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Abstract

AIM: To determine if there is consistency between endoscopic ultrasound (EUS) findings and pathological results for detecting lesions of different depth in the esophageal mucosa.

METHODS: A canine (Beagle) model was established in which lesions of different depths were created in the esophageal mucosa by thermal burning. Seventy-two hours later, these lesions and adjacent tissue in the esophagus were examined by EUS. EUS findings including infiltrating depth, strength of echogenicity and homogeneity were recorded. Dogs were sacrificed and tissue specimens were obtained. We then compared the EUS findings with the pathology reports.

RESULTS: Thermal burns created at different power settings caused lesions of different depth in the esophageal mucosa. When the echo strength was shifted from high, medium, to low echo echogenicity, an increase in the infiltrating depth of the lesion was noted, and coincided with results of the pathology examination. Obvious submucosal edema visualized by EUS was also detected by pathology. Furthermore, because of the enhancement caused by the submucosal edema, the lesions invading into the submucosa were easily visualized by EUS.

CONCLUSION: There is consistency between EUS findings and pathological results of esophageal lesions with different depths; submucosal edema serves as an ultrasonic contrast agent.

( 2013 Baishideng. All rights reserved.

Key words: Endoscopic ultrasound; Pathology; Lesion; Esophagus; Canine

Core tip: Nowadays, endoscopic ultrasound (EUS) is optimal modality to detect early esophageal cancer (EC); however, it is still unknown whether there is correlation between EUS findings and pathological results. In this animal study, superficial esophageal lesions with different infiltrating depth in canine dogs were created by thermal burning. There was consistency between EUS imaging and pathology. The accompanied submucosa edema severed as an ultrasonic contrast agent. 
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INTRODUCTION

Treatment options for esophageal cancer differ according to the depth of the lesion[1-4]. According to a recent edition of the American Joint Committee On Cancer (AJCC) and the International Union Against Cancer (UICC) staging system and guidelines, patients with early esophageal cancer confined solely to the mucosa (substaged as T1a or Tm) are able to undergo endoscopic mucosal resection; however, patients with lesions invading into the submucosa (sub-staged as T1b or Tsm) require esophagectomy[5,6]. Therefore, differentiating the depth or stage of the disease is of great importance preoperatively.

Depending on the frequency strength of the probe that is placed into the lumen of the esophagus, three to seven histological layers of the esophageal wall can be discerned[7-10]. In the clinic, endoscopic ultrasonography (EUS) is superior to other modalities such as computed tomography (CT) and positron emission tomography (PET) for distinguishing the tissue layers of the esophageal wall, and it has become the method of choice for determining the depth of esophageal lesions[11-18].

However, EUS has several limitations for detecting esophageal lesions. First, the mucosal layers (including squamous epithelium, lamina propria, and muscularis mucosa) have similar echoic characteristics, especially acoustic impedance. Thus, these layers have similar echogenicity, and it is very difficult to distinguish one from another. Second, because ultrasound propagates a similar speed through the different layers of the esophageal wall, it is difficult for EUS to detect minor differences in ultrasonic energy loss (also presenting as echoic gray scale) among the layer[19,20]. Other factors that may influence the efficacy of EUS are the size of the lumen in the esophagus (which prevents the ultrasonic probe from pressing close to the mucosa), the motility of the esophagus, and the experience of the endoscopist[21,22]. Therefore, the accuracy of EUS for determining the T stage in esophageal cancer (EC) is poor and diverse in the literature[5,6]. In addition, previous reports did not provide information on the accuracy of EUS for identifying the T1 sub-stages of EC, which is a important factor by which physicians determine treatment. Our team tried to sequentially combine submucosal saline injection (SSI) with EUS to detect the T1 substage of EC, and our preliminary data revealed that this technique is nearly 90% accurate. Therefore, SSI may enhance EUS for early EC diagnosis[23,24].

However, many questions about the efficacy of EUS for EC diagnosis remain[25,26]. For example, does the echo in the EUS reflect the actual structure or component of the esophageal wall? Is there consistency between EUS findings and the results of pathological examinations? What are the echoic characteristics of the water/liquid in the submucosa? Can the water/liquid enhance EUS, and if so, how? To answer these questions, we used different doses of thermal burn to create superficial lesions with different infiltrating depth in the esophageal mucosa, and EUS examinations were performed to detect these lesions in a canine model.

