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Abstract

Ultrasonographic morphometry of wall layers is commonly used in veterinary patients
with suspected small intestinal disease, however published studies comparing this
method with histopathology in horses are limited. This prospective, methods compari-
son study compared the qualitative and quantitative characteristics of small intestinal
wall layers using ex vivo high-frequency ultrasound versus histopathology in a sample
of 16 horses. Transverse section images of duodenum, distal jejunum, and ileum were
acquired with a high-frequency linear transducer (7-15 MHz). Transverse histological
cryosections were obtained at the same level. Appearance and measurements of the
intestinal wall layers were assessed on the ultrasonographic and histological images.
High-frequency scanning with the probe in close contact with the serosal surface of
the equine intestinal wall allowed a clear and detailed definition of wall layers. A hyper-
echoic line was consistently detected within the tunica muscularis in all the intestinal
tracts, corresponding histologically to the interface between its longitudinal and circu-
lar muscle layers. The overall trend of the values for wall layers thickness was compa-
rable between ex vivo ultrasonography and histology. However, a poor agreement was
found between the two methods for all layers. The ultrasonographic measurements
were thicker compared to histological measurements, with the exception of the total
wall and the muscular layer thicknesses. These layers were thinner on ultrasonogra-
phy in the duodenum and in all the intestinal segments, respectively. Findings from the
current study can be used as background for future ultrasonographic investigations of
small intestinal diseases in horses.
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1 | INTRODUCTION

Ultrasonography (US) is one the most commonly used non-invasive
diagnostic tools in equine practice? and can be particularly useful for
the diagnosis of gastrointestinal disease. In fact, this technique allows
the evaluation of intestinal diameter, wall thickness and layering, lumi-
nal contents, and motility.? These parameters can be altered during
intestinal diseases.!® Intestinal wall thickness may increase in the
setting of different inflammatory/infiltrative bowel diseases, strangu-
lating intestinal lesions, or edema.»2# On the other hand, the patho-
logical thinning of the intestinal wall has not received specific con-
sideration in horses so far. The normal US appearance and reference
ranges of the overall intestinal wall thickness in the different Gl tracts
have been widely reported in horses.>> Based on previous publications
in small animals,®’ the equine ultrasonographic intestinal layers
were assumed to correlate well with the histological layers (mucosa,
submucosa, muscularis, and serosa), but few research have been
performed on ex vivo equine intestine.8-19 More recently, only one
study describes the ultrasonographic thickness of each small intestinal
wall layer of the equine and its good correlation with histological
measurements of any segment, except for the ileum.® Furthermore, ex
vivo ultrasonographic evaluation of the equine bowel allows a more
detailed appearance of the wall layering compared with transabdomi-
nal ultrasonography providing a reference for clinical application of US
in horses with gastrointestinal diseases.® However, different settings
(e.g., geographical areas, sample population), operative and technical
factors (e.g., operators, ultrasound machines and technique, sample
processing) might affect the diagnostic accuracy of US in discriminating
intestinal wall layering and its alterations, as well as correlation with
histology. Notably, it is also unknown how the sampling of different
tracts of the long small intestine, in particular the jejunum, might affect
US morphometric findings. With these considerations, care must be
taken in generalizing or comparing findings among populations and
studies.

This study aimed to assess wall layering and thickness of the dif-
ferent small intestinal segments by ex vivo high-resolution US, and to
evaluate the agreement between ultrasonographic and histologic mea-
surements of the individual layers and overall small intestinal wall in
a sample of healthy horses. We hypothesized that wall thickness mea-
surements obtained by this method at the different intestinal levels
would agree with wall layering morphometry determined by histology

as areference method.

2 | MATERIALS AND METHODS

2.1 | Experimental design and sample collection
procedures

The study was a prospective, methods comparison design. Twenty-
three horses (14 males and 9 females), of various breeds, aged 1.5-
24 years were initially recruited from a local abattoir (Emilia Romagna
region, Italy) during the period of March-April 2019. No ethical

approval was required as all the horses were presented to the abat-
toir for reasons unrelated to the study. Horses were deemed free of
gastrointestinal disease and included in the study on the basis of the
veterinary inspection report at the abattoir, normal CBC and serum
biochemistry, and absence of gross, ultrasonographic, and histological
lesions at the different sections of the small intestine. Collected sam-
ples that did not fulfill all the inclusion criteria were excluded from the
analysis.

