy
showed
significant
correlations with
the combined
collagen and
myelin.

3. B-Mode Echogenicity Measurement

In B-mode images, sonographers typically identify peripheral nerves based on fas-
cicular boundaries; in the transverse plane, nerves appear honeycomb-like, while in the
longitudinal plane, nerves display parallel hyperechoic fascicular borders. Figure 4 shows
B-mode images in the transverse and longitudinal planes of the median nerve in a healthy
volunteer generated with UFH22 (7–10 MHz) and UFH48 (10–22 MHz) US probes on a
Vevo MD, FUJIFILM machine. The honeycomb-like structure of the nerves in the transverse
plane becomes more obvious in images generated with higher-frequency probes. Nerves
differ from tendons, which display a dense fibrillar structure in B-mode [7,69,70], and
are additionally distinguished from blood vessels by using Doppler US [5–7,68]. B-mode
echogenicity carries information about the nerve structure. Specifically, B-mode images
comprise both the information of specular reflections at the tissue interfaces (large struc-
tures compared to the wavelength), displayed as hyperechoic areas, and the information of
the backscattered signal from the microstructure of the tissue (equal to or smaller than the
wavelength), displayed as speckle texture in the image.
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Figure 4. US B-mode images in transverse and longitudinal planes of the median nerve (indicated in
red dashed lines) in a healthy volunteer generated with UFH22 (7–10 MHz) and UFH48 (10–22 MHz)
US probes on a Vevo MD, FUJIFILM machine. The honeycomb-like structure of the nerves in the
transverse plane becomes more obvious in images generated with higher-frequency probes.

The measurement of the hypoechoic fractional area of the nerves in US B-mode im-
ages, or so-called nerve density index, has been suggested as an objective measurement of
overall nerve echogenicity, capable of distinguishing between normal and abnormal nerves.
Tagliafico et al. investigated the feasibility of using the peripheral nerve density index for
distinguishing between CTS and neurofibromas in the median nerve [29]. Nerve density
was found to be significantly higher in patients with CTS and significantly lower in patients
with neurofibromas compared with healthy normal subjects. Using an analogous approach,
Bignotti et al. concluded that the median nerve density index was significantly lower
in patients with limited cutaneous systemic sclerosis compared to healthy controls [22].
Moreover, symptomatic patients demonstrated lower nerve density compared to non-
symptomatic patients. Such approaches have been further refined by normalizing nerve
echogenicity to its surrounding tissue environment, thus potentially offsetting machine
effects and absolute patient-to-patient differences in echogenicity. For example, Byra et al.
investigated the nerve–tissue contrast index (NTI), the ratio between the average brightness
of the surrounding tissue to the median nerve, in the context of a CTS diagnosis [24]. NTI
was found to be significantly higher in CTS patients compared with healthy volunteers.
Boom and Visser employed a variety of thresholding methods to measure the hypoechoic
fraction (similar to US nerve density) of the ulnar nerve to detect ulnar neuropathy, with a
significantly lower average hypoechoic fraction found in a patient group compared with
controls [30]. In an attempt to correlate echogenicity measures with more conventional
diagnostic approaches, Simon et al. [31] studied the relation between the ulnar nerve hy-
poechoic fraction and the electrophysiologic “inching” measures [31]. Hypoechoic fraction
and CSA were significantly increased in patients with neuropathy immediately distal and
proximal to the medial epicondyle. The above-elbow ulnar motor conduction velocity was
inversely correlated with both CSA and hypoechoic fraction in limbs with neuropathy. As
an example of the potential ambiguity of such approaches, though, asymptomatic and
symptomatic limbs of patients demonstrated similar hypoechoic fractions. In addition
to these more common echogenicity measures, the texture of US B-mode images may
also be evaluated in peripheral nerves, offering a more nuanced assessment of structural
heterogeneity within nerves. For example, in cadaveric ulnar nerves, a texture feature
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index obtained using the gray level co-occurrence matrix algorithm correlated to combined
collagen and myelin concentrations obtained from histology [21].