MATERIALS AND METHODS

Animals and anesthesia

The experimental protocol used in this study was approved by the animal welfare and ethics committee of Sun Yat-sen University (approval number: GZR2012- 114). Male adult dogs (10 kg) were provided by the medical animal center of the north campus of Sun Yat-sen University. The flow diagram of this study is shown in Figure 1. The dogs were kept separately with an absolute diet for 8 h and dehydrated for 6 h before the experiment. Dogs were injected intraperitoneally with 0.03 mg/kg pentobarbital sodium for premedication and then injected peritoneally with 0.03 mg/kg pentobarbital sodium per hour for maintenance.

Devices

EUS examinations were performed using an Olympus GF-UM2000 endoscopy system with a 12 MHz ultrasonic probe (Olympus Co. Ltd., Japan). An Endoscopic Electrosurgical Workstation was purchased from ERBE Co. Ltd., Germany, which included an argon plasma coagulation (APC) system and a high frequency electro-coagulation generator (HFE).

Canine model of superficial lesions with different infiltrating depths in the esophagus

Guided by endoscopy, esophageal lesions of variable infiltration depths were induced in anesthetized dogs using APC (40 W, 1.4 L/min, 2 s each time), short-time HFE (40 W, 2 s each time), medium-time HFE (40 W, 5 s each time), and long-time HFE (40 W, 10 s each time). Superficial round lesions of approximately 1 cm × 1 cm were formed, and the gap between lesions was approximately 5 cm. Seventy-two hours later, the dogs underwent endoscopic ultrasonography (EUS) examination. The echoic characteristics of the lesions with different infiltrating depths (including the echogenicity of the lesions, leading and trailing edge, the echogenicity of each layer in the esophageal wall, etc.) and submucosal edema were recorded. Then, the dogs were sacrificed, and samples of the normal and abnormal esophagus containing superficial lesions with variable infiltrating depth were extracted and stored in 10% formaldehyde solution. The specimens were stained with hematoxylin and eosin (HE). In addition, we focused on submucosal edema and its role as an ultrasonic contrast agent. We compared the EUS findings with the corresponding pathological results to determine whether both were in agreement. Details regarding the creation of this canine are presented in Figure 2. Examinations were performed by an endoscopic expert with over 10 years of experience. Similarly, pathological examinations were performed by an expert with over 10 years of experience. The above experiment was repeated three times.

RESULTS

Thermal burns caused superficial lesions in the esophagus with different infiltrating depths

After exposure to APC and HFE at different power levels, lesions in the esophageal mucosa could be observed, although the clarity was poor due to obvious congestion and edema in the adjacent mucosa. Seventy-two hours later, the edema in the surrounding mucosa decreased, and the lesions became more apparent. However, we only observed lesions in the lumen and could not confirm the exact burn depths through general endoscopy. Therefore, we proceeded with EUS examination.

EUS examination of lesions and submucosal edema in the esophagus

Three layers of the normal esophagus can be visualized using EUS with a 10 MHz ultrasonic probe: the thickest, high echoic belt is revealed as the first layer, which corresponds to the mucosa and submucosa; a thick, low echoic belt corresponding to muscularis propria; and a narrow, high echoic belt that is thought to be the adventitia and other dense connective tissue (Figure 3A). In the canine model, different power levels can cause different burns with variable infiltration depth, as visualized by EUS. APC (Figure 4A), short-time HFE (Figure 4C), medium-time HFE (Figure 5A), and long-time HFE (Figure 5C) resulted in superficial mucosal injury, deep mucosa injury, injury involving the submucosa, and injury invading into the muscularis propria, respectively. The lesions presented as middle to low echogenicity, which were lower and more asymmetrical echoic compared to the normal mucosa in sonography, particularly in the case of lesions invading into the muscularis propria. Additionally, we found that the high echogenicity of the mucosa was related to the integrity of the squamous epithelium, especially the keratin pearl and intercellular bridge. Once these keratin pearls or intercellular bridges disappeared, the echo of the lesion decreased as shown in Figures 3B, 4B and 5B. Furthermore, a low echoic belt was evident in the submucosa of the lesions, except in the lesions invading the muscularis propria. The edema was observed as a low echoic belt with diverse light spots, which separated the mucosa and submucosa, as shown in Figures 4A, C, and 5C. In addition, echo enhancement was observed in the trailing edge of the low echoic belt, confirming that the low echoic belt was water-filled tissue in the submucosa. Therefore, due to the contrast of the low echoic edema, the layer of muscularis propria was displayed as a smooth, middle echo belt. However, in the case of lesions involving the muscularis propria, there was no low echoic belt in the submucosa and no obvious boundary among the layers of the esophagus.