Blood and tissue collections were performed by the veterinary per-
sonnel responsible for animals and meat inspection at the abattoir and
by an equine internal medicine specialist (FF). Jugular blood samples
were taken at the time of exsanguination and kept refrigerated till anal-
ysis (within 2 h). A complete blood count (CBC; Advia 2120, Siemens
Healthcare Diagnostics, Tarrytown NY, USA) and routine serum bio-
chemistry (U400, Olympus/BeckmanCoulter, Brea CA, USA) were per-
formed. Two segments of the gastrointestinal tract were resected from
each animal immediately (no longer than 30 min) after slaughtering.
The first intestinal segment included the pyloric portion of the stomach
to the junction between the duodenum and jejunum and the second the
caudal portion of the jejunum to the ileocecal junction (ICJ), including
the base of the cecum. The small intestinal samples consisted of 25 cm
in length segments harvested from the descending duodenum (40 cm
far from the pyloric sphincter), caudal jejunum (150 cm far from the
I1CJ), and ileum (20 cm far from the ICJ). The samples were immediately
wrapped in moist towels and plastic for transport, hence ultrasound
exam and processing were performed within two hours. The samples
were coded and randomized for blinded ultrasonographic and histolog-
ical evaluations.

2.2 | Ultrasonographic and histological image
acquisition procedures

Each sample was washed with phosphate-buffered saline (PBS) (0.15M
sodium chloride [Merck KGaA, Darmstadt, Germany]in 0.01 M sodium
phosphate buffer [sodium phosphate dibasic dihydrate and sodium
phosphate monobasic monohydrate, Merck KGaA], pH 7.2) to remove
any intraluminal content, then was placed in a PBS bath for the ultra-
sonographic examination. The extremities of the intestinal tract were
occluded by two Klemmer forceps (Angelo Franceschini S.R.L., Bologna,
Italy) and PBS was injected with a 50 ml syringe with the aim to gently
distend the intestinal tract. An assistant held the sample by means of
the forceps, taking care not to apply any traction or distortion onit. The
intestinal sample was scanned while fully submerged in the PBS bath.
All ultrasound examinations were conducted by the same sonog-
rapher (AD), a veterinarian with more than 15 years of experience
using a real-time ultrasound machine (Philips® 1U22, Ultrasound Sys-
tem, Philips Healthcare, Monza, Italy) equipped with a high-frequency
(7—15 MHz) linear transducer (L15-7i0). The footprint of the trans-
ducer was placed in the same position for each sample, within the PBS
bath, approximately 0.5 cm from the outer part of the intestinal sample,
and was not in direct contact with the intestinal surface, to avoid apply-

ing pressure on the sample. All the intestinal samples were scanned on
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FIGURE 1

transverse sections approximately in the middle of each sample (Figure
1A,B). The US focus was set at the level of the intestinal lumen and
the same ultrasonographic parameters were used for all samples.
Altered small intestinal US appearance was judged based on abnormal
echogenicity of each wall layer as previously reported.2-3¢8 An indeli-
ble marker (Marker pen, Phoenix Contact, Cusano Milanino, Italy) was
used to mark the site where the transverse images were obtained as a
guide for the histological transverse sections. Still frame images were
obtained for each intestinal segment both empty and distended and
recorded in DICOM format.

After ultrasonography, intestinal specimens were prepared by a vet-
erinary anatomic specialist (R.C.) as follows. The same segment of
duodenum, jejunum, and ileum was longitudinally cut open along the
mesenteric border, gently distended, and pinned with brass pins on
balsa wood and immersed in the fixative (2% paraformaldehyde con-
taining 0.2% picric acid in 0.1 M sodium phosphate buffer, pH 7.0)
at 4°C for 48 h. After rinsing in PBS, the tissues were stored in PBS