4. US Elastography

The concept of US elastography was introduced by Ophir et al. [71], as a generalization
of Eisenscher’s echosonography method [72]. Elastography in general can be explained as
analogous to a palpation exam performed on the entire tissue volume. During a palpation
exam, the physician taps (shears) the tissue with his or her fingers, and qualitatively senses
the deformability or stiffness of the examined tissues. Similarly, US elastography estimates
tissue elasticity by analyzing the response of the tissue to an applied force monitored with
US [26,27]. Strain ultrasonography and SWE are the two major classes of US elastography
techniques [26]. In strain ultrasonography, the tissue strain, as a response to internal or
external compression stimuli, is measured by tracking the motion of speckles detectable in
B-mode images [26,27]. In SWE, the speed of shear waves induced by external vibrations or
tissue compression is measured, which is correlated to tissue elasticity or stiffness [26,27].
These basic mechanical parameters are defined and presented schematically in Table 2.

Table 2. Definition of the basic mechanical parameters described in this study.

Mechanical Parameters Definition Formula Schematics

Normal stress
The magnitude of the force applied to the
unit area perpendicular to the force
direction

σ = F
A
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Normal strain The change in length of the tissue per its
unit length parallel to the force direction ε = ∆L

L0

Young’s modulus (i.e.,
normal modulus)

Elasticity defined in applied force
direction but perpendicular to the unit
volume surface

E = σ
ε

Shear stress The magnitude of the force applied to the
unit area parallel to the force direction τ = F

A
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Shear strain
The angular change in originally right
angles of the unit volume after shear
stress application

γ = ∆X
L0

Shear modulus
Elasticity defined in applied force
direction and parallel to the unit volume
surface

G = τ
γ

G = E
2(1+v)

Bulk modulus
Elasticity defined over the unit of volume
when a uniform volumetric stress is
applied, and a uniform strain is induced

K = E
3(1−2v)
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Elasticity and strain are two important concepts in strain elastography and SWE. The
elasticity of a material describes its tendency to retain its original size and shape after being
subjected to a deforming force or stress. Solids possess shear and volume elasticity such that
they resist changes in shape and volume. Liquids, however, possess only volume elasticity
such that they resist changes in their volume, but not in their shapes. Soft tissues are
comprised of both liquids and solids; therefore, they possess shear and volume elasticities,
yet their shear elasticity is significantly lower than their volume elasticity. Strain can
be described as the change in the length of the tissue per its unit length (Table 2). The
magnitude of the force applied to the unit area, which induces the strain, is known as
stress. The modulus of elasticity can be quantified as the ratio of stress to strain (units of
N/m2, or Pa). It can be quantified depending on the stress and strain direction, such that
Young’s modulus (i.e., normal modulus), E, quantifies elasticity in the direction normal to

184



Diagnostics 2023, 13, 956

the unit volume surface while the shear modulus, G, quantifies elasticity in the tangential
direction to the unit volume surface. However, when uniform volumetric stress and strain
can be assumed (e.g., liquids under pressure), the bulk or volume elastic modulus, K, can
be described over the unit of volume.

4.1. Strain Ultrasonography

In strain ultrasonography, US is employed to measure the induced tissue displacement
in the same direction as the applied stress. As shown in Figure 5, the required cyclic
mechanical compression can be applied by (a) free-hand cyclic compression (palpation),
(b) cardiovascular pulsation or respiratory motion, (c) acoustic radiation force impulse
(ARFI), or (d) external mechanical vibration [2]. The induced strain, regardless of the
stress application method, can be measured using different approaches depending on the
manufacturer: RF echo correlation-based tracking, Doppler processing, or a combination
of the two methods [2]. For example, in RF echo correlation-based tracking, RF A-lines
are acquired along the axis of displacement; then, their changes in time between different
acquisitions allow the measurement of the tissue displacement and the estimation of the
normal strain.
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Figure 5. Strain ultrasonography techniques categorized by their excitation methods (generating
pressure wave sources) to induce strain in the tissue of interest. (a) Free-hand cyclic compression
(palpation), (b) cardiovascular or respiratory pulsation, (c) acoustic radiation force impulse (ARFI),
and (d) external mechanical vibration have been used as excitation sources in strain ultrasonography.