Pathological results

There were, in successive order, squamous epithelium, lamina propria, muscularis mucosa, submucosa, and muscularis propria and adventitia in the normal esophageal wall of dogs. The squamous mucosa was thick, with a distinct keratin pearl, intercellular bridges, and thin lamina propria and muscularis mucosa. The submucosa was also thick, and it was characterized by blood vessels, lymphatics- and connective tissue. The muscularis propria contained a ring muscle layer (inner) and a longitudinal muscle layer (outer), divided by thin connective tissue. The adventitia was composed of fibrous connective tissue (Figure 3B). Tissue sections of the lesions containing superficial mucosa showed partial epithelial degeneration with a complete squamous component and intact muscularis mucosa. Prominent submucosal edema was observed, and there were no obvious inflammatory cells in the submucosa (Figure 4B). Similarly, total degeneration was observed in the mucosa, with a partial squamous component and broken muscularis mucosa. Prominent submucosal edema was also found in the lesions containing deep mucosa. There were no obvious inflammatory cells in the submucosa (Figure 4D). In lesions that invaded into the submucosa, the squamous cell structure and muscularis mucosa disappeared with submucosal edema, and inflammatory cells were clearly present in the submucosa (Figure 5B). For lesions that invaded into the muscularis propria, the squamous cell structure and muscularis mucosa disappeared; however, this was not accompanied by submucosal edema and inflammatory cells in the submucosa (Figure 5D).
Consistency between EUS findings and pathology

In this study, echogenicity reflected characteristics of tissues propagated by ultrasound (Table 1). First, there was a correlation between the echoic belts or layers in the tissue sections. The esophageal mucosa and submucosa of dogs presented as a high echoic belt on sonography with a 10 MHz probe; the second low echoic belt corresponded to the muscularis propria; and the adventitia (mainly composed of dense fibrous connective tissue) was observed as a thin high echoic belt by EUS. Second, the ultrasonic echo decreased with increasing infiltration depth, and the inner echogenicity of the lesion changed from homogeneous to heterogeneous. The echoic changes (high-middle-low) corresponded to gradual changes of the lesions with intact squamous epithelium (complete, incomplete, and totally broken) and the different infiltrating depth of the lesions (located in mucosa, involving the submucosa, and invading into muscularis propria). Third, the identification of submucosal edema by sonography and pathology was highly correlated. Submucosal edema was obvious in lesions which located in the mucosa, whereas the submucosal edema was narrow in lesions involving the submucosa. However, there was no submucosal edema in lesions involving the muscularis propria. With the help of submucosal edema, the infiltrating margin of the lesion was significantly distinguished. Therefore, we were able to easily judge whether a lesion invaded into the submucosa. After long-time HFE thermal burns, a lesion with a low echoic belt extending from the lumen to the second layer was difficult to distinguish from the adjacent tissue. Pathology revealed that the lesion already invaded into the muscularis propria, and it contained a complex composition of inflammatory cells and blood/lymphatic vessels. In addition, using the contrast of submucosal edema or low echoic belt, the layers of the esophagus were apparent using both sonography and pathology.

Submucosal edema serves as an ultrasonic contrast agent

As stated above, thermal burns in the esophageal mucosa of dogs caused lesions with different depths and different degrees of submucosal edema (except in the case of lesions invading into the muscularis propria). Submucosal edema displayed as a smooth, low echoic belt between the lesions and the layer of muscularis propria. Because water or liquid is a good medium for ultrasound, with trivial loss in ultrasonic energy, the mucosa was easily distinguished from the submucosa under condition of submucosal edema. The smooth leading edge of the submucosal edema identified lesions that did not invade into the submucosa, whereas an irregular leading edge of the submucosal edema indicated that the lesion invaded into the submucosa.