(A and B) Transverse ultrasonographic images of an ex vivo distal jejunal loop of a mixed breed horse acquired with a
high-frequency linear transducer (7—15 MHz). (A) The loop is empty and the folds are prominent. (B) The loop was filled using a
phosphate-buffered saline (PBS) to obtain a moderate distension of the intestinal lumen. (C) Close up of a transverse ultrasonographic image of an
ex vivo phosphate-buffered saline-filled duodenal loop of the same horse depicting the intestinal wall layering. White line (a): mucosal layer; red
line (b): submucosal layer; orange line (c): muscular layer; green line (d) serosal layer [Color figure can be viewed at wileyonlinelibrary.com]

containing 30% sucrose and 0.1% sodium azide (pH 7.4) at +4°C.
Pieces of tissues (2 cm x 1 cm) were subsequently cut, transferred
to a mixture of PBS-sucrose-azide and Optimal Cutting Temperature
(OCT) compound (Tissue Tek®, Sakura Finetek Europe, Alphen aanden
Rijn, the Netherlands) at a ratio of 1:1 (overnight) and then embed-
ded in 100% OCT. The tissues were mounted in OCT (Tissue Tek®)
mounting medium, frozen in isopentane cooled in liquid nitrogen, and
sectioned at 14-16 um on a cryostat. The sections were collected
on gelatin-coated slides. Cryosections were washed in PBS and pro-
cessed for staining. To identify the different layers of the intestinal wall,
we performed 20 min of incubation in a humid chamber with green
fluorescent Nissl| stain solution (NeuroTrace®, 1:200, 500/525, code
N21480, Thermo Fisher Scientific, Waltham, MA USA 02451). This
marker labels the cytoplasm and the nucleoli of the neurons and the
nuclei of other cells including smooth muscle cells. The cryosections
were then washed in PBS (3 x 10 min) and mounted in buffered glyc-
erol at pH 8.6.
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2.3 | Evaluation and measurements of
ultrasonographic images

The DICOM images were transferred to a computer workstation (Imac,
macOS Monterey version 12.0.1, Cupertino CA). Open-source image
analysis software (OsiriX Imaging, Trillium Technology, Ann Arbor, Ml)
was used for subsequent image analyses. The images were displayed
on a calibrated, 2-megapixel high-brightness monitor (Eizo RX240;
Cusano). All images were assessed by the same investigator who had
previously acquired the sonographic images (AD), without knowledge
of histological measurements. In all images, the overall ultrasono-
graphic wall layering was subjectively assessed along with measure-
ments of the total wall and layer thicknesses.

Electronic calipers were placed at the outside edge of each indi-
vidual intestinal layer and leading edge-to-leading edge measurements
were made from the serosal interface to the luminal interface of the
mucosa (Figure 1C). Three consecutive measurements of mucosal,
submucosal, muscularis, serosal, and total intestinal wall thickness
between the intestinal folds were obtained from the images of PBS-
filled duodenum, jejunum, and ileum. Repeated measurements of the
individual layers and of the total intestinal wall were subsequently

averaged.

24 |
images

Evaluation and measurements of histological

Preparations were examined using fluorescence microscopy by the
veterinary anatomic specialist (R.C.), who was unaware of ultrasono-
graphic measurements. A fluorescent microscope (Nikon Eclipse Ni;
Nikon Instruments Europe BV, Amsterdam, Netherlands) equipped
with the appropriate filter cubes was used. The images were recorded
with a digital camera (Nikon DS-Qi1Nc and Nikon NIS Elements soft-
ware BR 4.20.01)). To obtain large images, single fields were scanned
automatically by using a motorized XY stage with auto-focus capability
and then stitched by the software. Slight adjustments to contrast and
brightness were made using and the figure panels were prepared using
a software program for editing vector graphics (CorelIDRAW, graphic
suite SE 2021, Ottawa, ON, Canada).

Morphometric measurements of the intestinal layers were per-
formed on histological images by using the digital camera’s software
(Nikon NIS Elements software BR 4.20.01). At this stage, histological
diagnosis of presence or absence of intestinal pathology was reached
for inclusion of the sample and following measurements. Each layer
(mucosa, submucosa, tunica muscularis [circular muscle layer, CML, and
longitudinal muscle layer, LML], and serosa) was measured at different
points considering the variability of its thickness. For each intestinal
segment and for each individual layer and total wall thickness, three
measurements were taken, namely at the two ends and at the center

of the considered field, and averaged (Figure 2).