In the free-hand compression technique, compression–decompression cycles are per-
formed using the US transducer itself, with force and frequency adjusted by the sonog-
rapher to an appropriate range according to a strain indicator on the US screen [34]. It
is very important that the compression occurs vertically, without over-compression, and
that the tissue does not slip out of the compression plane [33]. Strain ratios (SRs) are often
calculated to provide more reproducible indices from strain-ultrasonography-generated
images, as the applied stresses cannot be well-controlled [2].

In ARFI-based compression, a long-duration (e.g., 0.1–0.5 ms vs. 0.02 ms pulses in B-
mode imaging), high-intensity (e.g., spatial peak pulse average = 1400 W/cm2, spatial peak
temporal average = 0.7 W/cm2) acoustic “pushing pulse” (i.e., ARFI) is used to displace
tissue (displacement of ~10–20 µm) perpendicular to the surface. The magnitude of the
applied acoustic radiation force, F, can be estimated by the acoustic absorption rate in the
tissue, α, the speed of sound in the tissue, c, and the temporal average intensity of the
acoustic beam, I, according to Equation (1) [2,26,27].

F =
2αI

c
(1)

Strain Ultrasonography Applied to Peripheral Nerves

Orman et al. [33] investigated the application of free-hand compression in strain ul-
trasonography to evaluate median nerve mechanical properties. The mean tissue strain
was significantly lower in patients with CTS compared to controls, implying higher tissue
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stiffness. Given that the mean median nerve perimeter and its CSA in patients were also
significantly higher than those of controls, the authors concluded that the enlarged nerves
were entrapped by the surrounding tissue structures in carpal tunnel. This entrapment
created a pre-stressed condition, resulting in increased apparent stiffness; it was hypothe-
sized that freeing the nerve would reduce the apparent stiffness. The reproducibility of the
free-hand compression strain ultrasonography technique in detecting CTS was improved
by calculating SR against an acoustic coupler rubber (ACR, made of elastic resin) as an
external reference (Figure 6, [34]). The higher SR (ACR/nerve) in CTS patients compared
with healthy volunteers implied lower nerve strain, similar to earlier studies [33]. Kesik-
burun et al. [39] later attempted using bone as an internal reference for SR calculation in
median nerve evaluation in CTS patients, reporting a four-fold increase in nerve elasticity
for the symptomatic wrist versus the asymptomatic wrist. However, considering bone as
the reference for SR measurements is challenging, given the differences in sound speed
within soft tissues versus bone. Moreover, near-zero values are expected for strains in
bone using free-hand compression. In contrast, Nogueira-Barbosa et al. [41] used the flexor
digitorum superficialis muscle (i.e., a soft tissue) as an internal reference for SR calculation
in the median nerve in patients with chronic leprosy. A significantly lower SR was observed
in the leprosy patients compared with the control group. Later, Tezcan et al. [43] used fat as
the reference for SR measurement in the median nerve in patients with CTS undergoing
low-level laser therapy and reported a significant drop in nerve stiffness (increased strain)
after the therapy. Despite the promise of using muscle or fat as internal references, one
caveat is that muscle, fat, and nerves may also be affected by a given pathological condition.
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severity in several studies, including a comparatively subjective colorimetric assessment 
of strain levels [36] and a more repeatable SR-based approach [37], to distinguish between 
individuals with and without CTS. For the latter, the outcomes could not distinguish be-
tween mild and moderate CTS [37]. However, a comparable SR-based approach (recipro-
cal of SR) was successfully used to identify individuals with diabetic neuropathy in tibial 
nerves; here, the outcomes differentiated between neuropathic severity and correlated 
with morphometric changes [38]. 