DISCUSSION

The strength of echogenicity depends on the energy of the reflection to the ultrasonic probe; when the reflection energy is higher, the gray scale of echogenicity is stronger[27,28]. In addition, the energy of the reflected ultrasound is correlated to the difference in acoustic impedance between the interfaces; when the difference is larger, the reflection is stronger and the echo is higher. The difference of acoustic impedance depends on the tissue gradient. Generally, a homogeneous gradient in tissue reflects a small acoustic impedance difference, and the reflection of ultrasonic energy is small and the echoic gray scale is low. Alternatively, complicated tissue composition means there are large acoustic impedance differences between interfaces, as well as the ultrasonic energy is high and the echo is strong[20,22]. It has been well established that the thickness of the ultrasonic image is in direct proportion to ultrasonic propagation time. Under conditions of similar ultrasonic transmission speed in soft tissue, we can assume that the thickness of the ultrasonic image is equal to the actual thickness. In fact, the ultrasonic image corresponds to the histological characteristics of the tissue due to the pathway of ultrasound propagation, such as extracellular water, tissue density, histological type, vessels, adipose tissue, keratin pearls, and intercellular bridges in squamous cell epithelium[23].

Therefore, the high echo belt in sonography means that there are complicated gradients and a significant difference in acoustic impedance thus corresponding to mucosa (including the squamous cell epithelium with keratin pearl and intercellular bridges and muscularis mucosa, which is thin and has just one-fold muscular tissue) and the submucosal layer (composed of a complex gradient of vessels, lipid, and other soft connective tissue). The second low echoic belt indicates that the homogeneous tissue is mainly composed of muscular cells, with only a trivial difference in acoustic impedance and no significant difference between interfaces; thus, this low echoic echo corresponds to the muscularis propria. The thin, third strong echoic belt is indicative of dense tissue with a significant difference in the acoustic impedance between tissues; thus, it corresponds to the adventitia and other dense connective tissue[4].

The results of this study not only confirmed that thermal burns created at different energy levels caused superficial lesions with different infiltration depths but also that the EUS findings correspond with pathological results in a canine model. Furthermore, our results indicate that submucosal edema separates the mucosa and submucosa, which caused drastic changes in acoustic impedance between the layers of the esophagus. Moreover, submucosal edema increased the thickness of the esophagus, allowing the layers to be definitively identified by sonography. Therefore, extracellular water or edema served as an ultrasonic contrast agent (negative role). Although the lesions caused by thermal burns in the canine model differ from actual EC, we can detect EC lesions using submucosal extracellular saline or fluid injection to enhance the accuracy of EUS. This is especially useful to distinguish T1a and T1b EC in the clinic. Our team tried to combine submucosal saline injection (SSI) with EUS examination to increase the accuracy of EUS for the staging and substaging of early esophageal squamous cell carcinoma (ESCC) preoperatively.

The esophagus of dogs has a thicker squamous cell epithelium and muscularis propria, as well as a thinner lamina propria and muscularis mucosa than that of a human being[25]. The large number of interfaces in the squamous epithelium, such as keratin pearls, extracellular bridges, vessels and lipid tissue in the submucosa, can cause strong ultrasonic reflection. Therefore, the first layer in sonography displayed as a high echoic belt with a 10 MHz ultrasonic probe; the mucosa and the submucosa were present as a high echoic belt, and they were difficult to distinguish from each other. Hence, the first low echoic belt includes the mucosa and submucosa in the normal esophagus dogs. Once the lesion invades the submucosa, sonography cannot easily distinguish the lesion from the submucosa[15,16]. In fact, physicians are predominantly concerned with determining whether the lesions have already invaded into the submucosa or into deeper layers because EC patients with submucosa invasion are not eligible for endoscopic resection and must have esophagectomy[29]. With the contrast of fluid in the submucosa, lesions invading into the submucosa were easily identified by EUS.
In this study, we planned to perform SSI sequentially with EUS after thermal burning at different energy levels created superficial lesions of different infiltration depths. However, in pre-experiments, we found that lesions caused by thermal burning led to significant submucosal edema, so SSI was not needed to perform in order to enhance EUS. Furthermore, as the mucosa recovered (generally longer than two weeks), the submucosal edema gradually vanished. Therefore, performing SSI after the disappearance of submucosal edema was unnecessary because the mucosa had already recovered, with no remaining lesions. Furthermore, at 72 h post-thermal burning, the superficial lesions were obvious, whereas the mucosal edema had subsided, and the submucosal edema produced an effect similar to the saline cushion caused by SSI. 