2.5 | Statistical analysis

Only samples matching all inclusion criteria underwent the subsequent
analysis, and measurements by the two methods were paired. Statis-
tical tests were performed by an observer with 20 years of expertise
in statistics using a commercial software (MedCalc Statistical Software
version 12.2.10, MedCalc Software Ltd, Ostend, Belgium https://www.
medcalc.org/features/statistics.php). Data distribution was assessed
by a D’Agostino-Pearson’s test. Data were analyzed using descriptive
statistics and expressed as mean + standard deviation or median and
range (minimum-maximum) as appropriate. The relative thickness of
each individual intestinal layer was expressed as an absolute measure
and a percentage of the total wall thickness in all the intestinal seg-
ments, for both US and histology. The comparison of the ultrasono-
graphic measurements of the intestinal total thickness and of each
intestinal layer among the different intestinal segments was carried out
using ANOVA for repeated measures with post hoc Bonferroni tests or
Friedman's test with post hoc Dunn’s test for normally or not normally
distributed data, respectively. The agreement between the ultrasono-
graphic and histological measurement of the total intestinal thickness
and the different intestinal layers was assessed using the Bland Altman
test. Concordance Correlation Coefficient (oc) were performed and
values of p. were interpreted according to McBride (2005)11 descrip-
tive scale of the strength of agreement (o < 0.90: poor; 0.90 to 0.95:
moderate; 0.95 to 0.99: substantial; > 0.99 almost perfect). For all sta-

tistical analyses, a value of P < 0.05 was considered significant.

3 | RESULTS

The study included 16 (9 males and 7 females) of 23 horses recruited
at the abattoir. Horses represented various breeds including six Pol-
ish, seven mixed-breed, two French, and one Draft Horse. Horses’ age
ranged from 1.5 to 22 years (mean 9.3 + 8.6) with a bodyweight ranging
from 300 to 600 kg. A total of 43 intestinal samples (14 duodenum, 14
jejunum, and 15 ileum) were included in the analysis.

3.1 | Subjective evaluation of ultrasonographic and
histological images

Ultrasonographic evaluation showed a typical layering of the intestinal
wall, in which five layers were easily identified from outside to inside in
both the empty and distended intestine: serosa (hyperechoic), muscu-
laris (hypoechoic), submucosa (hyperechoic), mucosa (hypoechoic), and
mucosal surface (hyperechoic) (Figure 1). Furthermore, all intestinal
samples showed an additional hyperechoic thin line parallel to the sub-
mucosa and serosa, in the outer aspect of the ultrasonographic muscu-
lar layer (Figure 3A). On histology, no morphological abnormalities and

the characteristic layered stratigraphy were found in all the samples.
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FIGURE 2
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Mucosa

Photomicrograph of a transverse cryosection of a segment of distal jejunum of a mixed breed horse showing three repeated

measurements of each wall layer. The white arrows indicate the muscularis mucosae. Bar: 1000 um [Color figure can be viewed at

wileyonlinelibrary.com]

The additional ultrasonographic line was consistent with fibrous tis-
sue in the myenteric plexus present between the inner circular and
outer longitudinal components of the tunica muscularis. In the space
between the CML and LML, in addition to the connective tissue, there
are the neuronal and the glial cells of the myenteric plexus and a
rich network of intrinsic and extrinsic nerve fibers (Figure 3B). On
the inner side, intraluminal folds involving the mucosa and submu-
cosa were ultrasonographically evident in all the sections of the small
intestinal segments. This folding was particularly prominent at the
ileum.

In the outer part of the tunica mucosa, only histology displayed a fur-
ther layer corresponding to the muscularis mucosae, which was com-
posed itself by a longitudinal outer layer and an inner circular layer
(Figure 4A-C). In three duodenal and two ileal samples, the tunica
mucosa appeared poorly defined, without a clear-cut distinction from
the underlying tela submucosa. At duodenal level, most of the submu-
cosa was occupied by Brunner’s glands, which were also visible in the
jejunum, where however they were organized in small glandular clus-
ters. In the ileum of younger (<3 years old) subjects, the presence

of large aggregates of lymphatic nodules (Peyer’s patches) extending

in both layers, caused the discontinuity of the muscularis mucosae
(Figure 4A-C).