Ambient or passive strain ultrasonography was also deployed to probe neuropathy; 
however, the measured SR between the median nerve and nearby tendons was insuffi-
cient to identify significant differences between CTS and control groups [42]. It is likely 
that cardiorespiratory pulsations induced inconsistent deformations in the nerve and ref-
erence tendons, which resulted in higher variability compared to free-hand compression 
strain ultrasonography. In contrast, strain ultrasonography with a cyclic compression 

Figure 6. (a) B-mode and (b) strain images in the transverse plane of the median nerve in a healthy
subject (57-year-old female). (c) B-mode and (d) strain images in the transverse plane of the median
nerve in a CTS patient (64-year-old female). Strain ratio (SR) was measured by comparing the strain
values in the median nerve (indicated with A in (b,d)) with an acoustic coupler rubber (ACR) as an
external reference (indicated with B in (b,d)). The median nerve in the CTS patient showed a higher
SR (ACR/Median nerve) and CSA. These figures were previously presented by Miyamoto et al. [34].
Reprinting permission is granted by the Radiological Society of North America, which is the copyright
holder. Minor modifications were performed for presentation purposes. * = Ulnar artery, FCR = flexor
carpi radialis, P = pisiform bone, S = scaphoid bone.

Free-hand compression strain ultrasonography was also used to probe neuropathic
severity in several studies, including a comparatively subjective colorimetric assessment of
strain levels [36] and a more repeatable SR-based approach [37], to distinguish between
individuals with and without CTS. For the latter, the outcomes could not distinguish be-
tween mild and moderate CTS [37]. However, a comparable SR-based approach (reciprocal
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of SR) was successfully used to identify individuals with diabetic neuropathy in tibial
nerves; here, the outcomes differentiated between neuropathic severity and correlated with
morphometric changes [38].

Ambient or passive strain ultrasonography was also deployed to probe neuropathy;
however, the measured SR between the median nerve and nearby tendons was insufficient
to identify significant differences between CTS and control groups [42]. It is likely that
cardiorespiratory pulsations induced inconsistent deformations in the nerve and reference
tendons, which resulted in higher variability compared to free-hand compression strain
ultrasonography. In contrast, strain ultrasonography with a cyclic compression apparatus
improved repeatability by means of a pre-determined cyclic displacement of the transducer
(4 mm displacement at 1.5 Hz) [35]. Using this approach, consistent with freehand compres-
sion studies, strains were significantly lower while SR and CSA were significantly higher
in CTS patients versus controls. In a later study, the same research group [40] added a
strain gauge to the cyclic compression apparatus, to measure pressure. The pressure and
pressure/strain ratio (a more realistic index to determine elasticity) were both significantly
higher in the CTS patients than in controls.

The feasibility of strain ultrasonography using ARFI push pulses was first investigated
by Palmeri et al. [32] to visualize peripheral nerves with adequate contrast versus their
surrounding tissues (e.g., muscle, fat, and fascia). The purpose was to improve US guidance
in monitoring the distribution of injected anesthetic around the targeted nerves. ARFI strain
ultrasonography images yielded significant contrast improvements for the distal sciatic
nerve structures and brachial plexus peripheral nerves compared with B-mode imaging.
B-mode and ARFI image acquisitions were ECG-triggered for in vivo imaging at locations
adjacent to arteries. Several ARFI-based strain ultrasonography investigations have also
been reported in the literature as parts of SWE-focused studies, which are summarized
in the next section. A limitation of ARFI-based approaches is that the intensity of the
radiation force is limited by the potential tissue damage by a push at high acoustic power.
As a consequence, the magnitude of the displacements as well as the imaging depth are
restricted. In the next section, the assessment of shear elastic modulus (G) will be discussed,
as it has more recently been preferred for its fast and reliable assessment, and its wider
range of measurable values.

4.2. Shear Wave Elastography (SWE)

In contrast to strain ultrasonography, which measures physical tissue displacement
parallel to the applied normal stress, SWE employs dynamic stress to generate shear waves
in perpendicular directions. The measurement of the shear wave speed (SWS) results
in an estimation of the tissue’s shear and normal elastic moduli (G and E) [27]. SWE
was developed based on the fact that the shear elastic modulus, G (G ≈ E/3 for semi-
incompressible tissues), determines the propagation speed of mechanical waves, SWS, at a
magnitude of the square root of G divided by tissue density, ρ, as presented in Equation (2).