The identification of esophageal lesions with different depth using ultrasonic technology was consistent with pathological results, demonstrating that the submucosal edema serves as an ultrasonic contrast agent. 

COMMENTS

Background

It is well known that treatment for esophageal cancer (EC) differs according to the depth of the lesion. Because the T stage of EC depends on invading depth and the treatment option lie on preoperative stage or sub-stage in early EC. Endoscopic ultrasonography (EUS) is the most common modality to stage early EC preoperatively.
Research frontiers

However, there are many questions about the effectiveness of EUS for EC diagnosis especially in consistency between echo and pathological resluts.
Innovations and breakthroughs
This study confirmed that there was consistency between EUS findings and pathological results of esophageal lesions with different depths; submucosal edema serves as an ultrasonic contrast agent.
Applications

Using submucosal saline as an ultrasonic contrast agent, the physicians may employ a novel technique—submucosal saline injection (SSI) to enhance the accuracy of EUS for staging or sub-staging early EC in clinic.
Terminology

EUS is a medical procedure in which endoscopy (insertion of a probe into a hollow organ) is combined with ultrasound to obtain images of the internal organs in the chest and abdomen. It can be used to visualize the walls of these organs, or to look at adjacent structures. Endoscopic ultrasonography is most commonly used in the upper digestive tract. SSI is a technique prior to endoscopic treatment for early EC to avoid damage in adjacent tissues.
Peer review

The authors present interesting data on the accuracy of EUS assessment of thermal esophageal burns, facilitated by submucosal edema in a canine model. Further studies will be required to determine the utility of submucosal fluid enhanced EUS examination of esophageal carcinoma.
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Figure 1 Flow diagram of study protocol.

Figure 2 Schematic diagrams of superficial lesions in the esophagus with different depths in a canine model.

Figure 3 Endoscopic ultrasonography and tissue examination of the normal esophagus of a Beagle. A: The three layers of a normal esophagus, as visualized by endoscopic ultrasonography; imaging; B: Tissue examination showed that the esophageal wall is composed of mucosa (including squamous epithelium, lamina propria, and muscularis mucosa), submucosa, and muscularis propria and adventitia.
Figure 4 Endoscopic ultrasonography and tissue examination of esophageal lesions located in the superficial mucosa (A, B) and deep mucosa (C, D). A, C: Endoscopic ultrasonography (EUS) imaging: high echoic lesions located in the mucosa (A) and relatively high echoic lesion (C) located in the mucosa with obvious submucosal edema, as visualized by EUS; B, D: Pathology: tissue examination showed that the lesions were located in the mucosa with complete (B) and incomplete (D) squamous epithelium, intact muscularis mucosa, and obvious submucosal edema.
Figure 5 Endoscopy, endoscopic ultrasonography, and tissue section imaging of an esophageal lesion invading into the submucosa (A, B) and muscularis propria (C, D). A, C: Endoscopic ultrasonography (EUS) imaging: Middle echoic lesion (A) and Low echoic lesion (C) invading the submucosa with obvious submucosal edema, as visualized by EUS; B, D: Pathology: Lesion invading into the submucosa (B) and muscularis propria (D) was characterized as squamous epithelium with disappearing muscularis mucosa and submucosal edema, as revealed by pathological examination.
Table 1 Identification of esophageal lesions with different depth was consistent between the endoscopic ultrasonography findings and pathology results

MU: Mucosa; SM: Submucosa; MS: Muscularis propria; AD: Adventitia; H: High echogenicity; L: Low echogenicity; M: Middle echogenicity.
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