3.2 | Ultrasonographic and histological
measurements and agreement

Results of the ultrasonographic and histological measurements of the
total wall thickness and individual wall layers in the different intestinal
segments as well as of comparisons of the US measurements between
the different segments are reported in Table 1. The relative contribu-
tion (%) of each individual wall layer to the total wall thickness was
consistent between US and histology and among the three intestinal
segments, and was represented in such decreasing order: muscularis,
mucosa, submucosa, and serosa (Table 2).

A significant difference was found in the ultrasonographic measure-
ment of the total intestinal wall and that of the serosa, submucosal,
and muscular layer in the three different segments (overall P < 0.001,
P =0.019, P =0.003, and P < 0.001, respectively), whereas no differ-

ence was found for the mucosa (P = 0.305; Figure 5). In particular, the
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FIGURE 3 (A)Close up of a transverse ultrasonographic images of an ex vivo ileal loop of a mixed breed horse acquired with a high-frequency
linear transducer (7—15 MHz). A hyperechoic line (*) is visible at the interface between the internal circular (a) and the external longitudinal (b)
muscle layers. (B) Micrographs showing cryosections of the ileum labeled with NeuroTrace. The white arrows indicate the space between the
longitudinal muscle layer (LML) and circular muscle layer (CML), occupied by nerve fibers and connective tissue. The empty arrows indicate
myenteric plexus neurons. The small white arrows indicate the muscularis mucosae. Bars: 1000 um [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Ultrasonographic and histological measurements of duodenal, distal jejunal, and ileal total wall and layers thickness in ex vivo
samples from 16 horses without gastrointestinal disease. Normal and not normally distributed data are presented as mean + standard deviation

(SD) or median and range (minimum-maximum), respectively

Duodenum Jejunum lleum

US (um) Histo (um) US (um) Histo (um) US (um) Histo (um)
Wall 3632 (3080-5673) 3830+ 758 3988(3133-5717) 3774 + 586 6264 + 955 5667 + 1098
Mucosa 1328 + 363 777 +152 1298 + 229 772 + 160 1452 + 275 848.+ 156
Submucosa 740 (590-1160) 717 (513-2184) 821+117 497 (278-1804) 946 + 126 602 + 286
Muscularis 1320 (917-2857) 1909 + 519 1565 +431 2118 +435 3512 + 817 4500 + 1037
Serosa 294 + 49 237 + 84 335+ 78 294+79 354+ 57 212+ 58

TABLE 2 Relative ultrasonographic and histological thickness of
each individual layer expressed as a percentage of the total wall
thickness in ex vivo small intestinal samples from 16 horses without
gastrointestinal disease

Duodenum Jejunum lleum

US% Histo% US% Histo% US% Histo%
Mucosa 34.8 237 324 20.5 23.2 15.0
Submucosa 202 203 204 166 151 106
Muscularis ~ 37.3  49.8 389 561 56.1 707
Serosa 7.7 6.2 8.3 7.8 5.6 3.7

total wall thickness of the ileum was higher compared to that of the
duodenum and ileum (P < 0.01 for both comparisons). Furthermore,
the serosal and submucosal layers of the ileum were higher compared
to that of the duodenum (P < 0.05 and P < 0.01, respectively), and the
ileum muscular layer was higher compared to that of the duodenum
and jejunum (P < 0.001 and P < 0.01, respectively).

The agreement between ultrasonography and histology was poor
for all the measurements of both the total intestinal wall and each layer
thickness in the three intestinal segments (Supporting Information 1).
In particular, the ultrasonographic measurements were all thicker com-

pared to the histological ones, with the exception of the total wall and
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FIGURE 4

the muscular layer, which was thinner on US in the duodenum and in
all the intestinal segments respectively. In the Bland-Altman analysis,
these resulted in all negative mean differences between methods for
the muscular layer. The mean difference was positive for the remain-
ing layers in the jejunum and ileum, whereas a negative mean differ-
ence was found for the total wall and submucosal layer in the duode-
num (Supporting Information 2).