SWS =

√
G
ρ

≈
√

E
3ρ

(2)

Thus, by evaluating SWS, the elastic modulus of a medium can be estimated. SWS
remains below 10 m/s on average in soft tissues and can be adequately tracked by B-mode
US images [27]. Shear waves propagate faster through stiffer and denser tissues, as well
as along the tissue axis aligned with organized fibers (e.g., the long axis in tendons) [73].
As shown in Figure 7, the shear wave generation methods in nerve SWE studies can be
categorized mainly as (a) external mechanical vibration, (b) single-point-focused ARFI, and
(c) multiple-point-focused ARFI [2].
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Although an external vibration device can induce shear waves, as initially proposed by
Krouskop et al. [74], most clinical SWE studies utilize ARFI pulses to induce shear waves,
as first proposed by Sugimoto et al. in 1990 [75]. ARFI pushing pulses perpendicular to the
tissue surface, as noted in Section 3, result in tissue vibration at an ultrasonic frequency and
consequent tissue deformation (displacement) within the region of US excitation (ROE),
due to sound wave absorption and scattering. The induced deformation generates shear
waves that laterally propagate away from the ROE at a much slower velocity (<10 m/s)
compared with US pressure pulses (1500 m/s). Although shear wave mode conversion also
occurs with conventional B-mode imaging, the force magnitudes are too small to generate
tissue motion detectable with conventional US. ARFI pulses can be applied at a single focal
location (point shear wave elastography, pSWE) (Figure 7b) or a multi-focal configuration
such that each focal zone is interrogated in rapid succession, leading to a cylindrically
shaped shear wave extending over a larger depth, enabling real-time shear wave images
to be formed (Figure 7c) [2,26,27]. SWE with multi-focal ARFI configuration is called 2D
shear wave elastography (2D-SWE) and allows the real-time monitoring of shear waves
in 2D for an SWS measurement. Notably, for 2D SWE, shorter propagation distances are
utilized due to the limitations in the number of US tracking pulses.

Considering shear wave generation as the first step in SWE, during the second step,
US rapid plane wave excitations are used to track tissue displacement while shear waves
propagate. In the third step, changes in tissue displacement maps over time are used
to calculate SWS. Frame rates for tracking shear waves are typically between 2 kHz and
10 kHz [73]. Scanners may display different versions of a quality index as a measure
of confidence in the estimated SWS, which is calculated from the correlation coefficients
between frames of the speckle-tracking images. If the frame rate is too low, there is motion
of the patient or probe, or there is no well-developed speckle in the region, then the quality
index is low.

SWE Applied to Peripheral Nerves

ARFI-SWE has been investigated in several studies to detect CTS. The median nerve
stiffness and SWS were reported to be significantly higher in CTS patients compared
with controls, and often accompanied by an increase in nerve CSA [44,50,52,64]. Stiffness
also accurately differentiated between patients with severe CTS and those with mild or
moderate [44,50,52,64]. Figure 8 shows the B-mode image, estimated stiffness in kPa, and
the shear wave propagation map in the median nerves of a healthy participant (a, b) and a
CTS patient (c, d) [52], who demonstrated a higher stiffness and larger CSA. Notably, the
shear wave propagation map displays the arrival time of a shear wave using a series of
wave contour lines. ARFI-based SWE also revealed similar changes in the median nerve
(higher nerve stiffness and CSA) for patients with acromegaly [57].
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Several studies have focused on the SWE-based assessment of peripheral nerve neu-
ropathy. Aslan and Analan [54] used SWE to study the effects of chronic flexed wrist
posture among chronic stroke patients on median nerve elasticity and CSA. SWS was
significantly higher, but CSA was significantly lower (unlike CTS) for the affected side
than the unaffected side; however, SWS did not correlate with the elapsed time since
stroke. Similarly, SWE revealed significantly greater ulnar nerve stiffness within the cu-
bital tunnel in patients with ulnar neuropathy (i.e., cubital tunnel syndrome) compared to
healthy controls [56]; tibial nerve stiffness in patients with diabetic neuropathy compared
to non-neuropathic diabetics and healthy controls [48,60,62,65]; and median nerve stiffness
in patients with diabetic neuropathy compared to controls [61,62]. Neuropathic changes
were often accompanied by increased CSA [60–62]; however, some studies have reported
a reversed trend in the tibial nerve [65]. Interestingly, though, both the median and tibial
nerves were often found to be thinner in diabetic patients who did not display neuropa-
thy, suggestive of nerve atrophy before neuropathy onset [62]. Conversely, other studies
have reported higher CSAs in the tibial nerves of patients with diabetic neuropathy [65].
Such controversial findings in CSA changes emphasize the utility of combining QUS and
morphometric imaging.