4 | DISCUSSION

The intention of the current study was to compare ex vivo ultra-
sonographic and histologic characteristics of small intestine layers in
a sample of clinically normal horses. The ex vivo ultrasonographic
appearance of the five wall layers (serosa, muscularis, submucosa,

mucosa, and mucosal surface) of the equine small intestine in the

(A) Micrograph showing the organization of the muscularis mucosae (mm) observed in transverse cryosection of the horse ileum.
White arrows indicate the inner circular layer of the mm, whereas the empty arrows indicate its outer longitudinal layer. (B, C) Micrographs
showing the distribution of the Brunner’s glands (empty stars) in the submucosa (SM) of the duodenum (B) and the organization of the lymphatic
nodules of the Peyer’s patches (stars) in the SM and mucosa of the ileum (C). CML, circular muscular layer. Arrows indicate portions of the
discontinued muscularis mucosae. Bars: A, 100 um; B and C, 1000 um [Color figure can be viewed at wileyonlinelibrary.com]

current study was consistent with findings from previously published
descriptions.®~*?.12 |n those previous studies, transducer frequencies
ranging from 2.5 MHz to 7.5 MHz were employed. The use of a high-
frequency transducer allowed to achieve a higher resolution of the wall
layering. In particular, a further thin hyperechoic line within the mus-
cular layer, representing the interface between the inner and outer
parts of the tunica muscularis, was observed along all the equine small
intestine as also described in humans3-1> and dogs.> Worth'© already
described this line by ex vivo US in the wall of the ileum, while more
recently it was found also in the other small and large intestinal tracts,
albeit not consistently, by means of a high-frequency transducer. His-
tologically, such additional ultrasonographic line was consistent with
connective and nerve tissues of the myenteric plexus and intrinsic and
extrinsic nerve fibers, interposed between the LML and CML of the
tunica muscularis.2=18 Overall, on histological assessment, our findings

(i.e., muscularis mucosae, Peyer’s patches, and myenteric plexus) agreed
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FIGURE 5 Ultrasonographic thickness (A, total wall; B, serosa; C, muscularis; D, submucosa; E, mucosa) measured from the images of
PBS-filled duodenum, distal jejunum, and ileum (mean with SEM). Significant p values are reported in the image. No significant statistical
differences were observed (p = 0.305) for the thickness of mucosa among the different intestinal tract

with morphological data of the equine small intestinal wall reported in
the literature.1?-21 Some morphologically important details were not
detected on ultrasound images. In the outer part of the tunica mucosa,
an additional layer, corresponding to the muscularis mucosae with its
characteristic double layering, was observed. The muscularis mucosae is
crossed by lymphatic components of the Peyers’ patches in the ileum,
being at times even disrupted in its continuity. This appearance was
especially prominent in the younger subjects, as previously described
in the literature.?22% Anatomical structures such as the muscularis
mucosae, are in the order of hundreds of micrometers thick and are
unlikely to produce sonographically evident layers with a range of res-
olution commonly used in equine practice. However, Peyer’s patches
have been recently visualized in the submucosa of the distal part of the
jejunum and ileum in young cats, using a US frequency of 18 MHz; an
axial resolution of 0.09 mm allowed detecting such 1 mm-thick struc-
tures as characterized on histology.2* In the present study, the maximal
transducer frequency was lower (15 MHz) and the axial resolution was
0.1 mm.

With regard to US measurements, in the present study, the
small intestinal wall thickness was at the higher limit or slightly
over compared to previous reports using low to medium frequency
probes. 137510112526 Transabdominal and transrectal US in horses
encounter many anatomical and technical limitations to intestinal
walls’ imaging quality (e.g., size of the abdomen, distance of the vis-
cera from the contact surface, low-frequency probes). A thinner small
intestinal wall compared to the present findings has been reported

scanning ex vivo intestine using a 7.5 MHz probe,? and also a high fre-

quency (10-18 MHz) probe.® Noteworthy, in the present study, the
thicker US measurement was in line with a thicker histological mea-
surement of the wall, compared to the findings previously reported
by Freeman et al. (i.e.,, small intestinal total wall thickness 2.43 +
0.25 mm)? and Bevenino et al. (total wall thickness 2.08 + 0.71 mm,
1.61+90.99 mm, and 3.94 + 1.7 mm for duodenum, jejunum, and ileum,
respectively).®

The degree of organ distension might affect wall thickness,! albeit
this has been reported inconsistently in other species.?”28 A few dif-
ferences in wall layers thickness between empty and moderately dis-
tended intestine was documented.' Similar to Bevevino et al.? in
order to resemble a normal in vivo condition, where the gut wall is usu-
ally measured with some content, we measured the thickness after a
moderate distension of the intestinal segments and such effect was not
addressed. However, the degree of distention between studies is not
standardized and may play a role in wall thickness measurements and
possibly justify some discrepancy. For instance, in the present study
mucosal folds were rather prominent yet after distension. Moreover,
different times between euthanasia, sample collection, and US and his-
tological image acquisition associated also with the different types of
slaughter of the horses between our study and that of Bevevino et al®
could have influenced the hydration of the intestinal sample and conse-
quently the thickness of the wall.

Comparing US measurements of the different intestinal segments,
the overall wall thickness of the ileum resulted thicker than the more
proximal ones. There are no in vivo US reference ranges specifically

referred to the ileum for direct comparison, likely reflecting that it is
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limitedly accessible for measurement in vivo. However, our finding was
in line with a previous ex vivo study’ and with the recent study by
Bevevino et al.8

Along with the above-mentioned technical factors, sampling at the
level of the distal jejunum versus more proximal jejunal sites is most
likely key in justifying the relatively higher wall thickness of the jejunum
compared to duodenum recorded in the current study but not by
Bevevino et al.8 This is mainly reflected by a thicker muscular layer
present at a distal level, gradually nearing to resemble the wall stratig-
raphy of the ileum. This is particularly evident in histology (Supporting
Information 3), and also renders reason for the less usual US appear-
ance of the jejunum showed in the current study (Figure 1). While the
clinical relevance of this difference is undefined, we should be aware
that such differences in jejunal wall morphometry and appearance
could be encountered during a US assessment of the small intestine,
especially in optimal conditions. Thickness ranges for the individual
wall layers were recently provided at the level of duodenum, jejunum,
and ileum by high-frequency US.2 In the present study, among the dif-
ferent segments, the US muscular layer of the ileum was significantly
thicker than in the other tracts; despite a distinction being visible, the
two muscular layers could not be separately measured with accuracy.
The same finding was reported only at the level of the distal ileum in
dogs and cats.”2? Differently, WorthC did not report a prominence of
this layer with respect to the others in the distended viscus. Consis-
tently, the tunica muscularis was the most developed in the ileum by his-
tology. This is consistent with the functional specialization of this trait
in overcoming the resistance of the ileocecal valve and generating vig-
orous peristaltic movements.3°

In their relative contribution to the ultrasonographic wall thickness,
the muscular layer was followed by the mucosal, then the submucosal,
and last the serosal one, and this pattern was consistent along the dif-
ferent intestinal segments. On the contrary, differences in the thick-
ness of individual layers between segments have been reported in small
animals by US.”29:31.32 sybmucosal layer of the ileum was higher com-
pared to that of the duodenum. The findings were mainly attributed
to a major contribution of villi and Brunner’s glands, and of Peyer’s
patches, in duodenum and ileum, respectively. Such structures were
similarly represented in our samples, albeit did not affect the relative
thickness between tracts. Nevertheless, in histological samples from
the younger horses, the large Peyer’s patches in the ileal mucosa and
submucosa were occasionally themselves.

Despite the overall trend of the variables being consistent between
the two methods, there was a poor agreement between US and histo-
logic measurements for the total wall and individual layers in all the
segments. In contrast to our results, a good agreement between ex
vivo US and histologic measurements of the wall thickness and differ-
ent layers of the small and large intestinal segments, except for the
ileum, has been reported in horses.2 However, differences in the set-
ting and methods, both operative and analytic (e.g., statistical setting)
between the two studies have to be considered for the discrepancy.
Overall, although we were not able to statistically support our hypoth-
esis, the clinical relevance of the discrepancy is uncertain as morphol-

ogy and trends were consistent between methods. Nevertheless, sim-
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ilar to our findings, the ultrasonographic intestinal layers have been
reported to not directly correspond to the histological intestinal lay-
ers in human literature.>333 The lack of correlation has been predomi-
nately attributed to three factors. First, during histological processing,
tissue may lose its original size, which may be somehow layer depen-
dent. Fixation and paraffin embedding cause a considerable retrac-
tion/shrinkage of the intestine.3* In the present study, we were not able
to avoid tissue retraction due to the fixation, but cryosectioning spared
the tissues from further shrinkage due to paraffin embedding.