A number of other nerves have also been studied using SWE. SWE and free-hand
compression strain ultrasonography in optic nerves of patients with Behcet’s syndrome (a
chronic autoimmune disease) [46] and multiple sclerosis [47] showed significantly higher
stiffness and lower strains compared with the control group. Optic nerve stiffness was
also examined in patients with migraine using SWE and free-hand compression strain
ultrasonography; patients displayed an insignificant decrease in calculated strain (stiffness
increase), but a significant increase in SWS [63]. In another study, SWE revealed higher
elastic moduli in the brachial plexus nerves of patients receiving radiotherapy compared
to their contralateral nerves [55]. SWE has also been used to evaluate healthy nerves; for
example, sex-dependent differences between elastic moduli in cervical nerve roots have
been noted in healthy volunteers [53].

Considerations for Evaluating Peripheral Nerves with SWE

Despite its broad utility, the scale of a targeted nerve should be carefully considered
when interpreting SWE outcomes. In one study, the mean stiffness of the saphenous
nerve was found to be very similar in the short and long axes [66], a finding inconsistent
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with multiple other investigations showing a higher shear wave speed in the longitudinal
plane [1,67]. It is likely that reliable elasticity data could not be acquired in the transverse
plane of the nerves [51], potentially due to the similar scale of nerve diameter and the
wavelength of the shear waves and a higher signal from wave reflections at the fiber
bundles, apparent in the nerve’s transverse plane [1,67]. SWE measures in thinner nerves
may also be less accurate as they are spanned by a smaller number of shear wavelengths
to be tracked by US. In addition, the speckle tracking is confounded by the fact that the
US beam is larger than the nerve, which introduces a partial volume effect that creates
additional influences of the surrounding tissues on reported SWS.

Nerve anatomy and tension should also be considered in evaluating SWE outcomes.
Median nerves stretched via wrist extension showed a significant increase in SWS (i.e.,
nerve stiffness) at the wrist compared to mid-forearm [51], possibly due to the (carpal)
bone-proximity artifact [49], which occurs when the studied structure is near a rigid plane
such as the bone cortex that prevents homogeneous shear wave propagation. Alternatively,
increased SWS may reflect nerve tension due to nerve deformation over the extended
wrist [76] or increased pressure within the carpal tunnel [77]. Similar phenomena were
observed in sciatic nerves, where increased SWS was noted after tensioning through
ankle dorsiflexion in combination with knee extension [45], in median nerves with elbow
extension [68], and in ulnar nerves with elbow flexion [68].

The correlation between increased tensile loading and increased SWS has also been
validated through the ex vivo application of tensile loads [51]. Nerve viability may also
influence SWE outcomes; unlike the above study [51], Schrier et al. [67] reported no
differences in median nerve elasticity between the median nerve at the wrist and forearm,
as measured in cadaveric nerves using SWE and lateral mechanical compression tests. Such
differences might be due to the loss of in vivo loading and intra-nerve pressure or post-
mortem tissue changes. More recently, Neto et al. [58] investigated the immediate impact
of the slump neurodynamics technique, an exercise for the purpose of improving neural
mechanosensitivity, on sciatic nerve stiffness using SWE. SWS was measured during passive
foot dorsiflexion in a healthy group before and immediately after slump neurodynamics
training. Despite significant differences in the sciatic nerve SWS caused by dorsiflexion,
SWS did not change after slump neurodynamic loading, suggesting that nerves likely
returned to their natural biomechanical state immediately after releasing the tensile load
imposed by the slump. The impact of chronic lower-back-related leg pain on sciatic nerve
stiffness was investigated during passive foot dorsiflexion by the same research group [59].
The affected limb showed higher sciatic nerve stiffness compared to the unaffected limb of
patients; however, no differences were observed between the unaffected limb of patients
versus the healthy controls.