To note, the larger difference in measurements between US and
histology occurred for the mucosa in all segments. In a similar study
in cats, it has been previously hypothesized that, due to its compo-
sition, tissue shrinkage and protein coagulation due to alcohol-based
fixatives could be more pronounced at the mucosal level.© However,
we employed a non-alcohol-based fixative, so it is unknown whether
this could be similarly a critical factor in our study. As a second fac-
tor, echogenic bands are generated by an interface between structures
of different acoustic impedance (e.g., gastrointestinal wall layers) and
should not be considered to necessarily correspond to an anatomi-
cal layer.3® Moreover, the ultrasonographic axial resolution, which is
mainly limited by the spatial pulse length (SPL) of the instrument,
should be considered. As a result, even though the interface between
two intestinal layers may have no histological thickness, the hypere-
choic interface produced between them will be at least the same thick-
ness as the SPL.1333.3

Interestingly, all ultrasonographic measurements were thicker than
the histological ones in all the intestinal segments, except for the total
wall of the duodenum and the muscular layer of all segments, where
the opposite occurred. The same finding was reported for the muscu-
lar layer at the level of the distal ileum in cats, being only this layer
thicker by histology than by US.¢ Martinez et al® hypothesized that the
thickness of the muscular layer on US is generated by the thickness of
the tunica muscularis minus the interface between the submucosa and
the tunica muscularis (which would be added to the submucosa instead),
explaining a thinner muscularis layer by US than by histology. Thus, this
process would play in favor in the case of the mucosa, submucosa, and
likely the serosa, with their relative external and internal interfaces,
potentially contributing to the greater ultrasonographic than histologic
thickness of these layers, and to their poor agreement.

On the other hand, taking measurements on enlarged micropho-
tograph of appropriately labeled tissue sections allowed the accurate
defining of the thickness of all individual layers. For instance, Neu-
roTrace labeling permitted an accurate definition of the thickness of
the mucosa and in particular the outer limit of the muscularis mucosae.
Another issue that might be considered is the impossibility to repro-
duce the same section plane by US and histology. Furthermore, with
regard to the mucosa, it is very difficult to constantly obtain a histo-
logic section parallel to the villi, which will represent the full height of
this layer. Last, while a circular section of the organ is measured by US,
the section is plane on histology, employing a degree of stretching and
flattening of the surface.

The study has several limitations. The study setting did not allow col-

lecting a complete history and clinical picture of the horses; however,
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in the authors’ opinion the US, gross and histologic assessment of the
small intestine were adequate to the study purpose. The overall sam-
ple size was limited and could not be stratified by age, body weight,
breed, or management in relation to the US and histological morpho-
metric findings. In the authors’ opinion, all subjects may be considered
as presenting a fully developed digestive system. This might be worth of
future insights in view of a diagnostic or prognostic application. Despite
our effort to minimize the time between samples collection and pro-
cessing, at least 90 min were needed to complete the procedure, and
some lag occurred between the first and the last sample, which could
potentially contribute to variability in wall thickness. No post-mortem
effect on equine small intestinal length within a few hours has been
reported.36 However, dehydration of the mucosa, which induced loss of
turgidity, stiffness, and a thinning of intestinal villi, was reported after
40 mininrats.%”

In conclusion, the findings of the current study partially supported
those reported in a recent publication on a similar topic.® High-
frequency US with the probe in direct contact with the intestinal wall
provided detailed visualization of wall layering that was comparable to
qualitative histological features. However, in our study, the agreement
between methods for most quantitative measures of wall thickness
was not statistically significant, likely due to histological preparation
factors such as the degree of bowel distension and sample processing.
The possibility to use high-frequency transducers equipped with small
footprint in direct contact with the intestinal surface either intraoper-
atively (e.g. during laparotomy or laparoscopy) or transrectally repre-
sent a potential area of a future clinical application in the setting of dif-
ferent equine intestinal disorders.
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