5. Backscattered Radiofrequency (RF) Signal Characterization

US scanners increasingly permit access to the beam-formed backscattered RF signals
through a research interface. Quantifying such raw RF US data allows an assessment of fun-
damental acoustic tissue parameters, which can be scanner-independent [12,28]. Commonly
used RF signal quantifications, such as backscatter coefficient (BSC), attenuation coefficient
(AC), structure–function, and stochastic modeling of envelope statistics of backscattered
echoes, are highly likely to be related to the tissue composition and microstructure [12,28].

BSC indicates the tissue’s ability to scatter US waves back to the transducer analogous
to echogenicity, providing information about tissue structure and composition. Indeed,
the backscattered coefficient represents the energy backscattered by the biological tissue
as a fraction of the emitted signal. A reliable assessment requires accounting for all the
causes of the loss of energy of the emitted wave in addition to the backscatter, such as
the quantitative assessment of the tissue AC, but also the diffraction of the transducer
and settings on the gain and processing in the scanner. AC indicates the magnitude of
the loss of energy (absorption and scattering) during the US wave propagation into and
back from tissues. The entropy of the backscattered echo amplitude can also be used as
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a model-free approach to analyze the backscattered echo statistics [78]. Such model-free
approaches in general do not directly provide an estimation of the tissue microstructure,
even though statistical correlations can be found between such coefficients and the tissue
microstructural parameters.

In addition to model-free approaches to analyze backscattered echo statistics, some
model-based methods have been proposed to estimate the microstructural properties of
the tissues [12,79]. Such techniques often require solving an inverse equation problem by
fitting the accurately measured BSC and AC parameters (functions of the RF spectrum)
in a predefined model of the scatterers in the tissue of interest. For example, stochastic
models of the backscattered echo statistics provide an indirect estimate of the spatial and
size distributions of scattering microstructures within the studied tissue. Envelope statistics
can be also modeled using various distribution functions such as Nakagami distribution,
which models random distributions of scatterers in the resolution cells (pre-Rayleigh to
Rician distributions) [80].

Raw backscattered RF signal characteristics have been used for several soft tissue
assessments [12] including liver [81], breast [82], muscle [83], annular pulleys (tendons) of
the fingers [84], and skin [85]. Recently, Byra et al. [21] investigated cadaveric ulnar nerves
using raw RF signal measures including BSC, AC, Nakagami parameter, and entropy.
These specimens were also assessed with histology; the combined collagen/myelin content
demonstrated significant correlations with the BSC and entropy.

6. QUS Limitations in Nerve Evaluation

Employing any US technique for peripheral nerve assessment is affected by well-
described sonography artifacts such as shadowing, insonation angle, reverberation, and
clutter artifacts. Moreover, US techniques are affected by variations in the system settings
and parameters such as RF frequency, sampling rate, and gains, which occasionally lead
to biased results. Since the structures of interest in peripheral nerves are small, higher US
frequencies are often preferred for qualitative and quantitative nerve imaging. The higher
US frequencies result in a sharp decrease in the signal-to-noise ratio (SNR) as a function
of the depth, due to the higher capacity of biological tissues to attenuate high-frequency
RF waves. Therefore, the effective imaging depth for quantitative US techniques is often
limited to a few centimeters for nerve imaging, which is more challenging for in vivo
investigations when considering the variability in the dimensions of the intermediate tissue
layers (e.g., skin, muscle, and fat) between the transducer and the nerves.

B-mode echogenicity measures performed on post-processed images (e.g., nerve den-
sity) are limited due to their dependence on the scanner settings and manual identification
of tissue boundaries [1,2,73].

US elastography-based measures of tissues are limited by assumptions about the
tissue’s material behavior (e.g., linear, elastic, isotropic, homogenous, and incompressible
material) to simplify the analysis and interpretation of the strain ultrasonography and
SWE measurements [2,73]. However, soft tissues are known to be inherently nonlinear,
viscoelastic, and heterogeneous [2]. Specifically, including viscosity in the tissue model
means that the tissue stiffness and SWS both depend on the excitation ARFI pulse frequency
(or frequency of the external mechanical vibrations), which may vary for different US
systems and transducers [2]. Moreover, the mechanical nonlinearity in soft tissue’s behavior
means that the induced level of strain in response to an ARFI pulse or other external loads
depends on the initial strain state of the material; in other words, operator-dependent
transducer orientation and initial compression [1,2]. SWE and strain ultrasonography
studies of peripheral nerves have recommended single cutoff values for strain, strain ratio,
stiffness, and stiffness ratio between different nerve sections, which, in general, showed
better sensitivity and specificity levels in neuropathy diagnosis compared with CSA values
and their ratio, despite the codependence of CSA and SWS [1]. However, such single cutoff
values show large variations depending on the US system and transducer [1].
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Backscattered RF signal characterizations often require analyzing the tissue scans
relative to a tissue-mimicking calibration phantom, with a known BSC and AC profile in
a range of targeting frequencies. These extra calibration scans may be considered highly
resource- or time-consuming, and require specialized training. Therefore, backscattered RF
signal characterization methods may be especially challenging for patient-oriented in vivo
experimental acquisitions. Notably, methods without extra calibration scans have been
reported in other tissues (liver and breast) and may serve to guide future peripheral nerve
assessments. In such methods, a smaller reference phantom can be scanned concurrently
with the tissue and utilized for further BSC corrections. On the other hand, clinical US sys-
tems have been shown to have very stable acoustic output and gain, suggesting calibration
scans can be stored once and then applied to the subsequent data analysis for extended
periods, reducing the impact on clinical throughput. Moreover, the backscattered RF signal
characterizations involve more sophisticated data processing, perhaps offline, compared
with other QUS categories. As described in Section 5, the model-based backscattered-
signal-related measures often require solving an inverse equation problem by fitting the
accurately measured BSC and AC parameters in a predefined model of the scatterers in
the medium of interest. More sophisticated models may be required for a more accurate
assessment of the backscattered RF signal from peripheral nerves by considering their
specific microstructure, surrounding tissue, and microenvironment as quantified using
immunohistochemical approaches [86]. As is the case for other QUS techniques, raw RF
signal characterization can be influenced by the transducer orientation and compression
applied by the operator.

7. Conclusions

Three main classes of QUS techniques were described and their reported applica-
tions on peripheral nerves in the literature were summarized in this study. Neuropathy
and nerve injury may affect the composite structure of the nerves at different scales (i.e.,
fascicles, organized bundles of nerve fibers within a fascicle, and axons), which can be
potentially assessed by QUS techniques. Among the discussed QUS techniques, SWE is
more appropriate for the mechanical assessment of peripheral nerves while backscattered
RF signal characterization is recommended for the microstructural assessment of the nerves.
These approaches are important topics for further investigation.
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AC: attenuation coefficient; ACR: acoustic coupler rubber; ARFI: acoustic radiation force impulse;
BSC: backscatter coefficient; CSA: cross-sectional area; CTS: carpel tunnel syndrome; E: normal elastic
moduli; G: shear elastic modulus; HF: high-frequency; NTI: nerve–tissue contrast index; pSWE: point
shear wave elastography; QUS: quantitative ultrasound; RF: radiofrequency; ROE: region of US
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55. Kültür, T.; Okumuş, M.; Inal, M.; Yalçın, S. Evaluation of the Brachial Plexus with Shear Wave Elastography after Radiotherapy
for Breast Cancer. J. Ultrasound Med. 2018, 37, 2029–2035. [CrossRef] [PubMed]
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